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ABSTRACT: This research aimed to determine the role of Aspergillus awamori, Aspergillus
niger, and Aspergillus oryzae in degrading starch on turmeric rhizome substrate to increase
the yield of turmeric oil. The substrate in the form of turmeric rhizome was given additional
yeast extract of 10% weight per volume to meet the nutritional needs of fungal growth. The
fungal concentration used in inoculation was 5x107 cells/ml. The solid-state fermentation
process was carried out in dark conditions (~0 W), temperatures of 25-28 °C, 99%
humidity, and aeration (3.5 L/min). Turmeric oil was extracted using a steam distillation
method for three hours, with the substrate moisture content of 68-71% and a substrate—
water ratio of 1:5. The biodegradation process was conducted for 11 days. The starch
content and turmeric oil yield was determined during the fermentation particularly on days
7, 9, and 11. The results showed that the biodegradation process of starch in solid-state
fermentation succeeded in increasing the yield of turmeric oil. Aspergillus awamori showed
the most desirable starch degradation activity by 62.5% to 2.9% wet weight on the 11" day
of fermentation. Aspergillus oryzae had the most positive effect, nearly doubling the
turmeric oil yield to 3.17% dry weight after 11" day of fermentation. The main constituents
of turmeric oil are B-turmerone, a-turmerone, and ar-turmerone.

ABSTRAK: Penelitian ini bertujuan bagi mengkaji peranan Aspergillus awamori,
Aspergillus niger, dan Aspergillus oryzae dalam mendegradasikan kanji pada substrat rizom
kunyit bagi meningkatkan hasil minyak kunyit. Substrat dalam bentuk rizom kunyit telah
diberi tambahan ekstrak yis 10% mengikut berat setiap isipadu bagi memenuhi keperluan
nutrisi pertumbuhan kulat. Kepekatan kulat yang digunakan dalam inokulasi adalah 5x107
sel/ml. Proses penapaian berkeadaan pepejal telah dijalankan dalam keadaan gelap (~0 W),
suhu 25-28 °C, kelembapan 99%, dan pengudaraan (3.5 L/min). Minyak kunyit diasingkan
menggunakan kaedah penyulingan wap selama tiga jam, dengan kandungan lembapan
substrat 68-71% dan nisbah substrat-air 1:5. Proses biodegradasi dijalankan selama 11 hari.
Kandungan kanji dan hasil minyak kunyit ditentukan semasa penapaian terutamanya pada
hari ke-7, 9, dan 11. Hasil kajian menunjukkan bahawa proses biodegradasi kanji dalam
penapaian berkeadaan pepejal berjaya meningkatkan hasil minyak kunyit. Aspergillus
awamori menunjukkan aktiviti degradasi kanji yang paling diingini iaitu sebanyak 62.5%
hingga 2.9% berat basah pada hari ke-11 penapaian. Aspergillus oryzac mempunyai kesan
yang paling positif, iaitu hampir dua kali ganda hasil minyak kunyit kepada 3.17% berat
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kering selepas hari ke-11 penapaian. Konstituen utama minyak kunyit ialah B-turmerone, o-
turmerone, dan ar-turmerone.

KEY WORDS: Aspergillus sp., biodelignification, starch, turmeric rhizome, turmeric oil

1. INTRODUCTION

Turmeric (Curcuma longa L.) is an herbaceous plant that has been widely used as a
condiment and in medicine in Asia since ancient times [1]. The main part of the turmeric
plant is the rhizome which contains various types of compounds including curcuminoid
compounds, turmeric oil, and oleoresin [1]. It has been reported that the rhizome contains 5-
6% essential oil [2] that is commonly used in food, cosmetics, and pharmaceutical
applications due to its anticancer, anti-inflammatory, antibacterial, antifungal, and antitumor
effects [3-4]. Turmeric is widely cultivated in Indonesia with a total cultivation area of 7,481
ha being reported in 2018 [5]. Nevertheless, valorization of the rhizomes to produce turmeric
oil is still considered to be very limited. Based on the data of the Indonesian Central Bureau
of Statistics, large-scale turmeric oil processing is still in the development stage since 2018.
In 2020, a production plant for producing turmeric oil was built in Pacitan, East Java,
Indonesia, with a production capacity of 2.4 tons/year, relatively small as compared to a total
rhizome production of approximately 193,000 tons/year [5]. This is due to the difficulty of
isolating turmeric oil during the distillation process, which results in low oil recovery of
approximately 0.46% [6-7].

Turmeric oil in the rhizome is located in secretory cells surrounded by starch granular
parenchymal tissue, which can inhibit the extraction of turmeric oil. Various studies
addressing the turmeric oil extraction process have been carried out. One example is a pre-
treatment using enzymes to degrade polysaccharide compounds on cell walls so that oil yield
can increase by 70% [8]. The enzymes are expensive and, therefore, in the large-scale
production of turmeric oil, are considered to cause a significant increase in production costs
[9]. Microorganisms, especially fungi, can be an alternative solution to increase the yield of
turmeric oil while still saving production costs. Fungi can produce various types of
extracellular enzymes that can degrade polysaccharide and consequently increase oil yield
without using commercial enzymes [10]. Fungi are used because they have complete
enzymatic devices, filamentous bodies that can penetrate the substrate, and accumulated
ability [11].

Fungi from genus Aspergillus, such as Aspergillus niger, Aspergillus oryzae, and
Aspergillus awamori, are capable of being starch-degrading agents in turmeric because they
are able to produce polysaccharide-breaking hydrolytic enzymes, such as amylase enzymes
[12-16]. These three specific types of fungi were selected because they could survive the
antimicrobial compounds of turmeric [4]. Therefore, this study was conducted to determine
the species of Aspergillus and fermentation time that can degrade starch efficiently and
produce a relatively high yield (= 2.5%) of turmeric oil. An average yield of 2.5% is
considered satisfactory for commercial productions [17].

2. MATERIALS AND METHODS

2.1. Preparations of Turmeric Rhizomes

The turmeric rhizomes used in this study were harvested at the age of 8 months from
Cimasuk, Tanjung Sari, Sumedang Regency, West Java, Indonesia. They were then washed
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and sliced to a thickness of + 0.1 cm. After that, all rhizomes were stored at room temperature
(25-28 °C) and relative humidity (50-70%).

2.2. Cultivation of Aspergillus sp. Inocolum

Stocks of Aspergillus niger, Aspergillus oryzae, and Aspergillus awamori were obtained
from the Microbiology Laboratory, School of Life Sciences and Technology, Institut
Teknologi Bandung. Each species of fungi was cultivated in a semisolid potato dextrose agar
(PDA) medium with a concentration of 39 g/L [15]. The PDA medium was sterilized using
an autoclave (121 °C, 1.5 atm). The fungi were cultivated for 4 days in a test tube at room
temperature until the active fungi spores covered the entire surface of the medium.

2.3. Preparation of Aspergillus sp. Inocolum

The 4-day old Aspergillus sp. cultures were harvested with harvesting solution (0.85%
NaCl + Tween80 0.1%) to obtain a 600 mL inoculum solution with a concentration of 5x10’
spores/ml [16, 18]. Measurement of the spore concentration was conducted using a
hemocytometer under a microscope. The cell chamber of the hemocytometer was filled with
a 1 mL aliquot of the spore solution. Appropriate dilutions of the aliquot were done when
there were too many spores to count by eyes. The resulting number from cell counting was
then multiplied by the dilution factor.

2.4. Solid-state Fermentation of Turmeric Rhizome with Aspergillus sp.

The fermentation process was carried out under aseptic conditions. The inoculum
solution and yeast extract solution were mixed with the sterilized turmeric rhizome in the
following proportions: 1 ml inoculum solution, 1 ml yeast extract solution, and 10 g turmeric
rhizome [18]. The fermentation process took place in a fermenter tray (50 x 30 x15 cm) with
perforation to remove excess liquid. The fermenter tray was sealed with plastic wrap and
black color plastic, so that fermentation could take place at a light intensity of ~0 W [16].
Aeration was given every 2 days for 5 minutes, at a rate of 3.5 L/min. Samples were stirred
every 2 days. The fermentation process was carried out by varying the incubation time of 7,
9, and 11 days.

2.5. Extraction of Turmeric Oil using a Steam-Distillation Method

Fermented turmeric rhizome was dried using an oven at 50 °C for 24—26 hours to reach a
moisture content of 68—71% [19]. Moisture content was measured using a Mettler Toledo
Infrared Moisture Content Analyzer. Turmeric oil was extracted using a steam distillation
method with a ratio of 100 g substrate to 500 mL of distilled water for 3 hours [20-23].
Distillates were collected in a 500 mL separating funnel, and the oil and hydrosol were
separated. The obtained turmeric oil yield was calculated using Eq. (1):

Yield (%w,) = % X 100 (1)

where m,, is the mass of oil in grams, and wy is the dry weight of the substrate in grams. The
value of wy can be calculated using Eq. (2):

wy(9) = (1 — moisture content) X m(g) ()

where moisture content is in percent, and m is the substrate mass in grams at the initial
moisture content (~90%).

2.6. Determination of Turmeric Rhizome Starch Content

The starch content was determined using a Luff Schoorl method (SNI 01-2891-1992).
The preparation of the Luff Schoorl reagent was carried out by mixing the following: 143.8 g
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of anhydrous Na;CO; in 300 mL of distilled water, 50 g of citric acid in 50 mL of distilled
water, and 25 g of CuSO4.5H>0 in 100 mL of distilled water. The solution was stirred until
homogeneous.

Next, 3% HCI (200 mL) was added to 5 g of fermented turmeric rhizome. The mixture
was boiled using a reflux extractor for 3 hours and then cooled down, and the pH was
adjusted to 7.0 using a 30% NaOH solution. The solution was diluted to a volume of 500 mL
and filtered. 10 mL of this filtrate was mixed with 25 mL of the Luff Schoorl reagent and 15
mL of distilled water and then boiled for 10 minutes using an upright cooler. 15 mL of KI
20% and 25 mL of 25% H>SO4 were slowly added. The final solution was titrated with
NazS203 (0.1 N), and its volume increase was measured. Starch solution 0.5% weight—
volume (w/v) was used as an indicator.

The calculation of starch content was carried out using Eq. (3), where w; is the sample
mass of turmeric rhizome (mg), w is glucose (mg) contained for every milliliter of Na»S>03
used, f, is a dilution factor, and the value 0.9 is a glucose conversion factor for starch. The
value of w was determined using the sugar conversion table according to SNI.

0.9wy (mg)fp
w (mg)

2.7. Characterization of Turmeric Oil

Starch content (%) = x 100% 3)

The oil characteristics were determined particularly color, refractive index, and density.
The color of turmeric oil was observed subjectively by eye. The refractive index value of
turmeric oil was tested using a refractometer. The density was determined by measuring the
volume v of oil (mL) using a measuring cup and oil mass m (g) on the analytic balance and
calculated using Eq. (4).

Density _ Mturmeric oil (9) (4)

turmeric oil (ML)

2.8. Determination of composition using a Gas Chromatography-Mass Spectrometry

The composition of turmeric oil was analyzed using a gas chromatography—mass
spectrometry (GC—MS) device. The initial temperature was set at 60 °C, then raised to 280 °C
at a rate of 8 °C/min. The samples were injected in split mode with a split ratio of 200. The
rate of the column was set to 1.31 mL/min with a linear speed of 41.7 m/s. The analysis was
carried out at the Instrumental Chemistry Laboratory, Universitas Pendidikan Indonesia,
Bandung, Indonesia.

3. RESULTS AND DISCUSSIONS
3.1. Effects of Moisture Content on Turmeric Oil Yield

The effects of moisture content on the yield of turmeric oil are shown in Fig. 1. A dry
weight base was used for this study so that the values of different moisture content could be
compared. The results indicate that the yield of turmeric oil increases with decreasing
moisture content of the material before decreasing after reaching an optimum moisture
content. A lower moisture content requires longer drying time and consequently more
turmeric oil is susceptible to evaporation during the drying process. The turmeric oil yield
with 87.9% moisture content was 1.27% dry weight (dw). Lower moisture content in the
range of 74-78% resulted in more turmeric oil. Specifically, the yield of turmeric oil at
77.9% moisture content was 1.70% dw, and at 74.3% moisture content, it was 1.69% dw. The
optimum moisture content was at 69.2% (obtained after drying for 24 hours) which resulted
in a yield of 1.89% dw.
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Fig. 1. Effects of moisture content on turmeric oil yield.

The drying process was carried out using an oven at 50 °C. The selection of the drying
method considered two important parameters that affected the extraction of essential oils,
namely drying time, and temperature [24]. The higher the temperature in the drying process,
the lower the yield of essential oil due to evaporation. According to Hamrouni-Sellami et al.
[25], the drying process at a temperature of 50 °C can produce a high amount of volatile oils,
while temperature above 50 °C will reduce their yield. For medicinal plants, high
temperatures (>50 °C) may cause a drastic decrease in their essential oil yield. An increase in
temperature by 20 °C can cause the loss of essential oils up to 92.3% [25]. This is because
high temperatures can damage the biological structure of oil glands and epithelium cells in
medicinal plants and reduce the permeability of plasma membranes [25].

The effect of drying time on the yield of essential oils is related to the rate of evaporation
of essential oils, which is greater with the length of the drying time. For example, the process
of drying Tymus subsp. Doenensis leaves uses the shade drying method, which causes the
reduction of essential oils to increase. The yield of essential oils by drying treatment using an
oven at 50 °C amounted to 1.46%, while the yield by shade drying was only 0.91%. This is
due to the long drying time that caused the loss of essential oils as they diffused into the air
[24].

The moisture content measured in this study ranged from 66-87% (Fig. 1). A moisture
content of 69.24% resulted in the optimal yield of turmeric oil of 1.89%. After reaching the
optimum yield at 69% moisture content, the oil yield decreased as the moisture content was
reduced. The dried rhizome to 66.96% moisture content resulted in a yield of only 0.54% dw
due to the length of drying time, which caused longer evaporation of turmeric oil. The high
yield of turmeric oil obtained at 69% moisture content or 24 hours drying (1.89% dw) is in
accordance with the literature, which states that drying for 24 hours will result in the
extraction yield of essential oils from rhizome plants in the range of 1.6-2.2% [26]. Hence, a
moisture content range of 68—71% was used in this study.

3.2. Effects of Fermentation Time on Starch Content of Biodegraded Rhizomes and
Turmeric Oil

The test results on the content of turmeric rhizome starch fermented by the fungus
Aspergillus sp. are shown in Fig. 2. The content of the control rhizome starch (day 0 of
fermentation) was measured to be 7.8% wet weight (ww). The starch content in fermented
rhizomes by all three species showed the same tendency. The content of rhizome starch




IIUM Engineering Journal, Vol. 24, No. 1, 2023 Abduh et al.
https://doi.org/10.31436/iiumej.v24i1.1629

continued to decrease along with the length of fermentation time. In the fermentation process
using the Aspergillus niger, starch content decreased in the range of 14.7-30.6% ww to 6.6%
ww on the 7™ day, 5.8% ww on the 9" day, and 5.4% ww on the 11" day. Meanwhile, the
decrease of starch content in the fermentation by Aspergillus oryzae was 11.8-59.3% ww to
6.9% ww on the 7% day, 4.2% ww on the 9" day, and 3.2% ww on the 11" day.
Fermentation using Aspergillus awamori showed a better starch degradation activity.
Aspergillus awamori successfully reduced starch in the range of 31.8-70.6% with the starch
coritent to decrease to 5.4% ww on the 7 day, 3.1% ww on the 9" day, and 2.9% ww on the
11™ day.

- = A awamori
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Fig. 2. Effects of fermentation on rhizome starch content.

The profile of turmeric oil obtained in this study is shown in Fig. 3. Turmeric oil yield
for the control sample (day 0 of fermentation) was 1.06% dw. The fermentation process of
each fungal species yielded an increase in turmeric oil with the increasing fermentation time.
The Aspergillus oryzae showed a significant increase in the yield of turmeric oil compared to
the other two fungal species. The 7" day fermentation resulted in the acquisition of turmeric
oil by 2.17% dw and continued to increase to 2.60% dw on the 9" day and 3.17% dw on the
11" day. The fermentation process using Aspergillus awamori produced turmeric oil of
2.38% dw on the 7" day, 2.50% dw on the 9" day, and 2.62% dw on the 11" day.
Meanwhile, fermentation using Aspergillus niger had the lowest yield of 1.44% dw on the 7%
day, 1.82% dw on the 9" day, and 1.92% dw on the 11™ day.

According to the study by de Castro [27], the amylase hydrolytic enzyme group
stabilizes after 4 days of fermentation and reaches a maximum point after 6 days. The test
results of the control rhizome starch content (Fig. 2) of 7.8% ww were similar to the research
of Kusbiantoro and Purwaningrum [28], which obtained the value of turmeric rhizome starch
content of 8% ww. A decrease in the starch content occurs with the ongoing fermentation
process, owing to the growth and metabolic activity of the fungus Aspergillus sp.

Hydrolytic enzymes, especially amylase, are enzymes that correlate closely with growth
[26]. Aspergillus spp. secrete enzymes as an effort to extract nutrients that support colony
growth and regulation of metabolism [29]. The secretion of hydrolytic enzymes in the process
of metabolic fungi results in the cutting of the glycosidic bonds of starch compounds on the
cell wall, causing the breakdown of complex compounds into simpler ones, namely glucose,
and a decrease in starch content [29-30]. It is known from the research of Reyes et al. [31]
that the fermentation time of 3 days is sufficient to degrade starch granules in the material.
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The previous study used pure starch whereas this study used turmeric rhizome as the
substrate, which is a complex medium. In complex media, fungi consume simple sugars at
the initial time to support their growth before finally degrading starch complexes. Therefore,
they take longer to degrade than pure starch substrates [32].

soolhes 4 awamori

4.0 1 <o+ A niger

codess A oryzae

3.5 4
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(=]
wn
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Fig. 3. Effect of fermentation on turmeric oil yield.

In this study, the growth of fungal hyphae was not seen until it reached the 2™ day.
Aeration to the system was given after the emergence of hyphae, which was evenly
distributed on the 2™ day of fermentation to allow the fungal hyphae to grow around the
entire surface of the turmeric rhizome in the fermenter tray. More evenly distributed fungal
growth was observed qualitatively on the 3™ to 9™ day. After the 9" day, there was no
mycelium growth observed owing to the absence of any remaining organic matter in the
turmeric rhizome that Aspergillus could take as nutrition. In addition, the metabolic activity
of the fungus allowed a decrease in pH on the substrate, so that the growing environment was
no longer suitable for fungi [33]. In other words, fungal growth had entered a decreasing
phase in which metabolic activity did not degrade starch [33].

The results of the starch content revealed that the Aspergillus awamori fungus showed
the greatest reduction in starch content relative to the other two species, as shown in Fig. 2.
This was predicted to occur because of the differences in the enzyme activity of the three
species. The amylase enzyme activities measured in solid-state fermentation systems by
Aspergillus niger, Aspergillus oryzae, and Aspergillus awamori were 467.8, 500, and 589.7
1U/g, respectively [34-35]. Greater enzyme activity in Aspergillus awamori causes the fungus
to degrade more starch [36]. Aspergillus awamori can degrade starch in the range of 31.8—
70.6%, with a maximum decrease occurring on the ninth day of 62.5%. This data is in
accordance with the results of research by Umsza-Guez et al. [37], which states that

Aspergillus awamori fungi can degrade up to 64% in a span of six days in solid-state
fermentation systems.

The increase in turmeric oil yield was caused by the decreased presence of starch in the
rhizome cell wall that had been degraded. The Aspergillus fungal metabolism results in
secretory cells in the parenchyma tissue, that had been initially protected, to become more
open. Changes in the structure around the secretory cells allow the turmeric oil to be more
easily extracted [29, 38]. The results of fermented turmeric oil measurements in Fig. 3 show
that the fermentation with Aspergillus oryzae produced the largest yield of turmeric oil. Even
though the degradation of starch produced by Aspergillus oryzae was lower than Aspergillus
awamori, the yield of oil produced was higher. During fungal metabolism, other hydrolytic
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enzymes are involved that can degrade complex compounds other than starch on cell walls,
such as endo-1, 4-B-glucosidase, or B-glucosidase, which act as catalysts in degrading
cellulose [39].

3.3. Characteristics and Composition of Turmeric Oil

The physical-chemical characteristics of turmeric oil obtained in this study are shown in
Table 1. Turmeric oil from fermented rhizome was yellow in color with a density of 0.89
g/mL. The measured refractive index of turmeric oil was 1.45. The results are in accordance
with the results of a previous study by Naibaho [40] and comply to the national standard in
Indonesia. The composition of turmeric oil is shown in Table 2. This study found 30
components of constituent compounds of turmeric oil that comprise monoterpenoids and
sesquiterpenoids. The main compounds found were ar-turmerone, o-turmerone, and [-
turmerone. In general, the solid-state fermentation process caused some components of minor
compounds not to be detected in turmeric oil. Fermentation by different Aspergillus sp.
resulted in varied amounts of components of the main compounds in turmeric oil.

Table 1: Physical-chemical characteristics of turmeric oil

Characteristics This study SNI Reference [40]
Color Yellow Yellow Orange -
Density (g/mL) 0.89 + 0,02 0.82-0.92 0.92
Refractive index 1.45+£0.07 1.46-1.47 1.47

The main compounds of fermented turmeric oil are ar-turmerone, 10.4%, a-turmerone,
16.2%, and B-turmerone, 33.8%. In the fermentation using Aspergillus awamori, there was a
decrease in the ar-turmerone compound but an increase in a-turmerone and f-turmerone
compounds. The ar-turmerone compound was measured in the range of 1.6-9.4%. The a-
turmerone compound was measured in the range of 14.5-18.1%. The B-turmerone compound
was measured in a larger range, 41.9-48.5%. The fermentation process using Aspergillus
niger showed the same tendency. The ar-turmerone compound decreased to 0.98—9.88%. The
a-turmerone and B-turmerone compounds were measured in the range of 11.59—-15.29% and
20.97-45.36%, respectively. Aspergillus oryzae had a different influence on the content of
the main compounds of turmeric oil. The fermented turmeric rhizome using Aspergillus
oryzae did not have any detrimental effect on the content of the main compounds.
Fermentation using Aspergillus oryzae increased ar-turmerone, a-turmerone, and B-turmerone
compounds to the ranges of 10.09—13.50%, 14.47-16.38%, and 26.07-37.52%, respectively.

Turmeric oil from the biodegraded rhizomes of the three species generally had a
relatively similar compound-content profile. B-turmerone was the highest concentration,
followed by a-turmerone, then ar-turmerone. Aspergillus niger and Aspergillus awamori had
relatively the same effect on changes in turmeric oil compound concentrations: decreasing the
concentration of ar-turmerone on the seventh day, before an increase due to the
transformation of a-turmerone and B-turmerone. However, the treatment using Aspergillus
oryzae produced turmeric oil with decreases in ar-turmerone.
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Table 2: Composition of turmeric oil for fermented rhizome with Aspergillus sp.

Percentage of Compounds (%)

Compounds Fermentation Day-7 Fermentation Day-9 Fermentation Day-11 Ref.
AN A0 AA AN AO AA AN A0 AA [3,4

a-turmerone 15.3 16.4 14.6 15.1 15.1 16.8 11.6 14.5 18.1 13
B-turmerone 454 37.5 48.5 34.1 36.2 41.8 21.0 26.1 46.2 7.1
ar-turmerone 1.0 13.5 1.6 9.9 10.2 9.4 6.3 10.9 2.8 17-
1-phellandrene 0.8 0.5 0.6 1.7 0.8 1.5 0.6 0.4 1.0 0.
a-terpinolene 0.2 - 0.2 0.4 0.2 0.3 0.2 - 0.3 0
trans-caryophyllene 0.8 0.8 0.8 0.8 1.1 0.6 0.6 0.4 0.6 2.
zingiberene 2.5 1.3 2.1 2.8 1.9 3.5 1.7 1.7 2.1 0.2-
a-bisabolene 0.6 - - 0.6 0.3 - 0.4 - - 0
B-bisabolene 0.8 0.3 0.7 0.7 0.6 0.5 0.5 0.4 0.5 0.
sesquiphellandrene 2.5 1.4 2.2 2.4 1.9 1.9 1.7 1.6 1.8 5.6
(-)-caryophyllene
oxide - - 1.0 - - 0.5 - - -
B-myrcene - - - - - - - - - 0
8-3-carene - - - - - - - - - 0
a-terpinene - - - - - - - - - 1
1,8-cineole - - - 0.2 - 0.1 - - - 0.9
y-terpinene - - - 0.1 - - - - -
ar-curcumene 2.5 1.8 - 1,8 2.2 - 1.4 1.3 - 1.4
y-curcumene - - - - - - - - 0.1
a-santalol 0.3 - - 0.3 0.5 3.7 0.2 1.2 - 0
B-santalol - - - - - - - - -
(-)-0-pinene - - - - - - - - - 0
a-patchoulene - - - - - - - - 0.4
(+)-a-atlantone - - 1.3 - - 23 - - 4.7
B-himachalene - - - - - 0.1 - - -
farnesol - - - - - 0.1 - - 0.1

AN: A. niger, AO: A. oryzae, AA: A. awamori

The concentration of each of the three main compounds in turmeric oil, as a result of the
biodegradation of the three Aspergillus spp., increased and decreased on different
fermentation days. The increase in the content of the antioxidant compounds can be due to
starch degradation and other structural polymers that made antioxidant compounds more
accessible during distillation [45]. However, in all samples with 11 days of fermentation time,
there was no increase in the content of a-turmerone and B-turmerone compounds, owing to
lower starch content, compared to the other timeframes.

With a higher concentration of ar-turmerone, a decrease in the content of a-turmerone
and B-turmerone was found. a-turmerone and B-turmerone are unstable compounds that will
turn into a more stable aromatic form (ar-turmerone) with continuous exposure to air. The
content of ar-turmerone compounds decreased in turmeric oil by biodegradation treatment of
the three Aspergillus spp., a genus that can carry out biotransformation of ar-turmerone to a
more oxidized form [46]. This decrease was discovered on days 7 and 11 for Aspergillus
niger and Aspergillus oryzae and day 9 for Aspergillus awamori. Previous studies reported
that the largest compound in turmeric oil was ar-turmerone, followed by a-turmerone and -
turmerone in relatively equal amounts [3, 41]. Such results are slightly different with the
findings obtained in this study and may be caused by several factors, such as geographical
origins, microclimate conditions, soil content, and the differences of turmeric root age [41-
47].

4. CONCLUSION

The treatment of biodegradation in turmeric rhizomes using fungi from the genus
Aspergillus can reduce starch content in turmeric rhizomes, thereby increasing the yield of
turmeric oil. Aspergillus awamori reduced starch content more than the other two species,
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reaching 2.9% ww. Aspergillus oryzae resulted in the highest turmeric oil yield compared to
the other two species of 3.2% dw after 11 days of fermentation. Of the three Aspergillus spp.,
the greatest decrease in starch content and increase in the oil yield occurred on the 9™ day.
Incubation of turmeric rhizomes by Aspergillus reduced the content of ar-turmerone but
increased the content of a-turmerone and p-turmerone compounds, which could be
transformed into ar-turmerone. The use of Aspergillus oryzae as a biological agent for the
biodegradation process showed the most positive influence on the extraction of turmeric oil
compared to the other two species, with the maximum increase in oil yield and decrease in
starch content on the 11" day.
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ABSTRACT: In the present research, a fungal strain was used to produce a myco-coagulant
via solid-state bioconversion to reduce water turbidity. The production of myco-coagulant
was achieved using several low-cost lignocellulolytic substrates, namely coco peat, sawdust,
palm kernel cake, and rice bran as sources of carbon and nitrogen. This research involves the
study of both the effect of lignocellulolytic substrates and the parameters involved in the
fermentation process for myco-coagulant production. Coco peat was chosen as a suitable
lignocellulolytic substrate to serve as a carbon source for producing myco-coagulant,
potentially reducing the turbidity by 84.6% from the kaolin suspension. Sawdust, palm
kernel cake, and rice bran showed 33.06%, 30.18, and 21.18 %, respectively.
Furthermore, a statistical approach to the Plackett-Burman design was conducted to evaluate
the significant parameters that affect the production of myco-coagulant. Eleven fermentation
process parameters were selected: concentration of coco peat (2- 4 %), incubation time (5-9
days), temperature (25-35 °C), pH (5-9), glucose (0-2 %), malt extract (1-2 %), yeast extract
(0-2%), wheat flour (0-2 %), ammonium sulfate (0-1 %), inoculum size (1-3 %) and potassium
dihydrogen phosphate (0-0.5 %). The selected variables were assessed through statistical
analysis (main effects) based on their significance. Based on the main effect of each variable
on flocculation activity, three variables, namely glucose, malt extract, and pH influenced high
levels. On the other hand, the remaining eight variables did not significantly affect the
production of myco-coagulant. Furthermore, a deeper study was conducted to further
optimize the three effective variables involved in the fermentation process to evaluate these
factors' influence on flocculation activity.

ABSTRAK: Penyelidikan ini adalah berkenaan strain fungus yang digunakan bagi
menghasilkan miko-koagulan melalui penukaran-bio berkeadaan pepejal bagi mengurangkan
kekeruhan air. Miko-koagulan dihasilkan dengan menggunakan beberapa substrat
lignoselulolitik berkos rendah, iaitu habuk kelapa, habuk papan, hampas kelapa sawit, dan
dedak padi sebagai sumber karbon dan nitrogen. Penyelidikan ini mengkaji kesan substrat
lignoselulolitik dan faktor-faktor yang terlibat dalam proses fermentasi bagi menghasilkan
miko-koagulan. Habuk kelapa dipilih sebagai substrat lignoselulolitik yang sesuai berfungsi
sebagai sumber karbon dalam menghasilkan miko-koagulan, berpotensi mengurangkan
kekeruhan sebanyak 84.6% daripada ampaian kaolin. Sebaliknya, habuk papan, hampas
kelapa sawit, dan dedak padi menunjukkan 33.06%, 30.18, dan 21.18 %, masing-masing.
Tambahan pula, pendekatan statistik ke atas reka bentuk Plackett-Burman telah dijalankan
bagi menilai parameter penting yang mempengaruhi penghasilan miko-koagulan. Sebelas
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parameter proses penapaian telah dipilih: kepekatan habuk kelapa (2- 4 %), masa pengeraman
(5-9 hari), suhu (25-35 C), pH (5-9), glukosa (0-2 %), ekstrak malt (1-2), tepung gandum (0-
2 %), ammonium sulfat (0-1%), saiz inokulum (1-3 %) dan Kalium dihidrogen fosfat (0-0.5
%). Pemboleh ubah yang dipilih dinilai melalui analisis statistik berdasarkan kepentingannya.
Berdasarkan kesan utama setiap pemboleh ubah terhadap aktiviti penggumpalan, tiga
pemboleh ubah ini adalah glukosa, ekstrak malt, dan pH yang memberi kesan tertinggi.
Sebaliknya, lapan pemboleh ubah lain tidak mempengaruhi penghasilan miko-koagulan
dengan ketara. Tambahan lagi, kajian yang lebih mendalam telah dijalankan bagi membaiki
tiga pemboleh ubah utama yang terlibat dalam proses fermentasi bagi menilai kesan yang
mempengaruhi aktiviti penggumpalan.

KEYWORDS: Myco-coagulant, solid-state bioconversion, lignocellulolytic substrates,
water treatment, turbidity removal, flocculation activity, PBD.

1 INTRODUCTION

High turbidity and suspended solids (SS) are significant problems that affect rivers due to
wastewater discharge, terrain conditions, land cover, rainfall, soil type, agriculture, stirred
bottom sediments, algal blooms, and other development activities. These problems indicate the
essential need to protect the aquatic environment and life by diminishing the turbidity and
residual levels in the rivers using both conventional and advanced technologies in water: from
treatment such as sedimentation and filtration to more complex methods, including
ultrafiltration, ozonation, and reverse osmosis, to process raw water sources before supplying
it to consumers and to ensure that the treated water can meet the effluent discharge requirement
before it is discharged to water bodies [1,2].

The coagulation-flocculation process is considered one of the most straightforward
approaches to accelerate the removal of suspended impurities in water efficiently. Even with
advanced technologies, coagulation-flocculation remains one of the essential treatment
processes for removing impurities (mainly suspended particles) in water treatment plants. This
process  requires adding  components called  coagulants/flocculants [3.,4].
Coagulants/flocculants are commonly applied in many industrial processes, such as potable
water purification and wastewater treatment. Generally, coagulants/flocculants are classified
into three types: synthetic organic polymer flocculants like polyacrylamides, inorganic
flocculants such as aluminium sulfate, iron sulfate, and iron chloride, and those that are
naturally occurring, such as sodium alginate, chitosan, and microbial coagulants/flocculants
[3,4]. Due to flocculating efficiency, chemical coagulants-flocculants are widely used in
conventional water treatment processes [5,6,7]. However, wusing chemical
coagulants/flocculants in water treatment has been limited due to several disadvantages [8,9].
As reported in many studies, its usage can cause several environmental problems and human
health concerns [10,11,12].

Since the coagulants/flocculants play a significant role in the coagulation/flocculation
process, developing highly efficient alternative coagulants/flocculants has always remained
one of the most challenging research areas [13]. Biocoagulants/flocculants have piqued the
interest of many researchers due to their numerous advantages: biodegradability, nontoxic
properties, and potential as an alternative for conventional coagulants/flocculants [11,14].
Microbial coagulants/flocculants are extracellular biopolymers secreted by microorganisms
such as bacteria, yeasts, fungi, and algae [2]. They contain mainly glycoproteins,
polysaccharides, and proteins produced by microorganisms during active secretion [15].
However, the application of microbial coagulants/flocculants has been hindered by the
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challenge of producing them on a large scale. Currently, researchers produce microbial
coagulants/flocculants by applying synthetic media which contain simple sugar (glucose,
sucrose, lactose, fructose, maltose), alcohols, and organic acid as carbon sources through the
liquid-state fermentation method. Despite the potential applications of microbial
coagulants/flocculants, the high production costs still limit their use.

Interestingly, new strategies to produce microbial coagulants/flocculants have been
identified. The preference for SSF is more economically attractive due to the usage of low-cost
materials such as agricultural and industrial byproducts via solid-state fermentation to produce
bioactive compounds. SSF is of interest as an alternative to other conventional fermentation
methods that are more costly and mainly chemically driven [16]. These bioprocessing
technologies are devoted to developing cost-effective measures by utilizing inexpensive
fermentation substrates to meet the current market demand for bioproducts [16], which may
reduce production costs on industrial scales. Thus, an appropriate, inexpensive, and abundant
substitute for these substrates, such as byproducts and agricultural residues, should be utilized
to replace the conventional substrates to solve this problem. Solid-state fermentation may be
better for producing a microbial coagulant/flocculant using filamentous fungi [17,18]. Thus,
this research will investigate a coagulant-produced fungus called myco-coagulant via solid-
state fermentation using agricultural waste as a low-cost substrate.

The present study aims to select the best lignocellulolytic substrates via a solid-state
fermentation (SSF) process to produce an efficient myco-coagulant to reduce the turbidity of
the water. It was also designed to study the impact of various fermentation process parameters,
namely concentration of coco peat, incubation time, temperature, pH, glucose, malt extract,
wheat flour, ammonium sulfate, inoculum size, and potassium dihydrogen phosphate
(KH2PO4) on the production of coagulants from a fungal strain using a Placket-Burman
experimental design.

2 MATERIALS AND METHODS

2.1 Microorganisms

The microorganism used in the present study was a fungal strain collected from a
supermarket in Kuala Lumpur, Malaysia. The fungal strain was maintained on potato dextrose
agar (PDA), stored in the chiller at 4° C, and kept at room temperature (30+2° C) for further
use.

2.2 Substrate collection and preparation

In this study, different lignocellulolytic (LC) substrates, namely coco peat, sawdust, palm
kernel cake, and rice bran, were collected from the International Islamic University Malaysia,
Kuala Lumpur. The substrates were used as the supplementary media throughout this study,
which were ground and milled into a fine powder using a domestic blender. The fine powders
passed through a 50 mm-mesh sieve and were stored at room temperature for solid-state
fermentation (SSF). These substrates may be seen as an inexpensive and abundant agricultural
waste model, making the entire SSF process feasible and low-cost.

2.3 Inoculum preparation (Mycelium suspension)

The mycelial suspension was prepared by fully grown plates of fungi cultures from the
incubator after seven days of incubation. A wriggled L-shaped rod was gently scraped off each
plate and washed carefully with 20 ml of sterilized distilled water. The suspended mycelial
suspension was used as the main inoculum.
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2.4 Solid-state bioconversion (SSB)

The solid-state bioconversion was conducted by moistening 3 g of each substrate, namely
coco peat, sawdust, palm kernel cake, and rice bran, with 1 ml of fungal mycelial suspension
and 7 ml of production media in a petri dish, which was sealed with a parafilm to avoid
contamination with unwanted microbes. The medium consisted of 20 g of malt extract
dissolved into 1000 ml of distilled water (2% w/v), and its initial pH was adjusted to 7 using 1
M NaOH or 2 M HCI. The production medium was autoclaved at 120° C for 15 minutes. The
inoculated plates were incubated at 30° C for seven days. The major activities involved in the

research are shown in Fig. 1.

Shake e samples el b
a8 250 rpm ae 30 °C

3 g of cach subatrate was inoculated with
1 ml of inoculum

7\ e

20 ml of distilled water

FALM KERSTLOAKE

L, Invculum suspension preparation

{ Mycelial suspension) 3. Solid-state fermentation (SSF)

1. Fungal cullure =

Fneraction of myca-coagulast from hioenass

- DU_E

5. Sereening of growth conditions myco-congulant
production

4. Evaluation of Moecculating activity using Jar
test

Fig. 1. Overall scheme of the major activity to produce myco-coagulant using solid-state
fermentation.

2.5 Surface Morphology Analysis

Scanning electron microscopy (SEM) (SEM-Sipma-VP03-67, Zeiss, and P-Sigma,
Munich, Germany) was used to observe the fungus's morphological surface and the mycelium
formation in various lignocellulosic media.

2.6 Extraction of myco-coagulant

In this study, the extraction of the myco-coagulant from the biomass was conducted using
an aqueous buffer solution at pH 7. After seven days of incubation, the fermented medium of
SSF from each plate (2 g of the substrate) was mixed with 20 ml of aqueous buffered solution
at pH 7. The mixture was kept in a shaker incubator for 1 hour at 250 rpm at 30° C. It was then
filtered using muslin, followed by a Whatman paper. The clear supernatant was collected as
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the main myco-coagulant and used to determine their flocculating activity using the Jar
apparatus method.

2.7 Determination of turbidity

The turbidity meter (Model 2100Q: HACH, Loveland, USA) was switched on before the
data recording, and a blank sample of 10 mL distilled water was poured into the turbidity vial.
10 mL of the supernatant from each untreated water sample was poured into the turbidity vial.
The outer vial was cleaned and placed into the turbidity meter before the 'read' button was
pressed to get the turbidity reading in NTU. Finally, the average readings were calculated for
record purposes.

2.8 Jar test experiment

The purpose of a jar test experiment was to observe the coagulation and flocculation
processes of water treatment on the laboratory scale. The equipment needed in conducting jar
tests was a Flocculator unit (SW6, UK) that consisted of six paddle mixers to which respective
beakers were placed and a control panel to adjust the stirring speed and time. Four operating
conditions of the jar test were set as the independent variables: the initial pH value, coagulant
dosage of myco-coagulant, rapid mixing speed, and settlement time. After that, the required
amount of myco-coagulant was added to synthetic turbid water and succeeded by rapid mixing
to simulate the coagulation process. It was then followed by the slow mixing that demonstrated
the flocculation process. Then, the beakers containing treated wastewater were left aside for
one hour to allow flocs sedimentation. After the flocs had settled, the supernatant of the treated
wastewater was taken and analyzed for its final turbidity.

2.9 Evaluation of flocculation activity via Jar test

The Kaolin suspension was used to determine the flocculation activity of the myco-
coagulant in its capacity to reduce the turbidity level. First, 0.7 g/l kaolin clay was suspended
in 1500 ml of distilled water and pH 7 using 1M NaOH or 2M HCI. Initial turbidity was
recorded at 480 NTU. 10 ml of the supernatant (myco-coagulant) was added to each jar
containing 300 ml kaolin suspension. Then, the jar was set up and operated at three stages: fast
mixing at 250 rpm for 7 minutes, then 90 rpm for 22 minutes, and finally settling for one hour.
Next, the top layer of the water in each jar was collected with a micropipette, and the
flocculation activity was calculated based on the percentage removal of turbidity. All the
experiments were conducted in triplicate. The flocculating activity was calculated according to

Eq. (1).
Turbidity removal efficiency (%) = % x 100 (1)

where A is the initial turbidity of kaolin suspension directly after preparation (NTU) and
B is the final turbidity of kaolin suspension after the settling period (NTU). A sartorius PB-10
pH meter was used to measure the pH value. The turbidity was measured by using a
nephelometric turbidity unit (NTU) (standard method 2130 B) with a portable turbidimeter
(2100Q HACH, USA).

2.10 Screening of growth conditions using Plackett-Burman design

Statistical experimental design plays an essential role in developing fermentation
bioprocesses by screening for the main factors of interest and then further optimizing these to
improve industrial process performance. Different nutritional and environmental variables
were evaluated to determine the variables affecting flocculation activity by the production of
the myco-coagulant. The Plackett—-Burman statistical experimental design "Design Expert®
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7.0.0" was used to identify the critical variables required to produce a myco-coagulant to reduce
turbidity. The Plackett-Burman design (PBD) is an easy and fast method appropriate to screen
multiple variables in a single experiment and is often used to evaluate the most significant
variables affecting the culture requirements for fermentation and enzyme production.

Based on previous studies, several potential factors may affect the yield of the myco-
coagulant. In this study, eleven factors were chosen. The eleven different independent variables
are shown in Table 1, including the physical/chemical parameters (temperature, incubation
time, inoculum size, cocopeat concentration, pH), and nutrients (malt extract, glucose, wheat
flour, yeast, ammonium sulfate (NH4).SO4 and potassium dihydrogen phosphate (KH2POy)).
Each variable is represented at both high and low, denoted by (+) and (—). Flocculation activity
was used as the response variable.

Table 1: Variables and their levels employed in Plackett—Burman design to screen
culture conditions affecting myco-coagulant production by the fungus

Variables Code Lowlevel (-) High level (+)
Temperature (°C) A 25 35
Incubation time (Days) B 5 9
pH C 5 9
Cocopeat concentration (g) D 2 4
Malt extract E 1 2
Ammonium sulfate (NHa)2 SO4 (%) F 0 1
Glucose (%) G 0 2
Wheat flour (%) H 0 2
Yeast extract (%) J 0 2
Potassium dihydrogen phosphate KH2PO4 (%) K 0 0.5
Inoculum size (ml) L 1 3

3 RESULTS AND DISCUSSION
3.1 Estimation of biomass in solid-state fermentation

The fungal mycelium penetrates deep into solid-state fermentation and remains attached
to the solid substrate particles. As a result, it is difficult to separate the microorganisms from
the solid particles. The present study used standard methods to estimate the biomass in solid-
state fermentation [19,20,21].

3.1.1 Prescreening test for estimation of fungal growth

Estimating biomass is a critical step in a variety of microbial fermentation processes. In
the present study, a prescreening test was performed to monitor and compare the growth rate
of fungal strains on four distinct lignocellulosic substrates. As shown in Fig. 2 on cocopeat
substrates, the fungal strain grew swiftly and created intact homogenous and filamentous
mycelium composite structures. In addition, sawdust showed slow growth during this time of
incubation. On the other hand, the fungal strain grew on palm kernel cake and rice bran; you
can barely see the growth.
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Coco peat Saw dust

Palm kernel cake Rice bran

Fig. 2. Culture of fungus on different substrates after seven days of incubation (a) culture of
fungus on cocopeat; (b) culture of fungus on sawdust; (¢) culture of fungus on PKC; (d)
culture of fungus on rice bran.

3.1.2 Evaluation of fungal growth by scanning electron microscope (SEM)

A scanning electron microscope (SEM) was used to observe the fungus's morphological
surface and the mycelium formation in various lignocellulosic media. Fig. 3 shows a significant
variation in the density of the filamentous fibre of the fungus in various lignocellulosic media.
On the other hand, the SEM indicates no change in the morphological surface due to the use of
the same strains. Fig. 3 illustrates mycelium morphology observed in SEM with randomly
arranged and oriented filaments on cocopeat, sawdust, palm cake, and rice bran substrates,
respectively. The mean hyphae filament diameter was 0.6 £0.66 um. In contrast, the other
substrates show a hyphal density of less than coco peat with a diameter of filaments with a
mean of 0.7 um, 0.9 um, and 1 um for sawdust, palm kernel cake, and rice bran, respectively.

In general, there is no difference in the morphological structure, as shown in Fig.3, which
refers to using the same fungal strain. However, the density and size of filaments differed from
one substrate to another. The variation of the branching density can be explained by the
environmental conditions here, where various lignocellulosic media were used. Fungal
mycelial growth is aided by the substrate, which contains modest concentrations of
carbohydrates, lipids, proteins, inorganic substances, and water [22]. Therefore, the physical
characteristics of the substrate may reveal differences in mycelium growth [23,24].
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Fig. 3. Scanning Electron Microscopy (SEM) observations of fungal colonies on
different substrates after seven days of incubation (a) culture of fungus on cocopeat; (b)
culture of fungus on sawdust; (c) culture of fungus on PKC; (d) culture of fungus on
rice bran magnification at X1000.

3.2 Analysis of myco-coagulant activity

Microbial secondary metabolites are regarded as valuable products due to their large
number of biological activities. The secondary metabolites are synthesized in a fermentation
medium during the growth of the microbes [19].

In this research, the desirable secondary metabolite was a myco-coagulant secreted during
fungus growth on different lignocellulosic media. Fig. 4 shows the flocculation activity rate of
the myco-coagulant using four lignocellulosic media. From the results, it can be clearly seen
that coco peat recorded the highest flocculation rate at 84.59 % in removing suspended solids
from kaolin suspension. On the other hand, the remaining LC substrates, namely sawdust, palm
kernel cake, and rice bran, were recorded at 33.06 %, 23.91 %, and 21.18 %, respectively.
Based on the results, coco peat was chosen as the best media to serve as an LC substrate for
the fungal strain and produced an efficient myco-coagulant.

Selecting an appropriate substrate suitable for fungal growth and the target of myco-
coagulant synthesis is crucial in developing an efficient technology for myco-coagulant
production. Four substrates, namely coco peat, sawdust, palm kernel cake, and rice bran, were
used in this study, which was collected from the biotechnology engineering laboratory of the
International Islamic University Malaysia (ITUM). These solid substrates were considered to
evaluate their ability to produce an efficient myco-coagulant to reduce the turbidity from water.
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Fig. 4. Flocculation activity of the myco-coagulant in four different lignocellulosic media.

The supernatants of the used fungus extracted from biomass were tested to determine the
flocculation ability in terms of turbidity reduction from synthetic turbid water (Kaolin
suspension). The initial turbidity was recorded at 600 = 30 NTU for kaolin suspension.

The flocculation activity rate of the treated synthetic turbid water by the fungal
supernatants extracted from the biomass showed a wide variation in flocculation activity all
over the fourth biomass ranging from 18.7 % to 89.19 %. Among the four fungal supernatants,
the fungal supernatant extracted from coco peat from 623 to 96 NTU 84.59% showed the
highest flocculation activity. On the other hand, sawdust, palm kernel cake, and rice bran
showed 33.06%, 30.18, and 21.18 %, respectively.

The myco-coagulant was evaluated to test its ability to remove turbidity by flocculating
the particles' kaolin suspension using the Jar apparatus. Based on the results, the fungal strain
has proven its ability to produce an efficient myco-coagulant via solid-state using cocopeat as
a substrate in reducing turbidity.

Coco peat was the best supplement that offered the best carbon source in yielding a myco-
coagulant, with the highest FA (84.59 %) obtained with kaolin clay suspension. Therefore, the
myco-coagulant extracted from coco peat that exhibited the best flocculating activity was
chosen for further analysis, and the remaining substrates were eliminated from the remaining
part of the study. As reported by Luthfi et al. [25], Aspergillus niger DWB showed a good
flocculation activity rate of 60.5 % from oil palm empty fruit bunch (OPEFB) fiber. Qi et al.
[26] reported that Alcaligenes faecalis subsp. phenolicus ZY-16 showed a good removal
efficiency (90.05%) of citrus peel wastes as substrates.

3.3. Screening of process conditions for the SSF using PBD

The effects of different nutritional components on myco-coagulant production using coco
peat were studied to develop a medium that requires minimal nutritional supplementation for
enhanced enzyme production. A Plackett-Burman design (PBD) was applied in this study to
determine which variables significantly affected the flocculation activity by producing a myco-
coagulant using solid-state fermentation. The PB design is a simple and fast method suitable
for screening multiple variables in a single experiment and is often used to evaluate the most
significant variables affecting fermentation and enzyme production culture requirements.

The impacts of nutritional factors, including carbon and nitrogen sources and mineral salts,
were studied using a PB design with 12 trials for 11 variables. As a first step, the corresponding
responses in Table 2 were carried out to identify the significant variables on myco-coagulant
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production to reduce turbidity. PB experiments showed a wide variation in flocculation activity
over all the different experiments, ranging from (18.7 to 89.19 %) presented in Table 2,
highlighting the importance of further media optimization to attain a high yield of the
interesting product myco-coagulant with high flocculation activity.

The effect of each nutrient component on flocculation activity is presented in Fig. 5. The
main effect was estimated based on the difference between the sum of responses obtained at
each component's high level (+1) and the low level (—1). Fig. 5 shows the main effect of each
variable on the flocculation activity. Concerning the main effect of each variable, the results
showed that three variables from the eleven different independent variables, which were malt
extract, glucose, and wheat flour, affected the high flocculation activity at a high level. The
level of the carbon source in the growth medium is an essential factor in the production of the
myco-coagulant. In the present study, the carbon source, glucose, and wheat flour showed a
significantly high effect on the production of the myco-coagulant. Previous studies reported
that glucose positively affected the production of the myco-coagulant through liquid-state
fermentation with Lentinus squarrosulus strain 7-4-2 [27].
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Fig. 5. Main effects of the nutritional components on Flocculation activity

Moreover, [28] reported that B. agaradhaerens C9 was cultured in a medium containing
glucose, and yeast produced a coagulant with a flocculating activity of 91.9 %. Regarding the
effect of pH a, similar results were reported by [15,29] which show the best initial pH of the
medium was 6, which was in line with the best pH for bioflocculant production by A. niger.
However, the remaining variables, temperature, coco peat concentration, cultivation time,
KH>PO4, ammonium sulfate, pH, and inoculum size, affected the flocculation activity at a low
level. The nitrogen source malt extract and ammonium sulfate showed a significant effect on
the production of myco-coagulant. The most significant parameter at a low level on the main
impact was pH and aluminium sulfate, whereby maintaining the fermentation at acidic pH
enhanced the flocculating activity of the metabolite produced. Pu et al. [29] and Nurul et al.
[30] have reported that the flocculating activity was not affected by the inoculum size, which
supported our finding.
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Table 2: Plackett—Burman experimental design and obtained responses

Variables Temp. Cocopeat Cultivation  pH KH:POs Malt Ammonium  Yeast Glucos  Wheat Inoculum  Flocculation
(°c) concentration time (%) extract sulfate (%)  extract e flour size (ml) activity
(%) (day) (%) (%) (%) (%) (%)
Code A B C D E F G H J K L
Run
1 25 2.0 5 9.0 0.00 2.0 1.0 0.0 2.0 2.0 3.0 72.74
2 35 4.0 5 9.0 0.50 2.0 0.0 0.0 0.0 2.0 1.0 56.93
3 25 2.0 5 5.0 0.00 1.0 0.0 0.0 0.0 0.0 1.0 48.87
4 35 2.0 5 5.0 0.50 1.0 1.0 2.0 0.0 2.0 3.0 26.12
5 35 4.0 5 5.0 0.00 2.0 0.0 2.0 2.0 0.0 3.0 79.35
6 25 2.0 9 5.0 0.50 2.0 0.0 2.0 2.0 2.0 1.0 89.19
7 25 4.0 5 9.0 0.50 1.0 1.0 2.0 2.0 0.0 1.0 18.7
8 35 2.0 9 9.0 0.50 1.0 0.0 0.0 2.0 0.0 3.0 27.7
9 25 4.0 9 9.0 0.00 1.0 0.0 2.0 0.0 2.0 3.0 25.32
10 35 2.0 9 9.0 0.00 2.0 1.0 2.0 0.0 0.0 1.0 26.61
11 25 4.0 9 5.0 0.50 2.0 1.0 0.0 0.0 0.0 3.0 48.7
12 35 4.0 9 5.0 0.00 1.0 1.0 0.0 2.0 2.0 1.0 44.52
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The use of coco peat as a low-cost nutrient composition was earlier not reported for the
higher yield of myco-coagulant from fungal fermentation. Based on this study, it was
determined that the designed lignocellulosic substrate was economically significant in
producing the desired myco-coagulant.

To check the contribution of the selected factors affecting the flocculation activity of the
produced myco-coagulant, Pareto analysis was performed. Analysis of the Pareto chart in Fig.
6 showed that malt extract, glucose, wheat flour, pH, and ammonium sulfate have the highest
effect on flocculation activity.
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Fig. 6. Pareto chart illustrates the order and significance of the variables affecting flocculation
activity using Plackett-Burman design (the blue color represents negative effects, and the
orange color represent positive effects).

Plackett Burman's design does not provide a complete idea about the exact amount of each
variable as well as the interaction between the variables. Thus, based on the calculations of the
main effect and Pareto chart, the Plackett-Burman design selected three parameters: malt
extract, pH, and glucose as the most significant factors to produce a myco-coagulant with
optimum flocculation activity.

4 CONCLUSIONS

Since the cost of production of the myco-coagulant is among the challenges affecting its
utilization, the results achieved in this study gave an insight into the utilization of different
lignocellulosic substrates to produce an efficient myco-coagulant in reducing water turbidity
as well as reduce the cost of experiments as we used abundant substrates.

In this study, among the used lignocellulosic substrate, cocopeat was identified as a
suitable substrate that serves as a carbon and nitrogen source to produce the myco-coagulant
using solid-state fermentation, which can potentially reduce the turbidity by 84.6% from the
kaolin suspension. On the other hand, sawdust, palm kernel cake, and rice bran showed 33.06,
30.18, and 21.18 %, respectively. Coco peat, as an abundant raw material in Malaysia, may be
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utilized to meet this challenge and reduce the cost of production. The produced myco-coagulant
may also contribute as a safe, low-cost, and environmentally friendly coagulant alternative to
current chemical coagulants. The discovery of a safe and environmental-friendly microbial
coagulant that possesses the ability for sustainable water treatment is in line with the global
awareness towards creating a clean and healthy environment by using green technology
employing solid-state fermentation.
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ABSTRACT: The growth conditions of bacteria producing cold-active protease isolated
from an Antarctic sample were screened using one-factor-at-time (OFAT). Then, crude
protease of the strain was extracted during the late logarithmic phase for enzymatic
assay. A strain that showed the highest enzyme activity was selected for optimization via
response surface method (RSM). The parameters studied were incubation temperature (4
— 36 °C), pH media (4 — 10) and NaCl concentration (0 — 8%). Based on the OFAT
results, all eight strains showed the highest growth rate at 20 °C, pH 7 and 4% (w/v)
NaCl. The assay showed that the crude enzyme extracted from strain SC8 exhibited
significantly higher activity (0.20 U and 0.37 U) than the positive control (0.11 U and
0.31 U) at -20 °C and 20 °C. RSM suggested that the optimized setting for growth of
SC8 were at 20.5 °C, pH 6.83 and 2.05% (w/v) of NaCl with the results of the bacterial
growth rate value was 3.70 £ 0.06 x 10° cells/hr. Optimal growth conditions of SC8 from
this study are useful for the large-scale production of cold-active protease in future.

ABSTRAK: Keadaan pertumbuhan bakteria yang menghasilkan enzim protease aktif
sejuk daripada sampel Antartika disaring menggunakan satu faktor pada masa (OFAT).
Kemudian, enzim protease ini diekstrak pada lewat fasa logaritma untuk ujian enzimatik.
Strain yang menunjukkan aktiviti enzim tertinggi telah dipilih untuk tujuan
pengoptimuman melalui kaedah permukaan tindak balas (RSM). Parameter yang dikaji
ialah suhu pengeraman (4 — 36 °C), pH media (4 — 10) dan kepekatan NaCl (0 — 8%)).
Berdasarkan OFAT, kesemua lapan bakteria menunjukkan kadar pertumbuhan tertinggi
pada 20 °C, pH 7 dan 4% NaCl. Hasil ujian enzimatik menunjukkan bahawa enzim
protease yang diekstrak daripada SC8 mempamerkan aktiviti yang jauh lebih tinggi (0.20
U dan 0.37 U) daripada kawalan positif (0.11 U dan 0.31 U) pada -20 °C dan 20 °C.
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RSM mencadangkan tetapan optimum untuk pertumbuhan SC8 adalah pada 20.5 °C, pH
6.83 dan 2.05% NaCl dengan keputusan kadar pertumbuhan bakteria ialah 3.70 + 0.06 x
10° sel/jam. Keadaan pertumbuhan optimum SC8 daripada kajian ini bermanfaat untuk
menghasilkan produk protease aktif sejuk secara besar-besaran pada masa hadapan.

KEYWORDS: cold-active protease; Antarctica, one factor at time; response surface
method

1. INTRODUCTION

Antarctica is located at the South Pole of the earth and acknowledged as one of the
world’s seven continents. This pristine place has recorded the lowest temperature on earth
[1]. Compared to the Arctic, this continent encompasses solid land and is mostly covered
with a thick snow layer. Roughly, the environment of the Antarctic is extremely cold and
exposed to strong ultraviolet radiation [2]. Its sediment and soil contain a low level of
carbon and nitrogen sources, contaminated with toxic metal compounds, fluctuating salt
concentration, and exposure to low oxygen levels [3-5]. Although it looks like deserted
terrain, a diverse microbial community has been discovered from its snows, soil, and
sediment [6,7]. Recently, several novel environmental bacteria species have been
identified such as Paenisporosarcina antarctica [8], Labilibaculum antarcticum [9] and
Pseudomonas fildesensis [10].

Throughout history, many conventional methods used catalysts to speed up the
process, either chemically or biologically. Nowadays, bio-catalyst-like enzymes have been
accepted by communities. It has been widely used in daily life and industry. The discovery
of novel enzymes has replaced the former catalyst and provides more convenient, eco-
friendly and cost-effective processing. Several enzymes have been successfully extracted
from microorganisms originated from the Antarctica regions [11-13]. One of the important
enzymes is a protease. Generally, this enzyme breaks down proteins or polypeptides into
smaller subunits or single amino acids. Microbial proteases have been widely used in
many different industries including poultry, detergent, food and feed, leather, chemicals,
waste management, medical, and research [14-16].

Cold-active protease is an extremozyme that enables a system to run at lower
temperature where the majority of the commercial or industrial enzymes require higher
temperatures for efficient catalytic activity and denaturation process. Consequently,
introducing higher temperatures will always initiate an undesirable chemical reaction and
loss of volatile compounds. Thus, cold-active protease has potential as an alternative to
overcome these limitations. However, isolating and growing microorganisms in the
laboratory directly from a sample is very challenging, especially samples from an extreme
environment. A lot of factors must be considered, and the best idea is to mimic the sample
environment to prepare the media conditions. In short, optimization of several parameters
is important to provide ideal growing conditions for the isolated bacteria. The basic
parameters used in this study was incubation temperature, pH media, and salt
concentration. Based on previous studies, bacteria from the Antarctic region at 4 - 36 °C,
pH 4 - 10 and 0 - 8% NaCl concentration was isolated [17]. Experimental design for
optimization was conducted through response surface method (RSM). Initially, RSM was
introduced by Box & Wilson [18] as a design of experiment for chemical processing and
nowadays, the method has been widely applied in many areas. This system is supported by
its regression analysis and allows us to investigate the effect and interaction of multiple
variables on one or more responses [19]. In this study, we analyzed the growth conditions
of isolated bacteria producing cold-active proteolytic enzymes from the Antarctic region.
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2. MATERIALS AND METHODS

2.1 Determination of Bacteria Growth Phase

Previously, several bacteria that showed positive activity of cold-active extracellular
protease on skim milk agar were isolated and stored in glycerol [20]. Samples BB and
ROB were collected from moss communities, sample ROS was moist soil covered with
alga and cyanobacterial mats, and sample SC was composed at an abandoned skua nest.
The parameters to be characterized for bacteria growth rate were incubation temperature,
pH media, and sodium chloride concentration. For every experiment, the bacteria were
cultured in 10 mL of preferred LB broth with the initial ODsoo set at 0.1 in a sterile 50 mL
tube [21]. The culture was incubated for 24 hours with an orbital shake at 200 rpm. A
preliminary experiment disclosed that the strain reached the late logarithmic phase after a
24-hour incubation period. Later, bacteria were harvested during this phase to be
incubated in skim milk media for enzymatic assay. After 24 hours incubation period, the
final ODgoo of the culture bacteria was measured and the growth rate (cells x 10° /hr) was
calculated based on the Eq. (1):
0D (final)—OD(initial)

24 hours

2.1.1 Effect of Temperature

Growth rate = x 5,85 x 107 cells (1)

The first parameter to be characterized for bacteria growth rate was temperature while
fixing the other parameters. The bacteria-producing cold-active proteolytic enzyme was
incubated in LB broth at three different temperatures, 4 °C, 20 °C and 36 °C. The NaCl
concentration and pH of the media were maintained at 1% (w/v) and 7, respectively.

2.1.2 Effect of pH

Different pH, i.e. 4, 7, and 10 of LB broth were prepared and autoclaved. The pH of
the media was adjusted using HCI and KOH. Then, these media were used to characterize
the growth rate of isolated strains. Based on temperature optimization results, these
bacteria were incubated at 20 °C and the NaCl concentration of the media was kept
constant at 1%.

2.1.3 Effect of NaCl Concentration

The last parameter to be characterized for bacteria growth rate was NaCl
concentration. LB broth media with 0%, 4%, and 8% of NaCl concentration were prepared
and autoclaved. The pH of this media was maintained at 7 and the bacteria culture was
incubated at 20 °C.

2.2 Proteolytic Assay

Azo-casein (Sigma Aldrich) was used as a substrate to quantify the protease activity
enzymatic assay as decribed by Garcia-Cano et al. [22]. For the enzymatic assay, 250 uL.
of 1% azocasein, 250 uL of 0.5 M Tris and 250 pL of the crude enzyme from culture
supernatant were added into 1.5 mL sterile tube and incubated at —20 °C, 20 °C, and 60
°C. Before adding the crude enzyme, the assay was pre-incubated at mentioned
temperatures for 10 minutes. For positive control, 0.2 units/mL of protease from the
bovine pancreas (optimum temperature at 37 °C) was used. After 20 minutes, 500 pL of
25% of trichloroacetic acid (TCA) was added to stop the reaction and centrifuged at
12,000 rpm for 30 minutes. This supernatant was transferred into a 1.5 mL cuvette and the
absorbance was read at 340 nm. For blanks, only 250 mL of 1% azocasein and 250 pL of
0.5 M Tris were incubated before adding 500 puL of 25% TCA. Then, 5 % of skim milk
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media were added and centrifuged at 12,000 rpm for 30 minutes. The supernatant was
transferred into a new cuvette and labelled as blank. The data represented as enzyme unit
mean + standard deviation (STDEV). Statistical analysis was calculated using one-way
analysis of variance (ANOVA), SPSS 26.0. The results were considered significant
differences if the p-value was < 0.05.

2.3 Response Surface Method (RSM)

The bacteria strain that showed the fastest shifting of clear skim milk media and
highest protease activity were selected and preceded with an optimization process using
response surface method (RSM) [23]. The experiment was designed based on three-level
parameters of face centered central composite design (FCCCD) as in Table 1. The
response variable was the growth rate of the bacteria. The initial and final ODeoo of
bacteria cultures were recorded and one unit of ODgoo corresponded to 5.85 x 107 cells.
The culture was incubated for 24 hours with an orbital shake at 200 rpm. A total of 20
experimental runs were generated by the software Design-Expert® Version 7.0.0 (State-
Ease Inc., Minneapolis, MN) with six runs at center points included.

Table 1: Independent variables and their corresponding levels for FCCCD
in a response to bacteria growth rate

Factor Variables %
A Temperature [°C] 4 20 36
B pH 4 7 10
C Sodium chloride concentration [%, w/v] 0 4 8

Response  Growth Rate [A/hr] [cells x 10° cells/hr]

3. RESULTS

From the previous study, the total amount of bacteria producing extracellular protease
isolated from Antarctica’s soils and sediments were 35 strains [20]. These strains were
further tested on their capability to produce extracellular protease within 24 hours through
halo zone formation around the colony on skim milk agar. Therefore, 8 bacteria strains
consisting of BB1, DI25, ROB8, ROS7, ROSS, SC8, S10, and SC11 were selected for
further analysis for their growth conditions. Experimental designs to analyze the growth
rate conditions for each strain were carried out in a conventional one-factor-at-a-time
(OFAT) approach. This approach was performed by altering one parameter at a time and
maintaining the other parameters, so that the impact of the altering parameters can be
accessed.

3.1 Effect of Temperature on Bacteria-producing Cold-active Proteolytic Enzyme

From the graph in Fig. 1, the optimum temperature for growth rates for all bacteria
was 20 °C. There was a significant difference observed in all isolated strains at different
temperatures. All bacteria grew faster at 20 °C compared to 4 °C and 36 °C.

3.2 Effect of pH on Bacteria-producing Cold-active Proteolytic Enzyme

The second factor, pH has been found as the important factor affecting the bacteria
growth rate. Based on the graph in Fig. 2, all strains showed the highest growth rate at
neutral pH 7. Besides, several strains can tolerate lower pH or acidic conditions such as
BB1, ROBI, ROS7, ROSS, SC8, SC10 and SC11.
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Fig. 1: Effect of different temperature levels to bacteria growth rate. The pH of the media and
NaCl concentration were maintained at 7 and 1%, respectively.
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Fig. 2: Effect of different level of pH in a response to the bacteria growth rate. The incubation
temperature and NaCl concentration were maintained at 20 °C and 1%, respectively.

3.3 Effect of NaCl Concentration on Bacteria-producing Cold-active Proteolytic
Enzyme

The concentration of sodium chloride (NaCl) was considered an important factor as
the coastal environment influenced the sample. All bacteria strains showed an optimum
growth rate at 4% NaCl concentration as in Fig. 3. In the absence of NaCl, the slower
growth rate of these bacteria compared to 4% NaCl was observed. However, with an

increase in the concentration of NaCl from 4% to 8%, the growth rate of the bacteria was
significantly reduced.

__0.08

£ 0.06

30.04
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Fig. 3: Effect of NaCl at different levels to the bacteria growth rate. The incubation temperature
and pH of the media were maintained at 20 °C and 7, respectively.

31



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Latip et al.
https://doi.org/10.31436/iiumej.v24i1.2447

3.4 Proteolytic Assay

Change of white skim milk media to clear indicated that the bacteria produced
extracellular protease to degrade the casein of milk. From the graph in Fig. 4, the crude
enzyme extracted from strains SC8 and ROS8 showed higher proteolytic activity
compared to other isolated bacteria. This indicates that the amount of protease produced
was higher from both strains. In addition, both crude enzymes showed a significantly
higher activity at -20 °C compared to the positive control.

*SC8 *S(C8 :
*R...

-20 20 60

Temperature [°C]

_08

e
A~ N

Enzyme Unit [U
=)
o

e Protease e BB 5 DI22
e RO B2 s ROS7 ROS8
— S8 — 9 — 511

Fig. 4: Results of crude protease assay at three different temperatures. SC8 showed the highest
proteolytic activity at the lowest temperature. * p < 0.05

3.5 Optimization of Growth Conditions of Bacteria Producing Cold-active
Proteolytic Enzyme by Response Surface Methodology (RSM)

The growth rate of isolated bacteria SC8 was selected to be further optimized using
Response Surface Method (RSM). This strain showed the fastest shifting of clear skim
milk media and the highest proteolytic activity at the lowest temperature. The result of
RSM is shown in Table 2. From the results, the bacteria growth rate was varied from 0.014
x 10° to 3.93 x 10° cells/hr.

Table 2: Experimental design and results of face centered central composite design (FCCCD).
The experimental growth rate data represented as mean + standard deviation (STDEV).

Treatment NaCl pH Temp. Response Growth Bacterial Growth
Number [%, w/V] [°C] Rate [A/hr] Rate [cells x 10%hr]
1 0 4 4 0.0469 + 0.0005 2.74 +0.03
2 8 4 4 0.0242 +0.0204 1.42+1.19
3 0 10 4 0.0385 + 0.0002 2.25+0.01
4 8 10 4 0.0195 + 0.0009 1.14 £0.05
5 0 4 36 0.0408 £ 0.0003 2.39+0.02
6 8 4 36 0.0305 + 0.0009 1.78 £0.05
7 0 10 36 0.0425 +0.0007 2.49 £0.04
8 8 10 36 0.0275 £0.0018 1.61 £0.12
9 0 7 20 0.0597 £ 0.0100 3.49+0.59
10 8 7 20 0.0506 +0.0211 2.96+1.23
11 4 4 20 0.0525 +0.0008 3.07+0.05
12 4 10 20 0.0563 + 0.0008 3.29+£0.05
13 4 7 4 0.0476 + 0.0046 2.78 £0.27
14 4 7 36 0.0541 £0.0198 3.16 £1.16
15 4 7 20 0.0671 £ 0.0082 3.93+£0.48
16 4 7 20 0.0604 + 0.0077 3.53+£0.46
17 4 7 20 0.0576 + 0.0073 3.37+043
18 4 7 20 0.0661 + 0.0070 3.87+0.41
19 4 7 20 0.0563 £ 0.0079 3.29+0.46
20 4 7 20 0.0632 + 0.0069 3.70 £ 0.40
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Preliminary analysis showed that the highest growth rate was at the center of the
design. Based on the fit summary, the model suggested was quadratic because the
sequential model sum of squares (Type I) was significant and the lack of fit tests was
insignificant. An insignificant lack of fit was good because the model should be fitted. The
value of Prob > F less than 0.05 indicated that the model terms were significant. From the
analysis of variance (ANOVA) in Table 3, for the response surface quadratic model, the
model F-value of 45.87 implied the model was significant. In this experiment, the
concentration of NaCl (A), temperature (C) and algebraic contribution (A2, B2, C2) were
significant model terms. The multiple correlation coefficient of the model or R2 of 0.9574
meant that the regression prediction was capable of estimating 95 % fit to the actual data
points. Besides, the predicted R-squared of 0.9191 was in reasonable agreement with the
adjusted R-squared 0.8051 because the difference was less than 0.2. The adequate
precision greater than 4 (14.948) indicated an adequate signal. The final equation in terms
of coded factors was generated as Eq. (2):

Growth rate = 0,0622 — 0,0076 A — 0,0011B + 0,0019C — 0,0001 AB
+ 0,0021 AC + 0,0015BC — 0,0077 A2 — 0,008487 B2 2)
— 0,0120 C2

Table 3: Analysis of variance (ANOVA) for response surface quadratic model.

Source Sum of Squares Degree of Freedom F-Value p-value

Model 2.096E-003 9 34.23 <0.0001
A-NaCl 1.568E-004 1 23.05 0.0020
B-pH 6.300E-005 1 9.26 0.0188
C-Temp 2.704E-006 1 0.40 0.5484
AB 1.378E-005 1 2.03 0.1977
AC 1.513E-007 1 0.022 0.8857
BC 8.001E-005 1 11.76 0.0110
A? 3.110E-005 1 4.57 0.0698
B? 3.335E-004 1 49.02 0.0002
C? 2.791E-004 1 41.02 0.0004
Residual 4.763E-005 7
Lack of Fit 3.570E-005 5 1.20 0.5135
Pure Error 1.193E-005 2
Cor Total 2.144E-003 16

The graphs were constructed by plotting the response against any two independent
variables while maintaining the other variable at the optimal level. For this experiment, as
in Fig. 5, contour and the 3D surface graph showed the bacterial growth rate as a response
was plotted at the z-axis, meanwhile, the x- and y-axis were assigned for two different
variables. Higher growth rate was observed around 2% NaCl at pH 7 (Fig. 5A), 2% NaCl
at 20 °C (Fig. 5B) and at pH 7 and 20 °C (Fig. 5C).

For optimization, the criteria were selected to maximize the bacterial growth rate
while keeping all the variables in the range. The solution suggested by the design expert
software to optimize the bacterial culture conditions were concentration of sodium
chloride at 2.05% (w/v), pH of the solution at 6.83, and the incubation temperature at 20.5
°C. New experiments were conducted as post-analysis to validate these statistical models
and regression equations. The experiments were run in triplicate under optimized variables
as suggested previously. The predicted bacterial growth rate calculated by the software
under these optimized variables was 3.75 x 10° cells/hr and the average observed
experimental value was 3.70 £ 0.06 x 10° cells/hr. From these validation results, it
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confirmed that the model was good enough because the error between predicted and actual
value was only 1.2 %.

Growth rate

10
92— . \
8 1

i
g
£
: z
i
A: NaCl (%) i
T i
i
A: NaCl (%)
Growth rate
kL — &
28
2
E —
fi
£ e
[} g i
1]
=
p
A: NaCl (%)
Growth rate
36
28
8]
g
£ %)
z e
g a
£
(")
&
5

B: pH

Fig. 5: 3D surface and contour graph showed the interaction of three independent variables with
the response to the bacteria growth rate.
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4. DISCUSSION

Generally, psychrophiles are microorganisms that can live under very low
temperatures. The majority of these extremophilic organisms inhabit a permanently ice-
covered environment on Earth. The word ‘living’ means that they can grow and reproduce
under extremely low temperatures rather than hibernate. Some researchers characterized
these psychrophiles into two groups: obligate psychrophiles and psychrotolerant
organisms. Obligate psychrophiles referred to organisms with an optimum growth
temperature of 15 °C that cannot withstand higher temperatures of more than 20 °C [24].
Psychrotolerants are organisms that can withstand a broader range of temperatures
between 0 °C to approximately 36 °C [25]. Some researchers called them facultative
psychrophiles or psychrotrophs and their maximal or optimal growth temperature was
above 20 °C [26,27]. Based on the OFAT, all isolated strains showed the fastest growth
rate at 20 °C. These bacteria can be classified as psychrotolerant because they can live in a
wide range of temperatures (4 — 36 °C). Besides, these bacteria can tolerate up to 4 %
NaCl concentration indicating that their living environment was influenced by the coastal
environment. On average, seawater contains a salt concentration of about 35 parts per
thousand or about 3.5 % and the major sources of the salt are sodium and chloride [28].
Wind effect brought seawater onto the ice and during the summer season, the ice melted
and the salt was concentrated in the soils and sediments [29]. Furthermore, the majority of
the isolated strains can endure acidic conditions. This is possible because these strains
were influenced by the surrounding environment at the collection point. Researchers have
reported that lower pH on Antarctic soils and sediments from moss communities and
wetlands were due to the accumulation of organic matter [30]. Besides, birds’ nests and
excrement created in situ unfavorable chemical reactions that led to acidic conditions of
the soil and sediment [31].

