OPEN aACCESS

International Journal of Engineering and Advanced Technology (IJEAT)
I SSN: 2249-8958 (Online), Volume-10 Issue-3, February 2021

Ltspice Simulation of Non Linear Technique SSHI
Serial and SSHI Parallel of Piezoelectric V|brat|on

Energy Harvesting

Chack Tar
updates

Abderrahim Mountaciri, EI M ostafa Makroum, My Abdelkader Y oussefi

Abstract; in this paper, a simple but effective proposal for
piezoelectric energy collectors. synchronized switching harvesting
in the SSIH technique (synchronized switch harvesting on
parallel inductor consists in placing a switch which will be
commanded on closing at the instant when the amplitude of the
vibrations passes through the extreme this technique makes it
possible to increase the power harvested from a ratio of 8
compared to the power of a harvester based on ac dc converter
similarly the SSIH command (synchronized switch harvesting on
inductor for LT SPICEs-based smulations of the two techniques
is carried out finally a comparison with respect to the standard
structure of energy harvesting is made in order to validate
theoretical concepts.
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I INTRODUCTION

the recovery of vibration energy can also be carried out by
magnetic or capacitive devices [1], but it is the piezoelectric
solution that is the most promising because it has the highest
electromechanical coupling coefficient, requiring no
polarization and the material is well suited to micro systems
manufacturing technologies . piezoelectric energy collectors
(PEH) has emerged as a leading theme of researchers whose
interest continues to grow. the progress of low power
components or design methodology reduced power
consumption mobile, and therefore allow the feasibility of
autonomous self-powered electronics devices. this opens up
the possibility for completely self-powered devices, and the
notion of small generators that produce enough power for
low-power devices, such as wireless sensor network
(WSN). table 1 gives a power consumption balance for
WSN ambient vibrations are presented in many different
environments such as automobiles, ildings, structures
(bridges, railways), industrial machinery, etc since 2002,
many studies have been published on the subject of energy
recovery.
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tang et a. and khaligh et a. [2] made a long synthesis and
developed a state of the art for piezo electric vibration
energy. collector it demonstrates the interest of researchers
in this subject. in addition, piezoelectric materials have high
power density power density of the piezoelectric generator
collected the energy of the vibrations is about 250 pw / cm3.
in comparison, the power density of the electrostatic
generator which collected energy vibrations are only about
50 uw / cm3. the vibration-to-electricity converter can also
be performed by electromagnetic transducers ,but the power
density cannot be high the piezoelectric generator.
piezoel ectric technol ogies have received alot of attention, as
they have high electromechanical coupling and no
requirement of external voltage source. table 1 give a
comparison of the three technology for harvesting which are
of piezoelectric, electrostatic and electromagnetic type the
variables which appear in the energy density equation for
piezoelectric transducers are the elastic limit of the materia
oy, the piezoelectric coupling coefficient k and the young y
modulus in the case of the electrostatic transducer, € is the
dielectric constant and e is the electric field between the
plates. in the case of the electromagnetic transducer, B isthe
magnetic field and p0 is the magnetic a vacum
permeability. ambient vibrations are present in different
environments such as automobiles, buildings, structures
(bridges, railways), industrial machines, etc. table 2, gives
values of the amplitude and frequency of the fundamental of
the acceleration for different sources of vibration. these data
are al the more important as the recovered power is
proportional to the acceleration squared and inversely
proportional to the frequency, as we will see below. the
vibrations can be continuous, impulsive or intermittent: can
be continuous, impulsive or intermittent:- continuous
vibrations have a constant amplitude;- impulses relate to
shocks;- intermittent have an amplitude which varies over
time. continuous vibrations are the most attractive for
energy recovery. various bridges are summarized in table 3.
the maximum acceleration of bridge vibrations reported by
sazonov et d. is 0.55 g; however, the maximum frequency
(40 HZ) is recoded for the bridge reported by short and
medium range bridges vibrate with a frequency generally
between 2 and 8 HZ and acceleration levels less than 0.1 g
some
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Table 1- Summary of piezoelectric generatorsin WSN

Reference P(uW) F(Hz) Ams?) Mg Volume (mm’) Details
Kymissis [44] 1300 09 - - 16 000 PVDF stack located on
MIT (US) shoe insole driven by a
walking human

