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I Highlights & statistics

» Kickoff: 2012 (official approval in Apr. & construction start in Dec.)

« Mission and goal: A small-scale research university

« Sponsors: Shanghai Government & Chinese Academy of Sciences

« Academic system: Internationally peer-reviewed tenure-track system

» Faculties: School of Information Science and Technology
School of Physical Science and Technology
School of Life Science and Technology
School of Entrepreneurship and Management
no departments, committed to interdisciplinary research

« Graduate students: 1082 from 2013
« Undergraduate students: 509 from 2014

« Faculty members: full-time 66; adjunct 270
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|.  Plezoelectric energy harvesting

Il. PEH research, state of the arts

lll. Power conditioning for PEH systems
a) Principle, from circuit point of view
b) Structural effect

c) Practical implementations

d) Going beyond by active intervention
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INMRODUCTIONI

I Ambient energy harvesting

Vibration Radio wave :
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g 9 a v
.- {7
Microgenerator ' ,.
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| :, Integrated A )
& Antenna_ 7 S
Microchip =

(Figures are from internet)



IINMRODUCTIONI

B Power scale

ical Electrical Typical Typical Power
Energy Source | Challenge | VP
9y g Impedance Voltage Quiput
nght Conform to small Varies with light DC: 0.5V to 5V 10uW-15mwW
surface area, input [Depends on (Outdoors:
- wide input Low k2 to 10s of | number of cells 0.15mW-15mWw)
voltage range k0 in array] (Indoors: <500pW)
Vibrational Variability of Constant AC: 10s of volts TUW-20mW
vibrational impedance
| frequency 10s of kQ to 100k
Thermal Small thermal Constant DC:10s of mV 10 0.5mW-10mwW
gradients; impedance 10V (20°C gradient)
efficient heat 10 to 100s of 0
sinking
RF & Inductive Coupling & Constant AC: Varies with Wide range
rectification impedance distance and
!;__, 'i Low kQs power
0.5V o 5V

(Figures are from internet)




INTRODUCTION| M

I Definition of energy harvesting

* The process by which energy readily available from the
environment is captured and converted into usable
electrical energy

* Frequently refers to small autonomous devices, such as
wireless sensor networks and wearable electronics

° Ideal for SUbStltutlng imbientenerg},r:light, heat, motion, RF, etc

for battgrles that are T [ Perpetually
Impractical, costly, el | &Pow Mgmt -sgrf:gf
or dangerous to
replace

- Ultra Low Power = Low Power

Sensor(s b 4 ¥
) Microcontroller =~ Transceiver

Environment: temperature, status, position, etc

(Wikipedia & www.ti.com/430energy)



INTRODUCTION

I Varket prediction
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(Energy Harvesting and Storage for Electronic Devices 2009-2019, IDTechEXx) 10
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I Vechanical vibration

11

(Figures are from internet)



INMRODUCTIONI

Mechanical Energy Input

Push Button 4 Vibration

midplate - gi >

e
PZT unimorph Polyvinylidine flouride stave o %
Electricity output
Energy harvesting shoes (MIT Media Lab) Batteryless remote control (ARVENI Co.)

s Harvesting

- floor (Sound
Power Co., Japan)

|:| Self-powered
WSN
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IINMRODUCTIONI

I Piczoelectric transducer

* Piezoelectric device « Direct piezoelectric effect

Shunt
Ciruit

Piezoelectric

transducer
Kinetic Strain (potential) Electrical
energy energy energy (Animation from Wikipedia)

13
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I Piczoelectricity in our daily life

*¥ 0

14

(Figures are from internet)
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Il PEH: an interdisciplinary research
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PEH RESEARCH

“ What is an energy harvesting syste?

* Mechanical engineer’s » Electrical engineer’s
answer answer

}3;} at
£(n Eé{

1o, # YT

I sinot L

(il +

’ L +

IC T Vrect Cfr‘“\. v — Load
\ B CE’CCI ba_ttcry
Piezoelectric %S - Vpg +

Element

(Erturk and Inman, 2009) (Ottman et al., 2002)

ik

MIDE V25w

PZ1 P22 22uH

—I—WF A Vour Csronace

6V
i T J S PGOOD [— __l__w
— 25V Vinz 00, D1 |4—2- QUTPUT
) : VOLTAGE
_E 4.7yF GND SELECT

]- Bv J__ 887 A

(Williams and Yates, 1996) =
(Roundy et al, 2003) (LTC3588-2 Datasheet, Linear Technology)
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FREH RESEARCH!

“ Studies emphasizing mechanical aspect

¢ Parameter d|Str|buted mOdel (Erturk and Inman, 2009) Citation = 456

(as of Nov. 2015)

(e | Peald | wed) | e
i 2 R o

ﬂ dé(x) ddlx-L) ] Pwy(x,1) dwy{x, 1)
X - =—m —Cq
dx dx ot A

+ Sw(y)

dx

8§ L
spbLdu(®) vl B Fw (%, 1)
R, dt @ R ¥ phpcd ™ o

. x=0

N0n|lnear structure (Stanton et al., 2010) Citation = 313 (as of Nov. 2015)
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FREH IRESEARCH! M

“ Studies emphasizing electrical aspect

« MPPT circult (Ottman et al., 2002) Citation = 886 (as of Nov. 2015)

20

Power (mW)
= ry

) 10 20 30 40
Rectifier Voltage (V)

