[2R2 sz

2 H—F UK}

Science Tokyo Research Repository

Od/dodn
Article / Book Information

oo(@o)

Citation(English)

Type(English)

Design and Development of Vibration Energy Harvesters using Tuned-
Mass Systems for Bridge Structures

0o:00@O),

oooooo:0o0o0ooo,

0000:00104810,

00000:20170 30 260,

ooooo:oooo,

O000:000 00,00 00,WIJEYEWICKREMA ANIL,O O 00,0
000,00 00

Degree:Doctor (Engineering),

Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 1048101,

Conferred date:2017/3/26,

Degree Type:Course doctor,

Examiner:,,,,,

Doctoral Thesis

Powered by T2R2 (Science Tokyo Research Repository)



http://t2r2.star.titech.ac.jp/

Doctoral Dissertation

Design and Development of Vibration
Energy Harvesters using Tuned-Mass Systems

for Bridge Structures

Tokyo Institute of Technology
Department of Civil Engineering

Supervised by Eiichi SASAKI

Kouichi TAKEYA



Contents

] A0 o [0 %
LISt OF TaDIES oo e Xi
Ao (0T LT o =T . =T ) £ Xii
AADSETACT. .t 1
I 4 (oo [T ot o] I TP PP PPPPTRPPPP 1
O R = 7 o] (o 101U o 2
1.2, PUrpoSe and ODjJECHIVES ....uu it e e 4
1.3, Related RESEAICH . .cciiit e e 4
2. Investigation on Characteristics of Electro-Mechanical Systems .............c.occoevvviiiiinnns 13
2.0 OVEIVIBW Lottt e e et et et e 14
2.2. Theoretical Explanation of Single-Mass and Dual-Mass Systems.............cccceevuvnn.. 15
2.2.1.  Single-Mass Vibration Energy Harvesters........ccooviviiriviiniiiiiieiieeieeveeaen 15
2.2.2.  Dual-Mass Vibration Energy Harvesters .......coocuuiiiiiiiiiiiiii e 18

2.3. Comparison between Single-Mass and Dual-Mass SyStems ........cocccevevviiverinnennnnnn, 19
2.4, SUMMATY ¢ttt ettt et et et ettt e et e et e e et e aa 20
3. Proposal of Tuning Design Method ...........cooouiiiiiii e 31
3L OVEIVIBW ittt 32
3.2. Effect of Parameters on Energy Harvesting in Dual-Mass Systems ....................... 32
3.3.  Multi-Physics Parameter Design Method for Power Generation...............cccoeeveenn. 35
3.4. Multi-Physics Parameter Design Method for Energy Storage.........ccoovvvvivevinnennnnnn, 37

3 D SUMIMIAIY ¢t ettt e e 39
4. Trial Applications of TMG to an Actual Bridge........cccoveveiiiiiiiiiiiin e 49
AL, OVEIVIBW .ottt ettt et et e 50
4.2. Target Power Generation and Application Procedure ........c.ooooooiiiiiiiiiiiiiiiineiens 50
4.3. Target Vibration Frequency and Installation location.............ccooooieviiiiiiinnnens 51



4.3.1.  Detection of Natural Vibration Frequency of the Trial Bridge....................... 52

4.3.2.  Decision of the TMG Installation Location ............cccoovviiiiiiiiiiiiinnenens 52
4.4, Modal Mass and DamPiNg.....cccueeiuiiiiiieeii e e e e e e r e 53
4.4.1. Modal EqQUIVAIENT IMASSES. ...ttt e 53
4.4.2. Modal Damping RatiO .....ccuuiiiiiieiiiei e 54
4.5. Determination of Characteristics 0f TMG ...........cooiiiiiiiiii e, 54
4.5.1.  Mechanical Damping Characteristics of TMG .........ccooooiiiiiiiiii 54
4.5.2.  Mechanical Coil Spring Characteristics 0f TMG ........cccoooviiiiiiiiiiieeeen, 55
4.5.3.  Electric Characteristics of POwer Generator..........ccccoovvvvvviiniiiiinneeiiineeceinnn, 55
4.5.4.  Electromotive Force COeffiCient: Kemf. ... oooovveeiiiiirriiiiiieiii e 56
4.5.,5. DC Resistance of the Internal Coil: r...........ooooiiiii s 56
4.5.6. Inductance of the Internal Coil: L........ooiiiiiiiiiiii e 57
4.6, Parameter DBSION o ivue ittt 57
4.7. Application of TMG to the Trial Bridge .....cc.oiiiiiiiiiiiiiiiie e 58
4.7.1.  Experiment for POwer Generation...........cooeiuiiiiiiiiiiiiei e 58
4.7.1.1. Target Frequency Of 14.2 Hz.....coooviiiiiii e 59
4.7.1.2. Target Frequency 0f 6.1 HZ ..o 59
4.7.2.  Experiment for Charging Batteries using Harvested Energy.............cccoeevennnn. 59
4.7.2.1. Target Frequency Of L14.2HZ.......oiiviiiiiii e 60
4.7.2.2. Target Frequency 0f 6.1 HZ ..o 61
4.7.3.  Efficiency of POWEr Generation.........ccoovviieiiiiiiii i 62
A.7.4.  ViDration ENEIQY oooun i e 62
8. SUMIMIAIY ettt ettt e e e ettt et et et et ettt et et a e e 63
5. Efficiency Enhancement of Power Generators for Energy Harvesting..............cccooevvvn 85
B L. OVEIVIBW Lottt e e ettt et et et e e 86
ST =11 oI @0 o7 =T o 87
5.2.1.  ANAlYSIS MOUBL ... i 87
5.2.1.1. Analysis Accuracy and Analysis Time......cccooeiiiiiiiiiiiii e 87
5.2.2.  Target Design ParametersS. .. ..o iiiii e eei e e e e e e e e e e e e a e 89
5.2.2.1. Electromotive Force CoeffiCient .........cccooviiiiiiiiiiiii e 89
5.2.2.2. Maximum Electric Damping Coefficient .............ccooiiiiiiiiin, 90
5.2.2.3. Magnetic Spring Force Effect .......ccoiviiiiiiii e, 91



5.3.  Design Of POWEE GENEIALOL ...ttt e 91

5.3.1.  Parameter Design Method of Power Generator .........cocvevevvviieviieriieeiineennnnn 92
5.3.2.  Heration ProCeAUIE .......cooiiiiii e 93
5.3.3.  Design of POWEr GENEIAtOF ...ccuuuiiiiieiiii e e 93
5.4.  Experimental EVAlUation ... ...cocouiiiiiii e 94
5.4.1.  Electromotive Force CoeffiCient Kemf.......ccuuiiiirriiiiiiiiiiieiiiiiicciiecei e 94
5.4.2. Dynamic Friction FOICE ...couuiiiiiiiiiii e 95
5.4.3.  MagNetiC SPIiNG .uuoiieiii it e 96
544, Design OF TIMG ..o i e 96
L= TR 1 [ 1 = /2 97
6. Proposal of Uses of the Developed Energy Harvesting System.........ccooovvivviiiiiinnennnnnn, 110
8.1, OVEIVIBW Lottt et e e ettt et 111
6.2.  Application 0f TMG SYStEMS ..ovvviiiii i e e 111
6.2.1.  Target Power for Monitoring Systems of Bridge Structures..................... 111

6.3. Experimental Application of TMG Systems for Health monitoring systems of Bridge

T (1o} AU = PP 113
6.3.1.  Experiment for Power Generation...........coooiiiiiiiiiiiiinii e 113
6.3.2.  Application TMG to A Monitoring System of Bridge Structure................... 113
6.3.3.  Evaluation of Energy Harvesting in Long-Term USeS .........coocvvvvvvviievinnennnn. 115

6.4,  SUMMAIY .ttt et ettt et et et et e ees 117

T CONCIUSTONS vttt et 124
RECOMMENAATIONS ..ceevt ettt 128
RO O B S .. ettt 129



List of Figures

Chapter 1:

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Chapter 2:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Figure 2.8:

Figure 2.9:

Introduction

Configuration for a power generator consisted of a ball screw ----++-vvvvnn 11
Configuration for a transverse flux linear motor (TFLM) with full

PEFMANENT MAGNET +++ v v v e et ettt et 11
Configuration for an electromagnetic power generator using a coil and

MAQGNET AITAY « v v v e e ee e e et e ettt ettt 11

FIoW Of this diSSertation «« -« rererrmmmmmn ittt ettt aaaaaaaaaaaas 12

Investigation on Characteristics of Electro-Mechanical Systems

Analysis model of SiNgle MasS SYSTEMS «««««rxrrrrrrrrrnrnnreeteearaaaene. 22
EECEIIC CITCUIT v« e e v e e reeeantee ettt e ettt et e e e e e e e e e e e e e naee e nnees 22
Harvesting power W, response of single mass systems with various

electric damping ratios (0 < ¢, S 5) wwrrrrrrrrmrrssrerrnnssei 23
Bridge vibration displacement X, response of single mass systems

with various electric damping ratios (0 < {, < 5)«--rvvrrvvereeiiii. 23
Harvesting power W, response of single mass systems in different

electric damping ratios (¢, = 0.01, 0.03, 0.05) ««+xrerrersrrarenreeeniainnn 24
Bridge vibration displacement X, response of single mass systems

with different electric damping ratios (£, = 0.01, 0.03, 0.05) «-«+veevvereennnns 24
Analysis model of dUAl-Mass SYSEEMS -« -+« «xrrrrrrtrnirniiiiiie 25
Harvesting power W, responses of dual-mass systems with various

electric damp|ng ratios (0 < Ce < 5) ................................................ 26

Bridge vibration amplitude X, responses of dual-mass systems with

various electric damping ratios (0 < Ce < 5) ....................................... 26



Figure 2.10: Harvesting power W, responses of dual-mass systems with different

electric damping ratios (£, = 0.01, 0.03, 0.05) «++++reeverrsserrrinnnnnniiinnn, 27
Figure 2.11: Bridge vibration amplitude X, responses of dual-mass systems with

different electric damping ratios ({, = 0.01, 0.03, 0.05) «+-vvrrvvernveenianinns 27
Figure 2.12: Harvesting power responses of single-mass systems with different

FLOQUENCY FALIO -+« v« v e eeee ettt 28
Figure 2.13: Harvesting power responses of dual-mass systems with different

FLOQUENCY FALIO -+« v e e ee e e et ettt ettt 28
Figure 2.14: Vibration amplitude responses of single-mass systems with different

FEOQUENCY FALIO -+« v e e re e e e et ettt et 29
Figure 2.15: Vibration amplitude responses of dual-mass systems with different

FLOQUENCY FALIO -+« v« v ee ettt ettt 29
Figure 2.16: Tuning of harvesting power responses of dual-mass systems with

second Mass ratio and freqUENCY FALI0 -+« ««xrerrrrrrnernniiiiiiae 30
Figure 2.17: Vibration amplitude responses of dual-mass systems with second mass

ratio and frequency FALIO » v v e e 30

Chapter 3: Proposal of Tuning Design Method
Figure 3.1(a): Energy flow model of bridge-TMG system:--««ccevveeriiiniinnn., 41
Figure 3.1(b): Energy flow of TMG with a dual-mass system on the bridge ----++-ovvvnn 41
Figure 3.2: Distribution of harvesting power responses of the dual-mass system for
Various combinations 0f Y, @Nd €y ««« e rrrrerrermnmmnmmnri 42
Figure 3.3: Harvesting power responses of the dual-mass system for different
COMDBINALIONS OF yy ANT Ty +rrvererrreneeee et 42
Figure 3.4: Distribution of harvesting power responses of the dual-mass system for
Various combinations of y; ANd fhy -+« «errrrrreenermii 43
Figure 3.5: Harvesting power responses of the dual-mass system for different
COMDINALIONS OF 13 AN [y ++++vr v rrreener et 43
Figure 3.6: Objective and constraint functions of the proposed parameter design

method and frequency responses of power generation in dimensionless

Figure 3.7: Flow of the multi-physics parameters design method -+« -+« roovvvevvvenn 45

Vi



Figure 3.8(a): 3D view of distribution of amplitude of W with variations of three

design parameters Y1r Vs and Ce ................................................... 46

(b): 2D view of distribution of amplitude of W with variations of three

design parameters yl' Vz and Ce .................................................... 46
Figure 3.9: Electric circuit for Charging ......................................................... 47
Figure 3.10: Flow of the multi-physics parameters tuning method for energy storage ------ 47

Figure 3.11(a): 3D view of distribution of amplitude of W, under variations of

three design parameters Y10 Vo and Br .......................................... 48

(b): 2D view of distribution of amplitude of W, under variations of

three design parameters Y1 Vo and Br ........................................... 48

Chapter 4: Trial Application of TMG to an Actual Bridge

Figure 4.1: Flow of the study on application of TIMG «« e eerrrrienririniiiine, 65
Figure 4.2: Trial bridge and installation location of TMG and accelerometers ---«----..-.. 65
Figure 4.3: Frequency spectrum of acceleration of bridge ««««--vvvvvvvviniiinn, 66
Figure 4.4(a): Bridge vibration mode at 1.5 HzZ -+« ceerrrremrnaminii 66
(b): Bridge Vibration mode at 3 Hz -« cererermernrtiiitiiaii 66
(): Bridge Vibration mode at 6 Hz «««««««rerrerremniriiiit i 67
(d): Bridge Vibration Mode at 9 HzZ -« -« rerrerrrrmmmmenaeiaaeeaiaae 67
(e): Bridge Vibration mode at 12 Hz « -+« «xrverrermmmmrniiiiiiiii 67
Figure 4.5: N-degree of freedom model in i-order modal vibration -+  evvvvviiiiiinnns 68
Figure 4.6: Developed TMG and the electromagnetic power generator:----««««ooovveeveens 68
Figure 4.7: Analysis model of TMG and bridge System ««««:oovvvvvveiiiniiiiiiiin, 69
Figure 4.8: Setup of TMG 0N an eXCitation MACRINE -+« ««rerrerrrmarnrnnenieiaaene, 70
Figure 4.9: Electric Circuit for pOWer generation -« -« - « reretreriiiiniien, 71

Figure 4.10: Electric circuit for evaluation of DC resistance of the internal coil of

the POWET gEMEIATOT « - v v v r et 71
Figure 4.11: Electric circuit for evaluation of self-inductance of the internal coil of

the POWET GENEIALION ++« v+ vvreeeret ettt ettt 71
Figure 4.12: Electric circuit model used in the experiment- ... . ovvvvviiiiiiiiinn, 72
Figure 4.13: Generated electric energy and traffic per hour

(target frequency: 14.2 Hz) ......................................................... 73

vii



Figure 4.14: Generated electric energy and traffic per hour

(target frequency: 6.1 Hz)
Figure 4.15: Charging circuit
Figure 4.16(a):

Figure 4.16(b):
Figure 4.17: Storage electric energy and hourly traffic (target frequency: 14 Hz)
Figure 4.18: Storage electric energy and hourly traffic (target frequency: 6.1 Hz)
Figure 4.19: Generated voltage by TMG

Setup of the charging circuit with a super capacitor array used in

the experiment ..............................................................

Discharge characteristic curve of the super capacitor array:-----------

Figure 4.20: Bridge acceleration measured at 18m from the bridge start at the

installation location of TMG
Figure 4.21: Generated power by TMG

Figure 4.22: Energy flow in the bridge-TMG vibration system

Figure 4.23: Energy flow of each vibration mode in the TMG-bridge vibration system

Figure 4.24: Summation of band-pass filters that was used in the modal analysis of

energy flows

Figure 4.25(a):

(b):

(c):

Figure 4.26(a):
(b):

(©):

Figure 4.27(a):
(b):

(c):

Hourly traffic of large vehicles between 8" and 9" November 2014--

Hourly distribution of bridge vibration energy between 8" and 9t
NOVEMDEE 2004 «« v e vvreeneenaeen et ettt e ettt e e e et eenaennnn
Distribution of total bridge vibration energy between 8™ and 9t
NOVEMDEE 2004 ««« v vnreneeeaeen e et e ettt e e eaeenaennns
Hourly traffic of large vehicles between 25 to 26™ November 2014
Hourly distribution of bridge vibration energy between 25 to 26t
NOVEMDEE 2004 «« v e vnreeneenae et aea et et e ettt e e eaeenaennns
Distribution of total bridge vibration energy between 25 to 26t
NOVEMDEE 2004 «« v e vrrtetttae ettt ettt aeenns
Hourly traffic of large vehicle between 17" to 18" November 2015--
Hourly distribution of bridge vibration energy between 17t to 18t
NOVEMIDET 205 «+ v v erreneneen ettt ae ettt e aeaaenaennns
Distribution of total bridge vibration energy between 17t to 18t

NOVEMBDEr 2015 « ettt ittt i s

viii



Chapter 5: Efficiency Enhancement of Power Generators for Energy Harvesting
Figure 5.1: A model electromagnetic POWEr geNErator «««««««rrerrrerrrrin 98
Figure 5.2: Analysis model of power generator with 2D axial symmetric model----------- 98

Figure 5.3: Nonlinear characteristic of relative permeability of yokes (steel: SS400)

......................................................................................... 99
Figure 54(a) Entire view of the ana|ysis model «rerrrri e 100
(b) A closer view of the ana|ysis model i e 100

(c): Entire view of the moving part and the fixed part of the analysis model ---100

Figure 5.5: Element division of the most accurate Finite Element model -----++-vvvvvvnevn 101

Figure 5.6: Finite Element model of a power generator ««««««ooovvvevreiiin 101
Figure 5.7: Relationship between analysis accuracy for voltage generation and

relative tolerance of Various FE MOGEIS -« «crxrrrrrnrernnmmemnnmeenanaenaaennns 102

Figure 5.8: Relationship between analysis time and relative tolerance of various FE

Figure 5.9: Relationship between analysis accuracy and relative tolerance in the

case of two different absOlULE tOIEIANCES ««««rxrrrrmrrrrrnrermnarernaeeeaneennns 103
Figure 5.10: Relationship between analysis time and relative tolerance in the case of

tWO different abSOIULE TOIETANCES -+« v rxrrrrmrernneeenretear et eenaaeennnen 103
Figure 5.11: Electromotive force coefficients verses displacement for various

combination of parameters for multi-objective functions:- -+ vvvveeeennn. 105
Figure 5.12: Power generator and equipment of experimental evaluation test using an

EXCITATION MACKHIIE «+ v v v rrerr ettt ettt e et e e e e e eaees 106
Figure 5.13: Displacement applied to the moving part, velocity of the moving part,

and induced voltage signal of the power generator in the experimental

EVAIUATION TEST +r v v v rrrrmerrtnt et ettt et s e a ettt eaens 106
Figure 5.14: Electromotive force coefficients of displacement in the experimental

EVAIUATION TESE «+ v v v e e e ettt ittt et it 107
Figure 5.15: Relationship between force and position of the moving part of the power

GBMBIALOT =+ v ee ettt et 107
Figure 5.16: Relationship between friction force and position of the moving part of

the power generator in the experimental evaluation test--«---«-rovvveeiieennnn. 108

Figure 5.17: Relationship between magnetic spring force and position of the moving



part of the power generator in the experimental evaluation test --«---:vvuvvv v

Figure 5.18: Analysis model of bridge-TMG system using nonlinear characteristics

of the developed power generator and friction forces - «««--ro-vvvvvvveinnn.

