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Energy Harvesting
What is energy harvesting?

Ambient
Energy

Extracting electrical energy from
ambient resources which otherwise
gets wasted.

Harvester Energy
Storage
Transduction  Capacitors

techniques

* Wireless applications.

e Condition monitoring: Bridge,
Building, Traffic data, Health etc.,
* Major role: Smart homes, Smart
buildings and Smart cities

At the nm
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TPMS MOUNTING
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Low power devices

Low power applications 10mw Laptop computer
suit for MEMS energy <o~
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Applications of energy harvesting

Wireless Sensor
Networks (WSNs)

“ Blood Pressure
Sensor Node

Environmental Monitoring

Driver selector = NTC cooligg wate Pulse Oxh!ehy
switch throttie Auto-lock NICaxhaoss Fluid level sensor # Sensor Node

position mechapism Gas “’"‘1 sensor
Plezoelectric object I
RNEQH Plezoelectric Alarm
zzer

Buzz Plezoslectric Ralp
Paridng mt" Drop Sensor

reader J

- Plezoalactric crash
g N N sensor

> 2

. - swilc
ce ater]

Energy Harvesting
transduonr

)
" Inertial
Sensor Node

Medical remote
Automobile applications sensing

Almost 90% of WSNs applications cannot be enabled without Energy Harvesting technologies
that allow self-powering features- F Cottone
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Vibration Energy Harvesters - Transduction Techniques

Electromagnetic: Any change in the
magnetic field of a solenoid will
induce an emf in the solenoid.

Coil

!

Magnet

Movement

00000

AN

Magnetostrictive: Generates power
because of change in magnetization
due to applied stress.

Base

\ ! Pick-up coil
// / /// MsM L\aminmc
— ™7 -~ Boisseau
— et al., 2012

Copper layer

Why Vibration?: Commonly available in
structural and industrial environments.

Electrostatic: Generates power when
the transducer moves against an
electrical field.

I
—+
Electrode
Movement
R

Electrode

Piezoelectric: Generates power when
mechanical stress is applied to the
piezoelectric elements through
external vibrations.

Piezoelectric)

Stress/Strain —
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Literature Survey

* Piezoelectric EH: High frequency Need of Hybrid Energy
High voltage <4 ha rvesting (Tadesse et al., 2009,
Low current Khaligh et al., 2010)
* Electromagnetic EH: Low frequency Why Broadband Energy
Low voltage harvesting?
High current :
5 * Standalone linear
1 harvester: Harvested
' ' ' ' ' ' ' power reduces drastically
as the excitation

frequency moves away
from the resonant
frequency.

* Ambient vibrations are
random in nature; thus,
these harvesters perform
poorly under such
excitations.
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Broadband energy harvesting

Increasing the operating bandwidth so that fairly large power output is obtained
over a range of frequencies.

Multi-frequency Resonance tuning Nonlinear harvesting
technique technique technique
| Piezoelectric
A movable support Patches
; 757 T Excitation
Ly
L
50 <ol o " W )
40t %, ’:'.;-d:\-': ¢ ‘:‘
. I P aney \
-9 > *
20t 4.00 =
o Experimental data
10 q  e==aasa Polynomial curve fitting
05 005 1 105 11 1Lis 0,00 ey .
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5.M. Shahruz (2008) Huang and Lin, 2012 Friswell et al., 2012, Kumar et al., 2015
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Motivation and Objectives

Motivation :

» To scavenge a reasonable amount of power over a broad frequency
range using:

(i) Hybrid transduction mechanism

(ii) Electromagnetic energy harvesters’ array.

Objectives:

» Analysis of the hybrid energy harvester under harmonic and random
excitations and comparing with the standalones.

A\

Verification of the results through experiments.

A\

Application of the generated power for wireless temperature and
acceleration sensors.

» Investigation of an array of electromagnetic energy harvesters.
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Proposed Hybrid Piezo-Electromagnetic Energy Harvester

single device.