An interesting aspect of these psychrophiles is their survivability is supported by the
cold-adapted enzyme. They produce biocatalysts that are capable of working at very low
temperatures. There were several theories on this unique characteristic of enzymes and the
majority of the researchers claimed that flexibility of the protein structure is the main
contributor [32]. Comparison studies between psychrophilic and mesophilic enzymes
showed that structural modification and adaptation remain obscure although both active
sites are preserved [30]. Some researchers claim that the amino acid composition affects
the bonding between residues and the structural rigidity of the protein [22]. Besides, loop
modification vicinity to active site matched to the induced fit model for enzymatic reaction
[24]. These strategies were designated to consume less energy during enzymatic reactions
when a smaller amount of heat is available at low temperatures. In this case, crude
enzymes extracted from SC8 and ROSS strains showed significantly higher protease
activity than positive control at a lower temperature but gradually decreased at the higher
temperature. This showed that increasing the flexibility of the enzyme adversely affected
its thermostability [35]. Cold active proteases have been extracted from various species of
psychrophiles and the majority showed optimal activity at a temperature range between
30-40 °C [36-39]. A thorough search on cold-active protease yielded the lowest optimal
temperature at only 15 °C [40,41].

In this experiment, strain SC8 showed the capability to produce extracellular protease
faster and higher compared to the other strains. It has a high potential for bioprospecting in
future. Thus, we focused on this strain for growth rate optimization. Initially, the term
optimization for the OFAT method was not accurate according to some scholars [42,43].
This is because changing one variable at a time could not estimate the interaction between
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variables and might miss the optimal setting for each variable [44]. Frequently, the OFAT
technique was used in the experiment objectively to identify the maximal or minimal
effect [45]. Maximal effect is the highest or greatest result’s magnitude whereas, the
optimal effect is the most desirable condition for the model. Yet, results from OFAT could
be applied as a screening method to determine significant high and low levels for each
variable [46,47]. Although the factorial method is best used as screening design in Design-
Expert software before optimization using the response surface method, this OFAT
technique is lower in cost and easier to conduct. In this experiment, based on the RSM
result in Table 2, the fastest growth rate, 3.93 x 10° cells/hr, was treatment number 15 with
variables set at 4% NaCl, pH 7, and 20 °C. However, the optimized growth rate-setting
suggested was slightly different from the fastest growth rate setting. Clarification on these
results was RSM calculated the optimal setting for each variable or resource in the design
to achieve maximized results. Based on the validation results, the optimum bacterial
growth rate at 2.05% of NaCl, pH 6.83 and 20.5 °C was 3.70 x 10° cells/hr and it was only
5% to achieve the fastest result, 3.93 x 10° cells/hr. Therefore, this model could achieve a
higher response and save the usage of NaCl by using the optimal setting recommended by
RSM.

S. CONCLUSION

In conclusion, the isolated strains of bacteria-producing cold-active protease from the
Antarctica region in this experiment could be categorized as psychrotolerants. Based on
the crude enzymatic assay, the SCS8 strain showed potential for bioprospecting as its
protease activity was significantly higher than positive control and other strains at a lower
temperature. Optimal growth conditions of SC8 strain from this study will be useful for
the development of large-scale production of cold-active protease in future. In the food
industry, this cold active protease may act as the commercial meat tenderizers (papain and
bromelain) as it is applied to the meat during cold storage and export journey.
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ABSTRACT: The potential use of recombinant collagen-like protein (recCLP) extracted
from bacteria as disease-free collagen has been studied over the past decade. However,
the complexity of the downstream processing generates high demand for an efficient and
low-cost purification method. Aqueous two-phase system (ATPS) was adopted as a new
approach to the recovery of biomolecules due to its simple, benign, and straightforward
process. This study aimed to purify recombinant collagen-like protein from
Rhodopseudomonas palustris using ATPS formed by a polymer/salt system.
Recombinant collagen-like protein from R. palustris was partitioned in ATPS composed
of polyethylene glycol (PEG) and potassium phosphate and several factors that influence
the protein partitioning such as volume ratio, system pH, the concentration of polymer
and salt were studied. Then, optimization of the selected ATPS conditions (PEG and salt
concentration) were performed using response surface methodology (RSM). Results
showed that the optimum conditions were found in ATPS with 24.80% (w/w) PEG 2000
and 29.23% (w/w) potassium phosphate with recCLP concentration of 3.23 + 0.12
mg/mL  with purification factor 7.48 + 0.3. In comparison with the affinity
chromatography method, ATPS was found to be low-cost, and time-saving with a higher
protein recovery. Hence, this study demonstrated the potential application of ATPS in
the recovery of recombinant CLPs for large-scale downstream processing.

ABSTRAK: Potensi penggunaan protein seperti kolagen rekombinan (recCLP) yang
diekstrak daripada bakteria sebagai kolagen bebas penyakit telah dikaji sejak sedekad
yang lalu. Walau bagaimanapun, kerumitan pemprosesan hiliran menjana permintaan
yang tinggi untuk kaedah penulenan yang cekap dan berpatutan. Sistem akueus dua fasa
(ATPS) telah diterima pakai sebagai pendekatan baharu dalam pemulihan biomolekul
kerana prosesnya yang mudah. Tujuan utama kajian ini adalah untuk menyaring protein
seperti kolagen rekombinan daripada Rhodopseudomonas palustris menggunakan ATPS
yang dibentuk oleh sistem polimer/garam. Protein seperti kolagen rekombinan daripada
R. palustris telah dibahagikan dalam ATPS yang terdiri daripada polietilena glikol (PEG)
dan kalium fosfat dan beberapa faktor yang mempengaruhi pembahagian protein seperti
nisbah isipadu, pH sistem, kepekatan polimer dan garam telah dikaji. Kemudian, keadaan
ATPS terpilih (PEG dan kepekatan garam) telah dioptimumkan menggunakan
metodologi permukaan tindak balas (RSM). Keputusan menunjukkan bahawa keadaan
optimum dalam ATPS adalah 24.80% (b/b) PEG 2000 dan 29.23 % (b/w) kalium fosfat
dengan kepekatan recCLP 3.23 + 0.12 mg/mL dengan faktor penulenan 7.48 + 0.3.
Berbanding dengan kaedah kromatografi afiniti, ATPS didapati menjimatkan kos dan
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masa dengan pemulihan protein yang lebih tinggi. Oleh itu, kajian ini menunjukkan
potensi aplikasi ATPS dalam pemulihan CLP rekombinan untuk pemprosesan hiliran
berskala besar.

KEYWORDS: recombinant collagen-like protein, R. palustri; aqueous two-phase
system; purification; chromatography

1. INTRODUCTION

Collagen is the main structural protein in the extracellular matrix of the animal
kingdom comprised of specific amino acid compositions such as glycine (Gly), proline
(Pro), and hydroxyproline that twisted together in the form of a triple-helix structure [1]. It
strengthens the skin and benefits its elasticity and firmness besides helping in tissue and
organ development. Widespread applications of collagen in cosmetic, biomedical, and
pharmaceutical industries make collagen a major industrial component [2]. Furthermore,
owing to its high biodegradability and biocompatibility thus making it is applicable as a
biomaterial in the biomedical field [3].

Apart from mammalian and marine collagen, scientists have discovered collagen-like
proteins (CLPs) annotated in bacteria, viruses, and archaea that shared the similar (Gly-
Xaa-Yaa)n repetitive amino acid sequences of mammalian collagen but different in terms
of amino acid content and distribution [4]. CLPs in bacteria can form triple helix structures
similar to mammalian collagens with high thermal stabilities (Tm = 36.5-40 °C) despite
the lack of hydroxyproline (Hyp), which is important in the stabilization of protein
structure and promote self-association [5]. Furthermore, the result of calorimetric studies
showed that high Hyp content increases the enthalpic contribution thus providing stability
to the proteins [6].

It has been reported that some of the CLPs work as a virulence factor to evade the
immune system of higher animals and thus promote host cell invasion [7]. Hence the
availability of CLPs with similar features with mammalian collagen could benefit humans
in establishing well-defined and novel collagen-based biomaterials [8,9]. Furthermore,
using recombinant technology, these CLPs can be produced in large quantities [10].
Recombinant DNA technology is one of the recent advances in biotechnology that involve
the joining together of DNA segments from different organisms and introduced into E.
coli to produce a new genetic organism that is useful to science and industry [11]. This
technology enables the production of disease-free products, uniform quality and
abundance in quantity thus have been successfully exploited in various fields [12].

In recent years, downstream processing remains the major challenge in the production
of recombinant protein. Conventional methods like precipitation, filtration, and
chromatography need multiple stages to produce highly purified protein. These multi-step
purification processes lead to high process cost, time consumption, low yield, and
difficulty in scale up is viewed as a significant disadvantaged [13,14]. According to
Warner and co-workers [15], nickel columns in affinity chromatography can give higher
yield compared to other types of columns.

These difficulties are avoided using an aqueous two-phase system (ATPS) method, a
liquid-liquid extraction technique formed when two incompatible water-soluble phase
components are mixed at appropriate conditions resulting in the formation of two phases at
equilibrium [16]. ATPS is more preferable due to its simplicity, low cost, ease of scale-up,
higher biocompatibility, and shorter processing time [17]. Its high water content and low
interfacial tensions provide the mild environment for sensitive biomolecules [18]. It has
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been documented to be an effective method for protein purification such as bromelain
[19], protease [20], collagenase [21], lipase [22], papain [23], pepsinogen [24] and
interferon [12]. However, there is still a lack of studies regarding the purification of
recCLP using ATPS because of the complex process of protein partitioning that can be
affected by many factors. The pH of the ATPS, concentration of salt, molecular weight,
and concentration of polymers, are among the factors that can manipulate the distribution
of protein molecules [12].

The potential factors that can affect the performance of ATPS such as volume ratio,
pH, concentration of PEG, and salt were studied and optimized. In addition, affinity
chromatography method was conducted to compare the purification effect of ATPS. The
purpose of this study is to provide a simple yet effective method of purifying the
recombinant collagen-like protein from E. coli crude extract. To date, recombinant
collagen-like protein has been purified using the chromatography method [25,26] and no
study has been attempted for purification of recombinant collagen-like protein from E.coli
using the ATPS method, which could be promising in CLPs research.

2. MATERIALS AND METHOD
2.1 Materials

Polyethylene glycol with molecular weight of 2000 g/mol (PEG 2000), dipotassium
hydrogen phosphate (K2HPOs), and potassium dihydrogen phosphate (KH2POs4) were
purchased from Merck-Schuchardt (Munich, Germany). Vegitone Luria Bertani agar and
Vegitone Luria Bertani Broth were obtained from Sigma-Aldrich (St. Louis, MO, USA)
while Enzyfluo Collagen assay kit was procured from BioAssay Systems (Hayward,
USA). All chemicals used in this paper are analytical grade.

2.2 Experimental Setup
2.2.1 Microorganism

The recombinant plasmid pColdlI-CLP-R. palustris was prepared by subcloning the
sequence of CLP-R. palustris from the source plasmid (PUC57, Genescipt, Hong Kong) to
the target plasmid (pColdIl TKR-3322, Takara, Japan). The recombinant plasmid was then
transformed into E. coli B strain (BL21DE3) (New England BioLabs, USA) competent
cell using cold shock expression method [20]. Ampicillin selection and colony PCR were
performed to verify the successfully transformed pColdII-CLP into BL21 after overnight
incubation at 37 °C on LB agar (unpublished data).

2.2.2 Protein Expression

The positive clone of E. coli BL21DE harboring collagen-like protein from R.
palustris was cultured in 100 mL of M9 minimal medium at 37 °C, 250 rpm until OD600
nm reached 0.8-1.0 in an incubator shaker (Infors HT Ecotron, Switzerland). The recCLP
culture was then induced at 15 °C by adding 1 mM isopropyl B-D-1 thiogalactopyranoside.
After 24 hours, cultures were centrifuged in a refrigerated centrifuge (Heracus Multifuge
X1R refrigerated centrifuge, Thermo Scientific, USA), at 4696 xg for 10 minutes at 4 °C,
to remove the debris and tissue. The crude extract was stored at -20°C until further
processing.

2.2.3 Cell Lysis

The cell pellets were resuspended in the lysis buffer (20 mM NaxHPO4, 0.5 M NaCl,
pH 7.4) and sonicated at 40% amplitude, 10 seconds with 20 seconds interval between

42



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Awang et al.
https://doi.org/10.31436/iiume;j.v24i1.2468

each sonication for 10 times using an ultrasonicator (LABSONIC®P, Sortarius, Germany)
to break open the cell, therefore releasing the recCLP. Subsequently, the culture was then
centrifuged using Eppendorf 580 4R refrigerated centrifuge (Eppendorf, Germany), at
12,000 rpm and 4 °C for 30 minutes to obtain a clear supernatant. The supernatant was
considered as the soluble fraction whereas the pellet was known as the insoluble fraction.

2.2.4 Aqueous Two-phase System

ATPS was prepared on fixed mass basis in a 2.0 mL microcentrifuge tube by mixing
predetermined quantities of PEG 2000, potassium phosphate buffer at pH 7.0 and 10%
(w/w) of crude extract. Distilled water was added to the system to give a total weight of 2
g. The mixture was vortexed to mix for 1 minute and then centrifuged at 1000 xg (Heraeus
Multifuge X1R, Thermo Scientific, USA), and 25 °C for 10 minutes to speed up phase
separation. After that, top and bottom phases were carefully collected for further analysis.
The volume of the phases was then used to estimate the volume ratio (VR). It was noted
that the most potent ATPS could not be determined by monitoring the total protein in the
phases. Thus, the total amount of recombinant collagen-like protein in both phases,
partition coefficient (KE), as well as concentration of recCLP, were quantified using
fluorometric collagen assay Kkit.

The binodal curves were referred elsewhere [28]. The strategy behind the selection of
the experimental system is well described elsewhere [22]. According to Arshad and Amid
[27], the tie-line length (TLL) was estimated graphically by using volume ratio and it can
be calculated using the equation as follows,

TLL = V[(Ax?) + (Ay?)] (1)

where AX and AY indicate the difference between salt and PEG concentration,
respectively.

2.2.5 One-factor-at-a-time (OFAT)

OFAT (one-factor-at-a-time) method was designed and applied for ATPS separation.
The tested parameters involved in this study were volume ratio, pH, and concentration of
PEG and salt. The response was concentration of recombinant collagen-like protein and
purification factor. Data from experiments were expressed as mean * standard error.
Analysis of variance (ANOVA) was performed on the data and statistical significance was
defined at p<0.05.

2.2.6 Optimization

Response surface methodology (RSM) using Design of Expert 10.0.3 software (State-
Ease Inc., Minneapolis MN, USA) was used for the optimization of ATPS conditions. A
set of 11 experiments with two independent variables (concentration of polyethylene
glycol and potassium phosphate) were coded using the face-centered central composite
design with triplicate center point. The values of the center point were obtained based on
previous ATPS separation by OFAT. The recCLP concentration and purification factor
(PF) were chosen as the responses in each run.

2.2.7 Affinity Chromatography (Fast-Protein Liquid Chromatography)

Affinity chromatography was conducted using 1 mL HisTrap™ High Performance
chromatography column (GE Healthcare, USA) prepacked with Ni Sepharose with an
inner diameter of 7 mm connected to AKTA Prime Plus® (GE Healthcare, USA). The
collected supernatant after cell lysis was filter-sterilized using 0.45 um pore filter. Then, 2
ml of the solution was loaded into the packed column at a flow rate of 1 mL/min. The
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unbound proteins were washed with binding buffer and the target protein was eluted using
elution buffer (20 mM Na;HPO4, 0.5 M NaCl, 0.5 M imidazole, pH 7.4). Collected
fractions were analyzed by SDS-PAGE and fluorometric collagen assay.

2.2.8 Quantification of Recombinant collagen-like Proteins (recCLP)

The concentration and total recCLP in ATPS samples were measured using a
commercially available collagen assay kit (BioAssay Systems, USA). Briefly, collagen in
the sample was enzymatically digested into peptides by mixing equal amounts of samples
with digest enzyme and incubated at 37°C for 1 hour. Then, dye reagent was added to
react with the N-terminal glycine peptides in the solution, incubated at 37°C for 10
minutes, thus forming a fluorescent complex [26]. The sample was transferred to a 384-
black flat bottom microplate reader (Corning, USA) and ready for fluorescence reading at
Aex/em 375/465 nm using a Spark® multimode microplate reader (Tecan, Switzerland). In
this study, bovine collagen type I was used as a standard for collagen assay. The
fluorescent intensity, measured at Aexem 375/465 was directly proportional to the collagen
concentration in the sample.

2.2.9 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE)

The protein sample from crude extract, top phase in ATPS and FPLC fractions were
analyzed using SDS-PAGE method. The samples were diluted to 1:1 ratio prior to loading
into 12% resolving gel and 4% stacking gel. Electrophoresis is run at 120 V, 400 mA for
60 min, the gels are stained using ReadyBlue™ Protein Gel Stain (Sigma, USA) or silver
staining method.

2.3 Calculation

The volume ratio is defined as,
Volume in top phase

(2)

R ™ volume in bottom phase

The partition coefficient (KE) of the recCLP was calculated as the ratio of total

recCLP in two phases,
Total collagen in top phase
KE = g P D

€)

Total collagen in bottom phase

The purification factor (PF) of the recCLP was calculated according to the equation
below,

Collagen amount in sample

(4)

- Collagen amount in crude lysate

3. RESULTS AND DISCUSSION
3.1 Selection of ATPS

The result of system tie-line length (TLL) and partition coefficient (KE) for ATPS
samples composed of PEG 2000/potassium phosphate with VR value of 1.0 are shown in
Table 1. The selection of binodal curves was decided according elsewhere [28]. To
identify the best combination of ATPS, a quantitative fluorometric collagen assay was
done to both top and bottom phases. The highest partition coefficient (KE) was achieved
by the system with 26% (w/w) PEG 2000 and 26% (w/w) potassium phosphate with tie-
line length (TLL) of 54.78% (w/w), therefore proving that most of the protein of interest
were favored in one phase which is PEG-rich top phase. The concentration of salt in the
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bottom phase increase as the TLL increase and this may drive recCLP towards the bottom
phase as a consequence [12]. Therefore, this combination of ATPS was chosen for further
analysis. The bottom phase of ATPS with 26% (w/w) PEG 2000 and 26 % (w/w)
potassium phosphate showed a low concentration of recCLP in the quantitative assay
(unpublished data). Therefore, in the further experiment, it was decided to conduct
detection of recCLP in the top-phase only.

Table 1: The tie-line length (TLL) and partition coefficient (KE) of ATPS with VR of 1.0

% PEG 2000 % Potassium TLL KE
(w/w) phosphate (w/w)

25 25 50.51 1.33

26 26 54.78 4.03

27 27 60.26 1.55

28 28 64.42 1.28

3.2 Screening of ATPS Factors Using OFAT (one-factor-at-a-time)
3.2.1 Effect of VR on recCLP

The impact of different volume ratios along the same tie-line of a system consisting
of 26% (w/w) potassium phosphate and 26% (w/w) of PEG 2000 at constant pH 7.0 was
assessed and shown in Table 2. Five points indicate five different volume ratios (0.33, 0.8,
1.0, 1.57, 3.5) within the same tie-line. In defined ATPS, volume of top phase
proportionally increases with the volume ratio resulting in more free volume available for
the protein of interest to participate in the top phase. This situation caused a significant
negative impact of free volume in the bottom phase [29]. On the other hand, an extremely
low volume ratio may have limited free volume, thus limiting the partition of protein [12].
From the preceding result, either increasing or reducing the volume ratio did not cause any
significant effect on recCLP concentration in the top phase. As a rule of thumb,
researchers who are using ATPS method for the first time are advised to use volume ratio
equal to 1, making it convenient to measure the volume of each phase during partition
experiments [27].

Table 2: Influence of different volume ratios on recCLP in top-phase.
The data are presented as means =+ standard error, p<0.05

Volume ratio recCLP (mg/mL) Purification
factor (PF)
0.33 0.98 £ 0.004 2.77+0.01
0.80 0.84 £ 0.003 5.78 £0.02
1.00 1.03 £0.006 8,84 +0.05

3.2.2 Effect of PEG 2000 % (w/w) on recCLP

The results of PF and concentration of recCLP in different PEG concentration were
shown in Table 3. A higher concentration of recCLP with PF of 9.04 &+ 0.25 was achieved
in ATPS with 26% (w/w) PEG2000. Volume exclusion effect in top phase and salting-out
effect in bottom phase are the crucial factors in partition behavior of biomolecules in the
polymer-salt system [30]. Those effects are responsible for reducing the available space in
the top phase and thus obstruct the partition of biomolecules in the top phase. This
hypothesis was concurrent with the behavior of recCLP and PF when the PEG
concentration was decreased from 26% (w/w) to 29% (w/w). Meanwhile, the trend with
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PEG concentration from 20% (w/w) to 26% (w/w) and from 29% (w/w) to 32% (w/w) was
parallel with the theory stated that an increase of polymer concentration caused the
movement of biomolecules to PEG-rich phase due to the hydrophobic interactions
between biomolecules and PEG [31]. Increasing PEG concentration leads to the increase
of top phase volume, resulting in the rising of free volume available for the protein of
interest to participate in the top phase [29,32]. Therefore, ATPS with 26% (w/w) of PEG
2000 was further employed for the next factor. However, the best concentration of PEG
2000 in the purification of recombinant recCLP cannot be corroborated with any studies
due to a lack of references regarding the application of ATPS in the partition of recCLP.

Table 3: Influence on the concentration of PEG on recCLP concentration and purification factor.
The data are presented as means + standard error, p<0.05

%PEG 2000 recCLP (mg/mL) Purification
(w/w) factor
20 0.944 +0.04 6.04 £0.27
23 1.08 £0.05 7.36+0.33
26 1.18+£0.03 9.04 £ 0.25
29 0.95+0.04 7.28 £0.33
32 1.10£0.05 9.34 +£0.39

3.2.3 Effect of Potassium Phosphate % (w/w) on recCLP

In this part, the effect of different potassium phosphate concentrations from 20 to 32%
(w/w) at pH 7.0 on the concentration of recCLP was investigated and presented in Table 4.
As shown in Table 4, the highest concentration of recCLP was shown in ATPS with 29%
(w/w) potassium phosphate, with 0.97 £ 0.006 mg/mL recCLP and PF of 6.33 + 0.04. The
concentration of potassium phosphate % (w/w) is one of the factors which affect the
partition behavior of the target protein. Theoretically, ionic strength will increase as the
salt concentration in the system increases, thus pushing the proteins to the top phase.
Besides, the ability of salt to capture water molecules will increase, hence moving
biomolecules to the top phase [8,29]. However, a high concentration of salt also can lead
to protein precipitation and denaturation thus reducing the amount of targeted protein in
the phase [8,15]. This hypothesis supports the trend shown for concentration of recCLP
when the concentration of salt decrease from 29% (w/w) to 32% (w/w). Meanwhile, due to
the decreasing volume of top phase (20 to 32% (w/w)), PF decreased. When the free
volume in the phase is preferred by protein of interest decreased, it will cause them to
concentrate when the limits of protein solubility are exceeded [25]. Thus, the protein
content in that phase will decline.

Table 4: Influence on the concentration of potassium phosphate on recCLP concentration and
purification factor. The data are presented as means =+ standard error, p<0.05

% Potassium recCLP (mg/mL) Purification
phosphate factor (PF)
(w/w)

20 0.78 £0.03 8.25+0.28

23 0.93+0.03 6.83+0.22

26 0.92+0.01 6.04 +£0.06

29 0.97 £ 0.006 6.33+0.04

32 0.95 + 0.006 4.64+0.03
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3.2.4 Effect of pH on recCLP

The effect of different pH values on the partitioning of recCLP in ATPS was
determined by varying the pH from 6.0-8.0 using different compositions of potassium
phosphate salts (KH>PO4 and K>;HPO4), £ 0.5 accuracy of pH. System pH affects the
partitioning of proteins by altering the charge and surface properties of the solute. The
partitioning behavior of recCLP is expected to be sensitive to the pH levels increased. This
is due to the isoelectric point (pI) of the collagen (<7.0), which makes the protein become
negatively charged and favors the PEG-rich top phase. According to [33], the zwitterion
along collagen molecules are negatively charged, making the entire collagen is negative.
Moreover, the pl glycine residues are 5.97 due to its acidic side chain, thus making the
collagen-like protein carried a negative charge [34]. When the pH increases from 7.0 to
8.0, the protein of interest favored a partition in the bottom phase, which in turn decreased
in protein concentration. Besides that, at higher pH, more contaminants become negatively
charged and tend to partition to the top phase [17]. The presence of contaminants in the
top phase lowered the concentration of collagen-like protein. Per the results shown in
Table 5, the system of pH 7.0 exhibited the highest values for the responses, 1.37 + 0.13
mg/ml of recCLP and PF of 6.44 + 0.61. As a result, ATPS with pH 7.0 was chosen for
further study.

Table 5: Influence of pH on recCLP concentration and purification factor.
The data are presented as means + standard error, p<0.05

% Potassium recCLP (mg/mL) Purification
phosphate factor (PF)
(w/w)
6 0.76 £ 0.06 3.99+0.32
7 1.37+0.13 6.44 +0.61
8 1.22+0.11 5.72+0.51

3.3 Optimization of ATPS Experiment Using Design of Expert (DOE)

Response surface methodology with face-centered central composite design
(FCCCD) was applied to determine the optimum condition of the ATPS purification
method. The effect of two factors known as concentration of PEG 2000 and potassium
phosphate on concentration of recCLP was studied. The temperature of phase separation
and pH of the system was kept constant at 25 °C and 7.0 respectively. The design matrix
and the result of optimization were summarized in Tables 6 and 7, respectively. For the
successful development of ATPS purification method, the separation of recombinant
collagen-like protein was optimized using a statistical experimental design involving the
concentration of PEG 2000 (A) and concentration of potassium phosphate (B) at pH 7.0.
Analysis of variance (ANOVA) of a quadratic model for the responses were employed to
determine the significant variable and their interaction with the response variable (Tables
8-10). According to the analysis of variance, the F-value represents the accuracy of the
model while the p-value indicates the interaction between the model terms. A significant
model proved by the p-value that was less than 0.05 while a p-value greater than 0.10 is
considered as an insignificant model. The coefficient of determination (R?) and adjusted
R? indicate the quality fit of the model equation [35].

It was found that the F-value of 7.65 and the p-value of 0.0217 (<0.05) indicate that
the model is significant. Furthermore, a non-significant value of 0.2674 for lack of fit
showed that the quadratic model was valid for this study. The model coefficient of
determination (R?) and adjusted R? value was 0.8843 and 0.7687, respectively. Both
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values represent the correlation between actual and predicted data. R? value obtained in
this present study is acceptable as it exceeded 0.8 and the small difference between R? and
adjusted R? is preferable and proved the good correlation for recCLP partitioning. The
model contains many insignificant terms proved by the huge difference between R? and
adjusted R? [20,23]. In this experiment, R* of 0.8843 indicates that the predicted model
could explain 88.43 % of the variability in the response. As well, the adjusted R?, 0.7687
is also good to demonstrate a good correlation between actual and predicted data [20],
[23]. From the three-dimensional plot in Figs. 1 to 3, an increasing pattern showed when
the concentration of PEG and salt increase to the intermediate values and decline as the
concentrations of PEG and salt decrease. In summary, the maximum values of the
response appeared near the center of the graph, indicating that the center point selected for
this experiment is appropriate. The result from the software implied that optimized
conditions for recCLP partitioning occurred when the concentration of PEG 2000 and
potassium phosphate was set at 24.8% (w/w) and 29.23% (w/w) respectively with 3.026
mg/ml recCLP.

Table 6: Factors for face-centered central composite design (FCCCD) study

Symbols Factor Range and levels
-1 0 1
A Concentration of PEG 20 25 30
2000 % (w/w)
B Concentration of potassium 25 28.5 32
phosphate % (w/w)

Table 7: Design of experiment for optimisation of ATPS of recCLP using FCCCD

% PEG 2000 % Potassium recCLP concentration

(W/w) phosphate (w/w) (mg/mL)
20 25 1.913
30 25 1.450
20 32 2.351
30 32 1.794
20 28.5 2.151
30 28.5 2.178
20 25 1.913
25 25 1.874
25 32 2.945
25 28.5 2.974
25 28.5 3.271
25 28.5 2.904

Table 8: Analysis of variance (ANOVA) for the quadratic model for
concentration of recombinant collagen-like protein

Sources Sum of Squares P-value
Prob>F
Model 3.10 0.0217
A-PEG 2000 concentration 0.16 0.2142
B-Salt concentration 0.57 0.0450
AB 2.209E-003 0.8754
A2 1.24 0.0113
B? 0.52 0.0519
Lack of fit 0.33 0.2674 (not significant)
R? 0.8843
Adjusted R? 0.7687
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Fig. 1: Three-dimensional surface plot of response surface analysis showing the effect of the
interaction of concentration of PEG 2000 and potassium phosphate on the recCLP.

Table 9: Analysis of variance (ANOVA) for the quadratic model for fluorescence intensity of
recombinant collagen-like protein

Sources Sum of Squares P-value
Prob>F
Model 1.610E+008 0.0238
A-PEG 2000 concentration 8.587E+006 0.221
B-Salt concentration 2.921E+007 0.050
AB 1.325E+005 0.869
A? 6.482E+007 0.012
B? 2.715E+007 0.056
Lack of fit 1.798E+007 0.024 (not
significant)
R? 0.8798
Adjusted R? 0.7596

28 h; s "2;1
B: Salt concentration (% (w/w))s ~~.__ — A: PEG concentration (% (w/w))
25 20

Fig. 2: Three-dimensional surface plot of response surface analysis showing the effect of the
interaction of concentration of PEG 2000 and potassium phosphate on the fluorescence intensity.
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Table 10: Analysis of variance (ANOVA) for the quadratic model for purification factor of
recombinant collagen-like protein

Sources Sum of Squares P-value
Prob>F
Model 17.96 0.0614
A-PEG 2000 concentration 0.62 0.417
B-Salt concentration 0.12 0.716
AB 0.033 0.847
A? 6.65 0.034
B? 5.96 0.041
Lack of fit 3.44 0.1905
R? 0.8192
Adjusted R? 0.6383

PF

A, - 23
B: Salt concentration (% (w/w))s —~——— A: PEG concentration (% (w/w))
215 15

Fig. 3: Three-dimensional surface plot of response surface analysis showing the effect of the interaction
of concentration of PEG 2000 and potassium phosphate on the purification factor.

The quadratic model for each response of fluorescence intensity, concentration of recCLP
and purification factor coefficient were predicted from equations as follows:

Fluorescence intensity (FL)= 25175.95 — 1196.33Cpecaoo0 + 2206.50Cpp - )
182.00CpEG2000Cpp -5058.37CpEG2000° — 327.87Cpp?

Concentration of recCLP= 2.98 - 0.17Cpgg2000 + 0.31Cpp - 0.023CprG2000.Crp - 6)
0.70pEG2000> - 0.45Cpp?

Purification factor (PF)= 7.71 + 0.32Cprc2000 + 0.14Cpp + 0.091CpEG2000.Crp - )
1.62CpEG2000° - 1.53Cpp?

ATPS with only one polymer in the presence of salt (polymer/salt) is the better
choice with cheaper cost, ease of handling, and low viscosity [13,36]. A similar
finding, conducted by de Albuquerque Wanderley and co-workers [21], showed that
the best condition for purification of collagenase by ATPS is 15% (w/w) PEG 3350 and
12.5% (w/w) phosphate salt.

3.4 Validation of Model

Validation of the model was conducted by carrying out three replicate experiments
and the results were compared with the predicted results suggested by FCCCD of RSM as
tabulated in Table 11. Under the optimized condition which composed of at 24.8% (w/w)
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PEG 2000 and 29.23% (w/w) potassium phosphate at pH 7.0, the predicted recCLP and PF
were 3.026 mg/mL and 7.654 respectively. The experiments for validation of the predicted
model resulting recCLP of 3.233 + 0.12 mg/mL. The minimal difference between
predicted and experimental values proved RSM is a suitable tool for optimization of ATPS
conditions for purification of recCLP.

Table 11: Validation of model. Experiments were conducted in triplicate with data
were presented as means + standard error, p<0.05

Model predicted Experimental Percentage
Error (%)
Concentration 3.026 3.233+£0.12 6.9
of recCLP
(mg/mL)
Purification 7.654 7.476 £0.29 2.3
factor
Model predicted Experimental Percentage
Error (%)

3.5 Comparison of Purification by ATPS and Affinity Chromatography

As suggested by Xu and co-workers [10], pH of 7.4 was used for binding buffer
containing 20 mM of Na;HPO4 and 0.5 M NaCl. Ni-NTA resin with pH between 7.0 and
8.0 is preferable for most of the his-tagged proteins to prevent non-specific binding [37].
In this present study, the elution buffer containing 20 mM of Na;HPO4, 0.5 M NaCl and
0.5 M imidazole, pH 7.4 eluted the target protein from the column at fractions 17 to 19
(Fig. 4.). Affinity chromatography was performed under native conditions since the
protein of interest is in soluble form [38].

Based on the results, the sample at the peak of the chromatogram (fraction 18) was
analyzed by collagen assay and SDS-PAGE and compared with purified recombinant
recCLP from ATPS purification method. The purification efficiency of recombinant
collagen-like protein purified by ATPS and chromatography is summarized in Table 12.
Both methods were performed directly after cell lysis stage. In the present study, Ni
Sepharose chromatography (affinity) resulted in concentration of recCLP of 2.036 mg/mL
and with purification factor of 0.524. Meanwhile, sample from ATPS with (24.8% w/w) of
PEG2000 and (29.20 % w/w) of potassium phosphate buffer at pH 7 recCLP exhibited
favorable result with 3.23 mg/ml and 7.48 purification factor. The yield is defined as the
amount of purified total proteins divided by the initial amount of total protein (defined as
100%).

Table 12: Purification efficiency of recombinant collagen-like protein
by different purification methods.

Purification methods ATPS Affinity
chromatography
Fluorescence Intensity 27069 18355
Concentration of 3.233 2.036
recCLP (mg/mL)
Purification Factor 7.476 0.524
Total protein (mg) 0.233 0.172
Yield (100%) 19.74 17.28
Purification methods ATPS Affinity
chromatography
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Based on economic analysis point of view as presented in Table 13, ATPS exhibited
shorter processing time with lower cost of operation compared to the chromatography
method. Due to expensive prepacked column with resin and chemicals used for 1h
processing time, affinity chromatography is considered an expensive downstream
purification method, thus making it unsustainable for bigger scale and long-term
production. Despite the high cost of operation, affinity chromatography is advantageous in
terms of reusability. The chromatography resin can be re-used up to 100 times since the
hydrophobic stationary phase is washable [39]. However, additional cost needs to be
considered for the stripping and recharging chromatography columns [19]. In the case of
ATPS, polymer and salt cannot be recycled as they were part of the final purified protein
[19]. Such economic analysis lays out a better understanding for future study, and ATPS
method is proven to be cost-effective, time-saving with higher recovery that may be
considered for the scale-up process.
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Fig. 4: Chromatogram of the purified samples from affinity chromatography of 2 mL loading
volume of recombinant collagen-like protein lysates on Ni-Sepharose resin. Binding buffer
contain 20 mM of NaaHPO4, 0. SM NaCl at pH 7.4. Elution buffer contained 20 mM Na;HPO4,
0.5 M NaCl and 0.5 M imidazole, at pH 7.4. Fractions (1 mL/tube) were collected at flow rate of
1 mL/min.

Table 13: Direct comparison between chromatography and ATPS method for
downstream processing of recombinant collagen-like protein

Purification methods ATPS Affinity
chromatography
(FPLC)
Processing time 30 minutes 1 hour
Cost prepacked column - 228.36/5mL
Cost of chemicals (per K>HPO4: USD Na,HPOy:
kg) 235.4 USD91.3
KH,PO4: USD NaCl:
163.98 USD
PEG 2000: USD 91.6 128.02
Imidazole: USD
543.88
Cost of operation per USD 490.86 USD 991.39
system
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3.6 SDS-PAGE Analysis of Recombinant Collagen-like Protein

The presence of recombinant collagen-like protein purified by ATPS with optimized
conditions of was analyzed by SDS-PAGE electrophoresis under reducing conditions and
compared with purified samples from the chromatography method. Figure 5. shows the
presence of a protein band with molecular weight of 36 kDa for ATPS sample, indicating
the recCLP was successfully partitioned in the top phase. This was supported by the single
band formed at the same size in samples from FPLC fractions. However, several bands
were observed between 45 kDa and 60 kDa and above 75 kDa. This is explained by the
fact that the bottom phase was unable to attract all of contaminants and unwanted proteins.

Fig. 5: SDS-PAGE analysis of purified sample of ATPS and affinity chromatography. Lane M:
standard protein marker. Lane P: cell pellet. Lane L: crude cell lysate. Lane 1: FPLC fraction (17).
Lane 2: FPLC fraction (18). Lane 3: FPLC fraction (19). Lane 4: ATPS top phase. Note: For SDS-

PAGE analysis, 20 pl of sample with sample buffer was loaded into a 12% resolving and 4% stacking
gel. Gel with FPLC fractions was stained with ReadyBlue™ Protein Gel Stain and the gel with ATPS
sample was stained with silver staining after electrophoresis at 120 V, 400 mA for 60 minutes.

4. CONCLUSION

The present study had demonstrated the potential application of ATPS in purification
of recCLP using PEG2000/potassium phosphate system. The optimum conditions of
ATPS comprised of 24.8% (w/w) PEG 2000 and 29.20% (w/w) potassium phosphate at
pH 7.0 which resulted in 27068 + 900, 3.233 + 0.12 mg/mL, 7.476 + 0.29, for
fluorescence intensity, concentration of recombinant collagen-like protein and purification
factor, respectively. Moreover, sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) confirmed the molecular weight of the recCLP, which is 36 kDa. This study
clearly demonstrated ATPS was proven to be time-saving, cost-effective with higher
recovery that may be considered for the scale-up process. The obtained results are pivotal
for the design of a purification process and understanding the complex mechanisms
controlling the phase behavior. Besides, due to the lack of application of ATPS in
purification of CLPs specifically from R. palustris, this present study can be used as a
reference and deliver new information for future studies.
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ABSTRACT: In the age of technology, microgrids have become well known because of
their capability to back up the grid when an unpleasant event is about to occur or during
power disruptions, at any time. However, the microgrid will not function well during
power disruptions if the controller does not respond fast enough and the BESS will be
affected. Many types of controllers can be used for microgrid systems. The controllers
may take the form of Maximum Power Point Tracking (MPPT) Controller, Proportional
Integral Derivative (PID) Controller, and Model Predictive Controller (MPC). Each of
the controllers stated has its functions for the microgrid. However, two controllers that
must be considered are PID and MPC. Both controllers will be compared based on their
efficiency results which can be obtained through simulations by observing both graphs in
charging and discharging states. Most researchers implied that MPC is better than PID
because of several factors such as MPC is more robust and stable because of its
complexity. Other than that, MPC can handle more inputs and outputs than PID which
can cater to one input and output only. Although MPC has many benefits over the PID,
still it is not ideal due to its complex algorithm. This work proposed an algorithm of
simulations for the MPC to operate to get the best output for microgrid and BESS and
compare the performance of MPC with PID. Using Simulink and MATLAB as the main
simulation software is a very ideal way to simulate the dynamic performance of MPC.
Furthermore, with Simulink, unpredictable variables such as Renewable Energy (RE)
sources input and loads demands that are related to MPC can be measured easily. The
algorithm of MPC is a cost function. Then the performance of the MPC is calculated
using Fast-Fourier Transform (FFT) and Total Harmonic Distortion (THD). Lower THD
means a higher power factor, this results in higher efficiency. This paper recorded THD
0f 9.57% and 12.77% in charging states and 16.51% and 18.15% in discharging states of
MPC. Besides, PID recorded THD of 22.10% and 29.73% in charging states and 84.29%
and 85.58% in discharging states. All of the recorded THD is below 25% in MPC and it
shows a good efficiency while PID’s THD is above 25% shows its inefficiency.

ABSTRAK: Pada zaman teknologi, mikrogrid menjadi terkenal kerana keupayaannya
untuk menjana kuasa grid apabila kejadian yang tidak menyenangkan bakal berlaku atau
ketika terjadinya gangguan kuasa, pada bila-bila masa. Walau bagaimanapun, mikrogrid
tidak dapat berfungsi dengan baik semasa gangguan kuasa jika alat kawalan tidak
bertindak balas dengan cukup pantas dan BESS akan terjejas. Banyak alat kawalan
(pengawal) boleh digunakan bagi keseluruhan sistem mikrogrid. Setiap pengawal adalah
berbeza seperti Pengawal Penjejakan Titik Kuasa Maksimum (MPPT), Pengawal
Berkadar Terbitan Kamilan (PID) dan Pengawal Model Ramalan (MPC). Setiap
pengawal yang dinyatakan mempunyai fungsinya yang tersendiri bagi mikrogrid. Walau
bagaimanapun, dua pengawal yang perlu dipertimbangkan adalah PID dan MPC. Kedua-
dua pengawal ini akan dibandingkan berdasarkan keputusan kecekapan yang boleh
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didapati melalui simulasi dengan memerhati kedua-dua graf pada keadaan pengecasan
dan nyahcas. Ramai penyelidik menganggap bahawa MPC adalah lebih baik berbanding
PID kerana beberapa faktor seperti MPC lebih teguh dan stabil kerana kerumitannya.
Selain itu, MPC dapat mengendalikan lebih banyak input dan output berbanding PID
yang hanya dapat menyediakan satu input dan output sahaja. Walaupun MPC
mempunyai banyak faedah berbanding PID, ianya masih tidak sesuai kerana algoritma
yang kompleks. Kajian ini mencadangkan algoritma simulasi bagi MPC beroperasi
mendapatkan output terbaik untuk mikrogrid dan BESS dan membandingkan prestasi
MPC dengan PID. Perisian simulasi utama yang sangat ideal bagi mensimulasi prestasi
dinamik MPC adalah dengan menggunakan Simulink dan MATLAB. Tambahan, dengan
Simulink, pembolehubah yang tidak terjangka seperti sumber Tenaga Boleh
Diperbaharui (RE) dan permintaan beban yang berkaitan MPC boleh diukur dengan
mudah. Algoritma MPC adalah satu fungsi kos. Kemudian prestasi MPC dikira
menggunakan Penjelmaan Fourier Pantas (FFT) dan Total Pengherotan Harmonik
(THD). THD yang lebih rendah bermakna faktor kuasa meningkat, ini menghasilkan
kecekapan yang lebih tinggi. Kajian ini mencatatkan THD sebanyak 9.57% dan 12.77%
dalam keadaan mengecas dan 16.51% dan 18.15% dalam keadaan nyahcas oleh MPC.
Selain itu, PID mencatatkan THD sebanyak 22.10% dan 29.73% dalam keadaan
mengecas dan 84.29% dan 85.58% dalam keadaan nyahcas. Semua THD yang
direkodkan adalah di bawah 25% bagi MPC dan ia menunjukkan kecekapan yang baik
manakala THD bagi PID adalah melebihi 25% menunjukkan ketidakcekapan.

KEYWORDS: maximum power point tracker (MPPT) controller; proportional integral
derivative (PID) controller; model predictive controller (MPC),; battery
energy storage system (BESS)

1. INTRODUCTION

Today, many countries have been slowly exchanging the generation of electricity
from non-renewable energy to renewable energy such as biomass, solar, and wind energy.
In Malaysia, the government has announced to increase power generation using renewable
resources to 20% from 2%. In [1], it stated that Malaysia has higher opportunities in solar
power generation than other types of renewable energy. This is because Malaysia is
located near the equator where the amount of sun irradiation is high [1]. The photovoltaic
(PV) system is applied to harvest solar power.

The PV system i1s a power system that generates electricity directly from sunlight
using PV cells. When sunlight strikes a PV cell's surface, it transforms light energy into
electrical energy using the principle of forming a potential energy difference between
photons and electrons. The combination of PV cells is called PV panel and the
combination of PV panels is called PV module/array as can be seen in Fig. 1 [2], [3]. PV
modules that are connected to the utility grid are called grid-connected PV (GCPV)
systems. Other than that, a PV module that is not linked to the utility grid is called a stand-
alone PV system. PV systems consist of several components to meet the goal of each
system [4]. [3] said that GCPV and stand-alone PV have different components and
configurations, thus both have different performances. GCPVs excess electricity generated
from the solar module can be sold to the grid, hence it does not require a battery in the
system. However, a stand-alone PV needs batteries to keep excess electricity generated by
the solar panels, and this type of PV system is usually for the consumer that lives far from
the city [3]. Figure 2 illustrates the types of PV systems in a hierarchy chart [4]. A single
GCPV system usually consists of power conditioning units, inverters, solar panels, and
grid connection equipment. Most GCPV systems are related to the microgrid.
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Fig. 1: The illustration of PV cell, PV panel, and PV array [3].
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Fig. 2: The types of PV systems [4].

The microgrid is a type of electric power distribution system that consists of
distributed energy resources (DER), interconnected loads, and various types of the
consumer of electrical devices [5], [6]. Microgrids are not only able to supply small
electrical devices but are also able to supply the full power needed by the consumer [7].
Moreover, the microgrid runs in a grid-connected mode through the subsidiary station
transformer. When the grid is unable to operate, the microgrid will provide enough power
to supply electricity to the end-user and remain operational as an autonomous (island-
mode) entity [8]. However, for the microgrid to run smoothly, a high level of maintenance
is needed. In this regard, a distributed energy storage system (ESS), distributed generation
(DG) power, interlinking converter (IC), and controller are needed to develop system
reliability [9]. A common microgrid structure including loads and distributed energy
resource units is illustrated in Fig. 3 [10].

Fig. 3: Common microgrid structure integrating DERs and loads [10].
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Nowadays, there are several common types of microgrids such as campus/institutional
microgrids [11], military microgrids [12], and commercial and industrial microgrids [13]
most of which have an architecture with AC-DC power systems or hybrid AC-DC
microgrids [14] as shown in Fig. 4.

Fig. 4: Common microgrid structure integrating DERs and loads [14].

The hybrid microgrid is commercially used because of its efficiency that can easily
change the architecture of the microgrid from islanded to grid-connected mode and reduce
the conversion steps of AC power to DC power and vice versa [9]. Although it is a good
power system, AC-DC architecture still has its drawback due to the interface power
electronic converter [15]. This will disrupt the quality of power supply for both AC and
DC networks.

The effect of the quality is majorly based on the controller and BESS. A microgrid
controller is equipment that allows initializing of a microgrid by controlling DER and
loads in an electrical system to maintain voltage and frequency in an optimized condition
[16]. While BESS are rechargeable battery systems used for storing electric charges and
providing them to homes or businesses. They are very efficient in handling difficult tasks,
such as peak shaving and load shifting [17] and maintaining the reliability of the system
(intake excess power generation or supply power to loads during power shortage) [18].
Both are important in the microgrid to maintain the quality of power which, if not handled
properly, would create output power fluctuations [19], [20].

Several controllers are commonly used in microgrids such as the PID controller, the
MPPT controller, and the MPC [21], [22]. However, the most used controller is the MPC.
[23] states that the MPC has a better performance than the PID in terms of vehicle control
and the enhanced MPC has the fastest response in the drone’s movement control [24].
Besides, [25] remarks that the MPC is more robust and stable because of its complexity.
Paper [26] explains that the MPC can handle more inputs whereas the PID can only cater
to one input and output. MPC is a control technology that makes use of past information
and model prediction to predict the process output which is the characteristic of a system’s
arbitrary number of sampling steps into a timeline view based on a set of the reference
control signal and predicted variable [27], [28]. According to Panda and Arnab’s [18]
research, MPC is used to control the AC grid side inverters and DC grid side converters.
This approach is to enhance the power quality and reliability of the grid. Other than that,
MPC is used to improve cost optimization, single-period horizon prediction, and
monitoring output voltage. Furthermore, the use of MPC has been increasing in the
microgrid where it acts as the controller. MPC has also been applied to many other
industrial-related applications due to its efficiency [28-30]. The reason why MPC is
preferable to be implemented in a microgrid is that the microgrid depends on RES (solar
and wind energy) and BESS which cause uncertainties in load demand during the day,
night, and unpleasant weather [31]. Babayomi et al. [32] expressed that the MPC can cope
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with complex and dynamic systems with multiple inputs and outputs and systems with
uncertainties and disturbances and even reduce the computational operation [33]. The
microgrid is therefore an optimal control strategy [27], as shown in Fig. 5.
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Fig. 5: Microgrid with multiple energy sources and converters [27].
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Based on the figure described by Shan et al. [27], there are two parts critically
involved: the AC sub-grid with AC loads and the DC sub-grid with DC loads. The AC
and DC buses are connected to each other via bidirectional AC-DC IC. In this system,
predictive voltage and power (MPVP) and model predictive current and power (MPCP)
control models are both utilized. While MPVP is used to regulate the AC-DC IC., MPCP
is employed to manage the bidirectional DC-DC converter in BESS. A DC-DC converter
connects BESS to the DC bus. Both controls are applied to regulate the DC-DC converter
and the AC-DC converter for reliable DC and AC bus voltage and smooth RE outputs.

Other than that, BESS, with good performance while charging and discharging, is
needed for microgrid control. Yilmaz et al. [29] stated that the overall performance of
BESS is solely dependent on control performance, MPC, which needs a predictive
variable. With the aid of MPC, BESS's role in a microgrid is to make up for forecasting
errors and lower operating costs brought on by RES and load demand. Additionally, MPC
controls the power consumed or supplied by BESS, which is necessary to obtain the
predictive variables. To maintain the power balance within microgrids, the BESS should
discharge and charge accordingly [27].

In this paper, the simulation of MPC in a microgrid with BESS is done in
MATLAB/SIMULINK. A model in the MATLAB/SIMULINK is made and the
performance of MPC is tested using Fast-Fourier Transform (FFT).

2. ANALYSIS OF MICROGRID COMPONENT

Concerning BESS, one aspect that must be compliant before using it in any system is
the state of charge (SoC). SoC is the proportion of a battery’s nominal capacity to its
capacity at a time. SoC detects the battery capacity, 100% denotes a full charge, while 0%
denotes an empty battery [34]. Mu and Xiong [35] give the equation for the SoC ratio, as
shown in Eq. (1):

t
SoC, = SoC, —f n;l,tdt/C, (D)
0

where

SoC¢= present SoC
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SoCo= SoC initial value

IL = instantaneous load current

n; = Coulomb efficiency

Ca= present maximum available capacity

The output of a PV generator is solely dependent on solar irradiance. If the weather is
unpredictable with cloudy or rainy conditions, the PV output will surely fluctuate. Qian et
al. [36] stated that, the result of the fluctuation will affect the power quality of the PV
generator that is connected to BESS. The quality of the PV can be evaluated by the
equation of Performance Ratio (PR) as informed in IEC 61724 as “Photovoltaic system
performance monitoring: guidelines for measurement, data exchange, and analysis” [37].
The equation for PR is shown in Eq. (2):

_ Eyc
R — 2
MPP,NOM G*
where
PR = Performance Ratio
E,c = energy sent to the grid efficiently

Pypp nom = the product of the nameplate Standard Test Condition (STC) power and the
quantity of PV modules in the system.

G,r = annual in-plane irradiation in a certain period
G* = in-plane effective irradiance
Noted that STC is also known as rated power PV generator.

In the meantime, managing SoC is very important for BESS effectiveness and BESS
sizing capacity. Other than that, controlling SoC can reduce the violation of the BESS’s
SoC operating range during renewable integration continuously. SoC management of
BESS is very important whenever PV and BESS are increasing rapidly. Other than that,
the BESS that is connected to MPC needs predictive variables. The predictive variables of
BESSs are set on the discrete-time model of converters.

Fig. 6: Configuration of BESS.

From Fig. 6, [38] provided three equations that characterized the voltage Vg of a
three-phase AC power supply, using filter inductance L and resistance R.

di
—2 4 Rig + Vg G)

VaN = L dt
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di

Vpn = Ld—tb+ Riy + Vyp )
di
VcN=Ld—tC+RiC+VgC o)

Table 1: Switching states and voltage vectors

X Sa Sh S Voltage Vectors, v
1 0 0 0 V=0
2 1 0 0 2
U1 = §Vdc
Uy = §Vdc +]?Vdc
V3 = _§Vdc +]?Vdc
5 0 1 1 2
Vy = _gvdc
6 0 0 1 1 V3
Vs = _§Vdc _]?Vdc
7 0 1 1 1 V3
Vg = §Vdc _]?Vdc
8 1 1 1 v, = 0
_ (1,discharge mode
s(®) = {O, charging mode (6)
. RT; T
PG+ 1) = (1= 2) 100 + 2 000 - 1,() ™
PP(k + 1) = 1.5Re{i P (k + D" (k)} ®)
QP(k + 1) = 1L.5Im{i P (k + DvJ*(k)} )

The derivation of Eq. (3) to Eq. (5) through space vector, switching states and voltage
vectors (Tablel) will give Eq. (6) which is the future current at the sampling instant k + 1.
From Eq. (6), i(k) and vg(k) are the three-phase currents, and voltage of BESS measured
at sampling instant k with sampling time Ts. They [38] also assumed that the voltage at
sampling instant k + 1 equals to measured grid voltage at kth sampling instant (vg(k + 1) =
vg(k)). As a result, the predicted instantaneous real and predictive powers are Eq. (7) and
Eq. (8). Eq. (6) to Eq. (8) show that the predictive current and power rely on the system
model, converter, and filter parameters. In the conclusion, inaccuracy in predictive
variables will occur if there are any changes in the model parameters.
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Furthermore, according to Fig. 7, there are two states of BESS, which are charging
and discharging. The illustration proposed by Shan et al. [27] demonstrates the current
flow between BESS, RES and the rest of the microgrid (ROM).

[rEs Ipoyy 1 - IrEs Lroyr
RIS I = I + I e
C C
E i gﬁf\fsr : E i §RL$VSI
e y I s f. &
[
1 IDC' | F § [DC
I
g | I
BESS | BESS
Charging Discharging

Fig. 7: Illustration of 2 states within the BESS system [27].

In order to charge or discharge the BESS, the cost function should be considered. So,
they [27] proposed a cost function Eq. (9) to optimize BESS current.

Je =I5 = Ig(K + 1) (10)
5.t50Cpin < SOC < SOCpin, s < |5 rated|

- 5% * (vdc*)z

i * I Rxvb (k) (D

e [g= Battery current.
e Ip* = Battery current set with electricity price in grid-connected operation.

From Fig. 7, the relationship between the currents can be obtained using Kirchoff’s current
law (KCL) in the form of an equation.

Inc = Irgs = Ic — Irom (12)
e Ipc = current supplied/used by BESS.
e Irgs = current from RES.

e Ic = current flow of DC side capacitor.
e Irom = current flow into DC loads and inverter.

Ly I I

W T v S T T Sz

Voc| Predictive [/s(ArD[  Cost Iy
= Modcl (2) 5 7| function(3)

Fig. 8: Operation of BESS system in grid-connected microgrid [27].

In the meantime, proposed Fig. 8 by [27], showed the block diagram of the MPC
strategy. They [27] said that, to control the charging and discharging current of BESS, the
voltage Vp current Iz and DC voltage Vpc are needed to predict the battery current /p(k+1).

A simple but effective MPC strategy for the Bidirectional converter is proposed, to
improve its dynamic performance. The advantage of the presented strategy is that the
problem is formulated in a way that only a one-step prediction horizon is needed to control
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the converter. Therefore, a proper cost function elaborated in terms of the inductor current
is proposed. The MPC working principle applied to the Bidirectional converter under
study is illustrated in Fig. 9. Tables 2 to 4 listed the required parameters for the

simulations of model predictive control in Simulink.

Bidirectional! Converter

MMegsurements,

| E—

L

Switching Signal

—
x*(k+1) | Costfunction | | xkez) | PredictiveModel |y
™ minimization | xfk+1) = Axfk) + Bufk) |
Fig. 9: Model Predictive Controller block diagram.
Table 2: Generic battery model parameters
Parameters Formula Value
Constant Battery Current, Ib 134
Rated Battery Capacity, Qo 6.5 Ah
Internal Resistance, Rb 2mQ
Fully Charged Voltage, Vfull 1.39V
Exponential Voltage, Vexp 1.28V
Nominal Voltage, Vnom 1.18V
Exponential Capacity, Qexp Qexp = Ibx1 134
Nominal Capacity, Qnom 6.25 Ah
Exponential Zone Amplitude, A A = Vfull- Vexp 0.11
Exponential Zone Time Constant B = 3/Qexp 2.3077
Inverse, B
Polarization Voltage, K K = (Vfull - Vnom +A*(exp(-B*Qnom)-  0.004
1)) *(Qo -Onom)/Onom
Battery Constant Voltage, Eo Eo = Vfull + K + Rb*xIlb — A 1.28

Table 3: Boost Converter Model parameters

Parameters Value
PV Nominal Temperature 25°C
Irradiance 0 & 1000kW /m?
Power GUI Discrete
PV Capacitance, C PV 100 pF
PV Inductance, L PV SmH
Boost Capacitance, C_Boost 3300 pF
Load 50
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Table 4: Bidirectional Converter Model parameters

Parameters Formula Value
Battery Type Nickel-Metal-
Hydride (NiMH)

Battery Capacitance, C_Battery, Cb 700uF

Battery Inductance, L Battery, Lb 33mH
Output Capacitance, C2 2mF
Load, R 5Q
Measured Disturbance Signal, vb 6V
Steady State Duty Cycle, S 0.5
Steady State DC Bus Voltage, vdc vb/(1-S) 12v
Steady State Inductor Current, iL vdc/((1-S) *R) 4.8A
DC Reference Voltage, vdcref vb/(1-S) 12V

3. RESULT AND DISCUSSION

The proposed MPC strategy was implemented in the MATLAB programming
interface, together with the battery and the bidirectional models, to simulate the
performance of the control unit. The bidirectional model is a model that flows in two
directions, forward and backward, thus connecting the battery with the bidirectional
converter. Figure 10 shows the microgrid model with MPC control in Simulink.

Fig. 10: The microgrid model with MPC in Simulink.

The simulation results for a start-up are shown in Fig. 9, using parameters given in
Table 2 - 4. The purpose of the simulation is to simulate the performance of the control
unit and optimize it by predicting the future behavior of controlled variables using MPC.
However, the main purpose of using MPC is to reimburse the power difference between
load and PV generation, during constant DC bus voltage [27].

Two states have been simulated, which are the charging state of battery and
discharging state of battery. In Fig. 9, the output voltage (vdc) reaches its reference value
in about 50 ms, the battery current (iL) is negative and below its nominal current and the
DC bus voltage is constant at 6V (vb). This result is dependent and interconnected with
Fig. 9, which shows the PV power generation is higher than the load demand while the
battery is charged from it.

However, in Fig. 11, the results show the battery current is reaching its nominal
current, while the output voltage results remain the same. For this scenario, it is shown
that the load is powered by the battery, because in Fig. 14, the result shows the SoC of the
battery is decreasing.
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Fig. 11: MPC Control Simulation Results

for Charging State.

Fig. 12: MPC Control Simulation Results

for Discharging State.

The performance of the suggested power management can be verified through
simulation carried out using MATLAB programming interface based on Table 2
parameters. However, in this simulation, only charging and discharging will be considered
as they are common situations for microgrids. Charging refers to daytime activity when
the irradiance is high (1000 kW/m?) while discharging refers to night-time activity when
there is no irradiance (0 kW/m?). The following figures illustrate the charging and
discharging of the battery for different cases.

Figure 13 illustrates the charging state where there is excess power produced by the
PV panel while the battery is not fully charged. This causes the power produced to charge
the battery. For this case, SOC of the battery is initially at 60%, which then charges until
100% if there is irradiance for the time period. When the battery is fully charged, the
MPPT controller will alert the PV to stop receiving power to avoid overcharge.
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Figure 14 illustrates the discharging state where there is no power produced from the
PV panel and the load demand is supplied by the battery. For this case, the SOC of the
battery is at 100% (fully charged) and it will continue to decrease until the load demand is
supplied from the PV system.
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The performance of the MPC can be shown and calculated by using FFT analysis.
FFT analysis measures power supply or generator’s output quality. The analysis aims to
make sure the value of THD is maintained as low as possible. Lower THD means a higher
power factor, which results in higher efficiency [39]. The acceptable THD value for
generators is below 25%, while the best THD value for generators is below 10%.

FFT analysis
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Fig. 15: MPC Charging voltage (above) and current (below) for FFT analysis.
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Fig. 16: MPC Discharging voltage (above) and current (below) for FFT analysis.
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Based on Table 5 and according to [24], the THD value for both states are considered
acceptable which is below 25% for the MPC. This proves that the generators are working
efficiently when in a 20 kHz sampling rate.

Table 5: THD Value for Charging and Discharging States

Charging State Output State THD (MPC)
Charging Voltage Output 9.57%
Charging Current Output 12.77%

Discharging Voltage Output 16.51%
Discharging Current Output 18.15%

To compare the efficiency of MPC and PID, the simulation using PID has been done.
Figures 17 and 18 show the charging and discharging voltage and current for FFT
analysis. Table 6 compares the THD of MPC and PID. All of MPC’s THD are acceptable,
however, PID control is only stable when the control system is operating in charging state
whereas in discharging state, the THD value is not acceptable and is above 25%. Thus, it
can be seen that MPC is better in performance than PID.

Table 6: THD Value for Charging and Discharging States

Charging State Output State THD (MPC) THD (PID)
Charging Voltage Output 9.57% 22.10%
Charging Current Output 12.77% 29.73%

Discharging Voltage Output 16.51% 84.29%
Discharging Current Output 18.15% 85.58%

FFT analysis
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Fig. 17: PID Charging voltage (above) and current (below) for FFT analysis.
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FFT analysis
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Fig. 18: PID Discharging voltage (above) and current (below) for FFT Analysis.

4. CONCLUSION

Microgrids have been used for many purposes every day. A microgrid is a self-
sufficient energy system that consist of distributed generating units, loads, and control
units. By using microgrids, one can save costs and reduce global warming. However,
microgrids are not as simple as they seem. One of the basic elements of microgrids is its
brain, aka its control unit(s). The control unit controls all the actions between the
distributed generator and loads. Earlier, engineers used PID control as the control unit.
However, PID control is not efficient in the case of unpredicted events that cause
instantaneous disturbance to the microgrid. Later, when MPCs were introduced, they
replaced all the PID control making MPCs the new brains in microgrids. MPCs gained
favor because their algorithm can predict various outputs in the future with multiple
inputs. This paper proposed an algorithm for the MPC using cost functions. To prove
MPCs efficiency, this paper proposed to compare it with PID control. At the end of the
experiment, it can be concluded that the MPC is better than PID control in terms of
efficiency. In future work, other types of battery such as Li-ion and Li-Po, should be used.
The battery type that was used in this simulation is nickel-metal hydride (Ni-MH) and its
performance is not affected by changes in temperature. However, to get better MPC
performance, batteries such as Li-ion and Li-Po are needed because the temperature will
affect the performance of these batteries.
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ABSTRACT: An analytical Subthreshold Swing (SS) model is presented to observe the
change in the SS when a stacked SiO,-metal-ferroelectric structure is used as the oxide film
of a JunctionLess Double Gate (JLDG) MOSFET. The SS of 60 mV/dec or less is essential
to reduce power dissipation while maintaining transistor performance. If a ferroelectric
material with Negative Capacitance (NC) effect is used, the SS can be reduced below 60
mV/dec. The analytical SS model of the ferroelectric NC FET presented to analyze this was
in good agreement with the SS derived from the relation between the drain current and gate
voltage, using 2D potential distribution. As results were derived from the analytical SS
model, it was found that it is possible to obtain an SS of 60 mV/dec or less even at 15 nm
channel length by adjusting the thicknesses of the silicon channel, SiO», and ferroelectric. In
particular, the change in SS according to the ferroelectric thickness was saturated as the
thickness of SiO; increased and was almost constant as the thickness of the silicon channel
decreased.

ABSTRAK: Model Ayunan Subambang (SS) analitikal dibentangkan bagi melihat
perubahan pada SS apabila struktur feroelektrik-logam-SiO; bertindan digunakan sebagai
filem oksida bagi MOSFET Dua Get Tanpa Simpang (JLDG). SS 60 mV/dec atau kurang
adalah penting bagi mengurangkan pelesapan kuasa sambil mengekalkan prestasi transistor.
Jika bahan feroelektrik dengan kesan Kapasitans Negatif (NC) digunakan, SS dapat
dikurangkan bawah 60 mV/dek. Model SS analitikal feroelektrik NC FET yang digunakan
bagi kajian ini adalah sesuai dengan SS yang diperoleh daripada hubungan antara arus
serapan dan voltan get, menggunakan edaran potensi 2D. Dapatan terbitan melalui model SS
analitikal, mendapati bahawa adalah mungkin bagi mendapatkan SS pada 60 mV/dek atau
kurang walaupun panjang laluan adalah 15 nm dengan melaraskan ketebalan saluran silikon,
Si0,, dan feroelektrik. Terutama apabila perubahan ketebalan feroelektrik SS adalah tepu
ketika ketebalan SiO, meningkat, dan hampir malar apabila ketebalan saluran silikon
berkurang.

KEYWORDS: subthreshold swing,; junctionless, ferroelectric, negative capacitance, double
gate

1. INTRODUCTION

In the competition for miniaturization of transistors, high-speed operation and low power
consumption are essential. However, the recent scaling theory according to Moore's law is no
longer followed by the power consumption generated during the switching process [1-3]. For
low power consumption, the supply voltage must be reduced while maintaining high on-
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current. However, a decrease in the supply voltage requires a decrease in the threshold
voltage, which causes an increase in parasitic current and static power dissipation [4]. A way
to solve the trade-off relationship between power consumption and transistor performance is
to reduce the Subthreshold Swing (SS). According to Boltzmann Tyranny [5], the body factor
of conventional MOSFETs is greater than 1. A device developed to reduce the SS by making
the body factor smaller than 1 is a Negative Capacitance (NC) FET [6-11]. NC FETs show
the characteristics such as steep SS and high switching current ratio (/o»/I,5), and are known
as good candidates for low power consumption [12-14]. The material used for the gate oxide
film to fabricate the NC FET is a ferroelectric thin film. The NC effect occurs in the region
where the ferroelectric polarization increases when the external electric field decreases.
However, the NC effect is naturally unstable, and it is used in series with a general capacitor
to solve this problem [15]. Therefore, instead of using only ferroelectric material as a gate
oxide film, a stacked gate structure of a metal-ferroelectric-insulator-semiconductor (MFIS)
structure and a metal-ferroelectric-metal-insulator-semiconductor (MFMIS) structure is used
as shown in Fig. 1 [16-19]. Ultimately, controlling the charge in the channel of the FET using
the ferroelectric polarization charge is the core of the NC FET. The organic-ferroelectric, lead
(Pb) Zirconate titanate (PZT) of inorganic perovskite structure, HfZrO,, etc. as ferroelectric
materials, are used to show NC effect [20-23].

Ve T
Ve T METAL
METAL

INSULATOR INSULATOR

SEMICONDUCTOR SEMICONDUCTOR

‘ INSULATOR
s Vs METAL

METAL
vgs $

(a) (b)
Fig. 1: (a) MFIS and (b) MFMIS structures of DG MOSFET.

INSULATOR

Vds

METAL

Ve b

In order to reduce the power consumption, the supply voltage must be reduced, but this
obstacle must be overcome since the SS is limited to 60 mV/dec to room temperature. To this
end, it is necessary to induce the necessary charge in the channel with a gate voltage as small
as possible. This can be solved by NC voltage amplification occurring in NC FET using
ferroelectric material, and at this time, a steep SS of 60 mV/dec or less can be induced. Rahi
et al. [24] reviewed the advantage that the on-current of the NC FET is greater than that of the
tunnel FET with a characteristic of 60 mV/dec or less. Alam et al. [25] only reviewed NC
FETs with MFIS structure, and Tu et al. [26] presented ferroelectric NC FETs with SS <60
mV/dec. In this paper, we will use the MFMIS structure as the stacked gate structure.

This structure is widely used as a structure to solve the field nonuniformity problem that
occurs in the MFIS structure, and Pahwa et al. [27] compared these two structures. In
particular, we will observe the reduction effect of SS by using this structure for the gate oxide
film of JunctionLess (JL) FET. The JLFET is a structure that can solve the difficulties of
processing in the sub-10nm structure by configuring the doping of the source/drain and the
channel with the same type and concentration [28-31]. Rassekh et al. [32] applied MFMIS
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structure to a JL Double-Gate (DG) FET and observed effects such as gate voltage
amplification and DIBL, but did not present an analytical model of SS. Therefore, in this
paper, we propose an analytical SS model of JLDG FET with MFMIS gate structure using the
potential distribution model of JLDG FET and the relationship between the polarization and
free energy of ferroelectric material according to Landau theory [33]. This result will be
compared with the SS obtained from the current-voltage characteristic to prove the validity of
this analytical SS model.

2. SUBTHRESHOLD SWING MODEL OF FERROELECTRIC NC FET
2.1 The Structure of Ferroelectric NC FET and I-V Characteristics

Figure 2 shows the cross-sectional view of the NC FET of the MFMIS structure used in
this paper. The source/drain and channel were equally highly doped with N;*, and a
symmetrical JL FET with the same upper and lower gates was used. In this paper,
Na=10"/cm® was used. The voltage applied to METAL2, Vg2, can be expressed as the sum
of the voltage induced in METAL1, Vs, and the voltage across the ferroelectric material, V.
The V2 is defined in Eq. (1)

V:g.ﬂ szgs1+Vf . (D
VgsZT
METAL2
METAL1 (V, )
SiO2 tnx
y * N

d t

t
ox

\' Vg
s METAL1 (V) s
gs1
METAL2

Vour !

Fig. 2: Schematic diagram of a symmetric JLDG FET with ferroelectric material
as the stacked gate oxides.

According to the ferroelectric charge density Q of [34], the voltage across the
ferroelectric material, }r can be expressed as in Eq. (2).

V,=2at,0+4pt,0° +6yt,0° 2)

Here, the «, £,y can be obtained from the P-E hysteresis curve between the ferroelectric

Polarization, P and the Electric Field, £ extracted from the ferroelectric capacitor. That is,
using the Remanent Polarization, P and Coercive Field, E. in the P-E hysteresis curve, it can
be obtained as in Eq. (3) [35].

—%Ec (m/ F)

' (3)
(m* | F/C?)

B

3
-

2
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In this paper, the o and g are found from P =17uC/cm’ and E, =12MV /cm , the
experimental results of the HZO film, and y =0 [34]. In order to obtain /'y of Eq. (2), first

the charge density of ferroelectric Q must be obtained. To find Q, the charge Qs in the
channel by Rassekh’s method [36] is as in Eq. (4).

0, =20,V =29, —4) (4)

where Ag, is the work function difference between the metal and the intrinsic semiconductor,

¢, is the surface potential, and C,x is the capacitance according to the thickness of SiO> used

as insulator. The following Poisson equation (5) is used to obtain ¢, in Eq. (4).
O*P(x,y)/ x> +0*P(x,y)/ &y* =—qN, | &, %)
In this case, the following four boundary conditions were used as shown in Eq. (6).
$(0.)=7,
#(Ley)=V. 47,

#(x.0)=V,, 7V, C—% 6)

£4 09
C_ 0oy

ox

y=0

Hxsty)=Voa =V +

s
Y=l

where ¢, is the dielectric constant of silicon, Vs is the flat band voltage. Using Ding's
expansion method [37], the potential distribution can be expressed as in Eq. (7).

$xy) =V + L S ()sin "2 7)
Lg n=l1 Lg

where

A, (y) =C,é" +D,e™ —f. [k,

{4qu n=13.5...

f,=

n”gxi
0, n=2,4,6,---

o Cu (£, -Gik)
" [(C ek, )l +(C, —e4k,) |

D, = C,é"
2 p—
G <l (2, =V +V )+ Vi |, m=1.3.5,-
0, n=2,4,6,
At this time, the surface potential at y = 0 is
V. R .
¢S=Lisx+Z[Cn+Dn—ﬁ,/kj s1n—nfx : ()
g n=l g

Substituting Eq. (8) into Eq. (4), the charge in the channel can be found as Eq. (9)
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QSC = _2C0x (vaxl _A¢ms - ¢v)
9

=-2C. ( A~ déx Z[c”wn— fn/k,f]sinnL—mJ

n=l1 g

The charge Q in the ferroelectric can be obtained from Eq. (10) by calculating the integration
of the total charge QOsc existing in the channel over channel length.

WL, x20=— jo WO, dx (10)

where W is the channel width. Then, the charge Q in ferroelectric is obtained as in Eq. (11).

Q———j Oy dx

(11)
1 ez, .
= {—2%(%1—%” e 3[C 4D, - 1,/ ]sm—L )}

g n=l1 e
L,
0

In order to obtain the drain current for the corresponding gate voltage Vg2, the drain
current is obtained from the following Eq. (12) with Eq. (7).

qv,
qnl,uanT{l exp[ de j}

I;= I (12)
dx

o
0 i exp(qcﬁ(x,y)j "

L L

g 4

_COX[(Vgsl—A¢ms—%)+i[g+ R ]( j[( 1y —1]}

At this time, by substituting Eq. (11) into Eq. (2), /'y can be obtained.

_ﬁ{%lmsn "‘L +Z[c +D —f Ik ]( jc s 12X

kT

where k, T , ni , un and W are Boltzmann's constant, absolute temperature, the intrinsic
electron concentration, the electron mobility, and a channel width, respectively.

The relationship between drain current and gate voltage obtained using Egs. (7) and (12)
is shown with the thickness of the ferroelectric material, #r as a parameter in Fig. 3. The red
dotted line in Fig. 3 is the baseline where SS is 60 mV/dec. The SS represents the decrease in
the gate voltage when the drain current decreases by one order. As shown in Fig. 3, when
observing the change in drain current according to the gate voltage in the subthreshold region
at tr= 0 nm, SS shows a value of 60 mV/dec or higher. As the thickness of the ferroelectric
material increases, the slope of the current-voltage curve increases in subthreshold, and it can
be found that SS decreases below 60 mV/dec by the definition of SS as shown in Eq. (13).
Therefore, the negative charge effect by the ferroelectric material can be observed. In
addition, it was observed that the off current representing the drain current at O gate voltage
also decreased significantly as the thickness of the ferroelectric material increased.
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Fig. 3: Drain current vs. gate voltage curves with the thickness of ferroelectric material,
tr as a parameter.

Figure 4 shows the relationship between drain current and gate voltage obtained by using
the gate channel length, L, as a parameter when the thickness of the ferroelectric material, #r
is 10 nm. The red dotted line indicates SS=60 mV/dec in Fig. 4. It is known that there is a
significant decrease in SS with increasing channel lengths. As can be seen from Fig. 4, it can
be observed that the SS is 60 mV/dec value at about 25 nm of channel length under the
conditions indicated inside Fig. 4, and decreases to 60 mV/dec or less as the channel length
increases. Also note that the SS is saturated as the channel length increases. When the channel
length is decreased to about 15 nm, it can be seen that SS significantly increases even at =10
nm. Of course, as can be seen from Fig. 3, the SS will increase further as #r decreases. As
such, it was observed that a negative capacitance effect occurs due to the presence of
ferroelectric thickness #, and a SS value of 60 mV/dec or less can be achieved.

