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Introduction



Energy supply of Wireless Sensor Networks

WSNSs: |oT revolution, structural monitoring, predictive maintenance

Hundreds/thousands of smart devices

that need a power supply (/ N
(typical mW power level) &
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Energy supply of Wireless Sensor Networks

Energy

Harvesting

In this context, Energy Harvesting has gained huge attention in the last years
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Energy harvesting

By recovering otherwise wasted ambient energy,
It can represent the possibility for enabling
ubiquitous and sustainable sensing

Fit and forget installation
to get rid of the main grid and of
the continuous replacement/recharging of batteries.

Fit & Forget

Solar

pAg

h/ v
< Ld

Small - scale Temperature
wind gradients

Energy

Harvesting
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Ocean wave

Vibration ..||||||HH||||||...

Electric and Tﬁﬁ

magnetic fields

((;éi)) Radio
Frequency

Rain

droplets
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Power Electronic Interfaces

In the maximization of the delivered power,

a key role is played by the power electronic interface

needed between the harvester and the DC load

4 N N
Power Vo
Energy | Sensor [g E_' <
Electronic @
harvester E j and | g
Interface Battery | Bl 8—<
AC or DC source AC/DC or DC/DC and DC load

Power maximization

If the power electronic interface
IS not properly designed,
a huge amount of energy can be wasted

Small - scale Temperature

wind gradients

Radio
Frequency

Vibration

Electric and

ain

magnetic fields droplets

Ocean wave



Universita Dupartimento di Ingegneria .1
® degli Studi “}
@ della Campania %
Lugr Vanitell 2

Vibration Energy Harvesting

Vibration

A vibration energy harvester Energy

IS a device able to convert '"””‘ ”||||..
vibrations mechanical energy
Into electrical energy

Harvesting

o2
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Vibration Energy Harvesting

Plezoelectric Electromagnetic

Tension

Compression Coil of wire

Bar magnet

— | \ WW
+ |t —
0 T + -

Direction of motion
for magnet or coil

_'J‘ ~

The most studied technologies are by far
the piezoelectric and electromagnetic ones.

They are the only two that have also reached commercial maturity.

Other

Magnetostrictive

time-varying
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active
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iron path
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Plezoelectric vibration energy harvesters

Piezoelectric effect : the ability of some materials to generate an electrical voltage in response
to an applied mechanical stress.

It allows the conversion of mechanical energy into electrical energy.

//,Piezoelectric layer ‘\\

Tip mass \ ] . . .
_ resonant cantilever configurations:
J g | Resonant Piezoelectric Vibration Energy Harvesters

Vibration

They are typically employed in




Universita

degli Studi
della Campania
Lwgr Vanvitell

Dupartimento dv Ingegneria

Resonant Plezoelectric Vibration Energy Harvesters (RPVEHS)

Piezo
Clamping Cantilever

Iac(t)
e St
[ | L=

Fod ] vac(t) === : 5
| Tip mass

my A vibrating mass [kg],
Ko A spring stiffness [N/m],

Cpo A viscous damping
coefficient [Ns/m],

Y- A piezoelectric
force factor [N/V]

| ! A
kp'Xp(t) Cp'f(p(t) k
y v
:: Mp
BP .VAC (t) Xp(t)
v
[y®
RLLEET 5 z z i /J7 I
60 Fe©O —8© 0 ©
| I |

EQ | t2(Q

RPVEH Equivalent Electric Circuit
VCm(t) ! )
4_ lm(t) IAFC(t)
jl> R Lm (|:[111 1Cp(t)v
En(t) = ka(t) CyT T"AC(")
I L
° K I
J FE J

C-. A piezo output capacitance
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Resonant Piezoelectric Vibration Energy Harvesters (RPVEHS)

Piezo

Clamping Cantilever

|ac(t) point
——a— ’,,:/,’
. ||d + / ————— ,:::’,*
] Vael) !
| Tip mass
Iy(t)
/77

Sinusoidal input vibration
at the mechanical resonance frequency f
(angular frequency | |..)

uo !