Harvesting energy using both piezoelectric and electromagnetic techniques in a

First mode

Harvester Model

=
1l

P : = V> Piezo Tip
/Composite Mass

4

\Passive Spring

Substrate

Rigid Permanent
Link Magnet

Physical Model

assumption v

h

vd

Equivalent Lumped Mass Model
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Mathematical Model-Harmonic analysis

Piezo-electro-magneto-mechanical model of the hybrid harvester is derived using Newton’s
second law of motion, piezoelectric constitutive law and Faraday’s law of induction,

mlylr (t) +G ylr (t) B Cz[yzr (t) - ylr (t)] + kl Yir (t) o k2[y2r (t) — Yir (t)] + ‘9pr (t) = _ﬂ“mly.g (t)
m, y2r (t) + CZ[S/Zr (t) o Y1r (t)] + k2[y2r (t) — Yur (t)] =—M, yg (t)

Vy() _
AR

p

-0y, (t)+C .V, () + 0

Vem (t) + Qem y2r (t) = 0
Normalizing the equations w. r. t resonant frequency of the primary system,

0
[ - Q% +2£,0iQ+2 uBEiQ+upB? +11Y,, — [2upEiQ + uf?Y,, + [k—p}vp = Q%

1

28,10+ B, +[-Q% +2BL,iQ + BT, = Q%Y
[ ,Bgz ﬂ ] 1r [ ﬂ§2 ﬂ ]Y2r g —QZE;a=ﬂ,0)1CpRp
0 . . 2]
—| L aiQ Y, +[iaQ+1NV, =0 )
Cp @, m,. o ep
- ﬂ = —”L[ =—, K = k
V., =-6,,01QY,, 2] m, 1Cp
Power output, - —
2
IV I\2F |V, IN2 B
PHH = pR—’ EHH — Rem N RC Rem TOtal POWGI" PHH —_ PPHH + PEHH

p
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Experimental setup
T /

. Dylnamic A : : )
Current Power ~ Shaker| Single Axis IEPE Displacement
' Collectors Amplifier _Tat_;le Accelerometer, Accelerometer Sensor

Computer NI DAQ ™ T N

Fig: Photograph

Table: Parameters and their values Harmonic analysis
Parameter | Value | Parameter [ Value Parameter | Value | Parameter |Value| <Frequency sweep
L 160 mm o 7800 kg/m? c, 177.07 nF B, 1.1T | 1-20Hz (Re 0.05Hz)
b 2mm| ¢ 0.3 mm R, 50 kO R, |60Q ;Eig-t;g&f;?’v:l\jio-zooo
t, 0.4 mm ct 15.857 Gpa m, 13.19 gm 4 0.0238| «Base excitation
E 210 Gpa ds; 170 pC/N m,, 17.61 gm 7 0.0044| 1mm
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Results: Harmonic analysis: contd...

PHH ' + 12.5Hz
4 s > 13.5Hz 1rf=2.1Hz; 2rf=14.2Hz
g 1-1::%;;.*. ~0: 13.75Hz [
s Y vy kg e 14H N
g 3 ; v --v..v -.::,,;;’.. c.q--- 14.15Hz =
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(a) Hybrid PE power with R, 2 % | (a) HH power-in test and in simulation
00 g ' 4 2Hz g x% '
0.05 ’ﬁ-**o**......’,” coode SHz 'g =
5 o.75Hz b | 8 C 10° ]
B 0.04 + ; Moot **1 cq--- 10Hz —_ é — Zo- —0- ':“‘4
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0.01%Ej’<“<<444<< M S, o I — PH |
9 — 0= EH
1606000000600 0 =4 HH
10 50 100 150 200 ) 5 1‘0 1'5 20
z
(b) Hybrid EM power with R, (b) Comparisons of experimentally
. I . obtained PH, EH and HH powers
Figs : Variation of power with ' - P
different set of load resistance Figs : Comparisons of Power outputs

The power harvested by the hybrid harvester exceeds the power
obtained by standalone alternatives over a large region between the
two resonating frequencies. This makes the hybrid harvester generate
broadband power which is unachievable for standalone devices.
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Results: Harmonic analysis: Parametric study

1001 /7 S b
§ § § —— k=10 N/m
£ L £ - = k=100 N/m
107 #£2=0.001 —— k=2 N/m
- = 20 - = k2=10 N/m
1 5 10 15 20 1 5 1I0 16 20 1 5 10 15 20
f (Hz) f (Hz) f(Hz)
Figs: Power curves in hybrid energy harvester with different parameter values.
Table: Response of the hybrid harvester with respect to increase in parameters value
, t First Resonating Frequencyf Second Resonating Frequency; Total Band
arameter Band 1 . 2 i
. Power . Band Width Power : Width
Width Shift Shift
No No No Max Slightly Slightly
o] Increase . .
change change change ata=1 right increase
Slightl Slightl No
K*? ShEY ShEY Increase Increase Right Increase
decrease decrease change
Slightl Slightl No
m, . gntly . gntly Decrease Decrease Left Decrease
increase increase change
No
m, Decrease Decrease Left Decrease Left Increase
change
No Slightly Slightly )
Ky significant decrease right Increase Increase Right Increase
Slightly No No Slightly
k . .
? decrease Increase Right change change Right decrease