-4

10 T T
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E 10%fL —1s-

3 Lg-15 50 nm

< step 5 nm

c

g 10.3 tf=10 nm 1

3 t°x=1.5 nm

£ tsc=10 nm

©

5 107 N,=10" fem® ]
Bs=0-54 V
Vds=0.01 \'

10.12 N . N N
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Fig. 4: Drain current vs. gate voltage curve with the channel length L, as a parameter.

2.2 The Analytical SS Model of Ferroelectric NC FET

We want to derive an analytical model for the SS of ferroelectric NC FETs in this paper.
By the definition of SS, the SS can be expressed as in Eq. (13).

-1
WVga KT\ 0,
SS=—8% _ (10| 2= || Zmin
Olog 1 n( )[qj(aV J (13)

gs2
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In particular, in the case of JLDG FET, most electrons will be conducted through the center,
so using Eq. (7), the last parenthesis term of Eq. (13) can be expressed as in Eq. (14).

Onin _ 2 @%Ay)ﬁn[ﬁgfj 3 dﬁx%c/2)ﬂn£nﬂaan (14)

ansz n=1 anSZ Lg n=1 ansz Lg

X=X, V=t /2

ansZ ansZ GVgsZ

04, (tsc 12) _ Jatse/2 9Cu_ |ty /2 0Dy

0 Vgs 2 0 Vgs 2

_ tse/2 OCu eyt 12 Gy ntse

_ Jutse/2 OCu ktee/2 OCh _ 5kt /2 OC,
0 Vgs 2 0 Vgs 2 0 Vgs 2

In Eq. (14), the derivative of C, with respect to Vg2 must first be found. Since C, is not a
direct function of V2, the following parametric differential method is used.

ansz 8Vgs1 o0 6Vg32

Cp (2[1—(—1)”]&%) Cp (2[1—<—1)n]j
- nw _ nw

anSI kr% |:ekntsc (Cox + gsikn )+ (Cox - gsikn ):| |:ekntsc (Cox + gsikn) + (Cox - gsikn ):|

oC,

6Vgsl _ 1
2RO ﬂ(l +eftse )(IJ[(—D” —1]
n=1%Y" gsl nr
00 1

ov v,
“ ar, +12f, 0" +30y1, 0 +a—5

Substituting Eq. (15) into Eq. (14),

Ay se 1D o pytee12 0Cu g ptie12 0C PVast 00
2eknlm /2Cox (2 [1 _ (_l)n ])
_ nr 1 y
kot
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n=10Vgs1 nw

1

v,
2 4 1
2at; +12,Q” +30y1,Q" + 5gQS

The SS obtained using the presented model is compared with the SS obtained from the I-
V curve using 2D potential. In this case, xmin=L¢/2 was used. The SSs derived from the I-V
curve, this analytical model, and TCAD with the thickness of ferroelectric material, ¢+ as a

81



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Jung
https://doi.org/10.31436/iiumej.v24i1.2508

parameter are compared under the conditions indicated inside Fig. 5. The dots denote SSs of
TCAD in the case of #=0 nm in Fig. 5 [38]. Based on Fig. 5, the results are in good
agreement.

140

— SS from |-V curve t =1.5nm
Analytical model X
120 A\ ® TCAD(t,=0 nm) [38] t=10nm
~ — . 85=60 mV/dec N =10"% jcm®
Bs=0-54 V
V. =0.01V
ds

tf=0~10 nm
step 2 nm

Subthreshold swing (mV/dec)

15 20 25 30 35 40 45 50
Channel length Lg (nm)

Fig. 5: Comparisons on SSs derived from I-V curve and this analytical model and TCAD [38].

Also, the analytical SS model in this paper shows good agreement with the TCAD result
at #=0 nm, meaning it is valid. As mentioned in Figs. 2 and 3, as the thickness of the
ferroelectric material increases, the SS decreases. In particular, when # = 10 nm under the
conditions indicated inside Fig. 5, the SS values of 60 mv/dec or less were obtained even
when the channel length was 28 nm. It was also observed that the size of the JLDG FET
capable of observing SS of 60 mV/dec or less and the thickness of the ferroelectric material
were correlated. Therefore, using the analytical SS model presented in this paper, we will
analyze the SS with parameters such as the ferroelectric thickness # and channel length L.
Table 1 summarizes the device parameters used in this paper.

Table 1: Device parameters for this analytical SS model

Device parameter Symbol Value
Channel length L, 15-50 nm
Channel width w 1 pm

Channel thickness lse 1-10 nm
SiO; thickness Lox 1-4 nm

Doping concentration Ny 10" /em?

Ferroelectric thickness tr 0-10 nm

Remanent polarization P. 17 uC/em?
Coercive field E. 1.2 MV/ecm

3. ANALYSIS FOR SS OF JLDG FET WITH FERROELECTRIC

In order to observe the change of the SS with the change of the thickness of the
ferroelectric material and channel length, Fig. 6 shows the change of the SS with respect to
the ferroelectric thickness with the channel length as a parameter. It was observed that the SS
decreased as the channel length and ferroelectric thickness increased. In particular, it can be
seen that the region of SS < 60 mV/dec exists when the ferroelectric thickness, #71s 10 nm or

82



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Jung
https://doi.org/10.31436/iiumej.v24i1.2508

more and the channel length is 25 nm or more under conditions indicated in Fig. 6. It was
also observed that the change in SS according to the channel length appeared smaller as the
ferroelectric thickness increased. However, when the channel length was decreased, the SS
showed a large value even though the change of SS according to the ferroelectric thickness
was severe. When the channel length was increased to 50 nm, a region with SS<60 mV/dec
appeared even when the ferroelectric thickness was about 1 nm. As such, ferroelectric
thickness and channel length had a mutual effect on SS.
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Fig. 6: The SSs for ferroelectric thickness # with the channel length L, as a parameter.

The SS will vary not only with the ferroelectric thickness # and channel length L, but
also with the thickness of Si0., fx. Figure 7 shows the contour line of SS=60 mV/dec for
ferroelectric thickness and channel length with the thickness of SiO» as a parameter. The
SS<60 mV/dec region is above the line. As can be seen in Fig. 7, the SS<60 mV/dec region
changed significantly according to 7., and the SS<60 mV/dec region was observed in a wider
area in the given simulation range as 7, decreased. In particular, the SS=60 mV/dec line
showed an inverse relationship between channel length and ferroelectric thickness. That is, if
the channel length decreases, SS=60 mV/dec can be observed only when the ferroelectric
thickness is increased. Figure 5 shows how ferroelectric thickness can be increased in order
to decrease SS when decreasing the channel length.
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Fig. 7: Contours of SS=60 mV/dec with the thickness of SiO», #,. as a parameter.
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The SS also shows a large change according to the thickness of the silicon channel, #.. In
Fig. 8, the contour of SS=60 mV/dec was plotted for channel length and ferroelectric
thickness with silicon thickness 7 as a parameter. In Fig. 8, it can be observed that the SS<60
mV/dec region (above the line as shown in Fig. 7) increases as silicon thickness #. decreases.
Observing Fig. 8, if #=5 nm, it can be seen that SS<60 mV/dec region exists when the
ferroelectric thickness is 9 nm or more, even if the channel length is decreased to 15 nm.
However, if #,. =10 nm, it can be seen that SS > 60 mV/dec when the ferroelectric thickness
is 2 nm or less even if the channel length is increased to 50 nm. As such, it was observed that
the SS significantly decreased due to the presence of the ferroelectric material.
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Fig. 8: Contours of SS=60 mV/dec with the thickness of silicon, f, as a parameter.
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Fig. 9: Changing rate of SS for ferroelectric thickness with the thickness of SiO», #,, as a parameter.

In order to examine the change in the SS according to the ferroelectric thickness # in
more detail, Fig. 9 shows the change in SS (ASS/A#) with respect to the change in
ferroelectric thickness according to the channel length with 7, as a parameter. Fig. 9
illustrates how the change in SS varies with ferroelectric thickness very strongly when the
channel length is as small as 15 nm. However, it was observed that the SS change with
respect to the ferroelectric thickness became saturated and constant as the channel length
increased. It can be seen that the change in ferroelectric thickness no longer has a significant
effect on the change in SS when the channel length is increased. In other words, it can be
seen that the negative capacitance effect caused by ferroelectric becomes larger as the
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channel length decreases. In addition, the change of the SS with respect to ferroelectric
thickness was large as the #,, decreased, and it was observed that the rate of change of SS
with respect to ferroelectric thickness became almost constant when the #,. increased and
became more than 4 nm under the conditions indicated inside Fig. 9.

The change of the SS according to the ferroelectric thickness is shown in Fig. 10 with
silicon thickness f#, as a parameter. As can be seen from Fig. 10, the change of the SS
according to the ferroelectric thickness does not change significantly with #. when the
channel length increases, but it can be seen that it changes significantly with the ¢, when the
channel length decreases. Also, the change rate of the SS according to the ferroelectric
thickness was decreasing with the channel length when #, decreased, and if #. increased to 10
nm, it was found that the change rate of SS according to the ferroelectric thickness increased
significantly with the channel length. From the results of Figs. 9 and 10, it was observed that
the change rate of the SS according to the ferroelectric thickness decreased with the channel
length as #,, was larger and 7, was smaller.

t =1.5nm
afl ox ]
N, =10" jom®
VvV, 6 =0.01V
-5 ds
$s=0-54 V

Changing rate of SS for ferroelectric
thickness (mV/dec-nm)

15 20 25 30 35 40 45 50
Channel length Lg (nm)

Fig. 10: Changing rate of SS for ferroelectric thickness # with silicon thickness 7 as a parameter.

4. CONCLUSIONS

The analytical model of the SS for a JLDG FET using a gate oxide by stacking a
ferroelectric material on SiO; is presented. If a ferroelectric material is used, a negative
capacitance effect occurs due to the gate voltage amplification phenomenon, so that the SS
can obtain a value of 60 mV/dec or less. The analytical SS model presented was in good
agreement with the SS derived from the I-V curve obtained by 2D potential distribution. As a
result of analysis using the analytical SS model, SS < 60 mV/dec was obtained when the
ferroelectric thickness was 6 nm or more at a channel length of 25 nm, a silicon thickness of
10 nm, and a #,x of 1 nm. In addition, the change rate of the SS according to the ferroelectric
thickness was almost constant according to the channel length when the #. decreased to about
1 nm and the change of the SS according to the ferroelectric thickness was not affected by the
thickness of SiO2 when the f, increased to 4 nm or more. As can be seen from the above
results, for the JLDG FET using ferroelectric, SS<60 mV/dec could be manufactured by
adjusting the channel length, silicon thickness, thickness of SiO», and ferroelectric thickness.
The analytical SS model presented in this paper can be used to analyze this phenomenon.
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ABSTRACT: Sensitive data including medical images and electronic patient records (EPR)
have potential value in the era of big data and telemedicine applications. Distribution of
medical images and EPR over public networks requires a high level of privacy and security.
Robust and imperceptible watermarking techniques are needed to provide copyright
preservation for medical images and protect patient information security. This paper improves
the technique of Coltuc et al. by modifying the discrete cosine transform (DCT) coefficient
pairs in the watermark embedding formula. Our proposed formula ensures that the difference
between the two coefficients is at least {. If the difference between the two coefficients is less
than {, then the new pixels are modified so that the difference is equal to ¢. The proposed
method was evaluated on a variety of medical images, including X-ray, CT, US, MRI, and
Colonoscopy, and compared to numerous robust watermarking techniques of the recent time.
The experimental results demonstrate that the suggested method outperforms contemporary
robust watermarking techniques in terms of imperceptibility, robustness, and security. The
peak signal noise ratio (PSNR) for all modalities of watermarked medical images exceeds 54
dB, and the average PSNR is approximately 56 dB. The proposed method is outstanding
compared to Coltuc's method due to a 93% and 14% increase in bit error rate (BER) and
normalized correlation (NC), respectively. Our work is superior to various state-of-the-art
robust watermarking techniques, allowing it to be employed effectively in medical
applications.

ABSTRAK: Data sensitif termasuk imej perubatan dan rekod pesakit elektronik (EPR)
mempunyai potensi nilai dalam era aplikasi data besar dan teleperubatan. Pengedaran ime;j
perubatan dan EPR melalui rangkaian awam memerlukan tahap privasi dan keselamatan yang
tinggi. Teknik penanda air yang mantap dan tidak dapat dilihat diperlukan untuk menyediakan
pemeliharaan hak cipta untuk imej perubatan dan melindungi keselamatan maklumat pesakit.
Kertas kerja ini menambah baik teknik Coltuc et al. dengan mengubah suai pasangan pekali
transformasi kosinus diskret (DCT) dalam formula pembenaman tera air. Formula yang
dicadangkan kami memastikan bahawa perbezaan antara dua pekali adalah sekurang-
kurangnya (. Jika perbezaan antara dua pekali kurang daripada ¢, maka piksel baharu diubah
suai supaya perbezaannya sama dengan (. Kaedah yang dicadangkan telah dinilai pada
pelbagai imej perubatan, termasuk X-ray, CT, US, MRI, dan Kolonoskopi, dan dibandingkan
dengan banyak teknik penanda air yang mantap pada masa terkini. Keputusan eksperimen
menunjukkan bahawa kaedah yang dicadangkan mengatasi teknik penanda air teguh

88



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Novamizanti et al.
https://doi.org/10.31436/iiume;j.v24i1.2597

kontemporari dari segi ketidakjelasan, keteguhan dan keselamatan. Nilai PSNR untuk semua
modalitas imej perubatan bertanda air melebihi 54 dB, dan nilai purata PSNR adalah lebih
kurang 56 dB. Kaedah yang dicadangkan adalah cemerlang daripada kaedah Coltuc kerana
masing-masing peningkatan 93% dan 14% dalam BER dan NC. Kerja kami lebih unggul
daripada pelbagai teknik penanda air teguh terkini, membolehkan ia digunakan dengan
berkesan dalam aplikasi perubatan.

KEYWORDS: DCT; imperceptible;, medical image; robust; watermarking

1. INTRODUCTION

Information and communication technology (ICT) is essential to all sectors of society,
including government, banking, education, health, agriculture, and transportation. ICT
integrates computer systems, digital data, communication devices, and the internet into one
unified system. An important use of ICT for effective quality health care is the electronic
storage of medical data. The information in the electronic medical data storage, including:
patient identities, diagnosis reports, doctor's consultations, hospital information where the
image was created, and other helpful information, can be used anywhere and anytime [1-3].
Medical data is susceptible and has great potential value in the era of big data because it is the
most important basis for diagnosis in determining diagnostic methods and results [4,5].
Through public networks like the internet, medical professionals frequently exchange digitally
created medical images of patients created using various modalities. Radiologists and doctors
in the same field share these images for clinical interpretation [6].

Medical professionals use telemedicine applications to remotely diagnose, evaluate, and
treat patients via electronic communications. The program facilitates the transmission of
medical images between two healthcare providers for improved diagnosis. However, medical
image and EPR delivery over public networks demand a high level of security [7]. Modified,
manipulated, or distorted medical data can cause incorrect diagnoses and severe health issues
for everyone. In addition, the destruction and theft of medical images and identities can give
rise to various legal and ethical concerns, including image retention and fraud, piracy, and
illegal handling [1]. In contrast to financial institutions, which have robust data protection
methods through two-factor authentication, medical records in healthcare systems are poorly
protected. Medical facilities must secure data from illegal actions such as hacking and virus
intrusion, staff negligence, and the theft of medical records on purpose [3]. The transfer of data
in an intelligent healthcare system while preserving privacy, integrity, authority, and security
is a complex topic that requires additional consideration [4].

Digital watermarking is a common approach for concealing digital information by
masking signals [8] due to its additional qualities of robustness and imperceptibility. Digital
watermarking technology is becoming crucial for various fields since it offers a variety of
compact solutions for numerous approaches and applications, such as cloud computing,
electronic health, and the Internet of Things [2,11]. Watermarking of digital images is allowed
in two domains, i.e., the spatial domain and the frequency domain. In the spatial domain of
watermarking technology, personal information is integrated directly into the cover image by
modifying the pixel values [3,9]. In frequency domain watermarking, the cover image is first
translated into the frequency domain, and then the hidden data is embedded by modifying the
frequency coefficient value [3,9]. Watermarking is also categorized based on the method of
watermark extraction. Non-blind techniques require both the host and the watermark image to
extract the watermark. A semi-blind watermark requires a secret key and a watermarked image
to extract the watermark. If only the secret key is required to extract the watermark, the
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approach is known as blind watermarking [10]. Based on the application, watermarking
techniques can be classified as either robust or fragile [1,5].

The robustness of confidential information, and how the encoded information can
withstand attacks conducted by attackers during data transmission, is the primary goal of robust
watermarking [9]. Robust watermarking is therefore widely used to preserve digital data's
copyright. However, fragile watermarking [1] is used to identify the invader-damaged portions
of the watermarked image, i.e., those regions of the image that were damaged during
transmission. The integrity of digital data material is therefore verified using fragile
watermarking. Processing time for spatial domain-based watermarking is lower than for
methods that embed data in the transformation domain. However, compared to transformation-
based strategies, spatial domain-based approaches are less resistant to attacks [7]. Two key
requirements for creating effective watermarking methods are imperceptibility and robustness
[6].

Compared to watermarking in the spatial domain, watermarking in the frequency domain
offers additional benefits. That is why many researchers use frequency domain watermarking
techniques. DCT is one of the widespread transformations and is often chosen in frequency
domain watermarking techniques [6] because of its lower computational cost, high robustness
and high compression [11]. In [12,13], the watermark was embedded by Coltuc and Chassery
using the DCT domain watermarking method. The image is divided into 8x8 blocks. Next,
DCT for each block is determined. One bit of information entered into each block depends on
the difference between the two coefficients of the mid-band frequency. For example, bit "1" is
encoded if the difference is negative, and a bit "0" otherwise. If the relative size of each
coefficient does not match the bit to be encoded, the coefficients are swapped. The interchange
of these coefficients does not considerably alter the watermarked image because the mid-
frequency DCT coefficients have almost identical magnitudes. However, this method can cause
errors due to the rounding case of DCT. As a result, not all watermarks can be extracted
properly.

Coltuc’s method is improved by modifying the DCT coefficient pairs in the watermark
embedding formula. Our proposed formula ensures that the difference between the two
coefficients is at least . If the difference between the two coefficients is less than ¢, then the
new pixels are modified so that the difference is {. The new watermarking system on medical
images based on the modification of DCT coefficient pairs is proposed to achieve the following
objectives: (1) to achieve good imperceptibility from watermarked images; (2) to provide
intellectual property protection for medical images; (3) to preserve the safety of patient data

[6].

2. RELATED WORKS

The discrete cosine transform (DCT), which has energy compaction features, is frequently
employed in watermarking approaches. DCT can convert an image into a frequency band,
which can be inverted to transform it back into the original image. Following the DCT process,
the image pixels are turned into coefficients. Direct current (DC) is represented by the first
coefficient DCT in the base array function's upper left corner, while the remaining coefficients
represent alternating current (AC). Since the AC is so crucial to an image, any modifications
to the AC can significantly affect the image. On the other hand, slight adjustments to the image
have little impact on the AC.
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Thanki et al. [14] developed a watermarking technique for medical images based on fast
discrete curvelet transform (FDCuT) and DCT. The block-wise DCT is applied to the medical
image's high-frequency curvelet coefficient. A white Gaussian noise (WGN) order is added to
the original image's mid-band frequency coefficient in compliance with the watermark bit to
create a watermarked medical image. Images from X-rays, ultrasounds, MRIs, and computed
tomography (CT) scans were utilized to evaluate how the suggested watermarking technique
worked. The study results show that watermarks are more invisible in all types of medical
images with PSNR above 45 dB. However, two uncorrelated WGN sequences generated during
the embedding process are required to recover the watermark. Therefore, only binary
watermarks may be embedded using this technique; text-based EPR data cannot be. Another
drawback is that the resulting watermark image always contains noise.

Novamizanti et al. [15] introduced the singular value decomposition (SVD) method to
medical image watermarking techniques based on FDCuT and DCT. Watermark embedding
by exchanging the singular value of the watermark and the host image result from the FDCuT
and DCT transformations. The proposed algorithm has good imperceptibility with interval
PSNR values 53 dB to 54 dB. However, this watermarking scheme is semi-blind, where it is
necessary to output SVD results from the original watermark image at the extraction stage.
This method is not resistant to blurring and geometry attacks.

Lei et al. [16] reported a robust image watermarking algorithm based on DCT domain and
QIM. The host signal's medium and low-frequency DCT coefficient is divided into two regions.
Then the watermark bit is embedded by quantizing the ratio of the two halves. According to
experimental findings, this method is only superior against attacks of the common type. This
algorithm has limited capacity, where a 512x512 image host can only accommodate a 128-bit
watermark. Then, the optimal parameter for each image is obtained as PSNR of 41 dB.

Zhu et al. [17] presented a robust image steganography algorithm for JPEG compression.
Firstly, a candidate DCT coefficient unaffected by JPEG compression is chosen. Second, the
proposed distortion function gives each potential DCT coefficient a cost. The error correction
code and the Syndrome Trellis Code help the method become even more robust and invisible.
This algorithm's embedding capacity remains restricted to payloads between 0.01 and 0.1
bpnzAC. For 512x%512 image hosts, the proposed algorithm only produces PSNR values with
the interval 42 dB to 47 dB.

Rachmawanto et al. [18] designed an image watermarking algorithm using block-based
DCT, where the DC coefficient is chosen to keep the watermark resistance included. The
Beaufort cipher is used for the encryption process and the watermark distribution when
inserted. The goal is to improve watermark security and imperceptibility aspects. Generally,
the spread spectrum watermarking technique uses PN Sequence for watermark deployment.
However, the proposed method is non-blind, where the cover image is still required for the
watermark extraction process.

An image watermarking technique based on DCT was researched by Byun et al. [19]. First,
the DCT coefficient for the specified location is determined. Next, the variation value is
calculated to adjust the coefficient under the embedding bit and quantization step. Finally, the
watermark bit is inserted directly into the pixel value without using a full-frame DCT.
According to the findings, the suggested watermarking technology offers less computing
complexity and ensures robustness. A color host image with a size of 512x512 can only
accommodate a watermark of 1024 bits, indicating that the embedding capacity of this
technique is still constrained. The proposed method's average PSNR is about 42 dB.
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Ko et al. [20] reported a watermarking method based on the correlation of DCT
coefficients between blocks. The coefficient variance in the two blocks of DCT is calculated
and changed depending on the watermark bits to adjust this difference to a specified range. The
level of the DCT coefficient's modification is based on the DC coefficient and the median of
the alternating current (AC) coefficient, which is ordered in zigzag order. The experimental
findings demonstrate the robustness of the suggested technique against several single and
combined attacks. For the Lena watermarked image, only a PSNR of 41.6 dB is obtained. In
addition, the resistance is weak against types of noise attacks, including BER is 17.06 for salt-
and-pepper noise and 9.98 for Gaussian noise.

A robust watermarking technique based on DCT, speeded up robust features (SURF), and
perceptual hashing was proposed by Nawaz et al. [21]. The watermark image is preprocessed
to enhance its security using affine transformation with feature matrix and chaotic encryption
technology. SURF feature points are utilized to choose the DCT region and extract scalable
watermarks after geometric rectification during the extraction process. Studies reveal that the
algorithm efficiently defends against geometric and conventional attacks and can effectively
maintain the security of images with an NC value higher than 90%. However, this paper does
not report the PSNR results from the watermarked images without attack. This technique
utilizes a correlation function to confirm the similarity of the derived watermarks. Hence
scrambled data from the original watermark is still required at the watermark extraction stage.

Kumar et al. [22] presented a secure watermarking framework on medical images by
applying IntDCT and SVD. The differential evolution technique was used to determine suitable
scaling factors by randomizing the watermark with the step space fill curve. In addition to the
watermarked image, the Uy, S,and V}, values during insertion are also required for the
watermark extraction process. The experimental findings demonstrate that the designed
framework is robust to geometric attacks.

Fares et al. [23] introduced watermarking approaches based on DCT and Schur
decomposition to protect medical images. Integration is performed at the intermediate
frequencies. According to the findings, the designed algorithm produces acceptable
imperceptibility with PSNR values at intervals 47 dB to 49 dB. However, capacity is limited,
where a 1024x1024 image host can only accommodate a 1024-bit watermark. The suggested
method is robust under some conventional attacks but, it is not resistant to geometric attacks,
such as cropping and scaling.

3. PRELIMINARY

In this section, the DCT technique and the method of Coltuc are presented and used in the
proposed watermarking method. The energy compaction and redundancy removal properties
of DCT make this transformation popular in image processing, especially image watermarking.
However, DCT-based watermarking is prone to rounding errors. When this DCT is applied to
the Coltuc’s method, which exchanges two DCT coefficients to embed a watermark into the
host image, the watermarking method is challenging in developing watermarking techniques,
especially in medical images.

3.1 Discrete Cosine Transform

As one of the prominent transformation techniques, DCT works by changing the image
from the spatial to the frequency domain [13]. This technique has been used extensively in
image processing. Some of the outstanding properties of DCT in image processing applications
[24,25] include:
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. Decorrelation can eliminate redundancy between neighboring pixels.
2. DCT offers better energy compaction for correlated images.

3. Separability and symmetry: Transformation matrices can be computed offline, thus
providing computational efficiency.

4. Orthogonality: This property makes some reduction in pre-computing complexity.

Generally, the image is segmented into 8x8 pixel blocks. Then, each of those blocks is
subjected to a 2D-DCT. Mathematically, the 2D-DCT transformation and the 2D-DCT inverse
for a block size of 8x8 can be seen in Eq. (1) and (2), respectively, as follows:

F(u,v) = 3C)C) oo Bjo (1, 3) cos (ZE2E) cos ((2227) (1)
flx,y) = % CW)C() Y=o Xr -0 F(u,v) cos (@) cos (%) ()
with C(w) = ~ forw = 0,and C(w) = 1, for otherwise ; F(u,v) is the DCT coefficient;

V2
f (x,y) is the pixel value in the spatial domain.

There are two ways to apply DCT to images: block-wise and without block-wise. DCT
separates the image into three frequency sub-bands, i.e., low (LF), middle/ mid (MF), and high
(HF), in a block-wise approach. Figure 1 shows the position of the DCT coefficient with blocks
of size (8x8) pixels. The 88 pixel block transformation yields 64 DCT coefficients. The
position of the upper left corner of the DCT coefficient, F(0,0), is the DC component, and the
other 63 coefficients are the AC component. The DC component represents the average color
of the entire frequency-transformed region. Thus, embedding data in DC components can cause
visual artifacts that are visible to the normal human eye. Embedding data is done in the MF
coefficient region, because this region carries relatively less important image information than
the HF and LF regions, and is less significant in perception. Thus, data embedding in the MF
region does not significantly affect image quality or communication performance [14,26].

| DC coefficient |

Xa | Low frequency (LF) |

lMiddIe frequency (MF) |

[High frequency (HF) |

|:| Insertion location

N o B W N e O

Fig. 1: The 2D discrete cosine transform (DCT) coefficients with blocks of size (8x8) pixels.

3.2 Coltuc’s Method

Coltuc and Chassery [12,13] applied the DCT domain in the robust watermarking stage.
Firstly, the cover image X is segmented into 8x8 blocks. Next, DCT is applied to each block.
The two MF coefficients X, and X;, in each DCT block are chosen to insert one watermark bit
we {0,1}, as follows [27]:
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(R, Xp), if Ry — X, >0andw =1

A Xp,Xy), if Xg—%, <0andw =1

x(luxl,)) — (Ab Aa) f Aa Ab (3)
(Xg,Xp), if X —Xp, <0andw =0

with a and b being the two AC channel indexes. The index is the coordinates of the pixels.
Thus, the AC channel index represents the coordinates of the DCT coefficients located in the
AC component. For example, a=(2,3) and b=(3,2) are the selected AC channel indexes, so
the two MF coefficients X(; 3y and X3 » are used to insert a watermark bit, as shown in Fig. 1.

By replacing X, and X, for the appropriate coefficients, the DCT coefficients for Y are
obtained. The watermarked image Y is then created by applying the inverse DCT. For the
decoding process, Y is segmented into 8§x8 blocks. Next, each block is converted using the
DCT technique. The embedded watermark for a coefficient pair of ¥, and ¥, is recovered as:
if ¥, — ¥, > 0, then the bit watermark is 1, and 0 otherwise.

One bit of information is entered into each block depending on the difference between the
two coefficients of MF. The new coefficient value does not change if the difference is positive
and the bitis "1", or the difference is negative, and the bit is "0". However, for other conditions,
the positions of the two MF coefficients are swapped. The exchange of these coefficients does
not change the watermarked image significantly because the MF of DCT coefficients generally
have almost the same magnitude. However, this condition is prone to extraction errors due to
the rounding factor of DCT, as shown in Fig. 2(a). As a result, not all watermarks can be
extracted properly. One solution is to select two MF coefficients X, and X, to embed a robust
watermark. However, this method becomes impractical.

4. PROPOSED METHOD: WATERMARKING IMAGES VIA
MODIFYING DCT COEFFICIENT PAIR

In this section, the modification of the insertion formula in Coltuc’s method is described
in subsection 4.1. The watermarking embedding step is presented in subsection 4.2, and the
watermarking extraction step is presented in subsection 4.3. The watermarking framework for
medical images is generally shown in Fig. 3. First, a watermark in the form of an EPR is hidden
into a medical image, resulting in a Y watermarked image, and then sent through a
communication channel. During transmission, the watermarked image undergoes various
attacks, resulting in a medical image that is attacked as Y. The attacks can be in the form of
noise and intentional and unintentional modifications. In the extraction process, only Y (for
noise-free channel) or Y (for noise channel) is needed to restore the original watermark. Thus,
it can preserve medical images with copyright and maintain patient data security.

This paper enhances the robust watermarking method Coltuc et al. by modifying the DCT
coefficient pairs in the watermark embedding formula. The proposed formula ensures that the
difference between the two coefficients is at least as much as {. If the difference between the
two coefficients is less than {, then the new pixels are modified so that the difference is equal
to ¢. This new watermarking system on medical images based on modifying the DCT
coefficient pair is suggested to obtain acceptable imperceptibility of watermarked images,
impart data confidentiality of medical images, and preserve patient information privacy.
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Fig. 2: Illustration of watermark embedding formula (a) Coltuc’s method, (b) Proposed.
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Fig. 3: The framework of medical image watermarking.

4.1 Modification of the Watermark Embedding Formula in Coltuc’s Method

The value of the MF coefficient of the DCT generally has the same magnitude. After
rounding operations to produce watermarked images and entering the decoding process, not all
watermarks can be extracted correctly. We modified Eq. (3) so that the watermarked host image
has high imperceptibility, protects the copyright (watermark) embedded in medical images,
and maintains the privacy of patient information.

( (Q?alfb);
(z+57-
2

NN

(Xa %) = 4

(Aar Ab);
(F=52+5)
(757 +3)

if X —Xp>Candw =1
) if |X, —%pl <{andw =1
(x+§,>z—§) if R, — %y < —Candw = 1
if Xg—Xp <—C(andw =0
, if |Xg —Xp| < {andw =0

, if X —Xp, >Candw =0

4

The proposed formula ensures that the difference between the two MF coefficients, namely
X, and X, is at least as much as {. If the distance between the two MF coefficients is less than
¢, then the new pixel is modified so that the difference in distance is as significant as .
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Modification of the insertion formula of Coltuc’s method through the DCT coefficient pair can
be seen in Eq. (4) and then simplified to Eq. (5). Figure 2(b) presents the illustration of the
proposed formula

o0 of

Xa, Xb =
(X Xp), if(X, — X, <—Candw =0)or (X, —X, >Candw = 1)
{ (xa+xb+2(2w—1)(’xa+xb—2(2w—1)§) . otherwise

()
with X is the average of the two MF coefficients of the DCT, namely X, dan X},.
4.2 Embedding Stage

The input of the watermarking embedding stage is a medical image X as the host, and the
output is a watermarked host image Y. The sizes of X and Y are M x M, while the size of W is
N x N. Fig. 4(a) presents the watermarking embedding stage, and the detailed embedding steps
are described as follows.

1. Split X into 8%8 non-overlapping blocks.
2. For each block, apply DCT using Eq. (1) so that it produces X.

3. Ineach DCT block, the two MF coefficients X, and X}, are decisive in embedding one-
bit watermark we {0,1}. The robust watermark embedding formula is expressed in Eq.

(5.
4. The DCT coefficient of Y is done as follows:
. {J?l’, if ie{a, b}
Yi = %;, otherwise

(6)

5. Process the inverse DCT using Eq. (2), and a watermarked image is obtained.

Watermarked

Host Image Divide 88 Midtjli]e band Modified Image
X —> > DCT > coefficient DCT > IDCT —> vy
block pair Coefficient
Watermark
(a)
Watermarked Image Divide 88 Middle band Robust Watermark
ivide o N h
Y > block > DCT - Coepﬁzfrlem >| Extraction w
(b)

Fig. 4: The proposed watermarking method using DCT coefficient pair (a) embedding stage (b)
extraction stage.

4.3 Extraction Stage

The input of the watermarking extraction stage is the Y watermarked host image, and the
output is the extracted watermark W*. While, Y and W* sizes are M x M, and N x N,
respectively. Figure 4(b) presents the watermarking extraction stage, and the extraction steps
in detail are described as follows.

1. Split Y into 8x8 non-overlapping blocks.
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2. Apply DCT to each block using Eq. (1) so that it produces Y.

3. In each DCT block, the two MF coefficients y, and y, become determinants in
extracting the one-bit watermark we {0,1}. The robust watermark extraction formula is
stated as follows.

1, ify, —9,>0

W= {O, otherwise

(7

At the transmission is without noise, W* equals .

5. RESULTS AND DISCUSSION

This section evaluates the effectiveness of the suggested robust and imperceptible
watermarking technique. Subjective visual observation and objective quantitative analysis are
used to evaluate the proposed method. Numerous attacks with varying parameters were
performed to assess robustness further. Finally, the proposed method's imperceptibility and
robustness are compared to state-of-the-art works.

This experiment uses the grayscale format and image sizes 512x512 of the host medical
image. A total of five medical images from different modality types were used as test data,
including MRI, X-Ray, Computed Tomography (CT), ultrasound (US), and colonoscopy.
Medical images were retrieved from the MedPixTM medical image database [26] and CVC-
ClinicDB database [28]. The host medical image modality used in the experiment is shown in
Fig. 5(a-e). Meanwhile, the watermark is a random binary image whose size depends on the
block size discussed in the previous section. For an 8x8 block, the amount of watermarks
embedded into the original host medical image is (512%512)/(8x8)=4096 bits. In other words,
blocks measuring 8x8 yield a watermark of size 64x64.

The efficiency of the proposed method is thoroughly evaluated on two watermarking
criteria, including imperceptibility and robustness. The performance metric for imperceptibility
criteria uses peak signal noise ratio (PSNR) [9]. The watermarked host image must be invisible
to humans to guarantee information security. Therefore, imperceptibility/ invisibility criteria
are essential metrics in watermarking techniques. The PSNR measures how visually similar the
watermarked image and the original host are. Both images should look the same, so there is no
significant difference between the two. The similarity between the two images increases with
increasing PSNR values and vice versa. Generally, the watermarked image is acceptable if the
PSNR is more than 37 dB and the watermark is not discernible to the human visual system
[29]. Here, X is the original host image, Y is the watermarked host image, and MxM is the host
image size. Mathematically, PSNR (in dB) is formulated as follows [11,15].

2552x M x M
PSNR =10 x 1
09 ™ Zy[:l(xi,j_yi,j)z

(8)

The bit error rate (BER) and normalized correlation (NC) are the performance metric to
evaluate a watermarking technique's robustness criteria. Technically, BER measures the
erroneous bit rate after the watermark extraction process. If the BER value is close to 0, then a
few messages are lost, and vice versa. Ideally, the value of BER should be 0. If EB is the
amount of incorrectly decoded bits, and TB is the number of watermark bits, then BER can be
calculated [14], [27] as EB/TB.
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(b) (d (e ®

Fig. 5: Five modalities of original medical image and a watermark (a) X-ray , (b) CT, (c) US, (d)
MRI, (e) Colonoscopy, (f) watermark.

Principally, the NC measures the similarity between the original and extracted watermark
images. The NC can be described mathematically by Eq. (9). If the NC value is near 1, then
the watermarking method is very robust.

N N *
Lz X Wi j Wi

NC = 9
ZiN=1Zli\I—1Wi,2j ©)

where W and W™ are the original watermark and extracted watermark images, respectively.
NxN is the watermark image's size [14]. After applying the embedding and extraction
processes, the proposed scheme's imperceptibility and robustness tests are carried out for varied
medical images.

5.1 ¢ Parameter Evaluation

The proposed watermark embedding formula ensures that the difference between the two
MF coefficients, namely X, and X}, is at least . If the distance between the two MF coefficients
is less than ¢, then the new pixels are modified so that the distance difference is {. We changed
the value of the ¢ parameter in the watermark embedding formula to get the PSNR and expected
robustness level. Experiments were carried out on five types of medical images, i.e., X-ray,
CT, US, MRI, and Colonoscopy. Figure 6 presents the effect of the { parameter on PSNR and
BER. Figure 6(a) shows the relationship between ¢ and BER.

Higher { results in lower BER. The criterion BER is 0 when ¢ > 3. It means that the
extracted watermark can be recovered very well. BER of 0 means there are no bit errors in
watermark extraction. While Fig. 6(b) shows the relationship between BER and PSNR over (,
which corresponds to Fig. 6(a). The higher the ¢ value, the higher the resistance, but the lower
the PSNR. When the resistance condition is ideal, namely BER is 0, the PSNR value ranges
around 48 dB to 59 dB for the range of ¢ is 3 to 10. Thus, { determines the imperceptibility and
robustness of the watermark embedding into the host medical image.

5.2 Imperceptibility Analysis

For integrity and ensuring information security, watermarked host medical images must
be imperceptible/ invisible to humans. Figure 7 shows a watermarked host X-ray image when
not under attack and the extracted watermark. The experiment was carried out when { = 3. The
PSNR, BER, and NC results of each corresponding image are also shown in Fig. 7. The
watermarked image is acceptable because the PSNR is more than 37 dB, and the watermark is
not discernible to the human visual system [30].
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Fig. 6: Evaluation of { (a) The BER of extracted watermark
(b) The trade-off between PSNR and BER.
Host Medical X-ray CT us MRI Colonoscopy

Image

Watermarked
image

PSNR (dB) 56.0207 56.4398 54,7893 58.1919 59.1754
Extracted
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BER 0 0 0 0 0
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Fig. 7: Imperceptibility and robustness performance. Rows represent the extracted watermarked
image and watermark along with their corresponding PSNR, NC, and BER. Columns represent type
medical images, i.e., X-ray, CT, US, MRI, and Colonoscopy.

Based on Fig. 7, the imperceptibility criterion of the suggested method is that all PSNR of
each watermarked medical image is greater than 54 dB. The average PSNR generated for the
five watermarked medical image modalities is 56.3604 dB. Then, all extracted watermarks
yielded BER is 0 and NC is 1 when the watermarked host image was not subjected to attack. It
demonstrates that the method of watermarking is imperceptible. Furthermore, the suggested
approach satisfies both the subjective and objective standards for watermarking invisibility.
When the watermarked host image is not subjected to an assault, extracted watermarks have a
BER of 0 and an NC of 1. Therefore, the process of watermarking has a high level of
imperceptibility. Thus, the suggested method satisfies both the subjective and objective
requirements for watermarking invisibility.

5.3 Robustness Analysis
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Various watermarking attacks were applied to watermarked medical images to examine
the robustness criteria of the proposed method. Table 1 represents different attacks with
parameter specifications used in the experiment. These attacks include compression, filtering,
noise, histogram equalization, sharpening, and motion blur. In particular, compression attacks
include JPEG and JPEG2000. JPEG compression parameters with quality factor (QF) 80 and
JPEG2000 compression with compression ratio (CR) = 4 and 8. Filter attacks consist of
median, Gaussian, average, and lowpass filters. The parameters in the filtering attack use a
filter with a window size of 3x3. Noise attacks include Gaussian, salt & pepper, and speckle.
The parameters in the noise addition attack are set by the variance or noise density of 0.001.
Parameters of motion blur attack with linear motion of the camera with pixels Len = 7, with
angle degrees Theta = 4. At the same time, histogram equalization and sharpening use default
parameters.

Table 1: Various Attacks with Parameter Specifications in Experiments

Attack Parameter Specifications
JPEG compression (JC) QF =80, 90
JPEG2000 compression (J2k) CR=28,12
Median filter (MF) 3x3
Gaussian filter (GF) 3x3
Average filter (AF) 3x3
LPF 3x3
Gaussian noise (GN) Mean = 0, Variance = 0.001
Salt & peppers noise (SP) Noise density = 0.001
Speckle noise (SN) Mean = 0, Variance = 0.001
Histogram equalization (HE) -
Sharpening (SH) -
Motion blur (MB) Len=7, Theta=4

In the extraction stage, if the extracted watermark can recover from damaged watermarked
images, then the watermarking method is said to be robust and secure. Here, BER and NC
performance metrics examine the robustness of the proposed method under various
watermarking attacks. In addition, the result of the suggested scheme is compared with the
existing techniques [15,17] for the same medical image dataset. The BER of extracted
watermark on numerous watermarked medical images is shown in Fig. 8. Meanwhile, Figure
9 presents the results of the extracted watermark from the attacked watermarked X-ray along
with corresponding BER and NC.

Various attacks are rendered on watermarked medical images. These medical images
include X-ray, CT, US, MRI, and Colonoscopy. On the extraction side, the extracted watermark
image is expected to be recovered from the damaged watermarked medical image. Based on
Fig. 8, JPEG compresses images without significantly altering their appearance. Medical
images with watermarks are compressed with JPEG using varying quality factors. Then, the
proposed method is used to extract the watermarked image. The experiments indicated that the
proposed method performs well for all the medical images we tested on JPEG compression
with QF > 80 and JPEG2000 compression with CR < 12. The extracted watermark can still be
interpreted visually if BER < 0.3 [30]. On X-ray, CT, and Colonoscopy images, watermarks
can be extracted well even at JPEG compression with QF = 90 and JPEG2000 compression
with CR = 12. Remarkably, watermarks can be best extracted, with BER is 0 for all
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compression parameters given in watermarked Colonoscopy image. Based on Fig. 9,
watermarks can be extracted well with BER of 0 and NC of 1 for JPEG compression attacks
with QF = 90 and JPEG2000 with CR = 8, and 12 given to the attacked watermarked X-ray
images.

HX-ray ECT HUS EMRI M Colonoscopy

04
035
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12k 12k GN SN HE SH MB
(QF 80) (QF 90) (CR=8) (CR=12)
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Fig. 8: The BER of extracted watermarks when condition with attack.

Attack JPEG (QF = 80) JPEG (QF = 90) J2k (CR.=8) I2k (CR=12) (3 X3) GF [3 ><3) AF (3%3)
Extracted !
watermark ]
i
BER 0.0056 0.03 ?4 0.0405 0.0208
NC 0.9888 1 1 1 0.9221 09172 09563
Attack LPF 3x3 GN (0.001) SP (0 001) SN (0.001) MB
Extracted
watermark )
BER 0. 0190 0 0042 0. 0054 0.0068 0.0022
NC 09598 09950 09982 1 09863 1 0.9956

Fig. 9: The BERs and NCs of extracted watermarks from watermarked X-rays attacked.

Four filters, including the median, Gaussian, average, and low pass, and three different
noises, such as Gaussian, salt & pepper, and speckle, are applied to watermarked medical
images. Afterward, the watermark image is extracted using the proposed method. The
experiment results (Fig. 8 and Fig. 9) prove that the proposed method performs well for all
medical images provided a filtering attack. Remarkably, watermarks can be extracted very well
with BER 0 for watermarked Colonoscopy medical images subjected to average filter and LPF
attacks. The experiment results also prove that the proposed scheme performs well for all
medical images under the noise attack. Remarkably, watermarks can be successfully extracted
with a BER of 0 for all watermarked medical images subjected to speckle noise attacks.
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A series of other attacks, such as histogram equalization, sharpening, and motion blur are
also applied to watermarked medical images for endurance testing. Based on the experiment
results (Fig. 8 and Fig. 9), the proposed scheme performs well for all medical images given the
three attacks. Impressively, watermarks can be well extracted with a BER of 0 for all
watermarked medical images given a sharpening attack. Watermarks can also be extracted with
a BER of 0 for motion blur attacks rendered in watermarked MRI and Colonoscopy images.

5.4 Comparison of the Proposed Method with State-of-the-Art Work

In Fig. 10, the imperceptibility performance of the proposed method is compared with
Coltuc's method [13] and the recently developed watermarking method [14,15] for medical
image identity protection. The watermark payload under the same conditions, which is 1 bit for
every 64 pixels of the host medical image. The PSNR value of the proposed method is
compared with the related work. The methods are compared using { = 3 and without
watermarking attacks. The proposed scheme offers superior performance to the three existing
schemes [13-15]. In the proposed method, the average PSNR value of watermarked medical
images is 56.3604 dB. Meanwhile, the mean of PSNR for watermarked medical images from
the [13-15] scheme are 50.5647 dB, 48.3150 dB, and 53.6184 dB, respectively. It means that
the insertion of watermark bits does not influence the watermarked medical image of the
proposed method. The proposed method produces high imperceptibility over the the state-of-
the-art works [13-15].
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Fig. 10: Comparison under different medical images and methods.
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Specifically, Table 2 summarizes the robustness performance of the proposed method
compared to Coltuc’s method [13] to evaluate how much contribution the proposed
watermarking method makes. The host image used as test data is an X-ray. The suggested
method performs well compared to the previous method against all types of watermarking
attacks. In fact, the watermark can be extracted perfectly in a JPEG compression attack with
QF =90, JPEG2000 with CR = 8 and 12, speckle noise, and sharpening. The proposed method
is outstanding from Coltuc’s method [13], with the increase in BER and NC being 93% and
14%, respectively.

Table 2: Comparison of BERs and NCs of the Proposed Method to the Coltuc’s Method [13] in
Attacked Watermarked X-Ray

Attack BER NC
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[13] Proposed [13] Proposed
JPEG (QF=80) 0.2488 0.0056 0.8491 0.9888
JPEG (QF=90) 0.2493 0 0.8523 1
J2k (CR=8) 0.1177 0 0.9605 1
J2k (CR=12) 0.1626 0 0.9337 1
MF [3%3] 0.2842 0.0374 0.4059 0.9221
GF [3x3] 0.1492 0.0405 0.6942 0.9172
AF [3x3] 0.0615 0.0208 0.8693 0.9563
LPF [3x3] 0.0625 0.0190 0.8673 0.9598
GN (0.001) 0.2261 0.0042 0.8644 0.9950
SP (0.001) 0.0173 0.0054 0.9877 0.9982
SN (0.001) 0.2146 0 0.8652 1
HE 0.1060 0.0068 0.9237 0.9863
SH 0.0225 0 0.9843 1
MB 0.0603 0.0022 0.9706 0.9956

Table 3: NCs Comparison of the Proposed Method to the State-of-the-Art [14,15] in Attacked
Watermarked X-Ray

Attack Thanki [14] Novamizanti [15] Proposed
JPEG (QF=80) 0.9282 0.8769 0.9888
JPEG (QF=90) 0.9806 0.8973 1

GN (0.001) 0.6377 0.9970 0.9950

SP (0.001) 0.7532 0.9473 0.9982
HE 0.9708 0.8909 0.9863
SH 0.9674 0.9890 1

The proposed method is also compared with the recently developed watermarking methods
[14,15] to maintain the privacy and protection of the EPR as a watermark. Host X-ray images
were used as test data for all compared methods. Watermarking in both techniques [14,15] was
performed in the FDCuT and DCT domains. The extraction process of both methods is semi-
blind. The difference is the insertion of the watermarking technique [14] using the correlation
sequence method. While in [15], the watermarking embedding technique uses the SVD method.
Compared with the state-of-the-art works [14,15], the proposed method is superior in terms of
resistance to JPEG compression attacks, sharpening, histogram equalization, and sharpening.
In addition, on a JPEG compression attack with QF = 90 and sharpening, the watermark can
be extracted perfectly. The proposed method modifies the DCT coefficient pairs to embed a
robust watermark. Thus, the average result demonstrates that the suggested method
outperforms the present scheme regarding imperceptibility, robustness, and security. The
proposed approach can be part of a robust reversible watermarking scheme [31] due to the blind
extraction stage of the proposed watermarking method.

3. CONCLUSION

This paper proposes a modification of the DCT coefficient pair in the watermark
embedding process. The proposed formula ensures that the difference between the two
coefficients is at least as {. If the difference between the two coefficients is less than {, then
the new pixels are modified so that the difference is equal to . This simple watermarking

103



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Novamizanti et al.
https://doi.org/10.31436/iiume;j.v24i1.2597

technique based on modifying DCT coefficient pairs is offered to achieve high imperceptibility,
provide intellectual property protection for medical images, and ensure patient data security.
The suggested method was evaluated on different types of medical images, including X-ray,
CT, US, MRI, and Colonoscopy, and compared to numerous robust watermarking techniques
of the current work. The experimental results indicate that the suggested method outperforms
various contemporary watermarking techniques regarding imperceptibility, robustness, and
security. The PSNR value for all categories of watermarked medical images exceeds 54 dB,
and the average PSNR value is approximately 56 dB. In terms of resistance to JPEG
compression attacks, histogram equalization, and sharpening, the suggested method is superior
to numerous state-of-the-art robust watermarking methods. Future research could apply the
presented technology to a robust reversible watermarking strategy and medical image
protection for telemedicine applications.
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ABSTRACT: Communication systems have been used tremendously in recent years which
results in the need for high data transmission rates. Orthogonal Frequency Division
Multiplexing (OFDM) provides robust performance in frequency selective fading due to high
bandwidth efficiency and inter-symbol interference. Various optimization techniques were
applied in existing research to increase the efficiency of OFDM in a communication system.
The existing research has a limitation of considering a single objective to improve the
efficiency of OFDM and also has a local optima trap. This research proposes a Multi-
Objective Mayfly algorithm (MOMF) to consider multi-objective and provides a proper trade-
off between exploration and exploitation. The Partial Transmit Sequence (PTS) is applied in
the model to test the performance. The FFT sizes and modulation orders are varied to evaluate
the performance of the MOMF technique in phase optimization. The MOMF technique
effectively increases the performance of the model than other existing optimization
techniques. The MOMEF technique provides a non-dominated solution to escape from local
optima trap. The MOMF model considers PAPR, BER, and SER in MIMO-OFDM system to
increase the efficiency of the system. The exploration-exploitation trade-off helps to improve
the convergence and overcome local optima trap. The MOMF in OFDM phase optimization
was evaluated using BER, SER, and Peak-to-Average Power Ratio (PAPR) metrics. The
MOMF method has PAPR of 3.95 dB and PSO-GWO method has 4.92 dB of PAPR.

ABSTRAK: Sistem komunikasi telah digunakan secara meluas sejak beberapa tahun ini dan
dapatan kajian menunjukkan keperluan pada kadar transmisi data yang tinggi. Pemultipleksan
Bahagian Frekuensi Ortogon (OFDM) menyediakan prestasi berkesan dalam pemilihan
pemudaran frekuensi berdasarkan keberkesanan lebar jalur tinggi dan gangguan antara-
simbol. Pelbagai teknik optimum digunakan pada kajian sebelum ini bagi meningkatkan
keberkesanan OFDM dalam sistem komunikasi. Kajian tersebut mempunyai kekurangan
dalam memilih satu objektif bagi membaiki keberkesanan OFDM dan juga mempunyai
perangkap optima setempat. Kajian ini mencadangkan algoritma Mayfly Objektif-Pelbagai
(MOMF) bagi memilih objektif-pelbagai dan menyediakan keseimbangan yang wajar antara
eksplorasi dan eksploitasi. Urutan Pancar Separa (PTS) telah digunakan dalam model ini bagi
menguji prestasi. Saiz FFT dan turutan modulasi dipelbagaikan bagi menguji keberkesanan
teknik MOMF pada fasa pengoptimuman. Teknik MOMF dengan berkesan menaikkan
prestasi model ini berbanding teknik-teknik sedia ada yang lain. Teknik MOMF menyediakan
solusi kepada teknik bukan-dominasi bagi mengelak perangkap optima setempat. Model
MOMF ini mengambil kira PAPR, BER, dan SER dalam sistem MIMO-OFDM bagi
meningkatkan kecekapan sistem. Keseimbangan yang wajar antara eksplorasi-eksploitasi
membantu dalam membaiki penumpuan dan mengatasi perangkap optima setempat. MOMF
dalam fasa optimanisasi OFDM telah dinilai menggunakan BER, SER, dan matrik Nisbah
Kuasa Puncak-kepada-Purata (PAPR). Kaedah MOMF mempunyai nilai PAPR sebanyak
3.95 dB dan kaedah PSO-GWO mempunyai PAPR 4.92 dB.
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1. INTRODUCTION

Smart grid systems, Digital Audio Broadcasting (DAB), LTE, 3GPP, Wi-MAX, Wireless
LAN, and Terrestrial Digital Video Broadcasting (DVB-T) of various wireless broadband
communication systems are applied with the OFDM technique to improve their efficiency.
OFDM systems have superior qualities and have a limitation of high PAPR for RF signals.
OFDM has amplitude variation in the time domain due to its multicarrier nature and also has a
large dynamic range or PAPR [1]. The OFDM signal is clipped when applied to a non-linear
High-Power Amplifier (HPA) if high PAPR degrades the in-band distortion and out-of-band
radiation. A wide dynamic range of expensive linear HPA 1is required in OFDM transmitters
for efficient performance [2]. The many PAPR reduction methods of OFDM systems include
Selective Mapping (SLM), PTS, tone reservation and tone injection, non-linear companding,
coding, and clipping [3]. The PTS and SLM are popular distortionless techniques that received
substantial attention due to decrease in PAPR without BER degradation. High computation
complexity and Side Information (SI) are major limitations in these techniques. The
complexities of the PTS and SLM PAPR reduction methods are compared, in which the
comparison shows that the PTS method has lower complexity and the SLM method has high
PAPR reduction [4,5].

Less search complexity of several optimization methods has been recently developed to
optimize the PTS method for CM reduction and PAPR reduction in OFDM systems. Some of
the optimization methods are Grey Wolf Optimization (GWO), Tabu Search (TS), Harmony
Search (HS), Adaptive Particle Swarm Optimization (APSO), and Hybrid Genetic Algorithm
(HGA) [6,7]. OFDM of Multiple-Input Multiple-Output (MIMO) has received wide attention
due to its advantages such as channel fading robustness, fading environment diversity, spectral
efficiency and high data rate. However, the OFDM-MIMO also suffers from disadvantages
such as high envelope fluctuations in a transmitted signal called PAPR that decreases the HPA
efficiency, increases complexity of non-linear elements and Bit Error Rate (BER) degradation
occurs from out-of-band radiation [8-10]. The contribution of this research is discussed below.

o The MOMF method is proposed to consider PAPR, BER, and SER in the MIMO-
OFDM system to increase the efficiency of the model. The MOMF method provides a
proper exploration-exploitation trade-off that improves the efficiency of the
optimization.

o The exploration-exploitation trade-off process improves the convergence rate of the
method and escapes from local optima trap. The MOMF method has higher efficiency
compared to existing methods in optimization of MIMO-OFDM systems.

2. LITERATURE REVIEW

OFDM is a reliable and robust multicarrier modulation method that is sufficient for
broadband communication. Various methods applied in OFDM for phase optimization are
discussed in this section.

Lavanya et al. [11] applied Improved Monarch Butterfly Optimization (IMBO) method
for PAPR reduction in the OFDM framework. The IMBO method was efficient for optimal
character fusion of phase rotation factor for minimizing computation. The IMBO method
provides efficient search optimization, and using optimum phase factor and phase weighting
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method with less complexity. The IMBO method significantly reduces the PAPR and
computational complexity. Sorting was carried out twice with the Monarch Butterfly
Optimization method during every generation. The IMBO method applies Random Local
Perturbation (RLP) and Opposition-Based Learning (OBL) to solve the sorting problem.

Ali and Hamza [12] applied Teaching Learning Based Optimization (TLBO) for PAPR
reduction in OFDM optimization. The TLBO method has the advantage of less computational
effort and no algorithm-specific parameter requirement. The TLBO consists of two-phases,
teacher and learner phases, for learning the input data. The interaction between teacher and
student is the teaching phase, and the interaction between the learners is the learning phase.
The TLBO based method was applied to obtain the phase factor of optimum rotation in the
SLM method for PAPR reduction. The TLBO-SLM method achieved considerably better
performance in PAPR reduction.

Sharif and Emami [13] proposed the Improved Flower Pollination (IFP) algorithm to
reduce the search complexity of Partial Transmit Sequence (PTS). The ACO-OFDM method
was applied with PTS technique to reduce high PAPR in the system. The IFP method was
derived from flower pollination behaviors and an asymmetrical clipped optical OFDM system
was applied in IFP. The IFP method increased the optimization capability of standard flower
pollination using a local pollination operator to increase exploitation ability and the global
pollination phase was applied to increase exploration. The IFP method balanced the
exploitation and exploration capacity of the optimization method. The IFP method had less
computational complexity than the existing method in OFDM optimization.

Emami and Sharif [14] applied a Tree Growth Optimization (TGO) method to reduce the
computational complexity for the selection of optimal phase factors in PTS. The TGO method
was efficient in reducing the high PAPR of optical OFDM signals. The TGO consists of three
operators: seed scattering, root spreading, and competition. The solution population was
updated by these operators to find near-optimal solutions for optimization problems. The TGO-
PTS method dramatically decreased the PAPR of the OFDM signal and had higher
performance than existing methods in terms of convergence rate and solution quality.

Emami and Sharif [15] applied a Chaotic Differential Search Algorithm (CDSA) with an
efficient and fast convergence optimizer for OFDM optimization. The CDSA method was an
optimization technique to solve non-linear, largescale, and complex problems. The CSA
method was compared with several optimization methods in terms of mitigation performance
and search complexities. The CDSA and PTS were combined to solve the search complexity
problem in the conventional method and to control a few parameters for exploring phase factors
for the optimal set. The CDSA method had considerable performance in phase optimization
than existing methods.

An improved Adaptive Simplified Optimized Iterative Clipping and Filtering (ASOICF)
technique has been shown by Padarti and Nandhanavanam [16] to lower PAPR in OFDM
systems. Due to its ease of application in the PAPR minimization in OFDM, ICF, between
these PAPR reduction techniques, drew a lot of interest. The approach uses Lagrange Multiplier
Optimization (LMO), which has the benefit of reducing the number of iterations in a specific
way. It was discovered that the PAPR in OFDM signals was greatly reduced by the adaptive
technique. The results clearly showed that the suggested approach performed better in terms of
computational complexity. The peak of the clipped OFDM affected the noise overhead,
therefore, it decreased the BER.
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A Regularization Optimization Based Flexible Hybrid Companding and Clipping
technique (ROFHCC) employed for PAPR reduction in OFDM systems was developed by
Xing et al. [17]. The companding function comprised two components to lessen the complexity
of the design. In order to achieve both peak power reduction and small power compensation, it
limited the signal samples whose amplitudes exceeded a certain value to a constant value.
Signals were extended using a linear companding function for samples below a specified
amplitude. In order to jointly optimize the companding distortion and the continuity of the
companding function, a regularization optimization model was developed. Nonetheless, the
proposed method could not confirm the average power as constant.

3. RESEARCH METHOD

The input signal is applied to LDPC encoding to encode the signal and apply for its
modulation. The pilot insertion of the signal is transformed with IFFT and the pilot insertion
information is provided as input to the proposed MOMF optimization to find optimal parameter
settings. The optimal parameter settings of the MOMF optimization method are applied in the
STBC encoder as well as in the AWGN noise channel. The STBC decoding is carried out and
cyclic prefix removal is applied. The FFT is applied in the signal and pilot removal is carried
out to process the output signal. The block diagram of the MOMF method in phase optimization
of OFDM is shown in Fig. 1 and Fig. 2.

Input LDPC encoding Modulation S/P Pilot Insertion

Multi-objective -
: Mayfly
SR A STBC encoder optimization IFFT
Noise
(Phase
Optimization)
STBC Decoder SiP it FFT [—+  Pilot Removal P/S
remaoval
/P LDPC decoding Demodulation

Fig. 1: The MOMF optimization in pilot insertion.

Input LDPC encoding Modulation S/P

Multi-objective
P/S |«—= Mayfly optimization
(Phase optimization)

-

F 3
—
=
-
-

Signal

Fig. 2: The MOMF optimization in phase factor of OFDM.
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3.1 PAPR in MIMO-OFDM

The subcarriers arrangement of relating subcarriers are adjusted to each signal surrounding
the subcarriers M of OFDM data [13], [18], [19]. The MIMO-OFD structure of Orthogonal M
subcarriers is over the period of 0< p <G where the primary data signal period is denoted as
G and the near sub-carriers repeat partitioning is denoted as 70 =1/ G . The OFDM movement
of complex baseband in M subcarriers is given in Eq. (1).

M-

The discrete time adaptation is mentioned as G, =G/ M and substitutes p =mG, which
is expressed in Eq. (2),

J2zxmn

e | m=0,1,...,MD-1 )

s(m

) _ 1 ZM—1 y
\/A7 n=0 "
Wherein, the oversampling element is denoted as D .

Spikes are not found in the inspection of the signal; therefore, it provides optimistic results
for PAPR. Fourier change in the OFDM transmits the ordinary power and quick power of
PAPR which is given as (p), as in Eq. (3).

max,.,..|a(p)
E[a(pY]]

Wherein, the desire expectation is E[.].

PAPR =

3)

The consistent time of PAPR is not unquestionably registered in the Nyquist inspecting
rate which completely depends on OFDM signal. The OFDM signals of PAPR in the
Complementary Cumulative Distribution Function (CCDF) are used to improve PAPR
reduction accurately. The CCDF probability outperforms the edge of PAPR and is represented
in Eq. (4).

CCDF (PAPR(a(t)))= p, (PAPR(a(t))) > PAPR, 4)

3.2 Partial Transmit Sequences (PTS)

The PAPR diminish technique based on fractional transmit arrangement is PTS. This is
based on the original OFDM sequence which is divided into sub-grouping experts and each
sub-progression weight is varied until the expert is in optimal value [13,20-22].

Random space of data information is separated into W sub-pieces of non-covering and has
comparable size S of each sub-square. The S/W non-zero segments are present in each sub
piece and the real part is zero. The sub-squares are given in Eq. (5).

A=3" ca, 5)
Here, ¢, = e (8W € [O, 27[]){W =12,..., w} .

Stage pivot of weighting part is denoted as ¢, and time range of the signal is applied using

IFFT operationon a,, .
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A proper part mix ¢ = [cl, Cy... Cw] is applied to measure the optimal value for PAPR

a J ©)

w
1<m< M‘ZW—ICW’ "

reduction, as in Eq. (6).

min max
c=arg

(CI,CZ,...,CW)

Wherein, best estimation is found using the condition of arg min(*) and by remembering

the ultimate objective of ¢ for PAPR execution redesign. Most of the complication arises on
the downside and IFFT operations are performed for an extra # —1 times.

3.3 Multi-objective Mayfly Algorithm

In Mayfly, the nuptial dance and random flight operations help an algorithm escape local
optimums and improve the harmony between its exploitation and exploration features. In this
way, Mayfly efficiently identifies the space of each and every sequence of a given phase factor
set. While considering the PSO in high-dimensional space, it falls into local optimum and
attains a lower convergence rate in the iterative process. Therefore, the proposed MOMF
optimization method is applied in the phase factor of OFDM to improve the efficiency of the
model, BER, and PAPR. Mayfly group behavior is mimicked to develop the Mayfly algorithm
with mating behavior [23-30]. Female and male mayflies are randomly divided from the
population at the initial stage of algorithm. All mayflies are randomly scattered in d-

dimensional space and &=(&, &,, -, &,) expression is considered for the selection of
candidate solutions. The position change @ = (wl, @,, ", zvd) is represented by the velocity
vector.

1) Male mayflies’ movement: "

male Mayfly with the position of &' at time ¢ and
velocity is denoted as & to change i individual position. Male mayflies &(7 +1) of

position ¢ +1 is expressed in Eq. (7).
5]_""1 = 5[1 + wit;r;ale (7)

The velocity for j” dimension of i mayfly is denoted in Eq. (8).

T e = )+ 0, xp (=] )  pbest, — &)+ ®)
a, exp(—fp; ) x(gbets, - &)
The position and velocity of ;" dimension of i" mayfly are denoted as & and @,

respectively. The positive attraction constants are denoted as g, (i = 1,2) that respond based
on social components and cognitive rules. The global optimal and local optimal positions are
gbest, and pbest,, respectively. A fixed visibility coefficient is denoted as /, that controls
individual visibility to other individuals. Cartesian distance is denoted as p, and p, from i"
mayfly, respectively for local and global optimal solutions. The global optimal value gbest,

and local optimal value pbest; are calculated using Eq. (9 & 10).

&t i (&) <{8 . (pbest)}

pbest, =
kept the same otherwise

)

111



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Azeez and Tarannum
https://doi.org/10.31436/iiumej.v24i1.2625

gbest € {pbestl, pbest,,..., pbest, |4, . (cbest)} =
dominate{{(/ﬁlwc (pbest, )} , {¢1,...,c (pbest, )} yeues {¢1,.‘.,c (pbest,, )}}

Wherein, objective functions are represented as ¢ . :R" — R. To ensure effective

(10)

operation of the algorithm, the population of optimal mayflies constantly perform the up and
down nuptial dance. The optimal mayflies’ velocities are changed in the following Eq. (11).

+dxp (11)

t+l1
ij ,male

ij ,male

()

t
ij,male >

Wherein, the position for j” dimension of i male mayfly is denoted as @ arandom

number of p is in the range of [-1, 1], and the nuptial dance coefficient is denoted asd .

2) Movement of female mayflies: For breeding, female individuals move toward males
and male mayflies gather in swarms. The corresponding velocity and current position

t+1
i, female

at time ¢ of i female mayfly are denoted as @ and y;, respectively. The female

mayflies of (t +1)th positions are given in Eq. (12).

t+1

v =yl ol (12)

i, female

A deterministic scheme is used to define the attraction process in the Mayfly Algorithm
optimization process. The fitness function is used by an optimal female and sub-optimal
females to provide a tendency toward male individuals and sub-optimal male individuals. The

i dimension of i female mayfly velocity is used for a minimization problem, as in Eq. (13).

t+1

i, female —
{w;,fm,e vayexp(—pe2 )< (& —wl), ifd(w,)> (&) (13)
w;j,female-i-ﬂxp s #¢(W;)S¢(§z)

Wherein, the position and velocity for j* dimension of i female mayfly are denoted as

t
ZD-ij , female

and . respectively. The Cartesian distance of i" male mayfly to i female mayfly
is denoted as p,, . The random walk coefficient is denoted as /1.
3) Mating of mayflies: Female and male populations are selected as two parents. As per

the mating principle, the best male mates with the best female, that creates two offspring
as shown in Eq. (14) and Eq. (15).

offspringl = pxmale+(1— p)x female (14)
offspring2 = px female +(1— u)x male (15)

Wherein, the random value of male and female individuals in the previous generation is
represented as u € (0, 1). Initial individual velocities in the current generation are 0.

4) Multi-objective Mayfly Algorithm: The MOMF is a multi-objective variant of the
Mayfly Algorithm based on roulette wheel selection, the strategy of non-dominated
sorting, and the archive mechanism. Non-dominated Pareto optimal solution is applied
to generate the present iteration and to archive the upper limit. Once a non-dominated
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solution is achieved, it is compared with the present solution. The least values are

eliminated and a better solution is archived. Most populated neighborhoods are
eliminated using Pro,=N,/ y, y >1 and when the archive is full, i” individual
number of members is denoted as N, and y is a constant. The roulette wheel method

is used to develop solutions that are added to MOMEF. The probability of the roulette
wheel is set in Eq. (16).

Pro.=y/N, (16)

A solution is selected from a set of non-dominated solutions using a multiple-criteria
selection method. Fitness function values are normalized for male and female mayflies in Eq.

(17).

) ; min
Fitness, — .

; <j<N
Fitness; = =) - (17)
max A min
(Fitness’)—
I<j<N I<j<N

The i" fitness function of normalized value is denoted as F itnesslj measured from ;"
female or male mayfly and population size is denoted as N .

The ;" female or male mayfly is computed using multiple-criteria (Mc), as in Eq. (18).
Mc, =" Fitness) (18)

The Mc values are used to sort male and female mayflies in MOMF; the lowest Mc values
of mayfly’s optimal male and female are obtained from individuals and non-dominated
solution.

4. RESULTS AND DISCUSSION

This research applies the MOMF algorithm in phase optimization of OFDM to improve
its efficiency. The OFDM parameters are given in Table 1 and parameter settings of MOMF
are given in Table 2. Various FFT sizes of 64, 128, 256, 512, and 1024 were used to evaluate
MOMF algorithm in OFDM phase optimization.

Table 1: OFDM parameters

FFT size 64, 128, 256, 512, 1024
User carriers 52,104, 156, 208, 260
Pilot carriers 12, 24, 48, 60, 72
Antenna 2X2,2X4,4X2,4X4
Cyclic prefix or guard time 0to 2e-6s
Modulation 8 QAM, 16 QAM, 32 QAM, 64 QAM, 256 QAM
Oversampling factor le6 HZ
Channel type Rayleigh Channel
Noise AWGN
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Table 2: MOMF Algorithm

Number of iteration 100
Population Size (males and females) 25 & 25
nPareto (Repository Size) 30
LowerBound -3
UpperBound 6
g (Inertia Weight)
gdamp (Inertia Weight Damping Ratio) 1
al ( Personal Learning Coefficient) 1.5
a2 & a3 ( Global Learning Coefficient) 1.5&1.5
beta (Distance sight Coefficient) 0.99
dance (Mutation Coefficient) 0.77
dance damp ( Mutation Coefficient Damping Ratio) 0.77
fl (Random flight) 0.77
fl_damp (Random flight Damping Ratio) 0.99
% Mating Parameters -
nCrossover (Number of Parnets (Offsprings)) 4
nMutation (Number of Mutants) round (0.4*nPop)
mu (Mutation Rate) 0.001

The MOMF optimization method is applied in the phase factor of OFDM to improve the
efficiency of the model and BER is shown in Fig. 3. The DCT and FFT techniques have higher
efficiency in MOMF methods. The DWT has lower efficiency in the phase optimization of
OFDM.

10°
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Fig. 3: The BER of MOMF optimization with various techniques.

Figures 4, 5 and 6 show BER, SER and PAPR of MOMF in FFT 128 M8 modulation of
OFDM phase optimization. The MOMEF has a higher convergence rate and overcomes local
optima trap. The existing GWO method has a trap in local optima and PSO has lower
convergence in optimization. The MOMF method reduces the PAPR compared to existing
methods in OFDM phase optimization.
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Table 3 shows the difference in PAPR reduction achieved by various methods including
PTS, PSO, GWO, PSO-GWO and Proposed MOMEF. Table 3 clearly shows that the PAPR
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reduction of proposed MOMF achieved a value of 3.9537 dB which is much better when
compared to specified methods.

Table 3: Results of PAPR on FFT 64 M 16 modulation

Methods PAPR (dB)
MIMO-OFDM 7.8345
PTS 5.0140
PSO 5.0168
GWO 5.1163
PSO-GWO 4.9222
Proposed MOMF 3.9537

The MOMF optimization method is measured with BER and PAPR in FFT 128 M256
modulation, as in Fig. 7 and Fig. 8. The MOMF method provides higher efficiency in FFT 128
compared to existing methods. The MOMF method has the advantages of high convergence
and overcoming local optima trap.
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Fig. 7. MOMF BER of FFT 128 M256 modulation.

== 0OFDM
Conventional-PTS
é i \ | |=——PsoO
(3] w—GWO
i i PSOGWO
ll Proposed
102
2 4 6 8 10 12

PAPR(dB)

Fig. 8: MOMF PAPR of FFT 128 M256 modulation.
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The MOMF BER and PAPR in FFT 512 in OFDM phase optimization are given in Fig. 9
and Fig. 10. The MOMF method has the advantages of higher convergence and overcoming
local optima trap. The GWO method is easily trapped into local optima and PSO method has
lower convergence.

The MOMF method in OFDM phase optimization for M8 and M64 modulation are shown
in Fig. 11 and Fig. 12. The MOMF method provides a higher efficiency in both modulations
than existing methods.

The MOMF BER and PAPR of FFT 1024 in OFDM phase optimization are shown in Fig.
13 and Fig. 14. The MOMF method considers various parameters in OFDM to reduce BER,
SER and PAPR. The existing methods consider a single objective and have a limitation of local
optima trap.

The MOMF BER of FFT 1024 M128 modulation in OFDM phase optimization is given
in Fig. 15. The MOMF method has lower BER due to the consideration of multi-objective
optimization and has higher convergence.
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In order to properly balance exploration and exploitation, this research suggests using the
Multi-Objective Mayfly algorithm (MOMEF), which takes many objectives into account. The
model applies the Partial Transmit Sequence (PTS) to test performance. To assess the
effectiveness of the MOMF technique in phase optimization, several FFT widths and
modulation orders are used. When compared to other optimization strategies, the proposed
MOMEF technique significantly improves model performance. From the result analysis, it
clearly shows that various FFT sizes of 64, 128,256, 512, and 1024 are used to evaluate MOMF
algorithm in terms of BER and PAPR. The proposed strategy is a better way to achieve a better
trade-off between PAPR reduction and computing complexity, according to simulation results.

5. CONCLUSION

The existing methods in OFDM apply optimization methods to improve the efficiency of
the OFDM. The existing methods have limitations of considering a single objective in
optimization and also have a local optima trap. This research proposes the MOMF algorithm
to increase the efficiency of OFDM phase optimization by considering multiple objectives. The
MOMF method balances the exploration and exploitation in the search process of optimization.
The MOMF method considers three objectives for OFDM phase optimization: BER, SER, and
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PAPR. The MOMF method is evaluated in various FFT and modulations in the OFDM. The
MOMF method provides higher performance in the OFDM phase optimization than existing
methods. The GWO method has the limitation of a local optima trap and the PSO method has
lower convergence. The MOMF method balances the trade-off between exploration and
exploitation that increases the convergence and overcomes the local optima trap. The future
work of this research involves applying the enhanced Artificial Bee Colony method to improve
the efficiency of the MIMO-OFDM system.
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ABSTRACT: With the accelerated development of wireless technology, miniaturized
antennae have become outstandingly favored due to the growing demand of Internet of
Things (IoT) devices that are essential to accommodate low power, high data rates, and
long-range communication. When an antenna operates at lower frequencies, the size of
the antenna becomes bulky, which has raised an issue in the integration of the antennae
within [oT devices due to their size constraints. Hence, in this paper, a miniaturized ring-
monopole antenna incorporated with Rectangular Complementary Split Ring Resonator
(RCSRR) and slotted ground plane, was designed at 2.4 GHz and 5.8 GHz frequency
bands. The antenna was miniaturized by 46.8 % with overall size of 30 mm x 24.8 mm x
1.6 mm, and it was printed on FR-4 substrate with dielectric constant of 4.3. Design
optimization was carried out by modifying the antenna structure, optimizing the
dimensions, and using a low loss Rogers RT5880 substrate with a dielectric constant of
2.2, and thickness of 1.575 mm. The width of the antenna was also reduced to 20 mm
which furthered the size reduction to 57.8 %. From the simulation results, the antenna
was operated at 2.448 GHz, 2.864 GHz, and 5.8 GHz frequency bands with good return
loss at -13.872 dB, -33.491 dB, and -19.3 dB respectively. The antenna fabrication and
measurement were also implemented to the best simulated design using different
substrates to validate its performance by comparing the simulated results with the
measured results.