Umeda |38] 19 (per  N/A N/A 1.73 214 Bronze /PZT disc

impact) driven by impacts
Shenk [45] 8400 0.9 N/A N/A 25 000" PZT dimorph located
MIT (US) in heal of shoe driven

by a walking human
Ramsay [50) 23 1 LLlmmx lem x 1 em
White [55) 21 80.1 23 08 128 Steel /screen printed PZT
Southampton University (UK)
Roundy [20] 210 120 2.5 L 1000 Brass /PZT /tungsten
Berkeley University (US) cantilever gencrator
Roundy [20] 375 120 25 9.2 1000 Brass /PZT /tungsten
Berkeley University (US) cantilever gencrator
Sodano [60) 1.9 30 Not stated  9.52 Total device 1947, Mide Technology QP40 N
Virginia Poly (US) active volume 240  transducer clamped at one e
Duggirala [68) 0.001 35 N/A N/A o “INi radioisotope
Comell Universaty (US) Sihicon /PZT cantilever
Bayrashev [113) 80 5 Notstated 156" (including 2185 (including Terfenol-D/PZT/
Minnesota Univenaty (US) magnet) magnet) Terfenol-D composite
Muarzencks [69) 01" AIN 900 081 L1 x 107 2 (whole chip) Thin film AIN or PZT on
Tima, France 0.6" PZT 0.9 (mass and micromachined silicon
cantilever) cantilever structure

Jeon [70) | 139 106 Not given 002 Micromachined silicon

Varian Korea, Korea IST,

device with 1DT

Polychromix and MIT (US) electrodes
Table 2 — comparison of different harvesting technic
Density Density
Output . .
Energy min energy min .
voltage . . disadvantages advantages
i~ (uj/em®) (uj/em®) « i~
more effort to join the | separate voltage
kayz micro system more | sources are required
Pezos electric U=y 18 338 effort to join the micro | fields voltage result
system inarange 3-9v
separate voltage source . .
Electromagnetic uzB_z 17.7 335 arerequired fields C(_)mpatl ble with
2pp micro system
. 1 R
Electrostatic u= 45 80 voltagerange 0.1-0.3v | no .voltage source
2¢E2 required

bridges exhibit low frequency random vibrations (2 to 30 HZ) and weak excitations of 0.01 to 0.05 g [3]. huanghe cable-
stayed bridge (china) 1-2 0.015 however, on others bridge structures, vibrations are comparatively more severe with a
frequency range of 1 to 5 HZ and acceleration levels of 0.3 to 1.5 g. from table 1, it can be seen that in the vibrations of
bridges, the overall frequency content isin fact between 0 and 40 HZ and the overall various bridges are summarized in table
2. the maximum accel eration of bridge vibrations reported by sazonov et al. is 0.55 g; however, the maximum frequency (40
HZ) isrecorded for the bridge reported by short and medium range bridges vibrate with frequency generally between 2 and 8
HZ and acceleration levels less than 0.1 g [some bridges exhibit low frequency random vibrations (2 to 30 HZ) and weak
excitations of 0.01 to 0.05 g ,huanghe cable-stayed bridge (china) 1-2 0.015

Table-3: bridge structures vibrations RECOVERY

Bridge frequency (HZ)

Acceleration (g)

rt1l (new york, usa)

Komtur (berlin)

|
Barrel springs 0.01-0.035
|

1

0.55

(north, france)

20.05

0.05

The main objective of the power electronics technology in
the power conditioning circuit, is described in figure 1.2, it
is to process and control the flow of electrical energy from
the source to the load in such a way that energy is used
efficiently. Maximum power is transferred from the source

to the electrical load.
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voltage to appropriate levels for the loads. To ensure the
continuity of operation of the load, even when the external
power source is weak or temporarily essential, the extra
energy already harvested must be stored in the rechargeable
battery or in the super capacitor,. Depending on the
conditions of the ambient energy source, characteristic of
the energy collector , and the power supply to the load (i.e.
the wireless sensor node and the control circuit),

Host 4‘;],21 +
suucmmi SinEm Vin

Fopurtient
DCDC

Piezoelectne generitor Rectifier Converter Load
- f— At — | Buck
Vil © Rr i cogreaes A[
— - Bk l
: L 1 oot AL L
{ _L conreces - -
Lrtestace cucuas