« Switching interface circuit for power boosting

(Guyomar et al., 2005) Citation = 548 (as of Nov. 2015)
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FREH IRESEARCH

“ Studies emphasizing material aspec

t

* Piezoelectric ZnO Nanogenerators wangetal., 2006) Citation = 3574

(as of Nov. 2015)

| (|
%5: > 1 g
281 of 153
3%l 351 1Ie=
_15Df-ﬂ'=l| oy JWo o
1 [ i
19704 : _ TI;|:||=an::-e|r|-E
Tood | E
£ . 4=
NBD.. I
1 2
a0+ 5
0 T i
0 230 460 y(nm)
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REHIRESEARCH

I Study methodologies

-

Mechanical Part Electrical Part

. Piezoelectric
Trial and error

materials e
« Neglecting dynamics N/A Trial and error
* Lumped model _ Linear equivalence
» ldeal coupling

Distributed model
(analytical solution)

« Finite element analysis

» Lossy coupling Piecewise equation

* Nonlinear coupling

Circuit simulation

« N/A
System  Energy flow
\ viewpoints * Impedance matching

Axa|dwoo % A1lj1qipaid

21



REHIRESEARCH

I Study methodologies

-

Mechanical Part Electrical Part

. Piazoelectric
Trial and error 2/ = - -
NeglectiEmpl rll&' ﬁt d IreSJl error
Lumped model  Linear equivalence

Distributed model
(analytical solution)

* Finite element analysis

 lUeal coupling
* Lossy coupling
* Nonlinear coupling

 Piecewise equation

e Circuit simulation

« N/A
System « Energy flow
K viewpoints « Impedance matching

Aixs|dwod » Aj1q1paid
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REHIRESEARCH

I Study methodologies

Electrical Part

Mechanical Part
: Piezoelectric
« Trial and error !

_ _ materials
 Neglecting dynamics —
« Lumped model

o aaical

- Plecewise equation

e Circuit simulation

« N/A
System * Energy flow
K viewpoints * Impedance matching

O POIN——

Alxa|dwoo % Alj1qipaid
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FREHIRESEARCHI

I Study methodologies

Mechanical Part

Piezoelectric
materials

« Distributed mode
(analytical solution)

* Finite element analysis

Electrical Part

« N/A

System
\ viewpoints

e Trial and error

» Linear equivalence

* Energy flow
* Impedance matching

O POIN——

|dwod % Au|1qIpaId

24



PEH RESEARCH

I Recent researches

Outer Ring
fixed to thigh

g

wing spar

Inner Hub
fixed to shank

Energy harvesting from human motion

Energy harvesting from gust (wind) (Pozzietal., 2012)

(Wang and Inman, 2012) (a) et

o
. Wave A
tic W
0“'\“
Syringe Ac l

Pump r }:1 ﬁg" .

Droplet Piezo plates

Oscilloscope l

o
o
o

Quarter-wavelength
tube resonator

000
[elole]

Ze PVDF /
Block

Piezo plates Quarter-wavelength

tube resonator

Energy harvesting from raindrop Energy harvesting from acoustic wave 5
(Wong et al., 2015) (Li and You, 2015)




FREHIRESEARCH]
JIEEY A lazy solution

Piezoelectric structure I Harvesting circuit *

ac

KNOw i, = I sin wt

Such a little
piece of
cake!?

(Ottaman et al. 2003)
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CIRCUIT PRINCIPLE

LY Why we need power condltlonlng’7

* Piezoelectric generator « Typical waveforms with
bridge rectifier

leg = aX (’]‘)C:: |g, A

Ly

Current

- = = \foltage

 Standard energy
harvesting circuit A

Positive power I Negative power

29



CIRCUIT PRINCIPLE

Parameter Cp  fo (mech)

Example value 34.8nF 42.76 Hz

Compensate C,, using
parallel inductor L

wol = 1/(0)0Cp)
2> L=398.1H

> F =
3
NOTE: ALL LEADS 185 LONG. |

The volume of a 40 H inductor
6.4 % 7.1x%x7.6cm?
(2.5 X 2.8 X 3.0 inch?®) 30



CIRCUIT PRINCIPLE

Synchronized switch damping

Open circuit

20

10

-10

-20

20

10

-10

-20

Voc loc*3ed

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

------------------------------------------------------------------------------------

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

1.96 1.98 2 2.02 2.04
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CIRCUIT PRINCIPLE

SSD on inductor

loc*3ed V_s ssdii_wo_off Vstep*3-20

SSDI (w/o switch off) , —————— ———

10

0 Lo

S s S e

20 i E ]
1.96 1.98 2 202 204

20

10

-10

-20

1.96 1.98 2 202 204
Time (s) 32



CIRCUIT PRINCIPLE =TA
NN RLC step response for voltage | inversion

\V s ssdii_wo off Vstep*3-10

Time (s)

For underdamped RLC circuit, where { < 1:

T

Wn+/ 1—72

- Overshoot ratio (inversion factor): y = —e ~$®/N1-¢* & —o=m/(2Q)

e Peaktime:T = ~ m\VLC

33



CIRCUIT PRINCIPLE

Synchronized switch harvestlng
@ p jz '“ ........ : S“i?o ______________ _____ ‘“’” ________
T F % o o N P P Y

-SSHI

200k

<

loc*3ed Vsw*3-20 V_s sshi

20

© %, S-SSHI

l 10

+ @ ZE

RN %Z i 0
Tu

@ %g 9*

| 20 : - - - -
= 1.96 1.98 2 2.02 2.04

200k
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REH IRESEARCH

m Unsolved problem obout S|mpI|f|cat|on

Piezoelectric structure I Harvesting circuit *

ac

KNOw i, = I sin wt
Want P =

Such a little
piece of
cake!?