@O EJ

g0 n)

5 JEJI

| ! .
kp'Xp(t) Cp'f(p(t) k
v v
Mp
i u ontuie
Op-Vac(t) Xp(t)
v
Iy
i il | il /J7 I

res

RPVEH Equivalent Electric Circuit

Ll]]

Rlﬂ
E..(t) = k-a(t)

VCm(t) ! )
4_ lm(t) IAC (t)
| | >
Cn lop(Oy
ST

£ )
Ut 2

Benchmark: maximum extractable power
(Maximum Power Transfer Theorem)



Universita

degli Studi
della Campania
Lwgr Vanvitell

Dupartimento dv Ingegneria

Resonant Piezoelectric Vibration Energy Harvesters (RPVEHS)

Piezo

Clamping Cantilever

lac(V)

——a—
I

o ,
-
-~ -7
- -
_- _-
_ -
_ -
_ -

Vac(t) o : 7
| Tip mass

=
| —~
o

Electromechanical Coupling Coefficient

Very useful parameters to study RPVEHS:

]

'| _—

|

| l A
kp'Xp(t) Cp'f(p(t) k
{ 4
o | L

1 a0

o OpVac® | |xp(t)
’ [y®
RLLLELE i z | il /J7 I

N

Normalized angular frequency

Normalized RPVEH Bandwidth

RPVEH Equivalent Electric Circuit
VCm(t) ! )
4_ lm(t) IAFC(t)
Re o Gy o
Em(t) — k‘a(t) CP:: IVAC(}[)
3 T ] tY to
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Power electronic interfaces
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Double stage AC/DC Interface for RPVEHS

RPVEH Equivalent Electric Circuit
V¢ m(t) ! )
"'_ lm(t) IAFC(t) x D] x ]:)2 I
R Lm (ljl iCp(t)At Vv _“ L | DC/DC _i
o " Vac(t) PN Sl eommsd | = Vpar|Load
E,(t) = k-a(t) S EIAGI Ty I8 |
3 4

Due to its simpler implementation,
the double stage architecture based on a passive AC/DC Diode Bridge Rectifier (DBR)
IS the most suitable for low power applications

Many laboratory prototypes and commercial products are based on this architecture

A. Brenes et al ., 2020, AMaxi mum power point of
10.1088/1361-665X/ab6484

P.D. Mitcheson, |. Stoianov, E. M.
45147 4529, 2012

L. Costanzo, T. Lin, W. Lin, A. L. Schiavo, M. Vitelli and L. Zuo, "Power Electronic Interface With an Adaptive MPPT Technique for Train Suspension Energy Harvesters," in IEEE Transactions
on Industrial Electronics , vol. 68, no. 9, pp. 8219-8230, Sept. 2021, doi: 10.1109/TIE.2020.3009584.

pi ez oelcatcu miSnagt™aterialsgapd Strugturese svol.€29, 8020, doi: r e v i ¢

Y e a t -exfraction circRits fereprezoelectric energy harvesters in miniature and low-p o we r a p p lIEEE Bans. Bower Blectron. , vol. 27, pp.
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Double stage AC/DC Interface for RPVEHS

RPVEH Equivalent Electric Circuit

_____ 1
VCm(t)

[ im(t) I iA’C(t) i D1 i D2

|
: DC/DC +
VDCI Cocl p— IVB At |Load
|

[ > ] i
Rm m C m Ic p( t) |
Converter

E,(t) = k-a(t) Cp::J‘”AC“) A, A,

I
I
I
|
|
|

- ! ! 3 4
DBR power vs.V . at different vibration frequencies Maximum DBR power vs. } \ for different RPVEH parameters
K*=0.03, Awy=0.15 1 . . .
0.5 . | —— K2 =0.01,Awy=0.1
- - wy=1 0.8 --2=001,8m3=02 B — -
0.4 | | - - wy=175] 3 B i Rl IR ]
S 0.6 —-- =01, 8m=02 7 | 1
< 03] | - -7 - - -
Q10.2- LSl el TS ”Q‘:O.Zl-- — = =
Q—l - - i - - ~ _ - - -
01F .2 --7T ¥ "3~~~ 0.2 — -
0 ¢ - 1 i il ) b -~ L b \' 0 _______ I_-_—.—-._-_ - T - _.-._-._-_-I _______
0 0.05 0.1 0.15 0.2 0.9 0.95 1 1.05 1.1
Vpe/(K - Amax) Wy

Even with an MPPT technique, the maximum power extracted with a DBR is much lower than P ;,.
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Double stage AC/DC Interface for RPVEHS

RPVEH Equivalent Electric Circuit

| Vem® )

| S0 £ g0, .