Chapter 6: Proposal of Uses of the Developed Energy Harvesting System

Figure 6.1:

Figure 6.2:

Figure 6.3:

Figure 6.4:

Figure 6.5:

Figure 6.6:

Figure 6.7:

Figure 6.8:
Figure 6.9:

Example of health monitoring device (wireless data transmission, 3-axis
MEMS accelerometers, voltage sensor, temperature and humidity
SEIISOTS) + v+ et ettt ettt ettt
Experimental result of the hourly harvested energy from bridge
Vibrations of the trial Bridge ««««««« e rerrrreemeiiii

Charging circuit using lithium-ion batteries and schottky barrier diodes

Comparison of voltage drop of lithium-ion batteries and a super
TS Yo 1o S P
Proposed continuous health monitoring system suppling harvested
BIMEIQY e ee ettt ettt e
Battery voltage — time with supplying electricity to the monitoring
S SERIM « ettt
Evaluation of harvested energy (numerical analysis) «----«rveeeeniiinnnennnn,
Evaluation procedure of long-term electric energy harvesting :«------vveeeeenn
Evaluation of long-term electric energy harvesting based on the

numerical ana|ysis ...................................................................



List of Tables

Chapter 4:
Table 4.1:

Table 4.2:

Table 4.3:
Table 4.4:

Chapter 5:

Table 5.1:

Table 5.2:

Table 5.3:

Table 5.4:

Chapter 6:

Table 6.1:

Table 6.2:

Table 6.3:

Table 6.4:

Trial Application of TMG to an Actual Bridge

Natural frequency in each vibration mode of bridge and equivalent mass

at installation location Oof TIMG -« rverrrmimnn i et iiiaaaaa e aaas 68
Tuning parameters for 14.2 Hz vibration mode -+ ooveveeeee 71
Tuning parameters for 6.1 Hz vibration mode -+ oo vvvvviiii 71

Power consumption of general monitoring devices of bridge

structures and power Supp|y ratio by TMG “ccreei e i 74

Efficiency Enhancement of Power Generators for Energy Harvesting
Relative permeability of each material of the power generator, magnetic
flux density of the neodymium magnet, and coil turns for Finite Element
AANIYSES -+« e e e e et 99
Initial value of dimensional parameters of the power generator and
LIV EETIOIIS « v v v v e e e e e e e e e e ee e et e et et 104
Two different design objective functions Fopx and the identified
dimensional parameters of the power generator -« v vvvvvvviiiiiii, 104

Designed dimensional parameters of the power generator «-««««oovvivvvveenenn. 105

Proposal of Uses of the Developed Energy Harvesting System

Required energy for monitoring PIans -« «««««««««eerereenmenmmmmeaaaaen 117
Parameters of the analysis model of Bridge — TMG system «««-«ccovvvevveennnnn 118
Unit energy harvesting per large vehicle and evaluated long-term
harvested energy (aVerage in 5 WEEKS) ««««««+x rerrrrtuinaritiiiiitiann 122

Evaluation of power supply in each monitoring plan -« vvvvvvnniiinnnnnnn, 122

Xi



Acknowledgements

I wish to express my deepest gratitude to my supervisor, Associate Professor Eiichi
Sasaki for his very kind supports, advices and encouragements. | am thankful for his
aspiring guidance, invaluably constructive criticisms and friendly advices during the
research work. A special gratitude I give to Professor Chitoshi Miki for his very kind
supports, stimulating suggestions and encouragement.

I wish to express my gratitude to Associate Professor Yusuke Kobayashi, Dr.
Atsushi Tanabe and Dr. Hisatada Suganuma for his accurate advice and kind
encouragements. | am sincerely grateful to them for their truthful and constructive
views on a number of issues related to this research. | would like also to thank sincerely
Assistant Professor Hiroshi Tamura for his kind support, very friendly advices and
encouragements.

Furthermore, I would like to mention about the support by NEXCO Co., LTD. My
research works were financial supported by NEXCO Co., LTD. Furthermore, the
member of NEXCO Co. gave me useful information and suggestions. Especially, |
would like to thank Mr. Osafune, Mr. Kanno and Mr. Iwabuki. | would also like to
mention about the support by E-stir Co. LTD., Scraft Co. LTD. and ITM Co. LTD. In
order to develop electro-mechanical systems, | had technical help from them.
Especially, | would like to thank Mr. Akazawa from E-stir Co., LTD., Mr. Hagiuda and
Mr. Kato from Scraft Co. LTD. And Mr. Kataoka from ITM Co., LTD. | wish to express
my gratitude to Mr. Kato, Mr. Hiyama, Mr. Hasegawa and Mr. Itami from Tokkyokiki
Co., LTD. I would also like to thank to Mr. Nagoya and Mr. Arita from Subaru Co.,
LTD and President Sonobe from Sinwa-technos for their help of field experiments.

A special thanks goes to Ms. Ishihara and Ms. Hamada for her support in non-

research field. They helped many office works. | would like to great thank PhD.

Xii



students Ms. Akutsu for her kind advice. She gave me useful view and remarks of my
research works. It was good experience for me to help her research work. | learned
many things from assisting her work and discussion with her. | wish to thank our
laboratory members, Mr. Ando and Mr. lizuka. It was good experience for me to help
their research works. Mr. Itami friendly came to help my field experiment. PhD.
student Mr. Natdanai gave me advices on my research works, and experiments. It was
good experience for me to discuss on our research works with PhD. students Mr. Cao
and Ms. Tuttipongsawat, Mr. Tominaga, Mr. Ota and Mr. Mishima.

I wish to special great thank Ms. Scorupski for her advice about my research work
and English. She gave me useful view and remarks of my research works. Furthermore,
I would like to thank our graduated laboratory members, Mr. Umekawa, Mr. Navicus,
Mr. Ueda, Mr. Kanamori and Mr. Ebisawa for their kind help and friendship. Especially,
I learned many things from assisting their research work and discussion with them.

Finally, I would like to thank to my parents Ms. Akiko and Mr. Shinichi Takeya
and my grandfather Mr. Shoji Takeya for their long support and understanding.

Xiii



Abstract

A method to harvest bridge vibration energy has been proposed in this paper using
a tuned mass damper system, named hereafter Tuned Mass Generator (TMG). To
harvest and make use of the unused reserve of bridge vibration energy the
aforementioned damper system absorbs, a linear electromagnetic power generator has
been applied. The benefits of using dual-mass systems over single-mass systems for
power generation have been clarified according to the theory of vibrations. TMG
parameters have been determined considering multi-physics parameters, and TMG has
been tuned using a newly proposed parameter design method. Theoretical and
numerical analysis results have found that for effective energy harvesting, it is
essential that TMG has robustness against uncertainties in bridge vibrations and tuning
errors, and TMG has demonstrated this feature when it was applied to an actual bridge.
In addition, the design procedure of the TMG system, including the health monitoring
system, has been proposed and the ability for continuous health monitoring has been

demonstrated.

Keywords: bridge vibration; energy harvesting; tuned mass damper;

electromagnetic power generator, efficiency.



Chapter 1

Introduction

Abstract

Vibration-based energy harvesting has been studied in various fields and one
area of growing interest is the potential for this harvested vibration energy to
supply electric power to wireless sensing devices, or other intelligent systems,
for the health monitoring of bridges. An energy harvester, using a tuned dual-
mass damper system and electromagnetic power generator, named hereafter

Tuned Mass Generator (TMG), has subsequently been proposed.




1.1. Background

The importance of managing aging infrastructure has become of great concern in
recent years, hence it is urgently required that effective maintenance management of
infrastructures is established. One useful method is to monitor the dynamic behavior
of structures, especially the vibrations of bridge structures [1-6]. However, due to the
critical problem of continuous power supply required for monitoring, effective
maintenance management has yet to be achieved. To supply electric power to
monitoring sensing devices, vibration-based energy harvesting has become one area of
growing interest and has been studied in various fields [7-9]. There is also the prospect
for harvesting energy from large scale structures [10-17].

To date, tuned mass damper or shock absorbing damper systems [18-20] have been
studied to control bridge vibration which causes damage or noise. Considering these
studies, tuned mass damper systems could, in particular, satisfactorily control bridge
vibration when an ideal dynamic balance is achieved between its mass, springs and
dampers [21-27]. If a power generator (or transducer) replaced the damper in a tuned
mass damper system and could successfully absorb bridge vibration energy, it would
have the capacity to harvest energy and control bridge vibration simultaneously.
However, one problem of harvesting energy from bridge vibration is that the natural
frequency of bridges is generally much lower than the mechanical vibrations which
have so far been the main target of energy harvesting.

In recent years, harvesting energy from low frequency vibrations [13] or supplying
harvested energy to monitoring systems has been studied using building model
structures [14], yet the amplitude of the target vibration in these cases is much higher
than that of bridge vibration. In the case of bridge structures, the damping effect of
electric power generators decrease in low frequency ranges, and as a result, the
efficiency of energy harvesting or vibration control decreases. One solution to this
problem could be to apply high performance power generators with large electric
damping.

Many types of transduction mechanisms have already been developed to increase
the efficiency of power generation, such as electromagnetic power generators using

ferromagnetic devices [7,12,28-31], piezoelectric power generators using piezoelectric



ceramics [32-34], or even electrets [35-39]. Among these many new developments,
electromagnetic power generators can, in particular, generate high electric power and
produce large damping forces; it is thus considered that high performance
electromagnetic power generators can produce enough electric damping for harvesting
energy from even low frequency bridge vibrations [40-43]. However, the power
generation level obtained from bridge vibrations has been around micro-watt to milli-
watt and is not still satisfied to monitor dynamic behavior of bridge structures.

Another problem concerning harvesting energy from bridge vibration is that the
natural frequency of bridges is uncertain due to many factors, including traffic
conditions and temperature [4,44-51]. However, the performance of tuned mass damper
systems is highly sensitive, and can drop with the slightest change in frequency when
the forced excitation frequency is near the effective frequency. In other words, tuned
mass damper systems have a narrow target frequency range, and have low robustness
against changes in vibration frequency [52].

One approach that has been proposed to reduce this sensitivity is to apply much
higher damping than theoretically designed [53]. However, increasing the damping
reduces the performance of tuned mass dampers, and vice versa, hence various
parameter design methods have been proposed depending on the desired peak value of
displacement for a given bridge [54-56]. There are parameter design methods that
consider how the balance between robustness and the peak value of displacement can
be adjusted through evaluation functions or band width parameters, and using multiple
tuned mass dampers to improve this balance has also been investigated [57-65]. Still,
further investigation is required to implement these various design parameters, due to
the limitations of weight and accuracy when assembling these tuned mass dampers,
including tuning errors, and these factors have been considered in this study. A further
difficulty of the aforementioned parameter design methods is that they have been
developed considering vibration control only; hence they cannot be applied directly to
energy harvesting. In several studies, tuning methods for energy harvesting were
proposed considering mechanical systems and electric circuits of energy harvesters
[66,67]. Yet, these methods were found to be insufficient for efficient energy
harvesting, since the performance of electromagnetic transducers should also be

designed considering harvested energy from vibration of bridge structures.



1.2. Purpose and Objectives

To solve the aforementioned difficulties surrounding the energy harvesting from
bridge structural vibrations, and achieve continuous health monitoring systems of
bridges, the purpose of this study is to design and develop an efficient energy harvester
to capture energy from vibrations of bridge structures. To achieve the purpose, an
energy harvester using a tuned mass system and electromagnetic power generator (or
transducer) is developed, named hereafter Tuned Mass Generator (TMG), which can
then lead to continuous health monitoring systems of bridge structures. To be specific,
efficiency enhancement of the TMG system is considered to achieve the energy
harvesting from low frequency and uncertain bridge vibrations. To satisfy the aim of
energy harvesting to obtain various required electricity for health monitoring such as
dynamic behavior of bridge structures, efficient electromechanical structure design of
TMG is required and maximum power generation should be higher than one watt, in
brief, watt order. To achieve the aforementioned purpose, the following research

objectives are considered.

I. Investigation of the structural characteristics of energy harvesters

Il. Proposal of a parameter design method for effective energy harvesting
I11. Evaluation of the applicability of TMG to an existing bridge

IV. Enhancement of a power generators efficiency

V. Development of a TMG system that includes a health monitoring system of bridge

structures

1.3. Related Research

1.3.1. Health monitoring for Bridge Structures
Aging of infrastructure including bridges has rapidly progressed over the past

decade [68], and so the importance of infrastructure management has become of great



importance. Moreover, it is vital to recognize the condition of structures as soon as
possible when abnormal events such as earthquakes occur. However, due to the decline
in engineers and the limitation of available finance, sufficient inspection and
maintenance methods have become difficult to carry out. To solve the aforementioned
problems surrounding infrastructure, it is urgent to construct an effective maintenance
management method to supplement the inspections that are being carried out by
engineers.

One constructive maintenance management method is to monitor the dynamic
behavior of structures, especially the vibrations of bridge structures, and so far various
studies have been carried out [1-3]. Bridge structures are greatly affected by various
dynamic traffic loads, such as heavy vehicles. Miki et al. [4] has established a
monitoring system for the dynamic behavior of bridge structures such as by using
accelerometers and displacement sensors. In addition, long-term operation of the
monitoring system was carried out to inspect abnormalities in bridge structures and
traffic conditions of large vehicles, and to detect damages quickly after disasters.
Fukada et al. [5] carried out long-term monitoring of structural dynamic behaviors of
a bridge to inspect the dynamic stress of the bridge girders and the total weight of
trucks typically crossing a bridge.

As identified in these researches, the importance of health monitoring systems of
bridge structures has been demonstrated, in particular, the long-term monitoring of
dynamic structural behaviors. However, due to the critical problem of supplying
continuous power to monitoring systems, the long-term health monitoring of bridge
structures is currently limited. Nonetheless, vibration-based energy harvesting has the
potential for using the harvested vibration energy to supply electric power for the

health monitoring of bridges [8].

1.3.2. Structural Design of Energy Harvester

Environmental vibration power generation is performed by converting mechanical
energy from vibrations into electric energy using a power generator. The conversion
efficiency highly depends on the power generation system and the vibration conditions.
Among the various conversion systems, such as electromagnetic power generators

using ferromagnetic devices [7,12,29-31], piezoelectric power generators using



piezoelectric ceramics [32-34], or even electrets [35-38], piezoelectric and
electromagnetic devices have an advantage of higher electrical power generation with
simple implementation. Arroyo et al. investigated piezoelectric and electromagnetic
vibration energy harvesters using normalized models [69]. Three parameters were
considered in the normalized models, namely the coupling coefficient, loss coefficient
and mechanical quality factor. Based on the findings in experiments and a theoretical
study regarding piezoelectric and electromagnetic generators, it was determined that
although electromagnetic generators demonstrate high resistive losses, this is
compensated by high coupling coefficients. In addition, it was notably shown that the
power density of an electromagnetic generator does not decrease in proportion to its
volume as it is commonly observed. However, the power generation obtained is still
low for efficient energy harvesting from vibrations of bridge structures.

Most researches on energy harvesting have been focused on vibration
characterized by frequencies above 10Hz and below milli-watt power [7-17]. In
contrast, the fundamental vibration frequency of large-scale structures, such as high-
rise buildings or bridges, is typically around 1Hz. Since large-scale energy is expected
in these vibrating structures [70,71], power generators to harvest this vibration energy
must be capable of extracting large power from low-frequency and low-velocity
oscillations.

Cassidy et al. proposed an electromagnetic power generator for harvesting energy
from large structures such as high-rise buildings or bridges [72]. To obtain large power
generation, a ball screw coupled with a permanent-magnet synchronous machine was
used in the proposed power generator (Figure 1.1). To evaluate this devices energy
harvesting capability, impedance matching theory [73-75] was used, and the ability of
harvesting energy was experimentally demonstrated. Although large power generation
could be obtained, large power losses were also distinguished.

Other approaches to obtain large power generation density include using the
Transverse Flux Linear Motor, namely TFLM (Figure 1.2) [76], or using a magnet
array [77]. TFLM is a type of linear motor with high power per volume since the
magnetic circuit is separated from the electric circuit, and high thrust force density is
obtained due to flux concentration [78-84]. To acquire higher power per volume,

Hoang et al. considered several types of TFLM devices with various configurations of



the permanent magnet using the equivalent magnetic circuit network method [76].
However, disadvantages of TFLM such as mechanical loss including cogging and
efficiency, and power factor, should also be considered.

Tang et al. proposed a new type of electromagnetic power generator with high
power density by putting strong rare-earth magnet arrays in alternating directions and
using high-magnetic-conductive casing (figure 1.3) [77]. However, through
experiment it was shown that the maximum damping capacity obtained included large
mechanical loss.

To obtain large power generation density, kinematic devices, such as a crank, cam
or ball screw, are generally required in electromagnetic power generators. However,
the mechanical transmission loss in these kinematic devices cause a reduction in
efficiency of electric power generation and the power generator also becomes larger in
size. In addition, although the power density increases, the more permanent magnets
that are used, the lower the efficiency and the higher the cost.

Akazawa et al. [40-43] proposed a new type of free-piston linear electromagnetic
power generator to attain high efficiency and a compact design. Linear systems have
advantages such as low mechanical loss. In particular, the free-piston linear electric
power generator has advantages not only for low mechanical loss but also high
efficiency power generation. In addition, the volume of strong rare-earth magnets in
the power generators can be reduced using the free-piston linear power generator
system. Although the proposed device was originally designed for stirring engine
systems, this technology could improve the efficiency of harvesting energy from
structural vibrations due to its compact design and ability to obtain high power

efficiency.

1.3.3. Tuned Mass Systems for Bridge Vibrations

Among tuned mass systems, tuned mass dampers could, in particular, satisfactorily
control vibrations when an ideal dynamic balance is achieved between its mass, springs
and dampers [21-23,27]. If a power generator replaced the damper in a tuned mass
damper system and could successfully absorb bridge vibration energy, it would have
the capacity to harvest energy and control bridge vibration simultaneously. Zhu et al.

