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1-1. Overview

Nagoya University’s JUACEP provides two course options for students at the Graduate School of
Engineering to study abroad: the medium-term (up to seven months) course and the long-term (more
than eight months) course. Choosing one of those courses, the selected students are offered an
opportunity to work together with faculty and other researchers or students from all over the world at
the world’s top universities.

Each student works on a research project related to his own field’s topic while belonging to a
specialized research group of the partner universities in the United States or Canada. As of 2023,
Partners are University of Michigan (UM), University of California, Los Angeles (UCLA), University
of Toronto (UT), North Carolina State University (NCSU) and Polytechnique Montréal (PolyMTL).

In addition to research implementation, the students are expected to attend seminars, group
discussions and other events. At the end of each course, the students are required to submit research
reports to their mentors at the host institution, and after returning to Nagoya, give research presentations
based on their achievements in front of the faculty and peer students at JUACEP Workshop held in
Nagoya University. The report and the presentation are primary requisites to be accredited for the
program completion.

This publication is compiling the activities of the following students.

[a] One student of medium-term course from July to October 2023 at Polytechnique Montréal.
[b] Two students of medium-term course from August 2023 to April 2024 at NCSU or UCLA.

JUACEP outbound 2023 Medium-term Course Flowchart

[a] Medium-term course 2023 [b] Medium-term course 2023
at POLYMTL at NCSU and UCLA

January

2023 Apply to POLY
February Accepted the screening result

March

Prepare for Approach to UCLA faculty and accepted
May ’rhe. .s’ra?llng
qualification
Prepare for
June *DsS-2019/
J-1 vis
July Leave Japan for Canada and start the viea
program |
August
Leave Japan for the US and start the
September \ 7 program ]
October Return to Japan Vv
Achievement presentation
B1* Workshop, Oct. 18, 2023

March

2024 Return to Japan -\ /-

April Achievement presentation

32" Workshop, April. 18, 2024

*DS-2019: Certificate of eligibility for Exchange Visitor Status
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% Medium-term course at Polytecchnique Montréal
Program period:June 3 - October 2, 2023

Supervisor at PolyMTL:
D2 Assist.Prof. Antoine LESAGE-LANDRY,
Electrical Engineering
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TR BE Engineering
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NAGOYA UNIVERSITY

The 31st JUACEP Workshop

2023 Summer Research Internship at Polytechnique Montréal

9:00~9:20 October 18, 2023

Venue: Knowledge Commons, 6F, C-TECs

* We would appreciate it if you register beforehand but feel free to just drop by any time without registration as well.

9:00-9:12 Presentation by Yu-Hsin WU on COMBINATORIAL OPTIMIZATION FOR
GEOSPATIAL WIND TURBINE PLACEMENT and study abroad experience in Canada.
Advisor at NU Professor Masayoshi Yamamoto, Institute of Materials and Systems for
Sustainability Center for Integrated Research of Future Electronics Division.
9:12-9:20 Q&A session and Completion ceremony

* We invite the prospective JUACEP participants and engineering students interested in studying abroad to
participate and ask any questions related to the program.

Japan-US-Canada Advanced
Collaborative Education program

Nagoya university

JUACEP

052-789-2799 JUACEP Office
https://www.juacep.engg.nagoya-u.ac.jp/
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NAGOYA UNIVERSITY

The 32nd JUACEP Workshop

2023 Outbound Course at UCLA & NC State University

15:00 - 15:45  April 18, 2024
Venue: 221, Engineering bldg.#2

QuERETFH 2 SE2RPRET)

* We would appreciate it if you register beforehand but feel free to just drop by any time without registration as well.

15:00 - 15:05 Opening Address

15:05 - 15:20 Presentation by Koyo Ueno on “Investigation of lonic Conductivity of lonogel Electrolyte on
Separator” & “Pseudocapacitance of T-Nb205 Nanoparticles”
Advisor at NU: Professor Kazuki Nakanishi Dept. Materials Chemistry

15:20 - 15:35 Presentation by Kaito Usami on “Estimation for Multiple Oscillators’ Global Coupling by Phase-
Reduction Analysis”
Advisor at NU: Assoc. Professor Takaya Inamori, Dept. Aerospace Engineering

15:35 - 15:45 Completion ceremony

* We invite the prospective JUACEP participants and engineering students interested in studying abroad to
participate and ask any questions related to the program.

Japan-US-Canada Advanced
Collaborative Education program s
052-789-2799 JUACEP Office Nagoya university
htnc: unsnss iniaran anae naomva s ac inl INIACFP
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JUACEP Independent Research Report
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COMBINATORIAL OPTIMIZATION FOR
GEOSPATIAL WIND TURBINE PLACEMENT

Yu-Hsin Wu
Department of Electrical Engineering, Graduate School of Engineering
wu.yu-hsin.t7@s.mail.nagoya-u.ac.jp

Supervisor: Antoine Lesage-Landry
) Department of Electrical Engineering, Polytechnique Montréal
antoine.lesage-landry@polymtl.ca

October 9, 2023

abstract

This study explores combinatorial optimization methods
for the strategic placement of wind turbines (WT) based
on geospatial data. Leveraging both topographical and
meteorological data, the research employs convex opti-
mization to formulate an optimization problem targeted
at identifying optimal W' installation sites. The pro-
posed approach assesses multiple placement strategies by
taking into account wind patterns, land use restrictions,
environmental concerns, and infrastructure limitations,
alming to maximizing power generation with minimized
power variance and cost. By considering a broader spec-
trum of factors, this methodology offers a more prag-
matic solution compared to conventional methods. Pre-
liminary tests have demonstrated the algorithm’s capa-
bility to determine optimal WT placements across two
basic scenarios. The findings of this research lay the
groundwork for an efficient, scalable approach to wind
energy projects, positioning the wind energy industry for
enhanced feasibility and expansion.

Undisclosed
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Presentaion 1_Koyo Ueno

Pseudocapacitance of
T-Nb,Os nanoparticles

Koyo Ueno

(I[e W \}| Samueli

‘Schoolof Engineering

Introduction

a EDLC b Rec < Inter
©
Pseudocapacitve materials
! . ©
« Have higher energy density and power o
density 5
CarbonAni

.

.

Basic mechanisms has been understood
(surface redox reaction, fast intercalation)

There is no ability to predict whether known
materials show psuedocapacive behavior
and to design a material that exhibits that
behavior

Research Goal

Redox-active material Redox host material
et 9,

.5

| P.simon
B etal.
. . 1o Nat.
+ See what physico-chemical : Mater.
properties(crystalline structures, & X ‘mf o m&szs
102 10! 1 10 g

morphologies, sizes) can control
pseudocapacances
Correct datas on T-Nb,O5 nanoparticles

Specifc energy (W kg)

Core set of materials:
Nb,Os, MnO,, MoO,, TiO,, TaS,

O5 nanoparticles synthesis via hydrothermal reaction 3

Sample preparation for three electrode cell
T-Nb,O5 nps dissolved in ethanol were cast
onto stainless steel current corrector (~10
ug/cm?)