I ic }(t)i | | DC/DC +

| R Cin ! __| Vac(t) VDCI Cpcl Converter| —T= IVBAT Lenc
E.(t) = k-a(t) CoT | 7AY | Ry A

| D3 D4 | l

1 | +

Optimization techniques have been proposed to increase the DBR power
and reach Py, avoiding the waste of precious energy

Switching-type interfaces: they operate synchronously with the vibration of the host structure
The most widely used and improved are

SECE (Synchronous Electric Charge Extraction)
SSHI (Synchronized Switching Harvesting on Inductor)

- L. Costanzo, A. Lo Schiavo and M. Vitelli, "Analytical Study of Piezoelectric Harvesters With SECE and SSHI Under Variable Excitation," in IEEE Transactions on Industry Applications , vol.

58, no. 2, pp. 2280-2290, March-April 2022, doi: 10.1109/T1A.2022.3142664.

- L. Costanzo, A. Lo Schiavo and M. Vitelli, "Active Interface for Piezoelectric Harvesters Based on Multi-Variable Maximum Power Point Tracking," in IEEE Transactions on Circuits and

Systems |: Regular Papers, vol. 67, no. 7, pp. 2503-2515, July 2020, doi: 10.1109/TCSI1.2020.2977495.
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SECE- Synchronous Electric Charge Extraction

iac(t) - P
—f 4. Lm%\é == Vear

¢ Vpdl) ‘

A A

Load Standard circuit of SECE

h A

Periodic operation of SECE under a
sinusoidal acceleration:

two Intervals of time triggered on
the maxima and minima of Vpc= |Vad|-

li |
0uT T /28T o /2+T T . Time

S vib SECE ' vib
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SECE- Synchronous Electric Charge Extraction

| Vem(t) 1 >
| 00 1 dac(®) - N
| R Lo G, faOr, + ’_|_¥ i+ ngug == Vpar |Load
= k-a 5 ¢ I
S ST S D)
TopeeS < Tyjp/2 $ $ ! t=Tp/2

MOS OFF, diode forward biased: ¢ Vacreaches a peak

C, is charged in open circuit and the MOS is

Vacand Vpe = |V, INCrease turned ON

-

SECE :Tvib

" ii 1
OiT g Tow/ 2T /2 + T
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SECE- Synchronous Electric Charge Extraction

~ IAC(t) . ¢ +
e x+ Lm%"é—. == Vpar |Load

|
Cp %C(t) - .VDC(t) |
- F
Ti/2 <t< T,/2 + Tepce $ t=Tp/2 + Tegce
MOS ON, diode reversed biased: ¢ Vacreaches zero
the energy is quickly transferred and the MOS Is
from C, to L, turned OFF again
-
: b |
i 1L
1
Z {1
: 1
1l p
‘ 10
IAC(t)E ' : : |

. n'i |
0:T T . /28T /2 +T

SECE vib SECE :Tvib



gr;lvsmtd Digartimento di Tngegneria ‘(:A the energy stored into L, is transferred to the ]

PRt !%’ battery through the diode.
SECE- Synchronous Elegtfic Charge Extraction
e
N (zt) i‘;;:ét) A ;r z:;g e . Load
____________ |_— B ? e e
t=1,
MOS -IC_SIEI/ZZ (eri(;rclSIeE?‘(E;vtv;r;lrvg)iased: $ 1—. vACreachgsa

= negative peak
and the MOS is
turned ON

C, Is charged In open circuit
Vacand Vpe = |Vao| decreases

ii 1
OiT g Tow/ 2T /2 + T

SECE ' Vvib Time
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SECE- Synchronous Electric Charge Extraction