Figure 1.1 - structural diagram of avibratory energy

MODELIZATION OF PIEZO
CONTILEAVER

the structure of a piezoelectric energy collector described in
figure 2.1 consists of a beam whose one end isrigidly linked
to the vibrating structure. a flyweight is placed at the other
end, which amplifies the displacement. it adjusts the
resonant frequency and increases the bandwidth. the
piezoelectric elements are glued on one side (single morph)
or on each side (dimorphic) of the beam, .. mode 31 [5] [6].
is used alows, thanks to the bending of the beam, to
optimize the stress applied at the level of the beam.
piezoelectric material, the piezoelectric generator can be
modeled by a “mass + pole + spring + damper” assembly. ",
figure 2.2. gives, the structure is equivalent to a mass m
resting both on a spring of stiffness k, representing the
mechanical rigidity of the structure, on a damper or damping
dissipator D (in kg / s), corresponding to the mechanical
losses of the structure, and on an ideal piezoelectric element
related to the structure. of the collector. table.3 gives some
examples of energy sources as well as their power densities
a (N / v) force factor, it is the ratio between the force Fp and
the voltage V at zero strain. (the first equation reflects the
dynamic equilibrium of the system and the voltage V at zero
strain. (the first equation reflects the first equation eq(1)
reflects the dynamic equilibrium of the system and the
second corresponds to the displacement of mass is denoted
by x, i and V being the output current and voltage collected
on the piezoelectric

{M)’i+ DX+Kpx + kx + aV = Fg W
Fp is the force applied to the piezoelectric element. the
equations are derived from the standard equations which
relate the stress T3, the strain S3, the electric field E3 and
the electric induction D3. they involve the geometric
dimensions of the piezo element from the equations we can
establish an equivalent electrical diagram of the generator
the electrical part is separated from the mechanical part by a
perfect transformer of gain 1 / a Kp diffness of the
piezoelectric element when short-circuited, blocked
capacitance Cy - of the dynamic equilibrium of the system
and the
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Figure 2.1- Configuration of piezoelectric energy
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Figure 2.2 -Localized constant model of the generator

part is separated from the mechanical part by a perfect
transformer of gain 1 / a Kp stiffness of the piezoelectric
element when short-circuited, blocked capacitance Cy - of
Fp=Kpx+ aV
e ax ve, @

= 0
M K_L D

R S
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Figure 2.3 - Electrical diagram of piezo generator
represented by a capacitance cm, the mass m by an
inductance Im and the damping by a resistance r m. the
resonance frequency f O is that of the mechanical structure
and remains fixed whatever the load by analogy, in the
mechanical branch the equivalent stiffness isKg = Kp +K
is represented by a capacitance cm, the mass m by an
inductance Lm and the damping by a resistance R m. the
resonance frequency f, is that of the mechanical structure
and remains fixed whatever the load

1

1 Kp+K_ 1
" 2m /LmCm

Tl ™

the expression of the output voltageis

aRFg

V=
(a?R + D) + jwoRDC,

0

and the power is

F2“2R
E o2

1
a*R? 4+ 2a?RD + D? + (woRDC,)?
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in the case of a mechanical excitation maintained at the
resonant frequency, the electrical diagram can therefore be
given in fig 2.4. the associated waveforms are shown. the
consumption of the circuit for which the electrical energy is
intended is modeled by a resistor r. the current ie is the
image of the speed of vibration at resonance the diagram can
be simplified

Fe

13

circuit equivalent to the
resonance of the mechanical
part

- 3

Figure 2.4 - Resonance electrical diagram and
waveforms

The output power is
F 2
2 E
o RZDZ
1+ (wyCyR)2
the force factor being very low, the maximum power is

obtained for the resistance: Ropt =

P=—

Cowo
. . . ZRF 2
and itsexpressionis. P =——"_
4CowoD

the power is proportiona squared of the applied force or of
the acceleration y (Fg = m y) and inversely proportional to
the vibration frequency fig 2.5 shows the equivalent circuit
of cantilever piezoelectric energy harvesters [7]. this
simplified model can be used in the case where the force