ABSTRAK: Dengan perkembangan pesat teknologi tanpa wayar, antena miniatur telah
menjadi sangat digemari kerana permintaan yang semakin meningkat bagi peranti
Internet Benda (IoT), iaitu mempunyai kuasa rendah, kadar data yang tinggi dan
berkomunikasi jarak jauh. Apabila antena beroperasi pada frekuensi rendah, saiz antena
menjadi besar, ini menimbulkan isu kekangan saiz pada antena ketika berada dalam
peranti IoT. Oleh itu, kajian ini adalah berkenaan antena ekakutub-gelang kecil yang
digabungkan dengan Resonator Gelang Pemisah Pelengkap Segiempat Tepat (RCSRR)
dan satah tanah berslot, telah direka bentuk pada jalur frekuensi 2.4 GHz dan 5.8 GHz.
Antena telah dikecilkan sebanyak 46.8 % dengan saiz keseluruhan 30 mm x 24.8 mm x
1.6 mm, dan ia dicetak pada substrat FR-4 dengan pemalar dielektrik 4.3. Reka bentuk
optimum telah dilakukan dengan mengubah suai struktur antena, berdimensi optimum,
menggunakan substrat Rogers RT5880 rendah kuasa dengan pemalar dielektrik 2.2, dan
berketebalan 1.575 mm. Lebar antena juga dikurangkan sebanyak 20 mm, ini bermakna
pengurangan saiz berjaya ditingkatkan kepada 57.8%. Dapatan simulasi menunjukkan
antena telah beroperasi pada jalur frekuensi 2.448 GHz, 2.864 GHz dan 5.8 GHz dengan
pengurangan kehilangan pulangan kuasa yang baik iaitu pada -13.872 dB, -33.491 dB
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dan -19.3 dB masing-masing. Fabrikasi dan pengukuran antena juga telah dilaksanakan
pada reka bentuk simulasi terbaik menggunakan substrat yang berbeza bagi
mengesahkan kemampuannya dengan membandingkan dapatan simulasi dengan hasil
yang diukur.

KEYWORDS: miniaturized antenna; loT application; metamaterial; complementary
split ring resonator (CSSR).

1. INTRODUCTION

Internet of Things (IoT) has been widely used in wireless applications such as
wireless sensor networks, smart homes, and wearable technology [1]. This wireless
technology requires persistent connectivity with the devices within its network to stay
connected and to preserve its communication. To fulfil this need, Wi-Fi is attested to be
the key requirement for IoT systems by providing numerous antennas for network
connection. In 2019, the Wi-Fi Alliance launched the Wi-Fi CERTIFIED 6 based on IEEE
802.11ax standard to accommodate with [oT demand for low power, high data rates, and
long-range communication [2]. However, Wi-Fi CERTIFIED 6 requires antennas that can
operate at dual frequency bands of 2.4 GHz and 5 GHz which has created an issue in
antenna integration within the devices due to its large size. Hence, various research has
been conducted by scholars to develop diverse antenna miniaturization techniques to
design compact antennae of distinct types such as patches, dipoles, loops, and slots that
can satisfy the size constraints without degrading the performance of the antenna [3]. The
many miniaturization techniques include adding slots [4], truncated and defected ground
plane [5-8], meandered line [9], fractals [10] and metamaterial [11].

Metamaterial structure is a type of unnatural compound structure with physical
characteristics that are distinct and novel from genuine elements and thus frequently used
in designing a miniaturized antenna [12]. SNG metamaterial is a single negative material
where either the value of permittivity, € or permeability, p is negative. Split Ring
Resonator (SRR) is Mu-negative (MNG) metamaterial structure that consists of two
metallic rings that can be designed in various shapes, such as square and circular, that are
separated by a gap on opposite sides [12]. SRR unit cell is also equivalent to a circuit
composed of inductor and capacitor which are represented by the rings and the gap
between rings respectively [13].

Moreover, metamaterial structures can enhance the operation of the antenna on some
parameters. In [14], DNG structure was constructed by making a 4 x 3 layer of
metamaterial unit cells where it had 15 mm backlash space between the unit cells sheet
and the substrate. This design of unit cells metamaterial improved the gain of the antenna
from 1.48 dBi to 1.8 dBi and has good impedance matching with return loss of -52 dB. In
[15], Complementary Split Ring Resonator (CSRR) form of metamaterial or the reciprocal
split ring resonator, was designed at the front side of the patch antenna while at the back
side, modified split ring resonator structure was designed. This enhanced the gain to 3.23
dBi, improved the bandwidth to 574 MHz, and reduced its size. Moreover, a square split
ring resonator consisting of four metallic rings in [16], was able to exhibit resonant
frequencies of different bands, making it especially useful in various applications. In this
project, a miniaturized antenna incorporated with Rectangular Complementary Split Ring
Resonator (RCSRR) and slotted ground plane, is designed, which accommodate a compact

size of 0.2A, in term of its electrical length, and multi-band operation at 2.4 GHz and 5.8
GHz.
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2. SLOTTED METAMATERIAL ANTENNA DESIGN
2.1 Preliminary Designs

Designing a miniaturized multi-band antenna requires the selection of a suitable
miniaturization technique able to accommodate the required antenna characteristics while
maintaining a good performance. Hence, metamaterial structure and slotted techniques are
incorporated in the antenna design based on work by [17], where three design
development steps were used to analyze its performance from each implementation of
miniaturization techniques. A ring monopole antenna was initially designed with a size of
40 mm x 35 mm x 1.6 mm using the resonance frequency based on equation (1) [17].

c
fr = ——F— 1
" 7'1.'611 / geff ( )
where c refers to speed of light, c=3x10%m/s, C; is the outer diameter of the ring monopole
(C1 = 2r;) and &g is the equivalent dielectric constant. For FR4, /e.rr = 1.99,(; =

2r, = 18.9 mm, then f. = 2.54 GHz. For Rogers Duroid 5880, ./e.rr = 1.48,(; =
2r, = 18.9 mm, then f, = 3.4 GHz.

First, antenna 1 was designed with the above parameters using CST Microwave Studio
software [18]. The antenna was printed on FR-4 substrate with dielectric constant of 4.3
and loss tangent of 0.025. It was chosen as the substrate due to its easy accessibility. Then,
the design was further developed by integrating Rectangular Complementary Split Ring
Resonator (RCSSR) metamaterial structure as the radiating element. This development
miniaturized the antenna to 30 mm x 24.8 mm x 1.6 mm which was approximately 46.8 %
size reduction compared to conventional ring monopole. The changes in the near-field
boundary conditions of the design had downsized the antenna to the targeted electrical
length of 0.2A,. The structure of the ground plane was kept similar as the previous design.
This design produced a resonant frequency at 2.4 GHz which is the targeted operating
frequency for Wi-Fi applications [19-22]. However, multi-band operation was not
achieved from this design. Hence, L-shaped slots and a T-shaped slot were etched from
the ground plane of the design to ensure multi-band operation. The addition of the slots
altered the surface current distribution path to be longer, which made the antenna resonate
at 2.32 GHz, 4.408 GHz, 6.34 GHz respectively. Nevertheless, the antenna had not yet
achieved the targeted resonant frequencies at 2.4 GHz and 5.8 GHz. The illustration of the
design development is depicted in Fig. 1 while the comparison of return loss
characteristics of design development is shown in Fig. 2. The performance comparison of
all preliminary designs (Antenna 1, Antenna 2, and Antenna 3) is summarized in Table 1.

2.2 RCSRR Metamaterial Design and Characteristic Verification

RCSRR, as depicted in Fig. 3, is the metamaterial structure consisting of two metallic
rings as the radiating element with gaps between the rings and the split width on the
opposite side of the rings. The split width of the rings was designed following the shape of
capacitor to control its resonant frequency as it possesses the capacitance characteristics
while the metallic rings possess inductance characteristics [17]. As a result of the applied
outward H-field, an EMF is created around the RCSRR metamaterial structure, resulting
in the coupling of the two rings. This happens due to the current travelling from outer ring
to inner ring corresponding to the disperse capacitance by the split width of the rings
Hence, RCSRR metamaterial structure behaves as an LC circuit [17]. RCSRR was
positioned into the waveguide as illustrated in Fig. 4 where perfect electric conductor
(PEC) and perfect magnetic conductor (PMC) boundary conditions were provided on the
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y-axis and z-axis respectively to verify its characteristics. The boundary condition at the x-
axis was set to open boundary to provide waveguides for both ports. The resonant
frequency of RCSRR metamaterial structure can be ascertained using equation (2) where
L;,; is the total inductance while Cy,, is the total capacitance [17].

w 1
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Fig. 1: Antenna design development.
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Fig. 2: Return loss characteristics of design development.
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Table 1: Comparison of preliminary antenna designs

Antenna Resonant frequency Size [mm?3] Return loss [dB]
[GHz]
4.456 40x35x 1.6 -10.762
24 30x24.8x 1.6 -11.12
3 2.32,4.408, 6.344 30x24.8x 1.5 -28.041, -37.177, -16.526

From Fig. 5, it can be observed that the RCSRR unit cell that was positioned inside
the waveguide medium had shown a stop band characteristic at 2.714 GHz. This is
because, at this frequency, the value for S21or the transmission coefficient was below -10
dB and the value for the reflection coefficient or S11 was approaching 0 dB. Hence, a
band notch was observed in the configuration of the return loss. Metamaterial structure is
characterized by its negative value of permittivity or permeability depending on its type
and RCSRR is categorized in Mu-negative metamaterial which indicates negative value of
permeability as can be observed in Fig. 6, where the real value of permeability was
negative at 2.714 GHz due to stop band characteristic of RCSRR. Therefore, negative
permeability of RCSRR exhibits new resonance for the antenna. The dimensions of the
RCSRR unit cell are: -a=8 mm,b=7.5mm,c=6 mm,d=4.5 mm,s=1.5mm, gl =1
mm, and g2 = 0.5 mm.

5

-

A =T S e

|

[ E:En tnm.

Fig. 3: RCSRR metamaterial structure.

i:b*ci
H

Fig. 4: RCSRR unit cell in waveguide medium with boundary conditions.
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2.3 Optimized Design

The preliminary antenna designs did not fulfill the targeted operating frequencies for
Wi-Fi application to resonate at 2.4 GHz and 5.8 GHz. Thus, the design was optimized to
ensure the best performance of the antenna. For antenna optimization, it is necessary to
review its structure for performance enhancement by observing the effects of each
addition of the slots to the ground plane. Hence, the T-shaped slot on the ground plane of
Antenna 3 was eliminated from the design due to its effect in shifting the frequency to be
greater than 2.4 GHz. After the modification to the ground plane structure, only two L-
shaped slots were left for optimum radiation of the antenna.

Besides, parametric analysis was also carried out to some antenna dimensions to
attain the best dimensions for the optimized design. The inner radius of the ring
monopole, x was varied by a step of 0.05 mm as illustrated in Fig. 7. A value of x equal to
7.15 mm was chosen as the inner radius because it had good impedance matching at -
19.487 dB compared to others. Then, the width of the connector between the ring
monopole and RCSRR metamaterial structure, ¢ was diversified by a step of 0.6 mm as
depicted in Fig. 8. A value of ¢ equal to 2.4 mm was selected as the best dimension
because it had good return loss at -30.841 dB and its resonant frequency approached the
targeted frequency of 2.4 GHz. Moreover, the length of the upper L-shaped slot, p was
varied by a step of 0.5 mm as shown in Fig. 9. A value of p equal to 14.5 mm was used in
the design as it had good impedance matching at -19.465 dB compared to others and it was
able to resonate at approximately the targeted frequencies of 5.8 GHz. Other than that, the
length of the lower L-shaped slot on the ground plane, q was altered by a step variation of
0.5 mm as depicted in Fig. 10. A value of q equal to 19.5 was selected as the best
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dimension for q because it had good return loss at -21.777 dB compared to other

dimensions. The complete optimized antenna design is illustrated in Fig. 11.

The

dimensions for optimized antenna design using FR-4 substrate (Antenna 4) are shown in

Table 2.
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Fig. 11: Complete optimized antenna design using FR-4 substrate (Antenna 4).

Table 2: Dimensions of Antenna 4

Parameters Unit (mm)

L 30
w 24.8
c 2.4

X (inner radius) 7.15

12 (outer radius) 9.45
sl 17
s2 12.5
s3 11
s4 18.5

The dielectric material used in the design also affects the performance of the antenna.
Hence, low loss dielectric material was considered in boosting the antenna performance.
The antenna was designed on Rogers RT5880 substrate (Antenna 5), to replace FR-4. It
has low dielectric constant equal to 2.2 compared to FR-4 that has high dielectric constant
of 4.3 [17]. Moreover, the loss tangent of Rogers RT5880 substrate is 0.0009, which is
also smaller than FR-4 with a loss tangent of 0.025 [17]. The complete optimized design
of Antenna 5 is illustrated in Fig. 12 while its optimized dimensions are shown in Table 3.
The optimized dimensions for RCSRR metamaterial structure incorporated in Antenna 5 is
depicted in Fig. 13 where a=9.5 mm, b=8 mm, ¢ = 6.5 mm,d =5 mm, s = 1.5 mm, gl =
I mm, and g2 = 0.5 mm.
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Fig. 12: Complete optimized antenna design using Rogers RT5880 substrate (Antenna 5).
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Fig. 13: RCSRR metamaterial structure optimized dimensions.

Table 3: Dimensions of Antenna 5

Parameters Unit (mm)
L 30
W 20
c 1.2
rl (inner radius) 8.8
r2 (outer radius) 9.45
sl 18
s2 17
s3 8
s4 18.5
Thickness 1.575

2.4 Antenna Fabrication and Measurement

The optimized antenna design printed on two different substrates, which are FR-4 and
Rogers RT5880, were fabricated to validate the antenna performance by comparing the
simulated result with the measured result. The fabrication was done at Mechatronics
Workshop, Kulliyyah of Engineering, ITUM, where it involved six important steps:
drilling the board to the required size, laminating the board using film, UV exposure,
developing the required antenna design, etching the excess copper, and stripping the film
residue [23]. An SMA connector was soldered on the antenna feedline for performance
measurement. The complete fabricated antenna using two different substrates is depicted
in Fig. 14. The measurement process was done at Microwave Lab using Vector Network
Analyzer (VNA) as illustrated in Fig. 15.

3. OPTIMIZED DESIGN RESULTS AND DISCUSSION

Simulation of the design was conducted using CST Microwave Studio software. The
optimized design using two different substrates of FR-4 (Antenna 4) and Rogers RT5880
(Antenna 5), were simulated. Some performance parameters were observed such as return
loss, bandwidth, radiation pattern, directivity, and the gain to ascertain the best antenna
performance for Wi-Fi application.
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(b)
Fig. 14: Complete fabricated antenna using (a) FR4 substrate, (b) Rogers RT5880.

-

Fig. 15: Measurement of miniaturized antenna using Vector Network Analyzer.

3.1 Return Loss and Bandwidth

The important simulation data to be observed is the return loss (S11) or reflection
coefficient. It is because it indicates the resonant frequency of the antenna and to evaluate
whether the designed antenna will be able to operate at the targeted frequencies of both 2.4
GHz and 5.8 GHz. The acceptable value for S11 is below -10 dB which specified that 90
% power is transmitted to the antenna while 10 % of the power is being reflected.
Bandwidth is the difference between the upper frequency and the lower frequency where it
defined the frequency range covered for the operation of an antenna. It can be calculated
using Eq. (3) where f,,,ner is the upper frequency, fiower is the lower frequency, and f; is
the centre frequency [1]. The -10dB bandwidth is considered in determining the
bandwidth. The optimized design of slotted metamaterial ring monopole antenna using
FR-4 substrate (Antenna 4) has good return losses of -27.102 dB, -20.864 dB, -13.517 dB
at operating frequencies of 2.4 GHz, 4.44 GHz, and 5.8 GHz as depicted in Fig.16 with -
10 dB bandwidth of 54.5 MHz or 2.27 %, 144.1 MHz or 3.25%, and 204.9 MHz or 3.53
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%. Fig.17 shows the return losses of the optimized antenna design printed on Rogers
RT5880 substrate (Antenna 5) which were -13.872 dB, -33.491 dB, and -19.3 dB at
resonant frequencies of 2.448 GHz, 2.864 GHz, and 5.8 GHz respectively. It has -10 dB
bandwidth of 137.2 MHz or 5.6 %, 350.9 MHz or 12.3 %, and 551.2 MHz or 9.5 % at
respective resonant frequencies. The comparison between the return losses for antenna
printed on two different substrates are depicted in Fig. 18 where both antennas achieved
targeted resonant frequencies and had good impedance matching.
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Fig. 16: Return loss of Antenna 4.
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Fig. 18: Return loss comparison of antenna using different substrates.
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3.2 Radiation Pattern

The 3D radiation patterns of Antenna 4 are illustrated in Fig. 19 where the patterns
were directional at the respective operating frequencies. However, Antenna 5 had 3D
radiation patterns that were almost omnidirectional patterns at resonant frequencies of
2.448 GHz and 2.864 GHz while at operating frequency of 5.8 GHz, the directional
pattern, as depicted in Fig. 20, was seen. Hence, Antenna 5 is suitable for use in IoT
applications since they require omnidirectional antennae and wider bandwidth for wireless
connectivity [19-22]. The pattern considered was a far-field type and each pattern of all
designs had different efficiencies and realized gains.

(a) (b) (©)

Fig. 19: 3D radiation pattern of Antenna 4 at (a) 2.4 GHz, (b) 4.44 GHz, (¢) 5.8 GHz.

(a) (b) (c)

Fig. 20: 3D radiation pattern of Antenna 5 at (a) 2.448 GHz, (b) 2.864 GHz, (c) 5.8 GHz.

¥

3.3 Gain and Directivity

The gain for both designs were determined based on the realized gain where it is the
actual gain that considers the total efficiency of the antenna [1]. The realized gains of
Antenna 4 were -12.38 dBi, -1.272 dBi, and -4.065 dBi at 2.4 GHz, 4.44 GHz, and 5.8
GHz, while Antenna 5 had realized gains of 1.110 dBi, 1.382 dBi, and 2.829 dBi at 2.448
GHz, 2.864 GHz, and 5.8 GHz. It can be inferred that Antenna 5, at resonant frequency of
5.8 GHz, had the most gain from the radiation at the main lobe and all gains of Antenna 5
were positive.

The directivity of the antenna indicates the ratio of maximum radiation intensity to
the average radiation intensity in a specified direction [1]. Antenna 4 had a main lobe
directivity of 2.183 dBi, 2.563 dBi, and 1.005 dBi at respective resonant frequencies of 2.4
GHz, 4.44 GHz, and 5.8 GHz. As for Antenna 5, that operated as multi-band antenna at
2.448 GHz, 2.864 GHz, and 5.8 GHz, it had main lobe directivity of 2.462 dBi, 2.765 dBi,
and 4.231 dBi respectively. Hence, Antenna 5 had the highest directivity in the main lobe
direction compared to Antenna 4.
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Based on the simulation results, Antenna 5 had better performance compared to
Antenna 4 because it had good impedance matching, greater gain, wider bandwidth, and
had an omnidirectional pattern.

3.4 Comparison of Simulated and Measured Result

The fabricated Antenna 4 had three operating bands at 2.326 GHz, 4.408 GHz, and
5.806 GHz with good return loss below -10 dB where it indicates that this antenna only
manages to resonate at targeted frequency of 5.8 GHz, as illustrated in Fig. 21. Moreover,
the measured resonant frequencies of the antenna were shifted to smaller frequency than
the simulated resonant frequencies due to the loss from the SMA connector that affects its
performance. Figure 23 illustrates the comparison between the simulated and measured
result of Antenna 4 where they almost correspond to each other.

Figure 22 illustrates the measured return loss of Antenna 5 where the fabricated
antenna resonated at 3.388 GHz, 5.848 GHz, and 6.058 GHz with a good return loss below
-10 dB. However, it was not fully correlated with the simulated return loss as depicted in
Fig.24. This is due to the defective structure of the antenna produced during the chemical
etching process that affects the antenna performance. Besides, multiple soldering attempts
between the SMA connector and the antenna also caused excess heat to be applied to the
board, which also had an impact on its performance. Therefore, it can be inferred that the
measured results for both fabricated Antenna 4 and Antenna 5 were partially agreed with
the simulated result.

Fig. 21: Measured return loss of Antenna 4.

Fig. 22: Measured return loss of Antenna 5.
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Fig. 24: Return loss comparison of simulated and measured Antenna 5.

Table 4 shows the comparison of the proposed designs (Antenna 4 and Antenna 5) to
related works. It can be observed that all the works resonated at 2.4 GHz, which is the
ISM band frequency that is commonly used by IoT applications. The proposed antenna
designs in this paper had bigger size compared to work by [14]. However, the work by
[14] only had one operating band which indicates that the proposed antenna designs had
better performance with multi-band operation despite its size. Work by [15] had higher
gain compared to the proposed antenna designs, but it only had one resonant frequency
with bigger size. Moreover, work by [16] had the smallest antenna size and tri-band
operation which is similar to the proposed antenna designs with three resonant
frequencies. However, it did not resonate at 5.8 GHz, which is the required frequency for
Wi-Fi application. Moreover, work by [17] had more bands of operation at five resonant
frequencies, but its bandwidth is narrower and is of bigger size compared to proposed
antenna design 2 that had wider bandwidth and smaller size.

Table 4: Comparison of proposed designs with related works

Ref. Resonant frequency Size [mm3] Gain [dBi] Bandwidth [MHz]
|GHz]

[14] 2.4 16 x32.5x 1.6 1.8 0.132

[15] 2.4 40x30x 1.6 3.23 574

[16] 2.4,3.5,6.7 20x20x 1.5 - -

[17] 2.4,2.7,47,5.6,8.8 30x24.8x 1.6 - 100, 130, 480, 350,210
Proposed 1 2.4,444,58 30x24.8x 1.6 -12.38,-1.272, -4.065 54.5,144.1,204.9
Proposed 2 2.448, 2.864, 5.8 30x20x 1.575 1.110, 1.382, 2.829 137.2,350.9, 551.2
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4. CONCLUSION

A miniaturized multi-band ring monopole antenna incorporated with RCSRR
metamaterial structure as the radiating element and L-slotted ground plane, was
successfully designed, simulated, measured, and analyzed. The antenna that resonated at
2.448 GHz, 2.864 GHz, and 5.8 GHz, and designed on Rogers RT5880 substrate, had a
compact size with dimensions of 30 mm x 20 mm x 1.575 mm which indicates 57.8 % size
reduction from conventional ring monopole antenna. The antenna had good impedance
matching at -13.8 dB, -33.491 dB, and -19.3 dB, greater gain of 1.110 dBi, 1.382 dBi, and
2.829 dBi, wider bandwidth of 137.2 MHz, 250.9 MHz, and 551.2 MHz compared to the
antenna that was designed on FR-4 substrate. It also had omnidirectional pattern which is
suitable for use in the wireless connectivity that is essential for IoT applications. However,
the measured result partially agreed with the simulation result where the fabricated
antennas were unable to resonate at 2.4 GHz due to the defective antenna structure and the
loss from the SMA connector and soldering process that affect its performance. Hence, the
measured result was unable to fully validate the simulated result of the antenna. For future
work, it is suggested to fabricate the miniaturized antenna with a laser etching method to
ensure that a good antenna structure is produced. Besides, the antennas can also be
miniaturized by incorporating different metamaterial structure such as electromagnetic
bandgap (EGB) to broaden the research on miniaturized antenna using metamaterials.
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ABSTRACT: The wind speed of a location is a critical parameter for analyzing wind energy
conversion systems. Background knowledge has revealed that the two-parameter Weibull
distribution is commonly used for fitting wind speed data because of its simplicity, flexibility
and suitability. This research study examines wind speed data from five locations in Nigeria
(Kano, Maiduguri, Jos, Abuja and Akure). It employs five numerical techniques, namely the
maximum likelihood method, method of moment, power density method, empirical method
and the logarithmic moment method, to estimate the Weibull parameters based on the
locations’ data. The goodness of fit test is used to determine which numerical method best fits
the distribution. The paper also considers the techno-economic design of wind electricity of
five 25 kW pitch-controlled wind turbines with dissimilar characteristics. The test result
presents the method of moment and empirical method as the best methods for calculating the
Weibull parameters. Results also show that wind turbine-3 has the least cost of energy and
wind turbine-5 has the highest cost of energy.

ABSTRAK: Kelajuan angin sesuatu lokasi adalah parameter kritikal bagi menganalisa
sistem penukaran tenaga angin. Latar belakang berkaitan telah mendedahkan 2-parameter
taburan Weibull (Wbl) lazimnya digunakan bagi memadan data kelajuan angin berdasarkan
kesederhanaan, fleksibiliti dan kesesuaian. Kajian penyelidikan ini adalah berkaitan ujian data
kelajuan angin pada lima lokasi di Nigeria (Kano, Maiduguri, Jos, Abuja dan Akure). la
menggunakan lima teknik berangka iaitu kaedah kemungkinan maksimum, kaedah momen,
kaedah ketumpatan kuasa, kaedah empirikal dan kaedah momen logaritma bagi menganggar
parameter Weibull berdasarkan lokasi data. Ujian kesesuaian digunakan bagi memastikan
kaedah berangka adalah padanan paling sesuai bagi taburan. Kajian ini juga turut menimbang
reka bentuk tekno-ekonomi elektrik angin bagi lima turbin angin 25 kW kawalan anggul
dengan ciri berbeza. Dapatan kajian menunjukkan momen dan kaedah empirikal adalah
kaedah terbaik bagi mengira parameter Weibull. Ini menunjukkan bahawa turbin angin-3
mempunyai kos tenaga paling rendah dan turbin angin-5 mempunyai kos tenaga tertinggi.

KEY WORDS: Wind Speed, Numerical Method, Weibull Distribution, Energy Cost
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1. INTRODUCTION

The term “energy” is considered one of the most crucial human needs and is also identified
as one of the essential indicating factors for measuring a country’s level of development and
the human development index (HDI) [1]. Although conventional energy sources, i.e., fossil
fuels, play a critical role in meeting the world’s energy demand requirements, its utilization has
continued to raise environmental concerns [2]. Therefore, the quest to reduce the usage of fossil
fuels due to its negative environmental effects, depletion, unstable price and the issue of energy
consumption growth has driven the need for cleaner alternative energy resources [3].

Despite the global cry for the energy transition to green energy, burning of fossil fuel
still occupy the larger percentage of Nigeria’s electricity generation both at the utility and the
energy users’ levels [4]. The present electricity generation capacity of the country is less than
5000 MW for all sources (thermal, gas and hydro) as at March 2022. This is inadequate
considering the country’s population of over 200 million. The gap in generation and the
citizens’ demand has resulted in energy poverty and low standard of living [5]. In order to
address this problem, it is necessary to grow the country’s energy mix by harnessing the
available renewable energy (RE) sources, one of which is the wind energy resource.

Wind energy is naturally-occurring and can be deployed for on-grid and off-grid
generation applications [6]. However, in order to utilize wind energy, the probability density
function (PDF) related to wind speed must be well assessed or evaluated for the supply of
reliable electricity at an affordable cost. Such parameter provides crucial information in wind
energy planning and implementation and also helps to ascertain a location’s wind power
potential. Various PDFs have been proposed in the literature to describe the distribution of
wind speed, but the 2-parameter Weibull (Wbl) distribution is widely employed because of its
simplicity, flexibility and suitability for fitting recorded wind data [7]. In analyzing wind speed
data, the distribution that fits the data statistically needs to be firstly determined, and then the
estimations of the relevant parameters concerning this distribution can be calculated. Some
studies have been presented on wind energy generation in Nigeria. Some of these scholarly
works will be presented in this section for the purpose of laying useful background for this
present study.

Oyedepo et al., [8] presented the wind characteristics and the potential for selected
locations in Nigeria utilizing data that spans 24 to 27 years, measured at the height of 10 m.
The central concern of the paper includes the determination of the annual output power and
capacity factor (CFw). Adaramola et al., [9] presented wind turbines’ performance for
electricity production in seven different areas within the Niger-Delta region of Nigeria based
on wind data that spans 9 to 37 years, using the 2-parameter Wbl distribution functions.
Observation showed that 35 kW wind turbine discussed in their work has the highest CFw
irrespective of the locations.

Ajayi et al., [10] presented a Techno-economic (TE) evaluation of wind turbines for
electricity supply to 10 locations in Nigeria. The 2-parameter method WPD was used to assess
the wind potential for the locations. The turbine matching results reveal that the cut-in and rated
wind speeds range from 2.0 to 3.0 m/s, and 10 to 12.0 m/s, respectively. Sulaiman et al., [11]
also discussed the assessment of the wind potential of 4 different locations in Nigeria,
emphasizing wind power potentials and wind speed characteristics using the 2-parameter WDF
technique. The paper used the CFw calculation to determine the most suitable turbine for the
specified locations and reported monthly mean wind speed of 4.50, 3.72, 4.77 and 5.34 m/s
with corresponding wind power densities of 67.74, 40.87, 79.52 and 107.49 Wm-2 for the sites.
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Okakwu et al., [12] discussed the TE evaluation of wind resources for power generation
in Nigeria. The study used a 2-parameter WDF for analyzing the wind potential of four different
locations based on the average wind speeds/day measured at the anemometer positioned at 10
m over a period of 11 years. It employed the power density and the CFw to classify the sites
and select the most suitable turbine for these locations. It also used the present-value cost to
the COE by the WECS at various h/hs.

Mohammadi et al., [13] considered the TE analysis of large-scale wind electricity systems
in Iran. The paper employed the 2-parameter WDF for analyzing the measured wind data
between 2008 and 2009 at the height of 40 m height. However, the authors examined the TE
analysis of four large-scale wind turbine systems at a height of 70 m height. Ajayi et al. [14]
discussed the wind profile and turbine system performance assessment in Kano, Nigeria. The
authors also presented the wind energy analysis using the 2-parameter WDF method based on
the wind data that spans between 1987 and 2007 at 10 m. The study also employed wind rose
to describe the direction of the wind energy in different seasons.

Alkhalidi et al., [15] evaluated wind potential at coastal and offshore locations in Kuwait.
This work explores ten coastal and offshore locations for the analysis and then considered the
potential at different heights of 50, 80, 100, and 120 m. The authors employed a 2-parameter
Whl distribution method to analyze the wind resource and calculate wind energy density. In
addition, the study calculated the Wbl distribution parameters by using the maximum
likelihood method. Mostafaeipour et al., [16] analyzed the wind potential and the WECSs cost
for Zahedan, Iran using 5-year wind resource data. The wind power density and the energy
output have also been determined by using the WDF. The study considered the comparative
analyses of the 3 different PDF models such as Wbl, Rayleigh, and lognormal, to analyze the
location’s wind profile.

Soulouknga et al. [ 18] evaluated the cost of generating wind-generated electricity in Chad.
The work used the Wbl distribution for assessing the wind resource data obtained at an
anemometer height of 10 m. The work also determined the Wbl statistical parameters (k and c)
at different heights of 10, 30, 50, and 70 m. Belabes et al., [19] evaluated the wind potential
and the cost of electricity by the WECSs for 6 different areas of the north of Algeria. The data
recorded for over 10 years were used; the authors also obtained the Wbl parameters k and ¢ for
all months at different heights of 30, 50 and 70 m by extrapolating the 10 m data at the locations.

The reviewed studies have contributed substantially to the body of knowledge in the
research direction of wind potential and cost analysis for different locations, all of which are
based on the 2-parameter WDF at the height of 10 m. It is also found that [15] used the
maximum likelihood method, while some others used the empirical method to calculate Wbl
distribution parameters. The work in [20] compared the Wb, Rayleigh, and lognormal models
to assess the locations’ wind resources and profiles. The main focus of the aforementioned
studies includes the identification of suitable locations and the selection of WTs and COE,
which are useful background contributions for understanding wind potential analysis and
WECS design and planning.

However, this present study will first identify the best fit for the probability density
function (PDF) of wind speed data and then ascertain suitable sites for wind power generation.
It will also calculate the impact of varying the h/hs on the COE to provide useful insights into
decision-making for a sound investment model for wind energy production in Nigeria.
Importantly, this study uses five different techniques, namely the maximum likelihood, method
of moment, power density, empirical and logarithmic moment methods, to characterize the
wind resource data of 5 different locations in Nigeria and then determine the respective Wbl
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parameters (i.e., k and c). The comparative analysis is employed to understand the performance
of different numerical methods mentioned given the locations’ resource data, which also takes
this paper a step further than the analysis presented in some previous studies discussed earlier.

In addition, the research study examines the TE performances of five 25 kW pitch-
controlled wind turbines (WT1 — WT5) from different manufacturers with dissimilar design
characteristics at varying h/hs. The results of this paper are expected to demonstrate a detailed
TE analysis, which may be useful for designing, planning and assessing WECSs for local
energy and agricultural applications, e.g. water-pumping.

The remaining part of this research article is arranged as follows: section 2 is on materials
and methods, section 3 focuses on the results and discussion, while section 4 presents the
conclusion of the paper.

2. MATERIALS AND METHOD
2.1 Study Area

This study considered five locations in Nigeria, namely Kano, Maiduguri, Jos, Abuja and
Akure, in the northern and southern parts of the country. The wind speed data used in this work
was obtained from the Nigeria Meteorological Agency (NIMET), Lagos State, Nigeria. The
wind resource was measured by NIMET at a h/h of 10 m by an anemometer cup-generator.
Table 1 presents the case study areas.

Table 1: The case study areas [24]

Locations  Latitude ("N)  Longitude ("E)  Data Period

Kano 12.05 8.52 2002-2012
Maiduguri 11.85 13.08 2002-2012
Jos 9.64 8.88 2002-2012
Abuja 9.00 7.27 2002-2012
Akure 7.25 5.20 2002-2012

2.2 Simulation Software

The implementation of the proposed approaches in terms of modelling, simulation and
analysis was achieved using MATLAB version (2013a) and Microsoft Excel software.

2.3 Numerical Approaches to Weibull Parameters' Estimation

Background knowledge of wind resources and systems modelling and analysis shows that
several methods can be employed for calculating the Wbl parameters k and c. However, five
different methods are employed in this paper to characterize the wind speed data under review.

2.3.1. Maximum Likelihood Approach

Using the maximum likelihood method (MLM), k and ¢ parameters are calculated by Egs.
(1) and (2) [21-23]:

-1
_ e, vFmve s ey
k [ 2?=1Vik n ] (1)
1
1 k
o= [ 2. v¥] @)

where V; and n are the wind speed in time step i, and the number of ‘non-zero’ wind speed
data points. In the MLM, numerical iterations are required to determine the Wbl parameters.
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2.3.2. Method of Moment

In the method of moment (MOM), the k and ¢ parameters are given by Egs. (3) and (4)
[21-23]:

09874 1.0983

k—[ : ] 3)
7

“Tr(eY) )

where; o and V in this case, are the standard deviation and the mean wind speed.
2.3.3. Power Density Method

In employing the power density method (PDM) for wind resource analysis, the value of k
parameter is calculated by Eqgs. (5) and (6) [21-23]:

k=1+ 22 5)
Epr
The scale parameter (c) in the case of PDM is estimated using Eq. (4).
Ve IV

E = =
vf (7)3 (% 2?;1 Vi)s

2.3.4. Empirical Method

(6)

In the empirical method (EPM), the k parameter is estimated by Eq. (7), while ¢ parameter
is calculated by employing Eq. (4) [22-24]:

_ [o]"1086
k=[] ™
In which case ¢ and V represent the standard deviation and the mean wind speed,
respectively.
2.3.5. Logarithmic Moment Method

In the logarithmic moment method (LMM), the values of k and ¢ parameters are estimated
by Egs. (8) and (9) [21-23]:

1

k= [1.645]E (8)

)

kV+0.5772
c=exp —

2.4 Numerical Method Accuracy Assessments

In order to test the accuracy of the presented numerical methods for estimating the Wbl
parameters, two different approaches are employed, which are the root mean square error
(RMSE) and the coefficient of determination (R?). The value of RMSE is given by Eq. (10)
[21-23]:

RMSE = |5 S, (i - xi)z]% (10)

The coefficient of determination is then given by Eq. (11) [21-23]:
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2.5 Wind Speed Analysis

The daily mean wind speed, V and the standard deviation, ¢ of the wind resource data can
be calculated by Egs. (12) and (13), respectively [12]:

V== (LW (12)

o= \/i (- V) (13)

where V; and n represent the daily wind speed in time step of i and the number of wind
speed data points.

The WPD function (f,,(v)) and the cumulative distribution function (f;,(V)) are given by
Eqgs. (14) and (15) [20]:

P =)@ ew[-2 (14

c c

) =1-exp[-Y' (1)

where; v, k and c represent the wind speed (m/s), shape parameter (dimensionless) and the
scale parameter (m/s), respectively. In addition, the most probable wind speed (V,,,5) and the

wind speed at the maximum energy (V) are given by Eqgs. (16) and (17) [24]:

1

Vimps = ¢ (<2)" (16)
Vemax = € (%)% (17)

At times, wind speeds are measured at a reference h/h (hy) but needs to be adjusted to the
relevant wind turbine h/h (h). The new wind speed (V},), scale factor (c;) and shape factor
(ky) are given by Eqgs. (18) to (20) by using a relevant power law equation, while Eq. (21) is
employed to estimate the value of n [25]:

V= Vo(a) (18)

&= co(2)" (19)
=k [1—0.0881n’11—g] 5
h=— 70 {[1—0.0881n%]} (20)

= 1037-0088Inc] (21)

[1—0.088 ln%]

where o represents the site surface roughness coefficient and assumed in this work to be
0.143 [11].
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2.6 Wind Power Estimation

The wind power density, Py, pp is a measure of the capacity of the wind resource of a
particular location per unit swept area of the blades. Eq. (22a) is employed to estimate the wind
power density, while the wind power capacity, Py pc 1s estimated by Eq. (22b) [10]:

1 3

Pwpp =3pcT (14 2) (22a)
1

Pypc = EAPVr?ls (22b)

where p and A stand for the air density (i.e., 1.225 kg/m?) and the swept area of the rotor
blades (m?). The Py pp and Py pc parameters are measured in (W/m?) and (W), respectively.

To extend the performance of the WECS further, in terms of the available power in the
wind, this study considers the contribution made by Albert Betz (a German Physicist). This
scientist made bold in 1919 as part of his contributions to knowledge that there is no wind

. 16 . . . .
turbine system that can convert above P (i.e., 0.593) of the wind’s kinetic energy to

mechanical energy for turning the wind turbine rotor [26, 27]. In wind power system
engineering, this factor 0.593 is referred to as the Betz limit. It is translated as the theoretical
maximum power efficiency or (the aerodynamic efficiency of the rotor [28] of a wind turbine
system design, i.e., 0.59), implying that not more than 59% of energy can be obtained from the
wind by the WT system. It is then referred to as the power coefficient, Cpmax) and is added to
Egs. (22b) leading to Eq. (22¢) describes the maximum power obtainable from the WT:

1
P(WPC)max = EAP Cp(max) Vn%s (22¢)

It is important to state that the value of the power coefficient in real life limit is practically
lower than the Betz limit [26, 28]. Typical values of the Betz limit range from 0.35 to 0.45 even
for best wind turbine systems; therefore, after making realistic design considerations for the
gearbox, bearings, generator, etc., only around 0.1 to 0.3 fraction of the power of in the wind
that is in reality converted into usable electrical energy [26].

2.7 Estimation of WECS’ Output Power and Cfw

The wind turbine output power is of a significant benefit, as it presents a good economic
indicator compared to its rated capacity. The wind turbine output power, i.e., the power curve,
is modelled via four parameters: the cut-in wind speed (V;), the cut-off wind speed (V,,), the
rated wind speed (}.) and the rated power capacity of the WT (B.). For a pitch-controlled WT,
the power curve model can be approximated by a parabolic law, given by Eq. (23) [11-12]:

2 _y2
% Vci = Vms = Vr
P=hq " " Vi < Vins < Voo (23)
0 Vr = Vci an Vms = Vco
The average power output (P,,,.) of a WT is given by Eq. (24) [13-14]:
vk k
L] _ - _[Yeo]®
Pave = B : eV - — € [ C] (24)

B

Technically, CF,, of a WT is the ratio of P,,, to P and is given by Eq. (25) [11-12]:
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k

V .: k
T Vel
CRy = for = e et o (5)
" = -
In addition, the yearly energy produced by the WT is given by Eq. (26):
E,e = CE, X P. Xt (26)

where ¢ represents the total hours in a year, i.e., 8760 hours.
2.8 Economic Cost Analysis

Estimating the unit cost of energy, COE, is a way of knowing the most viable wind turbine
to select for this study. The economic aspect of this work focuses on calculating the cost of the
individual components of the system, which include the investment, operation and maintenance
(O and M) and the replacement costs. The WECSs life-cycle cost can be calculated by Eq. (27)

[11]:
Cuce = Conw + Copm (32) (1 - (22)") @7)

1+d

where; Cypm, ir, d, ¥ and p in this case represent the operation and maintenance cost,
inflation rate, discount rate, interest rate and the project lifetime, respectively, and the

corresponding values of these are assumed to be 0.1 % of investment cost Cjy,,,, 8.4 %, 11%,
15% and 20 years.

The annualized life-cycle cost (C4ycc) 1S given by Eq. (28):
Carcc = Crcc X CRF (28)
where CRF is regarded as the capital recovery factor and is given by Eq. (29) [10]:

_ b @+ip"
CRF = 5 (29)
The unit cost of energy is then given by Eq. (30) [33]:
COE = —cAlcc (30)

8760 XPy. X CF,,

In this study, five different turbines from different manufacturers were considered and are
represented by WT1, WT2, WT3, WT4 and WTS5, respectively, with their characteristics shown
in Table 2.

Table 2: Characteristics of the selected WTs [16, 34]

Characteristics WT1 WT2 WT3 WT4 WTS
Rated power P, (kW) 25 25 25 25 25
Rotor diameter (m) 15 15 15 15 15
Cut-in wind speed V,; (m/s) 2.0 2.5 3.0 3.5 4.0
Rated wind speed V. (m/s) 16 18 15 17 19
Cut-off wind speed V,, (m/s) 25 27 23 28 30
Investment cost $/kW 1300 1300 1300 1300 1300

3. RESULTS AND DISCUSSION
3.1 Comparison of Wind Speed Distributions of Estimated Wbl PDF

Figures 1 to 5 show the comparison of the wind speed histogram with the calculated Wbl
PDFs for the five numerical approaches for the specified locations under study. The Wbl
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density function gets narrower and becomes peaked as k becomes larger, meaning that wind
speeds tend to stay within a narrow range. The peak also moves in the higher wind speed
direction as the value of ¢ increases. For instance, in Kano, Maiduguri, Abuja and Akure, as
shown in Figures 1, 2, 4 and 5, respectively, since the calculated value of k from the LMM 1is
greater than those obtained from the other methods, the peaks of the probability density curves
were larger compared to the others. However, in Jos as shown in Figure 3, the calculated k
using MOM was greater than the value obtained using the other methods; hence, the peak of
its probability density curve is observed to be larger. Therefore, Figures 1 to 5 demonstrates
that lower shape parameters correspond to broader probability density curves (i.e., higher scale
parameters), which implies that winds vary over a wide range of wind speeds.
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Fig. 1. Comparison of the PDFs for Kano
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The Wbl parameters in the locations based on minimum RMSE and maximum R? are
presented in Tables 3 to 7, respectively. It is obvious from these results that the values of k
range from 2.90 in Akure to 7.01 in Abuja, while those of ¢ range from 3.86 in Akure to 12.82
in Jos. In the cases under study, RMSE varies from 0.0584 to 0.1474, R? varies from 0.9611 to
0.9988. Therefore, Tables 3 to 7 summarize the fitness errors between the estimated PDFs and
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the histogram of the observed wind speed data at the height of 10 m. Results of calculated
Weibull parameters from all the five NEMs (MLM, MOM, PDM, EPM and LMM) and two
statistical methods (RMSE and R?) for measuring the efficiency of these NEMs in all the five
locations considered are presented in Table 3-7, respectively. For a robust comparison purpose
of all NEMs, the statistical values for measuring efficiency have been listed up to 9 decimal
points. From these tables, it is observed that out of the five NEMs of estimating Weibull
parameters, MOM and EPM have estimated the same values for k and c respectively in Kano
(Table 7), hence, have the same efficiency of estimation. Each NEMs have been ranked against
its performance on a scale from 1-5 (with 1 being the best efficient and 5 as the worst efficient).
From Table 3, it is observed that MOM is the best and PDM is the worst with respect to RMSE
and R? respectively. From Table 4, EPM has been found to be the most efficient and PDM the
worst efficient with respectto RMSE and R? respectively. Furthermore, in Table 35, it is
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Fig. 5. Comparison of the PDFs for Akure

observed that MOM depicts the best performance and PDM still retains its worst efficient
performance with respect to RMSE and R? respectively. In Table 6, EPM shows the best
performance and PDM still shows the worst performance with respect to RMSE and R?
respectively. However, in Table 7, MOM and EPM were found to be the most efficient, while
PDM still retains its worst position. The results shown in Tables 3-7 demonstrate that the EPM
and MOM are the best fit across all five locations due to their minimum RMSE value and
maximum R? value. The results also reveal that PDM was the worst-performing NEM across
all five locations.

3.2 Wind Characteristics of Location

The wind speed characteristics of the locations are shown in Table 8. It can be seen that
Vs varies from 3.47m/s in Akure site to 11.63m/s in Jos; k varies from 2.90 in Akure to
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4.08 in Jos, while c varies from 3.89 m/s in Akure to 12.82 m/s in Jos. Also, V.5 varies from
3.36 m/s in Akure to 11.97 m/s in Jos; V,,,4, varies from 4.66 m/s in Akure to 14.14 m/s
in Jos; Py pp varies from 36 W /m? in Akure to 1182.12 W /m? in Jos, all at a h/h of 10 m.
The results further show that Kano and Jos study locations are viable sites for grid integration
because the wind power density at the h/h of 10 m is > 400 W/m?. In addition, Abuja and Akure
study locations are not viable for wind electricity production because the wind power density
in these locations is < 100 W/m? while Maiduguri is only applicable for a stand-alone
application because the wind power density is > 100 W/m? [11].

Table 3. Wbl parameters and goodness of fit estimation for Kano
Wbl parameters

Statistical criteria

Numerical Methods Rank
¢ RMSE R?
MLM 4.62 10.12 0.022298950  0.999994120 4
MOM 5.37 10.19 0.015769237  0.999997059 1
Kano PDM 3.83 10.39 0.035938398  0.999984726 5
EPM 5.34 10.19 0.015880219  0.999997018 2
LMM 5.95 10.12 0.015976125  0.999996982 3
Table 4. Wbl parameters and goodness of fit estimation for Maiduguri
Numerical Wbl parameters Statistical criteria
Rank
Methods k ¢ RMSE R?
MLM 4.12 6.01 0.029812308 0.999968890 3
MOM 4.47 6.02 0.029509497 0.999969519 2
Maiduguri PDM 3.57 6.10 0.040316395 0.999943106 5
EPM 4.46 6.02 0.029456943 0.999969628 1
LMM 5.05 5.97 0.036872000 0.999952412 4
Table 5. Wbl parameters and goodness of fit estimation for Jos
Numerical Wbl parameters Statistical criteria
Methods k ¢ RMSE R? Rank
MLM 5.63 12.41 0.029395252  0.999993500 4
MOM 6.57 12.47 0.024726277  0.999995401 1
Jos PDM 4.08 12.82 0.052023787  0.999979641 5
EPM 6.52 12.48 0.025154590  0.999995240 2
LMM 6.42 12.50 0.026047047  0.999994896 3
Table 6. Wbl parameters and goodness of fit estimation for Abuja
Numerical Whl parameters Statistical criteria
Rank
Methods k ¢ RMSE R?
MLM 4.76 5.23 0.074049683 0.999751495 3
MOM 5.99 5.25 0.071313582 0.999769520 2
Abuja PDM 3.94 5.38 0.097370552 0.999570320 5
EPM 5.95 5.25 0.071065282 0.999771122 |
LMM 7.01 5.20 0.076836985 0.999732435 4
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Table 7. Wbl parameters and goodness of fit estimation for Akure

Numerical Wbl parameters Statistical criteria Rank
Methods k c RMSE R?
MLM 3.01 3.86 0.019045125 0.999966622 3
MOM 3.04 3.88 0.017679962 0.999971235 1
Akure PDM 2.90 3.89 0.019662755 0.999964422 4
EPM 3.04 3.88 0.017679962 0.999971235 1
LMM 3.17 3.87 0.018876644 0.999967210 2

Table 8. Wind speed characteristics of the locations

Location Vons k c Vinps Vemax Pypp (W/m?)
Kano 9.39 3.83 10.39 9.60 11.59 636.84
Maiduguri 5.49 3.57 6.10 5.56 6.91 131.60
Jos 11.63 4.08 12.82 11.97 14.14 1182.12
Abuja 4.87 3.94 5.38 4.99 5.97 87.94
Akure 3.47 2.90 3.89 3.36 4.66 36.59

3.3 Estimation of CFw of WTs

Although designing a wind turbine that will match a particular site’s wind characteristics
is the best practice; however, this can be time-consuming and frustrating [23], hence, the need
to utilize available wind turbines in the market (W1 — W5). For this study, the CF,, method is
used for the WT selection. Table 2 shows the characteristics of the WT used for this study.
Wind turbines with a high value of CF), is usually considered suitable for selection. Table 9
presents the results of CF,, of each turbine with respect to the specified locations. WT1, WT2,
WT3, WT4 and WT5 have CF), values 0f0.0134 to 0.3705, 0.0083 to 0.2456, 0.0126 to 0.4471,
0.0067 to 0.3017, and 0.0034 to 0.1981, respectively.

Table 9. CF,, of the wind turbines in different locations

CF,

Location WT1  WT2 WT3 WT4 WT5
Kano 0.1901 0.1214 02393 0.1495 0.0968
Maiduguri  0.0314  0.0202 0.0373 0.0225 0.0139
Jos 0.3705 0.2456 0.4471 03017 0.1981
Abuja 0.0134 0.0082 0.0160 0.0090 0.0051
Akure 0.0144 0.0089 0.0126 0.0067 0.0034

Table 9 demonstrates that WT3 has the highest CF,, followed by WT1, WT4, WT2 and
WTS, respectively. For uniformity of comparison, all the turbines considered have the same
rated capacity of 25 kW. However, they have different cut-in and rated wind speeds as the
machines are from different manufacturers.

3.4 Estimation of COE

Table 10 presents theCOE for the selected WTs at a h/h of 10 m. WT3 has the least cost
performance for all the locations considered in this study. The values of COE for WT3 range
from $ 0.041/kWh in Jos to $§ 1.457/kWh in Akure. However, WT5 has the highest cost
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performance of all the systems. Its COE values range from $ 0.093/kWh in Jos to $5.331/kWh
in Akure. In Nigeria, electricity tariff in the country for residential “Band A” customers with
daily minimum of 20 hours of electricity availability is $ 0.13. This translates to # 52 at an
official exchange rate of $1 to & 400. Hence, generation of electricity using wind turbines,
WT1 — WTS5 is suitable for Jos and WT1 — WT4 is suitable for Kano, while other locations are
not economically viable for wind power generation compared with the national grid supply.

Table 10. COE of the WECSs

COE ($/kWh)

Location ~ WTI ~ WT2 WT3  WT4  WTS
Kano 0.096  0.151 0077  0.123  0.189
Maiduguri  0.584 0909 0491 0814 1316
Jos 0.049  0.075 0.041  0.061  0.093
Abuja 1370 2243 1149 2.046  3.601
Akure 1278 2050 1457 2728 5331

3.5 Sensitivity Analysis Cases

The sensitivity analysis introduced in this study showcases the dependency of the WECSs
variable on certain defined input variables. In this study, the variable considered is the effect
of change in the h/hs on the probability density curve and the values of , ¢, Pwep, CF,, and
COE. The results are shown in Figures 6 to 11.

The results in Figures 6 and 7 show that the Wbl parameters are directly proportional to
the h/h; this is because the air mass flow appears to be smoother at a higher height. This is as a
result of less impact of land topography obstructions to the flow of moving air. As shown in
Figures 6 and 7, increasing h/h will lead to an increase in & and c. Also, an increase in k and ¢
will make the shape of the PDF narrower (i.e., peaked) and broader by the right side of the
graph (i.e., higher wind speeds). This peaked shape is not noticeable because of the little
increase in the value of k as a result of higher h/hs, while an increase in the value of ¢ will
make the PDF move to the direction of higher wind speeds as can be seen in Figure 8. Figure
8 presents the effect of increasing h/hs on the probability density curve.

The values of k for Kano, Maiduguri, Jos, Abuja and Akure range from 3.83 to 5.09, 3.57
to 4.75, 4.08 to 5.43, 3.94 to 5.24 and 2.90 to 3.86, respectively, for corresponding h/hs of
10 to 50 m. Similarly, the values of ¢ for these locations range from 10.39 to 14.13, 6.10 to
9.06, 12.82 to 16.84, 3.89 to 8.16 and 3.89 to 6.22, respectively, for the h/hs ranging from
10 to 50 m.
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Fig. 9 shows the impact of varying h/h on the wind power density of the locations.
Increasing h/hs leads to an increase in wind power density. The values of Py,pp for Kano,
Maiduguri, Jos, Abuja and Akure range from 636.84 to 1541.34 W, 131.06 to 408.81 W/,
1182.13 to 2600.36 W, 87.94 to 296.52 W and 36.59 to 136.41 W, respectively, for
corresponding h/hs of 10 to 50 m.
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Table 9 presents the results of the CFy for the WTs in the specified locations. The results
show that the CFy of the WTs range from 0.0968 to 0.2393, 0.0139 to 0.0373,
0.1981 to 0.4471, 0.0051 to 0.0160 and 0.0034 to 0.0126 for Kano, Maiduguri, Jos, Abuja
and Akure, respectively. It is also obvious from Table 9 that the value of CF,, of WT3 is the
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highest in all the five locations, and this is selected for utilization for all the locations under
consideration as the most suitable turbine. According to [30], WTs with a value of CF, < 0.25
is not suitable for grid integration applications. However, those with higher CF,, in excess of
0.25 are considered the best option any given location.

The response of CF,, of the WTs with respect to different h/hs of 10 to 50 m is shown in
Figure 10. The results show that the h/h is directly proportional to CF,,, hence, the need to
operate wind turbines at a reasonable height in order to achieve a value of CF, that is > 0.25.
From Figure 10, Jos is suitable for grid integration at all the h/hs; Kano is suitable for grid
integration at a h/h of > 20m; while Maiduguri, Abuja and Akure are not suitable for grid
integration at these hub-heights.

Figure 11 shows the relationship between the COE and the turbine h/h. The results clearly
demonstrate that COE decreases with increasing h/hs; this is because the wind turbine harness
more energy at a higher height due to an increase in wind speed. Therefore, the values of COE
obtained for Kano, Maiduguri, Jos, Abuja and Akure were reduced from0.077 to 0.033,
0.491 to 0.202,0.041 to 0.024, 1.149 to 0.449 and 1.457 to 0.579, respectively, for the
specified heights of 10 to 50 m.
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Fig. 11. Sensitivity analysis relating COE with h/h
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3.6 Environmental analysis

Wind energy systems are renewable energy-based power generation technology. The
environmental performance of the WECSs in the specified locations is realized by quantifying
the amount of carbon emissions saved by utilizing the WECSs in the specified locations - Kano,
Maiduguri, Jos, Abuja and Akure, using the emission factor approach. An emission factor of
1.27 x 10° kg CO2 per MWh of electricity generated by a diesel generator [30, 31] is used to
estimate the amount of CO2 avoided by the wind energy generating systems in the five
locations.

The environmental aspect, as presented in this study, is a function of the technical
performance of the wind power system, which is based on wind energy resources of the
locations. It is on this basis that the emission factor is multiplied by Eq. (26) to obtained the
amount of emissions saved suppose that WECSs are employed as alternatives to fossil fuel
system (i.e., diesel power systems) in the locations.

The values of the annual energy generated by the wind power systems, Eq., are presented
in Figure 12 for different heights - 10 to 50 m considered. The energy delivered at these heights
for Kano, Maiduguri, Jos, Abuja and Akure range from 52,341 to 119,793 kWh/yr; 8,168.7 to
19,863.3 kWh/yr; 97,893 to 168,630 kWh/yr; 3,504 to 8,935.2 kWh/yr, and 2,759.4 to 6,942.3
kWh/yr, respectively. The results clearly ranks the WECSs in Jos, Kano, Maiduguri, Abuja and
Akure as 1, 2™, 31 4™ and 5" positions, respectively, in terms of the amount of electricity
they generate in a year, or simply the wind energy potential. These align with the results
presented in Figure 13, which demonstrate that the wind speed determines the wind power as
presented by Eqs. (22b) and (22c). Therefore, the wind speed of a location is a critical
parameter that determines what the wind power and the energy output will be.
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Fig. 12. The annual energy produced by the WECSs in the locations

Figure 14 presents the amount of carbon dioxide emissions assumed to be avoided when
the wind energy systems are used in the location instead of diesel generating systems at hub
heights of 10 to 50 m. The CO» emissions at the specified heights for Kano, Maiduguri, Jos,
Abuja and Akure range from 66,473 to 152,137 kg/yr; 10,374 to 25,226 kg/yr; 124,324 to
214,160 kg/yr; 4,450 to 11,348 kg/yr, and 3,504 to 8,817 kg/yr, respectively. Again, the results
show a similar trend with those presented in Figure 12 and Figure 13. This is so because the
higher the wind speed, the higher the power and the energy produced and the higher the
quantity of emissions saved by the WECSs.
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4. CONCLUSIONS

This study has presented a detailed comparative evaluation of numerical methods for
estimating Wbl parameters. It then discussed the TE analysis of wind electricity production in
five different locations in Nigeria, such as Kano. Maiduguri, Jos, Abuja and Akure. The study
utilized average daily wind speeds for 10 years, which have been obtained from Nigerian
Meteorological Agency (NIMET). The paper examined five different numerical approaches
for assessing the Wbl parameters and employed wind turbines of the same rating of 25kW for
WECSs in those locations. The study reveals the following as useful conclusions to this paper:

1.  The study reveals MOM as suitable for Kano and Jos, while EPM is suitable for
Maiduguri and Abuja. With both NEMs suitable for Akure.

it. The study also shows that PDM was the worst numerical approach for assessing the
Wbl parameters.
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1il.

1v.

Vi.

Vil.

Viii.

WECS:s in Jos and Kano are viable for grid integration of wind energy, with Jos being
the most viable for wind energy generation applications.

WT3 has the highest CF,, in all the locations, which is a major determinant in selecting
turbines.

WT3 has the least COE in all the selected locations, hence, it was selected among other
wind turbines.

WTS has the highest COE in all the locations considered.

It is more efficient to utilize WTs at a suitable h/h in order to maximize the location’s
wind resources. This is demonstrated in the study that COE decreases with increasing
turbine hub-heights.

The WECSs have the potential to avoid significant carbon footprints when implemented
as an alternative to fossil fuel systems.
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Nomenclature Table

COE: Cost of energy E,s = Energy pattern factor

EPM: Empirical method V3 = Average of wind speed cubes

HDI: Human development index —.3 )
(V) = Cube of average wind speed

MLM: Maximum likelihood method

y; = actual data frequency;

MOM: Method of moment,

x; = frequency of Wbl parameter;

NIMET: Nigeria Meteorological Agency

N = number of intervals;

PDM: Power density method

f(V;) = observed PDF value at bin i;

TE: Techno-economic

f (V) = observed average PDF value
Wbl: Weibull

f(V)) = estimated PDF value of the

WECSs: Wind energy conversion systems computed Wbl method at the same bin.

k = Shape Parameter Copm= Operation and maintenance cost

¢ = Scale Parameter (m/s) i = inflation rate
T

V; = Wind speed in time step i d = discount rate

n=number of non-zero = Interest rate

o = standard deviation

p = project lifetime

V' = mean wind speed
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ABSTRACT: Block methods have been adopted in studies for solving first and higher order
differential equations due to its impressive accuracy property. Taking a step further to
improve this accuracy, researchers have considered the inclusion of higher-derivative terms
in the block method, although this has been limited to the presence of one higher-derivative
term in previous studies. Hence, this article aims at better accuracy by introducing two
higher-derivative terms in the block method. In addition, this article presents a scheme with
generalised step length such that there is flexibility on the choice of step length when
developing the block method. The generalised step length scheme is adopted to develop a
three-step block method for solving first-order fuzzy initial value problems. Its properties to
ensure convergence and to show the region of absolute stability is investigated, and
problems relating to charging and discharging of capacitor are considered. The absolute
error shows the impressive accuracy of the three-step block method including obtaining the
same values as the exact solution. Therefore, in addition to the new generalised algorithm
presented in this article, a new three-step method for solving linear and nonlinear first order
fuzzy initial value problems is presented.

ABSTRAK: Kaedah blok digunakan dalam banyak kajian untuk menyelesaikan persamaan
pembezaan peringkat pertama dan peringkat tinggi kerana sifat ketepatannya yang baik.
Bagi meningkatkan ketepatan ini, penyelidik telah mengambil kira dengan memasukkan
terbitan peringkat tinggi dalam kaedah blok, walaupun ini terhad pada satu sebutan terbitan
peringkat tinggi dalam kajian sebelum. Oleh itu, kajian ini bertujuan bagi mendapatkan
ketepatan yang lebih baik dengan memperkenalkan dua sebutan terbitan peringkat tinggi
dalam kaedah blok. Tambahan, kajian ini memperkenalkan skema dengan panjang-langkah
kaki biasa supaya terdapat kebolehlenturan pada pilihan langkah semasa membangunkan
kaedah blok. Skema ini diadaptasi bagi membangunkan kaedah blok tiga-langkah bagi
menyelesai masalah nilai awal peringkat pertama secara rawak. Ciri-ciri terperinci dikaji
bagi memastikan penumpuan lingkungan kestabilan mutlak, dan masalah berkaitan
pengecasan dan nyahcas kapasitor juga turut diambil kira. Ralat mutlak menunjukkan
ketepatan yang mengkagumkan pada kaedah blok tiga-langkah termasuk mendapatkan nilai
yang sama seperti penyelesaian. Oleh itu, tambahan pada algoritma ini, kaedah tiga-langkah
bagi menyelesaikan linear dan tidak linear pada masalah nilai awal peringat pertama secara
rawak diperkenalkan.

KEYWORDS: fuzzy initial value problem; generalised steplength,; block method; higher
derivative; charging and discharging of capacitor
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1. INTRODUCTION

The primary focus of numerical methods for solving fuzzy differential equations has
been on presenting numerical methods with a higher level of accuracy. This includes

providing a more accurate numerical solution for first order fuzzy initial value problems
(FIVPs) of the form

Y'(x) = f(x, ¥(x)), ¥(x) = o, X € [x, X]- 6]

Numerous researchers have developed different numerical methods [1-6] to solve
problems in the form of Equation (1), however, the major problem encountered is that these
existing numerical methods give a low level of accuracy in terms of absolute error due to
order of the method used. Specifically, researchers considered the use of linear multistep
methods implemented in predictor-corrector mode (a non-self-starting approach with low
accuracy) as seen in studies [7,8]. To improve the accuracy, block methods were introduced
in [9-11] and better accuracy was observed than linear multistep methods. However, there is
still a need for an improvement in the solution accuracy in terms of absolute error. Hence, the
motivation to develop block methods in this article with the presence of two higher derivative
terms with the aim of obtaining better accuracy. In comparison to existing methods, the
proposed method has the advantage of better accuracy, being self-starting, and flexibility in
development and implementation of the block method.

2. PRELIMINARIES

This section recalls some basic definitions which will be adopted in this article.

Triangular Fuzzy Number [12]. Consider that (u,v,w)eR’, u<v<w. Then the

triangular fuzzy number, M (x) is given as

M (x,u,v,w) = (2)

0,x>w
The corresponding r-level set of the triangular fuzzy number is denoted as

Mrz[u+r(v—u),w—r(w—v)], re[0,1]. 3)

Trapezoidal Fuzzy Numbers [12]. Consider that (u,v, w,0 ) eR*, u<v<w<§. Then

the trapezoidal fuzzy number M (x) is given as
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0,x<u

X—U

U< x<v
v—u

M(x,u,v,w,0)=1,v<x<w . 4)

w—Xx

WLXLO
w—v

0,x>0

The corresponding r-level set of the trapezoidal fuzzy number is denoted as
M, =[u+r(v—u),6—r(3-w)], re[0,1] (5)

Some of the basic fuzzy definitions and notions that are not included in this Section 2 are
widely known. Notions of fuzzy sets, functions and their operations, fuzzy derivatives, and
Zadeh'’s extension theory can be retrieved from literature such as [13-16].

3. METHODOLOGY
Given that the first-order FIVP of the form defined in Eq. (1) be a mapping,

f:R, >R, and y,€R , with r-level set y, e( )_/(O,r),;(O, r))r, r€[0,1]. Also, denote the

approximation solution as (y(xn,a)): :( )_/(xn,r),)_/(xn,r)) at points x, =x,+nh, where

X —x,

n

0<n<Nand h=

The generalized k-step block method with presence of second and third derivative in
first-order form is stated below as,

()] (y,,+z{zwm D 123k, ©

d=0] v=0

Expanding Eq. (6) gives the expression

} Yoogu tWornJuats-o tWoirn S
B
_ ' '
(yn+r7 )r =V + _H//lOnf n+!r//1177f n+1 _H//lkr]f n+k : (7)
" " n
+l//2077f n+ l//2117f n+l ""’-H//Zkryf n+k

Consider the Taylor series expansions defined by [17]:

(y(x, + jh; r) [Z(ﬂ‘) f(xn,r)j ,j=0,1,..k, (8)

(yn+j ): =(y(xn;r)+jhy'(xn;r)+%y"(xn;r)+%ym(xn;r)+....+(jn£yn(xn;r)J . )
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Applying these expansions in Egs. (8) and (9) to expand each term in Eq. (7) results in

obtaining the unknown coefficients v, from v, = A”'B, where

The resultant values are substituted in Eq. (7) to get the desired generalized k-step block
method with the presence of second and third derivatives for solving first-order FIVPs. A
more detailed explanation is given in the following subsection, where the generalised step
length (k-step) block method scheme with presence of second and third derivatives is adopted
to develop a three-step (k =3) block method for first order FIVPs.

3.1 Development of Three-Step Block Method

To develop a three-step block method with second and third derivatives for first order
FODEs requires substituting £ =3 in Eq. (7) and then applying Taylor series expansions in

1
0
0
0

0

h3k+2
(3k+2)!

(kh)3A+

2

(3k+2)!

0
1

o O

0

0 0 0
0
h kh 1
W (kh)?
21 21 0
Pk (kh)ﬂﬂ 0
(3k+1)! (Bk+1)!

0
0

(h)*
3k!

kh

(ki)
3k!

Egs. (8), (9). The unknown coefficients y/,,, are obtained as follows:

¥oo01
Yo
Vo
Vo3
Yiol
Yin
Yin
Vi
Yoo
Vo
Vo
Vst

Substituting the obtained coefficients in Eq. (7) for k£ =3, the three-step block scheme is

derived as

r

r

912523
2395008

23717
29568

—5851
29568

35339
2395008
214943
3991680
—10657
147840
10657
147840
—5941
1330560
11369
3991680

4423
88704
—7453

443520

1513
3991680

¥ 002
Yoz
Yo
Vo
Vi
Vi
Vin
Vi
Vo
Yo
Von
Vi

r

r

-19
3465

_8
31185

¥ 003
Yois
Vo
Vo33
Vi3
Vi
Vi3
Viss
Va3
Yoz
Vi
V33

r

r

49280

-

, and B

nh
(nh)?
2!

(nh)?
3

(nh)*
41

(nh)3k+3
(3k+3)!

-

I~
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The block method in Eq. (10) has corrector form

A°Y

(4,.0),

n+k
h3 DO Yn +D1 Ym r
n+k n—k ,
where
r r
1 0 O 0 0 1
0 1 0
A=01 0],4=/0 0 1|,B =
0 0 1 0 0 1
r r
—10657 10657 —-5941 \" 0 0
147840 147840 1330560
0 _ 32 -32 -92 r_
¢ = 1155 1155 31185 ’B =0 0
2187 2187 -2799 0 0
49280 49280 49280 /1
4423 —7453 1513\
88704 443520 3991680 YVno2
0 _ | 212 -19 8 _
D" = 35 3465 T8 | o Yuk Yot
2187 2187 153
49280 49280 49280 /, Vn

[ (912523 . 23717 5851 35339
h + - + +
[2395008f" 29568f”” 29568f"” 2395008f’”3j
o (214943 _ 10657 10657 5941 )+
Vea = 3991680 147840 1478405 13305605 ’
o 11369 4423 7453 1513
h mn + mn+1 - mn+2 mn+3
13991680 " 88704 443523 3991680 1),
7031 71 178 '
+—f ,t— +
(18711f 231f"+l 231f"+2 18711f'”3j
544 32 32 92
=y +| I’ + - - +11, (10)
Yuza =Y (10395& 11555 " 115557 31185g”+3}
3( 17 212 19 8 j
h mn + n+l mn+2 mn+3
L6237 " 3465 3465 31185 1)
3849 . 10935 10935 3849 N
+ + +
[9856f 9856 9856 7 9856 S 9856f"*3j
_ +}12(2799 2187 2187 2799 j+
Pra =T T 4928057 T 49280 5™ T 49280 57 T 49280 5
h{ 153 287 2187 153 j
149280 " 49280 "' 49280 P 49280 ") |

I~

~ (4, ) +h(B"Y',, +B'Y',. k) R (COY", 4 CY, ) +

23717 —5851 35339 \"
29568 29568 2395008
302 s _178
231 231 18711 >
10935  10935w 3849
9856 9856 9856/,
912523 \" 0 (0 2498 r
2395008 3991680
7031 1 544
18711 ,C 00 10395 >
3849 2799
9856/, 0 0 49280 /,
r r r
11369
0 0 3991680 fn—z
1 _ 17 ' —
D=0 0 6237 ’Yn—k f;H >
0 0 153
, 49280 /, fn -
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gn+l gn—Z mn+1 mn—2 yn+1 f;H—l
.o . "o "o _ , _
Zﬁ_k - gn+2 s Yn_k - gn—l s Y,H_k - mn+2 s Y”_k - mn—l b Yn+k - yn+2 ] Y n+k — ﬁ1+2
gn+3 r gn r mn+3 r mn r yn+3 r -ﬁ«+3 r

4. CONVERGENCE PROPERTIES

This section will detail the convergence properties of the developed three-step second-
third derivative scheme. The following definitions are used: consistency, zero-stability, and
region of absolute stability from [18]. These definitions for block methods in crisp form are
adopted to the proposed method for fuzzy initial value problems to prove the convergence
properties for the proposed method.

4.1 Order and Error Constant

The linear operator which is associated with Equation (6) for the three-step block
method is defined as:

L(y(x),h) = (y -, —Z[Z Y i ;:’JD (13)

d=0]_ v=0

L(y (), h) =Ny yr,) + Ny (x,) + N ', e AN () + N A7 ()

The order of this method i1s z if N)=N, =N, =,..,=N_=0 and N_,, is the error

constant. By using the definition of order and error constant, the developed block method has

— ] —29609 23 9
order z=12 with error constant [28768836096000’32108076000’5637632000:" So, the developed block

method is consistent.

4.2 Zero-stability

The zero-stability of the proposed method is computed from

r

1 0 0 0 01

pw)=lw|0 1 0|-|0 0 1| =y’(w-1)=0.
00 1)lo o 1)

The obtained roots satisfy the condition in [18]. Hence, the proposed three-step block
method is zero-stable. Since the proposed method satisfies the properties of consistency and
zero-stability for block methods, this implies that the method is convergent.

4.3 Region of Absolute Stability

The characteristic polynomial used to obtain the region of absolute stability of the
developed block method is obtained as

[det{—(w}k +4' +q{zk:B-"w"_-’1+q2 {iC’W""’}+q3 [Zk:D-’w/“j}Lq4 {iE-’w’“’H} ,

J=0 J=0

q = Ah.
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¢ 52183¢° 3888737 231359¢° | 1549771¢°  10104397¢4 n 5805453 474’ _3_q_1 6
369600 910694400 ' 546416649 40981248 ' 45534720 68302080 12142592 44 2 w

’ 8 157 109 179 589g4 | 21 474° | 3
|:36§600 +16qm+ 2217(160+ 19038 + 528q() + 396110 +_q+ q T3 3 +l:|

The region of absolute stability is determined by plotting the roots of the polynomial
using a boundary locus approach, as shown in Fig. 1.

'Taﬁ«r“flwq
N j’ A
Wy r ‘{( “": w iy

V \'v ¥ 4l *‘"J}g

N &aﬁL 'Lv
| \\\l v IJ‘}\\*l L3
&;v % vt .;. He.5el %ﬂ

P~

N h\ I|
S I~ f” 'M\k i
A~ ) ~
M“h el Yo
‘\ Jat,r
Y T3¢

Fig. 1: Absolute stability region of three-step second-third derivative block method.

S. RESULTS AND DISCUSSION

This section details using the three-step block method to solve first-order linear and
nonlinear FIVPs numerically and comparing the results to the exact solution. Tables and
graphs are being used to compare exact and approximate solutions. The following notations
are utilised in this section.

x-axis shows the value of approximation solution

y-axis shows the value of r-level set

Y, Y are the exact solution of lower and upper bound respectively
Z,; are the approximation solution of lower and upper bound respectively

‘ Y- y‘ absolute error of lower bound approximation

‘? - )_/‘ absolute error of upper bound approximation

h is the stepsize

Example 1 [19].
Consider the following crisp capacitor model
dU,(x) 1
dx RC

with exact solution

1
UC(X)+EUG(X) (14)
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dx dx

U (x)=Ke 5 {I(Ug—gc)e_fffz)dx}.e_ RC (15)

For the initial condition charging of the capacitor

Uc(x)=Uy[l-e<], (16)
while for the initial condition discharging of the capacitor

Uc(x)=U,,e*. (17)

According to [4], the crisp equation can be modelled in a fuzzy form using the definition
of fuzzy theory, which is given in Section 2. The uncertain behaviour of a capacitor using the
voltage, capacitance, or resistance of the circuit current is defined as triangular fuzzy
numbers.

5.1 Charging of a Capacitor

The exact and approximate solutions are presented at x=4s. Table 1 presents the
accuracy for the lower and upper solutions of charging capacitor under DC condition with
triangular fuzzy number. The corresponding graphs are shown in Fig. 2. The specifications
adopted are battery voltage =12V, C=0.25F (farads), U_(0)=0, and resistance with

triangular fuzzy number is R=(2+r,4-r).
5.2 Discharging of a Capacitor

The exact and approximate solutions are presented at x=4s. Table 2 presents the
accuracy for the lower and upper solutions of the discharging capacitor under DC condition
with triangular fuzzy number. The corresponding graphs are shown in Fig. 3. The
specifications adopted as same as the charging of a capacitor scenario.