(Ottaman et al. 2003)

36



STRUCTURAL EFFECT

JIIEE] Boundary for the scientific problem

Wezhanical domain Electrical domain —  Energy ———— Inigmmation & contrel
Excliation Mechanical transformer Piezoelectric transducer Interface circuit Energy storage DC lpad
4 X F T
[ A : ) 3} | Configuration Material Connection é AC-DC Dc-DC ) Iy ( Regulator End device
S Inertial I 1 -1
Acceleration I :13!': i Sensors
Lejerams, Plate, SEH, il NiMH battery,
—_— g chckns: bulk, PZT, Serios, SSHI Buk (| || Lithium batiery, Buck,
L Force I cymbal structures, stack, PVDF parallel, = = SCE, huck-boost, Iillillli Thin film battery, |=efsl buck-boost.
U multilayer, elc. eic. Active-PEH i eic. E supercapacitor, elc
e ok afc. stc. ; E stc
| Pisplacament § { H B
A J\ i3 [ i AL

Base — \

Piezoelectric
_ pER S
M -

T
s

)
QR A minimum PEH system

(Liang and Liao, 2010) 37



STRUCTURAL EFFECT

m Extensively referred conceptual model

Electr|¢ally
induged
damping

3
ml,w,w? ( @ ) Y?

Wy

P =

] (2]

o

(Williams and Yates, 1996)
(Roundy et al, 2003)

at resonance
w
—=1
(‘)n

A

P =

ml,w3Y?

4({e + Gm)?
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STRUCTURAL EFFECT

Piezoelectric ' <
=" patch P
Base M |
g
/I Crer,I Ry

y(t()\?lm be|—_| |_"_|b[1‘l

Key questions: the dynamic behaviors of y(®)
1. Mechanical structure
2. Piezoelectric element

3. Power conditioning circuit

39
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STRUCTURAL EFFECT METAL &$ax

=Y Material to device model  assuming uniform

distribution

« Material level constitutive equations

T (stress
(IEEE Standard, 1988) ( )

ﬂ S (strain)
Ty Cpy —Ckp Sq Sp Shg  dip Ty T
| Di | e & || B Di| |dy & ||B E (elec. field)
- L D (elec. displacement)
Sp qu 8kp Iy Ty ng ~hip Sq
- = Geometric
| Ei | | ~8a B | | De E; —hig By | | D relations
. . 3 9
« Equations at device level z |4 |
.' .. :

~ Direction of f,, x,

K‘KL/S . :| Xp:|
o, —sC° v, A T :

llllll 40



STRUCTURAL EFFECT

JIIEE] Device to system model
Material level : : 2 System level

Device level
Tp ﬁﬁq —€kp S.q Fp K’Efé‘ e Xp |V F “ |V E.Zmech Ote “ |V Xp “
b; €ig 85% B I o, —sC° Vs \‘ 0 J \‘ Ol —Y Yoo J \‘ Vy J

r-——Yy -~ -~ Y- oo~ | :
: Idealtransducer . | %:?
l s S am—
I_ J = | =i g Cr | Shunt
i p— p— f : | Vp i X
— =) K == T circuit
M D K [ : aeVp aex E . : - |
| e :
e I Piezoelectric equivalence
\ )
L y) Y

41



STRUCTURAL EFFECT

JIIE=] Electromechanical analogy

Shunt
circuit
I

Piezoelectric
equivalence

Equivalent circuit

(obtained with electromechanical analogy) (a,: force-voltage factor) "



STRUCTURAL EFFECT

Veq(1) 6

A: | TTOM 58 ko 187.22 ko

. Magnitude i .758 fz
PRS Measured & fitted
— Y Y YL AAN, I,
L R CI | 7. :
In Rls . S =T s - a48 . gF...... e
9 Cp__ ( L1: 31 kH CH: 349.69 nF :
¢ E: B 1 =fdiv EEF -8 *= -g2.987 =
Phase 42.758 hz
Equivalent lumped model
(Van Dyke’s model) |
WAC S511.9 mWalt IAC E.G222 QH VSAIDE ——-
(|EEE Standard, 1988) START 48 Hz 05C 26 mA S5TOP 68 Hz

Measured and fitted results

43



STRUCTURAL EFFECT

Linear

approximation

"-:'{9‘ (I) "ﬁ'(”
LYY YO AN e
+ L R C . +§
Veg (1) @ 1_},-{1‘} i —% A
_ — P
7*—‘*****
— T q
\_’ L) 44




STRUCTURAL EFFECT

=] \Work cycle analysis

AV .