AC-DC rectifer
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coupling factor is weak and the piezoelectric voltage doesn't
have a significant effect on the vibration behavior of the
structure. the input vibration is modeled by a current source
a X, X isthe velocity of the vibration, the force-voltage
coupling factor (o) determines the energy conversion of the
piezoelectric from the vibration to the electric voltage and
Cp is clamped capacitance of the piezoelectric element this
model will be adopted for the simulation suite of non-linear
techniques with It spice. once the PEH is excited, an internal
piezoelectric alternating current ox " charges and discharges
the inherent capacitor Cp, generating a voltage Vp across
the PEH (10) (fig.3.1). in order to power afull bridge diode
rectifier (FBR) (8) is used to rectify the voltage Vp, energy
can be extracted regardless of the type and frequency of
excitation, as long as Vp exceeds the output buffer voltage
VDC. however, this energy extraction is only optimized
when VDC is equal to half of the peak open circuit voltage
PEH v"poc .the period is denoted T, the instants T, and T3
correspond to the passage through zero of the speed of
vibration, or even to the minimum and the maximum of the
displacement. during a half-period, we can therefore write
the following relation:

fTTl 2Vdt = Vpc— (—Vpc) = 2Vpc the second eguation thus

gives fTT1 *Idt = %% the output voltage is given in eq (3)
_ 2Rawg o
Voc = T+2RCoug X (3)

therefore depends on the maximum displacement X . to
express it as a function of the applied force Fg the
assumptions are: - first, the resonant frequency is that of the
structure, electric; - then, we neglect the termVin the first
equation F; = DwyX therefore
Vpc? 40®R  Fg?
P=—= (2woRCo+m)2 D2 (4)
the power is obtained in eq (4) for the resistance: and its
expression is it should be noted that during operation at
maximum power with the impedance matching, time T is
equal to the maximum power
a?  Fg?
Puax = 2woRC, D?
. it noted that when operating at maximum power with the
impedance matching, the instant T, is equal to T / 4

L T2 T3
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figure 2.5 -Standard energy recovery and wave formsfor standard technical Ip=800pA c¢=470nF R=100KQ
f=20HZ PDC=16.9nw

[r. TECHNIQUES SSHI (SYNCHRONIE
SWITCH HARVESTINGS ON INDUCTION):

3. 1 Parallel SSHI :

The principle of non linear optimization is based on the
addition of a switch in series or in paralel with an inductor.
the switch is briefly closed at each extremum of the
deformation to phase the voltage across the piezoelectric
and the speed of vibration, and therefore minimize the
energy stored in the capacitor Cp . .[9]. [10] to increase the
accumulation of electric charges on the parallel SSHI
electrode: the diagram of the piezoelectric element and of
the parallel SSHI circuit,

SSHI Full-wave
interface bridge converter

{142

“|patf-J2 &

as well as the associated waveforms are presented in figure
3.1

Piezoelectric
element

Ip

Ve

N

Voo

—_— e

eq

figure3.1-Parallel SSHI technique diagram and
waveforms
T1 and T4 correspond to the zero crossing of the vibration
speed at the instant T1, the switch k is closed, the inductance
| and the internal capacitance cO of the piezoelectric element
start to oscillate, the current ip and the vp voltage then
evolve sinusoid ally hafway through the Tlc oscillation

period
mn,/LCp

Tlc
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(instant T2), [5] the current is canceled out (unidirectional
current circuit) and the voltage reaches the value

vV (%) = Vpc exp <\/ﬁ%) ~ Vpc exp (%)

s

= Vpcic With qic = exp (2;?)

with Q¢ = % \/Czp»l is the quality factor of the resonant

circuit r is the serial resistance of the coil added to the
resistance of the switch .
Ty

A

Vo T
Idt = 2af- ¢yl — quWVpe = — =
B 2Ro Fe
- m+ ':1 — qlt:]chan D
Vpet  Fgl 4Ra?
R D? (m+(1—q; RCouy)?
2 2
oL
D? (m+ (1 —gq.h?
the maximum power is obtained for the resistance:
T Tsisequal to T/4 the block diagram

" d-awCoeo o
simulation with Itspiceisgivenin fig 3.2

Vo

Pmax =
Ropt

COMMANDE SHHI PARALLELE

12 Cc6
|7(]n
D7
1N4148
C4 + +

100

|
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Atpl_r \.nlranA /\
COMMANDE DE If INTERRUPTEUR

Figure 3.2-Waves signals parallel SSHI technique R=100kQ

r=33602 [=14mH cp=14nF ¢lc=0.36 p=57 uW
cs =10pF

glc inversion coefficient after simulation we retain the
likelihood of the signals between the theoretical and
practical signals for parallel SSHI control

32 Seria SSHI :

serial SSHI diagram, this nonlinear optimization technique,
and associated waveforms are shown in figure 3. 3 .[11]
[12] this version has the drawback of transferring energy
only for a very short time (closing time of k), corresponding
to the half-period of oscillation of the circuit Ic the average
current at the output of the piezoelectric element during half
a period of mechanical oscillation is equal to the average
current in the load