[85] proposed an application of electromagnetic power generators, namely EM



dampers, for both vibration damping and energy harvesting in buildings. Theoretical
and experimental studies of linear EM dampers was presented. Based on the results,
EM dampers replaced traditional viscous fluid dampers for vibration mitigation of
lightly damped and flexible structures, such as high-rise buildings. Zuo et al. [66,67]
modeled two energy harvesters with tuned mass damper systems, single-mass and dual-
mass systems, and concluded that dual-mass systems provide greater power generation
with an increase in electrical damping if the energy harvester is under forced
excitation, or base displacement excitation is applied. However, in the case of energy
harvesting from vibrations of bridge structures, the forced excitation is from traffic
vibrations and not a forced excitation directly applied to the energy harvester. In
addition, since vibration characteristics of bridge structures depend on vibration
amplitude, it is considered that the vibration characteristics, in small vibration
amplitudes such as a micro-tremor and in large vibration amplitudes such as traffic of
large vehicles or earthquakes, significantly differ [48,49]. Consequently, it is difficult
to achieve effective vibration control on real bridges in addition to harvesting energy.
For the above reasons, an effective model and practical design method for bridge

vibration energy harvesting has yet to be established.

1.3.4. Monitoring System of Bridge Structures using Energy Harvesting

A prototype monitoring system using a piezoelectric device and an electric circuit
was developed and examined at an existing bridge by Yoshida et al. [8,9]. The aim was
to obtain electricity from train-induced vibrations of the actual bridge. Not only were
advantageous shapes and materials of piezoelectric power generators examined,
electric circuits, for effectively harvesting energy from train load induced vibrations
of bridge structures was also examined. The generated electric power when trains pass
through the bridge was demonstrated. In addition, based on the experimental results, a
prototype monitoring system was proposed. The prototype system demonstrated
measured and transmitted data five times with the power generated from bridge
vibrations induced by a train composed of ten cars, and the train received this
transmitted data wirelessly. Yoshida’s study demonstrated that it is possible to harvest
electricity from railway bridge vibrations and transmit small monitoring data

wirelessly.



Although vibration-based energy harvesting for supplying electric power to
structural health monitoring systems is of growing interest, generated voltage signals
have yet to be practically used. Yamaguchi et al. [11] developed a new passive type
vibration velocity sensor by using the power generation characteristics of vibrated
electret. Based on the findings in a numerical simulation, a vibration velocity sensor
using an electret electrode structure was proposed. As a basic experimental result, a
relationship between generated voltage per unit velocity and frequency was obtained
as transfer functions for converting voltage signals to velocities. Finally, experiments
of voltage signal responses from vibration of an existing bridge were carried out to
examine the applicability of the proposed sensors. Yamaguchi’s study demonstrated a

new use of energy harvesting from vibrations of bridge structures.

1.4. Outline of this Dissertation
The research objectives are discussed in the five main chapters respectively as

outlined below (Figure 1.4).

Chapter 1.  Introduction

Background, related research, purpose and objectives were discussed.

Chapter 2.  Investigation on Characteristics of Electro-Mechanical Systems
In order to develop an advantageous design of energy harvesters for vibrations of
bridge structures, electro-mechanical characteristics of a Tuned Mass Generator
(TMG) were investigated. Advantages of dual-mass systems over single-mass

systems were evaluated for power generation from vibrations of bridge structures.

Chapter 3.  Proposal of Tuning Design Method
The tuning design method of TMG for efficient energy harvesting of vibrations
from bridge structures has been proposed. Based on parametric studies, the effect
of parameters on robustness regarding frequency change and tuning errors was

determined.



Chapter 4. Trial Applications of TMG to an Actual Bridge
TMG was designed and developed for application on an actual bridge. The
characteristics of power generation from bridge vibrations were investigated and

discussed.

Chapter 5. Efficiency Enhancement of Power Generators for Energy Harvesting
In order to improve the applicability of TMG, electromechanical structure of a

power generator for efficient energy harvesting was considered and developed.

Chapter 6.  Proposal of Uses of the Developed Energy Harvesting System
Based on the findings in the previous chapters, a practical use of TMG for
monitoring systems of bridge structures has been proposed and its capability is

experimentally verified.

Chapter 7. Conclusion and Recommendations
The results of each chapter are summarized in this chapter. Based on the findings
obtained in this study, recommendations for an efficient energy harvesting system

and practical use of the developed TMG are proposed.
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Chapter 2

Investigation on Characteristics of Electro-

Mechanical Systems

Abstract
In this chapter, advantages of dual-mass systems over single-mass systems for
power generation from vibrations of bridge structures have been theoretically
investigated. Results from the theoretical study show that for effectively using
harvested energy for charging, it is essential to consider the robustness against
changes in the electric damping, and dual-mass systems were found to
successfully demonstrate this ability. Moreover, it was found that dual-mass
systems have advantages over single-mass systems for robustness against

tuning errors and changes in natural frequencies of bridges.
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2.1. Overview

To date, tuned mass damper systems have been found to satisfactorily control
bridge vibration when an ideal dynamic balance is achieved between its mass, springs
and dampers. If the damper in a tuned mass damper system was replaced with an
electromagnetic power generator and could successfully absorb bridge vibration
energy, it would have the capacity to harvest energy. However, one problem of
harvesting energy from bridge vibration is that the natural frequency of bridges is
generally much lower than the mechanical vibrations which have so far been the main
target of energy harvesting. Another factor to be considered is that large-scale energy
is expected in vibrating bridge structures [72,73], and so energy harvesters should be
capable of extracting large power from low-frequency and low-velocity oscillations.

Zuo et al. [66,67] modeled two energy harvesters with tuned mass systems, namely
a single-mass and a dual-mass system, and concluded that dual-mass systems provide
greater power generation with an increase of electric damping if the energy harvester
is under forced excitation, or base displacement excitation is applied. However, in the
case of harvesting energy from bridge vibrations, the forced excitation is from traffic
vibrations and is thus not a forced excitation that is directly applied to the energy
harvester. It is therefore still controversial as to whether a single-mass system or a
dual-mass system is more efficient for harvesting energy from bridge vibrations. Due
to the above reasons, an effective structural system to harvest energy from vibrations
of bridge structures has yet to be established.

In this chapter, characteristics of electro-mechanical systems of an energy
harvester for vibration of bridge structures has been investigated when using both
single-mass and dual-mass systems. It was concluded that an energy harvester using a
tuned dual-mass system was more advantageous and this system along with an
electromagnetic power generator, named hereafter Tuned Mass Generator (TMG), has
subsequently been proposed. In addition, the characteristics of TMG have been
theoretically explained to investigate how TMG can achieve greater power generation

from vibrations of bridge structures.

14



2.2. Theoretical Explanation of Single-Mass and Dual-Mass
Systems

2.2.1.Single-Mass Vibration Energy Harvesters

Figure 2.1 shows a single-mass vibration energy harvester, where mass my is
connected to the bridge mass M with spring k; and an electromagnetic power generator
is installed. F(t) is the excitation force, F, (t) is the damping force by the
electromagnetic power generator. Bridge mass M is connected to the base with an
equivalent spring K and a damping coefficient Cy,. x(t) and X(t) express the
displacement of the mass m; and the bridge mass M. As shown in Figure 2.2, an

equivalent circuit is introduced to represent the linear generator and is formularized as

L$+ rl () + RI(t) = E(t) (2.1)

where L is the inductance [H], r is the internal resistance [Q], R is the resistance of the
circuit [Q], l'is the current [A] and E is the electromotive force [V]. Based on Faraday’s

law, the electromotive force E(t) has been defined as

_y X
E(t) - kemf dt (22)

in which k¢ is an electromotive force coefficient [Vs/m], and dx(t)/dt is the velocity
of the moving part of the electromagnetic power generator. The damping force by

electromagnetic power generator Fe(t) is formularized as
Fe(t):kemf I(t) (23)

Harvested electric power and electrical loss from electromagnetic power generators is
expressed as

W(E)=RIZ(t), W (t)=r12(t) (2.4)
The total electric power generation [VA or Nm/s] from combining the above, and

considering the electromagnetic power generator to include equivalent damping is
Wtotal (t):(ceh +Ce| )X12 (t) (25)
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where x is the velocity, and Cen and Ce are damping coefficients due to harvested
electric power and electrical loss respectively. These equivalent electrical damping

coefficients can be defined as

2 2
Ceh — I(emf L, Ce| — kemf ; (26)
r +R,) r @+R,)

where R, =R/ T is the resistance ratio. Equation (2.6) demonstrates that the equivalent
electrical damping coefficients increase when the resistance ratio R, decreases. The
ratio of harvested electric power to total electric power generation, which the
electromagnetic power generator absorbs, is hereafter called converting ratio and is

formularized as

Ceh

h= (2.7)
Ceh +Ce|
Next, the power factor of the electric circuit is introduced as follows
Pf _ 1+ Rr (28)

JE2+(@+R, )

where L, =wL /r is the impedance ratio. Thus, the resistance ratio R, and L, can be
expressed, using the converting ratio h and power factor Py, as

R, = i (2.9)

h -1
" 1-h’ r 1-h

When subjected to forced excitation F(t) = Fgsin(wt) as shown in Figure 2.1, the

governing equation for the vibration energy harvester is expressed as

ky(x, (1) - X (1) =-F.(t)
k

(a(t)= X 1)+ KX (1)+Cy X ()= F )+ F(t)

mlx'l(t)—‘r

wos (2.10)

X
X

The following non-dimensional quantities are introduced.

o= Cy o= C, y—& 7_\/K/M Lo @
"odMekT T 2 mk T M kg, JK/M

where ¢, is the damping ratio of the bridge, ¢, is the equivalent damping ratio due to
the electric load, x, is the mass ratio, y, is the frequency ratio, and 1 is the normalized
excitation frequency. The equivalent damping coefficient due to the electric load ¢, is

formularized as follows
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ki¢ 1+R
c, =—= r 2.11
Coor LP+@+R) ( )

Dimensionless displacement X is defined as the ratio of displacement to static

displacement X, as follows

x()=2X0_ Xt (2.12)

The following dimensionless harvesting power can also be introduced as

W(t):% (2.13)

When the excitation force F(t) in equation (2.10) is harmonic, the corresponding
transfer function of the current Gl; and the displacement GX; can be formularized by

using the Laplace transform as follows

- M Ko - 41, - S°
O L E 0] 06) 4,6 464,06 (214
le(s): kesz '5+d1(5)'d2(5) (2.15)

Kz -51d,(5)+ dy(s)}+dy(s)-d, (s)- da(s) -4 (s)

Where

In order to consider the characteristics of single-mass vibration energy harvesters for
energy harvesting and vibration control, steady-state harvesting power and vibration
amplitude responses with various electric damping ratios ¢, are obtained as shown in
Figure 2.3 and Figure 2.4. If the bridge damping ratio ¢y is 0.02, and the mass ratio
K415 0.0011 (1.1 %0), the value of mass ratio is equal to the total mass ratio of dual-
mass systems mentioned in the next chapter. If the bridge damping is low or the mass
ratio &, is high, the efficiency of energy harvesting and vibration control increases.
The dashed line in Figure 2.3 shows the electric damping ratio, where the maximum
harvesting power response is indicated by the red point. The dashed line in Figure 2.4
shows the electric damping ratio where the minimum value of local maximum vibration

amplitude response is indicated by the blue point. These two electric damping ratios
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are not equal, as the appropriate design of parameters is for energy harvesting or
vibration control. Figure 2.5 and Figure 2.6 show the response of harvesting power
and vibration amplitude, respectively. The responses are sensitive to the tuning of
electric damping ratio ¢ hence the efficiency of energy harvesting drops with the

slightest change in .

2.2.2.Dual-Mass Vibration Energy Harvesters

Figure 2.7 indicates a dual-mass vibration energy harvester, where two masses m;
and M, are connected in series with springs K; and k,. An electromagnetic power
generator is installed between the two masses. F(t) is the excitation force, F¢(t) is the
damping force by the electromagnetic power generator. Bridge mass M is connected to
the base with an equivalent spring K and a damping coefficient Cu. x1(t), X2(t) and X(t)
express the displacement of the mass My, mass My and the bridge mass M. When
subjected to forced excitation, the governing equations for the vibration energy
harvester can be expressed as

=my%, (£)+k, (%, (t) -, (1)) = ~F. (t)
my % (£) + k4 (3, (£) = X () +k (%, (1) - %, (t) = +Fe ) (2.16)

MX (t) -k, (x, (t)— X (t))+ KX (t)+ C,, X (t)= F(t)

In addition, the following non-dimensional quantities are defined as follows

m, ke /m, C,

é’ez =

SN 2 Jm, -k,

where 4, is the mass ratio, y, is the frequency ratio, and ¢, is the electric damping

X
X

ratio of the dual-mass system. When the forced excitation F(t) in equation (2.16) is
harmonic, the corresponding transfer function of the current Gl, and the displacement

GX, can be formulated by using the Laplace transform as follows

—S* KM Ko 117 - 151 7¢
ds(s)'de(s)_ K®-pif 1y} 'dl(s)'dz(s)+ Keny 's_ds(s)'d4(5)

Gl,(s) = (2.17)

dg(5)-d4(s) (2.18)

BX{8)= da(s)'ds(s)_ K2 1y 'dl(s)'az(s)"'kesz .s—d3(s)~d4(s)

Where
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dy(s)=r (s VMK -L, /2 +R, +1]

dy(8)=M sy -ty -S* + Kyt - 3 1y

dy(s)=K+Cy -s+M-s2+ K- gy}
dy(s)=dy(s)-K* gl - 13 - 73 17 +2-5- Kok - gy~ 443 -3 1y
dy(s)=M -1, 5% + K (a1, 177 + 11y 11, 72 1 72)

dg(5)= ki -5-(d,(5)+d5(s))+dy(s)-d, (s)-ds(s)

To consider the characteristics of dual-mass vibration energy harvesters for energy
harvesting and vibration control, steady-state harvesting power and vibration
amplitude responses with various electric damping ratios ¢, have been demonstrated
as shown in Figure 2.8 and Figure 2.9. If bridge damping ratio ¢y is 0.02, and mass
ratio #; and 4, are set to be 0.001 and 0.1, the total mass ratio of dual-mass systems is
equal to the mass ratio of single-mass systems 0.0011 (1.1 %o). If bridge damping is
low or the mass ratio 44 is high, the efficiency of energy harvesting and vibration
control increases. The dashed line in Figure 2.8 indicates the electric damping ratio,
where the maximum harvesting power response is indicated by the red point. The
dashed line in Figure 2.9 shows the electric damping ratio, where the minimum value
of local maximum vibration amplitude response is indicated by the blue point. These
two electric damping ratios are not equal; in other words, the appropriate design of
parameters for energy harvesting or vibration control is similar to single-mass systems.
Figure 2.10 and Figure 2.11 show the response of harvesting power and vibration
amplitude, respectively. The responses are less sensitive against the tuning of electric
damping ratio {;; compared to single-mass systems namely the efficiency of energy

harvesting does not drop with a slight change in electric damping ratio.

2.3. Comparison between Single-Mass and Dual-Mass Systems

To consider the unstable bridge vibration, the electric power response spectrums
of dual-mass systems and single-mass systems are shown in Figure 2.12 and Figure
2.13. The displacement response spectrums are shown in Figure 2.14 and Figure 2.15.
The response spectrums in 2% and 4% reduce of 7; are shown in these figures. As

shown in Figure 2.12 and Figure 2.13, the peak value of electric power response
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reduces when 7, reduces. To adapt this phenomena, the tuning of the mass or springs
can be considered. However, it is difficult to tune these parameters on the field. The
tunable parameter of single mass systems is only the electric damping ratio of the
electromagnetic power generator .. Meanwhile, only the peak value can be changed
by tuning electric damping ratio ¢, the frequency cannot be tuned. Therefore, this
method is not effective to adapt TMG to the unstable bridge vibration. On the other
hand, the parameters of second mass in dual-mass systems, such as mass ratio £, and
frequency ratio 7, are available to tune on the field. The frequency which gives the
peak value can be shifted by tuning the mass ratio 4, and the peak value can be tuned
by the frequency ratio 7, or electric damping ratio ¢.. Figure 2.16 and Figure 2.17
show the tuned frequency response spectrum of the power generation and the
displacement by changing the combination of 7, and 4,. Generally, it is hard to tune
parameters exactly same as the designed values. Therefore, the robustness against
tuning errors is important. As a consequent, the dual-mass systems have an advantage
over single-mass systems for the applicability of tuning parameters.

From the results obtained in this chapter, a vibration energy harvester using a dual-
mass system, named Tuned Mass Generator (TMG) has been deemed most appropriate

for this study.

2.4. Summary

Based on the aforementioned researches and issues encountered in this chapter, an
energy harvester, using a tuned dual-mass system and electromagnetic power generator
(or transducer), named hereafter Tuned Mass Generator (TMG), has subsequently been
proposed. In addition, the characteristics of TMG have been theoretically explained
for energy harvesting to achieve greater power generation from bridge vibrations. The
findings from this chapter are summarized below.

(a) The electromagnetic power generator is represented by an equivalent electric
circuit for modeling TMG. The corresponding transfer function of the power
generation and the displacement can be formulated by using Laplace transform.

(b) In dual-mass systems, the efficiency of energy harvesting does not drop with a
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slight change in electric damping ratio as in the case of single-mass systems.
Consequently, dual-mass systems have an advantage over single-mass systems
for effectively using harvested energy for charging.

(c) The appropriate design of parameters for energy harvesting or vibration control
is different for single-mass and dual-mass systems. The balance between the two
designs can be controlled by changing the electric damping ratios of the
electromagnetic power generator.

(d) Robustness of TMG against tuning errors is important. Accordingly, dual-mass
systems have an advantage over single-mass systems for the applicability of
tuning parameters.

Dual-mass systems have several advantages over single-mass systems for power
generation, such as efficiency of harvesting energy in charging and robustness of
tuning. Based on this finding, a bridge vibration energy harvester using a dual-mass
system, named Tuned Mass Generator (TMG), has been proposed and will be further

enhanced to enable TMG to harvest energy.