E
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Mathematical Model-Random analysis

EOM:
mlylr (t) + Clylr (t) B C2[S’2r (t) - Y1r (t)] + klylr (t) o k2[y2r (t) — Y (t)] + Hpvp (t) = Amly/r (t)

m, YZr (t) + C2[y2r (t) o ylr (t)] + k2[y2r (t) — Yur (t)] =—m, yg (t)

( ) g Gaussian

_ep ylr (t) + C

IO
Vem (t) + eem y2r (t) — O
Power output:

Pyy(t) = Py (t) + Peyn (t)

2 Total
]] em Power

(Vp)z _eemVem
P t) =——:;P t) =
PHH( ) Rp ) EHH( ) [Rem + Rc

Based on the acceleration random input, the expected value arrived at

Eu ( [u ] T 1 [Hj(Q)]ZdQ

c Tw[A i) @

Solved by using classical Cramer’s formula

U, ()= Yar O, Yo OV, (1) Ven (1)

Expected Power: Random analysis
E[V 2] E[V 2] Base excitation: ~ Fy,.4:2-5 Hz, 5-10 Hz, 10-15Hz,  Each frequency
E[R.,]= TR, Band limited 15-20 Hz, 2-10 Hz, 10-20 Hz, band- O,
R, [R., +Rc] GWN 2-20 Hz, 3.8-12.6Hz is different
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Results: Random analysis

£ CON Band 2- 20 Hz
g 2 \ _
§ “af =0
3 2 0,..= 0.5232
< : : : : : -100 : : : :
0 100 200 300 400 500 600 1 5 10 15 20
Time (s) (a) f(Hz) (b)
Figs: Input excitation at the harvester base (a) recorded time histories (b) PSD
300 T T T T 0.06
— PH-Ex I PH-Exp . .
n - = = *PH-Sim Simulation
200 1 0.05 EH-Exp
——— EH-Sim
HH-Pxp Power
100 [ T 004 [ HH-Sim PH=4 83 IJ_W
0 W 0.03 | EH=31.17 uyW
600 0 1([)0 2(.)0 3(.)0 4(?0 500 600
- —EHEx] | HH=39.81 pW
=
=
z
& K
/ Experimental
0 100 200 300 400 500 600
600 - : - : =] 0.006 / Power
w00 oo PH=5.11 uW
EH=32.63 pW
200 0.002
HH=41.80 pW
0 ]
0 100 200 300 400 500 600 00 50 100 150 200 400 600
Time (s) Power (W)

Figs : Comparisons of (a) power output obtained in tests (Ex: Experimental) for random
base motion, corresponding (b) PDF with comparison of simulations (Th:Simulations)

—
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—
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4 HH
2
0
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Time (s)

Figs : a) Comparisons of EH and
HH voltages. (b) Comparisons of
PH and HH currents.



Results: Random analysis: contd...

40

1200

50

—

:g o 210Hz 00 :g o 10201z 5%% B :g o 2-20Hz £>
o 30|-g--PHH @'&g) g —O-- PHH ﬁg/ = —O-- PHH / S
- D-- EHH 7 9,—9’ Z 800 | —p--EHH §§ - D-- EHH / )
v%” el /ﬁ/ v§f3600 el lgf—f‘ v%n =0 mn gﬁ/
% /:g/ % w00y _ =T . % 21 :g/g
E10s = ﬂ = 1 = = Sl o= @:
200
OLB—G-—B—E—B—E—« e - ettt A e~/ A0 Z%._—g— = u—-!--ﬁ"ﬁ'gﬁ’
0.2 0.23 0.3 0.35 3.5 4 4.(57 5 5.5 0.25 0.3 0.35 - 0.4 0.45 0.5
Fig: Average power versus standard deviation of input acceleration for different frequency bands
Table : Average power comparison of harvesters
Frequency HH "In the frequency bands
Range PH EH PHH| EHH | Total PH+EH HH between 2-10Hz, the EM
: h t f bett
2-5 Hz Ll m || v | v | Low | High S AL
_ compared to PE harvesters.
5-10 Hz I 11 Il IV Vv Low High sln the frequency bands
10-15 Hz Vv I 1 | IV High Low between 10-20Hz, the PE
15-20 Hz 1l I IV | V Low High harvester perform better than
220Hz | | | m | n | v | v | Low | High | EM harvesters.
: "HH performs better between
10-20 Hz v | Il I v High Low the first and second resonating
2-20 Hz 1 1l I \Y \ Low | High frequencies (3.8-12.6Hz) and in
3.8-12.6 Hz| I 11 I IV Vv Low High the wide bandwidth (2-20Hz).
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Results: Random analysis: Parametric study