« Energy loss in one vibration cycle « area enclosed by
the g — v locus

AEzfvdquvidt
¢ ¢

45



STRUCTURAL EFFECT

JIIEE] Harmonic modeling

« Assumption

— Influence of higher-order harmonics 3
<< that of the fundamental =
component =

iq (t) = 1, sin(at) T

Vp’F(t)ZZﬂa) {[sm (20)-26 |cos(at) g
+2sin’ Qsm(a)t)}

Vp F(Ja))

==

0 Hiw T/2

Time

Zeec, (Ja)):
lec, SEH eq(Ja))

ﬂpr

oq IS Sinusoidal and orthogonal to all high-order harmonics of v,

I

1 [T _
Pefec = ?/0 L’;}(f)im(f)dt —

1 (T ,
?/0 L’pf(f)ieq(f)df

[sin® 0+ j(sin ocoso—0)]

46
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STRUCTURAL EFFECT

=} Equivalent Z,,,. of different circuits

SEH [ “. P-SSHI [ SW

RSD [ S-SSHI [ ™ ¢

------- SEH semoem P-SSHI ()Y =0) — S-SSHI (Y =0)
- RS] somsme P-SSHI(Y=-0.3) == S-SSHI(}=-0.3)
O Open P-SSHI (Y= -0.6) S-SSHI (Y =-0.6)
Ua- 0 "?:\q.\ a',\_.',)_; . T
Q) R S N :
— TN, ey :
g -0.5 ] N -
Iii .‘:f | \o =
E 10 @== — - ',
0 1 2 3 4 5
R(—:[Zel,ec]oo(l'JD

a7



STRUCTURAL EFFECT

JIIN=] Energy flow

Thermal energy
Mechanical Elecisca
| dissipation dissdbation +
A
—————
A
A 'H
Piezoelectrc : '
\ transducer / 1
1 i °\F Energy
Ambient . 1 ~—— .
R ' Mechanical 1 E Electrical storage
vibration ¥ - ¢
energy ' ) energy

a Harvested power (branch I)

(Liang and Liao, Smart Materials and Structures, 2011)

Reactive power (branch K)

48



STRUCTURAL EFFECT M

JIIEE} Decomposition of Z,,;,.

Zelec ( J a))
/_H
R X
Z . \
I:ad Rh X E

Dissipative  Harvesting Reactive
component component component

~N

* Both resistive
» distinguished by work
cycle analysis

i
E— E Gy
t

y
-----
Fhngeo® S, S S

- e e = = == =



STRUCTURAL EFFECT

IR} Resistive load and SEH

 Resistive AC load

— Energy cycle
: vy
qu.
D)
2
AsEH == = 63.66%

(Lesieutre et al. 2004, Liang and Liao, 2009)

g

—

Standard EH interface

Real rectified circuits
cannot be simply equalized
by a resistive ac load 50




STRUCTURAL EFFECT M

111.B S35l

 Parallel SSHI  Series SSHI




STRUCTURAL EFFECT

111.B PN
R =

4 ~ ~ -
V_[1-V < Rectifier
- SEH d oC F( re"t) dissipation
4 ~ ~ ~
I:zh - 7Z'O)Cp (Vrect _VF Xl_vrect)
1 ~ ~ ~
° P_SSHl Rd — 7Z'0)Cp {ZVF [Z_Vrect(1+7/)]+vr§ct (1_7/2)}
2 ([~ ~ ~ Rectifier
Rh = 72'6()Cp (Vrect _VF 12 _Vrect (1+ 7/)] dissiE)Lation
/ Switching
4 1-vy ~ ~ ~ dissipation
. - R, = 1-V V. \1-V
S SSHI d 7m)Cp 1+7/( rect+ FX rect)

h — 72'6(4)-Cp i;;:(\?;ect _\7F xl_vrect)
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STRUCTURAL EFFECT

=] Equivalent impedance network

e = e = = = = =

53

(Liang and Liao, IEEE/ASME Trans. Mechatronics, 2012)



STRUCTURAL EFFECT

JIIEE] Experimental setup

« Two features

— EM velocity sensor
(power-supply-free
sensing, zero crossing
detection)

— Micro-controller unit

Electromagnetic
velocity sensor

vrf'-:: > t : ;
' B> \iicro-controller board
(pr(_)wde accesses to more ) s
peripheral devices) /
r.v : Batteries
* Other parameters B = |
Parameter Ol fo C, Crect L, S Rectifier

MOSFET DB104

*10N-4
Value 4.75*10*N/V 4276 Hz 348nF 10uF 47 mH (IRL510) (V.= 1.0V)

Parameter Y L C R

Value -07 31kH 448pF 1MQ »



STRUCTURAL EFFECT

JIEE] Results

 Under 42 Hz constant acceleration base excitation

Theory Theory Theory
X Experiment +  Experiment %  Experiment
25 - 25 ' - - 25
2 2 2
= 151 15 15
g
<] 1 1
A
0.5 1 05 05
0 : 0 ' ' ' 0 '
0 05 1 0 2 4 6 0 05 1
Vrecr Vrect Vi rect

SEH P-SSHI S-SSHI

55



STRUCTURAL EFFECT

A
y(®
= ,, - Extensively referred mechanical schematics
s (S ol [\& E (Williams and Yates 1996: Roundy 2003)
J \‘ Croes Ripaq
US

Minimum PEH system

Electrical i
_part;

i
I
I
i
i

Mechanical schematics based on impedance analysis
(Liang and Liao, 2012) 56



STRUCTURAL EFFECT

JIIE=] Proposed integrated analysis

-

Mechanical Part Electrical Part

"Piezoelectric

« Trial and error terials
materials « Trial and error

 Neglecting dynamics

« N/A
Impedance baseq

e DistribUted model .
 Lossy coupling

(analytical solution)
+ Finite element analysis ~ '\onlinear coupling

Analysis

e Circuit simulation

« N/A
System  Energy flow

K viewpoints » Impedance matching

Aixs|dwod » Aj1q1paid
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NVRLEEMENTATIONSS