21



Single-mass
harvester

N/

Bridge <

Figure 2.1

my :
kl Fe(t)
M

1

K e,

S S S S S

Analysis model of single mass systems

I(t)

S —

Electromagnetic

L

transducer

Figure 2.2

22

Electric circuit



0.1

Single-Mass

0.05¢

Figure 2.3 Harvesting power W, response of single mass systems with
various electric damping ratios (0 < {, <5)
0.1 ——
N o |Single-Mass
,9 =1 s |
i ® p1, =0.0011 |
¢\, =0.02
A o
0.05¢ T AN
> = °
| @
\\ﬁ
~
SRR b o BT
0095 1 1.05
Figure 2.4 Bridge vibration displacement X, response of single mass

systems with various electric damping ratios (0 < ¢, <5)

23



ized excitation frequency A
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Figure 2.14
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Figure 2.16
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Chapter 3

Proposal of Tuning Design Method

Abstract

In the previous chapter, advantages of dual-mass systems over single-mass
systems for power generation from vibrations of bridge structures were
explained. Based on the results, a bridge vibration based energy harvester
using a tuned dual-mass system and electromagnetic power generator, named
Tuned Mass Generator (TMG), has been proposed. In addition, characteristics
required to design TMG have been formulated using an equivalent electric
circuit of an electromagnetic power generator. In this chapter, a multi-physics
parameter design method has been developed to tune TMG. Results from
parametric studies show that for effective energy harvesting, first, it is
essential to determine the relationship between the required characteristics for
the electromagnetic power generator, and second, that TMG requires a robust
parameter design for uncertain bridge vibrations, accuracy of assembling

TMG and tuning errors.
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3.1. Overview

In the previous chapter, characteristics of energy harvesters using tuned mass
systems have been formulated using an equivalent electric circuit of a linear
electromagnetic power generator. In addition, advantages of dual-mass systems over
single-mass systems for power generation from vibrations of bridge structures were
investigated. Based on the findings, a bridge vibration energy harvester using dual-
mass systems and an electromagnetic power generator, named Tuned Mass Generator
(TMG), has been proposed. However, an appropriate tuning design is necessary to
enable the most effective performance of TMG for power generation from the
vibrations of bridge structures.

In this chapter, effects of parameters on energy harvesting were investigated for
efficient energy harvesting from bridge structural vibrations. In addition, a multi-

physics parameter design method has been developed to tune TMG.

3.2. Effects of Parameters on Energy Harvesting in Dual-Mass
Systems

In order to evaluate the effect of parameters on the efficiency of energy harvesting,
first, the energy flow of the bridge-TMG vibration system was considered. Figure
3.1(a) and Figure 3.1(b) show the energy flow in a bridge-TMG model for every
vibration cycle. A part of the bridge vibration energy flows into the main mass of
TMG (A) in mechanical form, although the damping from bridge structures (O)
dissipates the main part of bridge vibration energy. In the mechanical domain, the
vibration energy of the main mass flows into the second mass (E), where some of the
energy continues to cycle as the vibration of the main mass (M), while some
mechanically dissipates (C). The electromagnetic power generator converts some of
the mechanical energy into electrical energy (D and F). In the electrical domain, some
electrical energy is harvested (J), while the remaining electrical energy is converted
into thermal energy from the internal resistance of the electromagnetic power

generator (H), or continues to cycle as reactive energy (I).
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The sole target of this study is energy harvesting. In order to maximize the
efficiency of energy harvesting, there are three possible options. First, increase the
energy flow into TMG (A), second, increase the transducing energy from the
mechanical domain to the electrical domain (D and F), and thirdly, increase the power
factor or converting ratio of electrical energy to energy harvesting (H, |1 and J). The
energy flow into TMG increases with an increase in the mass ratio u;. When using the
same mass ratio, an appropriate frequency ratio exists to maximize the energy flow.
In order to increase the transducing energy from the mechanical domain to the
electrical domain, an appropriate electrical damping for the electromagnetic power
generator should be designed.

The electric circuit and characteristics of the electromagnetic power generator
design the converting ratio of electrical energy. For the aforementioned reasons,
frequency ratios and electrical damping ratio are considered as the key parameters
that need tuning, whereas the mass ratio y, is fixed as 0.001 (1 %o). The mass ratio
was designed by considering watt-order power generation from bridge structural
vibrations. The damping ratio of a bridge ¢, is fixed as a generally used value of 0.02.
The power factor and converting ratio predominantly depend on the specifications of
the electromagnetic power generator; if the power factor and converting ratio take a
maximum value, all electrical energy is harvested. The power factor can become the
maximum using the power factor correction (PFC) circuit. The PFC circuit uses a

phase advanced capacitor and its capacitance C" is designed as follows

c' = (3.1)

where w is the angular frequency [rad] and L is the inductance of the coil in the
electromagnetic power generator [H]. As previously shown in equation (3.1), the
converting ratio cannot become 1 except for in extreme cases where the internal
resistance r = 0 or resistance R = . Considering general cases, the power factor and
converting ratio are fixed as 1 and 0.8, respectively.

To analyze the influence of parameters on the efficiency of energy harvesting,
parametric study was conducted. First, a frequency response of power ratio based on
the response function in equation 2.13 and equation 2.17 in Chapter 2 was

calculated where parameters were designed as follows: u, =0.1, y, =0.948, y, = 1.4,
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{,=1. These parameters were designed using the parameter design method as
mentioned next. Next, parameters were varied from this combination of parameters.
The normalized cross-correlation coefficient of harvesting power response with a lag

of zero was introduced as follows

S w0
R

R, (0) (3.2)
where normalized excitation frequencies 4, A, are in the range of —oo <2} <A <]y, < +ox0,
W is the harvesting power response in dimensionless form, and W, is the harvesting
power response with u, =0.1, y, =0.948, y, =1.4, {, = 1.0, named Al. The closer the
normalized harvesting power response W gets to W,, the closer the normalized cross-
coefficient of harvesting power response with a lag of zero gets to the value of 1.

Figure 3.2 shows the normalized cross-correlation coefficient of harvesting
power response with a lag of zero, for various electric damping ratios ¢, and frequency
ratios y,. The normalized cross-correlation coefficient with a lag of zero has one
maximum value at Al. In Figure 3.2, B1 shows the value with ¥, = 1.4 and {,=0.5,
C1 shows the value with y, =0.95 and {, = 1.0, and D1 shows the value with y, =0.95
and ¢, = 1.6. Other parameters, u, = 0.1 and y, =0.948, are fixed. Figure 3.3 shows the
frequency responses of power ratio of the four cases, Al, B1, C1 and D1. As shown
in Figure 3.2, the normalized cross-correlation coefficient with a lag of zero is
obtained almost the same as the maximum value when the combination of parameters
corresponds to the dashed line (D1 is an example case), whereas the harvesting power
value decreases when the combination of parameters moves away from the dashed
line (such as B1 and C1). Consequently, the appropriate combination of parameters ¢,
and y, gives almost the same harvesting power response as the maximum response,
although only one combination of parameters exists to maximize the efficiency of
energy harvesting. Fundamentally, it is practically impossible to tune parameters to
be identical to the designed values, yet this characteristic can be used to minimize the
tuning error through an appropriate combination of parameters.

Figure 3.4 shows the normalized cross-correlation coefficient with a lag of zero
for various combinations of mass ratio «, and frequency ratio y, parameters. A2 is the

case when the harvesting power response in dimensionless form with x,=0.10,
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y, =0.948, y, =13, {, = 1.0. The normalized cross-correlation coefficient with a lag of
zero has one maximum value at A2. B2 shows the value with x, =0.12 and y, = 0.948,
C2 shows the value with u,=0.10 and y, =0.938, and D2 shows the value with
u, =0.12 and y, =0.938. Other parameters, y, =1.3 and {, = 1.0, are fixed. Figure 3.5
shows the frequency responses of power ratio of the four cases, A2, B2, C2 and D2.
As shown in Figure 3.4, the normalized cross-correlation coefficient at a lag of zero
takes almost the same maximum value when the combination of parameters
corresponds to the dashed line, whereas the harvesting power value decreases when
the combination of parameters moves away from the dashed line. Therefore, if the
appropriate combination of parameters x, and y, are used a harvesting power response
almost the same as the maximum response can be obtained. However only one
combination of parameters can maximize the efficiency of energy harvesting. Precise
tuning of x, is comparatively less difficult than tuning of y, since there is a limitation
in the variety of springs or the size of the main mass m;. From these parametric studies,
the parameters y,, y, and ¢, were determined as the parameters to be designed, while

u, is fixed as 0.1.

3.3. Multi-Physics Parameter Design Method for Power
Generation

Since the natural frequency of bridges is uncertain due to many factors, including
traffic conditions and temperature [4,44-51], the purpose of multi-physics parameter
design is to maximize power generation and ensure robustness against changes in
vibration frequency. Figure 2.7 showed the analysis model. All input and output
parameters have been transformed into dimensionless form, and thus any reference to
parameters or outputs henceforth are dimensionless. Harvesting power response in
steady-state vibration is obtained by changing the frequency ratios 71, ¥, and the
equivalent electrical damping ratio ¢. In this study, it has been proposed that to ensure
robustness against changes in vibration frequency, the amplitude of harvesting power

response W in equation (2.13) must satisfy the minimum amplitude of harvesting
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power W, in the range between the normalized excitation frequencies 4 and 4, using
the constraint function. Similarly, the harvesting power response must maximize
electric power generation when 4 = 1, using the objective function. The constraint

function and objective function are defined as follows

Ql:min(vv(}’ll%-é/ev/ljizi,,zh) (3.3)

G, :Vv(71:711§e1/11/1=1 (34)

The balance between robustness and peak power generation can be adjusted through
the constraint function Q,. Figure 3.6 shows some harvesting power responses using
the constraint function equation (3.3) and objective function equation (3.4), with
different parameters. Normalized excitation frequencies 4;, 4y and minimum power
generation W; can be modified depending on the purpose of energy harvesting. Figure
3.7 shows the sequence of the proposed design method. For various combinations of
the aforementioned parameters, 7;, 7, and {, the harvesting power spectrum is
calculated by reiterating the sequence of the presented analysis procedure. This
sequence of iterations is continued until the maximum objective function G; is
obtained. The parameters are designed to maximize the objective function G; by using
a Sequential Quadratic Programming (SQP) method. SQP method can be considered as
a generalized version of Newton’s method, and it is one of the most effective methods
for nonlinear constrained optimization problems. However, various local maximum
power generation were found for various combination of parameters by only applying
the SQP method. In this study, not only by using SQP method, but also by using the
proposed objective function G; by considering the upper and lower limits of electric
damping, a local maximum value equal to a global maximum value can be found. The
distribution of G; using variations of the three tuning parameters 7y, 7, and ¢ is shown
in Figure 3.8(a) to demonstrate the local maximum value. Figure 3.8(b) shows the
upper view of the three-dimensional Figure 3.8(a). As shown in Figure 3.8(b), the
local maximum values of G; have a wide distribution range when the electric damping
ratio ¢, is modified. However, when the electric damping ratio is low, the density of
G1 which satisfies the constraint function Ql is also low. In other words, if the electric

damping & is low, the efficiency of energy harvesting is highly sensitive to tuning
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errors, and can drop with the slightest change of tuning parameters (Figure 3.8(b)). It
is therefore essential to consider robustness not only against changes in vibration
frequency, but also against tuning errors, hence, the electric damping ratio should be
high. Nonetheless, the converting ratio decreases if the electrical damping ratio
increases when a fixed value of electromotive force coefficient Kems is used. Thus,
robustness against tuning errors (or changes of tuning parameters) and efficiency of
energy harvesting have a trade-off relationship. Upper and lower limits of electric
damping and converting ratio can be used to design the balance of this trade-off

relationship.

3.4. Multi-Physics Parameter Design Method for Energy Storage

The purpose of multi-physics parameter design regarding energy storage is to
maximize energy storage and ensure robustness against changes in vibration frequency.
Figure 3.9 shows the electric circuit for storing energy into a battery (capacitor).

Equations for this electric circuit are derived as follows.
£t)=ri(t)+ L 90 [E1)>0
dt | E(t)>0

EE(t)>°} (3.5)

Where

E'(t)=|E(t)-V,(t)-V,
l t
Vb(t):E_ﬂl(t]dHVb(O)
0
Where E(t) is the electromotive force, E'(t) is induced voltage to the battery, Vp(t)
is the battery voltage, Vq is the voltage dropped by diodes in a rectifier circuit, I(t) is
the current, r is the internal resistance of a coil of the power generator, L is the self-
inductance of the coil and C is the capacitance of the battery. If the capacitance C is

enough large, a change in battery (capacitor) voltage is negligible; the battery voltage
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can be treated as a fixed value. The electric circuit experiences energy loss caused by
the internal resistance r, and the diode’s voltage drop Vg. The reactive energy generated
from coils of the electromagnetic power generator does not charge any energy to the
battery; it keeps cycling the energy in the electric circuit. The critical vibration
frequency of bridges usually has low natural frequency, hence, the diode’s voltage
drop Vq4 can be simplified as a fixed value in low-frequency circuits. The dimensionless
parameters are defined as follows.

emf kesz

- D - C:—
"ORer "ORer ©o2rfk, m,

Where B; is the battery voltage ratio, and D, is the diode’s voltage drop ratio. The

B _Vb'kemf Vd'k

following non-dimensional quantities were also introduced.

VA
W,=—b — (3.6)
RKM

\V/ @ 2z
W, = ——— " [ A(t)dt (3.7)
FAVK-M 27 5 0

where W, is the harvesting power response when battery circuits are used, W, is the

route mean square value of harvesting power response, and the current to the capacitor
is corrected to A(t) = |I(t)| by the rectifier. All input and output parameters have once
again been made into dimensionless form, and thus any reference to parameters or
outputs henceforth are dimensionless. In the case of energy storage, the route mean
square value of harvesting power is more important than amplitude, unlike power
generation. The route mean square value of harvesting power response in steady-state
vibration is obtained by changing the frequency ratios y,, y,, and the battery voltage
ratio B,. In this study, it has been shown that to ensure robustness against changes in
vibration frequency, the root mean square value of harvesting power response in
steady-state vibration W, must satisfy the minimum power W in the range between
the normalized excitation frequencies, A, and A, using the constraint function.
Concurrently, the spectrum for power generation must maximize electric power
generation when 4 = 1, using the objective function. The constraint function and

objective function for energy storage are defined as

Q, :min(VV_,ms(yl,}/l,B,JLL:AM”) (3.8)
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G, =W (71,71, Br A) 2 (3.9)
The balance between robustness and route mean square values of harvesting power
can be adjusted through the constraint function Q,. Normalized excitation frequencies
A1, A4, and minimum power W, can be modified depending on the purpose of energy
harvesting. Figure 3.10 shows the sequence of the proposed design method. For
various combinations of the aforementioned parameters, y,, y, and B,, the harvesting
power response is calculated by reiterating the presented sequence of analysis. This
sequence of iterations is continued until the maximum objective function G, is
obtained using the SQP method. In general, by this method a local maximum value of
G,, equal to a global maximum, could be found. Therefore, as shown in Figure 3.11(a),
varying the three design parameters y,, y, and By, influences the distribution of G,.
Figure 3.11(b) shows the side view of the three-dimensional Figure 3.11(a). These
figure enables a better comprehension of the local maximum. As shown in Figure
3.11(b) the local maximum values of G, have a distribution range between the
frequency ratios y, and y,. However, if the battery voltage ratio B, is high, the density
of G, which satisfies the constraint function Q, is low. In other words, the efficiency
of energy harvesting is highly sensitive to tuning errors. Conversely, as shown in
Figure 3.11(a), if the battery voltage ratio is low, the robustness against tuning errors
of y, or y, increases, while the harvesting power response becomes highly sensitive to
changes in B,. Fundamentally, the battery voltage ratio B, is variable as it depends on
the amplitude of forced excitation Fy. It is vital to consider robustness against not
only changes in vibration frequency, but also against tuning errors, and against
changes in B,. Therefore, robustness against tuning errors of y, or y, and changes in
B, are a trade-off relationship. Upper and lower limits of the battery voltage ratio can

be designed to balance this trade-off relationship.

3.5. Summary

Effects of parameters on energy harvesting have been investigated for efficient

energy harvesting from bridge structural vibrations. To achieve the efficient energy
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harvesting, three important factors were revealed. First, increase the energy flow into
TMG, second, increase the transducing energy from the mechanical domain to the
electrical domain, and thirdly, increase the power factor or converting ratio of
electrical energy to energy harvesting. In addition, a multi-physics parameter design
method has been developed to tune TMG. Results from parametric studies have shown
that for effective energy harvesting, first, it is essential to determine the relationship
between the required characteristics for the electromagnetic power generator, and
second, that TMG requires a robust parameter design for random bridge vibrations,
accuracy of assembling TMG and tuning errors.

It should be noted that there is also the potential for the proposed TMG to be
further developed so that nonlinear characteristics of the energy harvester during

charging can be controlled under variable bridge vibrations due to heavy traffic.
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Figure 3.2 Distribution of harvesting power responses of the dual-mass
system for various combinations of y, and ¢,
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Figure 3.3 Harvesting power responses of the dual-mass system for
different combinations of y, and ¢,
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Figure 3.4 Distribution of harvesting power responses of the dual-mass
system for various combinations of y, and ,
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Figure 3.5  Harvesting power responses of the dual-mass system for
different combinations of y, and 4,

43



Figure 3.6
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Figure 3.8(a) 3D view of distribution of amplitude of W with variations of
three design parameters y,, y, and ¢,
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Figure 3.8(b) 2D view of distribution of amplitude of W with variations of
three design parameters y,, y, and ¢,
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Figure 3.11(a) 3D view of distribution of amplitude of W, under variations of

three design parameters y,, y, and B,
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Figure 3.11(b) 2D view of distribution of amplitude of W, under variations of
three design parameters y,, y, and B,
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Chapter 4

Trial Applications of TMG to an Actual Bridge

Abstract
In this chapter, a prototype TMG was developed. To investigate the
configuration of TMG considering the performance of energy harvesting, first,
an application procedure and installation location of TMG were considered,
and next, a tuned mass generator was applied to an actual expressway bridge.
According to the experiments on the existing bridge, it has been demonstrated
that TMG can generate electric power on a watt scale, which is required for
the structural health monitoring of bridges. This indicates that TMG can
compensate for the energy consumed by monitoring systems or other low-
power devices. In addition, the relationship between electric power generation

and the traffic of large vehicles has been investigated.
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4.1. Overview

In the previous chapters, parametric studies demonstrated that for effective energy
harvesting, TMG requires a robust parameter design for uncertain bridge vibrations,
accuracy when assembling the TMG, and tuning errors. To enable the most effective
performance of TMG, a multi-physics parameter design method has been developed.
Consequently, a prototype TMG using a dual-mass system and electromagnetic power
generator has been developed.

In this chapter, to investigate the configuration of TMG considering the
performance of energy harvesting, first, an application procedure and installation
location of TMG were considered, and next, a prototype TMG was applied to an actual
expressway bridge. In addition, it was tested to see whether batteries could be charged
to make use of the energy harvested from the unused reserve of bridge vibrations. If
batteries could be successfully charged, TMG could be used for monitoring systems of
bridge structures. It would therefore be possible to establish sustainable health
monitoring systems which do not require physical access for periodic battery

replacement or power supply construction.