o
s
;‘I’;:'I/::“:
ot
i
Yyt

3.5 5 10 5
5 = 84
eg *QT
(#5] @ 64
253 RN
Py ts '00‘0
P 7 e
&7

7, "I',
(/75
&L

=Power increases with increasing
the mass ratio, frequency ratio and
electromechanical coupling coeff.
=Power decreases with increasing
damping ratio of the PHH, EHH.

"Power increases with a till a
maximum is reached. a4, = 1.

Figs: Variation of HH normalized mean power as a function of non-dimensional time constant, a and
(@) mass ratio, u (b) frequency ratio, § (c) damping ratio of the PHH, {; (d) damping ratio of the EHH, {,
(e) non-dimensional electromechanical coupling coefficient .[Parameters other than the one being

studied are considered as y=2.6318, =0.1643, (1=0.0238, {25=0.0613,

Power generation through vibration-
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Demonstration d

DC Motor with Eccentric Mass

/ Accelerometer
4 (Connected to DAQ)

Beam®
¢ ‘\\ @Jl-q
! N [ \..x

Ambio Y et :
Anibio Acceleromete D
Temperature R Ambio Receiver
Sensor (Connected to Desktop)
(a) Wireless temperature sensor powered from HH. (b) Wireless accelerometer sensor powered from HH.
50
S a0f CH! c)
2 30 8 8
= o s 0 g
S 20t 3 5
& 8 o
£ 10+t _ 0~ S S
& 0 | . . ITan—2I8.64 C < . . . Wireless < - . . . . — Wired
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s) Time (s)
(c) Recorded temperature (d) Recorded acceleration signal from (e) Recorded acceleration signal from
wireless accelerometer. wired accelerometer.

Figs. Experimental demonstration of wireless sensors on a beam powered through hybrid harvester
(a) wireless temperature sensor, (b) wireless accelerometer sensor; recorded (c) temperature, (d) and (e)

accelerations.

The wireless accelerometer is powered using HH for realizing the
self-energized structural health monitoring
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Acceleration (g)

0 5 10 15 20 25 30

Demonstration: [1&ll]

a~
S

30

3]
(=]
T

Temperature ( 0C)

—_
(=)
T

T =31.52C]
| an |

(=)

10 15 20 25 30
Time (s) Time (s)

(b) (c)
Figs: Experimental demonstration of wireless sensors on a bus
powered through hybrid harvester (a) setup of wireless sensor,
(b) recorded acceleration, (c) recorded temperature.

(e
W

LEDs
/ >\ %ridge

Rectifier

Breadboard R

Fig: Experimental demonstration of
light-emitting diodes powered through
hybrid harvester.

The amount of power extracted
from HH is adequate enough to
power the wireless sensors and
LEDs.
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Demonstration: Video
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Summary of the first part

» This study reports experimental and theoretical studies of a coupled piezo-
electromagnetic hybrid energy harvester.

» Simplified analytical model provides a good approximation to the experimental
results.

» Hybrid harvester operates over a broad range of frequencies, compared to the
narrow operating frequency range in standalone devices.

» Simultaneous production of high current and the high voltage is obtained due to the
coupling of piezoelectric and electromagnetic transduction technigues.

» Parameters are discussed with the perspective of optimizing the magnitude and
bandwidth of the harvested power.