Heat treatment at 150 °C over night

Dried at 100 °C under vacuum over night
Electrolyte: 1 M LiCIO4in PC

Counter, Reference electrode: Li metal

‘_{ Ethylenediamine (20 mL)
Water (15 mL)

S stirring for 50 min

Heat treatment at 180 °C for 24 h

Washing with Ethanol and Water
Dried at 70 °C overnight

Nb,O;s precursor

Annealing at 700 °C for 2 h

T-Nb,Os nanoparticles

Sample preparation for coin cell

T-Nb,O5 nps were mixed with carbon black
and PVDF in NMP (85:8:7 in weight ratio)
Casted on carbon coated aluminum foil
Dried at r.t. over night

Dried at 70 °C for 6 h

Dried at 100 °C under vacuum over night
Electrolyte: 1 M LiCIO4in PC

Counter electrode: Li metal

Liao et al., Chinese Chem. Letters, 2018 29, 1785-1790

Crystaline Phase and Morpholo

Intensity (arb. units)

T-Nb,Os

1 " l 1
20 40 60 80
Diffraction Angle, 26/degrees

Y T I Y |

CV with two different cells 5

T T T T T 1.00 T T T T T
0.20-
0.50(
o L .",
g ° <
= 2 0
e g
5 -0.20+ £
o (&)
-0.50(
-0.40} B
Three electrode cell Coin cell
L - L
1.0 2.0 3.0 1'09.0 2.0 3.0
Potential/V (vs. Li*/Li) Voltage/V

— 02mVs' —04mVs'!' —06mVs! —08mVs! —1.0mVs"’
4 Capacity with Capacity with
Sweep rate/ mV's 3-Electrode Cell/ mAh g-* Coin Cell mAh g-*
0.2 180 168
0.4 130 164
0.6 1M1 161
0.8 102 159
1.0 97 157

Kinetics of redox reaction 6

b) Redox c) Intercalation
OAnodic b=096 [ . .
-3 MCathodic b=0.93 | RUO,(OH), #6H"+ G € RO, (OH),.Nb,0, + i+ xe- € Li;Nb,0,
< u
= r 1 e e
c g e
S.320 1
3 | ]
ﬁ Q
S-3.41 4
o
Ko r 1 I=av
2-3.6 L o i | :peak current /A
L v :sweep rate /mVs~'
-1.0 -0.5 0 b=0.5: diffusion-controlled (=slow)

log(sweep rate)/mV s

b=1 : surface-controlled(=fast)

The redox reaction of T-Nb,Os was surface-controlled

10
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Capacity contribution 7

200 . T

—1

M
o
2

Capacity/mAh g

0 n 1

1

0

Q(v) =Qcapacitive + Qbulk
(=y-intercept) (=constant(v="2))

Trasatti, S. et al., Electrochimica Acta 1990, 35 (1), 263

1 2
Sweep Rate™"%/s"?mv 2

The contribution of diffusion process
to total amount of charge storage was
only 10 % even at slow sweep rate of
0.2mVs™!

Conclusion 8

Pseudocapacitance of T-Nb,O5 <100 nm nanoparticles was
investigated.
The redox reaction of T-Nb,O5 was mainly surface-controlled.

Even at slow sweep rate of 0.2 mV, 90 % of capacity was
contributed from capacitive process.

Future work

Further research with faster sweep rate, thicker electrode, and also
different materials, morphologies, sizes are essential.

11
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Nagoya University, Japan
Pseudocapacitance of T-Nb20s Nanoparticles

Koyo Ueno

Department of Materials Chemistry, Graduate School of Engineering, Nagoya university
ueno.koyo.z0@s.mail.nagoya-u.ac.jp

Supervisor: Professor Bruce Dunn

Department of Materials Science and Engineering, University of California, Los Angeles
bdunn@ucla.edu

ABSTRACT

Pseudocapacitive materials has recently attracted
much attention due to its several attractive properties
compared to batteries, such as higher power, faster
charging, and a longer cycle life. The mechanism of
pseudocapacitance consist fast and reversible surface,
or near-surface redox reactions. While underlying
features of pseudocapacitance are understood, there is
currently no ability to predict or design materials that
display pseudocapacitance. This research is a part of a
project to discover high-performance pseudocapacitive
materials using both of experimental and computational
methods. To accomplish this objective, the database of
materials including its physico-chemical properties is
needed. T-Nb20s is known as one of the most promising
pseudocapacitive materials. In this research, T-Nb20s
nanoparticles were synthesized and their
electrochemical properties were investigated.

1. INTRODUCTION

Energy storage devices with high energy density
and stable cycling performance are needed to improve
for the development of electric vehicles and the power
grid." Batteries have high energy density but it takes
several hours to recharge. This is because their charge
storage mechanism is based on insertion of ions that
enables redox reaction in bulk electrode material, that is
diffusion controlled and can be slow. However,
supercapacitors, or electrical double-layer capacitors
(EDLCs), are used for rapid power delivery and fast
recharging.? This because their charge storage
mechanism is based on adsorption of ions onto the
surface of electrode materials. Fig. 1 shows a Ragone
plot, that compares their power density and energy
density. Pseudocapacitive materials are based on
battery-like redox reactions which occur at rates
comparable to EDLCs.3 The redox reactions occur at or
near-surface of redox-active material. Moreover,
intercalation pseudocapacitance occurs when ions
intercalate into the channels or layers of redox-active
materials by faradaic charge transfer. In Fig. 2, those
mechanisms are illustrated. There are two important
difference between intercalation pseudocapacitor and
battery materials. First, the charge storage mechanism
of battery materials is controlled by ion diffusion
limitations. However, intercalation pseudocapacitance
is not diffusion controlled. Second, materials that exhibit
intercalation pseudocapacitance do not undergo phase

12

transitions therefore increasing kinetics and extending
cycle lifetimes. Thus, pseudocapacitor has higher
energy density than EDLCs and higher power density
than batteries.

IO‘F—
36ms

36s

ver (W kg-)
3

Specific pow
=)
5 w\\ﬂ"}_

10h

102 10-! 1 10 102 109
Specific energy (Wh kg')

Fig. 1. Specific power against specific energy for
various electrical energy storage devices*

a EDLC b Redox ¢ Intercalation
pseudocapacitance pseudocapacitance
ee (=) @ O+ze &R
© @ e ©-
e ©
®
® ‘o ® ® &
© ©
e ¢ ®
Carbon  Anion  Cation  Redox-active material Redox host material

Fig. 2. Electrochemical charge storage mechanisms?®

Although fundamental features of
pseudocapacitance are understood, currently the ability
to predict or design materials that display

pseudocapacitance does not exist. This research is a
part of a project whose goal is to discover high-
performance pseudocapacitive materials using both of
experimental and computational methods. To
accomplish this objective, the database of materials
including its physico-chemical properties is needed.
Orthorhombic Nb20s (T-Nb20s) is found to exhibit fast
pseudocapacitive Li* storage.>® In this research, T-
Nb20s nanoparticles were synthesized and their
electrochemical properties were investigated. Other
than this work, the database will include MnO2, anatase
TiO2, TiO2(B), MoO2 etc. Also, different sizes and
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morphologies and doping of materials will be
investigated in this whole project.

2. EXPERIMENTAL METHOD

The synthesis of T-Nb20s nanoparticles is reported
previously.” T-Nb20s nanoparticles were synthesized by
solvothermal method, followed by thermal conversion
process. 1 mmol NbCls was dissolved in 20 mL of
ethylenediamine and 15 mL of deionized water and
stirred for 50 min. This precursor solution was slowly
poured into the Telfon-lined autoclave, which kept at
180 °C for 24 hours in oven. After cooling to room
temperature naturally, the Nb2Os-precursor was
centrifuged and rinsed with deionized water and ethanol
thoroughly for 3 times and dried at 70 °C for 16 hours.
The dried Nb20Os precursor was annealed at 700 °C for
2 hours with a 5 °C min~" heating rate.

The phase of T-Nb205 was identified by X-ray
diffraction (XRD) using PANalytical X'Pert Pro
diffractometer. An X’Celerator detector with Cu Ka1-Ka2
(A = 1.540598, 1.54426 A) radiation was used.

The morphology and particle size were
characterized by Scanning electron microscopy (SEM,;
FEI Nova NanoSEM230) with an accelerating voltage of
7 kV. SEM samples were prepared as the same way of
preparing thin electrode with suspension and stainless-
steel foil (mentioned later.)

Electrochemical measurements were performed in
a three-electrode cell and in a 2032 type coin cell. The
thin electrode for three-electrode cell was fabricated by
drop-casting a well-sonicated suspension of T-Nb2Os
(=10 pg) in ethanol on an oxygen plasma treated
stainless-steel foil (=1 cm? area) (Alfa Aesar). The mass
of the nanoparticles deposited on the stainless-steel foil
was determined wusing a microbalance. For
measurements in three-electrode cell, lithium foils
(Sigma-Aldrich) served as the reference and counter
electrodes, and the electrolyte was 1 M LiClO4 (Sigma-
Aldrich) in propylene carbonate (Sigma-Aldrich). The
thick electrode for the coin cell was prepared by mixing
the active material, carbon black (Timcal Super C65)
and PVdF (Kynar) binder in 85:8:7 weight ratio. The
slurry was drop-cast onto 10-mm-diameter carbon
coated aluminum disc current collectors and dried at
70 °C for 16 hours and at 100 °C under vacuum for 6
hours. The electrode loading was between 1 and 1.5 mg
cm™. For measurements in coin cell, lithium foil was
used as anode with the glass fiber separator (Whatman,
GF/A) saturated with 1 M LiClIO4 in propylene
carbonate. All cells were assembled in argon filled glove
box with the H20 and O2 level below 0.1 ppm and
measurements for three-electrodes were performed in
the glove box.