Ty
f Idt = ¢ ((Vp — Vpo) (1 + qyc) Ve

the expression of the output voltage as a function of the
amplitude of the applied force is therefore
2Ra(1 + qy.) Fg

Vbe T (1 — qom + 2(1 + q,)RCowo D

the power is
( 2Ra(1 + q;.) &)2
(1—-q)m+2(1 + q;c0)RCowy D

Pn- =
DC : R

P _ FL aZ (1 + qlc)
MAX ™ p2 2mComo(1 — qyc)

Vi) ViU

VAV TAY VAV YAV YAYan

(1 - qlc)“
2 (1+q)Cowg

for Ry, =

5 -
ca d |cadidou <
100u == -~ -
"LT1716
L e G e e E
(- 55

-Voe

VPIEZO

IPIEZ0

Tigure 3.3 Diagram and wavefor ms of the SSH1 serial technique

( 2Ra(1 + qy) FE)Z
(1 - qlc)“ + 2(1 + qlc)RCO(‘)O D

Ppc = R
po _F_ «tad)
MAX T D2 2mCome(1 — qp0)
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1- T
for Ropt — ( qlc)

21+ q)Cowy

3.3. Comparison

the variation in power, normalized compared to the power
obtained with the rectifier bridge without SSHI, as a
function of the load resistance standardized for the different
energy recovery techniques. the interest of SSHI techniques
isclearly evident there. [13] these graphics are independent
of the model parameters. only the glc inversion coefficient is

International Journal of Engineering and Advanced Technology (IJEAT)
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needed for the plot. practicdly, it is difficult to obtain a
value of glc greater than 0.7, which corresponds to an
increase in the power of aratio 8 it should be noted that this
technique is interesting for weakly coupled structures or
during operation outside the resonant frequency. with the
values obtained during the simulation, we obtain results
close to the theoretical results, noting moreover the tests are
carried out for load resistances different from the optimal
resistance giving maximum powers

w 8
&
=
E 74
=]
=
8 6
=
_; 5 -
o
5
4
3 3
4
2 -4
1 —
0 -
0% 102 102 10 1w0® 1w 10 1w 108
Résistance normalisée RC,
Classigque sans redresseur
Classigue avec redresseur
SSHI paralléle
SSHI série
Buck-Boost
Table 3 -Comparison of technicsfor q;c = 0.6
- . gain
technic wiring maximum . compared | advantages
diagram recoverable power optimal -
name - toe disadvantages
conditions
Disa
charge Ropt =
S n 2 1 ™ recoverable energy
resistive n o R 2 OPVe, " fmec _— 2 L5 that cannot be used
1 CP- Wmeca
rés%ive 2eX Disarecoverable
2eX h
(parallel Lo = CpVpo fmec Tp = 1 _4eQX energy tugannot be
SSHI 1-e m/ LCp = ==
AC)
D3 . :
Standard Adv simple passive
Vrecop . "
or o CpVp 2 fmec : control inc extraction
rectified ot T Po v 1 not optimized need a
voltage i second converter
2
(3]
SSHI D3
Parallel Adv optimized
on Vrectop= extraction
Contin 2 Voo 2 Disa  dependence
uous 1 — X CpVpo fmec 1-—eX 1 —4eX on Q of asecond
Voltage Tp= = ?Q converter
(4] n,/ LCp
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Adv optimized
X v,
SSHI 1te C.V..2fmac | Vectop=22 | Lte’_ 4Q extraction
serial on 1—eX P'PO 2 1-X .
de " Tp = Disa dependence on
/1Cp Q of asecond
voltage P converter

V. CONCLUSION

the SSHI circuit, has aso been explored for the even
strongly mechanically nonlinear and broadband structure.
We know that the SSHI circuit increases the output power
for weakly coupled, structurally (i.e. mechanically linear
energy collectors). In this work we studied the performance
of both serial SSHI circuits and with parallel SSHI . It has
been observed that SSHI circuit can increase the output
voltage of the branch of great amplitude for certain
frequencies compared to the linear resistive loading. we
could see the amplification factor of the output power 8
between the parallel sshi technique and the standard
rectifier,only technique the impedance adaptation is always
solicit in order to supply a maximum power to the load
circuit WSN which is studied theoretically and carried out in
simulation
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