Commercialized IC for PEH

100mA Piezoelectric Energy Harvesting Power Supply

IDI
1L . [!-. _ . .
MIDE V21BL s |
Pz1 P22 105K 20V INTERNAL RAIL E
- v oW - Vour GENERATION
| N 17c3588-1 | ! a =
1uF Vour | 47uF | 3] cap
- G BV -
CSTORAGE CAP PGOOD |— ) I_ PZ1 [1
—— 25V Vine D0, D1 [e=54 OUTPUT = -
| VOLTAG <
4.7yF GND SELECT
&Y _L 35887 TAD —
= - - 7|V
L7 Vine
1 P22 [2
) BUCK [
. LS CONTROL
LTC3588-1 3.3V Regulator Start-Up Profile 3 1] ono
22 T SLEEP f=!
= 5%10%;;%5722% Cour = 47uF . BANDGAP
A=A T REFERENCE 6]V
18 1 : i | : - 1.6 Your
HERRER /11 8.9 2 >
16 p—+————1 +—+ + - Ft—t D1, DO [j /, ,Zb
W —— -+ 4 - - " - | - 4 PGOOD
s Vin 7 COMPARATOR [——110] PGO0D
w 12 - — F—1 ! - >
E 10 1 ! / i
3 ' / ' i
> | / ! =

| - — +—t | S — 35881 80
M 44— Vour {4
=u | pg00D - L0GIC 1 ——
TTTTTTIT]

0 200 400 600 ) _
TIME (s) (LTC3588-1 Datasheet, Linear Technology) 59

(=T S R - I - -]
T




NVRLEEMENTATIONSS

Need for further research?

« Conventional impedance matching

1
|
ZSOM?’CQ

Zload

V() QO

Maximum output power when

_ *
Zload — Zsource

« Equivalent impedance in this experiment

0.1 = = !
& maximum R,+R,inSEH || .eeeeeeen Zelec (SEH)
D bl . A ]
\% \ e i, i Y, 4x ' = == Zgec (RSD)
g 0.1 ut e i 2 et o] | i Zoree (P-SSHI)
; e
§ < maximum R, ;+R; in SSHI __‘ _ Zoioe (S-SSHI)
g =2 R =D/
LIS . . &Y O  Zyeon (42Hz)
5 0.2 0.4 0.6 0.8 1.0

Resistance (MQ)
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NVRLEEMENTATIONSS

Implementation of SSHI

« Building blocks « Early implementation
— Displacement (velocity)

sensing
— Synchronization
— Switching

Inductive

) N
lL
proximity

dSpace
installed PC
sensor

* In the last experiment

~——Aluminum cantilever

_______

Electromagnetic

y — ! e
- ! , J
J; e % h X =
3 v velocity sensor
y
Teees sPELR RN ; s N
0 - ~ ’ ~ - - v S —
i ace acssa sy s
)
:
;

-

61



INIRLEEMIENTATIONSS META|

Self-powered designs in METAL

* Electronic design « Mechatronic design

‘A
piezoelectric
[ cantilever

Piezoelectric Permanent
element magnet. ]
(proof mass)

Current Aluminium
sensing cantilever
resistor

_aatih

m,

m, with circuit

(Liang and Liao, IEEE Trans. Industrial Electronics, 2012) (Liu et al., Applied Physics Letters, 2015)
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IIN®} Electronic self-powered solutions

« BJT based

H

H
H ] Comparator Envelope detector =
», switch + Energy storage <

Paa) Cri
L T
leg

=R | 2 2
l]cmkn Ds % D W0 T
Dy Dy E D.A A D: Zi
Piddo 770 o7 Ty T:

TI TIP3C TiP32C T—

Tip32C it TIP3 ic

[)1 e (,re'rr D\Q
DBIN4 L ¥ DB

| Ci C: |
T G&0pF BROpE T

=t~

B0OmH

LA
-~

3540

(Liang and Liao, 2012)

CMOS based

Vln

—

(Krihely and Ben-Yaakov, 2011)

piezoelectric elements

o proof mass

) - x/' steel beam
vibration |
i
- SR R
rm LB B e

- i R
comparator i+ [+ 1 . Voc
___TL3701 8| &
/M Ve
e ; 4

> el 4
D1 wD2 load

¥

'
Aal ntin 4% 1
Vas) | |Pc| fiter | vs oower) © Ly Voo 1 NMOS fry
. 1 leuoph 63 , Sharuziot® | pwos
* v PPl v [ IRF9640

- 1

\ \ J - »
D g Y D i

SSHI interface

velocity control supplying and
circuit driving circuit

(Vasic et al., 2013) 63
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K& Our achievements

« Modified circuit N
— Direct peak detection ©)

— Better isolation among
functional units

— Less dissipative
components
* Improved analysis

— Discuss some
underestimated details in
self-powered SSHI

e (Liang and Liao, 2012) 64
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The self-powered SSHI circuit

Envelope detectors

e o — —

swiLt},h/

Comparators

L/ Switches \

e oy e dmir e e i e ! kgl U —

200k

D
¥ INGODE A
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TIP32C

= 6ROpE

s

74
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Fect

L

1 mH
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\ Ds
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IMPLEMENTATIONI