Electrochemical measurements were performed
between 1.2 and 3 V vs. Li/Li+ using a PAR EG&G 273A
Potentiostat.

3. RESULTS AND DISCUSSION

The XRD pattern of synthesized Nb20s sample is
shown in Fig. 3. The diffraction peaks belonged to an

2-2. 2023 Medium-term course at UCLA and NCSU
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orthrombic phase. (JCPDS-30-0873, a = 6.175 A, b =
29.175 A, ¢ = 3.930 A; space group: Pbam(55))
2 ; :

T N T

180

001

181

200 002 4g2
380

140

Intensity (arb. units)

| \. l | Lol ol T-Lszos
20 40 60 80
Diffraction Angle, 2 d/degrees
Fig. 3 XRD pattern of synthesized T-Nb20s

The morphology of T-Nb20Os was charactarized with
SEM. As shown in Fig 4, nanoparticles ware obtained
and their particle size was ~100 nm. Some of the
particles still agglomerated even though the suspension
was sonicated. The method to solve this aggromeration
problem should be optimized further to improve its
electrochemical properties.

a

Fig. 4 (a,b) morphologies of T-Nb20s nanoparticles
on stainless steel foil
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Cyclic voltammetry (CV) was used to determine the
electrochemical properties of the  T-Nb2Os
nanoparticles. The sweep rate were varied from 0.2-1.0
mV s™' between 1.2-3.0 V vs.Li/Li*. For Nb20Os in a
lithium ion cell, charge storage occurs through the
insertion of lithium ions with concomitant reduction of
Nb*® to Nb*4, for a maximum theoretical storage of x=2
and theoritical capacity is 202 mAhg™":®

Nb20s + x Li* + x e — LixNb20s

The working electrode of three electrode cell had only
T-Nb2Os active material, which means there should be
a problem about its electron conduction from the current
collector to active material and also about detaching of
the material. In coin cell, the working electrode
contained conductive carbon and binder. These
differneces could have affected the results of
electrochemical tests.

Fig. 5 and 6 are CVs with three electrode cell and
coin cell respectively. The valuw of peak current and its
broadness were different between two different setups.
In Fig5, broad cathodic and anodic peaks can be seen
around 2.1 V and 1.8 V. In Fig 6, cathodic peak can be
seen around 1.9 V and two anodic peaks can be seen
around 1.4 and 1.7 V. Capacitiy dependence on sweep
rate with two different setups are shown in Table1. At
higher sweep rate, higer capacity was achieved with
coin cell. This could be due to the difference of electron
conduction between two setups.

0.20}
o i
< 0
=
c
£ 0
3 -0.20r —o02mVsT|
—0.4mV s
——0.6mVs"
-0.401- 0.8mVs|
1 —1.0mVs'4
1.0 2.0 3.0

Potential/V (vs. Li*/Li)
Fig. 5. CV with three electrode cell

1.0

0.50+

—0.2mVs!

Current/A g™
o
T

-0.50}+ ——0.4mVs'|
— 0.6 mVs"
0.8mVs'
10 | —1.0mVs"'
’ Q.O 2.0 3.0

Potential/V (vs. Li*/Li)
Fig. 6. CV with coin cell
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Table 1. capacity dependence on sweep rate

Sweep rate/ Capacity with Capacity with
mV s’ 3-Electrode Cell Coin Cell
/ mAh g’ / mAh g’
0.2 180 168
0.4 130 164
0.6 111 161
0.8 102 159
1.0 97 157

To charactarize kinetics, we take advantage of
being able to generalize the peak current (i) variation
with sweep rate (v) as: i = av’ ,where a and b are
adjustable values.® Whereas a b-value of 0.5 would
indicate that the current is controlled by semi-infinite
linear diffusion, a value of 1 indicates that the current is
surface-controlled. In the CV with three electrode cell
(Fig 5), the peaks are so broad that the b-value may not
be useful to charactarize the kinetics. However, the CV
with coin cell (Fig 6) has shaper peaks to get b-value.
As in Fig 8, the b-value with coin cell is close to 1. In this
sweep rate range, it can be said the current was
surface-controlled.

O Anodic  b=0.80

<-5.6— M Cathodic b=0.52 0O -

< ]

= "

[

5-5.8— o .

x L

5 8

S -6 =m -

(@)]

o

_6_2 . D Lo
-1.0 -0.5 0

log(sweep rate)/mV s

Fig. 7. Peak current dependence on sweep rate with
three electrode cell

3 O Anodic b=0.96 g
S M Cathodic b=0.93 g
c
532 . |
3
'E‘u m}
©-3.4 .
o
S
—-3.6 o -
L PR S S T T SR S
-1.0 -0.5 0

log(sweep rate)/mV s~

Fig. 8. Peak current dependence on sweep rate with
coin cell
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To obtain further insight concerning the kinetics of
charge storage in T-Nb205, we adapted an analysis
first used by Trasatti et al. to characterize the charge
storage of RuO2, a well known pseudocapacitive
material.’® In this analysis, the overall capacity (Q) of a
material is assumed to contain two contributions, that
from capacitive charge storage (Qcapacitive, the “outer
surface”) and that from bulk charge storage (Qbulk, the
“‘inner surface”):

Q = Qcapacitive + Qbulk (1)

The bulk charge storage depends upon ion diffusion
and, assuming semi-infinite linear diffusion, is expected
to vary as t"2. By rewriting the above equation in terms
of the sweep rate (v), the following relationship arises:

Q(v) =Qcapacitive + constant(v="?) (2)

In this analysis, a plot of capacity vs. v 2 yields a
straight line whose y-intercept (v=«) is the “outer
surface” capacity or the infinite-sweep rate capacity.
Due to the possibility of polarization at high sweep rates,
deviation from a straight line usually occurs, and
intermediate sweep rates are then selected to
extrapolate to the y-intercept.>"!

As in Fig.10, the capacity of infinite sweep rate was
~150 mAh g'. At the sweep rate of 0.2 and 1.0 mV s,
the contribution of diffusion process to total amount of
charge storage was only 10 and 5%, respectively.

200 ‘ ‘ ‘ T

Capacity/mAh g‘1
o
=

0 L 1 L 1

1 2
Sweep Rate™"%/s"?mv'2
Fig. 9. The capacity as a function of sweep rate'? with
three electrode cell

200 - . - .

Capacity/mAh g‘1
o
o

0 L | L |

0 1 2
Sweep Rate™"%/s"?mv'?
Fig. 10. The capacity as a function of sweep rate'?
with coin cell
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4. CONCLUSION

In this research, pseudocapacitance of T-Nb2Os
nanoparticles is investigated following previous
reports.>7 The result was consistent with them. This
research will be a part of establishing a system to
discover high-performance pseudocapacitive materials.
Further research on different particle sizes,
morphologies, sorts of materials is needed for further
progress of this project.
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Conclusion 13

« Monolith ionogel and thin ionogel on the separator were fabricated by
sol-gel process.

* The conductivity of the thin ionogel on separator was much lower
compared to that of ionic liquid in separator, whereas the conductivity
of the monolith gel was similar to the neat ionic liquid.
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ABSTRACT

lonogels have recently attracted attention as
pseudo-solid-state electrolytes based on their ability to
confine lonic Liquids (ILs) within the mesoporous
network of a sol-gel-derived inorganic matrix. ILs have
some unique properties, such as negligible vapor
pressure, thermal stability, and non-flammability,
combined with high ionic conductivity and wide
electrochemical stability window.
In this work, the thin ionogel was fabricated on the
separator for practical application. Separator working as
a substrate will give ionogel mechanical strength and
make it easier to utilize in the commercial batteries. The
ionogel on separator is expected to suppress lithium
dendrite growth and improve the cycle stability while
keeping its high ionic conductivity.
The conductivity of monolith ionogel was ~5 mS cm™,
which was similar to that of neat ionic liquid, that is ~7
mS cm ~'. However, the conductivity of thin ionogel on
separator was ~0.04 m S cm ™', which was much lower
than that of separator saturated with ionic liquid, that is
~ImScm™.