: [ T i",l(t) : IACS t) 4 I+ Lm%‘
|

E.(t) = k-a(t) G VAC (t) L o VDC(t) ‘

A A

> +
% —= Vpar

Load

+

h A

Improved performance
compared to a DBR

Differently from DBR (and from
SSHI), the SECE does not
require a further conversion
stage with MPPT to adapt the
DCside voltage

\\L'
N

SECE and DBR powers vs. V

oc at different vibration frequencies

1¢=0.03, Awy=0.15

|- - DBR, wy=1
|— SECE, wy=1

- — DBR, wy=1.75
— SSHI, wy=1.75

0.05

——
—

_— e - .
" —
S
o

Vpe/(K - Amax)

T ™
.-—'-'_ 1 _"-"-.- 1
-
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SECE- Synchronous Electric C

<+()im_(t) | lAc(t) A [ . ”_i |
o F | AL Ll =F Ve [load

particular
parameters:

Compared to the SSHI, SECEIs not always
able to extract Py, .y

SECEextracts a power equal to P,y only for

values of the harvester

" T
— — —

0 Y 1

C

pO

geﬁh Studi N Maximum power of SECE and DBR vs. 1 N - - DBR, K2 = 0.01, Awy = 0.1
clla Gampania ) for diff RPVEH

Luici Vanvitel . or aifrerent parameters —SECE, ¥ = 0.01, Awy = 0.1

~ - DBR, K2 =0.01, Awy = 0.2

1 | | |—SECE, #? = 0.01, Awy = 0.2

| ~ -~ DBR, i2=0.1, Ay = 0.1

/\ — SECE, 2 = 0.1, Awy = 0.1

0.8 ' | |- - DBR, K2 =0.1, Awy = 0.2
— SECE, k= 0.1, Awy = 0.2

—
— -—
-

Maximum SECE power (at } v =1)vs. RPVEH parameters

— Pspcp/Puax oy =1
0 8 L @ K2=0.01,A0)N=0.1
K2:0.01,Aa)N=0.2

e o
<< 06 ® *“=0.1Awy=0.1
f ® *=0.1Awy=0.2
~ 04
o :

0.2

1072 10! 10° 10!
41/ (- Awy)
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SSHI - Synchronized Switching Harvesting on Inductor

RPVEH Equivalent Electric Circuit

DC/DC +
pp— l.oad
Converter — IVBAT o4

The presence of G, has a negative effect
on the extracted power

The SSHI interface Is aimed
just at compensating the effect of C |
by fasting the transition times of the voltage v,(t)

Periodic operation of SSHI under a
sinusoidal acceleration:

The switch SW remains open for most of
the vibration period and closes only
when “Q crosses zero (QL QO ™)

Standard circuit of SSHI

| : "~ DBR
i ! SSHI

!

1 A C(t)

iCp(t) 0

P l l

| -
Tvib/ 21 Tvib/ 2+ tSSHI Tvib' Time
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SSHI - Synchronized Switching Harvesting on Inductor

RPVEH Equivalent Electric Circuit

En(t) = k-a(t)

Switch SW ON

Diodes are reverse biased
and Q e 1
C, resonates with Lggyy

RPVEH Equivalent Electric Circuit i
e 1 I i S 1 AC T . ”
e : u) i ) | ‘ A A i
— . | R [ L M’UL—:_JF S i 1
1 ~ ~ o n \ . )
Voc—_— | PODC | 1T Viat|Load | En(t) = k-a(t) CoT| Vac voe o e \Y Lo
Cpc |Converter — | \= B Lsshi _ C.~ |Converter — BAT
| “DC
? | ] — ? — T
e 'y

Rapid reverse of v, that
lasts half of the C-Lsgyy,

resonance period

i (Oh = - A
1 \ 1 _ -7 : | |
+V_ [ IO -1 } VAC(T) :
i AT -~~~ ! DBR ------
v, O = :
P1=- _ SSHI ———
Vol T 1 Jﬂl T b
} X |
AT s 1y () =
{ O =1 clf) ~1 The switch is
\,__I | [
k — turned OFF when 1
. E <& || Q reaches zero.
i (0 0 !\
S icolt) ) :
O | - p | [
O tssmn 0 *toghr rbl fime 0'rlssm L2 0 L2 + Y .l.\ﬂ_w: [ime
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SSHI - Synchronized Switching Harvesting on Inductor