Working Principle (1)

Charging

I

! ﬁsilm 3 R

| 21 gg < Dﬁ HER

" {:}4} 4 T T D:
= 3 13 ‘

“ T TIP3IC  TIP32C T2

| TIP32C TIPFIC
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LG 2 |

I [T 6800nF 630pF

Fiezoalechic

]

A - B: forward charging C, , C; & C,

Voltage (V)
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Working Principle (2)

First inversion

11}

D7 &

DEL04

s
11 &) 33.%;;7'7

quick inversion of the
voltages across C, , C; with
the LCR loop

Voltage (V)
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JIIEE] \Working Principle (3)

150
Second inversion e /ﬂm
1 ] RN L
S §° R "t
1 |J R R2 * - s a
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JIIEE] \Working Principle (4)

Charge neutralization

80
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JIIEE] \Working Principle (5)

Reverse charging
(starts another half cycle)

s

~ TIP31IC

Ts

TiP32C [

DBl

>

Fiezcelectric 1

]

B > A: reverse charging C, ,

C,&C,

Voltage (V)

T T T T 150
Bt Vg
) 1160
10 [N L
rd . —
| g
. A s et
0 ‘,.’ ; o E
7 I =5
e &
-0 - 150
—— iy
¥r
=20 E— —00
B A l—=
=3 : : : =150
3. 047 048 049 05
Time {zech
; -
ﬁ‘
_1]0 \; ’ -
T L L L
g !
2B3 B, :
y : ]
11
- i1
o 1
E ¥ |
1!
gt 11
11
1
0 \/'—
D489 0.4885 047 04703 0.471
Tme [sech

70



INVRLEEMENTATIONSS

LIA®] Improved analysis

¢ In preV|OUS analyS|S (Lallart and Guyomar, 2008)

— Underestimation on the mutual interaction between different
blocks and the two self-powered switches

* In our improved analysis (uiangand Liao, 2012)
— More detailed and quantitative analysis on
* Open circuit voltage
« Switching phase lag

« Voltage inversion factor
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LIR® Experimental results

I‘.‘,_«;f' \aS A -_‘»_\ - Piezoelectric Permanent
A i e LLERNCET B element magnet.
\ - ; . 25 250N Agane : (proof mass)
'\ '-\ A B sp_ssir (Experiment) i
: Current Aluminium
+ \ . +  Bisp.ssr (Experiment) . sensing cantilever
- \ X P, sy (Experiment) feistor

N W A

200% increase of
harvested power

Power (mW)

—

o

0 5 10 15 20 25
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Self-powered effort

&0 1 | | |
=
— 80F | === SP-SSHI SEH 7
3} 7
> ”
Z 60r . Zx
e, | X:35.84 | o
% i b . |
2 —
< -
I O S 1 — | | 1 |
1 2 3 4 5 6 7 8
VOC,org (V) o< X
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NVRLEEMENTATIONSS

R
il

.

A mechatronic self-powered SSHI

______ | harvesting circuit, physically included in #1,

—— conducted circuit branches

extreme deflecting positions

B piezoelectric patch [ moments right after the extremes

blocked circuit branches

(Liu et al., Applied Physics Letters, 2015)

Y Yl Yaininiiete l m; |
>
Z [
d> = ko
S m
22
Zr
Z1
| Base] d 2 ki
|Zn

2DOF linear model

Equations of motion
2 4 2018420 + 07z — M20:02 2 + 052,0] = =y,
i+ 2000080 + @3z = —Ei.
Displacement ratio

Z . 2 C]S + ('-'J?
Zr (52 20205 + @3) + m (200008 + @3)
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IMRLEEMENTATIONS

IIA®} Design rules

« Complete expression of displacement ratio
Z,-g 2(_-'.')1 :13‘ + (.-!);1)

Zr (2420008 + @3) +m (20205 + @3)

* Five design rules

o=o /o<l —> 1 soft or even free connection
AR S o /m <1 —> 2. relative small moving mass
£, <1 —> 3. low mechanical loss
Main o=, —> 4. operate under first vibration mode
cantilever { & <1 —> 5. low mechanical loss

* Approximate displacement ratio

IN

N
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NVRLEEMENTATIONSS

7 Yl it l m |
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Z ¢==I‘==",
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. . =
piezoelectric
cantilever
—— MSP-SSHI SEH: =—— Theory © Exp.
----- Open circuit MSP-SSHI: ««-=- Theory x Exp.
, . . 2.0
i
/ / / 16
2 1.2
O" 'i. ‘!". “‘. 'l" é )
. o = 0.8
AVEAN o4
A 0 i i i
20 40 60 80 0 02 05 08 1.0
Time (ms) Viect

[ml with circuit
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B Ovutline

|.  Plezoelectric energy harvesting

Il. PEH research, state of the arts

lll. Power conditioning for PEH systems
a) Principle, from circuit point of view
b) Structural effect

c) Practical implementations

d) Going beyond by active intervention

78



AACTIVEIINTERVENTI@NN

) Passive bias-flip circuits

: T
(V) — Th, Series S5H|
+ [Exp. Series SSHI
ViE ) — Th.Standard T - " """ T TlmT----—--—-——
+ Exp. Standard

ji \S
[ A,

i T i | Ve

2 !
! L s
P z

{mW) || — Th. Parallel S5HI |1
1|+ Exp Parallel 3HI :_
"7 == Th. Standard T
+  Exp. Standard
1
1

15

H l
Rectified voltage Vs (V)

: Parallel-SSHI (Guyomar et al. 2005, Badel et al. 2006)

Passive bias-flip action:

Uv, =0

Energy is always absorbed

by the bias source
(Guyomar et al. 2005, Badel et al. 2006) 79

T m e
Rectified voltage Ve (V)
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ro— oo passive
| L, bias-flip
| A 1

;(T)C—— 1k active
’ T Co
i 1 bias-flip
Lo

Pre-biasing (picken et al., 2009)

5 25 Energy injection (Lallart and Guyomar, 2010)

é " Pre Biasing & Energy INnvestment (kwon and Rincon-Mora, 2012)

5 Single-Supply Pre Biasing

e Parallel

J 154 SSHI S.E.