1. INTRODUCTION

Lithium-ion battery is widely used in current society.
Organic liquid electrolytes have been used for many
years because of its high conductivity and excellent
wetting of electrode surfaces. However, those
electrolytes have drawbacks that include low thermal
and electrochemical stability and relatively low flash
points that can lead to flammability risks."

lonogels have received considerable attention
because of their unique advantages. lonogels have
silica-based three-dimensional network through which
lonic liquid (IL) percolates. ILs consist of organic salts
which have low melting point below 100 °C. ILs have
been expected to be a replacement for traditional
organic electrolytes due to their negligible vapor
pressure, thermal stability and non-flammability,
combined with high ionic conductivity and wide
electrochemical stability window. lonogel is one of the
ways to immobilize the ILs. Normally gel is made by
allowing the liquid phase to evaporate and leave behind
the porous gel. Because ILs have negligible vapor

pressure, they are able to remain inside the gel network.
2-5
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In this work, the separator was employed to provide
structural support for thin ionogel by working as a
separator, thereby enhancing its stability and
functionality within the experimental setup. The object
of this research is to fabricate thin ionogel on the
separator that has high ionic conductivity and improves
cycle stability.

2. EXPERIMENTAL METHOD

The ionogels were made by a standard sol-gel
process. The synthesis of the ionogel is reported
previously.® A solution containing
Methyltrimethoxysilane (MTMS), Tetramethyl
orthosilicate (TMOS), Formic Acid mixed in a ratio of
1:1.28:5.04 mols (1.5:2:2 in volume) of MTMS: TMOS:
Formic Acid. The sol was allowed to mix for 1 hour
before adding the ionic liquid. The ionic liquid was
prepared by dissolving 0.5 mmol of LiFSI per 1 mL of
PYR13FSI and stored in argon-filled glove box. The
amount of ionic liquid was varied from 8, 12, and 16 in
a volumetric ratio to 1.5 of MTMS, 2 of TMOS, 2 of
Formic Acid.

After the ionic liquid was added, the solution was
mixed for 30 seconds and casted into plastic cap.
Separator (Celgard 2500) was dipped in ethanol briefly
and then soaked in the casted solution under vacuum
for 10 minutes. After 10 minutes, the celgard separators
containing casted solution were put on Teflon sheet and
dried for ~18 hours at room temperature and at 70 °C
for 6 hours. This is the fabrication process of thin ionogel
on separator. The thickness of thin ionogel on separator
was ~30 ym including Celgard 2500, whose thickness
is 25 ym. The rest solution in the plastic cap was dried
in the same way and the monolith ionogel was obtained.

The monolith ionogels were placed between
stainless steel stubs in plastic tube to perform
electrochemical measurements as in figure 1.
Electrochemical measurements on gels on the
separator were performed in coin cells. The separators
with thin ionogel were placed between two stainless
steel spacers in a coin cell. For reference, ionic liquid
was placed between stainless steel stubs in plastic
tube. Also, separators saturated with ionic liquid were
tested in a coin cell. lonic conductivities for both ionic
liquid and ionogels were calculated from
electrochemical impedance spectroscopy (EIS). An AC
voltage of 10 mV was applied with frequencies ranging
from 100 Hz to 1 MHz.
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for electrochemical measurements

3. RESULTS AND DISCUSSION

Monolith ionogel and ionogel on separator were
transparent and homogenlzed asin Fi

\\4\\‘\\\\\‘\

Fig2. Apparence of monolith ionogel (left) and thin
ionogel on separator (right)

The results of EIS were shown in Fig3(a)-(d). The
resistance of each sample was calculated from the
intersection of x-axis and the spike line. The resistance
was converted to conductivities with Eq.1. The ionic
conductivity of each sample was shown in Table 1.
Monolith ionogel had similar conductivity with neat ionic
liquid. The conductivity of ionic liquid in separator was
lower than neat ionic liquid. However, this result is
consistent with other reports.” Considering the porosity
of Celgard 2500 is 55%, this value could be reasonable.

While the monolith ionogel retained good
conductivity compared to neat ionic liquid, ionogel on
separator showed much lower conductivity compared to
ionic liquid in separator. As in Table 2, the amount of
ionic liquid in the ionogel had little influence on its
conductivity. It can be said that the amount of ionic liquid
is not a cause of the poor ionic conductivity. The low
conductivity could be because the pathway of the ionic
liquid was narrow in the separator and gel matrix.

19

2-2. 2023 Medium-term course at UCLA and NCSU

JUACEP Independent Research Report
Nagoya University, Japan

(a) 400 —
300+ -
G
;\Ilzoo- -
100|- -
| | |
900 200 300
2'Q
(b)soo T T T T T T T T
s00| i
400l -
R0 )
200} i
100/- -
9600 100 200 300 400 500
Z/0
© 20 (d) 1900 r———
1000+ —
g ¢ |
R 10 - N i
I I L
500 -
MR 0 /A —
0012345 0 150300

Z'Q Z'/Q
Fig3. Nyquist plot examples of
(a)lonic liquid, (b)Monolith ionogel, (c)lonic liquid in
separator, (d)Thin ionogel on separator

= Eq.1
a RxA(q)

o: conductivity (S cm™)

L: thickness of the sample (cm)
A: Area of the sample (cm?)

R: measured resistance (Q)

Table1. lonic conductivites of each sample

Samples lonic conductivity (mS cm™)
lonic liquid 7.0
Monolith ionogel 5.1
lonic liquid in 1.0
separator
lonogel on separator 0.042
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Batteries. ACS Appl. Energy Mater. 2021, 4 (1),

Table 2. Conductivities of ionogel samples with 154-163.
different amount of ionic liquid https://doi.org/10.1021/acsaem.0c02055.
Amount of ionic liquid 800 | 1200 | 1600 (6) McNeil, P. E. Transport Properties and
Conductivity of monolith Performance in Amorphous Silica and
ionogel 5.1 4.7 6.3 Amorphous Metal Oxide Materials. 2023.
/mS cm™’ (7) Kirchhéfer, M.; Von Zamory, J.; Paillard, E;
Conductivity of ionogel on Passerini, S. Separators for Li-lon and Li-Metal
separator 0.042 | 0.033 | 0.042 Battery Including lonic Liquid Based
/mS cm™ Electrolytes Based on the TFSI- and FSI-

Anions. Int. J. Mol. Sci. 2014, 15 (8), 14868—
14890. https://doi.org/10.3390/ijms150814868.

4. CONCLUSION

In this research the monolith ionogel and thin
ionogel on the separator were fabricated by sol-gel
process. Their conductivities were measured by EIS in
the plastic tube or in the coin cell. The conductivity of
the monolith gel was similar to the neat ionic liquid.
However, the conductivity of thin ionogel on separator
was much lower compared to that of ionic liquid in
separator. This could be because the pathway of the
ionic liquid was too narrow in the gel matrix in the
separator.
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Rhythmic nonlinear dynamical systems in our world
“Limit cycle oscillator”
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Characteristics of the oscillator’s frequency f,

1. Lock-on by external periodic force
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\ 2. Global coupling by internal network
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[Fig.1] Controlling frequency of shedding by bottom actuatorsy [Fig.2] Synchronization of flashing firefliess

This physics is high dimensional to reveal the condition to perform these features.

[11BUCK, J. 1988 Synchronous oythmic flsshing of refie. 1. O. Rev. Sil. 63 (), 265-280.
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Conventional method to reveal Lock-on’s requirements

Phase-reduction analysis g
*  The complex dynamics are described by only a single “phase” variable within the condition
the external perturbations are sufficiently weak.

d
EX = F(X) + esin(2mtfoyet) (1)
The “phase function” that their state translate to phase on the limit cycle x is defined by
o(x(®) = 6(t) @

When this oscillator is perturbed by a small vector Z, “phase function” can be expanded in a Taylor series

OX(®) + 1) = (X)) +[v +o(I®) ®

This part must determine the influence of the perturbation function.
In this method, they call it “phase-sensitivity function” with Z(6).

Impulse at 6 Phase difference A6 = Z(6) - 1

I
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Single

Conventional method to reveal Lock-on’s requirements

The relative phase variable is defined as follow
(1) = 0(X()) — 2Mfuet [¢3]
where fex is the frequency of the external forcing.