RPVEH Equivalent Electric Circuit - RPVEH Equivalent Electric Circuit
Rt sk JE | - T o
| < i WO e | VC“() () |
| ) ! ool W 9 i | | | | ! (t) i l
‘ + | I . » ( | ( |[/.‘/H, Lf”(_- ] DC/D( + \ [ oad I B Cm CPC Atl v:C DC/DC _i 1. Eld
| N3 () “alb) | 7 [‘.\‘Sm — (:f)(,‘ Convertel — o | Em(t)_k.a(t) P I _ Converter| —[— VBAT 0
i S —? | o L ' |
Switch SW OFF
U @ and diodes The diodes conduct, and
forward biased the input energy is transferred to &
1 (D)
[ :
1 1
i |
+V_ | I
DC R I
v, v, ool /N E] o 2k
| e SSHI ———
DC |1 1
+ |
! |
: : I
. 1L cOR
: I
ﬂ W
: lcp(t)ro v 1
: ] 1 I
0,1 [ 2nT . /2+t ll " L: : : : l: ‘ : :l : l ‘
SSHI vib vib SSHI vib! [ime (- TVib/2 nT . /2+t T

SSHI vib! Time
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i RPVEH Equivalent Electric Circuit ; -
T el Y O . Y A
[ — (D)
U S | TR L & o\ 1
V..—— | DC/DC | __|+ |/ 4 L
Lssui > ~[Cpe [Converter| TT= XVBAT Load 1\=/En(t) = k-a(t) o lLf(  J—
? | | L L '
Switch SW ON L AA
Diodes are reverse biased Rapid reverse of v, that
and Q e 1t lasts half of the C-Lsgy,
C, resonates with Lggyy resonance period

DC/D(

. |Converter

-———tm e == - -
& . .
o
— -
—
—

1Cp(t)F0 “ (
L. . :
5 ‘ ‘ o : P ‘ : |
0vbssmr Tvib/z”Tvib/z * tSSHI Tvib' Time 0 T [ 2 j 2 +1
I"SSHI vib <M Tvib ©  "SSHI

[1me
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SSHI - Synchronized Switching Harvesting on Inductor

RPVEH Equivalent Electric Circuit

DC/DC |+ v
Converter| ~ [— BAT

l.oad

At resonance, an ideal SSHI can
extract Py .« Independently on the
¢ RPVEHparameters.

NN

Differently  from  SECE, the
maximum extracted power Is not a
function of the RPVEHparameters.

- - DBR, ¥* = 0.01, Awy = 0.1
= SSHI, 1% = 0.01, Awy = 0.1
- - DBR, ¥* =0.01, Awy = 0.2
= SSHI, x% = 0.01, Awy = 0.2
- - DBR, ¥¥=0.1, Awy =0.1
——SSHI, 2 = 0.1, Awy =0.1
- - DBR, ¥ =0.1, Awy = 0.2
—— SSHI, K‘2=0.1,Aa)N = 0.2
0.8 - N _
E . e - o
f 0-6 ' P 7 |
D e i
Y - T =~
E\O'q" —-’--"-r-r'--" --___-‘
0.2F
O -——— - - - --- 1 —=-=== |- T T ===
0.9 0.95 1 1.05 1.1
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SSHI - Synchronized Switching Harvesting on Inductor

RPVEH Equivalent Electric Circuit

tac Tim
| - - DBR, wy=1
~ ~ + —
o] T VL — SSHI, =1
| - - DBR, wy=1.75
—— SSHI, wy=1.75

2=0.03, Awy=0.15

1 ——— ?\

However, the maximum power is 08! /*-0\
extracted only for a particular S |
\ J value of V. S 0.6 ¥
NV T ol b
~ 0.4 =
Consequently, a disadvantage with o |
respect to the SECEis the need for 0.2 IR
an MPPT 0 DR |