Table 1: Lower and Upper Solutions for Charging of Capacitor Problem in Example 1

' Y ¥y y 75
0 11.995974448465169 0.0e+00 11.780212333335189 0.0e+00
0.2 11.991669406884018 0.0e+00 11.821937321808754 0.0e+00
0.4 11.984728394383922 0.0e+00 11.859076458515744 0.0e+00
0.6 11.974496498029186 0.0e+00 11.905917027388661 0.0e+00
0.8 11.960417930928731 0.0e+00 11.931188450176629 0.0e+00
1 11.942064600074023 0.0e+00 11.942064600074023 0.0e+00

Table 2: Lower and Upper Solutions for Discharging of Capacitor Problem in Example 1

: Y ‘X_Z‘ y |17—3_/|

0 0.00402555153483014 4.336e-18  0.21978766666481017  8.3266e-17
0.2 0.00833059311598270 7.806e-18  0.17806267819124583  8.3266e-17
0.4 0.01527160561607770 8.673e-18  0.14092354148425637  1.9428e-16
0.6 0.02550350197081452 1.737e-18  0.10850319025595753  2.2204e-16
0.8 0.03958206907126909 1.008e-17  0.08085536398902561  8.3266e-17
1 0.05793539992597728 1.048e-17  0.05793539992597728  1.5265e-16
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Fig. 2: Example 1 at 2=0.1, x €[0,4],7 €[0,1]

= Lower Exact Solution

— Upper Exact Solution
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2}
0 L s =
(1] 0.5 1 1.5 2 Z2.5 3 = i 4

time (x/s)

Fig. 3: Example 1 at 4=0.1, x €[0,4],» €[0,1]

In subsequent examples (Examples 2 and 3), since the exact solution cannot be obtained
analytically, the proposed method in this study is used to obtain the approximate solution. It
is seen that the approximate solution shows a non-monotone behaviour as time increases. The
approximate solution in Tables 3 and 4 shows the lower and upper solutions using triangular
fuzzy numbers.

Example 2. [20].
Consider the following nonlinear FIVP

y'(x)=cos(xy), y(0,r)=(5r,mr—%r).

Table 3: Lower and Upper Solution for Example 2

: Y y

0 0.61513329423446 2.81437834172917
0.2 0.62072922853453 1.31086566147775
0.4 0.62648141558304 0.74700523547913
0.6 0.63281743366655 0.68810151091971
0.8 0.64032241288569 0.66399579330793

1 0.6500044930335  0.65000449303352
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Example 3. [21].

Consider the following nonlinear FIVP

y'(x)=x>+y%, »(0,7r)=(0.1—0.1,0.1-0.17) .

Table 4: Lower and Upper Solution for Example 3

Y Y
0 0.24913567333881 0.48255938900528
0.2 0.26259107127145 0.45370358499704
04 0.28321967366284 0.42612209786584
0.6 0.30466869011884 0.39973233756115
0.8 0.32698805629646 0.37445870012445
1 0.35023184431536 0.35023184431536

In Example 1, a crisp capacitor model was successfully solved using the proposed
method with a fuzzy initial value, and the results were compared to the exact solution. The
results are seen in Table 1 and 2 with charging and discharging of the capacitor. These tables,
showing the comparison between exact and approximate solution, indicate that the accuracy
of the solution in terms of absolute error is quite impressive. The nonlinear Examples 2 and 3,
which cannot be solved exactly, are solved numerically by the proposed method. The
obtained results are demonstrated in Tables 3 and 4. Although, Example 3 was solved by [21]
with homotopy perturbation method, where the authors solved crisp Riccati equation with
two defuzzification for FIVPs, their obtained results lie in the short time interval [0,0.5]
which indicate that their proposed method is limited to the specific points with large amounts
of mathematical complexity.

6. CONCLUSION

The major objective of this research is to enhance the solution accuracy in terms of
absolute error for first order FIVPs. As a result, this article developed a generalised step
length block method for first order fuzzy ordinary differential equations with the presence of
second and third derivatives. Because the algorithm can simultaneously construct block
methods of step length & for solving first order FIVPs, the generalised technique is considered
as extremely flexible. The sample block method with second and third derivatives scheme has
proven to be a viable strategy with increased accuracy for solving both linear and nonlinear
FIVPs. The method was developed using a linear block approach with low computational
complexity, while also satisfying all convergence conditions for the block methods. The
solution of the FIVPS as seen in the tables and graphs demonstrates the applicability of the
three-step implicit block method for first order FIVPs. So, this generalised approach is
suitable for developing block methods for first order FIVPs.
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ABSTRACT: PEDOT:PSS is a conducting organic polymer widely studied for a
transparent conductive electrode. The conventional method to fabricate PEDOT:PSS thin
film involves a post-treatment process entailing dipping into strong and toxic saturated acid
to enhance the film’s conductivity. Eliminating the post-treatment process reduces excess
strong saturated acid or solvent waste, shortening the fabricating time by half. Therefore,
this study presents a quick and facile solution-processed method for fabricating the
PEDOT:PSS transparent conductive thin film (without a post-treatment process) while still
achieving the requirements for a transparent conductive electrode (TCE). A parametric
study was conducted by adding 5 wt% to 80 wt% of benzene sulfonic acid (BA) to
PEDOT:PSS during the formulation stage before being dried at elevated temperatures from
80 °C to 200 °C. The optimum sheet resistance and transmittance value could be achieved
for a thin film fabricated from PEDOT:PSS added with 40 wt% of BA, and dried at 120 °C.
The sheet resistance and transmittance values are 80 €/sq and 93.6%, respectively. The
generated figure of merit (FOM) value is 70.1, indicating an improvement of almost five
times compared to the FOM value of 14.6 generated using the conventional method,
requiring a post-treatment process.

ABSTRAK: PEDOT:PSS adalah bahan polimer organik yang mengkonduksi arus dan dikaji
secara meluas bagi digunakan sebagai elektrod konduktif telus. Kaedah konvensional untuk
menghasilkan filem nipis PEDOT:PSS melibatkan proses pasca rawatan iaitu dengan
mencelupkan filem nipis PEDOT:PSS ke dalam asid pekat bertoksik bagi meningkatkan
konduksi filem tersebut. Tanpa proses pasca rawatan ini dapat mengurangkan penghasilan
sisa lebihan seperti asid pekat bertoksik atau pelarut buangan, memendekkan masa fabrikasi
sebanyak separuh. Oleh itu, kajian ini menghasilkan kaedah proses-penyelesaian yang cepat
dan mudah bagi fabrikasi filem nipis PEDOT:PSS (tanpa proses pasca rawatan) disamping
masih mencapai keperluan sebagai elektrod konduktif telus (TCE). Kajian parametrik telah
dijalankan dengan menambah 5 wt% hingga 80 wt% asid sulfonik benzena (BA) ke dalam
PEDOT:PSS pada peringkat percampuran kimia sebelum dikeringkan pada kenaikan suhu
secara berperingkat dari 80 °C sehingga 200 °C. Nilai optimum bagi rintangan lapisan dan
nilai ketelusan bagi filem nipis PEDOT:PSS yang difabrikasi dapat dicapai melalui
penambahan sebanyak 40 wt% BA dan dikeringkan pada suhu 120 °C. Rintangan lapisan
dan nilai ketelusan telah dicapai sebanyak 80 Q/sq dan 93.6%, masing-masing. Nilai
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gambaran merit (FOM) yang terhasil adalah 70.1, menunjukkan peningkatan hampir lima
kali ganda berbanding nilai FOM 14.6 yang terhasil menggunakan kaedah konvensional
yang memerlukan proses pasca-rawatan.

KEYWORDS: PEDOT:PSS; thin film, sheet resistance, transmittance; figure of merit

1. INTRODUCTION

The need for optoelectronic devices in the 21% century has increased daily. The
optoelectronic devices developed nowadays, for example; solar cells [1], light-emitting
diodes [2], liquid crystal displays [3], touch screens [4], and photodetectors [5], consist of one
essential and common component, namely the transparent conductive electrode (TCE) or the
transparent conductive thin film. TCE plays a role in electrical contact in the devices, and at
the same time, it needs to allow light to pass through it. This type of electrode must provide
low sheet resistance and high transmittance level. Indium tin oxide (ITO) has been the most
applied TCE in the last decade. However, ITO has several serious drawbacks. For instance,
ITO can be depleted as it is a rare material [6]. The cost of fabricating ITO into TCE is
rapidly increasing due to shortage and complex production processes [7]. In addition, ITO is
also brittle [8] and susceptible to corrosion [9].

Recently, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
conducting polymer has emerged as a popular and widely studied organic material for
replacing conventional ITO. PEDOT:PSS consists of “PEDOT” grains that are hydrophobic
and conducting. The “PEDOT” grains are encapsulated by “PSS” shells that are hydrophilic
and insulating [10, 11]. PEDOT:PSS has desirable advantages, such as its solution-processed
method, which could support low-cost and large-scale fabrication [6]. Other than that,
PEDOT:PSS also offers high flexibility [12] and high transparency in the visible light range
[6]. Despite all the attractive factors, it cannot be denied that the limitation of PEDOT:PSS
organic material remains its low electrical conductivity below 350 S cm™ [10]. Many studies
[13,14] focused on removing the insulating “PSS,” commonly through an acid post-treatment,
to overcome such deficiency. Generally, the post-treatment process often involves dropping,
rinsing, dipping, soaking, or fumigating the fabricated PEDOT:PSS thin film with various
acids or solvents (sulphuric acid, H2SO4 often gives the best results) [15-17]. Using these
various acids and solvents in the post-treatment process to increase the conductivity of the
PEDOT:PSS thin film is referred to as the "conventional method" in the present work.

The conventional method discussed above has the drawback of high preparation cost due
to the large consumption of volume in strong saturated acids [18]. The harsh acidic post-
treatment process would lead to a large amount of strong acid waste after the process and also
cause acid residuals to be left on the PEDOT:PSS film surfaces. The residuals could cause
corrosion to any attached materials on the PEDOT:PSS surfaces or the underlying substrate.
Besides that, the conventional method also prolongs the fabrication processing time because
additional steps such as washing, rinsing, and drying must be repeated when each acid
treatment is done. Thus, an alternative method is required to improve the conductivity of the
PEDOT:PSS thin film by replacing this conventional method. Therefore, this paper proposes
a quick and facile solution-processed method (without any post-treatment) to fabricate
PEDOT:PSS thin film by adding diluted benzene sulfonic acid (BA). It is expected that a
PEDOT:PSS thin film with desirable conductivity and transmittance can be fabricated by
introducing an optimised volume of BA into the PEDOT:PSS solution.
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2. EXPERIMENTAL APPROACH
2.1 Materials Preparation

For the present study, PEDOT:PSS solution (Heraeus Clevios™ PH1000 with solid
content 1.0-1.3 wt% in water and PEDOT:PSS ratio of 1:2.5) was procured from Ossila Ltd.
isopropyl alcohol (IPA), benzene sulfonic acid (BA), sulfuric acid (H2SOs), ethylene glycol
(EG), dimethyl sulfoxide (DMSO) were procured from Sigma-Aldrich. Graphene
nanopowder (1.6 nm flakes) was procured from Graphene Supermarket. The as-received
PEDOT:PSS solution (PH1000) was diluted by adding IPA to improve the solution’s
wettability [19] on a quartz substrate. Then, the solution was filtered through a 0.45 um
syringe filter to remove large-sized particles.

2.2 Fabrication of PEDOT:PSS Thin Film

In Fig. 1, process A presents the essential fabricating process involving the chemical
formulation of the PEDOT:PSS solution, followed by spin-coating the formulated
PEDOT:PSS solution onto the desired substrate before finally drying the PEDOT:PSS thin
film. Process B is the post-treatment process, where the dried PEDOT:PSS thin film is dipped
into an acid (e.g., sulfuric acid, H2SO4). After being immersed for a set time, the sample is
rinsed with alcohol or deionised water to wash away the dipping acids before another drying
process. The conventional method involves both processes A and B. The present study
attempts to fabricate the PEDOT:PSS thin film with only process A and without involving
any process B, as given in Fig. 1.

/

A
A

-:;G EI I - @

>~

Magnetic Stirring ~ Spin coating Drying Dipping and Rinsing Drying

G) 10 minutes @] minute @30 minutes @ 10 minutes @3(} minutes

Fig. 1: Conventional method used to fabricate and improve the conductivity of PEDOT:PSS thin film.

Firstly, the IPA-diluted PEDOT:PSS solution was added with BA from 5 wt% to 80
wt%. BA is considered because of its conjugated structure, which can establish m—xn
interactions between benzene rings, making intermolecular charge transfer easier, thus,
enhancing electrical conductivity [20]. Then, the PEDOT:PSS and BA mixture was spin-
coated on a pre-cleaned quartz substrate with spin speed and time fixed at 1500 rpm for 50 s,
followed by 3000 rpm for a further 10 s. After spin coating, the thin film sample was dried in
an oven for 30 mins. The present study also investigated the drying temperature effect
(between 80 °C and 200 °C). Note that the drying temperature has been reported to influence
the conductivity of fabricated PEDOT:PSS thin film [21]. The drying temperature for
PEDOT:PSS thin film is typically not recommended to be over 200 °C because this is the
temperature where the chains’ degradation and the deterioration of the crystallinity
PEDOT:PSS film start to occur [22]. For comparative study, the samples with the post-
treatment process were immediately immersed in a saturated H2SO4 for 10 mins after being
taken out from the oven. Subsequently, the sample was rinsed with IPA and deionised water
to remove the excess acid on the surface before being dried in the oven at the same drying
temperature and time.
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2.3 Characterisation

The PEDOT:PSS thin film fabricated was characterised for sheet resistance (Rs) and
transmittance (T). The relationship between these two properties is represented by the
following equation [22, 23]:

Zy, Op -2
T=(1+ = G—;:) (1)
where Zo, is the impedance of free space (377 ohm), and Gop, 6dc indicate the optical and dc
conductivities, respectively. The term cdc/Gop refers to the figure of merit (FOM) and acts as
an indicator to quantify the quality of thin film sample as TCE. The sheet resistance and
transmittance of the PEDOT:PSS thin film were measured using a four-point probe (DMR-
1C square resistivity tester, Nanjing Damien Instrument Co., Ltd.) and ultraviolet-visible
light spectrometer (model PC2000, Shanghai Wenyi Optoelectronics Technology Co., Ltd.),
respectively. The transmittance values were measured at the wavelength of 550 nm,
excluding the absorption of the quartz substrate. The thickness of the thin film layer was
measured by Atomic force microscopy (AFM, Bruker JPK Instruments) in non-contact mode.
Lastly, the water contact angle of the PEDOT:PSS solution on quartz sample was measured
using an in house built goniometer, operated following ASTM D7334.

3. RESULTS AND DISCUSSIONS
3.1 IPA-diluted PH1000 for Improving Wettability

The wettability of PEDOT:PSS solution as a function of IPA volumes percentage is
shown in Figure 2. It is observed that the solutions’ wettability on a quartz substrate increased
when the IPA volume percentage increased from 0% to 50%. The contact angle measured for
0%, 12.5%, 25%, and 50% of IPA diluted-PH1000 on quartz substrate were 68.9°, 56°, 43°,
and 28°, respectively. A reduced contact angle value indicates a better wetting of solutions on
the surface.

The PEDOT:PSS solutions were then spin-coated onto pre-cleaned quartz substrates.
Figure 3 shows the effect of the volume percentage of IPA dilution on the uniformity of the
spin coating process. Dilution of PH1000 with 25% IPA or more can achieve a good uniform
spin coat of PEDOT:PSS thin film. Even though a more uniform spin-coated film can be
achieved with better wettability, the resistance of 50% IPA-diluted PH1000 thin film was
measured at 745.8 k€, which is higher than the one measured for 25% IPA-diluted PH1000
thin film at 645.0 kQ. Thus, a 25% IPA-diluted PH1000 solution was adopted for the
subsequent analysis and is referred to as the pristine PEDOT:PSS.

3.2 Pristine PEDOT:PSS + Benzene Sulfonic Acid (BA)

The Rs and T values for PEDOT:PSS solutions added with different concentrations of
BA (from 5 wt% to 80 wt%) are given in Fig. 4(a). The Rs values at 5 wt% and 10 wt% BA
concentration are not plotted in Fig. 4(a) because of their excessively high values (over
10,000 Q/sq). With such high Rs values and T of around 88%, the figure of merit (FOM),
calculated using equation (1), is approximately 0.3, which is considered poor (near zero).
After adding at least 20 wt% of BA, the Rs value is shown to drastically reduce to 120 Q/sq
with a T of 92.7%. The Rs is the lowest when added with 40 wt% of BA (80 €/sq), while T is
the highest when added with 40 wt% of BA (93.6%). Figure 4(b) plots the FOM versus BA
concentration, indicating that 40 wt% of BA concentration results in the highest FOM value
of 70.1.
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Fig. 2: Wettability of PEDOT:PSS solutions on quartz substrate with the increase of IPA volume
percentage.
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Fig. 3: Effect of volume percentage of IPA dilution towards the uniformity of spin coating.
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Fig. 4: Effect of benzene sulfonic acid (BA) concentration towards the Rg, T and
FOM of PEDOT:PSS transparent conductive thin film dried at 120 °C.

The second fabricating condition tested was the drying temperature. The PEDOT:PSS
thin film fabricated with 40 wt% BA was dried under temperatures varying from 80 °C to
200 °C. From Fig. 5(a), it is observed that the lowest Rs and highest T remain at the drying
temperature of 120 °C. The PEDOT:PSS thin film drying at temperatures other than 120 °C
showed an increase in Rs and a decrease in T. This is related to the water, BA, and IPA
(solvents) that exist in the PEDOT:PSS solutions. If such solutions dried at excessively high
temperatures (160 °C and 200 °C), the solvents would evaporate before the PEDOT grains
could form into a crystal. However, with a much lower drying temperature (80 °C), the
solvents will remain between the PEDOT grains molecules and hinder the crystal structure

formation [24]. Thus, 120 °C drying temperature is observed as the optimum drying
temperature.

5 = 75 =—

= >
2 120 Ry —@— LR % 60
€T e £ X

~ 110 - 95 £ o

= B ™ @ E 45

g 100 -8 '/n_--,.._——w 90 2

=] ] gt

S 90 - st 85 9 B 30
P s = 2]

§ Rl el 80 g ;3;)[5

5 = B

2 70 75 Z = .
175 § : : = s 0

80 120 160 200 e 80 120 160 200

Temperature (°C) Temperature (°C)

(@R, T (b) FOM

Fig. 5: Effect of drying temperatures towards the Rs, T and FOM of PEDOT:PSS
transparent conductive thin film.

In addition, numerous studies [6] have focused on enhancing the electrical conductivity
of PEDOT:PSS thin film through layer-by-layer structure coating. Thus, the present study
also investigated the effect of the number of coating layers on the FOM value of PEDOT:PSS
thin film. Using the optimised fabricating conditions (40 wt% BA and 120 °C drying
temperature), the PEDOT:PSS thin film was fabricated (repeated spin coating after each
drying process) to achieve one to four layers of film. As shown in Fig. 6(a), although the Rs
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and T values of one layer (1 L) and two layers (2 L) are different, it was determined that both
cases resulted in similar FOM values of 70.1 and 70.3, as given in Fig. 6(b). However, after
more than two layers of spin coating, the third (3 L) and fourth (4 L) layers of spin coating
reduced the FOM value to 47.7 and 31.3, respectively.
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Fig. 6: Effect of number of coating layers towards the R, T and FOM of PEDOT:PSS
transparent conductive thin film.

3.3 Comparative Study with Different Solution-processed Methods

Four other solution-processed methods were selected for comparison with the method
proposed in the present study (named as method-4). It is to note that methods 1 and 2 were
selected as baseline comparisons. The methods are summarised below:

Method-1: process A (pristine PEDOT:PSS) + process B (dipping saturated H2SO4)
Method-2: process A (pristine PEDOT:PSS) + process B (dipping saturated BA)
Method-3: process A (pristine PEDOT:PSS added with 40 wt% H2SO4)

Method-4: process A (pristine PEDOT:PSS added with 40 wt% BA)

Method-5: process A (pristine PEDOT:PSS added with 40 wt% BA) + process B
(dipping saturated H2SO4)

Figure 7 shows the (a) Rs, (b) T, and (c) FOM values of PEDOT:PSS transparent
conductive thin film fabricated with different solution-processed methods. Method-1 and
method-5 fabricated PEDOT:PSS thin films resulted in higher Rs of 215 and 176 Q/sq,
respectively, while method-4 resulted in the lowest Rs value of 80 Q/sq. It is found that
PEDOT:PSS thin film undergoing the conventional post-treatment process (process B) tends
to generate lower levels of transmittance. For example, method-4 fabricated PEDOT:PSS thin
film resulted in a transmittance of 93.6%. However, when subjected to the addition process B
(method-5), the T value reduced 8.9% to 84.7%. Similarly, method-1 and method-2,
subjected to process B, also resulted in a lower T value than method-4. Hence, through the
calculation from equation (1), only the method-4 fabricated PEDOT:PSS thin film gives a
FOM value of 70.1, which is over 35.0 (minimum industrial standard of TCE [22, 23]). Note
that method-3 is not shown in Fig. 7 because the PEDOT:PSS solution was solidified during
the chemical formulation process and could not get a uniform spin coating.

Method-1 (baseline), method-4 (1 L), and method-4 (2 L) PEDOT:PSS thin film
samples’ thicknesses were measured using atomic force microscopy (AFM). Figure 8 shows
the film thickness of samples from method-1, method-4 (1 L), and method-4 (2 L), measured
at 43 nm, 85 nm, and 154 nm, respectively. With the thickness (nm) and (€2/sq) data
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available, the conductivity of the thin film samples can then be determined. Thus, the
conductivity of method-1 thin film is approximately 1081.7 Scm™!, method-4 (1 L) thin film
is 1470.6 Scm™!, and method-4 (2 L) is 1225.2 Scm .
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Fig. 7: Effect of different solution-processed methods towards (a) Rs, (b) T and (c) FOM of PEDOT:PSS
transparent conductive thin film.
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Fig. 8: PEDOT:PSS film thickness from method-1, method-4 (1 L) and method-4 (2 L).

The results obtained from this study were also compared to the recent papers published
in the same field. Table 1 compares the properties of PEDOT:PSS transparent conductive
film fabricated with or without the post-treatment process. The present study’s conventional
method (method-1) yielded a FOM value of 14.6, which is comparable to the FOM value of
17.5 obtained by Biemann et al. [15]. The slightly lower FOM value produced in this study
using the same processing procedure as Biefmann et al. [15] can be attributed to the IPA
dilution in the PH1000 solution adopted in this research. Wen et al. [18] demonstrated that
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mixing PH1000 with dimethyl sulfoxide (DMSO) solvent and undergoing a post-treatment
process with trifluoromethanesulfonic acid (TA) can produce PEDOT:PSS film with a much
higher FOM value, which is 116.5. Nevertheless, the result of this study still demonstrates a
reasonably high FOM value (70.1) compared to all other studies in the literature in which the
fabrication method is completed without any post-treatment process.

Table 1: A comparison of properties of PEDOT:PSS transparent conductive thin film fabricated.

Type of Additional  W/Wo post- t C[S em?] T at R [Qsq!'] FOM  Ref
PEDOT mixing treatment [nm] 550nm
:PSS materials (solvent/acid) [%]
PH 1000 Wo 103.0 1.1 - 88261.3 - (7]
non
one H,SO4 92.0 1167.0 - 93.1 -
Wo 43.2 0.2 - 1500000.0 -
none
H>SO4 12.9 596.3 - 1300.0 -
PH 500 [16]
Wo 150.0 5.1 - 13000.0 -
MCNT
H,SO4 150.0 78.4 - 850.0 -
DMSO - - 93.7 1245 456
PH 1000 Zongéand MA - - 93.5 111.0 500  [25]
DMSO and MA - - 94.9 110.0 644
Wo 165.0 7.0 90.0 8658.0 0.4
EG 138.0 1128.0 86.0 642 375
HCL 169.0 392.0 84.6 150.9 14.3
PH 1000 none FA 108.0 1289.0 84.6 71.8  30.1 [15]
HNO; 66.0 2099.0 85.7 722 32.6
H,SO4 80.0 2938.0 88.5 42.5 70.3
H,SO4 (washed) 65.5 1293.0 84.0 118.1 17.5
Wo - - 88.0 400.0 7.1
SCNT,
PH 1000  SDBS and MEthalllol 5 - - 89.0 290.0 10.8 [26]
TX100 Methanol an ) i
HNO; 90.1 100.3 35.1
Wo - - 90.5 170.0  21.7
PH 1000 DMSO [18]
TA - - 92.0 38.0 116.5
Sorbitol Wo 173.9 0.4 87.9 150000.0 0
AT-4083 and [21]
Martitol FA 129.6 847.9 87.8 91.0 308
IPA Wo - - 88.0 645000.0 0
H,SO4 43.0 1081.7 89.0 215.0 14.6
Present
PH 1000 IPA and
BA (1 L) Wo 85.0 1470.6 93.6 80.0  70.1 study
IPA and
BA (2 L) Wo 154.0 1225.2 90.6 53.0 703

W/Wo = with or without; t = thickness; C = conductivity; T = transmittance; Ry = sheet resistance; FOM =
Figure of Merit; EG = ethylene glycol, DMSO = dimethyl sulfoxide; SCNT = single-walled carbon nanotubes;
SDBS = sodium dodecyl benzene sulfonate; TX100 = Triton X-100; MCNT = multiwall carbon nanotubes; IPA
= isopropyl alcohol; BA = benzene sulfonic acid; MA = methane sulfonic acid; TA = trifluoromethanesulfonic
acid; HCI = hydrochloric acid; FA = formic acid; HNO; = nitric acid; H,SO4 = sulfuric acid
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3.4 Effect of Additives

The effect of common additives, namely ethylene glycol (EG), dimethyl sulfoxide
(DMSO), and graphene (Gr) nanopowder, on the FOM value for the PEDOT:PSS film
produced using method-4 (1L) was further investigated. Figure 9 (a) shows that the Rs value
starts to increase with an increase of wt% additives added to the chemical formulation of
PEDOT:PSS solution. Figure 9 (b) shows that with an increase in wt% of EG additive, the T
value drops at first and rises back. The T value drops 5.4% when added with 10 wt% of EG
and rises 2.4% when added with 20 wt% EG. For DMSO additive, adding 5 wt% does not
change the T value of the thin film, while adding 10 wt% and 20 wt% of DMSO increases the
T value by 8.0% and 12.0%, respectively. For Gr nano powder additive, adding 5 wt% also
does not change the T value, but adding 10 wt% decreases the T value of thin film by 11%.
Although adding 20 wt% of Gr powder only reduces the T value by 0.2%, it still resulted in
an extensive error bar of 14%. Hence, with the FOM calculated as shown in Figure 9 (c), the
effect of additive to further enhance the FOM of PEDOT:PSS thin film can be concluded to
be not adequate when coupled with method-4. The PEDOT:PSS with 40 wt% of BA
concentration remains the best-optimised formulation in this study.
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Fig. 9: Effect of adding different concentration of different type additives (EG, DMSO, Gr nano powder)
towards the changes of (a) R, (b) T and (c) FOM of PEDOT:PSS transparent conductive thin film.
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4. CONCLUSION

This study presents a quick and facile solution-processed method for fabricating
PEDOT:PSS thin film without a post-treatment process, capable of achieving requirements to
be adopted as a transparent conductive electrode (TCE). The sheet resistance, transmittance,
and FOM properties are enhanced by optimising the fabricating conditions with 40 wt% of
added benzene sulfonic acid BA, drying at 120 °C, and one layer of spin coating. The lowest
sheet resistance and highest transmittance achieved were 80 Q/sq and 93.6%, respectively,
producing a FOM value of 70.1. The FOM value improved almost five times compared to the
FOM value of 14.6 for the conventional method of fabricating PEDOT:PSS film. The
conductivity of PEDOT:PSS thin film fabricated using the proposed method reached 1470.6
Sem™!, improving by 36% compared to the conductivity of 1081.7 Scm™! achieved using the
conventional method.

The PEDOT:PSS film produced in this study delivers properties that are either on-par or
better than those reported in the literature, which mostly requires a post-treatment with
various acids or solvents. Thus, this study concluded that the proposed quick and facile
solution-processed method could produce PEDOT:PSS thin films with much-improved sheet
resistance, transmittance, and FOM properties. In future studies to validate the potential of
the thin film, it will be used as TCE in fabricating photovoltaic devices, allowing for the
proof of concept in adopting PEDOT:PSS as an alternative TCE to ITO.
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ABSTRACT: Currently, there are huge demands on developing a design that fulfils the
characteristics of performance, cost, safety, and aesthetics. However, the conceptual design
stages in industrial products lack the involvement of user requirements as it is typically
focused on the product's performance. Consequently, specific criteria such as the product's
ease of use, safety, and robustness cannot be compared and measured when designing
industrial products. Owing to this reason, this research proposes a new technique that
integrates Kansei Engineering with Analytical Hierarchy Process (AHP) to address the
issue. The research objective is to investigate an oil spill skimmer's user and technical
requirements by incorporating the Kansei Engineering method. The approach to carry out
this research is to incorporate the Kansei and the basic AHP methods. Kansei Engineering
will suggest the required design elements that must be included to design and fabricate a
portable oil spill skimmer. At the same time, the AHP method is used to select the best
design based on the developed conceptual design. The effectiveness of the proposed method
was verified by comparing it with other established methods, such as TOPSIS (Technique of
Order Preference by Similarity to Ideal Solution). Moreover, sensitivity analysis was used to
investigate the robustness of the AHP result. There are 5 conceptual designs in total,
assessed in this research. The result showed that out of the 5 conceptual designs, design
number 3 has the highest ranking (priority ranking = 0.2603). Thus, the most suitable
conceptual design for the portable oil spill skimmer to be fabricated is design 3. The finding
also shows that the result from AHP was valid and robust.

ABSTRAK: Pada masa kini, terdapat permintaan besar bagi membangunkan reka bentuk
yang memenuhi ciri-ciri prestasi, kos, keselamatan dan estetika. Walau bagaimanapun,
industri kurang melibatkan keperluan pengguna pada peringkat reka bentuk konsep produk
industri, kerana ia biasanya tertumpu pada prestasi produk. Ini menyebabkan kriteria khusus
seperti kemudahan menggunakan produk, keselamatan dan keteguhan produk tidak dapat
dibandingkan dan diukur semasa mereka bentuk produk industri. Disebabkan faktor
berkenaan, kajian ini mencadangkan teknik baharu yang mengintegrasikan Kejuruteraan
Kansei bersama Proses Hierarki Analitik (AHP) bagi menangani isu tersebut. Objektif
kajian adalah bagi menyiasat keperluan pengguna dan keperluan teknikal menyaring
tumpahan minyak dengan menggabungkan kaedah Kejuruteraan Kansei. Pendekatan kajian
ini adalah dengan menggabungkan Kansei dan kaedah asas AHP. Kejuruteraan Kansei
mencadangkan elemen reka bentuk yang diperlukan yang mesti disertakan bagi mereka
bentuk dan menyaring tumpahan minyak mudah alih. Pada masa sama, kaedah AHP
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digunakan bagi memilih reka bentuk terbaik berdasarkan reka bentuk konsep yang
dibangunkan. Keberkesanan kaedah yang dicadangkan telah disahkan dengan
membandingkannya dengan kaedah lain yang telah terbukti, seperti TOPSIS (Teknik Aturan
Kehendak Berdasarkan Persamaan dengan Solusi Ideal). Selain itu, analisis sensitiviti
digunakan bagi mengkaji keteguhan keputusan AHP. Terdapat 5 reka bentuk konseptual
yang dinilai dalam kajian ini. Dapatan kajian menunjukkan bahawa reka bentuk nombor 3
mempunyai keputusan tertinggi (keutamaan kedudukan = 0.2603) daripada 5 reka bentuk
konseptual ini. Oleh itu, reka bentuk konsep yang paling sesuai bagi saringan tumpahan
minyak mudah alih yang akan dibina adalah reka bentuk 3. Dapatan kajian juga
menunjukkan bahawa hasil daripada AHP adalah sah dan kukuh.

KEYWORDS: Kansei Engineering; analytical hierarchy process (AHP), product
development process; oil spill skimmer

1. INTRODUCTION

Industrial equipment sales often face tough challenges in maintaining their sales volume
and customer loyalty since many manufacturers compete with one another for customers.
Therefore, manufacturers often spend their time and resources studying customers'
purchasing behaviour and preferences, such as function, appearance, and usability. Of all
these requirements, visual appeal plays a vital role in influencing customer purchasing
decisions. Customer impressions are influenced by various elements, including the brand of
the product, its purpose, look, and usefulness. However, the product look is the one that
creates the most visual engagement to the client and product compared to other aspects [1].
The application of AHP has been utilised in the area of the machine tools industry and the
textile industry

Consumer products, such as household appliances, are typically regarded as attractive
and inexpensive, but industrial items, such as heavy machinery, should be of high quality but
not necessarily attractive. Any industrial product's development usually focuses on technical
standards, including objectives and well-defined metrics such as speed, power, and many
others that could be compared and tested. While meeting technical criteria is essential, it is
not always enough for a product to succeed [2]. Several elements are difficult to quantify yet
influence machine design and selection. Users' impressions of different machine tools have
received minimal attention in terms of strategies for selecting, analysing, and comparing
machine tools. Thus, there is a need to incorporate both customer and technical requirements
in the industrial product development process.

A study done by Marini investigated the use of AHP and Analytical Network Process
(ANP) together with Quality Function Deployment (QFD) in concept design and material
selection for making better decisions to improve product success [3]. However, the
involvement of customer requirements is still lacking when developing a design concept [4].
Therefore, research was done to propose a method based on TOPSIS and fuzzy AHP, which
could be used in concept design evaluation [5]. Renzi researched using AHP and ANP
together with other multi-criteria decision methods for design evaluation in the automotive
industry, trying to transfer knowledge on decision-making methods to the industrial context
[6]. Moreover, Rosli investigated a systematic product design model that assists decision-
makers or design engineers in improving current design through the idea generation method
of Theory of Inventive Problem Solving (TRIZ) and utilising the analytical hierarchy process
(AHP) to perform the selection of best-generated idea [7].
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A study was conducted to show that the proposed (House of Quality) HOQ and Fuzzy-
AHP provided a novel alternative to existing methods to perform design concept evaluations
in the early stages of product development, with the capability to accommodate uncertainties
and vagueness using the optimum number of pairwise comparisons [8]. Furthermore, a
research was conducted by Turan, proposing a rough number to be used by VIKOR and AHP
methods to develop a systematic framework for the concept evaluation process [9].
Nevertheless, the proposed best design concept might be biased toward designers'
expectations rather than the customers' expectations.

It is well known that previous researchers have investigated and reported on several
modified AHP. To the best of the author's knowledge, however, the implementation of
Kansei Engineering as a tool for optimisation paired with AHP in the development of
industrial products such as oil spill skimmer is still inadequate and uncommon. Furthermore,
although several researchers have researched the fabrication of oil spill skimmers, there is no
proof that KE and AHP were utilised in the design and fabrication process [10]-[15].
Therefore, this study aims to employ Kansei Engineering to investigate the user and technical
requirements to generate multiple conceptual designs for an oil spill skimmer, which will be
analysed using Analytical Hierarchy Process (AHP) to choose the ideal oil spill skimmer
conceptual design.

2. METHODOLOGY

2.1 Research Framework

The development and selection of the best conceptual design for a portable oil spill
skimmer are split into two sections in this study. First, Kansei Engineering is employed to
build an overall design aspect of the oil spill skimmer in phase one. This methodology has
five layers: Kansei word selection, product sample collection, questionnaire distribution,
reliability testing, data interpretation, and design idea creation. The AHP is then utilised in
part 2 to determine the relative weight of each factor at each level to arrive at the overall
product assessment system. This is done to determine which design idea produced by Kansei
Engineering is the best. Finally, to evaluate the robustness of the AHP, the results are
compared and analysed using TOPSIS and sensitivity analysis.

2.2 Kansei Engineering and Reliability Testing

Kansei Engineering (KE) uses seven primary stages to categorise the customer's needs
and technical requirements. Kansei Engineering type 1 is employed in this study. This
method transforms a single product concept into a more complex concept, which is then
developed to numerous levels and interpreted in terms of the physical characteristics of the
product design. Category categorisation is a breakdown strategy from a targeted concept of a
new product to the corresponding subjective Kansei to the objective design requirements.
Mazda's design of the Miata, the world's most successful sports automobile, is a well-known
example of this category application [16]. A previous research can be referred to identify the
step-by-step procedure of Kansei Engineering methodology [17].

Reliability testing aims to evaluate the reliability or internal consistency by utilising
Cronbach's alpha to measure the strength of the consistency. Cronbach's alpha analysis
determines whether the multiple-question Likert scale survey is reliable. Higher values of
Cronbach's Alpha signify more reliability of the survey or questionnaire; it has a range of 0 to
1. The minimal number of questions and weak interconnection between objects result in a
low alpha score in the reliability test. The alpha value achieved, for example, will be pretty
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low due to a lack of correlation between the variables and items, resulting in the
questionnaire being rejected and requiring modification. On the other hand, the items may be
redundant if the alpha is too high since the questions are the same but in a different format.
The formula of Cronbach's Alpha and the rule of thumb is shown below in Eq. (1) [18].

N.C
= e M

where,
N= the number of items
C = average covariance between items-pairs

V = average variance

Analyse problem statement

I

Kansel Engineering
analysis

I

Design concept
development

I

Design criteria analysis

[

v v
Design selection using Design selection using
AHP TOPSIS

Consistent
Result?

Design selection

I

Sensitivity Analysis

Fig. 1: Research framework.

2.3 Analytical Hierarchy Process (AHP)

In the next step, the research will focus on establishing the Analytical Hierarchy Process
(AHP) in determining the most proper rank of the design options. Elements related to the
goals, criteria, and relevant alternatives are synthesised from the Kansei Engineering method.
Table 1 shows the linguistic variables and the pairwise matrix value.
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Table 1: Linguistic variables and values for pairwise matrix for basic AHP [19].

Linguistic variables AHP Scale

Important
Very strongly important
Strongly important
Weakly important

Y, RN BN}

Equally important
Intermediate 2,4,6,8

AHP technique is a process that consists of the following steps with the help of a few
equations as narrated by [20]:

Step 1: First, decide what needs to be achieved, then narrow down the options. Selecting
criteria, a quantifiable aspect that aids in illustrating and specifying options, necessitates
practical judgment.

Step 2: Paired comparisons are needed in two segments as follows:

1. Between criteria
2. Between alternatives using each criterion.

The matrices of pairwise comparisons are on a fundamental scale from 1 to 9. The
application of AHP is based on expert judgment. One of the major advantages of AHP is that
the analysis does not always require statistically significant sample size as reported by [21].
Furthermore, it is obvious that conducting such huge numbers of real expert examinations
requires too much effort, time, and financial resources. Thus, an evaluation from a single
qualified expert is adequate [22]. As the input data in AHP analysis are based on an expert’s
perceived judgement, a single input from an expert is sufficient as a representative in the
pairwise evaluation of AHP [23]. However, AHP may also be ineffective in research with a
high sample size since "cold-called" experts are prone to give arbitrary responses, severely
altering the consistency of the assessments [24]. Data is gathered through questionnaires and
interviews. The comparison matrix determines which criteria and sub-criteria are more
critical than others. Therefore, expert input is critical. An oil skimmer expert was selected as
the respondent in this research. The respondent was chosen based on years of expertise and
knowledge in the oil skimmer sector. The comparison matrix (n x n), where n is the number
of criteria.

Step 3: Let Xij denote the order of preference of the ith factor compared to the jth factor.
Then Eq. (2):
1
Xij=— 2
] Xij ( )
Step 4: A normalised pairwise comparison matrix is obtained by adopting the following
procedure:

1. Sum of every column.
2. Divide all the numbers in the matrix respectively by the obtained column sum.
3. Average the rows to obtain relative weights.

Step 5: Calculate Eigenvector, maximum Eigenvalue, and Consistency Index (CI). Refer
to Eq. (3).

CI — Amax—n (3)

n-—1
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Here, Amax is the Eigenvalue corresponding to the matrix of pairwise comparisons, and n is
the number of criteria.

Consistency ratio (CR) is defined by referring to Eq. (4):
cI

CR=— (4)

Where (RCI) is a random consistency index.

Generally, a CR value of less than 0.1 is acceptable; otherwise, the pairwise comparisons
should be altered to eliminate incoherence. The TOPSIS and sensitivity analysis methods are
used to validate the AHP results. First, the TOPSIS analysis is used to confirm the AHP
ranking result. The AHP and TOPSIS parameters are the same, but the mathematical
computations are different, allowing the TOPSIS ranking result to confirm the AHP ranking
result. In terms of sensitivity analysis, the AHP result is examined to determine the result's
robustness in relation to the weighted criteria. When modifications in criterion weightage are
applied, a complete sensitivity analysis is done to detect the variance in the behaviour of the
ranking alternatives.

2.4 Technique of Order Preference by Similarity to Ideal Solution (TOPSIS)

TOPSIS technique is a process that consists of the following steps with the help of
equations [25]:
Step 1: Form the decision matrix. Refer to Eq. (5).

X117 Xin
DM = : (5)
Xm1 " Xmn
Step 2: The normalised decision matrix is done. Refer to Eq. (6)
==
NDM =1y = Fom s (6)
Step 3: The weighted normalised decision matrix refers to Eq. (7) (skipped as the
weightage is obtained from AHP).
V= Vij = Wj. Ty (7)
Step 4: The positive and negative ideal solutions for each criterion refer to Eq. (8) and
Eq. (9), respectively
PIS = Vi* = MAX;(V;)) (®)

Step 5: The geometry distance of each alternative from positive and negative ideal
solution is calculated refer to Eq. (10) and Eq. (11), respectively.

5i = \/z;-;lwu — vy (10)

S = \/Z?=1(Vij — V7)? (11)
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2.5 Sensitivity Analysis

Validation is a crucial method to be incorporated into any type of research to identify the
credibility and validation of results. The application can be widely seen in the domain of
renewable energy [26], controller design [27], CNC machining process [28], decision making
[29] and others. Moreover, in engineering domains such as structural analysis and
optimisation challenges, sensitivity analysis is used to analyse uncertainty. The goal of
MCDM sensitivity analysis is to evaluate how changing the weights assigned to the criteria
affects the ranking of the options. It also assures the robustness of the offered technique [29].
In addition, a sensitivity analysis is performed to confirm the final ranking recommendation.
The sensitivity analysis results in several scenarios show that the best option could change
depending on how the assessment criteria are weighted.

3. RESULTS AND DISCUSSION
3.1 Kansei Engineering

To conclude, the design aspects of the oil spill skimmer were identified using (PLS)
analysis, which could be referred from [17]. The technique and analysis provide the
coefficient plot values, illustrating whether or not that design aspect is essential for designing
a portable oil spill skimmer. Certain design aspects have many high positive scores based on
the table below. Therefore, certain design factors will be prioritised when developing the oil
spill skimmer. On the other hand, several design aspects negatively associate with the Kansei
terms. As a result, several design features will be neglected when developing the oil spill
skimmer. These design components must be introduced into the design process and those that
should be ignored while designing the portable oil spill skimmer (Table 2).

Table 2: List of positive and negative design elements

Positive design elements Negative design elements

e Compact body appearance e More than a pair of floating support
e Medium body size o External oil tank location

e 41-100 kg weight e Non-oleophilic skimmer material

e Medium-size oil tank e Bulky body appearance

e A pair of floating support aid e Round body shape

e OQutrigger floating support shape e Vacuum type skimmer

e Square/rectangular body shape e Small body size

e Oleophilic skimmer material e Cylindrical body shape

e Water extraction below 10%
e Brush type skimmer

e Internal oil tank storage

e Less than 5 m/s speed

3.1.1 Reliability Testing

The acquired data is subjected to reliability testing using a questionnaire to assess
whether the data is trustworthy. As a result, Cronbach's Alpha is used to assess the data's
dependability. Cronbach's alpha is an internal consistency measurement that depicts the
interaction of a group of items in collective data reliability, as represented by the coefficient
figures. In contrast, homogeneity refers to one-dimensionality and falls under the Reliability
Internal Consistency component, which measures the phenomenon that provides stable and
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consistent data collection. The questionnaire was conducted for 30 respondents in this
research, calculated in Eq. 1. The Cronbach's Alpha calculated using the SPSS programme
(Statistical Package for Social Science) is 0.912, indicating that the questionnaire set has a
excellent Reliability Coefficient, as shown in Table 3 below. This result demonstrates that the
questionnaires fit in, exhibiting the homogeneity of each question. However, originating from
various parts demonstrates the dimensionality in measuring every response received,
resulting in a more stable and complete analysis for this study.

Table 3: The Cronbach's Alpha Value and Reliability Coefficient [30].

Cronbach's Alpha Value Reliability Coefficient

a>0.9 Excellent
a>0.8 Good
a>0.7 Acceptable
a>0.6 Questionable
a>0.5 Poor

3.1.2 Conceptual Design

The design concept of a portable oil spill skimmer is based on the results obtained from
the Kansei Engineering analysis. Figure 2 shows the conceptual designs of the portable oil
spill skimmer. Furthermore, the strengths and weaknesses of each design are elaborated in the
AHP analysis, where it is compared using pairwise comparison with several sub-criteria.

(a) (b)

Fig. 2: Developed conceptual design of portable oil spill skimmer:
(a) Design 1, (b) Design 2, (c¢) Design 3, (d) Design 4, (e) Design 5.

(d) (©

3.1.3 Specifications of Each Design
The specification of each design is shown in Table 4.
3.2 Analytical Hierarchy Process (AHP)

The pairwise comparison matrix is created using the hierarchy model from Fig. 3. The
number in the pairwise matrix is decided by an expert such as oil and gas or OSRR engineers.
This is done to improve the result accuracy of the AHP. The pairwise comparison in this
research has three stages: design alternatives, sub-criteria and overall analysis of the criteria,
sub-criteria, and design alternatives analysis. Finally, a matrix with regards to the plan will be
determined. AHP is used to implement a hierarchy paradigm for structuring product principal
decisions. Figure 3 depicts a four-level hierarchy decision mechanism.
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Table 4: The specification of each conceptual design

Specification Design 1 Design 2 Design 3 Design 4 Design 5
Weight 5-40 kg 41 -100 kg 5-40 kg 41 -100 kg 41-100 kg
Speed Less than 1 m/s Less than 1 m/s Less than 5 m/s Less than 1 m/s Less than 1 m/s
Oil Tank Capacity Large Large Medium Large Medium
Oil Suction Below 51 L/h Below 51 L/h Below 51 L/h Below 51 L/h Below 51 L/h
Capacity
Self-Propelling No Yes Yes Yes Yes
Capacity
Size Big Big Medium Medium Large
Oil Tank Location External Internal Internal External Internal
Water extracted 20% 20% 10% 10% 20%
with oil
Body shape Square/Rectangular  Square/Rectangular  Square/Rectangular  Square/Rectangular  Square/Rectangular
Body appearance Bulky Bulky Bulky Compact Compact
Portability Carried by 2 Carried by more Carried by 2 Carried by more Carried by 2
person than 2 person person than 2 person person
Skimmer type Brush Brush Roller Roller Brush
Material Oleophilic Oleophilic Oleophilic Oleophilic Oleophilic
Floating support Round Cylindrical Outrigger Outrigger Outrigger
aid shape
Number of 4 2 2 4 4
floating support
aid
Support aid type ~ Polyvinyl chloride  Polyvinyl chloride Fibreglass PVC Fibreglass
(PVO) (PVO)
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The criteria are labelled as follows: Performance (P), Safety (S), Maintenance (M) and
Portability (P). The sub-criteria are labelled as follows: Oil Suction (OS), Manoeuvrability
(MA), Strong Body Frame (SBF), Stability (SA), Enclosed Components (EC), Easy to Repair
(ER), Easy to Disassemble (ED), Easy to Relocate (ETR) and Lightweight (L). The stability
of the design is evaluated according to the number of floating support (closely influenced by
the shape of floating support) and floating support shapes (bow-ship shapes are
recommended). Furthermore, the oil suction is evaluated according to the types of skimmer
material.

This research does not consider the cost as main or sub-criteria since the criteria is not a
concerning factor and also was inconsiderate in the previous research as well. The research in
the oil and gas field that presents this scenario [31,32]. Moreover, the product will be
focusing on specific customers as it is characterised as high variety, low volume production.
The basic characteristics of high variety, low volume is the manufacturing of one or few
numbers of products designed and produced as per the requirement of customers within pre
decided time, with a drawback of high cost of production [33]. Thus, cost is not taken as one
of the influencing factor as cost criteria will not affect the pairwise evaluation.

Design Criteria

Criteria

[

Performance

l

Maintenance

>

|

Portability

Sub-criteria

Oil Suction

Strong body

Enclosed
components

Easy to repair

Easy to

frame

Easy to
relocate

Lightweight

Design
Alternatives

Design 3 Design 35

Fig. 3: A hierarchy model for the selection of design concept.

The following table is the pairwise comparison matrix of the design alternatives in each
sub-criterion. The table below shows the step-by-step process of the pairwise comparison
matrix for the oil suction sub-criteria. This process is done through all the nine sub-criteria.
Note that the CR value needs to be less than 0.1. The expert decides the value inside the
matrix. All the calculations were done following the steps explained in the methodology.

Table 4 shows the pairwise comparison matrix of each design in the oil suction sub-criteria.

Table 5: Pairwise comparison matrix of each design in oil suction sub-criteria

Weight D1 D2 D3 D4 D5
D1 1 4 3 4 4
D2 0.25 1 2 3 3
D3 0.33 0.5 1 0.5 0.5
D4 0.25 0.33 2 1 1
DS 0.25 0.33 2 1 1
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Next, the synthesised matrix and consistency testing were done in Table 5. The same
calculation applies to each of the sub-criteria. It is observed that the consistency ratio (CR) is
below 0.1; thus, the pairwise comparison evaluation is accepted.

All the sub-criteria are analysed as shown in Tables 4 and 5. In the following analysis,
the pairwise comparison of Oil Suction (OS), Manoeuvrability (MA), and Strong Body
Frame (SBF) was made to calculate which sub-criteria in the performance criteria has higher
weightage. Table 6 shows the pairwise comparison matrix of performance criteria. Table 7
shows the process of averaging the normalised columns. First, the eigenvector was calculated
by multiplying to obtain the new vector. As the consistency ratio (CR) value is less than 0.1,
thus the pairwise comparison evaluation is accepted.

Table 6: Synthesised matrix for the design alternatives

Wt D1 D2 D3 D4 D5 SUM PV NV NV/PV (I RI CR

D1 0.4800 0.6480 0.3000 0.4210 0.4210 2.271 0.4542 2.5483 5.6111 0.08 1.12 0.07
D2 0.1200 0.1620 0.2000 0.3150 0.3150 1.1137 0.2227 1.2163  5.4605
D3 0.1600 0.0810 0.1000 0.0520 0.0520 0.4463 0.0893 0.4689  5.2531
D4 0.1200 0.0540 0.2000 0.1050 0.1050 0.5846 0.1169 0.6002  5.1332
D5 0.1200 0.0540 0.2000 0.1050 0.1050 0.5846 0.1169 0.6002 5.1332
Total 26.59
A max 5.3182

Table 7: Pairwise comparison matrix of performance criteria

Wt (O] MA SBF

OS 1.0000 3.0000 5.0000
MA 0.3333 1.0000 2.0000
SBF 0.2000 0.5000 1.0000

Table 8: Synthesised matrix for the sub-criteria

Wt (0] MA SBF PV NV NV/PV  CI RI CR
0S 0.6522 0.6667  0.6250 0.6479 19485 3.0071 0.00 0.58 0.0032
MA 0.2174 0.2222  0.2500 0.2299 0.6902  3.0026
SBF 0.1304 0.1111  0.1250 0.1222 0.3667  3.0013

Total 9.01

A max 5.3182

Table 9: Overall priority vector for the alternatives

Alternatives Overall PV
D1 0.3098 0.0587 0.0588 0.1347
D2 0.1800 0.1359 0.1367 0.0531
D3 0.2055 0.2375 0.4580 0.3928
D4 0.1451 0.2840 0.2474 0.1691
D5 0.1596 0.2840 0.0991 0.2503

Table 9 reveals that design 3 (D3) has the most significant value (0.2603 or 26.03 per
cent) among the various design concepts suitable for further development. Design 4 (D4) is
the second highest, with a value of 0.2356 (23.6 per cent), while design 1 (D1) is the lowest,
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with a value of just 0.1323 per cent (13.23 per cent). As a result, D3 has been chosen as the
preferred design idea, as it provides the most value among the five options.

Table 10: Oil spill skimmer design concept ranking

Alternatives Priority Vector Rank
D1 0.1323 5
D2 0.1440 4
D3 0.2603 1
D4 0.2356 2
D5 0.2278 3

3.3 Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The TOPSIS multi-criteria decision matrix is utilised in this paper to compare the
ranking result with AHP for verification purposes. The step-by-step calculations are
explained earlier in the paper. The weights of the criteria were obtained from AHP. The
weightage of the criteria and sub-criteria was calculated to identify the global weight of each
sub-criteria. The calculation example of the criteria and sub-criteria are as follows. Table 11
shows the global weight of the priority vector obtained from AHP.

Table 11: Global weight of the priority vector obtained from AHP

Criteria Priority Vector Sub-criteria Priority Vector Global Weight

Performance 0.2776 (0S) 0.6479 0.1799
M) 0.2299 0.0638

(SBF) 0.1222 0.0339

Safety 0.5635 (S) 0.7500 0.4226
(EC) 0.2500 0.1409

Maintenance 0.1077 (ER) 0.6667 0.0718
(ED) 0.3333 0.0359

Portability 0.0512 (ETR) 0.2500 0.0128
(L) 0.7500 0.0384

Table 12 shows the pairwise comparison matrix of the TOPSIS analysis showing the
Beneficial (B) and Non-Beneficial (NB) criteria. The value of the Positive Ideal Solution
(PIS) is the highest, and the lowest value for the Negative Ideal Solution (NIS) is the
beneficial (B) criteria. As for the non-beneficial (NB), it is contrariwise.

Table 12: Pairwise comparison matrix

B B NB B NB B NB NB B

OS M SBF S EC ETR ETD ER L
Pt 5 2 3 3 2 2 2 4 4
D2 3 3 2 3 4 3 3 2 2
D3 4 5 4 4 4 5 5 4 4
D4 3 4 3 4 4 4 4 4 4
D5 3 4 5 4 4 2 2 4 4

The ranking is based on the Ci score, with a more excellent value of Ci indicating the
best option among the five options (D1, D2, D3, D4, and DS5). After calculating relative
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closeness (Ci), the value of Ci is used to rank the candidates. Because the D3 alternative has a
better value than the other alternatives, it is rated first. D3 >D2 >D4 >D5 >DI1 are the

outcomes of all alternatives based on better scores, and their ordering preferences are shown
in Table 13.

Table 13: The ranking of the best design concept for oil spill skimmer

Alternatives Si+ Si- Ci Rank
D1 0.1199 0.3024 0.7160 5
D2 0.0946 0.2524 0.7274 2
D3 0.1146 0.3078 0.7287 1
D4 0.1206 0.3113 0.7208 3
D5 0.1232 0.3154 0.7192 4

Table 14 shows the ranking result from AHP and TOPSIS. The analysis between AHP
and TOPSIS shows that design 3 is chosen as the best conceptual design for a portable oil
spill skimmer. This result shows that the ranking from AHP is verified through the TOPSIS
analysis.

Table 14: The comparison ranking of AHP and TOPSIS result

Alternatives AHP Rank TOPSIS Rank
D1 5 5
D2 4 2
D3 1 1
D4 2 3
D5 3 4

3.4 Sensitivity Analysis

The weighting of the primary criteria significantly impacts the final priority alternatives.
As a result, even slight adjustments in the weighting of the criteria might have a significant
impact on the final ranking. Furthermore, when extra criterion weights are applied, the
ranking's stability must be reviewed because these weights are typically based on highly
subjective viewpoints. Consequently, sensitivity analysis was used to test the AHP finding's
robustness.

Super Decision software was used to conduct the sensitivity analysis. The performance
graph depicts how the alternatives perform when the situation of all parameter’s changes. D1
red, D2 blue, D3 black, D4 green, and D5 yellow are the colours of the design choices. In
figure 1, the first ranking changes from design idea 3 to design concept 1 when the
performance priority vector increases by 65 per cent. Figure 2 shows that when the priority is
increased by 75%, design 4 gets the top position, followed by design 5 and design 1. In
addition, when maintenance priority is increased by 70%, the ranking in design 2 to rank 3
and design 5 to rank 4 is shown in Fig. 3. Finally, there are ranking modifications for designs
2, 3, 4 and 5 for the portable criteria in Fig. 4, at 15%, although design 3 remains at the top of
the ranking.
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Fig. 4: The sensitivity analysis graph of the criteria; (a) performance, (b) safety,
(c) maintenance, (d) portable.

4. CONCLUSION

Extensive studies on product development trends and customer demands, as well as the
study on design techniques and methodologies, are required for product design. Designers
should be able to see flaws in the design process, sum up the design experience regularly, and
think about the meaning of the design from the perspectives of businesses, consumers, and
social culture. The correct balance of perceptual inventiveness and rational assessment is
required to develop exceptional design works. By combining Kansei Engineering and the
Analytical Hierarchy Process, this study extracts the approach of analysing an oil spill
skimmer's user demand and technical specification at the early design stage and proposes a
technique for assessing and choosing the most appropriate design concepts during the
conceptual design stage. TOPSIS and the sensitivity analysis approach were used to verify
the AHP results. Design 3 was the best design concept for a portable oil spill skimmer
because it has the highest value (26% or 0.26). AHP can help design engineers analyse and
choose the optimal design concept based on the criteria and sub-criteria for a decision. Other
forms of MCDM methods might be integrated with Kansei Engineering in the future as a
recommendation since the findings would be valuable in determining whether other decision
methods could be integrated to obtain more precise conclusions. In addition, the number of
criteria and sub-criteria could be increased to produce more accurate result.
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ABSTRACT: Traffic density in the terminal control area will increase flight safety risks.
One effort to reduce the risk is to minimize the controller’s workload when affected by air
traffic complexity. This research uses a simulation model to measure air traffic complexity
in terminal control areas. The aircraft performance model has been constructed from ADS-
B data and represents the aircraft movement in the terminal control area of Soekarno-Hatta
International Airport. The simulation model can detect and resolve conflicts to keep
separations between aircraft at a specified minimum separation limit. Air traffic
complexity measurement uses several indicators, i.e., aircraft density, number of climbing
and descending aircraft, aircraft type mixing, conflict control, aircraft speed difference,
and controller communication. The weighting factor for each indicator has been obtained
from Jakarta Air Traffic Service Center (JATSC) controller perception using an analytic
hierarchy process. The simulation results show that the variation of resolution type affects
the complexity level significantly. The results of this study can be used as consideration
for improving air traffic control procedures and air space structures.

ABSTRAK: Kepadatan trafik di kawasan terminal kawalan bakal menyebabkan
peningkatan risiko keselamatan penerbangan. Salah satu cara bagi mengurangkan risiko
adalah dengan meminimumkan beban kerja pengawal yang terlibat dengan kesesakan
trafik udara. Kajian ini menggunakan model simulasi bagi mengukur kesesakan trafik
udara di kawasan terminal kawalan. Model pretasi pesawat telah dibina menggunakan data
ADS-B dan ini mewakili pergerakan pesawat di terminal kawalan lapangan terbang
antarabangsa Soekarno-Hatta. Model simulasi ini dapat mengesan konflik dan membuat
resolusi bagi mengekalkan penjarakan antara pesawat mengikut had penjarakan minimum
yang ditetapkan. Beberapa indikator telah digunakan bagi mengukur kerumitan trafik
udara, iaitu: ketumpatan pesawat, bilangan pesawat mendaki dan menurun, jenis pesawat,
kawalan konflik, perbezaan kelajuan pesawat dan pengawal komunikasi. Faktor pemberat
bagi setiap indikator telah diperoleh daripada pengawal persepsi Pusat Servis Trafik Udara
Jakarta (JATSC) menggunakan proses analisis hierarki. Keputusan simulasi menunjukkan
pelbagai jenis resolusi mempengaruhi tahap kerumitan dengan ketara. Hasil kajian ini
boleh digunakan bagi menambah baik prosedur kawalan trafik udara dan struktur ruang
udara.

KEYWORDS: terminal control; air traffic complexity; simulation model; analytic
hierarchy process
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1. INTRODUCTION

The Terminal Control Area (TCA) is airspace with the most complex and dense system
compared to other airspace sectors. Three modes of flight operations run simultaneously:
arrival, departure, and cross-flight [1]. TCA is highly sensitive to changes in traffic, weather,
flight procedures, runway used, and other unusual events. The assessment of the system's
performance is important and is affected by the system's complexity [2].

The air traffic complexity rate can be very high due to the traffic intensity and patterns
in mutual interactions between different traffic flows and individual aircraft in the TCA.
The increasing complexity of the TCA will increase the complexity of controller tasks and
result in increased workload [3]. The management of traffic flow and airspace can be carried
out correctly to avoid excessive controller workload if the measurement and prediction of
air traffic complexity can be carried out accurately [4].

Table 1: Air traffic complexity indicators summary

Air Traffic Complexity Arad Grossberg Mogford Pawlak Laudeman Majumdar Chatterji Koros Diaconu
Indicators [8] [9] et al. et al. et al. et al. et al. etal. etal
[10] [11] [12] [13] [14]  [15] [4]

Sector design/geometry N N N
Aircraft density/volume N \ V
v y

\/

\/
\/

Aircraft speed difference
Emergency operations
Altitude change

The horizontal distance
between aircraft

< <2 2 < 2

The vertical distance
between aircraft

< 2 2 =2

Aircraft type mixing

2
2 =2 2 2 2 2=
<2

Frequency of ATCo's \ \
communication

Flight entering and \
exiting the sector
Potential conflict control ~ +/ ~ N N

Number of cruising
aircraft v v v

Number of
climbing/descending \/ \/ \/
aircraft

Weather condition ~

\/
\
Aircraft heading \ N
change/difference

N

Special flight

Radiofrequency
congestion

Number of intersecting
airways

Restricted airspace

The proximity of sector
boundary

ATC's procedure \ v

< 22 2 2

It is necessary to consider the interactions between individual aircraft and their flight
characteristics to determine complexity more precisely. The interactions involve possible
conflicts and the tendency for aircraft movement to converge at one point. [5]. There are at
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least nine references from Mogford et al., Diaconu et al. and Dervic and Rank (2 that
mention various indicators of complexity [4,6,7]. Table 1 shows the summary of some
complexity indicators.

Air traffic complexity can be measured by experts, who have experience controlling air
traffic under various conditions, or by the complexity indicator obtained from air traffic data
and the number of interactions between aircraft in a particular sector [16]. Another method
to determine air traffic complexity is using a dynamic weighted network model. The nodes
represent aircraft, waypoints, and airways in the network model. The total weights of all
network edges represent air traffic complexity [17]. Andrasi et al. used an artificial neural
networks model to estimate air traffic complexity. The best configuration of artificial neural
networks was determined by a genetic algorithm [18].

This research developed an ATM model simulation in the TCA using MATLAB to
reflect aircraft movements and the air traffic control process. The simulation model is then
used to analyze air traffic complexity in the TCA, specifically at Soekarno-Hatta
International Airport, Jakarta. The simulation model has several advantages in describing
the air traffic system and its complexity, i.e. the movement of the aircraft can be visualized
to analyze and validate it [19]. The simulation parameters also can be modified easily to
obtain various scenarios.

2. MODELLING
2.1 System Description

The ATM system model represents arrival and departure operations for Runway 25R
and 25L on Soekarno-Hatta International Airport - Jakarta (JAKARTA). The arriving
aircraft will enter the TCA from the en-route airspace through the transition points. The
aircraft then fly towards the runway following a specific trajectory profile defined by some
waypoints. The arrival trajectory profile refers to Standard Terminal Arrival Routes
(STAR). The departing aircraft enter the TCA from the aerodrome control area and fly to
the airway following the Standard Instrument Departure trajectory profile (SID). The
information about STAR and SID can be accessed in the Aeronautical Information
Regulation and Control (AIRAC) as a supplement to the Aeronautical Information
Publication (AIP) published by the Directorate General of Civil Aviation (DGCA) of
Indonesia [20].

With Flight Management Computer (FMC) support, aircraft can automatically fly along
with these profiles. Under certain circumstances, the aircraft must follow the instruction
from the air traffic controller containing the aircraft's direction (heading), altitude, and speed
changes, often referred to as vectoring. Arrival operations have more significant conflict
potential than departures because aircraft have trajectories that converge, especially when
entering a merging point. Aircraft speed on arrival will also experience a reduction so that
the aircraft in front tends to be overtaken by the aircraft behind it. The departure model has
a smaller potential for conflict than the arrival because the trajectory tends to be diverging.
Potential conflicts with arriving aircraft are also minimal due to differences in altitude and
flight path.

There are six TCA sectors related to Runway 25R and 25L are modeled in this study:
Jakarta Lower Control North (LN), Jakarta Lower Control Center (LC), Jakarta Lower
Control East (LE), Jakarta Terminal West (TW), Jakarta Terminal East (TE), and Jakarta
Terminal South (TS). Each sector has boundaries described by latitude-longitude,
altitude/flight level, and radius from ATC head radar. Information about the boundaries can
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be accessed in Standard Operating Procedures Air Traffic Services Approach Control
Service published by Airnav Indonesia Branch of Jakarta Air Traffic Service Center
(JATSC) [21]. The arrival traffic model has six trajectory profiles, and the departure traffic
model has ten. Complete trajectory profiles and TCA sectors related to the Runway 25R and
25L air traffic model are shown in Fig . 1.

JAKARTA LOWER
CONTROLNORTH JAKARTA LOWER",

CONTROLCENTER

JAKARTA \
TERMINALWEST

/ T AT IAKARTA e
Arrival Profile ;=i | I I TERMINA!.KEAST»-"\"
Departure Profile: ===p ' \ s Lo

RUNWAV/!K'L,
= :

JAKARTA LOWER
CONTROLEAST

 JAKARTA
TERMINALSOUTH

Fig. 1: Trajectory profiles and TCA sectors related to Runway 25R and 25L.

2.2 Air Traffic Model

The air traffic model was built using MATLAB software by combining discrete-event
and agent-based models. The wind speed model was added as an environmental element
influencing the system. The wind speed consists of wind velocity and direction represents
the weather condition. Each aircraft has a fixed parameter that will not change during
simulation: aircraft type and trajectory profile based on SID/STAR. There are also dynamic
parameters that will change during simulation; these parameters are:

= Position: In the form of local NED (North, East, Down) coordinates with a reference
point at the NOKTA waypoint (X, Y, Z);

= Airspeed: Airspeed in the local NED direction (Vx, Vy, and Vz);

=  Waypoint: present the waypoint to which the aircraft is headed;

» Heading: Heading aircraft relative to local north;

= Distance to waypoint: the distance of the aircraft to the next waypoint;

= Right of Way: priority of aircraft when heading/being on the same track;

= Conflict status: free from conflict or not;

= Resolution: selected conflict resolution mode (vectoring, speed control, or altitude
control);

= TAS and GS: aircraft true airspeed and ground speed;

= Vertical speed: vertical aircraft speed when climbing (+) or descent (-); and

= RADAR radius: radius from RADAR.

Each trajectory has a unique profile based on STAR and SID published in Aeronautical
Information Publication (AIP) [20]. Each aircraft will move along the trajectory with the
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waypoint as profile guidance. The aircraft distance relative to the waypoint is obtained by
the equation [22]:

dx, = X, — X, (1)
dye = Yup — Y, (2)
Az, = Zyy — 74 3)
dsr = /(dx)? + (dy)? + (dz)? “4)
With,

X, Y, Z: aircraft coordinates on each coordinate axis;

Xwps Ywp, Zwp: Waypoint coordinates on each coordinate axis;
dx:, dy, dz: distance to the waypoint on each coordinate axis;
ds: aircraft distance relative to the waypoint.

After getting the distance relative to the waypoint using the above equation, then the
heading angle can be calculated relative to the waypoint (8;) apply the equation:

— -1 dxt
6, = tan™' = ®))

The aircraft heading angle relative to the waypoint is used to calculate the relative aircraft
speed on each axis (Vx, Vy, Vz) using the equation below:

=V, cos b, dz;, =0

Vx {;t (\/ /AR Vztz) cos 6, dz, # 0 (6)
=V, sin6,, dz;, =0

Vye = {qt (VVZ=Vvz?)sine, dz, # 0 )

Vz, = {z 0, dz; =0

£0  dz #0 (®)

Furthermore, it can be determined the position of the aircraft for each axis at a time (t + 1)
through the equation:

Xevr = (VX x 61) + X, ©)
Yiog = Vye x 60) + Y, (10)
Zpyr = (Vze * 80) + Z; (11)

The separation between aircraft is maintained by using conflict detection and resolution
models. It is necessary to calculate horizontal (dnor) and vertical (dver) separations between
aircraft (a and b) to check whether the separation between aircraft is still safe (does not
exceed the minimum limit) using the following equation:

dnor = /(X* = XP)2 + (Y@ — YP)? (12)

dver = (Zb - Xa)z (13)
X, Y, and Z are the aircraft coordinates a and b on each coordinate axis.

After the separation between aircraft is known, whether the separation is still safe or if
there has been a potential conflict (smaller than the specified minimum separation buffer)
can be checked. Conflicts at TCA more often occur when the plane is heading to the merging
point. If several aircraft experience conflict, it will be determined which aircraft gets the
Right of Way (ROW) based on the closest distance to the merging point. The aircraft that
gets the first ROW continues to fly following the specific trajectory without resolving
conflict. The other aircraft should make specific maneuvers as part of conflict resolution.
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The flowchart of the aircraft's movement in the simulation model is shown in Fig. 2. The
model has three conflict resolution modes: vectoring, airspeed control, and altitude control.

Input:
- Waypoint parameters (coordinates, height
and speed limit)
- Airplane routes
- Initial parameters of the aircraft
(coordinates, altitude, speed, heading)

|

_'-,-. Check separation with other

Fig. 2: Flow chart of aircraft movements in the simulation model.

2.3 Flight Parameter Model

Flight parameter models were extracted from ADS-B data provided by FlightRadar24.
The ADS-B data was collected from more than 38800 flights that departed and landed at
Soekarno-Hatta International Airport, Jakarta [23]. The models included five aircraft flight
parameters: Airbus A320, Boeing B737, Airbus A330, Boeing B777, and Boeing B787.
Machine learning was used to handle a large quantity of ADS-B data to identify the phase
of the flight and the time when the aircraft flew across specific waypoints. One advantage
of this technique is that ADS-B data can be efficiently and cost-effectively gathered over
the internet. ADS-B data was combined with weather data from Aviation Meteorological
Information System in Meteorological, Climatology, and Geophysical Agency (BMKG) to
develop the flight parameter model [24].

The waypoints used for analysis were the waypoints flown by aircraft using Runway
25R and 25L for departing and arriving. The waypoint information was obtained from the
Soekarno Hatta International Airport Terminal Chart published by the Indonesia DGCA
[20]. The K-Nearest Neighbor algorithms processed flight parameters from ADS-B data
when the aircraft had the nearest position to specific waypoints within a radius of 1 NM.
The altitude and the vertical speed were processed straight from the ADS-Data. The true
airspeed was generated from the ground speed and wind speed data from weather data.

Three probability distribution functions (Normal Distribution, Beta Distribution, and
Gamma Distribution) approached flight parameter models using maximum likelihood
estimation. The best distribution was determined using Kolmogorov-Smirnov Test. The
flight parameters for this research used the mean value from the models. Validation was
carried out on previous research by comparing the estimated parameters with flight

204



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Medianto et al.
https://doi.org/10.31436/iiumej.v24i1.2223

parameters from the Eurocontrol Aircraft Performance Database [25] and the reference
parameter from the JAKARTA (WIII) Terminal Chart issued by the Indonesia Directorate
General of Civil Aviation [26]. Table 2 shows some of the aircraft's flight parameter models
when flying by specific waypoints.

Table 2: Flight parameter models for each type of aircraft when flying by waypoints

W . Altitude (feet) True Airspeed (knot) Vertical Speed (m/s)
aypoint A320 B737 A330 B777 B787 A320 B737 A330 B777 B787 A320 B737 A330 B777 B787
ABILO 35834 35834 35834 35834 35834 436 436 436 436 436 836 836 836 836 836
AJUNA 7758 7339 7131 6492 7208 287 283 279 285 278 2524 2473 2484 2115 2283
ALAMO 38228 38228 38306 38228 38228 450 450 450 477 477 425 425 425 524 524
ARKAP 2227 2215 2368 2350 2300 190 180 187 190 183 216 239 263 366 305
BUNIK 22799 22771 21798 22370 22788 395 373 389 389 391 1838 1630 1619 1543 1562
CA 10107 10929 11161 11161 11161 455 454 454 455 455 777 696 1193 1193 1193
CARTA 14032 14032 14032 13618 14101 314 336 335 330 326 1558 1789 1465 1396 1407
CORIL 8482 9483 9483 9483 9483 464 458 458 458 16 890 1096 1096 1096 1096
DAPIK 1262 1310 1320 1381 1291 217 214 208 212 207 371 560 384 601 397

DENDY 24419 24419 24124 23850 24169 378 378 390 392 393 1259 1259 1389 1554 1511
DOLTA 27591 29814 28087 26436 32599 446 453 443 470 473 1007 1171 1377 1479 1918

ESALA 3316 3317 3371 3627 3489 288 286 285 286 282 1271 1256 1227 1141 1251
FRIDA 32125 33409 33409 33409 33409 463 456 463 463 463 776 731 776 776 776
GAPRI 6909 6682 6912 7103 7335 375 365 378 375 362 1699 1538 1494 1105 1119
GASPA 9155 9335 8314 9020 9056 449 384 430 429 431 1180 775 1714 1750 992
HLM 4093 4203 4363 4620 4620 354 361 20 361 374 1987 2263 2093 3375 3375
IMU 8813 8765 8964 9254 9254 425 423 424 438 438 1350 1450 1554 1823 1823
KURUS 9418 8932 9079 9273 9273 447 432 460 469 469 2046 1715 1961 2338 2338
LARAS 21015 21015 19140 22357 19524 397 397 402 434 405 1778 1778 1578 1968 1856
LEPAS 29868 29868 29868 34739 31644 457 457 457 480 483 874 874 874 211 1040
NABIL 4425 4217 4121 4298 4298 356 346 350 350 367 2111 2259 1924 2338 2338
NADIN 7942 7670 7944 8185 8185 405 394 401 399 399 1731 1554 1591 1362 1362
NOKTA 11931 12443 12207 12385 13008 290 284 290 295 295 1403 1185 1185 1136 1132
PRIOK 3537 3712 3395 3425 3309 218 216 215 212 211 643 802 582 648 663
PW 7538 7847 9144 9144 9144 433 423 423 437 437 1235 966 1738 1738 1738

RAMAL 17531 17660 16867 17489 17576 342 329 338 343 345 1636 1426 1543 1535 1559
RAMBU 6905 6998 6768 7241 7202 255 256 259 262 262 1050 1112 1005 1088 1186

RATIH 15998 15998 16475 18685 16634 377 377 373 400 379 2034 2034 1737 2071 1870
SIKAD 18000 17300 17675 17675 17675 358 362 414 414 414 2100 2300 2800 2800 2800
TEGAR 2122 2146 2110 2115 2031 247 249 245 247 246 902 1027 813 899 857
WETES 5062 4967 5088 5284 5043 331 327 333 330 320 1596 1511 1604 1453 1335

WINAR 6157 5757 5409 5016 5271 278 274 264 273 271 2635 2595 2535 2144 2429

2.4 Air Traffic Complexity

The calculation of air traffic complexity at TCA begins by determining the indicators
affecting the complexity and relevance of the airspace sector. After that, the weight of each
indicator needs to be determined using the analytic hierarchy process (AHP) method.