The “phase coupling function” is defined with

r@=%[ Tz + - £(2)av @

‘The function I'(¢) indicate how huge difference is happen by external perturbation for one period of external forcing.

Under this approximation, the phase function is written in
d
O = 20f, = 2nfoy + eI () ®

If this function satisfies the inequality

27 NT(®) < fo = foxe <5 maxI'(9) )

whether these oscillators are Lock-on or not Lock-on can be estimated.

Lock-on criteria in the Single oscillator

The Criteria By full nonlinear simulation vs. By phase-reduction analysis in the single oscillator

© 04 e Lock-on w
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Ratio of frequency of external forcing foxt/fn Ratio of Frequency of external forcing foxt/fn

[Fig.3] Full nonlinear simulation [Fig.4] Estimation by phase-reduction analysis

*  The external force which has more powerful or close frequency can make the oscillator Lock-on.

+ InFiga4 there is similar between i and

[Problem] This analysis can not reveal the condition in the multiple oscillators.

[Purpose] Expand it from a single oscillator to multiple oscillators to reveal the condition.
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+ InFig.6 similar relationships between interactive function and frequency is existed.

Whether these oscillators are Lock-on or not Lock-on can be estimated.
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NC STATE UNIVERSITY NC STATE UNIVERSITY
. Multiple .
Result 2 to reveal Lock-on conditions Conclusion
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*  We propose the expanding way of “phase-reduction analysis”
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[Fig.7] Full nonlinear simulation [Fig.8] Estimation by “phase coupling function”
+  The case that external force is applied in intermediate oscillators is Lock-on easily.
+ InFig.8 there is similar relationships between the forced oscillator and required amplitude.
+ InFigs8 there is the area which has high standard deviation in the case of applying to 3rd oscillator,
because it is hard to consider global-coupling network to be linear. 11 12
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Abstract

There are rhythmic nonlinear dynamical systems in our
world known as limit-cycle oscillators. We apply phase-
reduction analysis to examine global coupling to multiple
oscillators  through interactive forces and their
synchronization properties to periodic external forces. This
analysis allows us to reduce the 3-dimensional dynamics to a
single scalar phase variable. We characterize the phase
response to impulse perturbations, using this sensitivity
function to reveal the conditions for synchronization. The
conditions derived from the approximation function closely
agree with results from numerical simulations conducted one
by one, uncovering global coupling or Lock-on
characteristics.

1. Introduction

We can find examples of rhythmic nonlinear dynamical
systems in our world, such as the motion of a pendulum clock,
flashing fireflies, mechanical vibrations, and vortex shedding
after a circular cylinder [1-5]. In this report, we employ a
theoretical method for analysing limit-cycle oscillators
known as "phase-reduction analysis". This method has been
used to uncover some conditions for synchronization, such as
the influence of periodic external forcing on an unsteady
cylinder wake [6]. Additionally, we conduct research about
this method to reveal conditions of the frequency lock-on
within a network of oscillators.

The overall physics governing rhythmic systems can be
too complex and high-dimensional to reveal oscillator
characteristics directly. To simplify, we transform these
equations into one-dimensional phase equations using the
scalar phase of each oscillator, rather than considering the full
state dynamics. This technique, known as "phase-reduction
analysis", allows us to uncover how the amplitude and
frequency of external forces can cause oscillators to Lock-in.

In the following sections, we present the phase-reduction
analysis for multiple oscillators. Furthermore, we expand this
analysis to perturbations in global coupling oscillators, where
we measure how the phase of one oscillator is delayed by
forces from others.

23

2. Application

2.1 Limit-cycle oscillator
The dynamics of the oscillator is described by an
ordinary differential equation,

d
th(t) = F(X) (2.1)
where X = (X, X,,...,Xy) 1is a real vector of a M-
dimensional state space, t is time and F(X) =
(F,(X), F,(X), ..., Fy (X)) is the vector field of the oscillator
dynamics.

In this report, we define this three-dimensional system of
ordinary differential equations as oscillators,

X = ux —yy — axz — fxy
y =yx+uy —ayz + px*
z=—az+ a(x? +y?)

2.2)

where % is dx/dt, and «,y,u > 0. This toy model
shares some features with Navier-Stokes equations, such as
energy conserving [7]. For Navier-Stokes equations, if
(u-Vu,u) = 0 is full field with typical boundary conditions
on u, the nonlinear terms are energy conserving. For our toy
model, the nonlinear terms f(x,y,z) = (—axz —
Bxy, —ayz + Bx?, a(x? + y?)) satisfy (f(q),q)=0. In
addition, we remark this system is closely related to the
reduced-order model of the flow past a cylinder used by
Noack et al [8], and the well-known Stuart-Landau model [9].
Next, we transform this model (2.2) to below equations

7= (u—az)r
6 =1+ Brcosé
z=a(r?—1z)

(2.3)

According to these equations (2.3), we can find a limit
cycle at 2 = z = y/a in this dynamical system, which we
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Figure 1 (a) “phase sensitivity function” is shown in order to the kicked phase’s change. (b) “phase coupling function” is shown
in order to the phase difference’s change between oscillators and periodic perturbation.

denote by y. In order to know the period T on the limit
cycle, we calculate this integrating.

to+T
f odt = 2n
t

0

(2.4)
2n

Therefore, the natural frequency of the limit cycle is

B
a

where Xo(t +T) = Xy(t) holds.

T = (2.5)

- (2.6)

2.2 Phase sensitivity function

The limit-cycle oscillators are driven by external forcing
or are mutually interacting. In phase reduction theory, the
response function of the oscillator phase to external
perturbation plays an important role, which we call simply
“phase sensitivity function”.

We consider the situation that the oscillator is perturbed
by a perturbed vector I = (Iy,1,, ..., 1) on the limit cycle
x- Here, we define the “phase response function” g(6;1) for
characteristic of the response property of the oscillator phase
to an external impulsive stimulus given at phase 6.

g6;1)=0(X,(0)+1)—-0 (2.7)

where O(X) is the phase function in order to transform the
oscillator state to its phase within the limit cycle y. For this
reason, we can figure out the new phase of oscillator after the
perturbed vector by 0(X,(0) +I).

We consider weakly perturbed oscillators. When the
magnitude of I is sufficiently small, this model can follow the
linear-response framework and the phase function can be
expanded in a Taylor series as

24

0(Xo(6) + D)
= 0(X0(8)) + VOX) |x=x,0) - I + OCII1*) (2.8)

where G)(XO(H)) = 0. We can remake the phase response
function with the expanded function (2.8) as

9(6; 1) = VO(X)|x=x,(0) * I

We can define the “phase sensitivity function” [10], which
gives a M-dimensional gradient vector of ©(X) estimated at
X = X,(0) with phase 6 on the limit cycle y as

Z(9) = VO(X) |x=x,(6)-

According to this phase sensitivity function, we can see how
the oscillator phase is advanced or delayed depending on the
timing of the perturbation.

(2.9)
(2.10)

In our simulation we kick each component of oscillator
state by a very weak impulse I at some values of phase 8 in
order to obtain the “phase sensitivity function”.

0;le;
Z;(0) = El_r)lgg(f]) (2.11)
where e; isaunit vector along the jth component’s oscillator
state.

We introduce small impulse to the 1% component’s
oscillator state with our model (2.2). We measure the phase
response function g(0;le,) directly (see Figure 1(a)).
Then, this phase sensitivity function can be obtained in the
principle (2.11) (see Figure 1(b)).

2.3 Periodic forcing
We consider controlling oscillator by adding a periodic
force as

%X(t) = F(X) + ¢f () (2.12)

where & is a parameter representing the amplitude of
external forcing and f(t) is the function to add external
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Figure 2 (a) The proportion of energy at frequency of periodic perturbation is shown for different forcing amplitude and
frequency in terms of synchronization to periodic external forcing (b)Synchronized and unsynchronized cases are shown by o
and x respectively, where the criterion for synchronization depends on inequality (2.17).

periodic force with ||f|| = 1. Here, & should be enough
significantly from the limit cycle )y ofno external force case.