4.2. Target Power Generation and Application Procedure

For health monitoring, bridge structural vibrations are generally measured to
detect conditions of bridge structures. To date, energy harvesting devices from
vibration energy have been developed [9, 13, 14, 28, 39], however, the power
generation level obtained from bridge vibrations has generally been around micro-watt
to milli-watt and is not still satisfied. In this study, to achieve a required power
generation for the monitoring system of bridge structures with the smallest mass ratio,
the aim has been to obtain watt order power generation to supply energy to monitoring
devices. Therefore, TMG was developed as a prototype energy harvester using bridge
vibrations, and the mass ratio of TMG over bridge mass was set as 0.05 %, which is

one order smaller than mass ratios of conventional tuned mass dampers used for
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vibration control of bridge structures. To achieve the target power generation, it is
essential to bring out the ability of TMG by considering an application method of TMG
and vibration characteristics of bridge structures. To evaluate the ability of power
generation from actual bridge vibrations, the efficiency of converting absorbed energy
by TMG to power generation has been investigated.

The proposed application procedure of TMG is shown in Figure 4.1. First, a target
vibration mode of bridge structures and installation locations of TMG were considered.
Characteristics of bridge structures, such as modal masses and modal damping ratios
were then investigated. Next, parameters of TMG were determined through an
experimental evaluation procedure. The parameters of TMG were then tuned using the
proposed parameter design method. Finally, TMG was designed and developed. This
TMG was then applied on an existing bridge to investigate the characteristics of power

generation from vibrations of bridge structures.

4.3. Target Vibration Frequency and Installation location

First, target vibration modes and installation locations of the TMG were examined
to obtain the best performance of the developed TMG. TMG was designed to obtain
electricity for health monitoring systems from vibrations of bridge structures due to
traffic loads of large vehicles. Higher the traffic volume, higher the induced energy.
To discuss the generality of TMG, the traffic volume should therefore be considered.
Dominant vibration frequencies of typical bridges are generally within 1 to 15 Hz on
vertical stringers or main girders. As an example of application to actual bridges, a
trial bridge, which is a 216 meters three span continuous steel truss bridge located on
an expressway in Gifu prefecture, was selected as shown in Figure 4.2. The target
bridge was selected by considering the traffic volume and dominant natural vibration
frequencies of the bridge. The traffic volume of large vehicles is around five to eight
thousands per day, and dominant natural vibration frequencies on the vertical girder of

the bridge occur within 1 to 15 Hz.
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4.3.1. Detection of Natural Vibration Frequency of the Trial Bridge

To detect the natural vibration frequencies of the trial bridge, acceleration
measurements were conducted. A strain gauge based accelerometer (sensitivity:
1 ne.s?/m) was installed one quarter of the way along the first span of the target bridge
(18 m from the start of the bridge) and a 500 Hz logging sampling rate was selected.
The frequency power spectrum density of the bridge vibration acceleration was
obtained as shown in Figure 4.3.

4.3.2. Decision of the TMG Installation Location

To determine an effective TMG installation location for energy harvesting from
vibrations of the bridge, acceleration measurements on the trial bridge were conducted
using two piezoelectric-based accelerometers (sensitivity: 6.42 pC.s’/m). One
accelerometer (named hereafter accelerometer A) was installed 18 m from the bridge
start as a fixed measuring point, and another accelerometer (named hereafter
accelerometer B) was installed onto various measuring locations as shown by the red
points in Figure 4.2, for taking multiple measurements. Accelerometer A is expressed
by the blue point. Target vibrations of TMG are the vertical vibrations of bridge
structures, therefore, acceleration measurements were taken from the central vertical
girders of the bridge. Since vibrations on the first span of the bridge are highest, a
greater number of measuring points were located on the first span compared to other
spans. Acceleration measurements were then taken during two minutes in each
measurement step, with a sampling rate of 256 Hz.

To determine bridge vibration mode shapes, a modal analysis method of structures
vibrating under variable external loadings proposed by Kaito et al. [86] was applied.
First, the first five vertical vibration modes were focused on as they normally have
large vibration energy. The detected five vertical vibration modes are shown in Figure
4.4(a) to Figure 4.4(e). Oscillation amplitudes of the detected vibration mode shapes
were then normalized. From the modal analysis, the vibration mode at 14.2 Hz had the
largest vibration acceleration among the natural frequencies of the target bridge, and
so has been considered as the local structural vibration. To investigate the applicability
of TMG, two vibration frequencies of the bridge were focused on; (a) large vibration
accelerations, (b) a low bridge vibration mode. By considering the tunable range of

TMG (higher than 5 Hz or more), the target vibration frequencies were determined as
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(a) 14.2 Hz and (b) 6.1 Hz. TMG can therefore generate maximum power where the
mode has the highest amplitude. From these results, the TMG installation location has
been decided to be one quarter of the way along the first span of the bridge (18 m from
the bridge start).

In this research, to accurately identify the vertical vibration modes due to traffic
loads, acceleration measurements were taken at multiple locations. However, it should
be noted that for practical use, the number of vibration measurement locations can be

further reduced.

4.4. Modal Mass and Damping

Characteristics of the bridge such as modal equivalent masses and modal damping

ratios were determined to design TMG.

4.4.1. Modal Equivalent Masses
The modal mass of the bridge was calculated using an eigenvector method [87]
which is generally used for modal analysis. Normalized eigenvectors of vibration
modes and a mass matrix are used to calculate the modal mass at a particular location.
In the case of a N degree-of-freedom system as shown in Figure 4.5, the modal mass
of the i-order mode at j point-mass is formulated as follows.
My = X, | M, ) (4.1)
Where, [M] is mass matrix, {X} is the eigenvector of the i-order mode which is
normalized by the j point-mass as follows
{Xij 4 :xijfl{xil,xiz,...,xij,...xiN} (4.2)
In this study, a 21 degree-of-freedom point-mass model was considered. The mass
matrix [M] of the analysis model was created by assuming a uniform distribution of
the total mass of the bridge. The determined vertical vibration modes were used for
eigenvector {Xj}. Using equation (4.1) and equation (4.2), the modal masses at 18m

from the start of the bridge were determined as shown in Table 4.1.
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4.4.2. Modal Damping Ratio

The modal damping ratio was determined using the free vibration in each vibration
mode, using band-pass filters. The modal damping influences the efficiency of energy
harvesting since the bridge damping consumes vibration energy. To evaluate the
harvested energy of TMG, the normal distribution of damping ratios was considered
and the modal damping ratio ¢ (90 %) was determined as the upper limit value. This
ratio was selected for practical analysis of harvesting energy, since the variation below
the average modal damping ratio is advantageous for power generation and is not a
problem. The proportion above the upper limit value is therefore set to be 10 % of the

total. The determined modal damping ratios of the bridge are shown in Table 4.1.

4.5. Determination of Characteristics of TMG

Figure 4.6 shows images of the developed prototype TMG and the power
generator. Figure 4.7 shows the analysis model which consists of a bridge and TMG.
The bridge is expressed by a modal mass M, modal stiffness K and modal damping
coefficient Cy. The TMG model consists of two masses, m; and mz, and the two masses
and the bridge are connected in series with springs ki and k.. When the external
excitation force F(t) is induced to the bridge mass M, displacement of the bridge mass
M is expressed by X(t). x:(t) and x2(t) indicate the displacement of each mass of TMG.
A power generator is introduced between the two masses m; and my, and the electric
damping force of the power generator is expressed by Fe(t). For effective design of
TMG using the proposed tuning design method in Chapter 3, characteristics of TMG
should be evaluated first. Mechanical and electric experiments for evaluating TMG
characteristics have thus been conducted by using an excitation vibration machine and

an electric circuit.
4.5.1. Mechanical Damping Characteristics of TMG

To evaluate the mechanical damping effect of TMG, the half power method [88]

has been applied. The half power method is a classical method using the experimental
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responses under random excitation forces. The applicable range of the damping ratio

is 10 % or less. The evaluation formula of the damping ratio ¢ is shown as follows.

f, — f
f

p

1
== a 4.3
¢=3 (4.3)

Where f, and f, are the frequencies at -3dB from the peak value of frequency response
spectrum (fa < fp) [Hz], and f, is the resonant frequency [Hz].

A sweep excitation force from 1 Hz to 20 Hz was induced to TMG using the
excitation machine shown in Figure 4.8. The accelerations of the two masses and the
actuator of the excitation machine were then measured. The frequency acceleration
response spectrums were obtained and the mechanical damping were experimentally
evaluated as follows.

¢, =825 Ns/m, c,=118.0 Ns/m

Where, the frequency spectrums used are expressed as follows.

H,(jo) =02y () = 2 ) (4.4)

X(jo) %, (jo)

4.5.2. Mechanical Coil Spring Characteristics of TMG

Regarding the long-term serviceability of TMG systems, it is essential that the coil
spring is used within the allowable deflection range. Therefore, stoppers above and
below each mass were designed to prevent the allowable deflection from being
exceeded. Also, the fatigue life of the coil springs was evaluated using a fatigue
strength diagram for helical compression springs according to JIS B 2704-1 (2009)
[89]. If springs are operated at 80 % of the full stroke, the fatigue life is in the order
of 10% to 10’. In actual bridge vibrations, this level of vibration amplitude occurs
several times per hour. Therefore, if vibration of this level occurs 100 times per hour,

the fatigue life is in the order of ten years or more.

4.5.3. Electric Characteristics of Power Generator
In Chapter 2, the characteristics of power generators were theoretically
explained using an equivalent circuit of a power generator. The equivalent circuit of

the power generator and an external electric load R is shown in Figure 4.9. The power
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generator is expressed by the DC resistance r and the self-inductance L in the
equivalent circuit. The DC resistance r is related to the conversion efficiency when
electric power is generated from voltage induction. The smaller the DC resistance, the
higher the conversion efficiency. AC impedance \/(27rf—|-)2+l’2 is related to the power
ratio, where f is frequency [Hz]. The smaller the AC impedance, the higher the power
ratio. Hence evaluation of the electric characteristics of the power generator is highly

important to achieve the best performance of the power generator.

4.5.4. Electromotive Force Coefficient: Kems

To evaluate the electromotive force coefficient kems, experiments using an
excitation machine were conducted. The sine wave vibration was induced to the
moving part of the power generator from the actuator of the excitation machine. The
induced voltage at the coil of the power generator were measured, and the

electromotive force coefficient was determined using the formula shown as follows.

K, =t (4.7)

Where, Vims is the root mean square value of induced voltage at the coil [V], and Vims
is the root mean square value of velocity of the moving part [m/s]. The velocity of the
moving part was obtained from the displacement signal of the actuator. The

electromotive force coefficient kems has been experimentally obtained as follows.
Kot =250V.s/m

4.5.5. DC Resistance of the Internal Coil: r

To evaluate the DC resistance of the internal coil of the power generator, a
classical method named I-V method was applied. 1-V method evaluates the impedance
of the electric circuit by measuring the current and the voltage. The electric circuit
used in the experiment is shown in Figure 4.10. A voltage source and a shunt resistance
(rs = 40 mQ) were connected in series, where the voltage differential at the internal
coil V1 [V] and the induced voltage at the shunt resistance V. [V] were measured. The

DC resistance of the internal coil was obtained using the formula below.

=g (4.8)
V2
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From the experimental evaluation, the DC resistance of the internal coil has been

obtained as follows.
r=57Q

4.5.6. Inductance of the Internal Coil: L

The self-inductance of the internal coil was experimentally determined by using
the 1-V method. The electric circuit used in the experiment is shown in Figure 4.11.
The AC voltage source and shunt resistance (rs = 40 mQ) were connected in series to
the power generator. The root mean square value of the induced voltage at the power
generator Virms [V] and the detected voltage at the shunt resistance Vams [V] were

measured. The self-inductance of the internal coil L is obtained using the formula

2
L:i VlzﬂRZ_rZ (4.9
@ VZrms

Where, @ is the radial frequency of the AC voltage source [rad/s]. The determined self-

below

inductance of the internal coil L [H] is a function of radial frequency and can be
approximately expressed by the following equation.
L=-0.099log(w)+0.742 H (4.10)

4.6. Parameter Design

To determine the effective parameters of TMG to maximize the power generation
from vibrations of bridge structures, a numerical analysis of power generation was
conducted using the equivalent forced excitations estimated from the acceleration
measurements of the target bridge. The analysis model is shown in Figure 4.7. The
equivalent force was calculated using the proposed method by Taguchi et al. [90].

In this study, the mass ratio of the first mass of TMG to the bridge mode mass is
around 0.05 % with the aim to obtain watt order power generation from bridge

vibration. The weight of the first mass of TMG was therefore determined as 104 kg.
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The damping ratio of the bridge vibration mode was obtained using the measured free
vibration acceleration data of the bridge using a band-pass filter. The mechanical
damping coefficients of TMG were obtained using the half power method. The target
tuning parameters were the frequencies of two masses f;, f, and the electric damping
coefficient of the power generator ce. The parameters aiming to maximize the energy
harvested were determined using the proposed analysis iteration flow shown in Figure
3.7 in Chapter 3. A target frequency range of harvesting energy was 5.7 Hz to 6.1 Hz,
considering the frequency response of the target bridge, and the determined parameters
fz, f;, c. for two target vibration modes are shown in Table 4.2 and Table 4.3
respectively. According to researches on the bridge vibration monitoring [4,50,51],
seasonal changes of natural frequency of bridges are less than 0.1 % (or less than 0.2
Hz). The target frequency range of harvesting energy includes therefore general
seasonal changes of natural frequency of bridges. According to another research on the
bridge vibration monitoring [46], it is considered that the damages on local bridge
structural members, such as fatigue clacks and corrosion, has little influence on
vibration characteristics of whole bridges. Therefore, when TMG is designed to
correspond to a whole vibration mode of bridge structures, the long-term influence by
damages of bridge structures on the harvesting energy can be comparatively smaller

than the influence by seasonal changes of natural frequency of bridges.

4.7. Application of TMG to the Trial Bridge

4.7.1. Experiment for Power Generation

The designed TMG for the two different vibration modes, namely 6.1 Hz and 14.2
Hz, was installed onto the selected location of 18 m from the start of the bridge as
shown in Figure 4.12. To evaluate the characteristics of power generation on the actual
bridge, a one-day experiment was conducted. Regarding the long-term serviceability
of the TMG system, the TMG was covered with an aluminum case to protect it from
weather influences, and the electric circuit was covered with a waterproof and

dustproof housing. The electric circuit for the power generation shown in Figure 4.12
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was used in this experiment. To improve the efficiency of electric circuit, a power
factor correlation capacitor C was introduced in this electric circuit. As shown in
Figure 4.13 and Figure 4.14, the hourly harvested energy was obtained from the
measured voltage generation of TMG. The hourly traffic of large vehicles was also
measured and plotted. The blue line shows the hourly harvested energy, and the bar
chart shows the hourly traffic of large vehicles measured by a traffic counter device
located 1.2 km away from the trial bridge. The results of each target frequency are
explained below.
4.7.1.1. Target Frequency of 14.2 Hz

As shown in Figure 4.13, the average hourly energy harvested in the one-day
measuring period was 2.9 mWh. The maximum power generation was around 0.5 to 2
W when large vehicles passed. This power obtained is several orders higher than
previous vibration energy harvesting in low frequency vibrations [8,9,12-14]. Power
generation is analyzed in further detail in section 4.8.3. The hourly energy harvested
is strongly related to the traffic of large vehicles. As can be seen the peak value of the
energy harvested and traffic of large vehicles occurred at midnight, and the hourly
energy harvested changed with traffic.
4.7.1.2. Target Frequency of 6.1 Hz

As shown in Figure 4.14, The average hourly energy harvested in the one-day
measuring period was 2.9 mWh. The maximum power generation was around 0.5 to 3
W when large vehicles passed. Table 4.4 shows the basic power consumption of
sensing devices and data loggers. The power supply ratio expresses the average power
generation of TMG to the power consumption of sensing devices. TMG can compensate
all electric energy when the power supply ratio is over 100 %. On the other hand, TMG
can only compensate a part of electric energy and extend the service life of sensing
devices when the power supply ratio is less than 100 %. The energy harvested is
planned to mainly charge batteries, and be periodically used to monitor the bridge’s
structural condition. Therefore, the experimentally harvested energy of TMG from

vibrations of bridge structures can satisfy the general use of monitoring systems.

4.7.2. Experiment for Charging Batteries using Harvested Energy
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For effective charging of batteries using harvested energy, it is important to reduce
the two negative effects as follows; (i) charging power loss and (ii) natural discharge
of batteries. (i) Charging power loss is mainly caused by a voltage drop in the rectifier
circuit and internal resistance of batteries. The natural discharge of batteries can be
reduced if the battery voltage is small. Therefore, to increase the charging efficiency
of batteries using the energy harvested, Schottky Barrier Diodes (SBD) were applied
to reduce the voltage drop in the rectifier circuit. In addition, electric double-layer
capacitors (named hereafter super capacitors) were selected as the batteries for this
study since their internal resistance is generally smaller than other batteries. Moreover,
the super capacitors have the advantage of long-term reliability, longer life from charge
and discharge, and larger temperature ranges over a normal capacitor. SBD also have
an advantage in efficiency of rectification over a general-purpose rectification diode
as the voltage drop is lower. The charged energy to the super capacitors was obtained

as follows.
20 =26, 0-v*(©) (4.11)

Where, Cy is the capacitance [F], J(t) is the charged energy [J], V(t) is the capacitor
voltage [V] and V(0) is the initial capacitor voltage. The charging electric circuit used
in the experiment is shown in Figure 4.15. A super capacitor array, witch the
capacitance C, = 80 F, 7.5 V withstand voltage and 38 mQ of DC resistance, was used.
To consider the effect of the natural discharge of the super capacitor array, a natural
discharging experiment was conducted in laboratory. Figure 4.16(a) shows the
charging circuit used in the experiment, and Figure 4.16(b) shows the experimental
results. The voltage drop Vg4 was larger when the capacitor voltage was higher. On the
other hand, the voltage drop rate was constant when the capacitor voltage was less than
around 3 V. The current supplied to the charging electric circuit was in the order of
around 1 to 10 mA, and the voltage drop of the rectifier circuit using SBD was around
0.4 to 0.6 V. The charging experiments to the supper capacitor array were conducted
for each target bridge vibration mode.
4.7.2.1. Target Frequency of 14.2Hz

Figure 4.17 shows the charged electric energy to the super capacitor array with a

blue line. The initial voltage was around 1 V because charging energy loss is higher
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when the capacitor voltage V(t) is near 0 V. As shown in Figure 4.17, the increase in
rate of charged energy was smaller on November 9", 15", 16'" and 22", 2014, because
the traffic of large vehicles was lower. Furthermore, the increase in rate of the charged
energy was higher when the capacitor voltage was lower. On the other hand, the
increase in rate of the charged energy was lower when the capacitor voltage was higher.
One reason is that harvested electric energy is dependent on the capacitor voltage,
hence the efficiency of charging electric energy changes. Moreover, the natural
electrical discharge of the capacitor increases when the capacitor voltage is high. Based
on the natural electrical discharge characteristics of the super capacitor array (Figure
4.16(b)), the natural discharged energy in a charging experiment can be obtained. The
energy harvested by TMG can be expressed as the summation of the charged energy
and the natural discharged energy, as shown by the red dashed line in Figure 4.17. The
increase in rate of energy harvested by TMG was higher when the capacitor voltage
was higher. However, the natural electrical discharged energy increased with an
increase in the capacitor voltage. Therefore, the increase in the charged energy ratio
reduced with an increase in the capacitor voltage. Based on these results obtained in
the charging experiment, the natural electrical discharge effect should be considered
to improve the charging efficiency.
4.7.2.2. Target Frequency of 6.1 Hz

Figure 4.18 shows that the charged energy in the super capacitor array is shown
with a blue line. The initial voltage V(0) was 1.7 V. The total charged energy in the
experiment lasting two weeks was 280 J. The increase in rate of charged energy was
smaller on November 30", December 1%, 6!" and 7t", 2014, because the traffic of large
vehicles was low. The discharged energy from the super capacitor array was obtained,
and the energy harvested by TMG was expressed as the summation of the measured
charged energy and discharged energy, as shown by the red line in Figure 4.18.
According to these results from the charging experiment, the increase in rate of
harvested energy of TMG was higher when the capacitor voltage was around 2 V. The
natural discharged energy increased with an increase in the capacitor voltage.
Therefore, the increase of charged energy ratio reduced with an increase in the

capacitor voltage. Based on the charging experiment results, the capacitor voltage
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could be determined as the parameter to improve energy harvesting and energy

charging.