The most mentioned indicators relevant to the TCA airspace sector can be selected based
on Table 1. Hence, air traffic complexity measurement in this paper uses seven indicators:
air traffic density (Nin), number of climbing (N¢ip) and descending (Nges) aircraft, aircraft
type mixing (Tiyyp), potential conflict control (crossing and overtaking conflict, Tyr), aircraft
speed difference (Tspa), and frequency of controller's coordination or communication (Tcom).
The weight of each indicator was obtained using an analytic hierarchy process (AHP)
method.
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The first step in the AHP method was to collect input data with pairwise comparisons
of the indicators. Complexity indicators were paired with a rating that determined which
indicator was more critical. This data was collected by a survey involving respondents from
experts and practitioners. The questionnaire was created to assess the relative importance
(weight value) of the target respondents, experts, and air traffic controllers from Airnav
Indonesia, notably the Jakarta Air Traffic Services Center (JATSC). The questionnaire was
filled out by respondents using online media. The second step was to average the input
comparison values using the Row Geometric Mean Method (RGMM). The average r; value
was determined using the following equation.

T; = exp [%Z;yzlln(aij)] = (H?]:l aij)ﬁ (14)

The comparison matrix A = aj; with dimensions of NxXN, N = 7 (number of indicators).
The third step was calculating the first eigenvector of matrix A (Eigen 1 in the E1 matrix).
The fourth step was calculating the second eigenvector (Eigen 2 in the E2 matrix). Then
proceed to the fifth step, calculating the difference between E1 and E2. The sixth step was
to assess the consistency of the respondent's answers in the following way.

a. Calculate the Weighted Sum Vector (WSV) by multiplying the rows of matrix A by
matrix E1.

b. Divide each element of the WSV matrix by each element of the E1 matrix to obtain
the Consistency Vector (CV).

c. Calculate the lambda (L) by averaging CV and calculating the Consistency Index
(CI) using the following equation.

A-N
Cl=—— (15)
d. Divide CI by the Random Consistency Index to get the Consistency Ratio (CR) (RI).
cI
CR=— (16)

Table 3 shows the RI value for a given N value.

Table 3: Random consistency index [4].

N 1 2 3 4 S 6 7 8 9 10
RI 0 0 058 09 1,12 124 132 1,41 145 1,49

After knowing the value of each indicator and its weight of importance, the general
equation for the function of air traffic complexity at TCA can be calculated.

Fc = (Win X Nin) + (Wclb X Nclb) + (Wdes X Ndes) + (Wtyp X Ttyp)
+ (Wrtf X Trtf) + (Wspd X Tspd) + (VVcom X Tcom)
Air traffic complexity values were calculated for several scenarios. The scenarios were

varied on the inter-arrival time (IAT) and the percentage of possible resolution types (speed
control, altitude control, and vectoring).

(17)

3. RESULTS AND DISCUSSION

The simulation animation is used to validate the model by observing the model's
behavior while the simulation is running [27]. Some entities (aircraft) are observed moving
from the time they enter the system to the time they leave the system to determine whether
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the aircraft moves correctly according to the predetermined modeling concept and whether
the conflict detection and resolution have been applied.

The animation observations show that the entity followed its arrival and departure
trajectory according to the predetermined trajectory route. The data validation and
operational graphics results also show that the model correctly implemented the applied
conflict detection and resolution. No aircraft violated the minimum separation rules when
the simulation ran in normal conditions.

The waypoint modeling for Soekarno-Hatta International Airport is based on local
coordinates of NED with NOKTA as a reference point. The model is used to simulate the
air traffic in the TCA, especially at JAKARTA TCA for Runway 25R and 25L. The model
visualized 2-dimensional forms that moved for each unit of time. Flight parameters were
estimated from ADS-B data for specific waypoints.

The movement of the aircraft in the simulation were repreented by a green dot when
there was no conflict, a yellow dot when there was a potential conflict, and a red dot when
there was a conflict with other aircraft. The simulation had twelve entry points and ran for
7200 units or the equivalent of 7200 seconds. There were three scenarios, each was running
for just one resolution mode choice to solve the traffic conflict. Air traffic complexity was
measured by calculating seven complexity indicators recorded during the simulation.
Visualization of the simulation model is shown in Fig. 3.

A total of 119 questionnaire respondents from the JATSC controller provided
information to determine which complexity indicator was more critical among the indicators
that have been paired. The questionnaire results were then processed by AHP to obtain the
weighting value for each indicator, as shown in Table 4.

0t 2D Graph (t=1173) g

y (meter)
&

ity P Bt gl o gy,

x (meter) 10%

Fig. 3: Visualization of the simulation model with aircraft movement representation.

The level of consistency (Consistency Ratio) of the AHP was 0.72% which means that
the answers were consistent (CR < 10%). This CR value indicated that the weighting values
that were obtained could be used in the simulation. As shown in the table, the indicator that
most influences complexity is the potential conflict control for crossing and overtaking
conflict, with a weighting value of 38.87%. The indicator with the smallest weighting value
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is the number of climbing aircraft (8.99%). Thus, the general function for air traffic
complexity at JAKARTA TCA can be written as follows.

F, = (0.1218 X Ny;) + (0.0899 X N,y5) + (0.1078 X Nges) + (0.1015 X Ty, ) 18
+(0.3887 X Tyr) + (0.0924 X Tgpq) + (0.0980 X Teom) (18)

Table 4: Weighting value of each complexity indicator

Complexity Indicators Weighting Value
Air Traffic Density (Ny,) 12.18%
Number of Climbing Aircraft (Ng;;) 8.99%
Number of Descending Aircraft (Nges) 10.78%
Aircraft Types Mixing (Tyyp) 10.15%
Potential Conflict Control (T, 5) 38.87%
Aircraft Speed Difference (Tspq) 9.24%
Frequency of Air Traffic Controller's Coordination or 9.80%

Communication (Tzp,)

Function (18) shows that the number of descending aircraft is more critical than the
number of climbing aircraft in influencing air traffic complexity. It is also shown that the
aircraft type mix is more important than the aircraft speed difference. This result is different
from Diaconu et al. (2014) in which the climbing was more important than the descent, and
the aircraft speed difference was more important than the aircraft type mix [4]. The
controller's significant preference with the same indicator may vary for different air traffic
service units. So it is necessary to analyze the weighting value of the complexity indicator
for related air traffic service units before measuring the air traffic complexity in specific
airspace sectors.

Controller task load is represented by controller communication time in the function
through the frequency of the controller's coordination or communication (T,,,,). The
complexity rate will increase the more frequently the controller coordinates or
communicates with the pilot and another controller. The weighting of communication time
in the complexity function is more critical than the number of climbing aircraft (N,;;,) and
Aircraft Types Mixing (T;y,). In addition to task load, other factors such as equipment
capability, individual preferences, and cognitive controller strategies are required to obtain
a complete picture of the correlation between complexity and workload [28].

The simulation run for ten repetitions with aircraft type mix is a 9:1 ratio for Medium
type (Boeing B737 and Airbus A330) and Heavy type (Airbus A330, Boeing B777, and
Boeing B787). When entering the arrival point, time separation is set to 4 minutes, and
departure is about 6 minutes. This gives high traffic density to the model. The minimum
separation is 5 NM with a buffer of 15 NM to solve the potential conflict. A graphic of
complexity measurement from a simulation (altitude control mode only) for each TCA
sector is shown in Fig. 4.

From Fig. 4, Jakarta Lower Control North and Jakarta Terminal West have a high rate
of complexity relative to the other sectors. Jakarta Terminal East has the lowest complexity
rate compared with the others on Runway 25R and 25L operation. The model can show the
complexity rate comparison between sectors. It can be used to assess what sector has a
higher rate of complexity for a particular runway operation, and the management should
take some action to balance it.
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Fig. 4: Result of complexity measurement (altitude control mode only).

Simulation results of air traffic complexity measurement and the number of potential
conflicts for specific resolution mode scenarios in each sector are shown in Fig. 5 and 6.
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Fig. 5: Values of air traffic complexity on sectors for specific resolution mode's scenario.
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Fig. 6: Number of potential conflicts on sectors for specific resolution mode's scenario.

Figure 5 shows that the speed control mode assigns a higher complexity rate for all
sectors except Jakarta Lower Control North. For lower rate complexity, vectoring mode
gives the lowest complexity than the other resolution mode, as seen in Jakarta Lower
Control North, Jakarta Lower Control Centre, and Jakarta Terminal South. Altitude control
mode gives a higher rate of complexity and more potential conflict if applied to the sector
with many departure trajectories like Jakarta Lower Control North. Fig. 5 and 6 elaborate
that speed control to solve the conflict increases complexity and creates more potential
conflict for almost all sectors. Vectoring mode gives the least potential conflict than the
other modes except on Jakarta terminal West.

The simulation result can compare the complexity between sectors in a TCA and its
effect on potential conflicts. However, the model cannot yet determine how this complexity
affects aviation safety risks. As we know, complexity will affect the controller's workload
level [5]. Representation of the human factor is needed to measure the controller workload,
and its effect on safety risk factors can be observed. Future research needs methods to
represent the human factor in a simulation model, including adding a controller to the
simulation (human in the loop simulation) [16] or developing a controller workload model
[29].

4. CONCLUSION

The weighting value of seven air traffic complexity indicators has been calculated
using the AHP method in this study. The indicator that most significantly affects the air
traffic complexity is the potential conflict control. The consistency of respondents' answers
is less than 10%, indicating that these results are consistent. It can determine the air traffic
complexity rate in the JAKARTA TCA model.

The simulation has been run to measure the air traffic complexity of JAKARTA TCA
in a high-density situation. The simulation result explains that the resolution mode selection
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influences the complexity rate and potential conflicts. The simulation model requires further
development by representing the human factor in the model so the model can be used to
analyze safety risks.
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ABSTRACT: This paper presents the performance analysis of Predictive Functional
Control (PFC) for Adaptive Cruise Control (ACC) application. To cope with multiple
driving objectives of modern ACC systems such as passenger comfort, safe distancing,
and fast time response, an advanced optimal controller such as Model Predictive Control
(MPC) is often used. Nevertheless, MPC requires a high computation load due to its
complex formulation and may overload the processing power of a microcontroller. Thus,
the prime objective of this work is to propose a PFC algorithm as an alternative
controller, while providing a formal comparison between MPC and the traditional
Proportional Integral (PI) controller. A standard kinematic model for vehicle longitudinal
dynamics was modelled and used to derive the control law of PFC. Since the open-loop
dynamic of the derived transfer function is not stable, the second objective is to propose
a pre-stabilized loop or cascade PFC structure for the system. A complete tuning
procedure and analysis were presented. The simulation result shows that although MPC
performance is the best for the ACC application with Root Mean Square Error (RMSE)
of 1.4873, PFC has shown a promising response with RMSE of 1.5501, which is better
compared to the PI controller with RMSE of 1.6219. All the imposed driving constraints
such as maximum acceleration, maximum deceleration and safe distance were satisfied
in the car following application. Thus, the findings from this work can become a good
initial motivation to further explore the capability of the PFC algorithm for future ACC
development.

ABSTRAK: Kajian ini adalah berkenaan analisis prestasi Kawalan Fungsi Ramalan
(PFC) aplikasi Kawalan Mudah Suai (ACC). Bagi memenuhi pelbagai keperluan objektif
sistem pemanduan moden ACC seperti keselesaan penumpang, penjarakan selamat dan
tindak balas pantas, kawalan optimum terbaru seperti Model Kawalan Ramalan (MPC)
sering digunakan. Walau bagaimanapun, MPC memerlukan beban pengiraan tinggi
kerana rumusnya yang kompleks dan mungkin mengakibatkan beban berlebihan kuasa
pemprosesan mikrokawalan. Oleh itu, matlamat utama kajian ini adalah bagi
mencadangkan algoritma PFC yang mempunyai pengiraan mudah sebagai kawalan
alternatif, sementara menyediakan perbandingan formal antara MPC dan kawalan
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tradisional Berkadar Keseluruhan (PI). Oleh kerana model ini tidak stabil, objektif kedua
adalah mencadangkan penggunaan struktur PFC berlapis bagi menstabilkan sistem
terlebih dahulu sebelum algorithma kawalan digunakan atau dengan menggunakan
struktur PFC secara berturut pada sistem. Prosedur lengkap dan terperinci untuk analisis
PFC dibentangkan. Dapatan simulasi kajian menunjukkan walaupun prestasi MPC
adalah baik bagi aplikasi ACC dengan Ralat Punca Min Kuasa Dua (RMSE) bernilai
1.4873, namun PFC menunjukkan tindak balas baik dengan RMSE bernilai 1.5501
berbanding kawalan PI yang mempunyai RMSE sebanyak 1.6219. Kesemua kekangan
seperti pecutan dan nyahpecutan maksima, dan penjarakan selamat bertepatan dengan
aplikasi kenderaan ini. Dengan itu, penemuan ini adalah motivasi awal yang baik bagi
meneroka lebih jauh keupayaan algoritma PFC bagi membangun ACC pada masa
hadapan.

KEY WORDS: predictive functional control; model predictive control; PID; adaptive
cruise control

1. INTRODUCTION

Adaptive Cruise Control (ACC) is one of the basic features for an Advanced Driving
Assistant System (ADAS), where its function is to regulate the speed of a vehicle while
retaining a safe following distance. Compared to the conventional Cruise Control system,
ACC has two modes of operation: speed control and space control. With the advancement
of sensor and microprocessor technologies, an energy efficient ACC system which can
satisfy multiple driving objectives such as passengers’ comfort, fuel efficiency, and safe
distancing with acceptable time response are currently being developed. This type of ACC
system requires a more sophisticated control algorithm and structure as each of the driving
objective functions needs to be optimized to get the optimum control action. It is also well
noted that the vehicle longitudinal dynamics for full range operation is highly nonlinear
and thus a hierarchal control structure is required where the upper-level system is
controlled to provide a desired signal for the lower-level system to track [1]. At the same
time the switching between space and speed control also needs to be considered to ensure
the safety and comfort of the passenger.

With a traditional PI controller, a special switching algorithm is used to ensure a
smooth transition between the two modes to avoid jerking [2]. This operation can be done
with the help of a look up table. Nevertheless, the control performance is not robust since
the decision making is solely based on the current measurement. To improve the
robustness, a proper tuning strategy can be implemented, as demonstrated by [3].
However, the control structure has become more complicated and there is no systematic
tuning approach for this type of modification leaving only trial and error or use of some
optimal algorithm tuning scheme. Several works also have proposed the use of Fuzzy
Logic Controller (FLC) for an ACC system. Using a common logic rule, the switching
strategy is developed based on the relative distance with the lead vehicle. The strategy is
quite straightforward and implantable, yet as reported by [4], in the presence of
unmeasured disturbance, the control performance will be deteriorated. Indeed, there are
several options to overcome these issues such as improving the accuracy of the fuzzy rule
by using a different logic function or combining it with other advanced controllers [5].
However, there is no systematic rule that can be implemented as there are many
parameters that need to be tuned and most of the modifications are system dependent.

A predictive controller is another suitable option to control the upper level of an ACC
system. A representative kinematic mathematical model is used to predict the future
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velocity and the input acceleration will be optimized to get the desired response while
satisfying other driving constraints such as passenger’s comfort, fuel efficiency, and safe
distancing. As reported in the literature, various authors have managed to prove that this
algorithm can effectively control the vehicle speed in satisfying the multiple driving
objectives either in simulation or real-time implementation [6-8]. The main reason behind
this is the prediction capability where the controller can anticipate what will happen in the
future and try to provide the best solution. Hence, no special switching strategy is required
and it can be replaced by a more systematic optimization problem. Indeed, there are also
several limitations such as a proper selection of the tuning parameters of prediction and
control horizons based on certain applications. However, even with suitable parameters,
the computation burden will still be heavy to implement in existing vehicle
microprocessors. In a short sampling time i.e., 0.1 s, the algorithm needs to compute
several heavy mathematical operations such as prediction, optimization, and constraints
handling using a standard quadratic cost function. Of course, there are several options to
reduce the computation such as offline implementation [9] and changing the prediction
structures using a special function [7,10], yet still the basic microprocessor in existing
vehicles needs to be upgraded. This requirement will increase the cost and, in the future,
full implementation of autonomous vehicles would further lead to a greater computation
demands.

Due to the above reasons, this work intended to propose an alternative low
computation predictive controller known as Predictive Functional Control (PFC), which is
novel in the ACC application. In general, the algorithm principle is the same, but the
optimization process is simplified without the use of the quadratic cost function. In return,
the computation time can be reduced significantly [11]. The PFC algorithm has also been
implemented in other engineering fields ranging from chemical, mechanical, and electrical
industries [12,13]. However, there is a tradeoff in using PFC, where the optimality of the
control solution will be reduced. This is a well-known tradeoff but for a Single Input
Single Output (SISO) application such as an ACC system, it may become a good
alternative strategy. Besides, there are also a number of works that have improved the
existing algorithm such as [14,15]. Thus, the main objective of this work is to investigate
and provide a formal performance comparison of PFC with MPC and a traditional PI
controller to assess its capability in a vehicle following application.

Another important issue that needs to be highlighted is the application of PFC for
marginally stable processes or type 1 processes where there will be an independent
integrator in the transfer function’s denominator. Since the input to the ACC system is
acceleration and the output is speed, if a step input is given, the output will not converge to
a steady state value. Thus, when a conventional PFC algorithm is implemented, the control
solution will be ill-posed, where the prediction and actual control performance will differ
[16]. To cope with this issue, a cascade PFC with feedback compensator will be used
where the prediction structure is pre-stabilized before implementing the conventional
algorithm [17]. A proper analysis on the tuning process will be discussed and denoted as
one of the contributions of this works.

2. METHODOLOGY
2.1 Vehicle Longitudinal Dynamics Modelling

The mathematical model is the most important part of predictive control formulation.
In general, the inputs to the system will be the pedal pressure from the throttle and brake,
while the output of interest will be velocity. In a traditional cruise control system, the
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braking effect is not considered, thus the standard kinetic vehicle longitudinal model can
be used straight away to derive the control law of PFC as presented in [18]. However, the
ACC system needs braking input as well to keep the safe distancing with a lead vehicle. If
a full kinetic modelling i1s used to derive the control law as in [18], the constraint
implementation will be quite complicated especially if it is designed for full range
dynamic operation where the nonlinearities will be very high due to the changing gear
ratio and coefficient of friction between road and tire [2]. Thus, a hierarchal control
strategy is often proposed in the literature [5,6] as shown in Fig. 1.

Lower level
% of press | Throttle F Upper level
R
Actuator Kinetic a Kinematic |
% of press Brake —F; Model Model
—_—
Actuator

Fig. 1: Hierarchical structure for vehicle longitudinal dynamics.

In the hierarchal structure, the throttle and brake actuator correspond to powertrain
and brake line dynamics respectively. As for the lower-level dynamic, it is responsible for
the relationship between traction force F; and acceleration, a, by Newton’s second law.
The details of these models are available in many references including academic textbooks
[2]. Since the lower-level model is nonlinear in nature, the PFC controller will be derived
based on the upper-level system that represents the kinematic dynamic between
acceleration and velocity where the transfer function is given as:

v(s) = a(s) (1)

The additional time constant T in Eq. (1) corresponds to the estimation of the first
order lag of the lower-level controller [2]. In this case, it is expected that the car will track
the velocity imperfectly and thus the nominal time constant 7 is approximately equal to 0.5
s [2]. In this work, it is assumed that the lower-level controller can retain the nominal
value in every operating speed, although in reality, it will be changed due to nonlinearities,
especially for low-speed operation where the gear ratio is not constant. The investigation
of the impact of nonlinearities on the overall control performance of an ACC system and
the possibility of using other robust control methods will denote future work.

2.2 Cascade PFC Prediction

1
s(ts+1)

Since the PFC algorithm works in the digital domain, the transfer function in Eq. (1)
needs to be discretized a with sampling time of 0.1 s [6]. From here on, a standard symbol
for input u will be used for acceleration a and output y for velocity v. The discrete
transfer function can be represented as:

G(Z) __y(z) _ 0.009365z"1+0.0087622z2 @)
u(z) 1-1.8192z71+0.819z72

Another important part that needs to be considered is the nature of the transfer
function in Eq. (1) and Eq. (2), where it is a type 1 system with independent integrator in
the denominator. Since the output response will not converge when given a bounded input,
it needs to be pre-stabilized before deriving the control law. If not, it will lead to an ill-
posed solution as reported in the literature [14]. There are two ways to overcome this issue
[14,17], one is by splitting Eq. (2) into two separate transfer functions that run in parallel,
one using partial fractions and the other using a proportional gain, K, to stabilize the
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system as shown in Fig. 2. This work utilizes the second option since only a minor
modification in the computed input is required when implementing the control law.

Fig. 2: Proportional feedback loop for plant pre-stabilization.

The inner loop T (z) will be used as a prediction model instead of G(z) as in Eq. (2) to
get a stable response and it is computed as:

y(z) _ G@)K
x(z)  14+G(2)K 3)

T(z) =

where, x(z) is the modified controlled input. A suitable value of proportional gain K can
be selected based on trial and error or by using a more systematic approach as presented in
[17]. As in this work, the MATLAB PID tuner is utilized. Using the function
pidtune(sys,type), it provides the proportional value of K = 1.147. According to the
function description in MATLAB help desk, the given value is computed based on the
balance performance between response time and robustness.

A linear prediction structure based on the superimposed principle for transfer function
in Eq. (3) can be formed, and since the derivation is standard [23-26], only the final form
is presented. The i-step ahead prediction at the £ sampling is presented as:

y(k + ilk) = HX + PX, + QY +d (4)

The dimension of matrix H, P, and Q depends on the model parameters, and for a standard
second order transfer function, the parameters X, X, and Y are:

x(k)
_|x(k+1) P _[ vyl
x =D = xk 1),y_[y(k_1)]
x(k + i)

The term d in Eq. (4) corresponds the correction term to get an unbiased prediction using
an independent model structure as shown in Fig. 3. Technically, it is the difference
between the actual measured output form a plant y, and the calculated output y from T'(z)
in Fig. 2.

d=y,—y (5)

Fig. 3: Independent model structure for PFC prediction.

2.3 Cascade PFC Control Law
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To compute the control input, the prediction in Eq. (4) at n-step ahead is forced to
coincide with a first order setpoint trajectory r, which is given as [11]:

r(k +nlk) = (1 - AR+ A"y, (k) (6)

where R is the desired set point speed. In this stage, there are two tuning parameters that
need to be specified. The first one is the coincidence horizon n, where the prediction in
Eq. (4) is forced to match with the target trajectory in Eq. (6). The second one is A, which
corresponds to the desired Closed-loop Time Response (time taken to reach 95 % form the
steady state value):

1= e—3Ts/CLTR (7)

The term Ty in Eq. (7) denotes the sampling time. For a second order system, the
selection of n has a general tuning guideline as presented in [17]. It should be selected
between 40% and 80% of the response to avoid prediction mismatch. Once all the tuning
parameters have been selected, the general control law of PFC can be derived. Using its
standard assumption that the future modified control input will be constant i.e., x(k) =

x(k +1) =--.x(k +n) [25], the n-th row of matrix H,, will reduce to a single value in
the form of:
1
1
hy = Hy | (8)
1

Extracting the n-th prediction form each matrix and equating the predictions in Eq. (4) and
Eq. (6) gives:

hpx(k) + P,Xo + QpY +d = (1 —A")R + Ay, (k) 9)
The compensated input x can be computed as:
x(k) = hp*[(1 = AR + Ay, (k) — P,Xo — QY —d] (10)

It should be noted that since a cascade structure is used to pre-stabilized the response
as explained in Section 2.2. By referring to Fig. 4, the actual input that will be sent to the
plant is computed as:

u(k) = K[x(k) — y, (k)] (11)

R . T +f~\ . u vl ot
PFC K Gz) .

Fig. 4: Cascade PFC structure.

2.4 Constraint Handling for Passenger Comfort and Safe Distancing

For the predictive controller framework, the conventional switching strategy from
speed mode to space mode can be implemented by formulating a constraint control
problem. Fig. 5 shows the schematic diagram for vehicle following application and how
the ACC controller is implemented.

218



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Zainuddin et al.
https://doi.org/10.31436/iiumej.v24i1.2341

l @

e u : level = Tr Do | - T £
pper level Lower leve L,
,
controller controller
Ego car Lead car

Fig. 5: ACC schematic diagram for vehicle following application.

With the help of a distance sensor such as LIDAR, a relative distance D,. or relative
velocity v, with a lead vehicle can be measured. These two parameters can be used to
regulate the acceleration to retain a safe following distance if necessary. A standard safe
following distance equation as recommended in [2] is used, where:

Dsafe(k) = Daeraurr + Tgapv(k) (12)

The default distance Dgefaqie 18 set to 10 m, it means that if the velocity of vehicle is 0

m/s (both lead and ego vehicle are not moving or approaching a complete stop), the
relative distance should not be less than Dgefqy- The safe time gap Tyqp between the
vehicle is set to 1.4 s. Based on Eq. (12), the higher the velocity of a vehicle, the larger the
safe distance needed to be maintained because it will take more time to slow down the car.
Based on the output velocity prediction in Eq. (4), the future relative position between the
car D, can be estimated by assuming the future velocity of the lead car is constant at the

instantaneous sampling
Dr(k +1) = [vl - v(k)]Ts + Dr(k) (13)

Using superposition, at each sampling time, the maximum velocity to keep the safe
distance can be formed as:

Umax = (UlTs + Dr(k)_Ddefault)/(Tgap + Ts) (14)

Then a normal PFC output constraints formulation can be implemented by selecting a
suitable validation horizon n;. The algorithm is given as below:

Algorithm (A). At each sample time:
(1) Compute the unconstrained compensated input x as in Eq. (10).

(2) A simple ‘for’ loop is used to check the constraint violation while updating Eq.
(13) and Eq. (14)

(3) If v > vy, then:
X(k) = HLlTl[vmax(i) - PiUO - QiY - d] (15)
(4) Else, the value of x is retained.

For taking care of passenger comfort and fuel efficiency, the input acceleration is
constrained in between Uy, = -3 t0 Upyq,= 2 m/s°. As discussed in many PFC papers [16-
17] a simple clipping strategy is enough to cater for input constraint such that if x <
y(k) + Upin/K, then:

x(k) = y(k) + umin/K (16)
Similarly, if x > y(k) + Upax /K, then:
x(k) = y(k) + Umax/K (17)
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3. SIMULATION RESULT
3.1 Analysis of Tuning Parameter of PFC

The first step in tuning the PFC is to select a suitable compensator gain to stabilize the
open-loop behavior of the vehicle dynamics. Since the open-loop transfer function is type
1 (with one integrator in the denominator), a single proportional gain is enough to stabilize
the system. As discussed in Section 2.2, an autotune PI controller in MATLAB is used to
find an optimum proportional gain K = 1.147 that will provide a balanced performance
between response time and robustness [17]. Figure 5 shows the open-loop response of the
pre-stabilized system output y against the desired output trajectory R with CLTR of 5s (4
=0.9418).

1.2 T T T T T T T T T

velocity (m/s)
e 2 o
S o o -
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0 2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 5: Pre-stabilized open-loop response compared to the desired trajectory.

The objective of the PFC is to force the system to match the desired target trajectory
at a specific coincidence horizon, n. In this stage, a proper coincidence horizon needs to be
selected carefully. In general, a smaller coincidence horizon will provide more aggressive
response and input, while higher coincidence horizon will be less aggressive and slow.
The effect of coincidence horizon may be varied for different systems since the dynamics
are different. Several coincidence horizons are simulated to track a desired velocity of 5
m/s with 0.1 s sampling time, as shown in Fig. 6.
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Fig. 6: Closed-loop response with varying coincidence horizon (n).

It can be observed that a smaller horizon will lead to slower response and a larger
value will lead to faster response than the desired one (black dashed line). Based on the
tuning guide proposed by [17], a suitable value should be selected between 40% and 80%
rise of step response to its steady state value. In this case n=8 provides the closest
response compared to the desired trajectory. A similar effect can be seen in the control
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effort where large horizon will need larger over actuation compared to the smaller horizon

value. Nevertheless, all the control efforts violate the maximum allowable input
acceleration, which is 2 m/s°.

To satisfy the driving constraint, the algorithm (A) in section 2.4 is implemented. As
expected, Fig. 7 shows the response where the implied constraint is satisfied
systematically, yet with a slower response in tracking the desired target trajectory.
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Fig. 7: Closed-loop response when input constraint is activated.
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Fig. 8: Closed-loop response for vehicle following application.

221



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Zainuddin et al.
https://doi.org/10.31436/iiumej.v24i1.2341

For the car following application, the output velocity also needs to be constrained to
ensure that the safe following distance is always respected. With the prediction capability
of PFC, it can anticipate the future relative distance and change the input accordingly.
Nevertheless, a suitable validation horizon (how far ahead the constraint is implemented)
needs to be selected. Figure 8 overlays different selections of validation horizons when
following a lead vehicle with a constant velocity of 3 m/s and initial relative distance of 21
m. As can be observed, all three responses managed to prevent the relative distance from
going lower than the safe following distance and respecting all the input constraints.
Nevertheless, there is a clear tradeoff in the selection of validation horizon, if it is too
short (n;=2 green solid line), an aggressive control effort is needed. Nevertheless, if it is
too large (n;=18, red dash dotted line), the response may be too conservative, and the
computation burden of the controller will increase as it needs to compute more
mathematical operation. For this case, a validation of n;=8 (blue dotted line), which is
equal to the coincidence horizon, is selected since it respects all the constraints with
optimum control effort. This feature is very important to ensure the safety and comfort of
the passengers.

3.2 Performance Comparison with PI and MPC

To analyze the control performance of PFC, its closed-loop response is compared
with two benchmark controllers: PI and MPC. The reason the PI controller is used instead
of the PID is because it is a type 1 system. Figure 9 shows the comparison of the input
acceleration, output velocity and relative distance of the three controllers. The lead
vehicle (black-dashed line) is assumed to operate with sinusoidal acceleration signal with
amplitude of 0.35 m/s” and frequency of 0.1 rad/s. The ego vehicle (the controlled vehicle)
is set to track a desired velocity of 30 m/s while respecting the safe following distance. For
predictive controllers (PFC and MPC), the safe following distance is treated as a
constraint, while for PI controller, a simple switching strategy is used to change between
speed and space mode. The gains are selected based on an auto tune function in MATLAB
with P = 0.8, I = 0.001. At the same time, input acceleration is constrained between -3 m/s’
to 2 m/s” for passenger comfort.

As expected, it can be observed that from the result in Fig. 9, MPC (green dashed-
dotted line) provides the most optimal response with less aggressive input acceleration
followed by PFC (blue dotted line) and PI (red solid line). The difference in output
velocity is not quite significant except that a large spike response is generated by the PI
controller at 10 s when the ego car is trying to adjust its speed to match the leading
vehicle. As for the safe distancing, both PFC and MPC managed to retain it, while PI
needs to violate the safe distancing to satisfy input acceleration constraints at 60 s, 120 s
and 180 s.

Besides the qualitative results, some quantitative values are shown in Table 1 for each
controller to numerically demonstrate their output velocity performance in terms of rise
time T, settling time ts and Root Mean Square Error (RMSE). These quantitative values
are measured over the duration of 40 s for tracking 30 m/s from rest and will be the
performance indices of the controllers. It can be observed from Fig. 9 and Table 1 that the
PI controller for the constrained closed-loop response requires longer settling times
(199.5386 s) as compared to others although it has the fastest rise time (2.7213 5). Another
observation is that all the controllers do not produce an overshoot. However, the MPC and
PFC provide the best fit response curve to the desired speed of 30 m/s with lower RMSE
of (1.5501) and (1.4873) respectively compared to PI controller RMSE of (1.6219).

222



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Zainuddin et al.
https://doi.org/10.31436/iiumej.v24i1.2341

Acceleration (m;’sz)
o

3 1
0 20 40 60 80 100 120 140 160 180 200

Time (s)
32 Tt T T 7V T .5 N T

Velocity (m/s)
&

)
&
I

0 20 40 60 80 100 120 140 160 180 200
Time (s)
T

Distance (m)
o ~
(=] =

o
o

s
=)

0 20 40 60 80 100 120 140 160 180 200
Time (s)

Fig. 9: Closed-loop performance comparison between PI, PFC, and MPC
for vehicle following application.

Table 1: Performance indices for all controllers.

Performance Criteria PI PFC MPC
Rise time, Tr 2.7213 2.7348 2.9551

Settling time, Ts 199.5386 199.5348 199.5295
RMSE 1.6219 1.5501 1.4873

Based on the analysis, it can be explained that the prediction capability is very
important in an ACC system to provide optimal response. By estimating a future behavior,
a better control input can be generated while satisfying the constraints systematically.
Nevertheless, there is an obvious difference between PFC and MPC because the
optimization algorithm is simplified to reduce the computation burden. However, it worth
pointing out that PFC performance is better compared to PID. The main reason is because
the PI computes the control action based on the current measurement rather than
prediction. Indeed, one may argue that if it is tuned properly or a suitable special switching
strategy is used, a better performance can be obtained. Nevertheless, it also should be
noted that the tuning procedure is not as straightforward as expected since many trial-and-
error procedures need to be implemented.
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4. CONCLUSION

In summary, this paper describes a design that proposes the use of PFC in controlling
the ACC system of a vehicle. Based on the simulation results, it is found that although the
PFC performance with RMSE of 1.4873 is not comparable with the more advanced MPC
algorithm with RMSE of 1.5501, it gives a better performance compared to the PI
controller with RMSE of 1.6219. Besides, the PFC algorithm is also simple and
straightforward to implement and requires less calculation compared to the MPC while
retaining its predictive advantage compared to other traditional controllers. The tuning
process is also intuitive, being based on the desired time constant and coincidence horizon
selection. Indeed, there is a lot of room for improvement and future work will provide a
more systematic analysis of the computation requirement of both MPC and PFC
controllers and their robustness properties. Hence, it can be concluded that PFC can
become a good alternative to MPC and PI by trading off some of the optimality properties
for a lower computation burden.
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ABSTRACT: Liquid impact and ricochet is still attracting researchers interested in
the field of hydrodynamics and naval engineering. The ricochet from a water surface
experienced by spinning spheres was examined both analytically and numerically. A
theoretical analysis was made to quantify the enhancement attained by imparting backspin
to the sphere. Numerical simulation of the process was conducted by implementing
ABAQUS software. The mathematical analysis and the simulation were built on the
assumption that the effects of cavitation, splash, and two phase flow are negligible
compared to hydro-dynamical forces of lift and drag. It was proven that both mathematical
analysis and simulation were capable of predicting the trajectory of a spinning sphere during
its course of entry into the water. Aspects like the critical angle of ricochet and the
maximum depth of immersion were extracted from these trajectories and compared with
available data. It was found that the analytical and numerical results were generally
validated with respect to each other as well as to existing findings. Aluminum (o = 2.7)
spinning spheres, of radius 10 mm and speed of 10 m/sec, were examined. It was found that
a 300 rad/sec backspin improves the critical angle of ricochet from 10.43 to 12.5 deg and
increases the maximum depth of immersion from 1.52 to 1.83. "Magnus Effect" usually
acting on a fully immersed spinning sphere, was described and relations estimating the
hydrodynamic forces were deduced.

ABSTRAK: Keadaan pertumbuhan bakteria penghasil enzim protease aktif-sejuk terasing
daripada sampel Antartika disaring menggunakan satu-faktor-satu-masa (OFAT).
Kemudian, enzim protease ini diekstrak pada lewat fasa logaritma untuk ujian enzimatik.
Strain yang menunjukkan aktiviti enzim tertinggi telah dipilih bagi tujuan pengoptimuman
melalui Kaedah Permukaan Tindak Balas (RSM). Parameter yang dikaji adalah pada suhu
pengeraman (4 - 36 °C), media pH (4 — 10) dan kepekatan NaCl (0 - 8 %). Berdasarkan
dapatan OFAT, kesemua lapan bakteria menunjukkan kadar pertumbuhan tertinggi pada 20
°C, pH 7 dan 4% NaCl (w/v). Hasil ujian enzimatik menunjukkan enzim protease mentah
yang diekstrak daripada SC8 menunjukkan aktiviti yang jauh lebih tinggi (0.20 U dan 0.37
U) daripada kawalan positif (0.11 U dan 0.31 U) pada -20 °C dan 20 °C. RSM ini
menunjukkan kadar optimum bagi pertumbuhan SC8 adalah pada 20.5 °C, pH 6.83 dan
2.05% NaCl (w/v) dengan dapatan kadar pertumbuhan bakteria pada 3.70 = 0.06 x 10°
sel/jam. Keadaan pertumbuhan optimum SC8 melalui kajian ini bermanfaat bagi
menghasilkan produk protease aktif-sejuk secara besar-besaran pada masa hadapan.

KEYWORDS: Magnus; water-entry bodies, Ricochet behavior; bouncing rigid body

226



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Kiter et al.
https://doi.org/10.31436/iiumej.v24i1.2448

1. INTRODUCTION

The phenomenon of liquid impact and ricochet is still attracting researchers interested in
the field of hydrodynamics and naval engineering. It also fascinates the layman, as evidenced
by attempting to achieve skipping of stones across the water’s surface. The interaction
between liquids and solids in many modern applications has stimulated engineers and
scholars to conduct more research towards comprehensive understanding of the phenomenon.
These applications include — but are not limited to - ships, offshore structures, missiles,
torpedoes, underwater vehicles, watercrafts, and oceanographic measuring devices. Interest in
the liquid-solid impact may well stem from the historical technique of ricocheting
cannonballs to attack ships in the past two centuries. In this context, the famous bomb used in
World War II and known as the Barnes Wallis’s bouncing bomb, is particularly recognized.
Barnes Wallis proposed an attack on German dams which were protected against normal
high-level air attacks. A torpedo attack was also excluded for the defenders of those dams had
arranged a web of heavy anti-torpedo netting. He thus proposed spherical bombs dropped
from low-level flying aircraft; being too low and too speedy, the bombs would ricochet and
skip over the nets. In addition, Wallis succeeded to impart back-spin to the flying bomb for
more stability during flight and the ability to ricochet; for more details about this fascinating
device, the reader is referred to Johnson [1].

During this period, the water-entry of solid bodies was experimentally investigated by
Richardson [2]. A movie camera of 200 frames per second was used to record the trajectories
of Duralumin, Steel, and ebonite spheres during their impacts onto water at different
combinations of speed and angle, see Fig. 1. Measurements of the entry and exit speeds and
angles were also made.
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Fig. 1: Depiction of sphere trajectories [2].

It has also been noted that the sphere was always followed by a cavity due to the
separation which occurs immediately after contact. In addition, the critical angle of ricochet
was found to be 60, 90, and 150 for Steel (¢ = 7.8), Duralumin (¢ = 2.7), and Ebonite (o =
1.1), respectively. Finally, the submergence of ricocheting spheres falls in the range of one
radius to two.

The first formula appeared in the literature which governs the critical angle of entry of a
spherical object for ricochet is due to Birkhoff et al. [3], i.e.:
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18
Y. = —(degrees 1

In reproducing Eq. (1), Johnson & Reid [4] adopted the assumptions made in [3] which
were: 1. the pressure on a surface element is O.Sp(Vcos,B)Z, ii. the pressure of splash above
the undisturbed surface of water is discounted, and iii. the limiting condition for ricochet is
that the sphere moves horizontally at the instance of full immersion. No attempt was made to
justify these assumptions. Thus, Johnson & Reid [4] concluded that:
p 17.5 e ) @

= ——(degrees

c \/E g

Trajectories for the sphere having different combinations of (V, , 8,,) were also calculated

by applying the equations of motion in both x and y directions.

The effect of spin on the critical angle of ricochet of a cylinder was firstly examined by
Hutchings [5]. To this end, and realizing the infeasibility of using the pressure formula
0.5p(VcosB)?, he adopted the Rayleigh pressure formula, namely:

_ mcosP
4+ mcosp

In addition, Hutchings [5] assumed that: i. the angular extent of the wetted area is twice
that used by Johnson & Reid [4] due to splash of water ahead of the sphere, and thus, ii. the
limiting condition for ricochet is that the sphere moves horizontally at the instance of the
centroid of sphere just reaches the undisturbed surface of water. In this way, Hutchings [5]
reported that for a non-spinning sphere:

9 17.3 e ) @
= ——(degrees
Cc \/E g

So far, the weight of the spherical projectile was assumed negligible in comparison with
the hydrodynamic forces at high speeds. At relatively low speeds, however, the effect of
projectile weight has to be considered. Following the procedure of Johnson & Reid [4], the
weight and hence the speed of sphere has been accounted for by Soliman et al. [6] as:

4
9,7 =9.° — = 5
g c F ( )

where 9. is that of Eq. (2) and 9, is the new one modified for the speed of sphere.
Soliman et al. [6] also carried out tests on the ricochet of Steel and Duralumin spheres from
shallow depths of water. Different values of the speed of sphere and the angle of attack were
employed. A minimum value of 30 ft/sec was required for Steel spheres in order to achieve
ricochet. The effect of spin, albeit uncontrolled, was furthermore explored; only forward spin
has been achieved due to which smaller angle was observed for ricochet.

p pV? 3)

Miloh & Shukron [7] strongly criticized the assumptions made in [3-6], describing it as
lack in physical rigor. They formulated the Kelvin-Kirchoff-Lagrange equations of motion
based on the energy method assuming large impact velocity. The formulation was performed
in terms of time-dependent added-mass coefficients and their time derivatives. No pressure
distribution over the sphere surface is prescribed since the method temporarily evaluates the
added-mass coefficients and their time-derivatives in the high-frequency limit where the
spray energy is ignored with respect to the total kinetic energy of water. Moreover, the
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limiting condition for ricochet is that the sphere is just above the undisturbed surface and has
zero normal velocity. It was found that the submergence of ricocheting sphere in no time
exceeds 1.4 times its radius, even for infinite speed and density of the sphere. Also, the value
of critical angle for ricochet predicted by Eq. (1) was found by Miloh & Shukron [7] to
represent the infinite Froude number asymptote of their analytic solution. Finally, they
predicted a threshold value of Froude number below which a ricochet is not possible, no
matter how small the angle. This number is directly proportional with the density of the
sphere.

Numerical methods have also been employed for the solution of the ricochet problem,
like the source panel method [8] where impact forces and ricochet behavior of the arbitrary-
shaped solid bodies can be computed. A disk cylinder and two tangent ogives were tested for
validation of the method.

The effect of spin on the characteristics of skipping of thin flat disks was addressed by
Rosellini et al. [9]. Experiments revealed a positive effect on the ricochet occurrence through
enhancing the aerodynamic stability due to gyroscopic effects. No effect of the spin was
noted on the angle of attack. In addition, the number of skips was found to be in direct
proportionality with the linear velocity of disk.

An interesting extensive work by Truscot & Techet [10] investigated the effect of spin
on the aspects of normal water-entry of a sphere. Controlled spin about the horizontal axis
was imparted to standard billiard balls and projected normally onto water surface. Different
values of spin and linear speed were attempted to explore their influence on the sphere
trajectory and the splash and cavity dynamics. Figure 2 includes images of the cavity and
splash as well as the trajectory of non-spinning (left) and spinning (right) spheres.

(a) (b)
Fig. 2: Images of the cavity and splash as well as the trajectory of 57 mm diameter spheres. (a) non-
spinning: V= 5.95 m/s. (b) spinning V=5.45 m/s, spin=251 rad/s. Both images were taken at the
same time after impact (t=102 ms). [10]

The apparent curvature in the trajectory of the spinning sphere was attributed to the lift
widely known as "Magnus effect"; the lift force increased with spin increase.

The oblique impact of a torpedo onto water was studied theoretically, numerically, and
experimentally by Wei et al. [11]. The linear and angular motions of a torpedo were
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formulated and solved for the trajectory. MSC DYTRAN was used to simulate the water
entry, and the wind tunnel experimentation was based on the similarity principle.

Moxnes et al. [12] used AUTODYN code with the Smooth Particle Hydrodynamics
(SPH) method to simulate the ricochet of a spherical steel projectile from the water surface.
The simulation with AUTODYN showed too large a drag coefficient but the critical angle of
ricochet was consistent with Eq. (1).

Numerical solution of the ricochet of solid non-spinning cylinders from water surface
was investigated by Omidvar et al. [13] where fixed ghost boundary conditions were added to
Smooth Particle Hydrodynamics (SPH) open source code. It was concluded that the
Smoothed Particle Hydrodynamics is a suitable method to investigate the water impact of
solid objects.

Recently, Nguyen et al. [14] extended and applied a two-phase three-equation model to
simulate the ricochet of circular cylinders from water surface. The numerical method was
solved for a cylinder with different densities, and comparisons of predicted and experimental
data showed fairly good agreement, which confirmed the capability and robustness of the
model for accurate simulation of free surface and water impact flows.

Nguyen et al. [15] presented an efficient free surface solver to simulate the three
dimensional modeling of the ricochet problems for solid bodies entries to the water. A
dynamic numerical scheme was implemented of grid to facilitate the flow simulation of the
complex geometries entered to water.

Lyu et al. [16] experimentally studied the impact of a bouncing sphere to the water
surface. The effect of impact velocity and initial impact angle and the energy dissipation on
the ricochet of spheres were evaluated. Also the cavitation effect on ricochet were conducted.
The study showed that more than half of the initial energy was dissipated at low impact
angles.

The authors believe that the ricochet of solids off liquid surfaces is far from exhaustive,
particularly in the cases where spinning is involved. In the absence of available theoretical
estimate of the critical angle of ricochet associated with spinning spheres, it is hoped that this
work will fill some the blanks.

2. THEORETICAL ANALYSIS

Most of the criticisms cited regarding theoretical analyses are focused on the
assumptions made prior to, or throughout the analysis, especially those made not on a
physical- but on ad hoc- basis. Approximations are another source of precision loss too. In
this work, only necessary assumptions, pertaining to the physics of the problem and leading
to feasible and reasonable results, will be made. Moreover, the oft-neglected terms (based on
their insignificance) will be retained or at least partly sacrificed. The present analysis is based
on the following:

1. The hydrodynamic pressure on an elemental surface whose normal makes an angle
B < g with oncoming stream of non-viscous fluid is that due to Rayleigh - Eq.(3). As stated

in the preceding section, Hutchings [5] used this formula in order that the spin effect can be
accounted for.
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2. The effects of cavitation, splash and two phase flow are negligible compared to the
hydro-dynamic forces of lift and drag. Thus, the pressure is primarily due to the equipotential
undisturbed surface of the water.

3. The limiting condition for ricochet is that the whole sphere is just above the
undisturbed surface and has zero normal velocity.

4. Gravitational forces are introduced in order that the speed and radius of the sphere can
be accounted for.

Referring to Fig. 3(A), a backwards spinning sphere enters a calm plane surface of water
at an intermediate stage where the sphere has entered a distance y, attained a current speed V
in the direction inclined at angle. The wetted portion of the sphere (shown shaded in the
figure) extends from ¢ = 0, or y' — axis to ¢ = @,.

The hydrodynamic force normal to a surface element of area dS is:
dFE, = pdS (6)
where, after Hutchings [5]:

_ mcosp
p= 4 + mtcosf

The elemental area can be calculated as:

dS = a%sing.dedy )
The resultant velocity V'of a point on the element relative to oncoming water is given

by:

V'? = V2 4 2rwVcosa + r2w? (9)
From Fig. 3(B), it is shown that:

2, 12
pV'® = ng cosf (7)

rCosa = acosQ (10)
rsina = asing. cosy (11)

It can easily be shown that:

V'cosp = Vsing.cosy (12)
As aresult:
T
dE, = ngV’azsinzgo. cosy. dody (13)
: v o
_____ o 1 "j-____. s r ¥
\ / ﬂ' o - T, s !

(@) (b)

Fig. 3: (a) Velocity vectors on spinning sphere and (b) Relation between the radius of sphere and
radius of rotation.
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It is noteworthy to distinguish between two intervals in terms of depth of submergence:
the first interval, shown in Fig. 4, in which 0 < y < a(1 — cosA), and the second interval is
which y > a(1 — cosA), see Fig. 3(A). These intervals are differentiated through the
parameter, 0, where:

(A-y, 0<y<2
5_{ o , y>2 } (14
y = cos 1Y (15)

a
Po=A+y (16)

Fig. 4: First stage of wetted portion is shown shaded.

The drag force, D, along x '- axis is given by:

Po
D= dE,.sing. cosy (17)
S

or:

Vs
I $o 2
D= gpazf Zf JV2 + 2rwVcosa + r2w? . Vsind. cos?y. dpdiy (18)
B 0

The integration is performed over the leading half of the sphere below the undisturbed
surface of water. At this stage, one may neglect the r?w? term and still seek a numerical
solution or retain a part of it while rendering the above integral totally tractable. So, let

r?w? = r?w?cos?a , then:

s
T Po 72
D= gpazf Z.f (V + awcos@) . Vsin3 . cos®y. dody (19)
s 0
Thus:
m2pa?V?
= 240 [F1(9o) — F1(6)] (20)
where:
6aw
F, (@) = 8cos3p — 24cosp + Tsin4<p (21)

Following the same procedure, the lift, L, acting upwards along the y- axis, is given by:
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Po
L= dE,.cos@ (22)
s
or:
T
s Po 72
L= gpazf Zf JV2 + 2roVeosa + r2w? . Vsin?g. cosy. cosododi (23)
) 0
Finally:
2172
npa“V
=~ T 240 [F2 (o) — F5(8)] (24)
where:
5 3aw )
F,(p) = 32sin°p + 7(4(,0 — sind¢) (25)

The two components of the hydrodynamic force are used in the equations of motion of
the sphere to calculate the horizontal and vertical displacements and velocities of the sphere
whereby the trajectory of the sphere can be determined.

Hence:
dV, .
m— == —F, = —(D.cosA — L.sinA) (26)
Using Equations. (20 and 24):
4 dv, na?V?
Smadp—= = — plrcosA{F,(po) — F1(8)} — sinA{F;(p,) — F,(8)}] (27)
3 dt 240
WV rcos(Fi(po) — Fu(8)) — sinalFy(go) — Fa(0))] (28)
dt  320a0 TcosAt1 Qg 1 SInA U2 (Po 2
Moreover:
v, |
m—-=mg - E, =mg — (D.sind + L.cosA) (29)
Thus:
4 dV. npa?V?
§na3psd—ty =mg — [)240 [sinA{F; (@) — F1(8)} + cosA{F,(¢,) — F2(8)}] (30)
or:
aly = v inA{F. F,(6 MF. F, (6 31
— = g — o [rsind{Fy(p0) = F1(8)} + cost{F>(0g) — F>(8))] (3D
It should be noted that:
_Y _dy/dt _dy
tanl = Vx = djdt - dx (32)
V:=V>2+V,’ (33)

Equations (28) and (31) were solved using MATLAB, with the following initial

conditions: At t=0, x=y=0, V, = Vycosb,, V,, = Vysinf,. A flowchart of the MATLAB code
is given in Fig. 5.
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/ a, a, Vy, w, Ag, At,n /

x=y=0
Axy = Vocosdy. At
Ayo = Vysind,. At

h=y+ay
Ayy w3 h
Py = tan By + cos (1 u)
dy = Error ineq.28
dy = Error in eg.31

l

Ne

dx=Ax

dy=Ay
x=x++dx
y=y-+dy

End

Fig. 5: MATLAB code flowchart.

3. NUMERICAL MODEL

In order to be able to judge the accuracy of the present analysis, extensive
experimentations are usually recommended. However, due to the vast difficulties encountered
during a single experiment, the simulation of the problem would be far more suitable in this
respect. The effects of cavitation, splash, and two phase flow are negligible compared to the
hydro-dynamic forces of lift and drag. ABAQUS 17-1 version was utilized to model the
oblique entry of a solid sphere into water with both rotational and translational velocities. As
shown in Fig. 6, the model consists of two entities, namely "water box" and "Aluminum
sphere". The water box dimensions are 600, 120, and 70 mm and the radius of the ball is
invariably 10 mm. The length of the water box was chosen such that the sphere has enough
water space during the expected course of travel of the sphere. Other sides of the water box
were selected as non-reflecting edges to neglect the effect of reflecting waves. The initial
translational velocity is fixed at 10 m/sec while the rotational speeds considered are 0, 100,
200, and 300 rad/sec.
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120 mm

Water Box
Sphere

Fig. 6: Schematic drawing of the assembled model.
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E
=
E 20 (1.25 mm mesh size) (1 mm mesh size)
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g (0.75 mm mesh size)
=
8 15 (1.5 mm mesh size)
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(2.75 mm mesh size)
(3 mm mesh size)
S
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Number of elements

Fig. 7: Mesh convergence, Ap=11 deg.

Referring to Fig. 7, the maximum depth was selected according to the mesh size. It
remained almost stable beyond the 1.25 mm mesh size (1720320 elements). For reasonably
accurate results with possible run times, the 1.25 mm element size was selected. The type
selected for mesh elements of the water box was EC3D8R (An 8-node linear Eulerian brick,
reduced integration, hourglass control), while C3D10M (A 10-node modified quadratic
tetrahedron) was assigned for the aluminum ball. This model was capable of capturing the
effect of the attack angle of the aluminum sphere upon ricochet against the water surface.

4. RESULTS AND DISCUSSION

The oblique entry of aluminum (o = 2.7) spinning spheres of radius 10 mm and speed of
10 m/sec (Fr = 32) was determined analytically and simulated as well. As a benchmark, the
non-spinning case was also considered.

The present analysis proposes two differential equations of motion of the sphere,
Equations (28) and (31), in x- and y- directions respectively. An algorithm was built to solve
these equations for different values of angle between the sphere flight and the water surface.
Critical angles of ricochet were sought for a non-spinning sphere as well as for spheres
spinning at 100, 200, and 300 rad/sec, as shown in Figs. 8, 9, 10 and 11, respectively.
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In these figures, positions of the sphere were determined from the moment of initial
contact with water (at origin of graph) to the moment of either total emergence from the
water (i.e. ricochet) or eventual sinking. According to the definition of the limiting condition
of ricochet, the whole sphere emerges with just a horizontal speed. This implies that the
trajectory of the sphere in this case has a local maximum point located right on the water
surface. As seen in Figs. 8(A), 9(A), 10(A) and 11(A) the trajectories of ricocheting spheres
almost exhibit local maxima at the water surface; exact determination of these maxima was
dictated by effort and time of computation. On the other hand, a non-spinning sphere
eventually sinks (or non-ricochet) if it is fully submerged, see Fig. 8(B). This, of course, is
attributed to the fact that the sphere in this case has no more hydrodynamic lift to overcome
the gravity. Another explanation is also provided by Equations (24) and (25) for ®=0 and
¢@o = m. Since the spinning spheres are continually experiencing lift, even when they are
totally submerged, the sphere is said to be in a state of non-ricochet only if it reaches the local
maximum point without total emergence from the water surface, see Figures 9(B), 10(B) and
11(B).

Compared with the experimental findings of Richardson [2], the trajectories of ricochet
in Figs. 8-11(A) resemble that depicted in Fig. 1(b), while those of non-ricochet resemble that
of Fig. 1(c).

Of special interest is the uniform motion of the sphere at the end of its course of entry,
see Fig.9(B). This suggests that the lift is just counteracted by gravity by the time the drag
ceases to exist.

The values of the critical angle of ricochet and non-dimensional maximum depth of
submergence at critical ricochet, for non-spinning sphere drawn from the above mentioned
figures, are listed in Table 1 together with available published data.

Table 1: Comparison of the critical angle of ricochet A.and the non-dimensional maximum depth of
submergence at critical ricochet, y,,,4,/a for non-spinning sphere with published data.

Ref. Present Exp.[2] Eq.(1).[3] Eq.(2).[4] Eq.(4).[S]  Analytic [7]

work
e, 10.43 9 10.95 10.65 10.53 10
deg.
Vinax/Q 1.56 - e 2.00 1.00 1.16

Except for Ac = 90, the present analysis prediction is favorably in agreement with the
available data. The experimental value reported by Richardson [2], Ac = 90, was previously
discussed by Johnson & Reid [4] who attributed this variation to the extremely low Froude
number.

The non-dimensional maximum depth of submergence at critical ricochet, y,,.,/a, is
determined from the trajectory of the sphere. As apparently seen in Table 1, the present
analysis falls within the previously assumed values in References [4,5] and the numerically
computed value in Ref. [7]. In the absence of extensive experimental work, the discrepancies
shown in Table 1 cannot be presently resolved.

A similar presentation of results was addressed to the effect of spin in order to assess the
desired benefits, if any, when a back spin is imparted to a solid sphere entering the water.
Table 2 is a summary of the results drawn from Figs. 9, 10, and 11.
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Table 2: Analytical values of critical ricochet angle and max. immersion depth.

Backspin, ® (rad/s) 0 100 200 300
Critical ricochet angle, Ac (deg.) 10.43 11.1 11.7 12.5
Max. immersion depth, y,,,./a 1.56 1.64 1.74 1.86

It is clear that the backspin enhances the tendency of the sphere towards ricocheting off
the water surface and that the enhancement is higher at higher values of spin. Moreover, the
sphere experiences higher depths of submergence at higher values of spin. No relevant
previous works are available with which a comparison of these findings could be made, since
the effect of spin, on the characteristics of sphere impact with water, is only presently
investigated.

Data from Figs. 8 through 11 were rearranged to display the influence of spin on the
range of contact of the sphere with water for the cases of critical angles of ricochet, as
displayed in Fig. 12. It is obvious that the increase in maximum depth of immersion due to
spin is accompanied by a shortening in the range of contact, and the effect is nonlinear. This
can be returned to the direct proportionality of the lift force with the spin.

"Magnus effect", widely known in spinning solids of revolution in air, is especially
addressed in this work. For this purpose, the experimental finding of Truscot & Techet [10],
shown in Fig. 2(b), was chosen. In this experiment, a ball enters the water pool normally with
translational as well as rotational speeds. The same data of the experiment were used in the
present analysis, whereby the trajectory of the spinning sphere was computed and plotted as
shown in Fig. 13. The comparison is merely qualitative in that the present analysis is capable
of predicting the evident curvature in the path of sphere motion which manifests considerable
lift forces induced by spin. Nevertheless, the comparison is reasonable in terms of vertical
and lateral displacements of the sphere. The drag and lift forces acting on a submerged sphere
can be estimated by means of Equations (20), (21), (24) and (25) in conjunction with ¢, = 1
and § = 0. Hence:

pa?V?

D= 7 (34)
mpadwV

L= T (35)

Numerical analysis was presently performed using ABAQUS 17-1 version to simulate
the process of oblique impact of spheres with the water surface. A typical example of the
simulation of the ricochet process is displayed in Fig. 14. The critical angle of ricochet for the
same four cases, namely non spin and 100, 200, and 300 rad/s-spins, were sought. The
trajectories for these critical cases are gathered as shown in Fig. 15. Similar trends to those
found analytically in Fig. 12, were observed. This suggests that the ricochet process can well
be simulated and used in extensive studies of similar processes. The process of simulation is
highly sensitive to the mesh size and hence the number of elements. The optimum size was
governed by the conditions prevailing in such an event on one hand and in the other hand by
the inevitable limitations of time and effort. In Fig. 15, the range of sphere trip of ricochet
differs slightly from the analytical results of Fig. 12, in value as well as in the nature of
dependence with spin. The difference, however, lies within the range of scatter cited in the
available data. The critical angle of ricochet as well as the non-dimensional maximum depth
of immersion were extracted from the trajectories and listed in Table 3. For purpose of
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comparison between the analytical and numerical findings, Table 4 is constructed by
collecting the data of Tables 3 and 4.

Table 3: Numerical values of critical ricochet angle and max. immersion depth

Backspin, o (rad/s) 0 100 200 300
Critical ricochet angle, Ac (deg.) 10.75 11.35 12 12.8
Max. immersion depth, y,,../a 1.52 1.62 1.71 1.83

Table 4: Analytical and numerical values of critical ricochet angle and max. immersion depth

Backspin, ® Critical ricochet angle, Ac (deg.) Max. immersion depth, y,.../a
(rad/s) Analytical Numerical Analytical Numerical
0 10.43 10.75 1.56 1.52
100 11.1 11.35 1.64 1.62
200 11.7 12 1.74 1.71
300 12.5 12.8 1.86 1.83

As revealed by Table 4, the simulation results in higher values for the critical angle of
ricochet than that found by the analysis. On the contrary, the simulation predicts lower values
regarding the maximum depth of immersion. This suggests that the hydrodynamic forces in
the simulation were higher than those assumed in the analysis. The variation in analytical
with numerical results can be reduced either by increasing the constant (7/5) in the pressure
formula, Eq. (7), or selecting moderate pressures in the simulation process. Either way is only
possible or favorable in the presence of extensive experimentation as the actual and realistic
datum.
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Fig. 8: Trajectories of non-spinning sphere at different angles of attack.
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Fig. 9: Trajectories of sphere spinning at ®=100 rad/sec at critical angles of attack.
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Fig. 10: Trajectories of sphere spinning at =200 rad/sec at critical angles of attack.
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(b) Non ricochet, 1, = 12.55 deg

Fig. 11: Trajectories of sphere spinning at ®=300 rad/sec at critical angles of attack.
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Fig. 12: Analytical trajectories of ricocheting sphere spinning at different values of spin
and critical angles of attack.

(b)
Fig. 13: Qualitative comparison between the trajectories of spinning spheres:
(a) Present analysis, (b) Experiment [10].
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Fig. 14: Simulation of the ricochet process.
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Fig. 15: Numerical trajectories of ricocheting sphere spinning at different values of spin
and critical angles of attack.

5. CONCLUSIONS

Liquid-solid interaction phenomena are still receiving the attention of engineers and
scholars in view of the rapid advances in technology. The research in the field of ricochet of
solid spheres from water surfaces, though seemingly exhausted, is yet far from being well
established. A consensus now exists related to the tendency of a sphere to ricochet from
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water, i.e. ricochet is more likely with high translational and backspin speeds, low density,
large diameter, and low angle of impact.

an

Although the process is highly complex and no single work can handle all the parameters
d their effects, the present work assumes that the effects of cavitation, splash, and two

phase flow are negligible compared to hydro-dynamical forces of lift and drag. The main
contributing conclusions are:

1.
2.

g o

)

Ne)

10

A theoretical analysis, based on a previous one and modified for the spin, is made.

The maximum critical angle of ricochet increases with backspin of the sphere. A backspin
of 300 rad/sec improves the angle from 10.43° to 12.5°.

. The non-dimensional maximum depth also increases with backspin. A backspin of 300

rad/sec increases the depth from 1.56 to 1.86.

. The theoretical analysis was found capable of describing previous experimental work, as

well as matching other analytical and numerical works.

. A numerical model simulation of fluid-structure and ricochet of spinning spheres was also

made using ABAQUS 17-1 version.

. The implementation of ABAQUS was efficient in simulating the ricochet process.

The analytical and numerical results were consistent in that the backspin enhances the
capability of a sphere in performing ricochet.

Magnus effect in liquids was presently described and relations predicting the drag and lift
forces were deduced.

The analytical and numerical results vary to the same extent of variation of hydrodynamic
forces.

. A detailed and extensive experimental work is highly recommended to end the widely
cited debate among other works.
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ABSTRACT: The pH neutralization process is a highly non-linear process and time
delay system that is difficult to control and to accurately model mathematically.
Therefore, the empirical method, which needs reliable experimental data to represent the
process dynamics, is often used. In this paper, the performance of the PLC-based PID
controller was studied using a different adjustment of the acid dosing pump stroke rate in
the pH neutralization process. The pH neutralization process is a single-input, single-
output system where the manipulated variable is the alkali dosing pump stroke rate, the
controlled variable is pH, and the acid dosing pump stroke rate is set as a constant. The
acid dosing pump stroke rate was adjusted to 10%, 15% and 25%. The results showed
that the best performance of the PID controller was based on setpoint tracking when the
setting of the acid dosing pump stroke rate was set at 10%, which could be used as
experimental data in the empirical method. In addition, the real-time control system was
integrated between PLC and MATLAB using National Instruments OPC server to access
the experimental data in real-time, conduct simulation, and to develop the advanced
control in the future.

ABSTRAK: Peneutralan pH adalah proses tidak linear yang sukar dikawal dan sukar
mendapat model matematik yang tepat. Oleh itu, kaedah empirikal memerlukan data
eksperimen masa nyata bagi mewakili proses dinamik untuk mengatasi masalah ini.
Kajian ini adalah berkaitan kajian prestasi pengawal PLC-berdasarkan PID
menggunakan pelbagai perubahan kadar strok pam dos asid dalam proses peneutralan
pH. Proses peneutralan pH ini adalah sistem satu input/output, di mana pemboleh ubah
yang dimanipulasi adalah kadar peratusan strok pam dos alkali menggunakan pam
peristaltik, pemboleh ubah kawalan ialah pH dan pemboleh ubah malar ialah peratusan
dos asid.Kadar strok pam dos asid dilaraskan pada 10%, 15% dan 25%. Dapatan kajian
menunjukkan prestasi terbaik kawalan PID adalah berdasarkan pengesan titik-set apabila
kadar strok pam dos asid dilaraskan pada 10%, di mana ianya berkesan apabila
digunakan sebagai data eksperimen dalam kaedah empirikal. Tambahan, kajian ini telah
berjaya membentuk sistem kawalan masa nyata bagi proses penutralan pH menggunakan
PLC dan MATLAB melalui pelayan National Instruments OPC bagi membolehkan
pertukaran data eksperimen secara masa nyata yang cekap, menjalankan simulasi dan
pembangunan kawalan termaju pada masa hadapan.

KEYWORDS: OPC DA server; PLC; PID controller; pH neutralization;, POME
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1. INTRODUCTION

The palm oil plantation and processing industry is dominated by countries such as
Malaysia, Indonesia, and Thailand. Treating palm oil mill effluent (POME) in accordance
with regulations and standards from environmental agencies is a major problem in the
palm oil industry [1,2]. The discharge POME in Malaysia must meet the standard
requirements of Standards A and B of the Environmental Quality (Industrial Effluents)
Regulations 2009. The direct discharge of POME has an impact on the environment.

Fresh POME from the palm oil mills is acidic (pH 4-5), hot (80-90 °C), non-toxic,
with high organic content (chemical oxygen demand, COD 50,000 mg/L, biochemical
oxygen demand, BOD 25,000 mg/L) and contains significant amounts of plant nutrients
[3]. In addition, the discharge of dark brown colored POME into rivers inhibits the growth
of aquatic organisms by reducing the penetration of sunlight and impairing photosynthetic
activity. The ponding system is a common conventional method of treating POME. Most
palm oil mills use anaerobic digestion as their primary treatment for POME. In Malaysia,
more than 85% of the palm oil mills use the ponding system for POME treatment, and
others use an open digestion tank [4]. Anaerobic digestion is the process of breaking down
complex organic substances without oxygen. The process takes longer as the bacterial
consortia must adapt to the new environment before using the organic matter to grow [5].

The major factors that affect the performance of the POME treatment digester are pH,
mixing process, operating temperature, and organic loading rates into the digester.
Operating temperature and pH are important to maximize microbial community
performance in an aerobic digester [6]. In Malaysia, the pH of the POME discharge
standard according to Standard B of the Environmental Quality (Industrial Effluents)
Regulations 2009 is 5.5-9.0 [7]. However, pH control is a highly non-linear process and
time delay system that is difficult to control. The dynamics of the pH neutralization
process led to the difficulty of obtaining an accurate mathematical model [8]. Therefore,
the empirical model of the pH process is the most suitable method to use for solving this
problem [9,10]. Reliable experimental data are required to represent the dynamics of
process, which only can be obtained with correct experimental setup.

PC-based supervisory control and data acquisition systems (SCADA) are typically
used in POME treatment plants to collect, store, and analyze the process data. The system
uses a controller, usually a PLC system with embedded PID controller algorithm, to adjust
the parameters. The pH neutralization is one of the non-linear processes that requires
advanced process control. In this study, the pH neutralization plant system is built from a
SIMATIC S7-1200 controller with CPU firmware V4.0 and used TIA Portal V13 software
with PLC PID compact block V2.2 for the PID controller control system. However, this
system architecture does not support the performance of any simulation with SIMATIC
PLCSIM software [11]. In addition, the challenges of the PLC system are that the PLC
does not allow for real-time simulation or changes unless the system is under maintenance,
and it is difficult to implement the mathematical model and advanced control algorithm in
the PLC system. Therefore, the MATLAB platform can be used to design advanced
process control, run simulations, and test the controller. The results obtained in MATLAB
through simulation can be directly applied to the process plant through the PLC. In
industrial automation, this requires a standard method for communicating and exchanging
data with multiple types of data tags. The limitation of MATLAB is the difficulty of
connecting to the rest of the real-time application system. To overcome this limitation,
OPC Data Access (DA) servers can be implemented for real-time data exchange between
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PLC and MATLAB using the MATLAB OPC Toolbox [12]. OPC DA server provides
specification for the transfer of real-time data from the data acquisition device [13,14].

Several studies have successfully integrated the PLC with MATLAB using the OPC
server. A study by Bagal et al. [15] shows a method for implementing a real-time DC
motor speed control PLC based on SCADA and MATLAB. With this method, the authors
integrated a Mitsubishi FX2N 32MR PLC with OPC DA server KEPServerEx.V4 for data
acquisition between the DC motor, SCADA application (Citect SCADA 7.2), and
MATLAB. Gajjar et al. [16] developed a water heating tank system for temperature
control with VIPA 315-SB PLC using the OPC DA Server KEPServerEx as
communication protocol with MATLAB. In this study, a PID controller and a model
predictive controller (MPC) were developed to control the temperature for different
treatment zones for bottle washing machines. In addition, Bhaskarwar et al. [17]
developed the cascade control application for level process plants with a PLC-OPC-
MATLAB configuration with the additional function that it can monitor by remote
monitoring with the ThingSpeak server. The RSLinx OPCserver is used for the
communication protocol between PLC and MATLAB. A recent study by Ahmad et al.
[18] using the PLC-OPC server MATLAB communication system was carried out to
compare the performance of a traditional PID controller with a neural network controller
for PLC-based water flow process control.

The contribution of this paper is described as follows: (1) Developing the real-time
system integration between the PLC with MATLAB software through NI OPC servers to
ensure data exchange and ability to develop advanced controller in the future. (2)
Determining the performance of the PID controller with PLC PID compact using different
settings of the acid pump dosing stroke rate.

2. STRUCTURE OF THE PROCESS PLANT FOR pH
NEUTRALIZATION

2.1 The pH Neutralization Pilot Plant

The pilot plant for pH neutralization is installed in the Industrial Process Control
Warehouse D1 of the Malaysian Institute of Industrial Technology, Universiti Kuala
Lumpur. Figure 1 shows the schematic representation of the pH neutralization plant.
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Fig. 1: The pH neutralization pilot plant, MPC318.
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The plant consists of three main tanks, namely the acid tank (T-81), alkali tank (T-
82), and analysis tank (T-83). The tank volume of the analysis tank is regulated to 30
liters. The volume of the acid and alkali tanks are 40 liters each. The dosing pumps P-801
and P-802 are used to provide the required amount of acid and alkali for the pH
neutralization process. The P-803A pump is used to circulate the liquid and mix it with the
acid and alkali. Table 1 shows the list of instruments used in the pilot plant development.

Table 1: List of instruments

Tag no. Descriptions Measurement Signal Manufacturer
Range range [mA]
PHT801 pH sensor 0-14 4-20 Hana Instruments HI61008
P-801 Acid dosing pump 0—100 [%] 4-20 ProMinent Gamma/L. D-69123
P-802 Alkali dosing pump 0—100 [%] 4-20 ProMinent Gamma/L. D-69123

2.2 Development of the PLC Based Process Application

The pilot plant design for pH neutralization consists of hardware and software
components. The Siemens Simatic S7-1200 controller is used as the system hardware.
Rack 1 is the PLC CPU module which is CPU 1214C DC/DC/Rly. Rack 2 is for the
analog input/output module (AI 4x13BIT/AQ 2x14BIT 1). Rack 3 and 4 house the digital
output module (DQ 8xRelay 1). The pH transmitter is connected to the analog output
module channel 0. The acid and base dosing pumps are connected to the analog input
module channel 0 and 1, respectively. The PLC controller is programmed with the Totally
Integrated Automation Portal (TIA Portal) software from Siemens. The PLC receives the
input signals from the sensor and controls the output device by sending an output signal to
achieve the desired operation in a system. Table 2 shows the relationships between the
PLC input/output types of tag name - data type.

Table 2: The relationship between the PLC input/output tag name with data type

Field device PLC-CPU Data Acquisition
Tag no. Descriptions Tag name Integer value Tag name Measurement value
(Analog value)
PHTS801 pH sensor %IW96 0-27648 %MD200 0-14
P-801 Acid dosing pump %QW96 0-27648 %MD236 0—100 [%]
P-802 Alkali dosing pump  %QW98 0-27648 %MD228 0—100 [%]

The pH sensor supplies electrical signals in the range from 4 to 20 mA to the analog
input module. The analog input module converts 4 to 20 mA electrical signals to 0 to
27648 decimal values (digital signal), which can be read by the PLC. The acid and alkali
dosing pumps receive electrical signals in the range of 4 to 20 mA from the analog output
module. The analog output module converts 0 to 27648 decimal values (digital signal) into
4 to 20 mA electrical signals. Therefore, the tag with the data type integer is required to
save the values from the analog input/output devices.

Figure 2 shows the PLC ladder diagram for scaling analog values for a pH sensor.
The electrical signal from the pH sensor memory address %IW96 is normalized to an
integer value with the NORM X Normalize block and then stored in the temporary
memory #TEMP1. Then the integer value is scaled to the physical value (pH value 0 - 14)
with the SCALE X Scale block and saved in % MD200 memory address. The same
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method is used to program the PLC ladder diagram to scale analog values for an analog
outputs, acid, and alkali dosing pump. The physical value of the memory address
%MD236 is normalized to an integer value with the NORM_X Normalize block and held
in the temporary memory #TEMP2. Then, the physical value is scaled to the integer value
with the SCALE X Scale block and sent to the memory address % QW96 or %QW98 of
the acid and alkali metering pump.

¥  Network 1: Al module: CHO pH transmitter

NORM_X SCALE_X
int © Real Resl to Resl
EN EN
MIN OuT — #TEMP1 0.0 %=MD200
WWI6 #°pH MIN MIN OUT — "ANALOG OUT PH"
*AnaloginCHO" — VALUE #TEMP1 — VALUE
27648 — MAX 14.0
£°pH MAX MAX

Fig. 2: The ladder diagram for scaling analog values for the pH sensor (analog input).