Now we can transform the phase equation with product
raw as

d d d
20 = 0(X(1)) = grady®(X) Ix-xcr) " 7 X ()

= gradx®(X)|x=x(p) - {F(X) + f ()}

= w + Z(8) - (). (2.13)

Here, we define a periodic external forcing’s f(t)
frequency Q and the difference between 6(t) and the
frequency as

¢(t) =6(t) — Ot (2.14)
Then, ¢(t) is followed by the equation (2.13)
d d
Eq,’)(t) =w+eZ(Pp(t) — Q) f(t) _Eﬂt
=(w—Q) +eZ(p(®) — QY - f(©)
=e{fA+Z(p(t) — Q) - f(O)} (2.15)

where A is the parameter depending on the frequency
difference. We can assume that ¢(t) isn’t changed
significantly within the period of external forcing T,y by
the approximation of integration as

1 t+Text
26 -0 fO ~7—[ 2@ -0 f&)de

ext

[ 20w s (G)av.

(2.16)

Here we define I'(¢) as the “phase-coupling function” (see
Figure 2(b)) with

Y

@ -5 z6+n-s(Bw. e
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With using (2.17), we can simplify the equation (2.15) as

d
Ed)(t) =efA+T(¢)} (2.16)

If the “phase-coupling function” satisfied the following
inequality

gmdzn rp)<w—-0a< emd?xl“(qb), (217)
the dynamics show stable behavior because there are at least
two fixed points that d¢(t)/dt = 0. We can see the region
of stability over the Q —¢& space, known as the Arnold
tongue [11]. We show the relationship in our model (2.2) (see
Figure 2(a)).

3. Synchronization of coupled oscillators

3.1 Phase equation for coupled oscillators

In the previous section, we consider one dynamics of
oscillators (2.1). Here we consider a system of N limit-cycle
oscillators with interactive force. The dynamics of the ith
oscillator state X; (i = 1, ..., N) are described by

dX =F;(X NA X;, X 3.1
T i(t) = F;( i)+; i (X5, X;), 3B.1

where A;; (X o X j) is a parameter which represent how big
the interactive from the ith oscillator state to the jth one is and
F,(X) = (F1(X)),Fi, (X)), ..., F;,(X;)) is the vector field
of the ith oscillator dynamics individually. As follow the
equations (2.13), we can obtain the jth phase equation for
coupled oscillators with

d d d
Eei(t) = E@i(xi(t)) = grady,0; (X;)|x,=x,0) 'Exi(t)
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N
= grady,0; (X)) x,=x,c0 - { F: (X)) + ZAij(Xi'Xj)
=

N
= w; +Z;(6;) 'zAij(ei,Qj), (3.2)
=
where  A;; Xi(gi)txj(ej)) =4;(6,6) and w;(i=

1,...,N) is the natural frequency of the ith oscillators. In
addition, we can perform the averaging approximation,
assuming that the effect of the mutual coupling is sufficiently
small. We introduce new relative phase variables as follow

d)i(t) = gi(t) - 'Qrept- (33)

where (¢, is the representative frequency of the oscillator.
Then, ¢(t) is followed by the equation (3.2)

d
E‘pi(t) =w; — Qrep +
N
Z(¢i + Qpept.) - Z Aij(di + Quept., @ + Quept. ). (34)
j=1

We consider the “phase coupling function” of the ith
oscillator from the kick of jth oscillator over one period of the
limit-cycle oscillation with

1 2m
I OEF I AEIOR AT RO AED

This averaged equation is given on the phase equations (3.2)
by

N

d

SO = 0= ey + ) Ty(Bi— ) (36
=

d N
Egi(t) = W +Z[{1(91 —6]) (37)
j=1

When there are the fixed points that d¢;/dt =0, the
dynamics will show the stable state. Therefore, if the “phase
coupling function” of all oscillators becomes stable, we can
consider these dynamics are synchronized, which we call the
“global coupling”. If the “phase coupling functions” satisfied
the inequality (i = 1, ..., N)

N N
H(}ai-nz Li(fi — ¢;) < 0 = Qrep < H})%XZ Li(¢i — ¢;).(3.8)
=1 =1

which means we can select all relative phase ¢; (i =
1,..,N) and the representative frequency Qe , these
oscillators are “grovel coupling” around the frequency.

26

2-2. 2023 Medium-term course at UCLA and NCSU

JUACEP Independent Research Report
Nagoya University, Japan

3.2 Interactive force on gaussian
In this section, we introduce the definition of interactive
force Aij(Xl-,X j) in our model under the dynamics (3.1)

with
2

WN — Wi 1
2 (wN—wl_f) 1
a;—expys—— X |[1|(( #
Ay =" p j 0 @+ (3.9)
0 (=)

according to Gaussian function depend on their natural
frequency w;, where w; < --» < w; < - < wy 1s required
and a; is the parameter of the influence between each
oscillator and is defined at later section.

3.2.1 Same radius of the limit cycle

In this section, we consider the definition of model’s
parameters «,f5,y, i (2.2) and the amplitude of interactive
force a; (3.9) on the same radius of limit cycle. Fist, this
model takes y =1 without loss of generality. Form the
equation (2.3), the radius of limit cycle depends on p/a and
the natural frequency depends on B%u/a. Therefore, after we

chose w; (i=1,..N), u=p, and a=a,, B; (=
1, ...,N) will be decided automatically with
Bi= | (3.10)
= e -wd '

In addition, it is fair that the influence of one oscillator to
all is same as all of them. Under this logical, the interactive
force A;; should be with

N

D] == ) [Ay] = const.

j=1 j=1
By this condition, if we choose the amplitude of interactive
force a, the others a; (i # k) is determined uniquely.
Therefore, we choose the smallest amplitude of a; (i =
1, ...,N) at first, which is called the representative amplitude
of interactive force a,, where a; is represented as this
function a; = h(ay, Q).

N

(3.11)

3.2.2 Different radius of the limit cycle

In this section, we reconsider the definition of model’s
parameters «,f3,v, i (2.2) and the amplitude of interactive
force a; (3.9) on the different radius of limit cycle r; with

b
r=— (3.12)

of’
where b is the coefficient and d is the order to set the radius
of limit cycle. The reason why we change the radius in this
condition is for some dynamics to share this feature between
the radius and frequency, such as law of conservation of
angular momentum and energy cascade [12]. In this
condition, the relationship (3.11) is should be satisfied.
However, we assume that |A_” | depends on |X;|. That’s
why this condition should be changed with
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Sl _
1 X4

_ Sy

= const.
1 Xn|

(3.12)
In addition, it is fair that the summation of all oscillators’
radius is same as one of another set of oscillators when we
want to compare one set of oscillators to another set, which
has different order d. Under this logical, the interactive force
A;; should be with

N N
> 1A I5] = const.

i=1 j=1

(3.13)

3.2.3 Constant interactive of adjacent oscillators

In this section, we change the definition of gaussian
parameter ¢ in the interactive force, which is related to the
width of gaussian. By condition of the equations (3.9), the
width of gaussian depends on only parameter c. In the other
hand, we want to change the width from the point of view that
the interactive force between adjacent oscillators regardless
of the number of N. We define the interactive force as

(@eze )

Wy — W L.

. i e Bl BN G 'd

Ay ={ G P (N -1 J (1) #1314
0 (i=))

3.3 Periodic forcing to coupled oscillators
In this section, we add a periodic forcing to the kth
oscillator in coupled oscillators designed by the model (3.1)

L %,
dt

j=1

N (3.15)
F.(X) + Z A;(X,X;) (i #k)
j=1

As follow the equations (3.2), we can obtain the jth phase
equation for coupled oscillators with

d d d
Eei(t) = Eei(xi(t)) = grady,0;(X;)|x,=x,0) o
= gradXiOi(Xi)lXi:Xi(t)

N
FiX) + ) Ay(Xu X)) +ef(0)
j=1

N
=w; +Z;(6;) 'ZAij(eir 91') +Z;y (6i) - f (), (3.16)
=

where Z;,(6,) (i = 1,...,N ) is “phase sensitivity function”
which is expanded to N limit-cycle oscillators from only one
oscillator as follow
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0;(X;(6) +1;) —6;
I;
.mgi(9ﬁ le;) .

= lim (3.17)

In our simulation, when we kick each component of kth
oscillator state by a very weak impulse I at some values of
phase 6;, we measure the phase difference of ith oscillator
gi:(6,;1e,) in order to obtain the “phase sensitivity
function”.