4.7.3. Efficiency of Power Generation

Figure 4.19 to Figure 4.21 indicate an example of traffic-induced bridge
acceleration, generated voltage and power generation data in time domain, during 30
seconds of the one-day measuring period. The accelerations of the two masses of TMG
were also measured. From these measured data, the energy flow of the bridge-TMG
system was obtained and is shown in Figure 4.22. The maximum generated power was
3.2 W. This power is several orders higher than previous vibration energy harvesting
methods, namely micro-watt to milli-watt orders in low frequency vibrations [10-17].
It is therefore a significant result. The equivalent masses depend on bridge vibration
modes, therefore, band-pass filters were used to separate the first to fifth vibration
modes. The vibration energy in each bridge vibration mode were separately obtained
and summated. As shown in Figure 4.22, the total induced energy from the external
traffic load was 143 J. Most of the energy was dissipated by the bridge’s structural
damping as shown in Table 4.1. 3.3 J or 2.3 % of the total energy was harvested and
converted to electric energy using TMG. This efficiency is two orders higher than the
mass ratio of around 0.05 %, which is another significant result. The energy flow of
each vibration mode are shown in Figure 4.23(a) to Figure 4.23(e), respectively.
Figure 4.24 shows the combined band-pass filters used to separate the vibration modes.
As shown in Figure 4.23, over 99 % of the total electric energy was generated in the
6.1 Hz bridge vibration mode. The absorbed energy using TMG is expressed as the
summation of the consumed energy in mechanical damping (3.0 J) and energy
harvested (3.3 J). The converting efficiency of TMG is around 52 %, which is obtained
by dividing the energy harvested by the total absorbed energy. Hence, TMG could

generate electric energy from more than half of the absorbed energy.

4.7.4. Vibration Energy
To consider the vibration energy of bridge structures, the modal vibration energy
distributions were examined. First, the vibration modes of the bridge were identified,

and second, the vibration energy of each vibration mode was obtained. To identify the
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modal vibration energy distributions, a method using vibration measurements of
bridges was considered. The modal vibration energy distribution has been obtained
using the excitation force due to traffic loads. This method was proposed by Taguchi
et al. [90] and to evaluate the modal vibration energy from traffic loads, bridge
characteristics such as modal mass and damping were used (Table 4.1).

The modal vibration energy distribution was evaluated from acceleration
measurements of the target bridge. Figure 4.25(a) shows the hourly traffic of large
vehicles, Figure 4.25(b) shows the hourly modal vibration energy distribution, and
Figure 4.25(c) shows the total modal vibration energy distribution between the 8" and
9" November 2014. Figure 4.26 show the results between the 25™"and 26" November
2014, and Figure 4.27 show the results between 17" and 18" November 2015. As
shown in these figures, the second vertical vibration mode at 3.1 Hz had the highest
energy, around half of the total bridge vibration energy, and the third vertical vibration
mode at 6.1 Hz had the second highest energy. The efficiency of energy harvesting by
TMG could be further improved if TMG could be tuned for the lower vibration
frequency. Although the total vibration energy depended highly on the traffic of large
vehicles and had peaks at midnight, the modal vibration at 6.1 Hz was induced not only
at midnight, but also during daytime. Since the total traffic including normal vehicles
is large during daytime, it is considered that the third vertical mode at 6.1 Hz is induced
by not only the traffic of large vehicles, but also small vibrations. This finding can be
advantageous for harvesting energy from bridge vibration. Namely, harvesting energy
from the third vertical mode at 6.1 Hz of this bridge is effective if electric energy can
be harvested from not only large vibrations by traffic of large vehicles, but also small
vibrations. The characteristics of power generators can be further designed to improve

the efficiency of power generation.

4.8. Summary

To harvest and make use of the unused reserve of vibration energy from bridge

structures, a prototype of TMG was developed. To investigate the configuration of
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TMG considering the performance of energy harvesting, TMG has been applied to an

actual expressway bridge. The findings are summarized below.

A)

B)

C)

D)

Installation and tuning procedures of TMG were proposed and demonstrated from
acceleration measurements on the trial bridge. The target vibration modes and
installation locations of TMG were provisionally determined by using the

proposed method of vibration modal analysis.

By using the proposed tuning design method, TMG was tuned to adapt to two
different bridge vibration modes. The ability of the two tuning designs were

demonstrated through an experiment on the trial bridge.

TMG was found to achieve watt order power generation, which was the aim of the
tuning design. The energy harvested by TMG from experiment was found to satisfy

the energy required for the general use of monitoring systems.

TMG could generate electric energy greater than 2 % of the traffic-induced
vibration energy of the bridge. This efficiency is two orders higher than the mass
ratio of the bridge and TMG, which is around 0.05 %, and so is satisfactory. It was
also demonstrated that TMG could generate electric energy from more than half of

the unused reserve of energy which conventional tuned mass dampers absorb.

In addition, the applicability of TMG could be further improved if TMG could be

applied to lower bridge vibration modes (less than 5 Hz) since large energy is expected

in low bridge vibration modes. The tunable range of TMG was mechanically limited

by the nominal stroke of coil springs. Moreover, the characteristics of the power

generator could be designed to improve the efficiency of power generation or to reduce

the magnetic force.
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Investigation of the Target Vibration Mode and Installation Location
- Power Spectrum
+ Cross-Spectrum

v

Investigation of Modal Characteristic (Mass and Damping)

- Free vibration method

Investigation of electro-mechanical characteristic of TMG
+ Half power method
- 1-V method

Parameter Design of TMG
+ Numerical analysis

v

Experimental Evaluation of Efficiency of Power Generation
+ Energy harvesting with power generation circuit
- Electricity charging with battery circuit

Figure 4.1 Flow of the proposed application method of TMG
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Figure 4.2  Trial bridge and installation location of TMG and accelerometers
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Figure 4.3  Frequency spectrum of acceleration of bridge
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Figure 4.4(a) Bridge vibration mode at 1.5Hz
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Figure 4.4(b) Bridge vibration mode at 3Hz
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Figure 4.4(c) Bridge vibration mode at 6Hz
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Figure 4.4(d)Bridge vibration mode at 9Hz
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Figure 4.4(e) Bridge vibration mode at 12Hz
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Figure 4.5 N-degree of freedom model in i-order modal vibration

Table 4.1  Natural frequency in each vibration mode of bridge and equivalent mass at

installation location of TMG

15 mode 2" mode 3" mode 4™ mode 5" mode

Vibration Frequency 1.6Hz 3.1Hz 6.1Hz 9.1Hz 12.5Hz
Equivalent Mass M
(Mass Ratio 245ton 470ton 233ton 129ton 361ton
over Total Bridge (34.8%) (66.8%) (33.2%) (18.4%) (51.4%)
Mass)
Damping Ratio of 0.035 0.019 0.017 0.031 0.012
Bridge
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Figure 4.6 Image of TMG and the electromagnetic power generator
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Figure 4.7  Analysis model of TMG and bridge system

Figure 4.8  Setup of TMG on an excitation machine
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Figure 4.9  Electric circuit for power generation
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Figure 4.10 Electric circuit for evaluation of DC resistance of the internal

coil of the power generator
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Figure 4.11 Electric circuit for evaluation of self-inductance of the internal
coil of the power generator
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Table 4.2 Tuning parameters for 14.2Hz vibration mode

Second mass m, = 12 kg
Main mass m; = 104 kg
Natural frequency of second mass f; = 18.50 Hz
Natural frequency of main mass fI = 16.98 Hz
Damping of second mass c, =118.0 Ns/m
Damping of main mass c; = 82.5 Ns/m
Electric damping ¢, = 1615 Ns/m

Capacitance for power factor correlation C =220 uF

Table 4.3 Tuning parameters for 6.1Hz vibration mode

Second mass m, =31 Kkg
Main mass m, =104 kg
Natural frequency of second mass f;: 10.2 Hz
Natural frequency of main mass f: =6.92 Hz
Damping of second mass C, = 118.0 Ns/m
Damping of main mass c; =82.5 Ns/m
Electric damping o = 1972 Ns/m

Capacitance for power factor correlation C=1200 uF

() =R TV(t)

I(t) ..............
<

. —0 =
i Electromagnetic
transducer

Figure 4.12 Electric circuit model used in the experiment
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Figure 4.13

Figure 4.14

6 . : - 600

Hourly traffic of <«
— ) (&)
= Hourly harvested energy large vehicles =
5 3 [5)
= >
e ‘:‘)
Bt j=Ii]
5 4f 1400
o =
. ©
2 Average of hourly =
= hesfescccmssamssssssnanmsmanar . e =
E harvested energy )
>
B o
< 2} 1200 &
= e
= ~
g

0 . . . 0
12:00 18:00 00:00 06:00 12:00
Time

Generated electric energy and traffic per hour
(target frequency: 14.2 Hz)

6 g T g 600

AN
.
,
.,
,

1400

1200

==
>

Amount of electric power [mWh]
Traffic volume (large vehicle)

0 . . . 0
12:00 18:00 00:00 06:00 12:00
Time

Generated electric energy and traffic per hour

(target frequency: 6.1 Hz)

73



Table 4.4 Power consumption of general monitoring devices of bridge

structures and power supply ratio by TMG

Monitoring Device Power Power Supply
Consumption Ratio by TMG

MEMS accelerometers 0.1~1mW 300% or more

MEMS Temperature 0.01~0.3mW 1000% or more

sensors

Low-power ImW~ 300% or less

consumption data

logger

E(t) ..............

Electromagnetic | .
transducer i i Rectifier ;

...................................................................

Figure 4.15 Charging circuit
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Figure 4.16(a) Setup of the charging circuit with a super capacitor array used

in the experiment
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Figure 4.16(b) Discharge characteristic curve of the super capacitor array
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Figure 4.20 Bridge acceleration measured at 18m from the bridge start at

the installation location of TMG
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Figure 4.21 Generated power by TMG

150

100 |

Energy [J]

S0

0 10 20 30
Time [sec]

Figure 4.22 Energy flow in the bridge-TMG vibration system
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Chapter 5

Efficiency Enhancement of Power Generators for

Energy Harvesting

Abstract
Based on the findings in the field experiments, a potential of the efficiency
enhancement of power generators was revealed. In this chapter, a structural
design of power generators has been considered for the purpose of applying
TMG to constructively use vibrations of bridge structures. Yoke shapes and
permanent magnet shapes were considered as design parameters. Based on the
findings in parametric studies, the nonlinearity of the damping force of power
generation can be controlled and the magnetic spring force can also be
considered. Finally, a power generator for the TMG system has been designed

and developed, and its performance has been experimentally demonstrated.
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5.1. Overview

In the previous chapters, TMG was applied to an actual expressway bridge and
watt order power was generated from vibrations of the bridge structure. In addition, to
make use of the energy harvested from bridge vibrations, batteries were successfully
charged. There is potential for these charged batteries to be used for monitoring
systems of bridge structures. However, the structural design of power generators for
effective power generation from vibrations of bridge structures has not yet been
established. A high performance power generator was used in Chapter 4 to achieve
high electric damping forces under low vibration frequencies of bridges. Although watt
order power was obtained from actual vibrations of the bridge structure, the fabrication
cost of the power generator was the greatest in the TMG system. Hence for practical
use of TMG, the specifications of power generators should be controlled for improving
its use.

To investigate the structural design of power generators, Zhu et al. [83] proposed
a power generator with vertical magnetic flux. The characteristics of electric power
generation and damping force of the power generator were analytically and
experimentally demonstrated. A power generator with radial magnetic flux has also
been proposed and it has been found to generate higher voltage with a smaller magnet
volume than the power generator with vertical magnetic flux [41,43]. However, it
should be noted that the structural design for a radial magnetic flux is generally more
complicated than power generators with vertical magnetic flux.

In this study, for the harvesting of energy generated from vibrations of bridge
structures, power generators have been enhanced considering their structural design.
In addition, the nonlinear characteristics of power generation and magnetic springs
were investigated. If the characteristics of power generators can be controlled and

designed, factors such as the cost effectiveness of TMG can be further improved.
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5.2. Design Concept

Figure 5.1 shows a model electromagnetic power generator. The electromagnetic
power generator consists of a moving part and fixed part. The moving part consists of
external magnets and a magnet yoke, while the fixed part consists of an electric coil
and a coil yoke. By inducing velocity to the magnetic field generated by the permanent
magnet, an induced electromotive force is generated at the coil. To simplify the
analysis, the power generator has been expressed by an axis-symmetric model (Figure

5.2).

5.2.1. Analysis Model

The structural design of a power generator has been conducted using Finite
Element Analysis (FEA). In this study, COMSOL® ver.5.2 has been used as the FEA
software for electromagnetic analysis. The material properties and conditions of FEA
are shown in Table 5.1 and Figure 5.3. As shown in Figure 5.3, the nonlinear
characteristic of the yoke material (steel: SS400) has been considered in this analysis
model. Figure 5.4(a) shows an entire view of the analysis model, and Figure 5.4(b)
shows one part of the model in closer detail. As shown in Figure 5.4(c), the moving
part of the analysis model slides up and down within a range of +20 mm. BDF
(Backward Differentiation Formula) method is applied as a time stepping method. To
enhance electromagnetic power generators, not only should the accuracy of analysis
be considered, but also the analysis time, since iterative FEA is carried out to design
dimensional parameters of electromagnetic power generators.
5.2.1.1. Analysis Accuracy and Analysis Time

In order to obtain high computational accuracy of FEA results, it is important to

consider the following factors
(a) The aspect ratio of elements
(b) Mesh size

(c) Absolute and relative tolerance
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Since the aspect ratio of elements can be considered when creating a mesh, the
influence of (b) mesh size and (c) absolute and relative tolerances, on analysis accuracy
and analysis time was investigated. The most accurate FE model is shown in Figure
5.5, which is a closer view of Figure 5.4(b). A triangular second-order Lagrangian
element is applied. The number of degrees of freedom are 569.6 k, the absolute
tolerance is 10° and the relative tolerance is 10°°. Although this is a highly accurate
result, it is not practical as the mesh size and tolerances were greatly reduced in the
model, which greatly increases the computational time accordingly.

As shown in Figure 5.6(a) to Figure 5.6(d), four finite element models with
different mesh sizes (number of degrees of freedom = 113.7x10°, 73.8x10%, 32.4x10°,
16.7><1O3) were considered. First, the influence of the various relative tolerances on the
analysis error and the analysis time were investigated as shown in Figure 5.7 and
Figure 5.8 (the absolute tolerance is fixed at 0.001). The analysis error is evaluated
by the electromotive force value that is expressed by the following equation.

2V (x)-Vo(x)f

analysis error= |[*———~—— (5.1)

WAY

Where, V(x) is the induced electromotive force [V] of the analysis model, Vo(x) is
the induced electromotive force [V] of the model shown in Figure 5.5 (degrees of
freedom: 569.6 k, absolute tolerance: 10°°, relative tolerance: 10°). As Figure 5.7
indicates, when the relative tolerance decreases, the analysis error decreases also,
hence the analysis accuracy increases. However, a decrease in analysis error, namely
the improvement of the analysis accuracy, does not occur when the relative tolerance
is 0.001 or less. As shown in Figure 5.8, the smaller the relative tolerance, the longer
the analysis time, which is unfavorable. However, the analysis time does not increase
when the relative tolerance is 0.001 or less. Moreover, the larger the number of
elements, the longer the analysis time, which again is unfavorable, and there is also no
considerable difference in the analysis accuracy.

Next, the influence of the various relative tolerances on the analysis accuracy and
the analysis time are indicated in Figure 5.9 and Figure 5.10 (the absolute tolerance
is fixed at 0.00001). As shown in Figure 5.9, if the absolute tolerance reduces from

0.001 to 0.00001, the analysis accuracy increases, namely the analysis error decreases
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by approximately 50% or more. However, the analysis accuracy does not increase when
the accuracy of the relative tolerance is around 0.001 or less. As Figure 5.10 indicates,
the smaller the relative tolerance, the longer the analysis time. In particular, the
analysis time increases sharply, as the analysis time increases if the relative tolerance
is less than 0.001.

Based on these findings, the balance between analysis accuracy and analysis time
has been considered, and it has been concluded that the appropriate analysis tolerance
of about 1% will be used in this study. The analysis degree of freedom will be between
30000 to 40000 (30 to 40 k, similar to model C shown in Figure 5.6(c)), with an

absolute tolerance of 0.001, and relative tolerance of 0.001.

5.2.2. Target Design Parameters
5.2.2.1. Electromotive Force Coefficient

Based on Faraday's law of electromagnetic induction, when the moving part is
shifted, the non-load induced voltage E(t) is applied to both ends of the coil in
proportion to the amount of change in the magnetic flux ¢(t) in the coil, as shown in
the following formula.