Power generation through vibration-
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Electromagnetic energy harvester array

|
: ¥ | wf?ﬂ""‘f ' |

\

Sy )W) aasaman sl ausenyey))))in)))))
L o : . o | SpSY |
L."‘.“ﬁ "‘ § A'é“? ’A.A'A.A@
i i 2 )i f‘ | Y

Rectangular
Frame

Physical Model
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Harvester Model : contd...
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Pivot2

Magnetic
Pendulum

Magnet

Pivotl Holder
(Fixed)
Pivotl

Pivot2 Holder
(Adjustable)

Spring Holders
(Adjustable)

Solenoid
Pendulum

Solenoid
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Mathematical Model

Equations of motion of the 7- pendulum array

m;I20;(t) + c;130;(t) + m;gl; sin 0;(2) + kj_1a°[sin0;(t) — sin 6;_1(t)] cos ;(¢)
+k;a’[sin 0;(t) — sin 0,4 ()] cos 8;(t) = —m;l;Z,(t) cos 8;(2);
{ 7=1,2,3.n, 0;1(t)=0;atj=1, 0;41(t)=0;atj=n

j j
+K;b%[sin ©;(t) — sin ©;1 ()] cos ©;(t) = —M;L;i#,(t) cos ©;(t);
{7=1,2,3.n, ©;4()=0,atj=1 ©;1(t)=0;atj=n

Nondimensional form
}Ljﬂ_?gj; + QC:,-;.Lja_?Qjﬁ"j’ + fjajsin @’ + B;_1[sinf;’ —sin@;_;"] cos§;’
+8;[sin ;' — sin@;11] cos ;' = pja; QA sin(Q7) cos 6;';
{9:;'_1":0; at 1 =1, 9j+1'lr:0; at 3 =n
ﬁj&?éj; =+ 26jﬁjdﬂ?ﬁjéﬁ + f&j&j sin E‘)jr + éj_l(SiH 8_,,—’ — 8In 63-_1") COoSs @jf
+B;(sin©; — sin©,,1") cos O, = [1;4,£2A sin(Q7) cos O
{0;/=0,atj=1, O;u'=0atj=n

28.05.2024 Power generation through vibration-
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Mathematical Model : contd...

Nondimensional parameters :

mj . Mj _ m - ﬁ_'fj IEJ . L_T
=—2; fy=—2; By=—2; fl=—2; =2 d=";
i -y i m gj iy H ) ) T 12 I
G e G, kAT 5 Kb -}(zﬁ- o=
G 2wy G 2w’ bi milZwd’ bi mlw?’ T L w

Table: List of harvester configurations with different
coupling combinations

UcC UC SaMH
SaMH C&UG C&UG SaMH
C&G CG SaMH
ucC UC SaSH
SaSH C&UG C&UG SaSH
C&G C&G SaSH
uC MH UC MSH
UCSH C&UG MH | UC SH with C&UG MH
CG MH UC SH with C&G MH
UuC MH C&UG SH with UC MH
MSH C&UG SH | C&UG MH | C&UG MSH
CG MH C&UG SH with C&G MH
uC MH C&G SH with UC MH
C&GSH | C&UG MH | C&G SH with C&UG MH
CG MH C&G MSH

Total Power

4
1 = Bl
1Bl =5 D VCem; (8,05 — a;65)°

=1
Coupled and
ungrounded (C&UG)
181}1 rﬁﬂ} Bl}? .L/}’n =0

Uncoupled and
ungrounded (UC)

ﬁqaﬁq =0

Power generation through vibration-
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Results:

Linear dynamics

A=0.01

5
o,
e 4 Power @ 2 X 10_4, the
g bandwidth of the UC MSH
8‘ 3 increases by  45.57%
o compared to UC SaMH
.g 2 and by 162.07% compared
= to UC SaSH.
3
o 1
<.

Normalized frequency,f}

Figs : Frequency response of the uncoupled harvesters’ normalized power [at A = 0.01].
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Results: contd...

S| UC MH C&G SH with MH CC
........... C&UG MH
C&G MH
B

Normalized power,|P;’|
(V8]
|

\
\

[a—
o
]
N

1342 2341 3142
Harvesters position

4231 0.5 QO

Figs : Comparisons of the total harvested normalized power of C&G SH with MH CC across various positions of the
harvesters. [ Note: only six of them are shown for visual clarity]

Each harvester in the harvesting array is designed to have a different
resonant frequency, so their performance varies depending on their
location when they are coupled.

Spring with equal stiffness =9 n!/2 possible combinations

Power generation through vibration-
based energy harvesters
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Results: contd...