Zy (6,) = lim

¢i(t) = ei(t) - 'Qextt'

where (g is the frequency of the external forcing. Then,
¢;(t) is followed by the equation (3.16)

(3.18)

d
Ed’i(t) = w; — Qeye +

N
Zi(@1 + Oet) - ) Ay (i + Dot & + Dot
=1

+Zik(¢i + Qextt) ' Sf(t). (319)

We consider the “phase coupling function” of the ith
oscillator from the kick of jth oscillator over one period of the
limit-cycle oscillation with

1 2T
G =5 | Zu@ o) of (i) dw. G20
0 ex

This averaged equation is given on the phase equations (3.21)
by

N
d
GE0) = 00~ Oy + ) 1 (8 = 9) + (@~ 4 (321)

Jj=1

d N
EGi(t) =w; + z 5;(6: — 6) + I (6:(t) — 6, (1)). (3.22)
j=1

When there are the fixed points that d¢;/dt =0, the
dynamics will show the stable state. Therefore, if the “phase
coupling function” of all oscillators becomes stable, we can
consider these dynamics are synchronized, which we call the
“global coupling”. If the “phase coupling functions” satisfied
the inequality (i = 1, ..., N)

N
min ;Fm((bk —6)+ i — )
<w;— 'Qext
N
< ;’"ki(% — o)+ Gild— by, (323)

which means we can select all relative phase ¢; (i =
1,..,N) and the frequency of the external forcing Qep,
these oscillators are “Lock-on” around the frequency.
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4. Results

4.1 Same radius of the limit cycle

In this section we cast the result about same radius of the
oscillator’s limit cycle, which is written in 3.2.1 section.
Figure 4.1 is the difference of required interactive amplitude
depending on the number of oscillators.

Figure 4.1 shows that wider Gaussian of the interactive
force can make oscillators be same frequency easily than
narrow one. Additionally, when we put more oscillators in
the same range between w; and wy, they can be global
coupling much easily.

0.06
Q -©- N=5
0.05 % N=7
\\ -x- N=9
0.04 0 N1l
\
§ 0.03 )
X \QO
0.02 N °‘e-___ﬂ
0.01 L P ol ET T U i 2
0
0 0.5 1 1.5 2 25

Figure 4.1 The required amplitude of interactive force to be
global coupling based on width of Gaussian in the case of
same radius of the limit cycle at the oscillator’s parameter
[@,v,u] =[0.2,1.0,0.2] and intrinsic frequency

[w,, wy] = [0.85,0.9].

4.2 Different radius of the limit cycle

In this section we cast the result about different radius
of the oscillator’s limit cycle, which is written in 3.2.2
section. Figure 4.2 is the difference of required interactive
amplitude depending on the number of oscillators.

Figure 4.2 shows that wider Gaussian of the interactive
force can make oscillators be same frequency easily than
narrow one even in terms of high number of the order to set
the radius of limit cycle. Additionally, the required
amplitude in order to be global coupling decreased a little
bit according to the order d.

0.06
- ©- r=const
-x-d=10
0.05 % d=30
Y d=6.0
} -o-.d=9.0
~ 0.04 Q \\
S \\
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0.01
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Figure 4.2 The required amplitude of interactive force to be
global coupling based on width of Gaussian in the case of
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same radius of the limit cycle at the oscillator’s parameter
[a,y] = [0.2,1.0], intrinsic frequency [wq, wy] =
[0.85,0.9] and N =09.

4.3 Constant interactive of adjacent oscillators

In this section we cast the result about constant
interactive of adjacent oscillators even if we change the
number of oscillators, which is written in (3.14). Figure 4.3 is
the difference of required interactive amplitude depending on
the number of oscillators.

Figure 4.3 shows that wider Gaussian of the interactive
force can make oscillators be same frequency easily than
narrow one, which are same features as Figure 4.1.
Additionally, all line is almost overlapped with each other.
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Figure 4.3 The required amplitude of interactive force to be
global coupling cycle based on width of Gaussian (3.14) at
the oscillator’s parameter [a,y,u] = [0.2,1.0,0.2] and
intrinsic frequency [w,, wy] = [0.85, 0.9].

4.4 Estimation for global coupling

In this section, the required amplitude of interactive force
to be global coupling is projected by “phase coupling
function” (3.5). Figure 4.4 compares the actual required
amplitude given in Figure 4.1 to the estimation in terms of
standard deviation of their frequency.

Figure 4.4 shows that wider Gaussian of the interactive
force and the higher amplitude of it can make the standard
deviation be lower than narrow one in the same amplitude.
Additionally, this colormap and the striped line which gives
us the actual value is overlapped.
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Figure 4.4 The estimation of required amplitude of
interactive force is shown in colormap and the actual value
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is written in striped line at the oscillator’s parameter
[a,y, 1] = [0.2,1.0,0.2], intrinsic frequency [wq, wy] =
[0.85,0.9] and N = 9.

4.5 Lock-on by external forcing

In this section we cast the condition for Lock-on by
periodic forcing into the oscillators, which are global
coupling or not. Figure 4.5 compare the required amplitude
for all oscillator to be same frequency as external perturbation
in terms of the interactive amplitude’s change.

Figure 4.5 shows that the case that the external
perturbation is applied to near the center of oscillators makes
them Lock-on by smaller amplitude of it than the edge. The
oscillator’s number which has the minimum required
amplitude of external force increases according to the
increasing power of external force. Compared to each figure,
the oscillators which have high amplitude of interactive force
are required high external forcing to be Lock-on.

o 4001 o

10

Figure 4.5 The estimation of required amplitude of external
force in terms of the forced oscillator at the oscillator’s
parameter [a,y,u] = [0.2,1.0,0.2] , intrinsic frequency
[wy, wy] = [0.85,0.9], Qeye = 0.865 and N = 9. (a) The
amplitude of interactive force a, = 0.1, where they are
global coupling. (b) They are global coupling at a, = 0.01.
(c) They aren’t global coupling at a, = 0.008.

4.6 Estimation for Lock-on

In this section, the required amplitude of external
periodic force to be Lock-on is projected by “phase coupling
function” (3.5) and (3.20). Figure 4.6 compares the actual
required amplitude given in Figure 4.5 to the estimation in
terms of standard deviation of their frequency.

Figure 4.6 shows that the case that the external
perturbation is applied to the 8th oscillators makes them
Lock-on by smaller amplitude of it than the others.
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Figure 4.6 The estimation of required amplitude of external
forcing is shown in colormap and the actual value is written
in striped line at the oscillator’s parameter [a,y,u] =
[0.2,1.0,0.2] , Qg =0.865 , intrinsic frequency
[wq, wy] =[0.85,0.9],N =9 and q, = 0.01.

Standard deviation

5. Discussion

5.1 Global coupling

Figure 4.1 shows that the required amplitude of
interactive force for global coupling decreases with an
increasing number of oscillators. However, Figure 4.3
demonstrates that if the number of oscillators is increased
under the condition of interaction between adjacent
oscillators, the required amplitude does not change
significantly. Based on this result, we can infer that the
relationship of forcing between adjacent oscillators plays the
most crucial role in determining whether global coupling
occurs. Figure 4.2 reveals that even when we change the
radius of the limit-cycle according to their intrinsic frequency
within a small range denoted by d, the essential amplitude
does not change greatly.

The small standard deviation of oscillators' frequencies
shown in Figure 4.4 indicates that these dynamics are close
to global coupling because they have almost the same
frequency. The actual value of the condition for global
coupling is overlapped on the colormap around s =
8 x 1073, This suggests that we can predict the correlation
between the width of the Gaussian and the required amplitude
for global coupling.

5.2 Lock-on case

Figure 4.5 shows that the oscillator with the minimum
required amplitude of external force is located near the centre
of all oscillators. We believe this result reveals that the
oscillators around the centre have a significant influence on
the others. If we aim to control multiple oscillators through
perturbation, applying force to the central oscillator is very
efficient.