E(t)=%(t) (5.2)

In Chapter 2, the magnetic flux was treated as a constant, irrespective of the position
of the moving part x(t) [mm]. The electromotive force coefficient was expressed as a
constant by using the relationship where the change in the magnetic flux was

proportional to the velocity of the moving part as shown in the formula.

aplt) , ) (5.3)

a ot

However, it is expected that this linear relationship is not applicable when the position
of the moving part moves greatly. Therefore, the electromotive force E has been
considered as a function of not only time t, but also of the position of the moving part

X.

I(emf (X): V(X,t) (54)
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in which ken is the electromotive force coefficient [Vs/m], and v(x,t) is the velocity of
the moving part of the electromagnetic power generator. As shown in equation (5.4)
the electromotive force coefficient kems(X) [V.s/m] is considered as a function of the
position of the moving part.
5.2.2.2. Maximum Electric Damping Coefficient

Electric power is generated when the moving part is forced to move by external
loads. The relationship between the electric power and the power of the external forces

is expressed as follows.

E (o th(x.t)= Ez(x,t){ (Rfr)z N (R:r)z} (5.5)

Where, the first right term of the equation expresses the induced electric power to the
electric resistance R, and the second right term of the equation expresses the induced
electric power in the internal coil of the power generator. F(x,t) [N] is proportional to
the velocity of the moving part. Therefore, F(x,t) can be expressed with the electric

damping coefficient c(x) [N.s/m] as follows.

F(x,t)=c(x)-v(x,t) (5.6)
c(x)zke%(x)leLl (5.7)

r

Where, R, =R/r is the resistance ratio. The resistance ratio is a dimensionless
parameter, therefore, it is clear that k2

emf

(x)/r has the same dimension with the
damping coefficient [N.s/m]. Equation (5.7) demonstrates that the equivalent
electrical damping coefficient increases when the resistance ratio R, decreases.

The total electric power generation [VA or N.m/s] by combining the above
equations, and considering the electromagnetic power generator to include equivalent

damping becomes

Wtotal (t) = (Ceh (X)+ CeI (X))Xz(t) (5 8)
Where X(t) is the velocity, and Cen(X) and Cg(X) are damping coefficients due to

harvested electric power and electrical loss respectively. These equivalent electrical

damping coefficients can be defined as

¢, (x)= Kars (X) R, ¢, (x)= ko () 1 (5.9)

r @Q+R)’ r (@+RY)
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5.2.2.3. Magnetic Spring Force Effect

The moving part is influenced by the magnetic force which occurs between the
permanent magnet and the coil yoke. This force is generally called cogging force. In
general, the higher the cogging force, the higher the moving resistance. This causes a
decrease in power generation efficiency. However, in this study, the cogging force has
been treated as the restoring and repelling forces towards the neutral position of the
moving part (x = 0mm), similar to the spring force of a tuned mass system. This effect,

namely the magnetic spring effect, is considered in the use of the power generator.

5.3. Design of Power Generator

The ability of power generation is highly influenced by the yoke shapes of power
generators, since the magnetic path through the coil, from the north-pole to the south-
pole, is controlled by the yoke shapes. The magnetic path is generally called magnetic
circuit. The magnet shape of power generators is also important, since the
magnetomotive force in the magnetic circuit is induced by the magnet shape. Therefore,
the yoke and magnet shapes should be designed to increase the magnetic flux passing
through the coil.

In this study, the yoke and magnet shapes were designed to control the
characteristics of power generators. Design parameters with seven dimensions, namely
magnet yoke tooth height, My _th, magnet yoke width, My_w, coil yoke tooth height,
Cy_th, coil yoke tooth width, Cy_tw, magnet height, M_h, magnet yoke height, My _h,
and coil yoke height, Cy_h, were introduced as shown in Figure 5.2. The
corresponding dimensional values are indicated in Table 5.2. In addition, the air gap
between the moving part and the fixed part should be as small as possible, since the
magnetic resistance in the magnetic circuit is higher in the air than in the steel yoke.
An air gap of 0.5mm has been selected for this study and this value is realistic,

considering the balance between the accuracy of assembly and fabrication cost.
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Based on the findings obtained from the experiments of harvesting energy on the
trial bridge in Chapter 4, two important requirements for power generators were

discovered;

(a) high efficiency for small vibrations

(b) wide stroke range for large vibrations

In addition, a reduction of the friction force and a reduction of the fabrication cost
are also important. To reduce the friction force, the shaft part was made non-magnetic
to eliminate the horizontal absorption force with the bearing part, and to reduce the
frictional resistance. The air gap between the moving part and the fixed part was
designed as 0.5mm, and this design can be achieved with basic fabrication accuracy.
For this reason, fabrication costs can be reduced by one order from the conventional

power generator used in Chapter 4.

5.3.1. Parameter Design Method of Power Generator

In this study, dimensional parameters of power generators have been considered
to obtain the required power generation and the required damping effect of power
generators. Table 5.2 shows the design parameters of the power generator, the initial
power generator values, and parameter value limitations. The objective function Fopt
is shown in Table 5.3. To take into consideration the two aforementioned important
requirements for power generators, (a) high efficiency for small vibration and (b) wide
stroke range for large vibration, were separately studied. As indicated by the blue
rectangle in the left hand figure or the red rectangle in the right hand figure of Table
5.3, the objective function Fop is the minimum of the electromotive force coefficient
Kemt [V.s/m] in the stroke range Xmin < X < Xmax [mm]. Combinations of design
parameters that maximize the objective function Fop were identified by iterative
calculations of the FEA analysis for (a) and (b), respectively. The parameters identified
are shown in Table 5.3.

As indicated in Table 5.3, the electromotive force coefficient kems [V.S/m] and the
stroke range (Xmax - Xmin) [mm] are in a trade-off relationship. Therefore, multi-

objective functions (a) high efficiency for small vibration, and (b) wide stroke range
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for large vibration were introduced to the power generator for harvesting energy from
vibrations of bridge structures. By controlling the balance between the electromotive
force coefficient and stroke range, appropriate dimensional parameters for power
generators has been proposed. Designed power generators satisfy the required power

generation performance by using multi-objective functions.

5.3.2. lIteration Procedure

Since the computational complexity increases in iterative computations of FE
models, efficient FEA with an appropriate balance between analysis accuracy and
analysis time has been acquired by using the analysis conditions discussed in Section
5.2.1.1. The dimensional parameters were designed to maximize the multi-objective
functions by using a dynamic search method. The dynamic search method can be
considered as a generalized version of Newton’s method. Through a trial and error
procedure, it was concluded that this method is effective to obtain an enhanced power

generator.

5.3.3. Design of Power Generator
To attain the best performance of TMG, multi-objective functions were decided

based on the two requirements of the power generator as follows.

(a) High efficiency for small vibrations
To maximize the minimum electromotive force coefficient kems Within a £2 mm

stroke range.

(b) Wide stroke range for large vibrations
To satisfy the minimum required electromotive force coefficient of kems = 100

[V.s/m] within a £10 mm stroke range.

These objective functions are indicated in Figure 5.11. The red area shows the
objective function for high efficiency for small vibrations, the blue area shows the
objective function for wide stroke range for large vibrations. Figure 5.11 shows also
the examples of characteristics of the electromotive force coefficient versus

displacement of the moving part by gray dotted lines. The target parameters are
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indicated in Figure 5.2. First, FEA results are checked if the electromotive force
coefficient satisfies the objective function for wide stroke range (blue area in Figure
5.11), and next, parameters are changed to maximize the objective function for high
efficiency (red area in Figure 5.11) which satisfy the two objective functions
simultaneously. Finally, the design parameters were determined through iterative FEA
using the direct search method as shown in Table 5.4. Determined characteristics of
the electromotive force coefficient versus displacement of the moving part is shown in

Figure 5.11 by a red line.

5.4. Experimental Evaluation

Based on the designed dimensional parameters, an electromagnetic power
generator has been developed (Figure 5.12). The three key characteristics of the
electromagnetic power generator, namely the electromotive force coefficient kems, the

dynamic friction force and the magnetic spring force, were experimentally evaluated.

5.4.1. Electromotive Force Coefficient Kems

The newly developed electromagnetic power generator was set on an excitation
machine as shown in Figure 5.12. The moving part of the power generator was forced
to slide up and down by the actuator. The electromotive force coefficient kems Was
obtained from the experimentally measured induced voltage. The electromotive force
coefficient was designed to satisfy the required efficiency within the wide stroke range
and obtain high efficiency within the short stroke range. To evaluate the nonlinear
characteristics of the voltage induction, the triangular wave excitation was carried out
(5 mm/s, £20 mm). The sampling rate was 1000 Hz.

Figure 5.13 shows the induced voltage and the velocity of the moving part, which
was obtained by division of the displacement of the actuator. Figure 5.14 shows the
relationship between the electromotive force coefficient and the position of the moving
part. The blue line shows the electromotive force when the moving part slides upwards,

while the red line shows the electromotive force when the moving part slides
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downwards. As shown in Figure 5.14, the electromotive coefficient is a function of
the position of the moving part, and this characteristic is the same as the designed
values in FEA. The errors in the designed values from FEA were 10 % or less. The
cause of the difference between the two lines is considered to be due to the hysteresis

effect.

5.4.2. Dynamic Friction Force

Friction force is one of the largest losses when harvesting vibration energy, and it
occurs mainly on the shaft holders of the power generator. In addition, the larger the
friction force, the shorter the rating life of the shaft holders. Therefore, the friction
force should be evaluated clearly. The experiment system is shown in Figure 5.12. The
induced force to the moving part was measured by the strain load cell (capacity: 5kN,
output: 2 mVv/V).

Figure 5.15 shows the relationship between the induced force and the position of
the moving part. The upper line shows the induced force when the moving part slides
upwards. The lower line shows the induced force when the moving part slides

downwards. Therefore, the dynamic friction force can be obtained by
Dynamic friction force = (upper line — lower line) / 2 (5.10)

The relationship between the dynamic friction force and the position of the moving
part is shown in Figure 5.16. Based on the results, the rating life of the shaft holders
of the power generator were evaluated. The rating life of shaft holders is normally
expressed as a distance as follows.

L:(MEJZ 50 [km] (5.11)

fu P

where, L is rating life [km], fuis hardness factor, fr is temperature factor, fc is contact
factor, fw is weighted factor, C is basic load [N] and P is working load [N]. To estimate

the rating life time, a converting formula was introduced.

L
L, =——— [year 5.12
Y7210, -526 Lyear] (5.12)

S

Where, Ly is rating life [year], s is stroke [m] and ni is number of cycles per minute

[cpm]. Based on the specification of the applied shaft holders, the basic load and
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factors are shown C = 412 N, fy = 0.8, fr = 1.0, fc = 0.81 and fw = 2.0. From the
experimental results, the working load to the shaft holders was selected as P = 100 N,
since the variation below the working load is advantageous for the rating life and is
not a problem. From the experimental result on the bridge, the average stroke and
number of cycles per minute were selected as Is = 5 mm, n; = 100 cpm. According to
these formula, the rating life of the two linear bushes used in the power generator are

120 km or 13.5 years or more.

5.4.3. Magnetic Spring
The magnetic spring force is obtained as the average of the upper and lower lines

of the force-displacement graph (Figure 5.15) namely
Magnetic spring force = (upper line + lower line) / 2 (5.13)

Figure 5.17 shows the relationship between the magnetic spring force and the
position of the moving part. The aforementioned characteristics can be used for

designing TMG.

5.4.4. Design of TMG
To enable the best performance of TMG, a nonlinear characteristic of the
electromagnetic power generator, namely the electromagnetic damping force Fe(x,x)
that is induced by an electromotive force and a magnetic spring force Fmn(x), was
considered. The analysis model is indicated in Figure 5.18. In this analysis model,
nonlinear characteristics of the developed power generator and friction forces o1 and
o, are considered. The electromagnetic damping force is expressed as follows.
N e ()"
F, (x, x):—{ Rir)} X2 (5.14)
Where, kemt(X) is the electromotive force coefficient [V.s/m], R is external electric load
[Q], r is DC resistance of the coil [Q], x is the position of the moving part of the power
generator from its neutral position. The nonlinear characteristics of electromotive force

coefficient kemi(X) and magnetic spring force Fm(x) were experimentally evaluated
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(Figure 5.14 and Figure 5.17). By using this analysis model, TMG can be tuned to

bring out the best performance of the efficiency enhanced power generator.

5.5. Summary

In this chapter, an effective structural design of a power generator has been
proposed to control the specifications of power generators to adapt with TMG for
effective energy harvesting from vibrations of bridge structures. In addition, the
nonlinear characteristics of power generation and magnetic springs were investigated

with FEA to obtain the best performance of TMG. The following results were obtained.

A) The yoke and magnet shapes in the power generator have been designed to control
the characteristics of power generators. Considering the magnetic circuit, seven
dimensional parameters of power generators have been selected as design

parameters.

B) A design method has been proposed using multi-objective functions to satisfy the
two important requirements for the power generator, namely high efficiency for

small vibrations, and a wide stroke range for large vibrations.

C) With the proposed design method, the power generator has been designed and
developed. The characteristics of the power generator have been verified through

experiment.

In addition, if the dynamic friction loss can be reduced to 1 N or less, TMG systems
could harvest energy even from vibrations induced by small vehicles. Efficiency of
power generation could be further improved if the air gap between the moving part and
fixed part could be reduced, or if the volume of neodymium magnet and/or the coil

could be increased.

97



Coil yoke

/;S< =

Coil £

Fixed part

Moving part

Figure 5.1 A model of electromagnetic power generators

[mm] Axial symmetric
50 Shaft - Magne’l[ yoke
al “ ... Yoke teeth
40 E » ':.:" L -
30 B == 5
Magnet | f li ;
-0l b N IXsH 5
10 | i §
< =1 =N
Of > h Cail I
= | 2 G
000 s
-20/ i i i
-30r | oy w
-4 -t
0 el <-My_tw  Coil yoke
-50; , , , 1
-20 0 20 40 60 [mm]
Figure 5.2 Analysis model of electromagnetic power generators by 2D

axial symmetric model

98



Table 5.1 Relative permeability of each material of the power generator,
magnetic flux density of the neodymium magnet, and coil turns

for Finite Element Analysis

Yoke (steel: SS400) Hyoke -
Air Hair 1.00
Coil (cooper) Ueoil 1.00
. Hmag 1.05
Neodymium magnet
y g B, 1.2 [T]
Coil turns N 1300

Note: Nonlinear relative permeability of the yoke material Hyoke is shown in Figure 5.3.

1500

Iuyoke

1000

500 L

Relative permiability:

4

10 10

Magnetic field: H [A/m]

10

Figure 5.3 Nonlinear characteristic of relative permeability of yokes
(steel: SS400)
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Fig. 5.5 and Fig. 5.6
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Number of degrees of freedom = 569.6k
Figure 5.5 Element division of the most accurate Finite Element model
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Figure 5.7 Relationship between analysis accuracy for voltage generation

and relative tolerance of various FE models

i

Figure 5.8 Relationship between analysis time and relative tolerance of

various FE models
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Figure 5.9 Relationship between analysis accuracy and relative tolerance

in the case of two different absolute tolerances

Figure 5.10 Relationship between analysis time and relative tolerance in
the case of two different absolute tolerances
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Table 5.2

Initial value of dimensional parameters of the power
generator and limitations

Parameters Initial Value  Lower Bound  Upper Bound
My _h  Magnet yoke height 82[mm] 70[mm] 110[mm]
Cy_h  Coil yoke height 73[mm] 65[mm] 95[mm)]
Cy_th  Coil yoke tooth height 17[mm] 3[mm] Cy_h/2
My th Magnet yoke tooth 8[mm] 3[mm] (My_h-
height 56[mm])/2
My_w  Magnet yoke width 10[mm] 5[mm] 17[mm]
Table 5.3 Two different design objective functions Fopt and the
identified dimensional parameters of the power generator
(a) (b)
200 200
150 | 150 |
E E
= /\/\ 2
= 100 | = 100 [
% i Fonj [V.s] % r [V.s]
0 L n L L L 0 L L L L L
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15

Displacement [mm]

Electromotive force coefficient and
displacement

Displacement [mm]

Electromotive force coefficient and
displacement

10 mm < X <10 mm

25mm<X<2.5mm

Objective of design parameters: maximizing Fop;

Fopj = min|.kemf (X )J (X

_Xmin)

max

max[Fobj J:1.796 V.s

max[F[ij J: 0.807 V.s

My_h =105.1 mm
Cy_h=76.3 mm
Cy th=21.1 mm
My th=7.1 mm
My w =14.9 mm

My_h =94.5 mm
Cy_h=82.1 mm
Cy th=17.8 mm
My _th = 10.0 mm
My w =14.9 mm
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Electromotive force coefficient k.,

300

Objective function 1

-0.01 Displacement (.01
[mm]

100 -

0
L L L

Figure 5.11 Electromotive force coefficients verses displacement for various

combination of parameters for multi-objective functions

Table 5.4 Designed dimensional parameters of the power generator

Magnet yoke tooth height My_th 13.0 mm
Magnet yoke width My_w 18.0 mm
Coil yoke tooth height Cy_th 20.0 mm
Coil yoke tooth width Cy_tw 2.5 mm
Magnet height M_h 54.0 mm
Magnet yoke height My h 95.0 mm
Coil yoke height Cy_h 74.0 mm
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Power
generator

Figure 5.12 Power generator and equipment of experimental evaluation test

using an excitation machine

[mm]

[mm/s]
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Figure 5.13 Displacement applied to the moving part, velocity of the
moving part, and induced voltage signal of the power generator
in the experimental evaluation test
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Figure 5.14 Electromotive force coefficients of displacement in the

experimental evaluation test
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Figure 5.15 Relationship between force and position of the moving part of

the power generator
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Figure 5.16

Figure 5.17

Magnetic Spring Force [N]

Friction Force [N]
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Relationship between friction force and position of the moving

part of the power generator in the experimental evaluation test
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-30
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Displacement [mm]

Relationship between magnetic spring force and position of the
moving part of the power generator in the experimental
evaluation test
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Figure 5.18 Analysis model of bridge-TMG system using nonlinear
characteristics of the developed power generator and friction

forces
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Chapter 6

Proposal of Uses of the Developed Energy

Harvesting System

Abstract

In this chapter, an application and operation method of a prototype TMG for

vibrations of bridge structures has been investigated. From experiments using
the developed device on the existing bridge, the performance of harvesting
energy was demonstrated. In addition, it was attempted to supply the harvested

electric energy to a monitoring system of a bridge structure.