Figure 3 shows the built-in PID function in the PLC PID compact function block,
which provides a continuous PID controller. The PLC PID compact continuously acquires
the measured process value within a control loop and compares it with the required
setpoint. The technology object PLC PID compact has the function of tuning, whereby the
P, I and D parameters can be calculated automatically depending on the control system.

¥  Network 2: PID compact for Alkali dosing pump

B2
"PID_Compact_2"
PID_Compact
@ e
EN ENO
§ WIW222 D228
SETPOINT —#iSetpoint *PUMP RATE
*%MD200 Output ALKALI®
"ANALOG OUTPH" — Input WwWas
) Input_PER Output_PER —— "AnaloegOutCH1"
wWA10.3 Output_PWM —4721°¢
"ENABLE State
MANUAL ALKALIY — panualEnable Error —42lc¢
WAW220 ErrorBits 6FU
"MANUAL ALKALI® —FiManualValue «

Fig. 3: The PLC PID compact block used for universal PID controller with integrated tuning.

3. OPC COMMUNICATION STRUCTURE FOR DATA
ACQUISITION

3.1 NI OPC Server

A robust and established system is required to ensure the data acquisition between the
device and the system. Automation devices that come from different manufacturers
require a common communication platform for integration into the overall system. Object
Linking and Embedding for process control technology (OPC) can thus be used as a
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solution that can offer interoperability between the various device manufacturers for safe
and efficient data acquisition. Fig. 4 shows the components of the network diagram for
PLC based real-time pH neutralization process control with MATLAB Simulink.

From field
’ ‘ e TN OPC Data M 4
L i e s 8 NATLAR
e ) e NN
- A Server ;
Client

pH neutralization  To field PLC
plant

Fig. 4: The network diagram of pH neutralization plant.

The PLC is connected to the OPC DA server via OPC Server 2016 from National
Instruments. By configuring the OPC server software, the input and output parameters of
the PLC can be recorded in real time in the OPC server. The MATLAB OPC Toolbox is
used to connect the MATLAB Simulink to the OPC server. The toolbox consists of OPC
Configuration, OPC Read, and OPC Write blocks that are used to receive and transfer the
data from the OPC DA Server to MATLAB Simulink. MATLAB Simulink acts as a client
for the OPC DA Server. The communication between PLC and OPC DA server takes
place via PROFINET/Industrial Ethernet (PN/IE) with specific IP address configuration.
The NI OPC server is configured and defines the channel, the group and the tags with the
appropriate data type as shown in Table 2. The OPC Quick Client is used to read/write
data, run a structured text suite, and test the server performance. It can generate error
reports that contain detailed feedback on all OPC errors from the server and help to
diagnose problems from common OPC clients/servers.

3.2 LABVIEW Configuration

The next step is the configuration to set up the data acquisition between the NI OPC
Server with LABVIEW. The purpose is that MATLAB cannot directly detect the
communication with the NI OPC server. First, the new project must be created in
LABVIEW. Then it finds the new I/O server. The NI OPC server is successfully registered
when the OPC1 icon is displayed. Next, it selects National Instrument NIOPC Servers V5
option under Registered OPC Server in the OPC Client. In the next step, it clicks Create
Bound Variables to find the registered variables in NI OPC Server. The variables are
important for data acquisition and must be added to the LABVIEW program to establish
communication. Then the variables can be used in the LABVIEW program.

3.3 MATLAB Simulink Configuration

The final step is to configure the MATLAB OPC Toolbox in Simulink. The
MATLAB OPC Toolbox is the source of real-time and historical OPC data that was
accessed directly from MATLAB. It can also read, write, and log OPC data from field
devices via the PLC. The blocks named OPC Configuration, OPC Read, and OPC Write
are used in the model. The OPC configuration block is used to configure pseudo real-time
options, OPC clients for use in the model, and behavior in response to OPC errors and
events. The required server National Instruments.Variable Engine.l must be selected
under the OPC Configuration block to set up the data acquisition from the pH
neutralization plant via the NI OPC Server. Fig. 5 shows the Simulink model of a pH
neutralization plant. The value of the stroke rate of the acid and alkali dosing pumps can
be set directly with this model. The real-time data is stored in the MATLAB workspace.
The next step is the configuration for the OPC Read block, which is used to read data from
the OPC Server. In this project, the controlled variable pH value is read synchronously by
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the pH sensor in a pH neutralization plant. The function of the OPC Write block is to write
data to the OPC server. The manipulated variables for this project are acid and alkali
dosing pumps, which send an appropriate signal to the field device.

-
||PajoPcPLe

OPC Conflg e
®

OPC Write (ync)
QPGMPC...utAcid

OPC Wita (Sync) OPC Read (Cache),
-+  OPCMPC. Alkall OFCMPC. laginpH W }——

1 8.844]

Alkall dosing pump rate{%)

Fig. 5: The Simulink model of pH neutralization plant.

4. PID CLOSED-LOOP CONTROL SYSTEM

4.1 Experimental setup

In this study, the controlled value is pH, and the manipulated variable is the alkali
dosing pump stroke rate while the acid dosing pump stroke rate is set constant. The aim of
the experiment is to determine the most suitable setting for the acid dosing pump stroke
rate, at which the PID controller can work at an optimum level. The experiment was
divided into three data sets with the acid dosing pump stroke rate set at 10% (Set A), 15%
(Set B) and 25% (Set C). The hydrochloric acid, 0.1M HCI and sodium hydroxide, 0.1M
NaOH as acid and alkali are prepared. 1 liter of POME is diluted with 29 liters of 0.1M
HCI, and then poured into analysis tank, T-83. The initial value of POME after dilution is
3.8. The POME is supplied by Sedenak Palm Oil Mill Sdn. Bhd. in Johor, Malaysia. The
final discharged standard of the POME pH value under the Environmental Quality Act
1974 (Department of Environment, Malaysia) must be in the range of 5.5 to0 9.0 [19].

The closed-loop experiment was performed using the built-in PID function in the S7-
1200 PLC controller. The PLC PID Compact function block (refer to Fig. 3) is used,
which was specially developed for the control of proportional actuators.

y=K, [(bw—x)+Tiis(W—x)+aTZd;1 (cw—x)] (1)

Eq. (1) describes the PID algorithm for the PID Compact [11], where y is the output
value of the PID algorithm, w is the set point, 7y is the derivative action time, 7; is the
integral action time and K, is the proportional gain. For the parameters, a is the derivative
delay coefficient, which delays the effect of the derivative action, b is the proportional
action weighting which represents the proportional action with setpoint changes, and c is
the derivative action weighting which represents the derivative action with setpoint
changes.

The PLC PID compact auto tuning is divided into two stages, where the proportional,
integral and derivative parameters are calculated during pre-tuning and the parameters are
tuned further during fine tuning. However, for this process, the initial pH value is 3.8 and
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the setpoint is 7. Pre-tuning is therefore not required since the difference between the set
point and the pH value is less than 30% of the difference between the pH value minimum
and maximum limit, which is 0 and 14. For the requirements of the fine tuning, the
setpoint and the pH value must be within the configured limits. During fine tuning, the
PLC PID compact generates an oscillation of the pH value with periodic changes in the
manipulated value and alkali dosing stroke rate and calculates the PID parameters for the
pH neutralization process. After the fine tuning is complete, the pH setpoint is changed
with a positive step from 7.0 to 8.0 at t =200 s.

4.2 Results and Discussion

With PLC PID compact pH value fine tuning, an attempt was made to reach the
setpoint with the minimum or maximum of alkali dosing stroke rate, which can lead to
increased overshoot. Fine tuning begins when the setpoint is reached. The PLC
PID_compact is switched to automatic mode and uses the tuned parameters when the fine
tuning is completed. Table 3 shows the fine tuning parameters of the PID controller. For
set A, the value of the derivative delay coefficient is greater than 1.0, which means the
effect of the derivative action is delayed longer. However, for set B and set C, the
derivative delay coefficient value is approximately 0, which means that the derivative
action is effective for only one cycle and therefore almost not effective. Although the acid
dosing stroke rate is set to constant, the amount of acid dosing on the process will affect
the fine tuning performance of the PID controller. The fine tuning results show that set A
performs well compared to set B and set C.

Table 3: The fine tuning parameter of the PLC PID_Compact

Fine tuning parameter The acid dosing stroke rate (%)
SET A:10%  SETB:15%  SET C: 25%
Proportional gain, K, 3.030118 0.861554 5.138405
Integral action time, 7T; 52.58616 0.5780812 1.999941
Derivative action time, 7y 14.1015 0.0709655 0.4994175
Derivative delay coefficient, a 0.1 0.1 0.1
Proportional action weighting, b 0.5276183 1.0 0.7926073
Derivative action weighting, ¢ 0.0 0.0 0.0
Derivative delay =a x T, 1.4015 0.007096554 0.0499475

Figures 6 to 8 show the corresponding responses of the closed-loop systems to a step
reference signal, where the setpoint is changed from 7 to 8. The wavelet transform is used
for data preprocessing to remove the disturbance signals. The disturbance signals are due
to the on-and-off state of the SV801, which was used to maintain the liquid level in the
analysis tank. The total duration of the collected data for each set is 1426 s with a
sampling time of 1 s. The acid dosing pump starts dosing according to the setting, and the
unit step is changed at t=200 sec. For set A, the alkali dosing pump stroke rate is gradually
increased based on the pH value, and then after the setpoint changes, increases to 20% and
gradually decreases the value until the setpoint is reached.

The performance indexes of the PID controller are given in Table 4, where ¢, #, and
denote the rise time, peak time and 5% settling time, respectively and the overshoot
percentage of the control signal. In Fig. 6 for set A, although the step response of the
closed loop system has a high percentage of overshoot, it is able to reach the steady state
at 1423.5 sec. Note that in Fig. 7 for set B and 8 for set C, the step response of the closed
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loop system is more oscillatory, has a higher percent overshoot and is unable to reach and
remain stable within the specified range of 5% of its setpoint.

SET A Input: Acid and alkali dosing pump stroke rate
T T T T
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60
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Time(s)

SET A Output: pH value
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Time(s)

Fig. 6: SET A (10%): The step response and control signal for the closed loop system.
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Fig. 7: SET B (15%): The step response and control signal for the closed loop system.

Table 4: Transient performance indexes for the compensated system with PID controller

Transient performance index The acid dosing stroke rate (%)
SET A:10%  SETB:15%  SET C: 25%
Rise time, ¢, 122.8 74.0 79.0
Peak time, ¢, 358 1038 929
5% settling time, # 1423.5 - -
Percentage overshoot (%) 112.04 181.87 301.02
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SET C Input: Acid and alkali dosing pump stroke rate
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Fig. 8: SET C (25%): The step response and control signal for the closed loop system.

The process model is identified with FOPDT (first order plus dead time) using the
System Identification MATLAB Toolbox. 50% of the data sets are used to estimate the
models and 50% of the datasets are used to validate the models. The performance of each
data set is evaluated based on the quality of fit, or error norm between the measured and

estimated outputs. The cost function used is the normalized root mean square error
(NRMSE), which is given by Eq. (2).

e llxref G =x GO
fie@) = ||xref G)—mean(xref )| 2)

Table 5: The fit percentage of obtained model

Data set FOPDT model Fit percentage [%]
G ool un
B oo
A 60~ B oo

A fit percentage of 100% indicates a perfect match between reference and estimated
outputs. The fit percentage for each data set is shown in Table 5. Set A shows the best fit
percentage result, which is 54.22%. From the transient response indexes and the FOPDT
model fit percentage, it can therefore be concluded that set A performs better than set B
and set C. In addition to the controller tuning, the adjustment of the stroke rate of the acid
dosing stroke rate is also important, which can affect the controller performance.

5. CONCLUSIONS

The paper described the use of OPC DA servers for developing real-time process
control between MATLAB and PLC. The OPC server enables secure and reliable data
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acquisition between the various device manufacturers. Instead of the hardware
modification, the control system software modification is more effective based on the test
result showing the efficient data exchange between the PLC and MATLAB. The PLC-PID
controller was tuned using the integrated auto tuning function in the PLC Siemens TIA
software. For the pH neutralization process of POME, although the acid dosing stroke rate
is set to constant, the parameter value needs to be properly studied because it will affect
the controller performance. Based on the transient response results of PLC PID controller,
further work is required to develop an advanced process controller that can overcome the
nonlinear dynamic response of pH neutralization process.
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ABSTRACT: Solar Heat for Industrial Process (SHIP) systems are a clean source of
alternative and renewable energy for industrial processes. A typical SHIP system
consists of a solar panel connected with a thermal storage system along with necessary
piping. Predictive maintenance and condition monitoring of these SHIP systems are
essential to prevent system downtime and ensure a steady supply of heated water for a
particular industrial process. This paper proposes the use of recurrent neural network-
based predictive models to forecast solar thermal process parameters. Data of five
process parameters namely - Solar Irradiance, Solar Collector Inlet & Outlet
Temperature, and Flux Calorimeter Readings at two points were collected throughout a
four-month period. Two variants of RNN, including LSTM and Gated Recurrent Units,
were explored and the performance for this forecasting task was compared. The results
show that Root Mean Square Errors (RMSE) between the actual and predicted values
were 0.4346 (Solar Irradiance), 61.51 (Heat Meter 1), 23.85 (Heat Meter 2), Inlet
Temperature (0.432) and Outlet Temperature (0.805) respectively. These results open up
possibilities for employing a deep learning based forecasting method in the application
of SHIP systems.

ABSTRAK: Penggunaan sumber bersih seperti Tenaga Solar dalam Proses Industri
(SHIP) adalah satu kaedah alternatif untuk menhasilkan tenaga yang boleh diperbaharui
bagi mengurangkan kesan gas rumah hijau yang terhasil dari proses industri. Sistem
SHIP biasanya mengandungi panel solar dan sistem penyimpanan haba yang berhubung
melalui paip yang sesuai. Penyelengaraan secara berkala diperlukan bagi memastikan
sistem ini sentiasa membekalkan tenaga solar pada kadar bersesuaian dan bekalan tenaga
solar yang terhasil berterusan dan tidak menjejaskan sistem pemanasan air bagi sesuatu
proses industri. Kajian ini mencadangkan penggunaan model ramalan rangkaian neural
berulang bagi meramal parameter proses pemanasan solar. Kelima-lima parameter proses
iaitu — Iradiasi Solar, Suhu Saluran Keluar & Masuk Pengumpul Solar dan Bacaan
Kalorimeter Fluks pada dua tempat diambil sepanjang empat bulan (dari Julai 2021
sehingga Oktober 2021). Dapatan menunjukkan dua varian RNN termasuk LSTM dan
Unit Berulang dapat dibanding prestasinya bagi tugas ramalan ini. Dapatan kajian
menunjukkan Ralat Punca Min Kuasa Dua (RMSE) antara bacaan sebenar dan ramalan
adalah masing-masing 0.4346 (Iradiasi Solar), 61.51 (Meter Terma 1), 23.85 (Meter
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Terma 2), Suhu Salur Masuk (0.432) and Suhu Salur Keluar (0.805). Ini membuka
peluang kajian mendalam berdasarkan kaedah ramalan dalam aplikasi sistem SHIP.

KEYWORDS: evacuated tube collectors, solar irradiance; flux calorimeter; recurrent
neural networks; long short term memory

1. INTRODUCTION

More than 80% of energy generation in today’s world is sourced from non-renewable
energy resources such as coal, natural gas, and oil [1-3]. The reduction of fossil fuel
resources worldwide combined with increased environmental concerns have resulted in a
higher demand for renewable and cleaner energy such as solar, wind, hydroelectric,
biofuels, piezoelectric and RF energy. Oleochemical industries commonly utilize Natural
Gas (NG) for generating low, medium, and high temperature heating, which is required as
part of the overall Oleochemical process flow. However, NG-based heating is known to
increase undesirable Greenhouse Gas emissions [4].

In Malaysia, solar energy is viewed as a viable, sustainable energy source due to the
sunlight availability throughout the year, which is attributed to the tropical climate.
Therefore, historically, solar energy has been widely utilized for both residential and
commercial water heating applications. Evacuated Tube Collectors (ETC) and Flat Plate
Collectors (NC-FPC) are the two most commonly used solar collectors for low to medium
temperature industrial and residential water heating applications. These solar collectors are
connected to thermal storage systems to allow energy to accumulate. Therefore, when
solar irradiation is at its highest during the day, it enables energy to continue to be
delivered. On the other hand, solar irradiation is at its lowest or utterly unavailable during
rainy weather or at night, therefore, no energy can be delivered. Thermal storage systems
consist of various heating equipment such as pumps, heat exchangers, electrical boilers,
and gas boilers. A typical complete Solar Heat for Industrial Process (SHIP) system, at its
simplest, consists of a control system, water circulation pump with power supply, hot &
cold water storage tanks, piping, monitoring systems and a heat exchanger.

To ensure the long-term performance of the overall system and minimize downtime,
condition monitoring as well as predictive maintenance of this heating equipment are
essential. The ability to forecast, identify, and locate when and where a fault may occur in
one part of this equipment and its sub-processes will save maintenance costs and prevent
long-term damages to the overall system. Machine learning based models describing an
industrial process are useful for applications such as anomaly detection, fault diagnosis
and forecasting future system characteristics. The Remaining Useful Life (RUL) of
equipment such as pumps, valves, compressors and batteries refers to the time interval
before the equipment experiences failure [5-7]. Knowledge about the RUL of an
equipment is crucial for maintenance engineering practices and engineering system
reliability analysis in a plant. RUL can be forecast using suitable machine learning models.
Previous studies have demonstrated the applicability of machine learning models for the
analysis of rotating mechanical equipment using sound and vibration measurements,
encoder data and temperature measurements [8]. Machine learning models are highly data-
driven and therefore require high-quality data of a particular process to generate
meaningful results. Effective measurement and data preprocessing methods are essential.

Recurrent Neural Networks (RNN) are a category of Artificial Neural Networks
(ANN) that work well with time-series data in various applications such as speech
recognition and language translation. RNN are the basis for widely used tools worldwide,
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namely Google Translate and Siri by Apple [9]. Similarly to convolutional and
feedforward neural networks, RNN also use training data for learning. The difference is
that RNN utilize information from prior inputs to affect current inputs and outputs.
Traditional convolutional and feedforward neural networks also have a disadvantage since
inputs and outputs are assumed to be independent of each other. Long Short Term
Memory (LSTM) RNN is a modified version of the standard RNN with promising
performance. LSTM RNN has successfully been applied in biomedical signal
classification, radar target classification, keyword detection, text generation, and video
classification [10-15].

This paper presents the design and development of an Evacuated Tube Solar Heat for
Industrial Process (SHIP) system to generate the thermal energy required in an
oleochemical plant. This plant manufactures fatty acids, glycerin, and soap noodles that
are the base material for many types of industrial processes such as the manufacturing of
household and toilet detergents. A Long Short-Term Memory Recurrent Neural Network
(LSTM-RNN) was used to forecast Solar Irradiance, Solar Collector Inlet/Outlet
Temperature, and Flux Calorimeter readings collected throughout a four (4) month period
starting from July 2021 and ending in October 2021. Existing studies on forecasting of
such parameters were carried out only on smaller-scale experimental prototypes. In
contrast, in this study, forecasting was carried out for the first time on a larger scale
industrial-grade Evacuated Tube Collector solar thermal system installed in Malaysia.
Forecasting of these parameters is essential for the estimation of throughput and of future
Return of Investments (ROI).

2. PRELIMINARIES
2.1 Overview of Installed SHIP System and Data Collection

Experimental work and data collection were carried out at an Oleochemical Process
Plant based in Malaysia. The Solar Heat for Industrial Process (SHIP) at this factory was
implemented using a total of 75 Evacuated Tube Collector Solar Panels (Linuo Ritter -
Model CPC 1518). Each of these 75 solar panels consisted of 18 evacuated tubes. In this
factory, solar energy heating was utilized as an energy-efficient replacement for existing
legacy gas boilers. Evacuated Tube Solar Collectors have a useful life ranging between
20-25 years. Therefore, they are a viable option for achieving a long-term Return of
Investment (ROI) [16-18]. This SHIP system was installed at 01°28°57° latitude and
103°54°25° longitude coordinates. This location was selected to avoid the impact of
shading effects which would cause a significant reduction of the solar panel efficiency
[19-23]. Reviews on various factors affecting solar energy performance and machine
learning methods applied in the context of solar energy have been described in previous
studies [24-26].

The solar panels were positioned on the roof directly above the boiler at an inclined
angle of 10°, as shown in Fig. 1 and Fig. 2. This 10° inclined angle selection was based on
the manufacturer’s recommendation to maximize the solar energy that can be generated
from the solar panels. The cumulative surface area of these 75 solar panels was 225 m?.
The total elevation of the solar panels relative to sea level was 16.35 meters. Solar
Irradiance was measured using a Solar Pyranometer Radiation Sensor (RIKA - RK 200-03)
which was installed at the roof top close to the ETC. Five process parameters namely
Solar Irradiance, Solar Collector Inlet/Outlet Temperatures, and Flux Calorimeter readings
from two points were recorded throughout a 4-month period starting from July 2021 until
October 2021.
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Solar Irradiance and Solar Collector Inlet and Outlet temperature were collected daily
starting from 8:00 AM until 7:00 PM with a sampling rate of 15 minutes. Flux Calorimeter
readings were collected hourly every day from 8:00 AM until 7:00 PM. The data collected
for each process parameter can be represented as a single time series with time steps
corresponding to either 15 minutes or 1 hour accordingly. This data was then used in an
LSTM network for the prediction of future process data.

Fig. 1: Array of Evacuated Tube Collectors Fig. 2: Array of Evacuated Tube Collectors
(front view). (side view with 10 degree inclination).

2.2 Process Flow and its Description
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Fig. 3: Overall Process Flow Diagram for SHIP System.

The overall process flow diagram of the Evacuated Tube Solar Heat for Industrial Process
(SHIP) System which was implemented at a Malaysian Oleochemical Process Factory is
shown in Fig. 3. The blue arrows indicate the flow pipes, whereas the red arrows indicate
the return pipes with heated water. The process starts by supplying cold water to the cold-
water tank, which can store a maximum volume of 20 m? of water (cold water injection).
A pump (pump 1) will then control the flow of water from the outlet of the cold storage
tank to the inlet of the heat exchanger. The flow rate of the water being transferred from
the cold storage tank to the heat exchanger is fixed at 5.5 m*/hour. A second pump (pump
2) will control the flow of water circulation from the first outlet of the heat exchanger to
the array of Evacuated Tube Collectors, generating hot water, which will be delivered to
the hot water tank through the heat exchanger.

A flux calorimeter (Heat Meter 1) is used to monitor the thermal energy of the hot
water circulating from the array of Evacuated Tube Collectors back into the heat
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exchanger. This flux calorimeter is equipped with a flow meter and two temperature
sensors at both the flow and return pipes. The flux calorimeter device calculates the
temperature difference between the flow and return pipes. This temperature difference is
multiplied by the volume of the water measured by the flow meter and the hot water’s
thermal coefficient resulting in the final readings in Kilo-Watt Hour (kWh). The flow rate
of the water circulating from the first output of the heat exchanger to the array of
Evacuated Tube Collectors and back to the heat exchanger is fixed at 5.5 m*/hour. The hot
water from the heat exchanger is then allowed to flow into a Hot Water Storage Tank,
which can store a maximum volume of 20 m? of water.

Industrial grade ultrasonic long body sensors are placed at the top of the Hot Water
storage tanks for liquid level monitoring. These industrial-grade ultrasonic sensors can
work in harsh environments and are unaffected by moisture, debris, or heat. A second flux
calorimeter (Heat Meter 2) is used to monitor the thermal energy of the hot water which is
circulating from the heat exchanger into the Hot Water Storage Tank. Finally, a third
pump (pump 3) will be used to deliver the water from the Hot Water Storage Tank to the
oleochemical industrial process. In this process, the input parameters are the Solar
Irradiance and ETC inlet temperature. The intermediate parameters are the readings from
Heat Meter 1 & 2. The output parameter is the ETC outlet temperature. In this paper, all
these 5 parameters will be forecast using an LSTM Regression network.

The data presented in Table 1 shows that the value of Solar Irradiance continuously
fluctuates between 50 W/m? and 95 W/m?. This fluctuation is expected since Solar
Irradiance commonly peaks during midday before gradually declining in the evening.
Furthermore, the Collector Inlet Temperature fluctuates between 26 and 65 degrees
Celsius, as reflected in Table 2. The first flux calorimeter (Heat Meter 1) readings have a
higher fluctuation range (between 0 kWh and 360 kWh). Whereas the second flux
calorimeter (Heat Meter 2) readings vary between 0-125 kWh, as reflected in Tables 1 and
2. Finally, the solar collector outlet temperature which represents the temperature of the
water heated by the solar irradiation fluctuates between 25 and 70 degrees Celsius, as
reflected in Table 3. This heated water will then be delivered for use at a particular
oleochemical processing stage.

Table 1: minimum, maximum, and mean values for solar irradiance and flux calorimeter
(Heat Meter 1) readings

Month Solar Irradiance (W/m?) Heat Meter 1 (kWh)
Min Max Mean Min Max Mean
July 54.80 83.70 68.20 2.60 302.80 139.30
August 50.80 86.70 70.10 0.04 283.00 150.40
September 54.80 93.70 72.50 0.03 300.10 144.50
October 53.80 94.60 74.50 0.57 366.70 171.60

Table 2: Minimum, maximum, and mean values for flux calorimeter (Heat Meter 2)
and solar inlet temperature readings

Month Heat Meter 2 (kWh) Solar Inlet Temperature (Celsius)

Min Max Mean Min Max Mean
July 0.10 98.60 43.80 26.00 65.70 38.00
August 0.05 114.20 38.50 26.00 55.00 37.00
September 0.03 116.40 47.80 27.00 48.00 34.40
October 0.06 124.90 45.20 27.00 48.00 35.00
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Table 3: Minimum, maximum, and mean values for solar inlet temperature readings

Month Solar Outlet Temperature (Celsius)
Min Max Mean
July 24.90 70.00 40.30
August 26.00 68.70 39.00
September 25.80 63.50 37.80
October 26.80 65.70 38.40

3. METHODOLOGY
3.1 LSTM-RNN based Forecasting

This section describes the forecasting of time series data collected from the Solar
Heat for Industrial Process (SHIP) system by using Long Short-Term Memory Networks
(LSTM). Future time steps of a time series sequence can be forecast by training a
sequence-to-sequence LSTM network such that the outputs to the network are the input
sequence shifted ahead by one time step. At a particular time step of the input sequence,
the LSTM network learns to forecast the values at the following time step. The time series
data of Solar Irradiance, Flux Calorimeters (Heat meters 1 & 2), Solar Collector Inlet &
Outlet Temperature were each partitioned into training and test data. In each case the first
90% of the time series data sequence was used as the training data and the remaining 10%
of the time series data sequence was wused as the testing data.
Standardization/Normalization of the training data was performed in order to achieve a
better fit and convergence of the LSTM RNN training. Firstly, the mean of the training
data is calculated using Eq.(1) as follows:

u=2X (1)

Where g is the mean of the training data, Z X is the summation of all the elements in the

training data and N is the total number of elements in the training data. Secondly, the
standard deviation of the training data is calculated using Eq.(2) as follows:

X, —u)’

oo D (X - 2)
N

Where o is the standard deviation of the training data and X, is each element in the

training data. The normalization of the training data, X; can then be found using Eq.(3)
as follows:

Xl‘: l /u

3)

(o2

Forecasting the values of future time steps in a sequence of data is then done as follows.
Two vectors that consist of data extracted from the training data are defined as:

Predictors = [X;, X, ), X;.p Xjp5 .. Xy 1]
Responses = [X,1, X,,0. X3 Xiig Xy ]

The responses are simply the values of the training data shifted by one time step. The
predictors are the training data, excluding the final time step. At a particular time step X,

the LSTM Network will learn to forecast the value of the following time step X,,;. The
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same process will be repeated where at the time step X,,,, the LSTM Network will learn to
forecast the value of the following time step X,,,. The final forecast will be done at the
time step X,_, where the LSTM network will learn to forecast the value at the final time
step X, and therefore the training will be completed. The LSTM layer was specified to

have 200 hidden units. The Adam optimization, a widely used extension of the stochastic
gradient descent optimization was utilized for training the LSTM regression network. The
LSTM regression network is used due to its high computational efficiency, smaller
memory requirements and feasibility for large scale time series forecasting applications.
The training was fixed at 250 epochs. The gradient threshold was set to 1 to prevent the
gradients from exploding. The initial learning rate was specified to be 0.005 and this
learning rate is dropped after 125 epochs by multiplication by a factor of 0.2. The Matlab
Deep Learning toolbox is equipped with the ‘PredictAndUpdateState’ function to execute
this step-by-step prediction when used together with a ‘for’ loop.

4. RESULTS

The LSTM networks were then used to forecast Solar Irradiance, Flux Calorimeter
(Heat Meter 1 & 2) readings, solar collector inlet, and outlet temperatures. The LSTM
forecasting was implemented on a HP 15-bw075AX laptop model with an AMD A12-
9720P Radeon R7 processor and 4GB of RAM. The Root Mean Square Error (RMSE)
values between the true and predicted values were calculated using Eq. (4) and tabulated
in Table 4. The actual and forecast values of Solar Irradiance, Flux Calorimeter (Heat
Meter 1 & 2) readings, solar collector inlet and outlet temperatures using test data are
shown in Fig. 4, 5, 6, 7, and 8. Solar Irradiance, Collector Inlet and Outlet temperature
could be forecast well with a low value of RMSE, which is less than 1. Flux Calorimeter
readings could be forecast as well by using an LSTM Network. However, the RMSE
values obtained were significantly higher since Flux Calorimeter readings could only be
captured hourly. In contrast, Solar Irradiance, Collector Inlet and Outlet temperature are
captured every 15 minutes resulting in more training data to be available for the LSTM
Network. This result confirms that one of the constraints of forecasting is the sampling
rate used by the sensors. If increased accuracy of the forecasting is desired, the sampling
rate of the sensors should be increased. For comparison, these simulations were repeated
using equivalent Gated Recurrent Units (GRU) instead of LSTM. It was found that lower
RMSE values can be achieved using LSTM compared to GRU.

N
Z (predicted — actual )?

RMSE = || = 4)

N

In Fig. 4, the solar irradiance predicted values almost overlap the observed values,
resulting in a lower RMSE value (0.43457). The lowest errors were for the samples that
were within 1800 to 3000. The largest errors were for the samples with the range 600 to
1700. The largest errors were attributed to the fluctuation in solar irradiance which
occurred between samples 600 to 1700 as shown in Fig. 4. The lower errors for samples in
the range 1800 to 3000 were attributed to the steady decline in solar irradiance at this
period as shown in Fig. 4.

In Fig. 5, the predicted collector outlet temperature values almost overlap the
observed values, resulting in a lower RMSE value (0.80517). The error is relatively low
throughout the samples except for the presence of an outlier at sample 1050. At this point,
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Fig. 6: Actual and Forecast Values of Collector Inlet Temperature with Root Mean Square Error.

there was a sudden rise in the collector outlet temperature and the LSTM model was not
able to forecast this sudden rise in the collector outlet temperature accurately as compared
to the rest of the samples in this time series data. Similarly in Fig. 6, the predicted
collector inlet temperature also overlaps the observed value curves, resulting in a lower
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RMSE value (0.43164). Although the overall error is relatively low, there is an outlier that
also occurs at sample 1050 such that the LSTM model could not forecast the sudden rise
in collector inlet temperature. The sudden change in the collector inlet and outlet
temperature was due to the tripping of pumps that regulate the fluid circulation.

The RMSE values for forecasting Heat Meter 1 and 2 were recorded as 61.5091 &
23.8541 respectively and found to be higher than other parameters (solar irradiance, outlet
& inlet temperatures). The main reason is that these energy meter readings are being
logged hourly, therefore fewer samples of data are available for training the LSTM model
resulting in a higher RMSE value. It can be observed from Fig. 7 that the error is higher
for samples in the range from 20-70 but lower in other ranges. In the range from 20-70 the
LSTM model had both underestimated and overestimated the readings for Heat Meter 1.
The higher error at this range is attributed to the fluctuations in the Heat Meter 1 as well as
the limitation in the number of samples of data available. Fig.8 shows the actual and
forecast values for Heat Meter 2. A lower RMSE value was obtained for the forecasting of
Heat Meter 2 values compared to Heat Meter 1. This lower RMSE value was due to less
fluctuations occurring since the Heat Meter 2 readings steadily rise and decline in a
predictable cyclic manner. Heat Meter 2 readings represent the final delivery of the water
to the hot water tank and, therefore less fluctuations.
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Mean Square Error.
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The results presented in Fig. 4, 5, 6, 7, and 8 are summarized in Table 4. Overall results
prove that LSTM is a suitable forecasting method to be applied at the backend of data
logging systems for displaying forecast values and preliminary analysis. In particular, the
forecast for Heat Meter 2 is beneficial for capacity planning of the factory to plan and
meet the day ahead energy demand for their day-to-day operations.

Table 4: Total Number of Data Samples, Training Time and RMSE of LSTM Network

Implementation

Parameter (s) Total Data Training Time RMSE RMSE
Samples (Minutes) (LSTM) (GRU)

Solar Irradiance (W/m?) 35337 410 0.43 0.85
Heat Meter 1 (kWh) 1354 30 61.51 72.34
Heat Meter 2 (kWh) 1354 28 23.85 35.76

Inlet Temperature (Celsius) 35340 430 0.43 0.78

Outlet Temperature (Celsius) 35340 415 0.80 1.53

S. CONCLUSION

In this study, a Solar Heat for Industrial Process (SHIP) system was designed and
commissioned for implementation at a Malaysian Oleochemical factory. Five process
parameters were recorded throughout a 4-month period namely Solar Irradiance, Solar
Collector Inlet/ Outlet Temperature and flux calorimeter readings. In order to incorporate
predictive maintenance, condition monitoring, assisting with planning, and commissioning
existing renewable and non-renewable resources, two methods were used to forecast
future values of these parameters namely LSTM and GRU. It was found that RMSE values
obtained by applying LSTM were lower when compared to using Gated Recurrent Units
(GRU). The results of this study reveal that LSTM can be integrated into the backend of
existing data logging systems used in process industries in order develop websites that
display forecasts of both engineering related parameters and also Return of Investments
(ROD).
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APPENDIX

Time Series Data Inputs (Solar Irradiance, Flux Calorimeters (Heat
Meter 1 & 2), Solar Collector Inlet & Outlet Temperature)
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Partition the data into Training and Testing data sets (90% for
Training, 10 % for Testing.
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Train LSTM Networks.
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Predict the following based on the current value and update the
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Fig. 9: Flowchart for MATLAB Programming.
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ABSTRACT: The use of sampling-based algorithms such as Rapidly-Exploring Random
Tree Star (RRT*) has been widely applied in robot path planning. Although this variant
of RRT offers asymptotic optimality, its use is increasingly limited because it suffers
from convergence rates, mainly when applied to an environment with a poor level of
obstacle neatness and a narrow area to the target. Thus, RRT*-Smart, a further
development of RRT*, is considered ideal for solving RRT* problems. Unlike RRT*,
RRT*-Smart applies a path optimization by removing the redundant nodes from the
initial path when it is gained. Moreover, the path is also improved by identifying the
beacon nodes used to steer the bias of intelligent sampling. Nevertheless, this initial path
is found with termination criteria in terms of a region around the goal node.
Consequently, it risks failing to generate a path on a narrow channel. Therefore, a novel
algorithm achieved by combining RRT*-Smart and A* is proposed. This combination is
intended to switch method-by-method for the exploration process when the new node
reaches the region around the goal node. However, before RRT*-Smart is combined with
A*, it is improved by replacing the random sampling method with Fast Sampling. In
short, by involving A*, the exploration process for generating the Smart-RRT*’s initial
path can be supported. It gives the optimal and feasible raw solution for any complex
environment. It is logically realistic because A* searches and evaluates all neighbors of a
current node when finding the node with low cost to the start and goal node for each
iteration. Therefore, the risk of collision with an obstacle in the goal region is covered,
and generating an initial path in the narrow channel can be handled. Furthermore, this
proposed method's optimality and fast convergence rate are satisfied.

ABSTRAK: Penggunaan algoritma berasaskan pensampelan seperti Rapidly-Exploring
Random Tree Star (RRT*) telah digunakan secara meluas dalam perancangan laluan
robot. Walaupun varian RRT ini menawarkan keoptimuman tanpa gejala,
penggunaannya semakin terhad kerana ia mengalami kadar penumpuan, terutamanya
apabila digunakan pada persekitaran dengan tahap kekemasan halangan yang lemah dan
kawasan yang sempit ke sasaran. Oleh itu, RRT*-Smart, pembangunan lanjut RRT*,
dianggap sesuai untuk menyelesaikan masalah RRT*. Tidak seperti RRT*, RRT*-Smart
menggunakan pengoptimuman laluan dengan mengalih keluar nod berlebihan daripada
laluan awal apabila ia diperoleh. Selain itu, laluan juga dipertingkatkan dengan mengenal
pasti nod suar yang digunakan untuk mengemudi bias pensampelan pintar. Namun
begitu, laluan awal ini ditemui dengan kriteria penamatan dari segi rantau di sekeliling
nod matlamat. Akibatnya, ia berisiko gagal menjana laluan pada saluran yang sempit.
Oleh itu, algoritma baru yang dicapai dengan menggabungkan RRT*-Smart dan A*

269



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Suwoyo et al.
https://doi.org/10.31436/iiumej.v24i1.2529

dicadangkan. Gabungan ini bertujuan untuk menukar kaedah demi kaedah untuk proses
penerokaan apabila nod baharu sampai ke kawasan sekitar nod matlamat. Walau
bagaimanapun, sebelum RRT*-Smart digabungkan dengan A*, ia diperbaiki dengan
menggantikan kaedah persampelan rawak dengan Persampelan Pantas. Pendek kata,
dengan melibatkan A*, proses penerokaan dalam menjana laluan awal yang Smart-RRT
lakukan* boleh disokong. la memberikan penyelesaian mentah yang optimum dan boleh
dilaksanakan untuk mana-mana persekitaran yang kompleks. la adalah realistik secara
logik kerana A* mencari dan menilai semua jiran nod semasa apabila mencari nod
dengan kos rendah ke nod permulaan dan matlamat untuk setiap lelaran. Oleh itu, risiko
perlanggaran dengan halangan di kawasan matlamat dilindungi, dan menjana laluan awal
dalam saluran sempit boleh dikendalikan. Tambahan pula, kaedah optimum yang
dicadangkan dan kadar penumpuan yang cepat ini berpuas hati.

KEYWORDS: path planning; A* algorithm; RRT*-smart algorithm,; convergence rate

1. INTRODUCTION

As an intelligent application, mobile robots have received considerable attention from
researchers. The increase in productivity and efficiency offered by the use of mobile
robots is behind this concern [1-3]. Therefore, it is not surprising that developments in
navigation on mobile robots continue rapidly because navigation is at the core of its
intelligence [4,5]. Path planning is the basis of a robotic navigation, namely the ability to
plan a path without collisions with obstacles in the environment [6-8]. Although there are
several strategies with different exploration representations, grid-based algorithms [9-11]
and sampling-based algorithms [12-15] are in great demand because of their ease of
implementation. For example, there are A* and RRT* algorithms for these types,
respectively. As its advantage, A* offers the completeness and optimality of the resolution
which is not guaranteed by RRT*. However, A* algorithm is limited in use, because it
consumes much time to solve the problem when applied to high-dimensional state space.
Accordingly, RRT* has been chosen to tackle this limitation. Although RRT* in this case
is obviously better than A* algorithm, it works infinitely when the region around the goal
node is not reached. It is also work based on the probabilistic principle leading the large
variance to time which gives its another disadvantage named slow convergence rate.
Moreover, RRT* uses the criteria termination in the form of a predefined maximum
number of the sampling node and condition when the new explored node reaches the
region around the goal node, which increases the processing time.

Referring to this limitation, RRT* have been intensively maintained [16]. This concern
not only enhances the optimality of RRT* but also accelerates its convergence rate. There
are several algorithms intended to tackle this limitation such as Fast-RRT [17], Connect-
RRT [11,15,18], informed RRT*[11], and Smart-RRT*[16,17,19,20]. The most popular
algorithm is Smart-RRT* with claims optimality and fast working time. Although it also
applies some procedures of RRT*, the Smart-RRT* also executes the path optimization
when the initial path is found [21]. This makes RRT*-smart a better solution compared to
RRT* in terms of optimality. This optimization is designed to remove the redundant node
given by the initial path. Moreover, RRT*-Smart is also completed with an intelligent
sampling to replace the conventional random sampling [16]. Conceptually, this sampling
is done by biasing it to the beacon node of optimized path, in which the beacon node is
identified from the path optimization process. Therefore, once the RRT*-Smart obtains a
shorter path compared to the previous one, the optimization is conducted and
simultaneously gets the new beacon node. Accordingly, it improves its predecessor named
RRT*.
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However, due to following some procedures of RRT*, RRT*-Smart takes over the
particular characteristic of RRT* namely, the criteria termination [22]. Similar to RRT*,
the process of getting the initial path is noticed to break when the newest node is in the
region around the goal node. Therefore, both RRT* and RRT*-Smart are still at risk of
failure in generating a feasible path when the start and goal node are separated with a
narrow channel in the environment [23-26]. Furthermore, terminating the exploration
process of Smart-RRT* with a region around a goal node requires the knowledge of any
obstacle close to the goal node that would be difficult for the robot to perceive. The reason
for this difficulty is because the characteristic of map information that might be given by
Simultaneous Localization and Mapping is still categorized as raw. Thus, terminating the
process with a trigger of radius will definitely cause RRT*-Smart to make a potential
mistake.

For this urgency, it is strongly recommended to improve RRT*-Smart with an ability
of connecting the newly expanded node to the goal node when they are closed to each
other in the channel environment. Through this paper, aiming to tackle the limitation in
terms of optimality and keep the way of determining the optimized path, A* algorithm is
proposed to handle the rest task of path planning when the newly expanded node reaches
the area closed to the goal node even when a border exists. A* algorithm has been
recorded as a searching-based planning method with some advantages such as having
optimality and high resolution of tracing procedure [27]. This advantage makes the A*
algorithm relevant to be applied as a helper for RRT*-Smart in narrow channels near the
goal node so that the time required for search expansion can be further reduced. In general,
the search process using this combination begins by using RRT*, part of the RRT*-Smart
process, to carry out the exploration stage. In contrast to RRT* and RRT*-Smart, this case
uses a fast-sampling technique to replace conventional sampling technique. This is
intended to speed up the exploration process and achieve node positions near the goal. For
the record, fast sampling is a technique applied to fast-RRT, which performs the
exploration process without repeating the placement of sampling nodes in areas close to a
group of nodes that have been recorded. While this represents an advantage for searching
in a wide environment, the potential difficulty in expanding into narrow channels
increases. For this reason, the expansion process needs to be supported by the relevant
algorithm, namely A*. The formation of this initial path will be completed after A* makes
a connection from the closest node to the goal with the goal node. Furthermore, the
proposed algorithm will continue the process by applying path optimization and intelligent
sampling from RRT*-Smart, so that optimality is maintained with an increased
convergence rate.

2. MATERIAL AND METHODS

As usual, the global problem is defined to show the relation to its existing solution. It
is reliable by firstly defining the objective of finding a solution for a path planning
problem, which is how to determine the connection from the initial node to the goal node
without any collision with any obstacle existing in the environment. Globally, there are
two important benchmarks used for evaluating the performance of a path planning
algorithm, namely optimality and convergence rate. Respectively, these can be represented
by a feasible path and time consumption in generating it. Therefore, by well knowing the
problem and these benchmarks, a feasibility of the designed or targeted algorithm could be
declared.
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Let Z € R" be the representation of state space for a path planning problem, with n €
N being the space dimension, thus Z = {Z,, Zs.} is another state space with Z,,5 € Z
referring to obstacle coordinates and Zg,., € X free space. Moreover, if the start node
Zinit € Zrree and goal node Zg,q; € Zsree are given, then referring to Z,p,, the path
planning algorithm has to find the ideal path to/from those nodes, denoted as o = [0, T] —
Zreewith 0(0) = xin;e and o(T) = Zy,q where Zgoq = {z € Z||z - Zgoal” < r} where
7 is the radius around goal defined at the beginning.

2.1 A* Algorithm

A* is considered to be a heuristic-based search algorithm with the advantage of
optimal path [28], [29]. This algorithm has a main step to assess the direction of travel by
referring to the lowest cost/distance value from the neighbor n-th node around the current
node Z.,,rene- This cost is obtained by scanning the distance from the current node with
eight surrounding nodes to get the value of (n), and also from a heuristic function h(n)
that gives the value of h, which is the distance value from the eight nodes around the
current node to the destination node, where this distance is calculated by applying
Euclidean Distance and f(n) is mathematically determined using Eq. (1).

f(m) =gm) + h(n, Zgoal) ()

where g(n) is a function that represents the cost of the path required from the start node
z_init to the current node z_current. Briefly, the calculation of g(n) refers to the eight
costs which are determined based on the position in relation to the current that is the
center. While h(n, zg04;) is a function used to calculate the required cost from the goal
node zg,q; to the n-th node. This function applies Euclidean distance which directly
calculates the distance to the goal node regardless of whether there is a collision with an
obstacle or not. The sum of both is called f,,s; which is used as the evaluation function of
the nth node. In general, there are two sets named openSet and closedSet in A*. All
nodes that will be evaluated are placed in openSet, and then the nodes that have been
evaluated are removed from openSet and moved to closedSet. At the start of the process,
the start node z_init is placed as a member of the openSet set since the start node is the
initial of the search then g(z_init) = 0. Thus f,,s; for the start node f(z;,;¢) is the same
as h(Zinit» Zgoa)- Furthermore, taking into account all the evaluation costs of f,s; for all
nodes in the openSet, the node with the lowest f,, s Will be selected as the current node
Zeurrene and its availability in the openSet is removed and transferred/added to the
closedSet. As a step in defining the termination criteria, if this current node is a goal
node, the process is stopped because it explains that the path has been obtained. Instead,
all neighbors of the current node will be checked based on their g.,s:. In the case of the
grid map, there are the eight-neighbor nodes for the current node. Each neighbor node has
a specified cost to the current node and is used as the basis for calculating g.,s. If the
neighbor node is in a closedSet or it is not traversable, the scan is continued on the next
neighbor node. The neighbor node with the lowest g.,s; is determined. The neighbor node
with the lowest g.,s+ Will then be checked, if it is not in the openSet then it is moved, set
its f.ost> and set its parent to current node. Furthermore, this series of processes will be
repeated until the termination criteria are met and to clarify this description the
pseudocode of the A* algorithm is given
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Algorithm 1.A" Algorithm

ClosedSet = ]

OpenSet =[ |
OpenSet = [Zi,it]
9(Zinit) =0

h(Zinir) < healculate(Zzinir, Zgoar)

f Zinie) < 0+ h(Zinie)

while openSet + @ then
Zeurrene = Node in OpenSet lowest f,ost
remove Zyrrent from OpenSet
add Z.yrrent to ClosedSet

if Zeyrrent = Zgoal

return
endif

foreach Zneighbour Of Zcurrent
if Zneighbour IS in ClosedSet OT Zyeignpour IS NOt traversable

continue
endif

if newpath to Zpeignpour IS Shorter or Zpeignpour i not in OpenSet

set f.ost Of neighbour
set parent of neighbour to Z .y rent
if neighbour is not in OpenSet
add neighbour to OpenSet
endif
endif
endforeach
end

2.2 RRT*-Smart

RRT*-Smart is an enhanced version of RRT* that works in the same way as RRT*
for finding the initial path [14,20]. Besides that, it undertakes a path optimization
procedure once an initial path has been determined. This procedure eliminates unnecessary
nodes from the path that was initially discovered. The optimization is supported by the
beacon nodes which are determined after conducting a triangular inequality technique
when the initial path is found. Intelligent sampling is the second key feature introduced by
RRT*- Smart. This sampling differs from random sampling in that it is directed towards
optimal path beacon nodes. It sets a radius for intelligent exploration around selected
beacons using a Biasing Radius b. RRT*-Smart performs the path optimization procedure
again to build additional beacon nodes as soon as it identifies a shorter path. As a result,

RRT*-Smart improves path cost and accelerates path convergence.
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Algorithm 2. RRT*Smart Algorithm ~ T = (V,E) « RRT'Smart(z;,;;)

1 T « InitializeTree()

2 .T « InsertNode(®, zin;:, T)
3 .fori=1toNdo
4 ifi=n+bn+2bn+3b..then
2 Zrana < intelligent_sampling (i, Zyeacon)
else
7 Zrana < sampling (i)
8 endif
9 Znearest < nearest(T, Zyqnq)
10 (Znew' Unew, T) < Steer (Znearest' Zrand)
B if obstaclefree(zy,,, ) then
13 Znear < 1ear(T, Znew, [V|)
Zmin < choosenparent(znear, Znearest» Znew)

14 T « insertnode(Zmin) Znew, T)
}2 T « rewire (T, Znear’ Zmin» Znew)

endif
}; if initialPathfound then

nei

;g (T, directcost) < pathOptimization(T, Zinits Zgoal)
1 endif
2 if (directcostnew < directcostold) then
23 Zpeacons < pathOptimization(T, Zinit, Zgoal)
24 endif
25 returnT
26 endfor

In the initial path-finding stage, RRT*-Smart applies a conventional sampling
technique. This technique will randomly generate nodes in the search space referring to
the maximum and minimum limits of their representation. Based on these random nodes,
the nearest node is determined by applying a Euclidean distance evaluation to the set of
nodes. The direction from the nearest node to a random node is then determined as a
reference direction for generating new nodes. In addition to referring to the reference
direction, the placement of new node locations is also carried out based on the calculated
distance between the random node and the nearest node. If the distance is less than or
equal to the specified reference distance, then the placement of the new node from the
nearest node is as far as the calculated distance. On the other hand, the placement of the
new node from the nearest node is equal to the specified reference distance. This process
is represented by Algorithm 2 in lines 9 and 10 after the sampling process in line 7 is
carried out. Then RRT*-Smart will continue the process by paying attention to the new
node. If the location of the new node is not the same as one of the points of the obstacle
position and also the line formed from the new node to the nearest node does not intersect
with any line from the obstacle, then the new node is connected to the nearest node as an
Edge E. This process is called the wiring process in RRT. Furthermore, the nearest node
will be temporarily considered as the parent node z,.,, of the new node z,,,, and all
neighbor nodes of the new node are then evaluated for their proximity. The node that has
the closest distance will be called z,,;, which is also the parent node for the new node.
And the new node is linked to z;,. This stage is rewiring which simultaneously
distinguishes RRT and RRT*, where the process is shown in lines 11 to 15 of Algorithm
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2. In RRT*-Smart this series of steps is a process in determining the initial path before this
path is optimized by applying Triangular Inequality. In short, this technique builds a new
edge by connecting the node to the next node in the node set T if the relationship between
the two nodes is free of obstacles and collisions. So, it is clear that in this process, the
number of nodes will be reduced. This new set of nodes is called beacons zpe4cons as lies
on line 23 and simultaneously the path formed from start to goal is connecting all these
beacons with its costs termed directcost. Finding this initial path will trigger intelligent
sampling with a number of samples spawned around Z.qcons- This is done as an effort to
reduce path costs by optimizing new nodes that are potentially better than the beacon
position without having to do time-consuming sampling. Finally, the path correction is
conducted in the global looping once the lower directcost is found.

3. PROPOSED METHOD — RRT*SMART-A* ALGORITHM

In a high-dimensional space, as a sampling-based algorithm, RRT is indeed better and
faster in finding the initial path. However, by observing more deeply, precisely by taking
random samples, the variance of the search time is so large that it has the potential to take
a long time to determine a feasible path. This is even more so in the narrow channel
scenario, which of course will take a lot of time, because each path is formed randomly
due to random sampling. It is this basis upon which RRT* is introduced. As previously
mentioned, the difference between the two is that there are two operations on the RRT*,
namely neighbors search and rewiring step after wiring step is done. The parent, which is
always updated every time a new node is generated, certainly makes RRT* have the
advantage of maintaining the optimality of the path. RRT*-Smart applies this to initial
path determination. However, this kind of determination requires a lot of time and memory
usage to achieve a truly optimal path. Accordingly, a new method with the name An
Integrated RRT*Smart-A* Algorithm is introduced in this paper.

1 RAT"-Smart i LAY

Environment Initialization

1 ‘ Skip 1o next neighbor

s the neighbor not raversable and
itin closed-set?

Check all neighbor of the current node
the step-size condition

Is this neighbor node Is the current node the goal?
No collision free?

Yes | ) N
 Retrieved Final | Aemove the current node from the
. Path open-set and add It to closed-set,
Add as new node and link it

including its index and
Is this node the goal node?

7
No

Define start and goal node

¥

Generate random point used for
determining the direction of the tree
growth

v

Looking the nearest neighbor node
toward the random point which satisfy

s the neighbor not in open-set and new path
to the neighbor shorter?

[ Evaluate fcost of the neighbor ]

i

[ Set Parent to Current

is the neighbor not in open-set?

Add neighbor 1o open-set

remove the node with lowest cost from
open-sel and then move it to open-set

f

Add the start node o open-set ]

{ Evaluate the current node cost, and

Is this the neighbor node
dall within predefined
ragius from
the goal?

Initialization and define the start node
for A

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Fig. 1: Flowchart of Proposed Method (An Integrated RRT*-Smart A* Algorithm)
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As seen in Fig. 1, in addition to integrating two different approaches referring to the
proximity of the last exploration node to the goal node, conventional sampling techniques
in the early stages of RRT*-Smart were replaced with fast-sampling techniques. Instead of
expanding on a new exploration area, random sampling is not limited to the possibility of
falling on the explored area. This reason underlies the replacement of conventional
sampling with fast sampling. Where fast-sampling applies restrictions in generating
samples, random samples obtained will be rejected if their position is in the explored area,
and only random samples are in the new exploration area (see Fig. 2 and Algorithm 3 lines
7 up to 10).

z_ganl

Fig. 2: Illustration of Fast-Sampling Technique. The red circle is the explored area. When random node
Zrana1 Talls on the explored area it is rejected and random sampling is repeated. When the random node
Zrandz 1S obtained, the wiring and rewiring process is carried out.

Furthermore, new nodes z,,,, formed during expansion will continue to be observed.
If it 1s close to the goal node z,,,4., A* will take over determining this initial path. This
aims to minimize the consumption of expansion time in narrow channels (see Algorithm 4
from lines 21 to 24). Furthermore, when the initial path is obtained, all feasible nodes will
be directly connected by applying triangular equality. This application is intended to
shorten the path as an optimization step. Iteration in this process starts from zg,q; and
moves to Zz;,;; by observing the direct connection to the parent sequentially until the
connection of two different nodes is declared a collision on the obstacle. When the order
of observations reaches z;,;; then no more nodes can be connected directly. To provide
clarity on this process Fig. 3 and Algorithm 4 are given (see Algorithm 3).

Zn+1
Note:
Sa if s, represents the distance from z,,_; to z,
B sp represents the distance from z,, to z,, + 1
9 Sk ?qd sab.represents the distance-from Zp_q t0 Zp44,
it is obvious to declare that sy, is smaller than s, + 55,
Sb
G
Zn—1

Fig. 3: The Principle of Triangular Inequality.
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Algorithm 3. Zbeacons < PathOptimization(T, Zynit, Zgoa1)

1 Zpeacons = [ ]

2 ZNpeacon = Zgoal
3 add znpegconto Zbeacons
fori=2tolength(T)do

4 if obstacleFree(znpeacon T ()
2 continue
7 else

add T(i - 1) to Zbeacons
8

update cost of ZNpeacon
9 _ .

ZNpeqcon = T(L— 1)
10 .
1 endif

return Zyeqcons

12
13 endfor

Along with getting this optimized path, the directcost will be calculated which will
then be compared each time pathOptimization is performed. Once this path optimization
occurs at the end of performance A* and will only repeat when the new directcost is better
than the previous one. At the same time, when two conditions are met, n, the sampling
bias variable, will be updated. Based on its magnitude and its relationship to the number of
iterations, a number of samples will be generated around Zpeqcons @S 1S the case with
RRT*-Smart in general. This is intended to reduce the path again as an effort to maintain
the optimality of the proposed method. Furthermore, this series of processes will be
repeated until the maximum value of the iteration is met. To clarify the series of this
process, Algorithm 4 is given as follows.

Algorithm 4. RRT*Smart — A x Algorithm

1 T « InitializeTree()

2 T « InsertNode(®, zinit, T)

3 initialPathFound = false

4 fori=1toNdo

5 ifi=n+bn+2b,n+3b..then

6 Zrana < intelligent_sampling (i, Zpeacon)
7 else

8 Zrand < sampling(i)

9 while Zrana € Zexplored

}(1) Zran.d < Sampling(i)
endwhile
12 endif
ii Znearest < neareSt(T: Zrand)
15 (.Znew' Unew, T) < Steer(zneares_tr .Zr_and)
16 if obstaclefree(z,,,) and ~initialPathFound then
17 Znear < Near (T, Znew, V)
18 Zmin <_ choosenparent(znear, Znearest: Znew)
19 T « Lnse.rtnode(zmin,znew, T)
20 T — rewire(T, Znear Zmins Znew)
21 lf Znearest € Zgoal
22 T < aStart(Znearest:Zgoal)
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23 initialPathFound = true

24 nei

25 endif

26 endif

27  if initialPathfound then

;g (T, directcost) « pathOptimization(T, zinit, Zgoa:)

if (directcostnew < directcostold)then

30 L.
31 Zpeacons < pathOptimization(T, zinir, Zgoa1)
neei
32
33 endif
34 endif
35 returnT
endfor

4. RESULTS AND DISCUSSION

In this section, experimental results of different algorithms such as RRT*, RRT*-
Smart, and the proposed algorithm are presented. In this experiment, the three algorithms
were performed to solve the global path planning problem in some different environments
that consists of a narrow channel and several barriers. They are compared to each other in
terms of optimality and degree of convergence by observing the cost/distance from z;,;; to
Zgoq) NUMber of iterations, respectively.

For the first scenario, the start node is in the field area and the goal node is in a certain
place. Before being tested, parameter equations were carried out to provide good
observations and comparisons. This parameter includes eps which is the distance allowed
to place a new node when the nearest node and a random node are given. In the first
scenario experiment, eps was set to 3 for both RRT*, RRT*-Smart, and RRT*-Smart-A*.
In addition, the parameter in determining the neighbor of the new node is also the same,
which is set to r;, = 3. It should be noted that the second parameter is intended to provide
equalities in the rewiring process of the three algorithms.

The next parameter equalization is the parameter used only for RRT*-Smart and the
proposed algorithm, namely the beacon radius which is used for intelligent sampling
performance after the initial path is found and every time the direct cost improves. In the
experiment in this first scenario, the beacon radius is set equal to 7yeq00n = 3. In detail,
the position of the start node and goal node are respectively at coordinates (5,5) and
(50,65) in an environment as shown in Figure 4. The complexity of the environment is not
so high, so all the algorithms compared have the ability to get the optimal path. And the
optimality of this path will be observed based on the cost of each iteration and its dynamic
value.

278



[IUM Engineering Journal, Vol. 24, No. 1, 2023
https://doi.org/10.31436/iiumej.v24i1.2529

Suwoyo et al.

70

60 -

50 +

40 -

30 -

20 1

10

RRT* Algorithm
=t Vo,
i P
%

y/

\

\

'v’
7
4
10 20 30 40 50 60 70

Num. of lteration = 1000
Cost = 1.360266e+03
Ite. of Initial Path = 870
Num. of Nodes = 657

Fig. 4: Performance of RRT* Algorithm (1%t Case).

Figure 4 shows a graphical result representing the performance of the RRT*
Algorithm. Generally, the RRT* has succeeded in determining the collision-free path from
Zinit 10 Zgoq:- However, as shown in the graph and the cost value of 1360.3, the optimality
of RRT* is still lacking. This is strongly relevant to the underlying theory that using
simple random sampling the expansion of the nodes becomes diffuse and not centered. So,
it is reasonable for a limited number of iterations, interconnecting feasible nodes is not
enough to generate the optimal path.
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Fig. 5: Performance of RRT*-Smart Algorithm (1% Case).

In the same case, the effect of using conventional sampling on the initial path
determination also makes RRT*-Smart take time to provide the optimal path. This is
because the path optimization time is getting narrower when RRT*-Smart works at a
limited time. This phenomenon can be seen in the need for repetition of 747 times in
finding the initial path (see Fig. 5). So, it is not surprising that the final solution with a
given cost of 95 can actually be increased if the application time of intelligent sampling is
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sufficient. However, this performance is enough to prove that RRT*-Smart has better
optimality than RRT*.
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Fig. 6: Performance of RRT*Smart-A* Algorithm.

Next in this first scenario, the RRT*-Smart A* Algorithm is performed. As shown in
Fig. 6, the proposed algorithms that involve fast-sampling only need 77 iterations to
explore from zi,;; t0 Zgoq. This achievement is ideal because it will provide a long
duration to apply intelligent sampling and path optimization to the next process. This can
be seen from the distribution of samples in the area near the beacon used to assist the path
optimization. Although the path optimization is not intended to repair the offered path of
A, the cost is 93, it is enough to prove that in term of optimality the proposed method is
better than RRT* and RRT*-Smart. Additionally, the number of nodes generated in a
finite duration implies that optimization can occur iteratively, so the potential for
generating shorter paths is possible.
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Fig. 7: Performance of RRT* Algorithm (2" Case).

Figure 7 shows a graphical result representing the performance of the RRT* Algorithm for
the second scenario. It can be seen from Fig. 7, the RRT* needs more than 8000 iterations
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to get initially optimal path before it is optimized. This situation shows that the RRT*
algorithm does not have ability or is improper to solve the environment with narrow
channel. Besides that, it can be seen from the path cost after optimization, the cost is high.
It represents that its optimality is still lacking for this second case.
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Fig. 8: Performance of RRT*-Smart Algorithm (2" Case).

Since the conventional sampling is used for obtaining the initial path, the RRT*-smart
has the similar level for its convergence speed as RRT*. It indicates that the convergence
rate of RRT*-smart strongly depends on the initial sampling method. As can be seen from
Fig. 8, unfortunately the RRT*-Smart does not obtain the initial path even if the number of
iterations is increased and the number of nodes reaches more than 4000 nodes. For this
inconsistency and limitation, the RRT*-Smart improves by replacing the conventional
sampling with a fast sampling in the second case. Graphically its performance can be seen
as follows.
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Fig. 9: Performance of RRT*-Smart with A Fast Sampling (2™ Case).

Referring to Fig. 9, the RRT*-Smart with a fast sampling is also limited. It can be
observed based on the number of iterations and the iteration indicating the initial path
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found. The diversity between these values represents that the optimization, which is an
advantage of RRT*-Smart, has a short duration. Therefore, the generated nodes have small
number compare to RRT* or its predecessor. For this reason, the proposed method is
introduced and its performance can be presented as follows.
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Fig. 10: Performance of RRT*-Smart-A* Algorithm (2" Case).

It can be seen from Fig. 10, the proposed method finds the initial path in the iterations
of 2643 within 6000 iterations. It indicates more than 3000 iterations that are allocated for
optimization only. This small number of iterations also implies that the proposed method
has a better convergence speed than its predecessor. Next, although the cost is high
compared to its predecessor, it is only because of the dynamicity of the exploration
process. Therefore, in terms of convergence rate and optimality, the proposed method is
validated by this result.

5. CONCLUSION

Due to the limitation of RRT*-Smart when it is used in environments containing some
narrow channels, the conventional sampling is improper. For this reason, it is improved by
replacing the conventional sampling with A* sampling. Moreover, if a wide enough time
frame is provided for its optimization, it is integrated with the A* algorithm. Henceforth, it
is called An Integrated RRT*Smart-A* Algorithm. It is used to solve the global path
planning problem. By comparing with its predecessors, RRT* and RRT*-Smart, the
proposed method has shown better efficiency in terms of convergence rate and optimal
cost.
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ABSTRACT: Currently, fully automated rehabilitation robots can assist therapists in
providing rehabilitation therapy, hence the patients could get hurt. On the other hand, manual
treatment may cause less patient injury but it is tiresome, and there are not enough therapists
in most countries. Power assist rehabilitation robots can support the therapists in conducting
the treatment and may help to alleviate this problem. The goal of this study is to develop a
control strategy for the robot to assist the therapist’s movement in a power assist upper limb
rehabilitation treatment. The system combines the advantages of robotic and manual
rehabilitation therapy. Torque and position sensors fitted on the power assist upper limb
rehabilitation robot arm are used for motion intention estimation. The amount of angular
velocity necessary to be delivered to the feedback controller will be determined by predicting
the therapist‘s motion intention using the impedance control method. The resulting velocity
from the motion intention estimator is incorporated into the Sliding Mode Control - Function
Approximation Technique (SMC-FAT) based adaptive controller. The SMC-FAT based
adaptive controller in the feedback loop, overcomes the uncertain parameters in the
combination of the robot and the human arm. The motion intention estimator forecasts the
movement of therapists. The proposed controller is used to regulate elbow flexion and
extension motion on a power assist upper limb rehabilitation robot with one degree of freedom
(DOF). The proposed control system has been tested using MATLAB simulation and
hardware experimental tests. The outcomes demonstrate the effectiveness of the proposed
controller in directing the rehabilitation robot to follow the desired trajectory based on the
therapist's motion intention, with maximum errors of 0.002rad/sec, 0.005rad/sec and
0.02rad/sec for sinusoidal, constant torque values, and hardware experiment respectively.

ABSTRAK: Pada masa ini, robot rehabilitasi automatik sepenuhnya dapat membantu ahli
terapi dalam menyediakan terapi pemulihan, tetapi pesakit berkemungkinan tercedera.
Sebaliknya, rawatan manual berkemungkinan mengurangkan kecederaan pesakit tetapi ia
memenatkan, dan terdapat kurang ahli terapi yang mencukupi di kebanyakan negara. Robot
pembantu rehabilitasi dapat membantu ahli terapi dalam menjalankan pemulihan dan
mengurangkan masalah ini. Sistem ini menggabungkan kelebihan terapi pemulihan robotik
dan manual. Alat pengesan tork dan kedudukan diletakkan pada anggota atas lengan robot
rahabilitasi yang digunakan bagi mengesan anggaran jarak pergerakan ahli terapi. Anggaran
halaju sudut diperlukan bagi kawalan gerak balas dan dapat diketahui melalui anggaran niat
gerakan ahli terapi menggunakan kaedah kawalan impedans. Halaju yang terhasil daripada
anggaran niat gerakan diadaptasi ke dalam pengawal adaptif berasaskan Kawalan Mod
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Gelongsor - Teknik Anggaran Fungsi (SMC-FAT). Pengawal penyesuaian berasaskan SMC-
FAT dalam gelung maklum balas, mengatasi parameter yang tidak pasti dalam gabungan
robot dan lengan manusia. Penganggar niat gerakan meramalkan gerakan ahli terapi.
Pengawal yang dicadangkan digunakan bagi mengawal lenturan siku dan gerakan lanjutan
pada robot rehabilitasi dengan satu darjah kebebasan (DOF). Sistem kawalan yang
dicadangkan telah diuji menggunakan simulasi MATLAB dan ujian eksperimen perkakasan.
Dapatan kajian menunjukkan keberkesanan pengawal yang dicadangkan dalam mengarahkan
robot rehabilitasi mengikut trajektori yang dikehendaki berdasarkan niat gerakan ahli terapi,
dengan ralat maksimum masing-masing 0.002rad/s dan 0.005rad/s bagi sinusoidal, nilai tork
malar, dan eksperimen perkakasan masing-masing.

KEYWORDS: Upper Limb rehabilitation;, Motion intention estimator, uncertainties,
therapist assistance, rehabilitation robot

1. INTRODUCTION

Stroke victims frequently lose their ability to do daily tasks with their hands. Stroke is
regarded as one of the most serious diseases and a vital issue in the nation because of the large
number of its victims. Patients can restore arm functions and resume doing routine and essential
daily tasks after intensive practice that is repeated and massed over the rehabilitation process.
The two categories of power assist upper limb rehabilitation robots are end-effector and
exoskeleton robots. These robots can conduct a variety of actions and undertake rehabilitation
training activities to help patients complete certain therapies [1]. Additionally, it offers a
consistent and demanding physical treatment, relieving physical therapists of a substantial
amount of labor. End-effector systems may move limbs in space without requiring the patient's
and robot's joints to be aligned by using footplates or grips.

Manual rehabilitation therapy and robotic rehabilitation therapy are two rehabilitation
approaches. A global issue with manual rehabilitation treatment is its inconsistency and its low
therapist-to-patient ratio. The entirely autonomous nature of earlier rehabilitative equipment
increases the potential for patient injury. This issue can be solved by a rehabilitation robot that
combines manual and automated functions. The study focuses on a new control approach for a
power assist rehabilitation robot that aids the therapist in moving the patient's arm during
rehabilitation exercises, allowing the system to combine the advantages of completely robotic
and manual rehabilitation treatment. In this manner, the system may provide patients with a
rehabilitation program that is both safe and comfortable [2].

This paper presents a new control approach for the therapist, allowing them to actively
intervene in the treatment, taking into account the robot and patient's parameter uncertainties.
The controller consists of a motion intention estimator for the therapist based on the impedance
controller. The resulting output velocity is fed into the FAT-SMC based adaptive controller to
cater to the uncertainties. The novelty of this paper is a new control strategy that focuses on
assisting the therapist’s movement with a motion intention estimator combined with SMC-FAT
based adaptive controller in the feedback loop for a power assist upper limb rehabilitation
robot.

The rest of the paper is organized as follows. Section 2 presents the summary of previous
works on upper limb rehabilitation robot and motion intention estimation. Section 3 describes
the methods and equations used in deriving the proposed control strategy. The simulation
results and hardware experimental analysis are discussed in Section 4. Section 5 presents the
conclusion of the paper.
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2. PREVIOUS WORKS ON UPPER LIMB REHABILITATION ROBOT
AND MOTION INTENTION ESTIMATION

Due to the lack of a direct therapist intervention during training, the use of totally robotic
rehabilitation treatment may increase the risk of patients' injuries and may be uncomfortable
for the patients [3]. Additionally, mistakes in the treatment robot's actuation are possible. Thus,
this paper presents a new control strategy for the upper limb rehabilitation robot that is not fully
robotic and assists the therapist based on their motion intention to realize a smooth movement
in the rehabilitation. This section represents the previous work in power assist upper limb
rehabilitation robot and motion intention estimation methods.

2.1. Power Assist Upper Limb Rehabilitation Robot

Power assist devices are created and intended to help physically challenged persons with
everyday chores and self-rehabilitation. Tang et al. [4] developed an upper-limb power-assist
exoskeleton actuated by pneumatic muscles. The exoskeleton may now be controlled in real
time depending on the user's intended movements thanks to the development of proportional
myoelectric control. The feature extraction technique and classification were utilized to create
an electromyogram (EMG)-angle model for pattern recognition.

An approach for perception-assist that modifies the user's mobility as necessary to help their
movement and interaction with their environment was proposed [5]. A study on a power-assist
robot arm using pneumatic artificial rubber muscles (PARMs) with a balloon sensor was
published to help with upper-limb and back motions. The elbow and wrist joints may be moved
by a single PARM, and the movement of the various arm portions is similar to that of the bi-
articular muscle. According to the independent joint control paradigm, an ideal linear quadratic
Gaussian torque controller (LQG) with integral action for an upper limb rehabilitation robot
was introduced. The controller's goals are to simplify the control design process, guarantee the
best robust torque control, and prevent modeling uncertainties.

2.2. Motion Intention Estimation Methods

The intended velocity, which serves as a proxy for human intention is determined in real-
time using the robot's location, speed, and interaction force as well as contact point movement
characteristics [6]. Impedance control, which enables the robot to follow a specified path, may
be used for interaction control. The techniques for changing the assistance lever of the
impedance parameters are often employed in various applications of human-robot shared
control systems.

The Radial-based Function Neural Network (RBFNN) model for evaluating the cooperation
intention in touch human-robot collaboration has been developed. Lee et al. [7] suggested a
new classifier based on force information measured by the robot's Force/Torque sensor and
surface EMG signals from muscle activation to extract human intention during interaction with
external force. The degree of external force produced by the encounter may be determined
using the suggested classifier. In order to validate the suggested methodology, a simple control
method is developed based on the proposed classifier to support the intention-based motion.

A device that produce the intended trajectory based on the designer's assessment of the user's
motion intention was introduced. Motion intention was proposed as a workable solution since
it takes a lot of energy for a person to move the exoskeleton arm, especially if the difference
between the robot's true position and the human's motion intention is large. The subject's
desired intention of motion (DIM) must be determined via an indirect force control loop. The
identification of DIM can be accomplished using the Damped Least Square technique (DLS).
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A wearable double-shell robotic exoskeleton for upper-limb power assist was proposed by
Huang et al. [8], based on an online assessment of the wearer's motion intention.

A unique method for identifying human body motion intention for active power-assist lower
limb exoskeleton robots (APAL) was investigated [9]. Both the inverse dynamics approach
(IDA), which uses a dynamic model of the human body, and the sensing system integrated
within an exoskeleton robot (APAL), which was developed to gather motion data and foot
contact force, were used to do online estimations of the human joint torque. An approach to
evaluate interaction motion intention for perception-assist with an upper-limb wearable power-
assist robot was given in a work by [10]. The power-assist wearable robot user was given
instructions to use visual information from the camera that was worn to assess the other person's
motion intention in this approach.

The problem of tracking the user's motion intentions when they were using an upper-limb
power-assist wearable robot in planned social interactions with other people was addressed by
[11]. If the interaction is inappropriate, the power-assist wearable robot's user motion can be
automatically changed to guarantee excellent interaction performance or to prevent unforeseen
mistakes when using the device.

Surface electromyography (SEMG), a bioelectrical signal created when a neuron conveys
human motion intention information directly to a related muscle, is an example of artificial
intelligence-based estimate. Therefore, without any information loss or delay, the motion’s
purpose may be fully inferred. Due to its wealth of data, superior collecting technology, and
noninvasiveness, human motion intention recognition based on SEMG will become widely
used. Machine learning (ML) based motion and SEMG-driven musculoskeletal (MS) model-
based motion are the two methods of SEMG-based motion intention recognition. The most
important aspect of the entire procedure is determining human motion intentions [12].

A neuro-fuzzy technique for accurately anticipating the motion intention of the power-assist
rehabilitation robot user was proposed, taking the effect of the difference in posture into
consideration. It seems that many sensor modalities are needed for sophisticated device control
given the challenges of providing reliable control with simply EMG. An EMG-based
admittance controller (EAC) was created to address the problem. Determining the human
purpose for a multifunctional device's successful use and effective operation presents a number
of challenges, though. The primary rationale is the time-varying and noisy character of the
EMG signals [13]. In addition, there is a complicated non-linear connection between the output
forces of the various muscles.