2 Active bias-flip action:

1

5‘5’ Parallel

= Series  SSHI DC

5 s SSHI DC uv, <0

E - Syne. Ex. pc! OR.L. Bridge Recryie{*\ L ]
=" = Energy is injected into

o 1 2 3 4 5 6 71 8 9 10
Inductor Q-factor [wL/R,]

the piezoelectric
structure

(Dicken et al., 2012)
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Passive (receptive) & active strengths

81

(Figures are from the internet)



AACTIVEIINTERVENTI@NN

% Further
Improvement?

Injection;

Energy

Investment;
Pre-biasing

S-SSHI
SCE

.Standard
interface
circuit

No. of bias-flips 0 1 2 ?
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) Misleading by conventional model

A y(t)

(Williams and Yates, 1996)
(Roundy et al, 2003)

Eh,net

-

=005

0.1k

0151

-02

Only “valid” for \

aV [N]

SSHI DC

SSHIAC \
/

u [m]

“4

-2 o 2 4

Energy cycle with conventional concept

=k extract 7

(Guyomar et al., 2005)
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I} Liang & Liao’s model

" Dissipative
component
Reactive Harvesting
component component | 7,

Liang and Liao’s equivalent schematics Partitioned energy cycle of P-SSHI
(Liang and Liao, 2012) (Liang and Liao, SMS 2011)

Eh,,net — Eea:tract o Edissipa.te
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) Objective identification

From conventional concept:

PEH optimization
= 2 enclosed area
(< damping effect)

l.e., achieving an electrical damping
high enough to obtain the desired
levels of power output (wilier et al., 2012)

From Liang & Liao’s concept:

PEH optimization
= / green area
(« harvesting energy)
= 72 enclosed & ¢ blue

l.e., maximizing electrically induced
damping at low dissipative cost
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] “Contradiction” in voltage bias-flip

Assuming kinematic condition
(constant displacement excitation)
a) more extracted energy requires
larger voltage change before
and after voltage fipping state
b) less dissipated energy requires
smaller voltage change before
and after each bias-flip action

make a large voltage

Energy cycle in single supply change by combining
pre-biasing (SSPB) multiple small steps
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JII3) Generalized sync. multi. bias- fI|ps

t i * Harvested energy in one cycle (green)
/\v L,
P [ ]
C ieq (1) E, =2 Z (1 =P UpVym + 2(2 — AU)V,
M = — [ -
.g @ Cp S+1 S+2 S+]\;\ 1i S—z\ S_ Vo
52 i i
F°E ol V] Vo VTL_ v j]'- Relation in the voltage relay
'E.?'; bl-l-i‘_.‘..b".j.w bl 752l 'bM f ¥ -1 11Vel [ AU
1 -1 il |A-nb
........... ieg ____ v, @ P-SSHI (P-SIBF) C = :
v, @P-SMBF  ——- v, @ SEH (P-SOBF) T -1 V| (A= 1)Un
— WMQ]_,;—* —- . | 1 —dlnd la-yu
ke Series case: AU = 2; Parallel case: AU € (0/2)
| Optimal voltage set
Y Eo i n Zat! N
T il 1
U =—
B I TP T 1ty om=1,2,3,..,M
AUOpt == 1
I N o\
(Liang and Chung 2013) 87
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3] Energy cycles in SMBF

—»— Voltage flipping  —=— Constant voltage -3 (Jpen circuit
mmm Energy dissipated due to imperfect flipping @ Net harvested energy in one cycle
C = J Extracted energy in one cycle (enclosed area) @B Energy dissipated by the diodes

88



AACTIVEIINTERVENTI@NN

3] Energy harvesting capability

« A general 30
mggelef(?r -_— (Eh,max)P-SMBF
. . 25 - — (Eh,max)S-SMBF
bias-flip . & (E d,@opr) suor
. o0
solutions 5200 | )\ NNy |- (Ehmax) sse
* Ep - co by Té 15
two means: &
— Decreasing y % 10 t
(known, but 2
has practical 5t ~
limit) Open circuit m\_
— Increasing M 0t .
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JIIEs) Design considerations

a) Making a compromise
between the effectiveness of | |.
Improvement and the
complexity of implementation

b) Making the full use of a
auxiliary bias source

c) Desiring passive and self-
adaptive auxiliary bias
source

d) Regulating the current
direction in each bias-flip

equivalence /7N
N/

o

I

Piezoelectric

' BF1:BF2: ' BF1:BF2:

90



AACTIVEIINTERVENTI@NN

) \oltages in optimal SMBF

- Same voltage o o
. gt - O 1
changes AV, In =M o x}m/p o
all bias-flip . STHE oo/ o
actions s 4 BB o ;o o
& 3 x
. Opt. P-SMBF 2 2} 89 x 9 x© x O
L g O x 0 x O« 0)
— Symmetric bias 2 0 5
z O 04O [0)
sources S L, - 5 ¥
. E 2 O x 9 x o
— Noenergy gan 2 _,| O x O . o |
(loss) in the Z O x o
auxiliary bias ad o o |
sources =81 |
h O Vi X Vi O Vi X Ve
AE = AV, C,V, A ——
01 2 3 45 01 2 3 45
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Y The new P-S3BF interface circuit

« Main circuit  Driving circuits

Bias-flip (series) path

,——/\_\ V.
Piezoelectric  Harvesting L Dy, R
equvalence (parallel) path FIVVN < tla_ _
i : = Dy Ll (,,“ PL1 L2 (,,‘ PIL2
+ i ﬁ ) I
R D, SZ R;:
D l), Lib 12 L2
¥ £ riJARY V7 D, r3 R & v dl. x>
o M, M, M,
+ = =
. = P
LT € FAA\A ® oy - %
+ V-
’ Ll D L3 12 Cr pp
DD, D,, O]E}M & °—IEEZ/\,I“ Mfiar ,f' PRI R2 ﬁ PR2
L
= {>‘l Rll (1{2 RRJ
I)IZ
L1
LEe - -

(a) (b)

(Zhao et al., ICAST 2015)

R3

PR3
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m Phases 1 (open circ.) & 2 (const. volt.)

] .......... ieg v, @P-S3BF - Bias voltages
AU '
/ ,,r..,/
L) o) gt T
L N
Time
(a)
l s gy e (@) P-S3BF ----- Bias voltages
B |AU 1 ST ]
\)/_;“ = 1 |‘ - VO
/ #
S 1
S S S e I R ) S EE s
i A
NN
Time ] Time

(b)
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JI5) Phases 3 (15t BF) & 4 (2" BF)

Phase 12 3 4 5 6~7 8 k] 10

PL1

|
1

PL2

o j_.l il_l__r s.,(r)é

L&2

PR2

PR3

PR2

PR3

e
ij_‘ { r l.q(t)@

(d) (i)
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JIIEs) Phases 5 (3t BF)

T D,,
,,,,,,,,,, 7 v, @ P-S3BF Phase 12 3 4 5 &7 8 9 10 l_m F
7 1 e I 5 | l l i o _— - s
AU o e ; i i + |
I . i { ! } !
) PL2 ' 1 D’. D’,
e - +
2 1 ==V R cae | *
o . E 1 PRT I l o ,-q(,)fg el * A I+ |v', al
) + » : . 7 St :'.
i " i i i # bl ? D, 13 5]
' i A S l_ i D, WD, —Iﬂu. " "]E:%{. Migr‘
J PRI | E 9 | P ‘ Des
& o ' ! omm— ; — . ' v
[ p ] SE A % i > [ ——— ' — Dy,
Time Downstairs Upstairs ™
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Y Self-adaptive bias voltage source

Bias-flip (series) path
e

Dy,
1

(parallel) path
P

Z I)Rl

Dy,
NN
%]

c,

Evl

73 JE

—

Woltage (volt)

&9

i j\‘\\‘&

T

(AN

&l ‘

k 5985 59857 50052 59853 G905

Time (sec

Bl
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I3} Experimental setup

A Load

+|

s y S3BF
1_;3 Interface circuit
Mass (magets)
. Piezo patch PL1-3
Cantilever beam PR1~3
Coil
% MCU
% ¥
— =4 MSP430
X Base
Vibrator

Drive Circuits

S38F

September 2, 2

Shanghai Tech Um ve

97



AACTIVEIINTERVENTI@NN

3] Experimental results

1S . : r ~ [ 3 ‘
’ % S3BF
X SSHI
> 2.5 * % s % |+ SEH |
::11)
Bzl ; X
> | 5
‘ | = % X X X %
15! 3 X *
10 20 3%10 50 60 ¥ g . *
f ~~ 1.5
ime (ms) 3 X
(a) e X
10 —— = e P &' l .*.
= 22 %*
g 5 +: 4y X
L g 05 & *ﬁh
! +
0 ‘ + J ‘
o 7, A VG NS GUY (P (Y (ST W) ST
> 0 0.5 I 1.5 2 2.5 3

%
Virect

* Future work
— Theoretical analysis outside the optimized condition
— Impedance modeling for the joint electromechanical dynamics

(Zhao et al., ICAST 2015) 98



I Summary

* For better understanding of PEH
systems
— Structure effect
* Energy flow
« Equivalent Impedance model

« For implementation of SSHI
— Electronic design
— Mechatronic design

* For future development

— General model for bias-flip circuits

— A more capable P-S3BF power
conditioning circuit

Veg(?)
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I Transducer comparison

Electrical
characteristics

Mechanical
feature

Electrical
feature

Il

=

|
o

Compact configuration, popular
for MEMS

Deformation based, require a
main structure

Works well for low frequency
vibration

High capacitive output
impedance

High voltage, low current output

Relative simple for basic power
conditioning

Complex configuration, need coill
and magnet

Velocity based, can be free of
mechanical contact

Works better under high
frequency vibration

Low inductive output impedance

Low voltage, high current output

Usually require voltage multiplier
01
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