110



6.1. Overview

To apply TMG for health monitoring of bridge structures, reliability and efficiency
should be considered, and it is also necessary to establish an application procedure to
harvest energy. In Chapter 4, an application procedure of TMG was proposed. In
Chapter 5, for effective energy harvesting from vibrations of bridge structures, the
efficiency enhanced power generator was then actually developed.

In this chapter, to consider the reliability of TMG systems, attempts were made to
store the harvested energy in batteries and use them in a health monitoring system of
bridge structures. In addition, long-term harvesting energy was evaluated based on the
numerical analysis result. The nonlinear characteristics of power generation and
magnetic springs were considered, and so these characteristics were actively
incorporated into the TMG design. It is considered that these characteristics improve

the ability of power generation of entire TMG systems.

6.2. Application of TMG Systems

According to the application procedure defined in Chapter 4, it has been
attempted to charge lithium ion secondary batteries using the harvested energy and

moreover, the harvested energy has been used to operate a monitoring system.

6.2.1. Target Power for Monitoring Systems of Bridge Structures

To consider supplying electricity to health monitoring systems of bridge structures,
the target harvesting energy must be determined. However, monitoring plans depend
on each bridge structure and target to be monitored, and the required power varies
depending on sensing devices used for monitoring. To detect the bridge structural
conditions, bridge structural vibrations are generally used in many researches. For
example, bridge structural vibrations are measured by accelerometers for five minutes
every four hours, during two to four weeks for each season in reference [50]. In other

researches, the bridge vibration acceleration data for several minutes are acquired per

111



day, or bridge vibration acceleration during disasters, such as earthquakes or typhoons,
are measured using trigger functions. Considering these existing health monitoring
using accelerometers of bridge structures, the required harvesting energy for each
monitoring plan was calculated. As examples, four monitoring plans were proposed in
this study to evaluate the required harvesting energy for health monitoring systems of
bridge structures.
B Plan A: 5 minutes measurement per day is carried out everyday
B Plan B: 5 minutes measurement per hour is carried out two days per month
B Plan C: 5 minutes measurement per hour is carried out one week per quarter
B Plan D: 24 hours continuous measurement per quarter

In these health monitoring plans, bridge structural accelerations were
continuously measured during the measuring periods. In plan A and plan B, the bridge
vibration modal analysis is mainly focused. In plan C, the bridge vibration modal
analysis under traffic induced vibration is focused. To measure the bridge vibration
mode, a plural number of sensing devices is generally used. In plan A to plan C, five
sensing devices are considered to be supplied electricity from one TMG as an example.
On the other hand, in plan D, continuous traffic induced vibrations is focused for the
purpose of such as weigh-in-motion. Since MEMS sensors and wireless data transfer
systems have rapidly been developed in recent years, a monitoring device using a
wireless communication system equipped with a MEMS accelerometer was selected
(Figure 6.1). The specifications of the monitoring device used in this study are shown
in Table 6.1. The sampling rate of the acceleration measurement of bridge structural
vibration is generally within the range between 100 Hz and 500 Hz. Each monitoring

plan and its power consumption was then evaluated in Table 6.1.
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6.3. Experimental Application of TMG Systems for Health
monitoring systems of Bridge Structures

6.3.1. Experiment for Power Generation

The designed TMG for the third vertical vibration mode (6.1 Hz) was installed
onto the decided location, namely 18 m from the start of the bridge. To evaluate
characteristics of power generation on the existing bridge, a one-day experimental
measurement was carried out. To consider the long-term usage of TMG, TMG was
covered with an aluminum case to protect it from weather influences. The designed
external electric load for the power generation was 40 Q. Tuning frequencies of the
main mass f; and second mass f, were 6.73 Hz and 10.2 Hz, respectively. These
parameters were designed using the proposed analysis iteration flow shown in Figure
3.7 in Chapter 3. As indicated in Figure 6.2, the hourly harvested energy was
obtained. As shown in Figure 6.2, the average hourly harvested energy in the one-day
measuring period was 2.3 mWh. Hence, the average harvested power generation was
2.3 mW in one day. This power is of the same level as the experiment in Chapter 4,
yet the fabrication cost of the power generator is one order smaller. The instantaneous
maximum power generation was around 1 to 3 W. This power is also of the same level
as the experiment in Chapter 4.

Based on the findings obtained in the experiments, first, the average harvested
energy and instantaneous maximum power generation were of the same level as the
experiment in Chapter 4. Second, TMG was adapted not only for smaller bridge

vibrations, but also for dominant excitation by traffic loads.

6.3.2. Application TMG to A Monitoring System of Bridge Structure

In the experimental application of TMG to the trial bridge in Chapter 4, the
charging circuit, which consists of the super capacitor array and the rectifier circuit
with shottky barrier diodes, was developed so that harvested energy can charge
batteries (Figure 6.3). The super capacitor array had low internal resistance and high
electricity storage efficiency. However, a large spontaneous discharge occurred at 3 V

or more in the experiment. Another problem was that the cost per energy density was

113



higher than that of a common used secondary battery, such as a lithium ion battery, by
an order of one or more. To solve these problems, lithium ion secondary batteries were
used. Although the internal resistance of the lithium-ion secondary battery is double
or more than that of the super capacitor (Figure 6.4), the spontaneous discharge
amount is smaller by one order or less. In addition, the charged energy in the lithium
ion secondary battery can be easily used for the monitoring device since only a small
change in voltage occurs. The battery device consists of two AA-size lithium ion
batteries connected in series.

The charged electric energy in the battery was supplied to the monitoring device
and it was attempted to continuously operate the monitoring system of the bridge
structure (Figure 6.5). The monitoring plan was that five minutes of acceleration was
measured, and next, wireless data was transmitted to the base station once an hour.
This plan simulates the proposed monitoring plan A, B and C (Table 6.1).

The time series measured charged electric energy in the lithium ion batteries is
shown by a red line in Figure 6.6. The battery device consists of two AA-size lithium
ion batteries connected in series, and the combined battery voltage is between 2.2 and
2.7 V. As shown in Figure6.6, the charging and consuming of batteries were repeated
in one-hour cycles. The battery energy was mainly consumed when the monitoring
device was communicating with the base station and transferring the sensing data once
an hour. At first, the voltage gradually decreased with repeating charging and
consuming energy. However, the battery voltage started to increase during a period of
daytime. The smaller the battery voltage, the smaller the rate at which the battery
voltage decreases. Therefore, it is possible that the energy supply and consumption can
be balanced when battery voltage is low.

To consider the effect of the energy harvested, the energy consumed by the
monitoring device was estimated and is indicated with the black line in Figure 6.6.
The lower limitation of the operating voltage of the monitoring device is around 2.3 V.
As shown in Figure 6.6, the operating life-time of the monitoring device was extended
by suppling the electric energy from bridge vibration. In this experiment, the
monitoring plan with high frequency measurements of five minutes monitoring period
once an hour was selected, namely simulating the proposed monitoring plan A, B and

C (Table 6.1). Based on the results, it is estimated that the consumed energy by the

114



monitoring device during the three days measuring period can be compensated with

around three days of charging batteries by TMG.

There are three solutions to improve the charging efficiency.
(1) increasing the induced voltage
(ii) reducing the necessary voltage of the monitoring device

To increase the induced voltage, the number of turns of the coil should be increased.
This change is not difficult and can be attained with slight change in fabrication cost.
It is also considered to reduce the necessary voltage of monitoring devices. TMG can

be further developed if these problems are solved.

6.3.3. Evaluation of Energy Harvesting in Long-Term Uses

For practical application of TMG systems, it is important to comprehend how
much power generation can be expected in long-term use. In addition, it is also
important to verify if the designed TMG can satisfy the required power generation and
if the stroke of the power generator is not over the limit. The numerical simulation of
energy harvesting in a bridge-TMG system was therefore carried out. The analysis
model was shown in Chapter 5 (Figure 5.18), and Table 6.2 shows parameters used
in the numerical simulation. In this research, in order to comprehend the power
generation characteristics of TMG in detail, bridge acceleration data from one-day
(between 25" to 26" November 2014) was used. The acceleration data length can be
further reduced to simplify this verification procedure. The analysis results are shown
in Figure 6.7. The average harvested energy was 3.86 mWh/h in one day.

A method to estimate the amount of long-term energy harvested is proposed by
using the relationship between short-term energy harvested and traffic of large vehicles,
as demonstrated in the application experiment on the bridge in Chapter 4. The
proposed procedure for evaluating long-term energy harvested is indicated in Figure

6.8. First, the average energy harvested per large vehicle, named hereafter unit
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harvesting energy, is obtained by dividing the energy harvested by the traffic of large
vehicles. Next, the long-term harvested energy is estimated by multiplying the long-
term traffic of large vehicles by the unit harvesting energy.

The phenomena of harvesting energy from vibrations of bridge structures can be
considered as scattered induced random vibration due to traffic loads that reach the
TMG through multiple paths. Rayleigh distribution is used to evaluate the expected

value of unit harvesting energy [91-93]. Rayleigh distribution is as follows.

2
P(x):b—xzexp{—zx—bz} (6.2)
b= % X2 (6.3)
i=1
X =b % (6.4)

Where, b is the Rayleigh parameter and X is the expected value. By using the results
obtained in Figure 6.7, the expected value of unit harvesting energy X and 95 %
confidence level Xgs have been evaluated as indicated in Table 6.3. Next, based on the
long-term traffic data (in this study, data from 7" November 2014 to 12" December
2014 were used), the long-term harvesting energy was evaluated (Figure 6.9 and Table
6.3). The expected value of harvesting energy per a day E is 68.6 mWh/day, which is
the average calculated from five weeks’ worth of data. Table 6.9 indicates the balance
between the energy supply from TMG and energy consumption by monitoring systems
in each monitoring plan (shown in Table 6.1). The expected value of harvesting energy
E can sufficiently supply required energy for the monitoring plans A, B and C. In case
of plan D, the expected value of harvesting energy E can enable long battery life. As
results, long-term applicability of the TMG system was evaluated based on the

numerical analysis.
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6.4. Summary

For the practical use of TMG, a TMG system design procedure has been proposed
considering the demand electric power, the cost effectiveness and the long-term
applicability. In addition, it has been attempted to charge batteries using the harvested
energy. The key factors of this chapter are summarized below.

A) In the experiments, energy harvested by TMG from vibrations of bridge structures
were found to satisfy the general use of monitoring systems, which was the aim of
the tuning design.

B) The harvested energy could be stored in secondary lithium-ion battery devices and
used for health monitoring systems of bridges. TMG can therefore improve the
service life of monitoring systems.

C) Moreover, long-term applicability of the TMG system was evaluated based on the
numerical analysis. The nonlinear characteristics of power generation and
magnetic springs were considered into the evaluation procedure.

In addition, the applicability of TMG could be further improved if the energy loss
during battery charging is decreased by increasing the voltage induced by power

generators, by reducing the necessary voltage of monitoring devices.
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Figure 6.1 Example of health monitoring device (wireless data
transmission, 3-axis MEMS accelerometers, voltage sensor,

temperature and humidity sensors)

Table 6.1  Configuration of a monitoring system and required energy for

monitoring plans

Wireless Structural Sensing & Logging Device for Bridges
(3-Axis MEMS Accelerometers, Voltage sensor, Temperature & Humidity Sensors)
6mA (Sensing), 33mA (Communication) @ 2.5V
Sampling rate: 128 Hz (Accelerometers)

Measurement  Period of Time Number Required Energy

Plan A 5 mins / day everyday 5 23mWh/day
Plan B 5 mins/ hour 2 days/ month 5 36mWh/day
Plan C 5 mins /hour 1 week /quarter 5 42mWh/day
Plan D 24 hours 1 day / quarter 1 101mWh/day
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Table 6.2 Parameters of the analysis model of Bridge-TMG system

mo Second mass 32 kg
. : 131.4 KN/m
k2 Coil spring of second mass (10.2 Hz)
Friction force
o2 (second mass & power generator) 6.0N
Fe(x.) Electromagnetic damping force Fe(X,X)
S Magnetic spring force Fm(x)
R External electric load 40 Q
r DC resistance 10 Q
mz Main mass 104 kg
k Coil spring of main mass 186.0 kN/m
L pring (6.73 Hz)
C Viscous dampin 44.0 N.s/m
L ping (0.5 %)
o1 Friction force of the first mass 1.0N
M Bridge modal mass 320000 kg
. . 470.1 MN/m
K Bridge modal stiffness (6.1 Hz)
. . . 417.0 KN.s/m
Cwm Bridge modal viscous damping (1.7 %)
. EEEEEEEE——..,
3 . —
g 21" "7T1" """~~~ 1 FF---- H =[]
0
18:00 0:00 6:00
Figure 6.2 Experimental result of the hourly harvested energy from bridge

vibrations of the trial bridge
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Figure 6.3

Figure 6.4
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Figure 6.5 Proposed continuous health monitoring system suppling
harvested energy
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Figure 6.6 Battery voltage — time with supplying electricity to the

monitoring system
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Figure 6.7  Evaluation of harvested energy (numerical analysis)
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Figure 6.8  Evaluation procedure of long-term electric energy harvesting
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Figure 6.9 Evaluation of long-term electric energy harvesting based on

the numerical analysis

Table 6.3 Unit energy harvesting per large vehicle and evaluated long-

term harvested energy (average in 5 weeks)

Unit energy harvesting per large vehicle
(Used traffic data: 2014/11/25 12:00 ~ 2014/11/26 11:00)

Expected value X 13.2 uWh/Truck

~

95% confidence level Xos 11.0~16.6 uWh/Truck

Evaluated long-term harvested energy (average in 5 weeks)
(Used traffic data: 2014/11/07 0:00 ~ 2014/12/12 24:00)

=

Expected value E 68.6 mWh/day
95% confidence level Eys 60.0~91.4 mWh/day

Table 6.4 Evaluation of power supply in each monitoring plan

Plan A Sufficiently supply: 261%~397%
Plan B Sufficiently supply: 167%~254%
Plan C Sufficiently supply: 143%~218%
Plan D Long-life battery: 2.5~10.5 times
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Chapter 7

Conclusions

124



The results of these investigations support the following conclusions related to the

objectives of this study.

I. Investigation of the structural characteristics of an energy harvester
Characteristics of an energy harvester, named Tuned Mass Generator (TMG), have
been theoretically explained for harvesting energy to achieve greater power generation
from bridge vibrations using an equivalent electric circuit of a power generator. It was
also found that dual-mass systems have several advantages over single-mass systems
for robustness and efficiency of power generation. Based on these findings, TMG using

a tuned dual-mass system and electromagnetic power generator has been proposed.

I1. Proposal of a parameter design method for effective energy harvesting

A multi-physics parameter design method has been proposed to tune TMG.
Results from the parametric studies shown that for effective energy harvesting, first,
it is essential to determine the relationship between the required characteristics for
electromagnetic power generators, and second, TMG requires a robust parameter

design for uncertain bridge vibration, accuracy of assembling TMG and tuning errors.

I11. Evaluation of the applicability of TMG to an existing bridge

To investigate the configuration of TMG considering the performance of energy
harvesting, a prototype TMG has been applied to an existing expressway bridge.
Subsequently, performances of the tuning design of TMG were demonstrated through
an experiment on the trial bridge. In addition, the energy harvested from vibrations of
bridge structures was found to satisfy the energy required for the general use of

monitoring systems.

1V. Enhancement of a power generators efficiency

An effective structural design of a power generator has been proposed to control
the specifications of power generators to adapt with TMG systems for effective energy
harvesting from vibrations of bridge structures. In addition, the nonlinear
characteristics of power generation and magnetic springs were investigated with FE

analysis to obtain the most effective performance of TMG. A design method was
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proposed using multi-objective functions to satisfy the two important requirements for
power generator, namely high efficiency for small vibrations and wide stroke range for
large vibrations. Enhanced performances of the power generator were verified through

experiment.

V. Development of a TMG system that includes a health monitoring system of

bridge structures

To achieve practical use of TMG and to consider the reliability and long-term
applicability of the TMG system, attempts were made to store the harvested energy in
batteries and use them in a health monitoring system of bridge structures. Nonlinear
characteristics of power generation and magnetic spring effect, and other
characteristics were actively incorporated into the design procedure to improve the
ability of power generation of the entire TMG system. In addition, it was demonstrated
that the energy harvested could be stored in the secondary lithium-ion batteries and

consequently used for a health monitoring system of bridges.

Finally, a method to harvest bridge vibration energy has been successfully
achieved using a developed TMG system. A health monitoring of bridge structures
using a TMG system has been proposed and the ability for continuous health
monitoring has been demonstrated.

Vibration-based energy harvesting using TMG has several advantages over other
power sources, such as solar power generation. First, a stable electric energy can be
generated from bridge structures where a common traffic volume of large vehicles is
expected, such as expressway. Second, energy harvesting using TMG does not affected
by weather conditions and even a power failure, due to such as lightning and strong
wind. Third, TMG system can reduce a long-term maintenance cost and an
environmental load since the TMG system can reduce power line installation work, and
the electricity rate is not required. In addition, TMG has a potential to monitor the
structural behavior using generated voltage signals, since TMG generate electricity

according to vibrations of bridge structures.
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The proposed method in this research can be applied to various bridges, of which
the dominant natural frequency is higher than 5 Hz such as middle span bridges. To
obtain greater energy, it is essential to correspond to a lower natural frequency of
bridges. However, at present, it is difficult to achieve the greater harvesting energy
from bridge vibrations, because of the mechanical systems such as the stroke of coil
springs and the friction loss. The efficiency and applicability of TMG could be further

improved if TMG could be applied to lower bridge vibration modes.
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Recommendations

The practical power generation according to the required energy level for
monitoring systems is demanded. Since monitoring plans for bridge structures have
been discussed in various studies, several required energy levels were examined by
considering monitoring plans (plan A to D) in this study. It is possible to harvest energy
from bridge vibrations for regular monitoring, which obtains dynamic behaviors of
bridge structures using accelerometers. However, in order to measure dynamic
behavior continuously, a larger generated electric power is required. By improving the
efficiency and enabling power generation at lower frequencies, TMG can achieve the
required energy level for such as continuous dynamic monitoring of bridge structures.
From the conclusions of this study, the following are proposed as further potential

enhancements of harvesting energy from vibrations of bridge structures.

(a) If the dynamic friction force can be reduced to the 1N or less, TMG could harvest
energy even from vibrations induced by small vehicles or from wind induced
vibrations. The friction force could also be improved considering the mechanical

devices used in the power generator.

(b) TMG applicability could be further improved if the charging energy loss was
decreased by improving the induced voltage of the power generator, by reducing
the necessary voltage of the monitoring device, or by boosting the battery voltage

to the required voltage of the health monitoring device.
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