In Figure 4.6, the estimation of the required amplitude of
external forcing for Lock-on demonstrates that the edge
oscillators require larger perturbations than the central one,
which aligns with the actual values. However, there is an area
with a larger standard deviation at the 3rd oscillator in the
colormap.
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. Conclusion

e When the interactive force between each oscillator is
applied to N oscillators along the Gaussian distribution,
they can exhibit global coupling. If the Gaussian
distribution of the interaction force has a wider width or
higher amplitude, global coupling occurs more easily.
The forcing relationship between adjacent oscillators
plays a significant role in determining the conditions for
global coupling, rather than the definition of the limit-
cycle's radius and the number of oscillators.

e Expanding the "phase coupling function" from a single
external perturbation to multiple interactive forces
allows us to project the conditions regarding the
amplitude and width of the interactive force.

e Expanding the 'phase sensitivity function' from one
phase difference when an oscillator is kicked to one
phase difference when another is kicked, allows us to
roughly project the conditions regarding the amplitude
and frequency of external periodic force. However, there
are few differences between the actual conditions and the
estimated values revealed by this analysis
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3-1. Students’ reviews

Short Term Internship at Polytechnique Montréal

Name: Yu-Hsin Wu
Affiliation at Nagoya University: Department of Electrical Engineering
Participated program: Medium Course 2023

Research theme: Combinatorial Optimization for Geospatial Wind Turbine
Placement

Advisor at the visiting university: Assist. Prof. Antoine Lesage-Landry

Affiliation at visiting university:

Department of Electrical Engineering, Polytechnique Montréal

During my exciting summer internship in Montreal, | was lucky to dive deep into a fascinating
research project, exploring the intricate world of convex optimization. It was not just an academic
endeavor; the city’s vibrant cultures, languages, and cuisines turned it into a full-blown adventure.

| joined the team of brilliant minds I'd be collaborating with. Everyone was super welcoming, and my
supervisor, Antoine, was a source of constant support and inspiration.

The project we were immersed in was challenging because it is the field outside of my major. We
had dived into extensive literature reviews, collected and analyzed data, and engaged in heated
discussions during our weekly meetings, bouncing ideas off each other. At first, formulation for the
optimization problem was challenging for me because it requires many background knowledges and
experience in the field. Since he led me a lot to break through the problem we had, | managed to get
the hang of it.

| also picked up the skill to write program of convex optimization on Python, and | feel like my ability
to analyze and understand the optimization has reached a whole new level. Collaborating with such
a diverse team also taught me the importance of effective communication and the value of different
perspectives.

Of course, it was not all about the work. Montreal, with its unique blend of English and French
influences, was like a breath of fresh air. | found myself exploring the city’s beauty and elegance,
discovering artistic atmosphere in museums, diving into the local food scene, and hanging out with
my friends at various cultural events and festivals. The multicultural vibe of the city was the cherry on
top. Besides, the natural beauty surrounding the city and the nearby towns, each with its unique
charm and vibe, were downright mesmerizing, offering a refreshing escape from the urban hustle
when needed. The diverse atmospheres of each place added an extra layer of richness to my
experience.

This internship was more than just a learning experience; it was a journey of personal and

professional growth. I'm incredibly grateful to the whole team for welcoming me with open arms and
for making this journey so memorable.
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My wonderful stay in LA

Name: Koyo Ueno
Affiliation at Nagoya University: Department of Materials Chemistry
Participated program: Long course 2023-2024 (Sep 2023-Mar 2024)

Research theme:

Investigation of lonic conductivity of lonogel Electrolyte on separator
Pseudocapacitance of T-Nb20s Nanoparticles

Advisor at the visiting university: Prof. Bruce Dunn

Affiliation at visiting university: Department of Material Science and Engineering, University of
California, Los Angeles

These 7-months stay in LA were amazing. | am so happy to have had a great experience of not
only research but also living in an environment that used to be unfamiliar to me. | tried wider variety
of research than before by studying in different lab. | learned how students at UCLA work. What was
most impressive was how friendly the people in my department were. When | had questions about
my research, | often enjoyed discussing them with my lab members. Even when my English was not
good, they tried to listen carefully and gently answered my question. Also, | broadened my
knowledge by attending weekly seminars held for the department. Usually, a professor from other
universities makes about an hour of presentation, and 30-40 students, researchers, and some
faculties attend. At the beginning of my stay, | did not have the experience of listening to academic
presentations in English so it was so difficult to understand. However, as | attended more times to
the seminar, | learned to understand the talk and felt more confident.

Other than research, | enjoyed many “American” activities, including unique foods, watching
sports, hiking, and gun shooting as well. | was so lucky to live with great roommates. | randomly
found the apartment I lived in on Facebook. | had 5 roommates except me, and all of them are from
California. | often hung out with them on weekends. Some of them are really interested in Japanese
culture, especially Japanese food. We spent a lot of time eating dinner and talked about our different
cultures. | also enjoyed the holiday activities. On Thanksgiving days, my roommates invited me to
their family’s house and we cooked a fancy dinner. Also, a church where my roommate and |
sometimes went held a Christmas party. Throughout these activities, | learned American culture and
improved my English.

Overall, | had great experiences with JUACEP program. This stay in the US changed my life in a
good way. | strongly recommend people to challenge studying abroad and experience new things.

epartment f
APERIALS SCIENCE
AND ENGINEERING
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Findings through JUACEP in NCSU

Name: Katio Usami
Affiliation at Nagoya University: Dept. Aerospace Engineering
Participated program: Long-term course 2023

Research theme: Estimation for Multiple Oscillators’ Global Coupling
by Phase-Reduction Analysis

Advisor at the visiting university: Prof. Chi-An Yeh
Affiliation at visiting university: Dept. Mechanical and Aerospace Engineering, NCSU

1. In our laboratory

My visiting program was accepted by Prof. Chi-An Yeh. This group focuses on CFD, but my research at
NU isn't related to it. That's why | was concerned about whether | could do it well or not before arriving.
However, he supervised me and gave me an interesting research topic. | am enjoying conducting my
research. We had weekly group meetings to explain and discuss our own research progress. | was
gradually getting used to it. Apart from research, my colleagues always invited me to play table tennis, go
to nightclubs, or eat out for fun. Additionally, when | was going through some problems and feeling down,
they listened to me and encouraged me to go shopping to change my mood. | think the reason why |
could have fun during my visit is that | like this group, and | am grateful to them.

2.In NCSU

| joined some clubs to gain experience, such as the English conversation club, cosplay club, Japanese
culture club, and so on. During these activities, | met many people with diverse personalities and cultures
and made some friends. | went to parties, shopping trips, concerts, and soccer games with them on
weekends. In the international student's club, they invited us to celebrate Halloween, Thanksgiving,
Christmas, and New Year's. | had valuable experiences that | couldn’t have had in Japan.

3. Daily life in Raleigh

I lived in a share house with two people, a sibling pair consisting of an older sister and a younger brother
from Afghanistan. Through this connection, | sometimes attended parties held by the Afghan community.
The older sister would occasionally cook traditional Afghan dinners for us. In return, | made Japanese
dishes, which | bought from Asian restaurants. This was the first time | had lived alone in my life, so every
household chore was challenging for me. However, my cooking skills improved during this stay.

4. For travel

Watching the Ball Drop was on my bucket list, so | went to New York for the New Year's Eve of 2024.
The night bus took a long time in such noisy conditions, and | had to stand in line to enter Times Square
for ten hours, wearing diapers because once | left the line, | couldn't get back in. But it was definitely
worth the wait. The sight of everyone there celebrating Happy New Year was spectacular, and | will
always cherish that beautiful scenery in my heart.
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3-2. Questionnaires

RETOT S LABNEICTOEP VT — HER
<IBLRRBERICAHEN' DD >

eFHl BF &
“Yes i Yes
u No u No
<AEOARZETOEIRIDER(CEEKNDHD >
D] 1%
i Yes
u No
1%
i Yes
u No
<HA\BTOHOBREENDZE CBNEFE [CEKNDHD>
B g
“Yes “Yes
u No u No
%
“Yes
u No

Tor—bReREED [ EREEERE BT ARE N TRERD RIS, SIOMIET — LN TR
FAEORE - Buffiz B ICU CllE T SHE ORI BRI D2 AN BE N D, BUEITM L%
BROFBETIRTO B INEENREBLNZ L2 B TRBRL . B REEA~OBRIEIZOWTREN RHND,

35



1.

3-2. Questionnaires
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3-2. Questionnaires
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