0 01 02 03 04 05 06 0.7 0.8
VDC/(k ' AMAX)
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SSHI - Synchronized Switching Harvesting on Inductor

Current

Recomant —— s MPPT feedback control scheme providing
Piezoelectric Converter| | | |Ener®) the reference &  for
ibration with STOTABE
Energy feedback *
Harv Load i .
e controller The most widely adopted MPPT strategies:
VREF oltage - . .
soneer Fractional Open -Circuit Voltage (FOCV)
MPPT
control ‘ Perturb and Observe (P&O)

- M. Balato, L. Costanzo, A. Lo Schiavo, M. Vitelli: A Op t i miofzbath Pedunb & Observe and Open Circuit Voltage MPPT Techniques for Resonant Piezoelectric Vibration Harvesters feeding
bridger e c t |, Sensers and Actuators A: Physical , Volume 278, 2018, Pages 85-97, ISSN 0924-4247, https://doi.org/10.1016/j.sna.2018.05.017

- L. Costanzo, A. L. Schiavo and M. Vitelli, "Design Guidelines for the Perturb and Observe Technique for Electromagnetic Vibration Energy Harvesters Feeding Bridge Rectifiers," in IEEE
Transactions on Industry Applications , vol. 55, no. 5, pp. 5089-5098, Sept.-Oct. 2019, doi: 10.1109/TIA.2019.2923162



Universita Drpartimento dv Ingegnena TE°
degli Studi “}
della Campania %
Lwgi Vanitell 2

SSHI - Synchronized Switching Harvesting on Inductor

. Current
'pc sensor
Resonant DC-DC A~
Piezoelectric | + S/ Converter Energy
Vibration | v, with storage
Energy — Lssur +
& feedback Load
Harvester controller
VREF Voltage

Ssensor
MPPT J
control

FOCV: periodic interruptions of power to sense the open -circuit
voltage, degrading both efficiency and dynamic performance

1\‘ TELEDYNE LECROY
Evorywheroyoulook™

FOCV DC power £,

’” f
A f f
4
¢ I
7

"

rrrrrrrrrrrrrrrrrrrrrrrrr

e
Measure P1:mean(C1) P2mean(C2) P3.mean(F1 PAtmean(F2) PSimean(C3) P6imean(Fs)
value 16709V 89.3 my Y
v

Bl D01H F501 Timebase <9595 Tripger C1/0C
1.00 Vigiv 200 mVidly R

oll 5.00 sidly |Stop 378V
-4 0000V 200.000 mV 1MS 20.000 kSis Edge Posllive

MPPT feedback control scheme providing
the reference w  for w

The most widely adopted MPPT strategies:
Fractional Open -Circuit Voltage (FOCV)
Perturb and Observe (P&O)

P&O: steady-state oscillations around the MPP and
limited dynamic response when the vibration varies

Input acceleration

g el
/ /
NI et foota b

A

P&O DC voltage M-

.

vz Werssmrrend e

P&O DC power B;q

| | HD  |Timebase 0.00 s|Trigger
1.00 V/div 750 pW/div 2.00 g/div Roll 2.00 s/div Stop 146V

-2.0000 V 2.00 s/div 2.00 s/div | 12Bits 5Ms 100 kS/s Edge Positive
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Current -Driven MPPT for
SSHI Interface
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Current -Driven MPPT for SSHI interface

DC/DC Converter with
feedback controller

inc Objective: achieve MPPT in SSHI interfaces,
i k Ipc —L . . . . .
Rt sw —| neray while overcoming limitations of P&O and OCV
iezoelectric | 4+ + ner
Vibration | vy,¢ : Vbc :% L storage
A S B S B ﬂ_ Yo Proposed solution: CD-SSHI interface
A i,\)\(/\/ { enables operation at the MPP under both
= — steady-state and transient vibration conditions
|Feedback without resorting to perturbative control strategies or
Interrupting power extraction
CD control Vep—ss
HC}’;f It ac_hieves real -time estimation of the optimal V . (VMP_P_SSHD by
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