Extreme Learning Machine (ELM), a revolutionary approach, was suggested as a solution
to these problems [14]. Using radial basis function networks, single and multi-hidden layer
neural networks, feed-forward neural networks may be generalized effectively. However,
because these approaches are sluggish when simulating a broad class of natural occurrences,
they are unsuitable for applications like discerning human purpose. The need to fine-tune each
network parameter is the fundamental reason for this delayed learning. Based on information
from force sensors, joint current location, and current moving speed, ELM can quickly assess
desired goals, learn human motion patterns, and forecast future movement. In assistive robotics
and rehabilitation, this desired motion may be used to increase performance and robot
compliance. An exoskeleton-style rehabilitation or assistance robot may be managed more
successfully and comfortably by the user by utilizing the recommended interface, intention
estimate, and intention-based control algorithms [15]. The rehabilitation power-assisted robot
must be able to increase its output proportionally to the amount of mobility required.
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Utilizing EMG data, a lower limb neuromusculoskeletal model was used to determine the
torque at each human joint before applying an admittance control strategy to attain the desired
position. A synchronized and robust Human-Robot Interaction (HRI) was produced using an
EMG-based admittance controller (EAC). Wang et al. [16] employed neural networks to
discover model parameters online before adding the desired trajectory into the impedance
control of an upper-limb humanoid robot. To illustrate the expected course of human mobility,
they created a model of an upper human limb. When the human motion intention is unsure and
the robot dynamics are unknown, an interactive robot utilizes adaptive impedance control. It
was found that the joint torque of the human body fits the essential requirements of motion
intention estimate for the active power-assist after looking at the conduction path and numerous
stage manifestations of motion intention in the human body. Joint torque is also said to create
real-time, continuous output, precede human limb movements, and indicate the intensity and
direction of the wearer's efforts. This calls for the need for an accurate model, an evaluation of
human intent, and a method for measuring human joint torque.

Conventional control systems based on force/torque sensors have difficulty interpreting
human intentions and are typically susceptible to misreading or distorting such intentions
because of external contact force interruptions, such as those experienced in daily activities.
Therefore, a power-assist robot controller cannot accurately evaluate the real human force.
Force/torque sensors are used to measure the overall amount of applied force, which includes
both human intention and unidentified environmental factors. The power assist robot may also
employ motion sensors on the user to facilitate the anticipated actions. For a power support
exoskeleton robot arm, a motion intention-based bionic control system was suggested [17]. To
pre-process the recorded motion signal, filtering is utilized.

An improved robot skill learning system that took motion production and trajectory tracking
into account, was suggested by [18]. During robot learning demonstrations, dynamic
movement primitives (DMPs) were used to imitate robotic mobility. Each DMP is composed
of a number of dynamic systems that act in concert to increase the stability of the motion toward
the aim. A hybrid force/position control approach for robotic arms based on the stiffness
estimation of an unknowable environment was developed to provide precise control and a
stable system. Predicting human intent necessitates human-robot interaction.

The primary aspect affecting the creation of upper limb rehabilitation robots is human
motion intention. Since assistive or rehabilitative robots must move in line with the wearer's
request, estimating the wearer's motion intention is a key challenge. For Power support systems
for wearables, it is extremely important to design an effective identification method for
identifying the wearer's motion intention. Thus, in this research, the impedance control
interaction strategy is used for motion intention estimation of the therapist and SMC-FAT-
adaptive controller is used to cater for the parameter uncertainties for a power assist upper limb
rehabilitation robot with patient’s arm.

3. PROPOSED CONTROL STRATEGY

The block diagram for the proposed control strategy is shown in Fig. 1. The motion intention
controller calculates the therapists’ motion prediction, and it is integrated into the SMC-FAT
controller. This controller acts as the feedback controller to cater to the patient‘s arm parameter
uncertainties [19]. It takes the information of the desired trajectory, x,; , actual angular
velocity, g, and therapist’s torque, T to calculate the desired velocity, g, , for the therapist’s
motion intention estimation. The value is then passed to the SMC-FAT controller. The outcome
is integrated into the lumped rehabilitation robot and human arm plant.
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Fig. 1. Block diagram of control strategy

Fig. 2 shows the block diagram of the experimental setup. The angular position of the
robot’s joints with the patient’s arm and therapist’s torque exerted will be measured using
encoders and torque sensors respectively, and supplied to the microcontroller. The amount of
desired angular velocity based on the motion prediction of the therapist will be calculated. The
necessary amount of voltage required for assisting the therapist will be provided to the upper
limb rehabilitation robot from the SMC-FAT based adaptive controller.

I THERAPIST'S TORQUE ‘
I

UPPER LIMB
REHABILITATION ROBOT'S
* TORQUE,
POSITION,
VELOCITY

Control Interface

Fig. 2. Block diagram of the experimental architecture

In this research, torque and position sensor measurements are used to calculate the
therapist’s motion intention prediction. The therapist’s torque exerted and the robot joint’s
angular position are the quantities that will be measured. The therapist’s torque is calculated
using constant torque and sinusoidal value. The robot torque and position trajectory of the robot
can only be derived from the output of the lumped upper limb rehabilitation robot and human
arm, after the implementation of motion intention estimator and SMC-FAT- adaptive
controller. The DAQ helps to communicate between the computer (PC) and the robot. In this
research, a serial communication DAQ (NI USB-6211) is used, and it is connected to the Upper
limb rehabilitation robot. The role of the PC is to program the controller and also serve as
interface to help tune and display the control parameters. The LabVIEW and the NI-DAQmx
driver are installed into the PC to test the proposed controller on the power assist upper limb
rehabilitation robot. Simulation and hardware experimental tests are used to evaluate the
performance of the project with the aid of MATLAB and LabVIEW softwares.
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3.1. Dynamic Model of the Integrated Power Assist Upper Limb Rehabilitation Robot
with Human Arm

The dynamic model of the upper limb rehabilitation robot with human arm can be written
below. The mathematical model of the system is adopted from [20].

Xp = ApXp(t) + BpUs(t) + FgT(t) + WpT(¢) (1

where, Ag, Bg, Fg, Wp are the system, input, load distribution, and rate of load distribution
matrices with acceptable dimensions respectively. Xz (t) is the vector consisting of the angular
position, velocity, and acceleration of the electrical motor. Ug(t) is an input vector, T'(t) is the
mechanical link torque and T'(t) is its time derivative.

where,
Xp(®) =[x1 x x3] ()
=[x's x%p x%g] 3)
=lqg ¢ q] “4)
0 1 0
Ag =10 0 1 ]
0 aps; apss
0 0
BB = [ O ] FB = 0“
bg /B
(5)
0
Wp = [0] u) =[U]l
Wp
T(t) = [T(®)] T(t) = [T(1)]
The non-zero elements of the Ag, Bg, Fg and Wy matrices are as follows [20]:
k,k: + B,R B,L + J.R
Ap3p = ———————— g3z = ————————
B32 L B33 L
by =
B JmLN
(6)
_ R, B 1
fo = N, Ve TN,

where,

Jm 1s the moment of inertia, R is the armature resistance, L is the armature inductance, B,
is the viscous friction constant, k,, is the Back Emf constant, and N is the inverse of gear ratio
[20].

The dynamic equation of the mechanical links of the 1 DOF rehabilitation robot with human
arm can be written as follows.

T(t) = M(q(t),)dt) + D(q(t), IV (q) + G(q(),{) + Fesgn(@)s + Veq(®) (7
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where,
q(t) = [q(®)]" (8)
T =TI ©)
M(q,¢) = [M] (10)
D(q)=1I[D;1 0 0 0 Dys Dyl
V(@) = [4], G(q) = [G] (11)
Fc = [F¢] Ve = [V¢] (12)
where,

q is the joint angular position

q is the joint angular velocity

g is the joint angular acceleration

M(q, {) is the positive definite inertia matrix.

D(q, Q) is the Coriolis and Centrifugal torques.

G(q,¢) is the gravitational torque.

(is the uncertain human arm mass carried by the rehabilitation robot.

T is the control input torque from the actuators.

Fc and Ve are the coulomb friction coefficients and viscous friction coefficients respectively.
The terms D(q,{) V(§) and G(q,{) in Eq. (7) can be modified as D(q,q,¢) g and G(q,{)q
respectively. Hence, the lumped 1DOF rehabilitation robot with human arm dynamic model
can be rewritten as:

T(t) = M(q(®), 9§ + D(q(®), 4(6),)q(®) + G(q(t), q(®) + F.[sgn(q)q(t)] +

Veq(t) (13)

where,
D(q,4,9) = [Dq] (14)
6@ =3 sgn@ = =4 (15)

The derivative of the torque with respect to time for 1 DOF rehabilitation robot with human
arm from Eq. (13) can be written as

T(t) =M(q, C)dfl'(t) +C(q,4,0)4(t) + D(q,4,9)q(t) + E.[sgn(@)q(6)] +
F.q2 (sgn(@) +V:(0) (16)
By substituting Eq. (13) and Eq. (16) into the augmented actuator dynamic Eq. (1), the
integrated dynamic model of a 1-DOF rehabilitation robot with human arm can be obtained in
the following form. Only one joint of rehabilitation robot is considered in this study, which is
the elbow for flexion and extension. The robot and human arm are considered as lumped body.
The dynamic model is taken from [20] and can be written as:
Xp(t) = Ap(Xp, {, )Xp(t) + Bp(Xp, {, )U(2) (17)
where,
Ap(Xp, ¢, 1) = [I3N — WM (X, ¢, t)Zg] H{Ap + [FeM(Xp,{,t) + WpC(Xg, {,t) +
WgVelZp + [FpD(Xp, ¢, t) + FpVe(Xp, ¢, t) + WeD(Xp, . t) + WpFcsgn(q) +
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Wyd(6)]Zp1 + [FpG (X5, G, t) + FpFe sgn( @) + Fpd(t) + Wad(t) +
WiFe |5 (@) Zs2} (18)

BB(XBI (! t) = [I3N - WBM(XBI {; t)ZB]_lBB (19)

Then, the integrated model of the 1-DOF robot manipulator can be obtained and has the
following form:

Xp(t) = A(Xp, , )Xp(t) + B(Xp,{,)U(2) (20)
where,
0 1 0
Ag(Xg, ¢, t) =[ 0 0 1 ] (21)
ap31 Qp32 0p33

A detailed explanation of the dynamic model of the rehabilitation robot exoskeleton with
human arm can be found in [20], which will serve as a guide for the derivation of the integrated
model of the 1 DOF robot arm.

3.2. Motion Intention Controller

For the motion intention controller, the impedance control is adopted [21]. Impedance control
is defined as the relationship between the motion state of the endpoint and applied force. The
relationship between the therapist’s torque, 7, contact force, F,,; and transpose form of the
Jacobian vector of the exoskeleton is given as [22].

Th =]TFext (23)
The target impedance adopted from [22] is given as a second-order differential equation and can
be written as

MX—X)+BX —Xq) + KX —Xy) = —Fox (24)

For this research, only one degree of freedom is used. To overcome some practical
challenges in impedance control, Fj is the extra gravity compensated force is considered [23].
Eq. (24) is modified as.

MX—X)+B(X—Xg)+ KX —Xy) = —Fore — F (25)
M(X — X, ) is omitted for simplicity. Therefore, Eq. (25) can be written as.

B(X —X4)+ KX —Xg) = —Fexe — F, (26)
where,

M is the moment of inertia

X is the actual acceleration

X, is the desired acceleration

X is the actual velocity

X, is the desired velocity

X is the actual position

X4 1s the desired position

B is the damping coefficient

K is the stiffness

F, is the extra gravity compensated force.
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A relationship between the target speed and the interaction torque of each joint is necessary
to obtain the motion intention estimation [24]. Thus, the angular velocity needs to be converted
to the velocity of the endpoint of the robotic arm by using the Jacobian matrix [24]. Hence, Eq.
(26) is multiplied by the Jacobian matrix, J7

JTB(X = X4) +JTK(X = Xg) = ] Feue —JTF, 27)
Substituting Eq. (23). into Eq. (27) yields.

JTB(X —Xa) +J"K(X —X3) = -1, = J'F, (28)
Expand and simplify Eq. (28) will result in.

J'BX —J"BXq +J"K(X = Xa) = —1,, — J"F, (29)

J'BXq =th +JTE, +JTK(X — X4) +J"BX (30)

Substituting X, = Jq; [23] into Eq. (30) to obtain the velocity of the endpoint, gives.
J'BJqq = tn + ] Fy +JTK(X — Xq) +J"BX (31
Eq. (31) is simplified to derive the equation for the motion intention estimator

. Tt TFy+JT[BX+K(X—-Xq)]
qa = BJTJ

(32)

where,
Ty, 1s the interaction torque from the therapist
J is the Jacobian matrix

—lsing
]=[lcosq ] (33)
l

According to the equation, each joint's intended velocity will change throughout active
training sessions as the interaction torques from the associated joint change. Contact torques,
departure from the endpoint's reference trajectory, and the damping impedance coefficient B,
all have an impact on the rate of current changes. The desired velocity of each joint modifies
when the endpoint position deviates from the prescript trajectory, bringing the subject back to
the reference trajectory, indicating X; # X. The adjustment range is determined by the stiffness
and damping impedance coefficients Kand B [24]. The interaction controller outputs the
required joint velocity g4, which the SMC-FAT adaptive controller will use. Fig.3 shows the
block diagram for the motion intention controller.

3.3.SMC-FAT-based Adaptive Controller

The motion intention estimator is integrated into the SMC-FAT based adaptive controller to
get the desired motion and cater to the uncertainties in the lumped robot and human arm plant.
The SMC-FAT controller equation used in the proposed control law for the feedback loop is
written as [25].

Xo=lg q gI" (34)
Xaa =194 qa f?d]T (35)
Us(t) = Ueq + Up[ + Ua (36)
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Ty

+,

TK (x-xq) & .
K 4’(>— - BJS ] =44

IE, o)

Fig. 3. Block diagram of motion intention estimator

The measured (actual trajectory) and desired (desired trajectory) state variables can be
represented by vectors X, and X;, respectively.
where, Us , U, , Up; and U, terms of the proposed controller are described below. The U is
the control signal supplied to the plant. The equivalent control term U, is considered for the
approximately known nominal system [25].

- -1 . _
Ueq =Bp (X; —ApX,) (37)

where, Ay and By represent the nominal matrices of Ag and Byrespectively.
X, 1s the actual trajectory
lzze
24y
The second term of the control strategy Up, is a sort of PI (Proportional Integral) controller
that is required to increase closed-loop stability and transient performance.

X, is the reference acceleration and it is denoted by the term X, —

Upr = —B5 K S(t) = =By Ky(2hie + 2,7 [ edt) (38)

where, K; is a positive definite constant and S(t) is the sliding surface of the controller
A, and A, are n X n diagonal positive definite matrix

e = X, — X4, 1s the tracking error vector

The term U, is the term used to describe the process of removing approximation errors.

Uy = —Bg  Kololsgn(S(t)] (39)

where, K|, is a constant, @is the estimation of «,, and the upper bound of the uncertainties.

Substituting Eq. (37), Eq. (38), and Eq. (39), into Eq. (36), as shown below.
- -1 .. - ~
Us(t) =Bp Xy — AXq — K15 — KoQo[sgn(S(t))]) (40)

A detailed explanation of the derivation and stability proof of the controller can be found in
[25].

3.4.Simulation Results

The simulation was carried out using different values of the constant and sinusoidal
waveform for the torque exerted by the therapist. This research focuses on a 1 DOF upper limb
rehabilitation arm, therefore only one motor is used in the verification experiment. The motion
intention estimator based on impedance control as in Section 3.2, is adopted for the motion
intention controller. The impedance parameters of the motion intention controller are set as
K = 0.34N/m and B = 50Ns/m. The extra gravity compensated force is set at F; = [0; 0; 0]
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N initially. The SMC-FAT controller parameters are setas 44 = 50,1, = 1, K, = 1and K; =
337.

Fig. 4 and 5 shows the tracking performance of the motion intention controller using a
constant torque and sinusoidal waveform respectively. The range of the constant torque was
calculated using the formula in Eq. (41) and the sinusoidal formula to represent the torque from
the therapist is shown in Eq. (42).

T,=F Xr (41)
T, = Asin(t) + 0 (42)

In Fig.4 the red line shows the actual angular velocity and the dash blue line represents the
desired angular velocity. It can be seen that the actual angular velocity follows the desired
angular velocity that is calculated using the therapist’s motion intention estimation based on
his/her input torque 7. This result shows that the proposed control strategy has successfully
calculated the therapist’s motion intention and the robot follows the prescribed velocity
trajectory under the SMC-FAT based adaptive controller.

qdot and qd dot vs Time

3 [=[= =14 E
— qd dot

. NN/ 4V
KITATAYATA \ /!

=] 1 2 3 4 L
Time (seconds)

qdot and qd dot (rad/sec)

Fig.4. Tracking performance of the proposed control strategy at constant 7

Fig. 5 shows the tracking performance of the motion intention estimator using the sinusoidal
equation, T, = sin(2) + 11.76 Nm to represent variation in the torque exerted by the therapist.
It can be seen in Fig. 5 below that the actual angular velocity follows the desired angular
velocity resulting from the motion intention estimator, under the proposed control law strategy.

qdot and qd dot vs Time

3 ot .
_ gd dot

: AL / /!
ETATAVIVAVARA g

\

qdot and qd dot (rad/sec)
o
(Vg

=

2 3 a 5
Time (seconds)

Fig.5. Tracking performance of the proposed control strategy at sinusoidal torque
From the simulation results, it can be observed that the proposed controller is effective. The
motion intention estimator produces the desired velocity based on the therapist’s torque. This

o 1
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value was fed into the SMC-FAT controller and the robot follows the desired trajectory
precisely. The average percentage error at sample time of 5 seconds is 0.002rad/sec and
0.005rad/sec for constant and sinusoidal therapist‘s torque respectively.

4. SIMULATION RESULTS AND EXPERIMENTAL ANALYSIS

The simulation of the motion controller has been conducted using MATLAB Simulink for
different inputs of torque and the experimental analysis is done with the aid of LabVIEW from
National Instruments (NI).

4.1.Experimental Results

The experimental setup consists of 1 DOF robot arm and computer installed with LabVIEW
to control the robot arm with the proposed motion intention estimator. LabVIEW is used to test
and analyze the proposed motion intention controller on the robot arm. The National
Instruments Data Acquisition (NI DAQmx) driver has been installed along with LabVIEW into
the computer to aid the communication between the robot and the computer. The computer that
is installed with LabVIEW is connected to the robot using the NI USB-6211 DAQ. The
schematic diagram of the control strategy and motion intention estimator has been built in
LabVIEW and run to check for errors. After the schematic has been verified, the robot is
powered on, and the LabVIEW programming is launched. The robot motor torque, robot
position, actual angular velocity, and desired angular velocity are displayed on the interface of
the LabVIEW on the computer.

The motion intention controller impedance parameters are set as K = 0.34 N/m and B =
50Ns/m. The gravity force is set at F; = [0;0;0] N at first. The SMC-FAT controller

parameters are set as 4; = 50, 4, = 1, K, = 1 and K; = 337. The experimental result of the
robot’s joint angular velocity is shown in Fig. 6.

Fig. 6 shows the desired angular velocity trajectory based on the therapist’s motion intention
estimation, g; and the actual angular velocity g, under the control of the SMC-FAT controller.

g dot and qd dot vs Time

50

45

40

35

g dot and qd dot (rad/sec)

0 1 2 3 4 5
Time (Seconds)
Fig.6. Experimental result of actual angular velocity and desired angular velocity against
time using human torque

Fig.7 shows the corresponding therapist’s torque during the experiment. The result shows
that the controller produces the estimated motion intention based on the torque exerted by the
therapist and drives the robot to track the resulting desired trajectory.
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Human torque vs Time
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Fig.7. Therapist’s torque input in hardware experimental test

From the simulation results and hardware experiment, it can be observed that the proposed
controller is effective in generating the desired angular velocity, g; based on the motion
intention of the therapist and controlling the upper limb rehabilitation robot to follow the
desired trajectory. The results verify that the proposed control strategy is successful. The
therapist‘s motion intention can be predicted for the upper limb rehabilitation robot based on
the torque exerted by the therapist under the proposed technique. The SMC-FAT - based
adaptive controller integrated into the motion intention estimator can overcome the
uncertainties in the robot and human arm parameters. The maximum error is 0.02rad for the
hardware experiments.

5. CONCLUSION

A new control method has been formulated for therapists® motion intention estimation in a
power assist upper limb rehabilitation robot based on impedance controller. The controller uses
the therapist’s interaction torque to estimate his/her motion intention and produces the desired
angular velocity for the feedback controller. The SMC-FAT adaptive controller implemented
in the feedback loop overcomes the uncertainties, in the lumped rehabilitation robot and human
arm plant. Integrating the formulated motion intention estimator and SMC-FAT Adaptive
control yields high tracking accuracy with the therapist’s motion intention. The simulation
results and hardware experiment validated that the proposed control strategy is successful in
producing the motion intention estimation and accurate trajectory tracking with a maximum
error of 0.005 rad/sec and 0.02 rad/sec respectively. In future work, the integrated motion
intention controller and SMC-FAT controller can be used for a higher DOF of the upper limb
rehabilitation robot arm system. Other types of uncertainties can also be considered in future
studies.
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ABSTRACT: Service robots are prevailing in many industries to assist humans in conducting
repetitive tasks, which require a natural interaction called Human Robot Interaction (HRI). In
particular, nonverbal HRI plays an important role in social interactions, which highlights the
need to accurately detect the subject's attention by evaluating the programmed cues. In this
paper, a conceptual attentiveness model algorithm called Attentive Recognition Model
(ARM) is proposed to recognize a person’s attentiveness, which improves the accuracy of
detection and subjective experience during nonverbal HRI using three combined detection
models: face tracking, iris tracking and eye blinking. The face tracking model was trained
using a Long Short-Term Memory (LSTM) neural network, which is based on deep learning.
Meanwhile, the iris tracking and eye blinking use a mathematical model. The eye blinking
model uses a random face landmark point to calculate the Eye Aspect Ratio (EAR), which is
much more reliable compared to the prior method, which could detect a person blinking at a
further distance even if the person was not blinking. The conducted experiments for face and
iris tracking were able to detect direction up to 2 meters. Meanwhile, the tested eye blinking
model gave an accuracy of 83.33% at up to 2 meters. The overall attentive accuracy of ARM
was up to 85.7%. The experiments showed that the service robot was able to understand the
programmed cues and hence perform certain tasks, such as approaching the interested person.

ABSTRAK: Robot perkhidmatan lazim dalam banyak industri untuk membantu manusia
menjalankan tugas berulang, yang memerlukan interaksi semula jadi yang dipanggil Interaksi
Robot Manusia (HRI). Khususnya, HRI bukan lisan memainkan peranan penting dalam
interaksi sosial, yang menonjolkan keperluan untuk mengesan perhatian subjek dengan tepat
dengan menilai isyarat yang diprogramkan. Dalam makalah ini, algoritma model perhatian
konseptual yang dipanggil Model Pengecaman Perhatian (ARM) dicadangkan untuk
mengenali perhatian seseorang, yang meningkatkan ketepatan pengesanan dan pengalaman
subjektif semasa HRI bukan lisan menggunakan tiga model pengesanan gabungan:
pengesanan muka, pengesanan iris dan mata berkedip. . Model penjejakan muka telah dilatih
menggunakan rangkaian saraf Memori Jangka Pendek Panjang (LSTM), yang berdasarkan
pembelajaran mendalam. Manakala, pengesanan iris dan mata berkelip menggunakan model
matematik. Model mata berkelip menggunakan titik mercu tanda muka rawak untuk mengira
Nisbah Aspek Mata (EAR), yang jauh lebih dipercayai berbanding kaedah sebelumnya, yang
boleh mengesan seseorang berkelip pada jarak yang lebih jauh walaupun orang itu tidak
berkelip. Eksperimen yang dijalankan untuk pengesanan muka dan iris dapat mengesan arah
sehingga 2 meter. Sementara itu, model berkelip mata yang diuji memberikan ketepatan
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83.33% sehingga 2 meter. Ketepatan perhatian keseluruhan ARM adalah sehingga 85.7%.
Eksperimen menunjukkan bahawa robot perkhidmatan dapat memahami isyarat yang
diprogramkan dan seterusnya melaksanakan tugas tertentu, seperti mendekati orang yang
berminat.

KEYWORDS: Attentive Recognition Model (ARM), Long-Short-Term Memory (LSTM),
Human Robot Interaction (HRI), Eye Aspect Ratio (EAR)

1 INTRODUCTION

As service robots are starting to coexist with humans, they ought to deal with two
fundamental aspects: sturdy navigation in cluttered environments [1, 2] and effective human-
robotic interaction (HRI). There have been many research conducted in navigation area
whereas, a significant amount of problems in HRI field need to be addressed. Therefore, there
are two primary forms of communication in robotics for establishing an accurate interaction
between a robot and a human being within physical and psychological contexts. Human verbal
interaction is expressed using thoughts, ideas, and feelings through spoken or written language.
Meanwhile, in kinesics, nonverbal communication is defined through body movements,
positioning, facial expressions, and gestures [17]. In particular, this research is based on head
movement and oculesics, a subcategory of kinesics, which is the study of eye movement,
behaviour, gaze, and eye-related nonverbal communication. An important perceptual variable
in the analysis of nonverbal cues is the focus of attention, which indicates the person is
attending to something and is often used to convey interpersonal intent. It often happens that
people turn toward their focus of attention, thereby physically expressing their attention by
means of head orientation. In most cases, head orientation is directly related to the visual gaze
estimate since the perceived gaze direction is determined by the orientation of the head.
Inspired by this human behaviour, an Attentive Recognition Model (ARM) is proposed that
corresponds to social cues, namely, face tracking, iris tracking and eye blinking, characterised
by effective non-verbal human interaction.

In the prior method for attentiveness architecture, body components were represented as
cylindrical shapes using the Top View Re-projection (TVR) concept [3]. The hypothesis with
the highest score provides the presumed pose and the location of the joints after the pose has
been measured against a scoring system. Meanwhile, another method uses mutual gaze [4] as
a social cue by making iCub capable of recognizing eye contact events while interacting online
with a human partner. Other than that, Hand Gesture Recognition in [5] was also considered
one of the non-verbal cues used to get the attention of a robot. The methods in the literature are
limited to the use of stationary robots and are not considered to be a combined model of
different cues. Therefore, this paper will focus on the face tracking, iris tracking and eye
blinking cues, which are mainly important because they develop social awareness.
Furthermore, both portrayals of robots and embodied robots activate social cognitive
mechanisms that rely on interpreting others' gaze direction, such as gaze cueing. The
significance of a glance in a particular direction can only be completely understood if the gaze's
objective and the agent's mental state are known in relation to that target [6]. Author in [7]
presented a study on social cues being taking into account to enable the robot by deciding
socially, at which human it should direct its gaze.

The author in [8] used a performance improved eye tracking system for a more efficient
human-robot collaboration than a comparable head tracking approach. Paper [9] introduced an
approach for accurate and robust eye center localization by using image gradients. This method
yields low computational complexity and is invariant to rotation and linear changes in
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illumination. It was also tested in [10], where a Partially-Observable Markov Decision Process
(POMDP) was proposed to plan the navigation in the dynamic (crowded) environment by using
sensor fusion and filtering techniques.

In addition, the previous method in [11] for the eye blinking model used vertical and
horizontal lines to calculate blinking ratio, which limited its capability to detect blinks at a
further distance. Moreover, it was also added to help the robot show more realistic eye gazes.
Nevertheless, the overall accuracy of the system is not precise enough for different light
intensity environments for altogether algorithms.

On the other hand, the previous method in [ 12, 13] for the face tracking model uses Support
Vector Machine (SVM) and Constrained Local Models (CLM) to train the data, respectively.
Although the former option provides enough precision in gaze detection, the latter avoids any
tedious calibration procedure and makes it possible to interact with people with no prior
preparation. Thus, a new Long Short-Term Memory (LSTM) neural network was considered
to train the 468 extracted keypoints from the face. This network is an extension of RNN,
designed to avoid the long-term dependency issue. It can also remember data for long periods.
This happens as it allows back-propagation through time by connecting events that appear far
apart in the input data without their weight being diluted between the forget gate, input gate
and output layers.

The main objectives of this work are as mentioned below:

e To propose an attentive gaze algorithm by fusing iris, face tracking and eye
blinking data.

e To develop face tracking model using LSTM neural network.
e To optimize previous eye blinking model using a new variable

e To validate the feasibility of the method in real world for service robot.

2 PROPOSED ARM METHOD

The service robots in a café operate in close proximity with humans, which raises social
behavioural skills typical of human—human interactions, which is still a challenge [4]. This
research proposes an attentive gaze algorithm by estimating the face direction, iris direction
and eye blinking as a fundamental social cue in face-to-face interactions. These models were
integrated into the service robot to maximize its capability to recognize the stare of a person,
which potentially gives it an advantage in communicating by reducing false negative errors.
The data of trained LSTM keypoints in 4.4 were used to detect the possibility of the face posing
classification. Based on the face detected in a person, the iris and eye blinking models were
implemented. The ARM algorithm was tested in 4.5 by facing straight at the camera. When the
face was facing away from the camera, the algorithm was not able to detect the attentiveness
from the person, hence there was no response from the system. When a person showed some
cues, such as facing straight at the camera with direct eye contact by aligning the iris position
and no eye blinking, the system gave a response of ‘!! ATTENTIVE!!” as shown in Fig 1. The
experimentation for face, iris tracking and eye blinking was conducted in Sections 4.2, 4.3 and
4.4, respectively. This shows that the attentive gaze algorithm can be used to gain a person’s
interest. This combined model was important as it could execute all of the important cues
altogether without having multiple files.

303



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Soomro et al.
https://doi.org/10.31436/iiumej.v24i1.2577

¥

ke camera I
opened

Yes

Robot approaches the
pErsOn

Yes

h 4 ¥ l

1
1
1
T
1
1
1
1
]
1
1
]
1
1
]
1
1
]
1

ﬁﬁs tracking modeﬂ [ Eye biinking ] [Face Tacking mo{!el] :
1
1
1
1
1
1
1
1
1
]
1
1
]
1
1
]
1
1
T
1

Yes

mpdel

¥
Predict using LSTM
neural network

If face gazing and iris
asition 1s ‘center and n
2ye blink < 55

Determine face
direction

Fig. 1: Overall flowchart of ARM

3 METHODOLOGY

3.1 Data collection

A participant was recruited for data collection (age = 23) for a face tracking model using
a Lenovo S410p laptop camera. A total of 20 number of frames were extracted from the 20 raw
video sequences for each of the action namely right, left and center. The data collection was
conducted at the Universiti Tun Hussein Onn Malaysia.

Fig. 2. Human interaction with robot

3.2 Environment setup

Hussein, a service robot developed by the UTHM RoboCup team, was used in this
experiment as shown in Fig. 2. It was located in the middle of the room and was surrounded
by chairs and tables to look like a café environment. A Logitech C920 high-definition (HD)
webcam was used for tracking, which provides a clear image up to 3 meters away. It was
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mounted on the robot at a height of 130 cm from the ground to detect different heights of a
person’s face. The developed software modules were integrated within the ROS environment,
which was needed to initiate the robot’s navigation system.

3.3 Task

A total of 7 participants (mean age = 22.5) were chosen to test the ARM algorithm. They
were asked to sit in front of the robot at a distance of around 2 meters and establish mutual
gaze.

3.4 Measurement

The measurements of this experiment have been separated into two categories:
1. Testing of each models in indoor and outdoor environment
2. Accuracy of ARM detection

3.5 Face tracking

For the active eye contact recognition, the face location is tracked. For this purpose, state-
of-the-art real-time face mesh approach was utilized from Google Research, which is
implemented in MediaPipe-framework. This approach differs from [15] by using machine
learning to infer 3D surface geometry that estimates 468 3D face landmarks in real-time from
a single frame and facilitates fast and robust requiring only a single camera input and no
separate depth sensor as shown in Fig 3. It is able to utilize lightweight model designs and CPU
acceleration across the pipeline to achieve real-time performance, which is crucial for live
experiences [16]. This ML pipeline operates on the captured video using OpenCyv library and
computes face positions and a 3D face landmark model that uses those locations to predict the
approximate surface geometry via regression. This also have advantage of greatly reducing the
requirement for typical data augmentations such as affine transformations, which include
rotations, translations, and scale modifications.

Detect 468 facial
keypoints

h 4

Draw styled
landmarks of
keypoints

h 4

Extract kevpoinis of

%, v and z position
for all landmarks

Eml

Figure 3: Flowchart for face tracking model

Theoretically, the line linking the eye centres with the rectangle's horizontal axis is aligned
by rotating a facial rectangle using the bounding rectangles produced by the camera's frame.
To create the input for the mesh prediction neural network, this is then clipped and resized. A
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vector of 3D landmark coordinates can then be generated by the model and mapped back into
the original image's coordinate system. The facial rectangles of a real-world frame were
covered using a 3D Morphable Model (3DMM) technique, and the ground truth vertex
coordinates are now readily available thanks to a previously established relationship between
the 468 mesh points and a subset of 3DMM vertices.

This mesh model pays special attention to semantically significant face regions, resulting
in more accurate landmark predictions around the mouth, eyes, and irises at the cost of average
computation as it resulted in 4.2. The start of algorithm for the face tracking process was
detected for specified class and gathering landmarks keypoints. Those keypoints were saved in
their respective classes such as ‘center’, ‘left’ and ‘right’.

3.6 Iris tracking

Meanwhile it was known that the horizontal iris diameter of the human eye is fairly
constant throughout the population at 11.7+0.5 mm [17]. Due to restricted processing
resources, fluctuating lighting conditions, and the presence of occlusions, such as people
squinting, it was a difficult assignment to complete. Moreover iris tracking had 10 additional
iris landmark which gave accurate estimation for features affecting the iris, pupil, and eye
contours in real time using just a single RGB camera and no specialist hardware [18]. It was
also able to utilize for determining the metric distance of the camera to the user with relative
error less than 10%. Fig. 4 displays a face mesh containing over 468 main keypoints which is
represented by the dots (junction between lines).

Fig. 4. Eyes landmarks with marked numbers

This was achieved by using the Euclidean distance formula as shown in equation 2.1 where each
point reflects the mesh points with notations and corresponding descriptions in Table 1:

euclidean distance = 3/(x2 — x1)% + (y2 — y1)?2 (2.1
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Table 1: Notations and corresponding descriptions

Symbol

Description

x1

yl
x2

y2

x-coordinate of pointl
y-coordinate of pointl
x-coordinate of point2
y-coordinate of point2

The iris model predicts both eye landmarks (along the eyelid) and iris landmarks (along
the iris contour) from an image patch of the eye region. An array of mesh points such as 33,
133, 362 and 263 were generated for x and y coordinates of eyes which was based on the frame
size of image captured by the camera as shown in Fig 5. These mesh points then provided the
position for left and right eyes for x and y position coordinates respectively to extract the radius

and center as resulted in 4.3.

Fig. 5: Flowchart for iris tracking model

3.7 Eye blinking

Detect 468 facial
keypoints

Extract four rnght
and |eftins
keypoints

Create mesh
coordinates of x and
¥ positions in an
array

h 4
Find center point
and radius of the

iris circie
h 4

Find iris ratic by
using Euclidean
distance formula
between right and

left point

h 4

Predefine iris ratio

with respective o
its direction

Although blinking may appear to be an unconscious habit, new research by Paul Homke
and colleagues reveals that when humans are conversing, they unconsciously receive eye blinks
as nonverbal indicators [14]. Furthermore, research have revealed that blinks frequently occur
during natural pauses in discourse. Homke wondered if, like nodding one's head, a movement
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as little and subconscious as blinking may work as verbal feedback. Speakers were able to
detect a minor difference between short and long blinks, with longer blinks prompting
significantly shorter responses from volunteers. More broadly, the discovery may help us
understand the origins of how humans communicate their mental states, which has evolved into
an important component of everyday social interactions. In this algorithm, a different approach
have been used to calculate for eye blinking.

The right and left eyes coordinates were used to find vertical ratio of right and left eye
respectively as shown in Fig. 6. As to differentiate this method with previous ways, it was by
using the random coordinate landmarks which was in the nose area to get overall ratio. The
vertical distance between those coordinates was calculated using the Euclidean distance
formula. The calculated blink ratio was utilized by comparing it with a threshold of 0.7 which
was determined by using trial and error method as experimented in 4.4.

Find vertical Euclidean
distance for right and

left eye and random
point

Stant

Detect 4628 facial

Find ratio berween the
vertical distance of left]
and right eyes and the
random paint

landmarks

i

Extract right and left
eye and random
Keypoints

P

@o is =0,
Create mesh

coordinates of x and s
¥ positions in an i

array
3
. Eves did not
[Eyes are n]rnken‘] [ blink J

Find rightand left
eye vertical top and
bottom poinis
respectively
o L e R =y

4

Find the top and
bottom mndom | ——
paints

Fig. 6: Flowchart for eye blinking model
3.8 Long-Short-Term Memory (LSTM) Neural Network

In a crowded environment, datasets for people cues detection to identify a large number of
human motion data [18] increases linearly and often difficult to interpret due to involvement
of sequential data. LSTM is a method capable of learning order dependence in sequence
prediction problems by enabling persistent error back-propagation within its inner memory
cells. It remembers its input, due to an internal memory, which makes it perfectly suited for
machine learning problems that involve sequential data. This will help to reduce the
computational costs by reducing number of dimensions of the feature space by extracting a
subspace that describes the data best [19]. Hence, reducing number of training data. This study
uses LSTM neural network model to process and identify a face direction position. For
example, the model proposed in the study is divided into three directions, namely, right, left
and center. These directions are used to distinguish the attentiveness of the system function.
The collected data was diversified into right, left and center. To train the model, the dataset
used in this experiment was based on the personal dataset collection, which is conducive to
reflecting the accuracy of LSTM neural network model. The tactile model was trained using
sequences of images. It employs three LSTMs to shape temporal data by progressive
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codification of its vector. The output classification probability distribution was provided by a
fully-connected layer with 3 neurons and a Softmax function after the second LTSM. A
modified LSTM neural network was constructed which consist of LSTM, dropout and dense
layers as shown in Fig. 7.

kernel (1424256}
3 recurrent_lkernel {64x256)
bias (2567

kernel {64312}
recurrent_lkernel (128x512}
lstm dropout | bias (512)

[stmiinput
input Istm_input

lstm_1

Istm 2

dense. 2

kernel {32:3)
bias {3}

Softmax.

dense.1

kernel (G4x32}
bias (320

RellU

dense

kernel {6464}
bias {64}

RelU

kernel {128x256)
recurrent_kerne| {64x256)
bias (2567

RelU

Fig. 7. LSTM neural network architecture

The data was spliced into training and testing keypoints which made it easier to evaluate
the trained data. For this case, the original data for each category have been split into 30% of
testing and 70% of training. The LSTM neural network trained the data for all of the classes
according to the right, left and center face movement classification in 4.5. This type of neural
network was powerful as it was capable to create a more descriptive and abstract result to let
the network learn all sorts of features from scratch, by arranging them in layers, the network
can recycle/reuse features such that low-level features combine to form mid-level features and
mid-level features combine to form high-level features.

4 RESULTS AND ANALYSIS
4.1 Face tracking experiment and result

The face detection model was developed to execute the face tracking recognition as cues
for attentive model for specified face mesh annotations. This was able to produce more nodes
on face which can easily be observed by the joints in tessellation, while previous method [16]
consists of smaller number of landmarks which were used for cues to be trained which in this
case makes it to have less precision. This was tested in both indoor and outdoor conditions for
2 meters as you can see in the Fig. 8 below.

Qutdoor condition

Indoor condition

Fig. 8. Face detection model
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From the experiment, it was shown that the model was able to detect the multiple face
mesh with limitation roughly up to 2 meters in both indoor and outdoor environment. This
could be due to the fact that it was affected by the luminance in the room preventing it to
recognize the people. Even though, for outdoor condition the light intensity was higher than
the indoor, the model was detected due to the camera’s capability to auto calibrate lens
adjustment which allows it to adjust the light entering its aperture and detect a person’s face.
The face tracking model was limited by the amount of data needed to be trained, therefore it is
suggested to use larger dataset to have better prediction. This is summarized in the following
Table 2.

Table 2: Overall face detection

Participant Environment Esngl;teecii(i?&i;e of
1 Indoor/Outdoor 2
2 (wearing spectacles) Indoor/Outdoor 2
3 (wearing spectacles) Indoor/Outdoor 2

4.2 Iris tracking experiment and result

As there are people in real life who face straight forward but at the same time look the
other way which causes the unnaturalness in communication with the robot therefore, an iris
tracking model is introduced to create a natural eye to eye contact feature. This algorithm was
proposed to extract the iris landmark from the specified face mesh annotations. The ratio for
determining the iris positions are classified as in following Table 3.

Table 3: Iris position based on specified ratio

Ratio Iris position
0-042 Right
0.42-0.57 Center
0.57-1.0 Left

Fig. 9. Iris tracking model
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These values were determined by conducting several trials in both indoor and outdoor
environments as shown in Fig. 9. This was calculated using the Euclidean distance equation.
The model was able to detect the participant’s iris at 2 meters from the camera.

4.3 Eye blinking experiment and result

The eye blinking was tested for squinting and blinking action to test the model’s robustness
as shown in Fig 10. The state of eye being closed shows that the person was blinking.

TRV RLLLLLL

L

Fig. 10. Eye blinking model

The data also consisted of different positions of face during squinting so that the camera
was able to take record of those eyes movement keypoints at most of the positions in camera’s
stereo vision. The vertical distance used for right, left eyes and random landmarks at nose area
is illustrated in Fig 11. These points were chosen due to their availability in such position that
can give maximum distance value to get the correct distance measurement. Thus enabling by
giving flexibility to test the model for further distance.

Fig. 11. Vertical distance measurement [14]

From the Fig. 12, it shows that even when a person was standing at farther distance from
the camera the ratio is roughly same as of sitting in front of camera. This outlines that the
vertical distance between the 2 landmarks of eyes have similar observation in terms of value
compared to the vertical distance between the 2 random landmarks chosen. This mathematical
method enabled the algorithm to differentiate between eyes open and closed even at further
distance.
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Fig. 12. Eyes open at 2 meters distance

Additionally, participants 2 and 3 wore spectacles to test the capability of the eye blinking
model with respect to lenses distortion detection as shown in Fig 13. The previous method [14]
of ratio calculation had some drawbacks which was noticed when a person moved further away
from the camera, the ratio decreases causing the blinking counter to continuously moves. This
was because when a person moves away from camera, the pixels that covers the eyes reduces
which causes the distance to be reduced making the counter to increment.

Fig. 13: Testing participant 2 and 3

Table 4 explains the statistics on the prediction and true set for each participants. Statistics
for participant 1 on the prediction set show that the number of eyes continue to open for 2
samples, and the number of blinks was 2 samples for EAR threshold 0.7. However, statistics
on the test set describe the number of eyes continue to open was 2 samples, and the number of
blinks was 2 samples. Furthermore, participant 2 and 3 had eyes continue to open for 2 samples,
and the number of blinks was 2 samples for EAR threshold 0.7. Meanwhile, during prediction
of blinking only 1 sample was present, and predicted eyes open was 2 samples.

Table 4: Statistics on the prediction and true set for each participant

. True Predicted
Participants True eyes Pred1gted Eyes eyes eyes EAR
open remains open blink blink
1 2 2 2 2 0.7
2 2 2 1 0.7
3 2 2 2 1 0.7

Based on the table, a confusion matrix was drawn as shown in Table 5. This experiment
exhibited an accuracy of 83.33% by using calculation as shown in equation 3.1 which justifies
its practicality. Based on this, it had been concluded that, the experiment achieves the best
performance for all datasets.
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Table 5: Confusion matrix for 3 participants

True positive True negative
Predicted positive 6 2
Predicted negative 0 4
ACC = (TP + TN) X 100% = Chlt) = 83.33% (3.1
~ (TP +TN + FP + FN) T 6+4+2+0) 07 D

The F1 score of this method was calculated as shown in equation 3.2 which resulted in 0.86.
For easier comparison, this was later compared with the previous datasets by extracting their
precision-recall value and tabulating them as shown in Table 6.

Pl =2 x precision X recall TP (3.2)
= precision + recall TP +%(FP + FN)
6
=—a ——= 0.86
6+ 5 (2+0)

Table 6: Results obtained for blink detection using the proposed method

Dataset ZJU TF (Talking Our
Face)

Precision 0.98 1.0 0.75

Recall 0.898 1.0 1.0

F1 0.94 | 0.86

The accuracy of the blinking model for the proposed method were compared with previous
methods as shown in Table 7.

Table 7: Results obtained for blink detection using the proposed method

Methods Accuracy (%)
Proposed
method 83.33
DIlib+CNN 97

Based on the results, it was concluded that the percentage for accuracy dropped due to the
person was wearing glasses or the effect from outdoor environment. As the recall was able to
get full percentage, it showed that the eye blinking model had the ability to correctly predict
the positives out of actual positives. The glasses might have caused the ratio calculation to be
off by a certain margin which leads to misreading in eye blinking cue. Other than that, the
response time for the camera to be able to detect a person’s face took a longer period which
resulted in less precise. This outlines, even eyes are capable to be detected in different light
conditions due to the capability of the camera’s auto calibrating lens adjustment which allows
it to detect a person’s face and eyes.
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4.4 Long-Short-Term Memory (LSTM) Neural Network experiment and result

The face tracking model dataset was trained with 97% of accuracy and 3% of loss as shown
in Figure 14 and 15. It was seen that the error was propagated at 30 to 40 steps throughout the
entire network to compute gradients with respect to inputs early in a long sequence. Such
models will often overfit on the training set and lose generalizability and accuracy on the test
set. Therefore, a dropout regularization with a dropout probability of p = 0.5 had been
employed in the output layer and between recurrent layers to combat this. Dropout
regularization independently sets each weight in consideration to zero with probability p. In
response to this, the network cannot rely on a few weights per-example to predict an outcome,
lest those weights get pruned in a training step. The model is thus forced to employ many
weights to process and predict each example, reducing overfitting. It was deliberately avoided
using of dropout on weights between time steps, as doing so effectively eliminates long-range
memory

20 a0

Smoothed Value Step Time
1 99 T

Fig. 14. Training and validation accuracy graph

Smoothed Value Step Time Relative
9 Thu J
Thu .

Fig. 15. Training and validation loss graph

4.5 ARM experiment and result

The overall coding for ARM was able to be constructed by combining the mentioned
subsection 3.4, 3.5 and 3.6 together. Table 8 demonstrates that the attention mesh runs 80.6%
faster than the cascade of separate face and region models on a typical modern mobile device.
This performance had been measured using the inference time. Based on this, it could be due
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to during separate execution of the program, it had to run the same coding in other python file
rather than using the same line of code form previous saved history such as for the cascaded
version of algorithm.

Table &8: Performance on models

Model Inference Time (ms)
Face mesh tracking 113.98
Iris tracking 37.9
Eye blinking 3.997
Total 155.877
Cascade (ARM) 125.65

7 participants were used to test the system response as tabulated in Table 9. The confusion
matrix was formed which showed that the system had 85.7% of accuracy which was due to
only one of the participant which had been predicted wrong as shown in equation 3.3. This
could be due to the fact that the position of the person was in the right side of the video frame.
Therefore, the face was not detected as aligned with the camera’s stereo vision.

Table 9: The confusion matrix

Predicted Predicted
positive negative
Actual positive 4 1
Actual negative 0 2
ACC = (#+2) X 100% = 85.7% 3.3
T (4+2+40+1) 0T I (3-3)

Recall (R) indicates the ratio of the positive samples which were correctly classified, and
presented in equation 3.4.

R = *
T (4+1)

0.8 (3.4)

Precision (P) as in equation 3.5 was the proportion of actual positive instance in the samples
which were classified as positive samples.

P = 4 =1
(440

(3.5)

Intersection over Union (IoU) was calculated for a standard performance measure for the
face segmentation problem. IoU represented the overlap between the candidate face mesh and
the ground truth face mesh, namely, the ratio of their intersection and union. This showed that,
the value was greater due to the closer correlation. Given a set of images, the loU measurement
gave the similarity between the predicted area of the candidate’s face mesh presented in the set
of images and the ground truth area, which was defined by equation 3.6.

315



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Soomro et al.
https://doi.org/10.31436/iiumej.v24i1.2577

area of overlap 4 B
area of union ~ (4+0+1)

IoU = 0.8 (3.6)

Mean average precision (mAP) for a set of classes was the mean of average precision as in
equation 3.7, where N denoted as the number of classes and C meant the class.

Y. average precision 1

mAP = =5=033 (3.7)

N(classes)

The accuracy of the ARM was compared with previous methods as shown in Table 10.

Table 10: Results obtained for ARM

Methods Accuracy (%)
Proposed method 85.7
Scalable HMM 76
OpenPose [5] 97

Based on the result, the accuracy of proposed method was positioned at the middle
compared to Scalable HMM and OpenPose. The OpenPose method scored the highest which
could be due to its limitation of using eye blinking model to gain attention for attentive model.
The literature experiment was conducted based on the study of eye contact. Other than that, it
could also be the effect from light which caused the accuracy to drop. This method lacks the
iris tracking and eye blinking detection of multiple people at the same time in one frame which
is essential for the robot in a crowded place.

S CONCLUSIONS

In this paper, face tracking, iris tracking and eye blinking models were combined to
propose an attentive model known as ARM to improve a robot’s attention model performance
in determining the most attentive person and prioritizing people based on attentiveness.
Moreover, the accuracy of attentiveness prediction was evaluated at different light intensities
in order to validate the feasibility of these methods in the real world. This project was expected
to provide the best HRI experience with low computational complexity and to be invariant to
rotation and linear changes in illumination. Experimentation results concluded that face
tracking and an eye blinking model were achieved successfully. This was validated by applying
the program inside the service robot and testing it in the real world. Hence, it could be operated
in a café environment on a trial basis.

In the future, the current algorithm will be modified to enable it to detect all the important
cues of various people at the same time. Additionally, some modifications to the face
positioning training data would be done to increase its detection ratio for people at a further
distance from the camera.

Acknowledgement: Communication of this research is made possible through monetary
assistance by Universiti Tun Hussein Onn Malaysia and the UTHM Publisher’s Office via
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ABSTRACT: This paper presents the use of a sampling-based planner as a reactive
planning scheme to avoid obstacles between a robotic arm and a moving obstacle. Based
on a planner benchmark on an obstacle-ridden environment, a rapidly-exploring random
tree (RRT) planner has been used to populate the trajectories of the task space and map
them into a configuration space using a Newton-Raphson-based inverse kinematic
solver. Two robot poses are defined in a cycle of back-and-forth motion; the initial and
the goal poses. The robot repeatedly moves from the starting pose to the end pose via the
midpoint pose. Each set of trajectories is unique. We define this unique solution within
the context of the configuration space as a cycle space. We impose a periodically
occurring synthetic obstacle that moves in and out of the robot arm workspace defined in
a simulated environment. Within the robot's workspace, the obstacle moves and cuts
through the cycle space to emulate a dynamic environment. We also ran a benchmark on
the available sampling planner in the OMPL library for static obstacle avoidance. Our
benchmark shows that the RRT has the lowest time planning time at 0.031 s compared
with other sampling-based planners available in the OMPL library, RRT implicitly
avoids singularities within the cycle space, and reactively attempts to avoid synthetic
moving objects near the robot hardware. This research intends to further investigate on
the use of RGB-D sensor and LiDAR to track moving obstacles while abiding by the
task space commands described by the initial and goal poses.

ABSTRAK: Kertas kerja ini membentangkan penggunaan perancang berasaskan
persampelan sebagai skim perancangan reaktif untuk mengelakkan halangan antara
lengan robot dan halangan yang bergerak. Berdasarkan penanda aras perancang pada
persekitaran yang dipenuhi halangan, perancang pokok rawak (RRT) penerokaan pantas
telah digunakan untuk mengisi trajektori ruang tugas dan memetakannya ke dalam ruang
konfigurasi menggunakan penyelesai kinematik songsang berasaskan Newton-Raphson.
Dua pose robot ditakrifkan dalam kitaran gerakan bolak-balik; pose awal dan matlamat.
Robot berulang kali bergerak dari pose permulaan ke pose akhir melalui pose titik
tengah. Setiap set trajektori adalah unik. Kami mentakrifkan penyelesaian unik ini dalam
konteks ruang konfigurasi sebagai ruang kitaran. Kami mengenakan halangan sintetik
yang berlaku secara berkala yang bergerak masuk dan keluar dari ruang kerja lengan
robot yang ditakrifkan dalam persekitaran simulasi. Dalam ruang kerja robot, halangan
bergerak dan memotong ruang kitaran untuk meniru persekitaran yang dinamik. Kami
juga menjalankan penanda aras pada perancang pensampelan yang tersedia dalam
perpustakaan OMPL untuk mengelakkan halangan statik. Penanda aras kami
menunjukkan bahawa RRT mempunyai masa perancangan masa terendah pada 0.031 s
berbanding dengan perancang berasaskan pensampelan lain yang terdapat dalam
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perpustakaan OMPL, RRT secara tersirat mengelakkan singulariti dalam ruang kitaran,
dan secara reaktif cuba mengelakkan objek bergerak sintetik yang menghampiri
perkakasan robot. Melangkah ke hadapan, penyelidikan ini berhasrat untuk menyiasat
lebih lanjut mengenai penggunaan penderia RGB-D dan LiDAR untuk mengesan
halangan bergerak sambil mematuhi arahan ruang tugas yang diterangkan oleh pose awal
dan matlamat.

KEYWORDS: mechatronics, robot manipulator, planner; motion planning; dynamic
environment

1. INTRODUCTION

Given its rigid and massive construction, a small-sized industrial robot imposes
significant hazards on the people that work near it. Hence, robotic manufacturers build
robot manipulators that are more compliant and designed to cooperatively without risking
their safety [1]. Regardless, a robot manipulator imposes occupational hazards in the
workspace during a collision with foreign objects or a person [2]. The collision also
warrants expensive maintenance and repairs. An industrial robot system implements a
certain degree of planning algorithm specifically for the movement of the manipulator.

A robot motion planner can provide a collision-free motion solution for a manipulator
if a solution is defined as the collection of waypoints and trajectories that avoid collision
between the robot and the obstacle as will be demonstrated by this paper in the following
section. A global planner, an offline approach to motion planning, takes in a set of initial
and goal positions, £ € R®, or as set of initial and goal poses, P € SE(?’), as its input
constraint-informed trajectory as intermediate waypoints for the robot to follow [3].
However, a global planner is offline, which implies that the trajectories are set before the
task commences. The global planner also assumes a static workspace. Any unplanned
changes in the workspace over the global planning scheme, such as an unplanned
introduction of a stationary object or a moving object into the robot workspace, renders the
offline-planned trajectory outdated and, consequently, requires replanning.

Hence, a compliant manipulator or cooperative manipulator must have an efficient
online motion planner because of the dynamic aspect of their workspace. However, this
requires replanning which is computationally expensive and time-consuming. To relax the
computational strain, algorithms are designed stochastically by implementing sampling of
plausible solution in specific solution space [4]. Unfortunately, sampling-based planner
trade completeness and optimality with efficiency where the planner may fail to provide a
solution [5]. Also, if a solution exists under its metric space, the waypoints may not be the
least cost path to a goal [6].

Regardless of the lack of completeness and optimality, sampling-based planners excel
at maintaining reasonable usage of computational resources that pave the way to the near-
online planning scheme. The sampling-based planners for robot motion are a family of
planners that use probabilistic approach to generate graph structures that encode the free
space and the robot configuration space. The samplings are stochastic, such that
resampling will give a unique solution to the previous sampling. Most sampling-based
planners are tractable in higher-dimensional configurations and task space. Nonetheless,
sampling-based planners also assume a static workspace.

This paper uses sampling-based motion planning, the rapidly-exploring random tree
motion planning, to address operation tasks in a dynamic environment in Euclidean space,
Our method leverages the efficiency and the computationally reserved sampling-based
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motion planning without needing to apply a purely reactive motion planning approach so
that computational resources can be delegated to other tasks, i.e., motion-tracking, state
estimation, mapping, localization, and motion control. In the following sections of this
report, we will assume sampling planners to provide solutions in higher dimensional
configuration space, which implicates a solution with a set of poses represented by the
special Euclidean group SE(3).

2. RELATED WORK

The research done in [5] is the seminal work on the use of a probability model for
sampling the configuration space for holonomic robot motion such as a manipulator robot.
The planner is called the probabilistic roadmap (PRM). The algorithm constructs a graph
structure to find a path between an initial pose to a goal pose in a two-dimensional
configuration space, n = 2. A more general solution for higher dimensional configuration
space, n > 2, were also proved using the PRM in their work. With graph structure, more
than one path connects the initial pose to the goal pose. Therefore, PRM is a multi-query
type planner.

The work in [6] improved PRM by redefining the distance metric of a robot
manipulator so that the robot can move around a moving obstacle in real-time. Their
approach performs well in an uncluttered environment. They also redefined the distance
function of the PRM to address dynamic objects, such as a walking person, into a two-
dimensional map. Although the configuration space of the manipulator is in R?, the map,
constructed from a two-dimensional LiDAR scan, is in, R?.

In retrospect, the RRT was formulated for non-holonomic motion targeting problems
addressed in differential-constrained motion such as a car on a plane [7]. However, given
the model of its metric space and consequently the configuration space, RRT is tractable
for the higher dimensional problem such as manipulator motion in 3D space. RRT
assumes a static environment but investigation in [8], successfully changed the way RRT
samples a robot metric space so that it is fast enough to react to a changing environment.
Also, unlike PRM, RRT works well in a cluttered environment because of the randomized
sampling on the robot configuration space in the context of the metric space.

Apart from the works in [6] and [8], few have applied their planning algorithms on a
robot manipulator despite having RRT and PRM algorithms provide a mathematical
framework for planning for multi-body and multi-frame systems. In this paper, we will use
the method demonstrated by [6] and [8] to design a moving obstacle avoidance algorithm
with the implementation of the vanilla RRT to solve motion for a robot manipulator in
three-dimensional space, R®. Our method implements the vanilla RRT where we do not
represent the obstacle configuration space unlike in [8].

3. FORMULATION AND ALGORITHMS

This paper will use the superscript notation to refer to the control space and the subscript
as the equivalent representation in the configuration space. For example, C“, refers to the
control space of the end-effector where the controlling pipelines would take in
¢ =(01,...,06) € Ccontml, and the equivalent pose is in the configuration space, Cee.
Since the revolute joint topology is the 1-hypersphere, S', we will assume that, for the
case of 6R robot, its joints are limited to a certain range which makes, c© € R%*!,
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3.1 The Geometry of a Compliant Robotic Arm, r_mini

We prototype and build a 3D-printed robot called Richard Mini (»_mini, see Fig. 1(a)
and 1(b)) based on the condition addressed by Pieper [9], which entails three collated
joints sharing the same cross point of their, z-axes, shown in Fig. 2.

(a) r_mini hardware assemblage (b) r_mini Computer Aided Design (CAD) construction

Fig. 1: A 3D-printed compliant manipulator, »_mini, designed to replicate a common
industrial robot construction.

Fig. 2: »_mini wrist conforms to Pieper condition where axes of rotation for joint4, joint5, and joint6
share points of intercept. The dashed circles in the diagram refer to point of intercepts. Both points are
valid frames for constructing the DH-table.

r_mini has six revolute axes, (61,.-.,06). The first three axes move the task space from
one point to another representing the translation vector, ¢ € R®, The last three axes of the
manipulator rotate the task space representing the rotation operation about the task space
frame, R € R>*? Hence the complete transformation of the task space via the joint
movement is represented by the homogenous transformation matrix, 1 € SE (3), where

SE(3) is homomorphic to (R.t), SE(3) = R® x SO(3), The matrix representation of
the homogenous transformation is shown in Eq. (1).

The kinematic model of the r mini follows the Denavit-Hartenberg (DH) formulation
[10]. The DH-parameters are shown in Table 1 and the visualization of these parameters in
the form of frames transformation is shown in Fig. (3).
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Table 1: DH-parameter table for »_mini
H Link (i) ; @; d; 0;

1 0 0 0.196 6,
2 0 —90° 0 s
3 -0.373 0 0 03
4 -0.08  —90° 0 04
5] 0 —90° 0.391 65
6 0 —90° 0 s

base ik

r_mini build completion

Fig. 3: The location and orientation of »_mini. The choice of orientation for each frame is based on
Denavit-Hartenberg convention. The joints’ values are represented by the angle between the x-axis
around the z-axis (the rotation axis of each joint) of the actuator.

Following the DH-convention, each link rotates about the z-axis of each frame it is
attached to, where (jointy,. ... joints), corresponds to (01, ..., 0) respectively. In Table
1, each row represents elements of homogeneous transformation, used in Eq. (2):

Ty = T(R ()T (¢ (d) T (e (@) T(Ralas)  (2)

where, 1z, s € 50(3), are the rotation operations about the z-axis and the x-axis
respectively, and t:,ta € R? are the translation vector on the z-axis and the x-axis
respectively, while, @ @. & € R are scalars. The homogeneous transformation between the
origin of the base of the robot into the end-effector of the robot, which coincides with
Jotnts is shown in Eq. (3),

-(s)f] o
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where t.. € R?, is the point location of the end effector in 3D space, and ¢, € R? is the
origin of the base of the robot. Since the rotation involve in Eq. (3) includes the rotation
about the origin of the local frames, the orientation of the end-effector can be represented
by,

6—n>0

Ree - H Rz(gn)Ra:(Gn) (4)
n=0

Here the operation is closed. Often, to reduce computation expenses and trailing errors due
to matrix-matrix multiplication, the rotation operation of » mini are done over the
quaternion (Eq. (5)),

6—n>0

qee = H qz (Hﬂ)q:r (9"'1) (5)
n=0

where the Eq. (2) and Eq. (3) represent the forward kinematic solution for the end-effector
of r_mini.

The self-collision, robot collision checking is delegated to a collision and proximity
query library, the Flexible Collision library (FCL). Later in the algorithm formulation of
the RRT and the cycle space, the subroutine from the FCL will be invoked to check
collisions between the manipulator and the moving obstacles. The robot manipulator and
the obstacles are encoded inside the collision scene which resides in the planning scene,
M , when the RRT datastructure is initialized (refer to Algorithm 2 line 1).

We use the Newton-Raphson method to find the inverse kinematic solution of »_mini,
¢°“. The generalization of the method uses the current value of the robot's encoder, ¢%" "t
, and the termination value, € = 0.005, to end the iteration. Algorithm 1 delineates the
method:

Table 2: The Newton-Raphson algorithm for »_mini’s inverse kinematic solver

Algorithm 1: getInverseKinematics

. current _
Input: cyou, ¢ N:

Output: c..
e + getForwardKinematic(c
while |e]| # ¢ do
gestimate o peurrent oot InverseJacobian(c
e Cyoal — getForwardKinematic(cestmate)

ccurrent — Cest tmate

cu'r"rent)

current )(2

(S T L E

ace
&

7 return ¢

current

(=]

3.2 The Rapidly-Exploring Random Trees and its Mathematical Background

This research uses RRT implementation provided by the OMPL library packaged in
the Movelt software. The algorithm for the purpose of this research is shown in Algorithm
2:

Where % represents the number of nodes in the tree generated by the RRT; A represents
the collision space of the planning scene where all RRT sampling takes place and, T is the
tree that points to a non-colliding space. In this RRT implementation, the map is loaded or

324



IIUM Engineering Journal, Vol. 24, No. 1, 2023 Iman and Khan
https://doi.org/10.31436/iiume;j.v24i1.2642

queried in line 1 each time the generateRRT() is invoked. Line 3 generates a random state
bias towards the Cyoal. Line 4 invokes the k-nearest neighbor to find a selection of nodes
that is close to the state configuration, ¢random. Line 5 is the core of the RRT sampling
where it represents the controlling input of the robot motion. Since the robot is controlled
in the joint-configuration space, the angular joint limit addresses the shape of the
workspace. However, given the angular velocity, these limits are translated into the
configuration space via the kinematic Jacobian which requires information on the A#. The
limits implicitly ensure that the RRT, by executing Line 5 within the context of the robot‘s
Jacobian, does not pass through the singularities of the robot. Hence, the configuration
space of the manipulator also includes, C7imis, containing configuration that abides the

joint-configuration space range and angular velocity limit.
Table 3: The RRT algorithm

Algorithm 2: generateRRT
Input: Cinitial,Cgoat,At,k,M
Output: 7
1 T.initialize(Cinitiat,Cgoat M)
2 while ¢, # Cyour do
Crandom ¢ randomState()
Cnear < kNearestNeighbor(k,¢,andom, T )
u « selectInput(crandom,Cnear)
Cnew < newConfiguration(e;,eq,.,At)
T .append(cyew,Cnear, )

b =~ T = L B

8 return 7

The configuration space where sampling occurs is modified in this paper where, the
rotation representation and its sampling is in R € H, such that the parameterization of the
Hamiltonian-space is the quaternions, ¢ € R®. Therefore, the representation of the robot
poses and also the non-colliding poses, (g, t), are explained in Eq. (6).

Cpose — |:g:| (6)

The RRT sampling involves a query into a map, that stores objects that are prone to
collision. This is the planning scene, denoted as the collision map, where the RRT
sampling occurs. The query is invoked when both the initial pose and a goal pose are sent
to the RRT planner input. The output of the pipeline is a set of non-colliding space where
from another pipeline, transform the configuration space into a control space. We will
define the control space in the following section.

3.3 The Cyclical Space

The cyclical space is the subset of the planner solution where the RRT algorithm is
invoked twice. During the generation of the cyclical space, the RRT output a trajectory
from the initial pose, Cinitial to the goal pose, Cgoul, into a controlling pipeline. The
trajectories are then mapped from the configuration space into the joint-configuration
space via the Newton-Raphson inverse kinematic solver (see algorithm 1). To complete
the set of the cyclical space, the entries in the initial pose and the goal pose are swapped,
while invoking the query into the collision map,

= (Ccontrolj t) (7)
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which forms a cyclical motion between the initial pose and the goal pose. Here,

see algorithm 3 line 4  see algorithm 3 line 7 Algorlthm 3 block explains how the
—_——f— —_———
Ccycle = Ci-n.iliaiﬁgouf + Cgoal%inil-éal Ccycle Space 1S constructed.

The control space is represented by the trajectory in the joint-configuration space
geontrol — cevele = g where S is the 6-hypersphere homomorphic to R® because each
joint is constrained to its angle limit. In Eq. (7), the joint-configuration space is equivalent
to the configuration space in Eq. (6). The control space is the direct controlling parameters
for the movement of » mini where it only handles the control space (or joint-state space).
The sampling of the RRT to generate the tree data structure, 7, are done within the
S0(3) x R*opology. The free configuration space, or the non-colliding pose, is
represented by,C'tree = Cunrkspace | Cabstacte. According to LaValle et al. [7], this also
covers the physical constraint of the non-holonomic movement of the robot. However, in
the case of an articulated robot arm in this research, the configuration limitations are the
range of the joints and the angular velocity limits. Since, these measurements are in the 6-
space, to map them into the SO(3) x B* we use the kinematic Jacobian.

Table 4: The cycle space generator where the movement within the constraint of the cycle space
(also, a cyclical space) is dependent on the map, M.

Algorithm 3: generateCycleSpace

Input: Cinitial.Cooat, 5t
Output: success status
1 Function generateCycleSpace(cyoal; Cinitial)*

2 success_status < false
3 while within iteration do
4 ﬂniti&!%goal < generateRRT(Cinitin[;Cgoa[;At)
5 success_status < moveRobot( Tinitial— goal ,AL)
6 if success_status = true then
7 L Taoal—initial < generateRRT (¢goar,Cinitial AL)
8 success_status < moveRobot(Tgoai—initial, At)
9 return success_status
10 Function moveRobot (7, At):
11 for all index in T .vertices do
12 c¥°e (index) + getIK (T .vertex(index))
13 t « T .u.(index)At
14 T .append (c¥°le, t)
15 success_status «— TrajectoryController(t)

4. METHODOLOGY

The methodology starts with the benchmarking of sampling-based planners available
in the OMPL library and comparing the performance of the planners with the RRT. The
benchmark is followed by experimentation in the simulated environment with a simulated
robotic arm (r_mini) followed by the coupling of the simulated environment with » mini
hardware. The experimentation involves the moving obstacle that is introduced
synthetically in the collision space. This was necessary since, at the time of this
experimentation, the feedback from the mapping sensors was unavailable.
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4.1 Benchmarking of Sampling-Based Motion Planners

In this research, the planner for the dynamic obstacle avoidance is selected based on
the performance of a benchmarking activity. Two poses were set for the benchmark, pose
initial were represented in the form of Eq. (6). The following vectors explain the
numerical value of these poses concerning the frame attached to the base of »_mini.

[ 1.0 ] [ 1.0
1.71 1.71
1.0 1.0
Cinitial = | 171 | cgom = | 171 (3)
1.43 1.46
1.25 1.29
| 142 | 1.43 |

A box, with dimension, 0.5 m x 0.05 m x 0.575 m, was placed in front of the robot,
its pose was described by the vector in Eq. (9),

Chox =

_____________ )

Figure 4 shows the simulation setup and the planning motion in action. The
simulation was run for 50 requests from the initial pose to the goal pose. Time processing
was given a 10 s limit. The memory limit was set to 1 Mb. The time limit for a request,
including the motion and the processing time was set to 3637 s (about 1 hour). This paper
also uses the default configuration of each planner in Movelt to start the benchmarking.

4.2 Experiment Design

The cyclical space is populated by the RRT-Newton-Raphson pipeline where the
generated trajectories are then passed to the control pipeline where the controller will
spline the sparse trajectory waypoints. Two poses are defined in this experimentation
which has been described in Eq. (8). A moving obstacle is placed in front-view of the
robot. The obstacle is a cylinder with a 0.1 m radius base at 1 m height. The obstacle
moves from 0.3 m to 1.7 m away from the robot in oscillation. The period of motion is
harmonic, such that, the robot follows 1 + 0.7 sin(27(0.0006)A¢) along the x-axis. Two
velocities (I/) values were used: 50% and 10% scale from the maximum velocity of the
end-effector.

The planner is invoked five seconds before the obstacle is placed into the planning
scene. As described previously, the cylinder is directly placed into the planning scene (i.e.,
collision space) such that no motion tracking via mapping sensor feedback is necessary for
this research. The planner is requested to provide a solution for the motion described by
the cycle space. Twenty iterations were done with each given a five-minute runtime. The
metric used for this experiment was the time on the first collision where, when the
prototype touches the cylinder, the iteration is terminated. This experimentation was done,
both, in simulation, and with the real robot hardware coupled with the simulated
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environment. To reiterate, for both the simulation and the hardware validation, the obstacle
was augmented in simulated environment.

(a) (b) (©

Fig. 4: (a) Top view of the simulation shown, (b) Isometric view of the benchmark setup, (c) »_mini
attempts to move around the static obstacle placed in its immediate configuration workspace.

S. RESULTS AND DISCUSSION

There are two parts of the results in this paper, the first dealing with the
benchmarking result to ascertain the best sampling-based planner. The second part delve
into the performance of the selected planner from the benchmarking on a moving obstacle.

5.1 Benchmark Result

Figure 5 shows the compiled statistics of the time the solutions that were passed to the
controller (in this case a virtual controller for the simulation of » mini in the simulated
environment).
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Fig. 5: The benchmark result when two configurations are defined and passed to the OMPL planner
pipeline. All planners completed a 50-cycle query from an initial pose to a goal pose. RRT required the
least amount of processing time at finding the motion planning solution, followed by the PRM.

RRT requires on average, 0.031 planning time while PRM requires 0.035 planning
time from the initial pose to the goal pose when subjected to an obstacle close to the robot.
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Wei & Ren [8] explained that the improved RRT algorithms, such as the bi-RRT, and the
RRT-connect, solve a query faster. However, based on our benchmarking and in the case
of this experimentation setup, vanilla RRT, or base-RRT, and PRM outperformed their
improved variants when completing the path query between an initial pose and a goal
pose. To that end, this research uses vanilla RRT as the scheme for the high-level local
planner. This result helps us select the motion planner for dynamic obstacle avoidance.

5.2 The Performance of RRT on a Dynamic Environment

Table 5 shows the recorded time to the collision of 20 iterations. The average time to
the collision was 40 s. There were two iterations where no collision was recorded. This
performance is subjected to Algorithm 3, specifically in line 4 and line 7, when RRT is
invoked. Within this call (refer to Algorithm 2: line 1), the random tree initialization
considers an obstacle map that is outdated, given the cylinder moving further toward the
manipulator when the RRT is executed. Within the RRT algorithm, there is no mechanism
for the robot to stop or move at a lower rate to avoid the cylinder. Fig. 6 shows the
sequence when the end-effector collided with the cylinder.

Table 5: The simulated and hardware-connected result of the performance of RRT in a dynamic
environment. NC stands for No Collision after five minute runtime

time to 1% collision,(s)

condition\iteration ~1¥% ~2nd 3 4 5k
simulationy s, 64 NC NC 133 18
hardwareg 1, 205 16 17 134 13
simulationg 5, 13 23 11 9 13
hardwareg 1, 17 4 15 7 10

“f"—“‘%\“

(a)

-9 Mo

(c)
Fig. 6: These sequences show the manipulator follows an outdated trajectory and collides with the
cylinder despite an attempt to move away from the moving cylinder.

Despite the obstacle collision when the moving cylinder approaches the robot,
specifically when the centroid of the cylinder is nearing the x-axis of the Cinitial and €goal,
the planner reacts to the obstacles when lines 4 and 7 in Algorithm 3 are invoked by
attempting to move around the cylinder.

The planner shows reactive behavior (local planning) when the cyclical space is
initialized via Algorithm 3. Figure 7 illustrates such behavior in the simulated
environment, and Fig. 8 shows the same behavior in the hardware reiteration of the
experimentation. The reactive behavior is illustrated in Fig. 9, where the change we
observed changes in movement range and a range in movement rate.
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(a) (b)

(c) (d)

Fig. 7: The chronology of the attempt at avoiding a moving obstacle. (a) and (b) When the obstacle
approaches the robot, (¢) The planner successfully provides a non-colliding solution when the cylinder
is moving away from the robot. (d) Experimentation is defined in a simulated setup using Gazebo with

the ODE physic engine to replicate the robot hardware and encoders feedback and the cyclical space
initialization.

Fig. 8: The sequence of motion when r_mini successfully avoids a moving obstacle when the
obstacle is at a turning point to move away from the hardware.

No significant changes are observed for jointy joints and jointe. This is the
implication of the Pieper-condition manipulator design where, none of the z-axis from the
first three joints shares the same crossing point, which suggests the actuation on these
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joints are not a linear transformation as the case for affine translation. Due to the offset
(affine transformation) of the joints' axis of rotation, there is a bijection mapping of these
joints to the task-space specifically reserved for translation changes in space. Also,
changes are observed in the orientation of the frame attached to the end-effector, however,
there is no bijection mapping of the three joints to the task-space's orientation.

Joint1 Angular Position

Joint2 Angular Pasition
2 18512

...............................................................

(©) (d)

Fig. 9: Joint angle position against timestamp due to reactions of the planner. (a) Joint 1, (b) Joint 2, (c)
Joint 3, and (d) Joints 1,2, and 3 on a single graph.

6. CONCLUSION AND RECOMMENDATION

We conclude that the RRT outperformed other sampling-based planners when the
workspace of a manipulator is subjected to static obstacles. We observe that the RRT
reacts to a moving object under the cycle space on a dynamic setup. We also concluded
that with velocity-constrained configuration within the RRT, the planners generate a
singularity-denied trajectory. To improve the time-to-collision value, we proposed an
obstacle-tracking pipeline via mapping sensors such as an RGB-D sensor or a LiDAR. It is
also recommended that more than one intermediate pose capable of reacting with the
environment between the initial pose and the goal pose should be defined in the cycle
space.
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