Table : Comparisons of relative power density

Couplin
1 Comlljjinfiions Relative Power Density (%)

PDy

Harvesters RPDH = —— 100 %
... 1234 | 1423 | 1342 | 2314 | 2143 | 2341 | 3214 | 3142 | 3421 | 4213 | 4312 | 4231 PDUCSaMH

Position—

ucC 100
MH C&UG 100.31101.33(100.87|101.56 101.16|101.08101.19101.77100.52|100.99 100.74|100.92 PDH‘pOwer denSity of the

C&G [109.84111.82|112.75(108.87[109.36|112.97]107.10[110.00110.96|106.89 [108.02[110.47| respective harvester

ucC 66.35 array
SH C&UG | 66.40 |66.56 | 66.48 | 66.58 |66.52 | 66.51 | 66.53 | 66.62|66.43 | 66.50 | 66.46 | 66.49 PD density of
-power daensi 0]
C&G 69.25 |69.64 |69.88 [ 69.01 |69.18 | 69.91 | 68.65 | 69.28 | 69.51 |68.62 | 68.88 | 69.34 ucsamit =P Y
UC om0 the uncoupled MH array.
MH -~
T &-TT
ég Cl‘f}IﬁGlzﬁﬁ? 126.34 [126.25126.57 [126.47 [126.17 [126.30 |1 26.62{126.27[126.38 [126.52 [126.51
peyee C&G SaMH, C&G SaSH, and
NH . [139:22[140.48[141.84/137.30 [137.83[141.85(135.54(138.19[140.11 |135.50 [136.90[139.58| | C&G MH with SH CC in MSH
uC give the maximum power
o [127.12(120.98 128 80 [120.88 [128.75[120.05 [128.78 [130.47(127.99 [120.18 [128 44128 97 :
MH density at the harvester
C&UG|C&UG iti
MSH| (o |y [L26-79 [127.55127.19[127.00 127.52 (127.31{127.52 128.00/126.92 127.33 [127.22127.32 position of 2341, and all
other uncoupled/coupled
(lj\‘f“HG 139.63 [141.88(143.15[138.09 [138.76 |143.38[136.03[139.42(140.93[135.87 [137.30 [140.32| | combinations  give the
UC maximum power density at
ME [127-63[130.28]130.57(129.00(129.07 |129.85(128.40|130.90/129.13|128.86 128.28/129.77| | tha haryester position of
- &
CSHG CI‘E}II*{G 127.02[127.35127.05[127.90 12761 127.05127.61 1 25.00/127.04 127.47 12730 127.40| | 3142
C& G . _ s :
N [140-86[142.96 (144.44(139.05130.80 [144.50/136.82 140.41(142.21(136.65 |138.27 [141.47

Power generation through vibration- 33
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Experimental setup

VR
Controller

=) Power ’ ;\
R .~ Amplifier i
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Parameters and their values

Description Value

Length of the MP, [; (mm) 70 80 90 100
Mass of the magnet part, m,, (gm) 17.6 17.6 17.6 17.6
Mass of the MP rod, m, (gm) 16.6 18.6 20.6 22.6
Mechanical damping of the MP, ¢, (Ns/m) 0.0064 0.0059 0.0056  0.0052
Length of the SP, L; (mm) 110 120 130 140
Mass of the solenoid bobbin, M, (gm) 17.2 17.2 17.2 17.2
Mass of the SP strips, My (gm) 24.6 26.6 28.6 30.6

Mechanical damping of the SP, (... (Ns/m) 0.0071 0.0069 0.0066  0.0064
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Multiple electromagnetic hybrid harvester
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Figs: Comparison of simulated and experimentally obtained powers for different types of
harvesters with various coupling combinations.
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Conclusions

» This study reports a novel design of a pendulum-based array of electromagnetic
vibration energy harvester.

» The investigations include three types of harvesters with different mechanical
coupling configurations.

» The position of the harvesters was varied and analyzed.

» It iIs observed that, coupled and grounded magnetic-solenoid harvester gives the
better performance.

» The experimental observations show good agreement with the theoretical results.
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Extended Research

1.Investigation of an array of pendulum- ; e
based electromagnetic nonlinear asz GSXC' ation
vibration energy harvester -2mm

2.Analysis of dual pendulum-based friction
induced electromagnetic vibration energy
harvester array

Magnetic

......... Pl | Stick-slip behavior
"""""" Stribeck model

.......
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