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Synchronized Switch Harvesting on ElectroMagnetic System: a
nonlinear technique for hybrid energy harvesting based on active
inductance

Mickaél LALLARTY* and Giulia LOMBARDI!
1 Univ. Lyon, INSA-Lyon, LGEF, EA682, F-69621, VILLEURBANNE, FRANCE

Abstract

This paper proposes a hybrid nonlinear interface combining both piezoelectric and electromagnetic
effects for energy harvesting purposes. Based on the previously developed Synchronized Switch
Harvesting on Inductor (SSHI) scheme, this technique aims at including as much as electroactive
parts as possible, thus advantageously replacing the passive inductance in the SSHI approach by
an electromagnetic transducer. The proposed scheme, called Synchronized Switch Harvesting on
ElectroMagnetic system (SSH-EM) results in a significant increase of the output voltage, thus
leading to a consequential increase of the harvested power, especially in the case of low-coupled
systems, when compared to the classical SSHI approach and the standard approach (i.e., directly
connecting the piezoelectric element to the load through a diode bridge rectifier and a smooth-
ing capacitor). The working principle, along with theoretical developments, and the supporting
experimental results, are presented, both considering structures featuring constant displacement
magnitude or structures driven at their resonance frequency with a constant excitation magnitude.
Keywords: Vibrational hybrid energy harvesting, piezoelectric, electromagnetic, synchronized

switch, nonlinear circuit

1. Introduction

The development of wireless sensor networks has received a great deal of interest in research
communities over the past two decades [I, 2] [3]. Simultaneously, advancements in low power
electronic design and fabrication have drastically reduced the power consumption of small elec-
tronic devices opening the possibility for autonomous sensor nodes and, more particularly, in the
framework of "Internet of Things” [4]. These sensors are in most cases alimented by conventional
batteries which, however, show limitations in terms of ageing phenomenon (self-discharge), whether
the battery is used or not, limiting the battery applications, particularly when exposed to relatively
harsh environment conditions and/or when placed in confined and hardly accessible locations [5].

Hence, harvesting ambient energy to supply such sensor nodes appears to be a key technology in
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order to replace the role of such batteries and go towards the development of autonomous self-
powered devices [6]. When dealing with energy harvesting from the nearby environment, several
sources can be considered; radiations, thermal gradients and vibrations are just few examples [7].
Among these, the strong ubiquity and the high power density of mechanical vibrations make these
an interesting potential power source for electromechanical systems [8, [9]. Converting the mechan-
ical energy from ambient vibrations into electrical energy is performed by a transducer. Among
the existing ones, piezoelectric [10, [1T], 12} 13} [14], [15] and electromagnetic [16] 17, [I8] [19] energy
harvesters have received much attention, as they both can reach relatively high power levels with
no external voltage source requirement.

Piezoelectric energy harvesters, based on the direct piezoelectric effect, have been widely studied
and nonlinear electronic treatments (i.e. adding a nonlinear element to the circuit, such as switch,
as opposite to linear case - which usually consists of a linear load, such as a resistance, connected to
the transducer) applied to the piezovoltage have been developed in order to enhance the efficiency
of the energy conversion [20, 21} 22]. For instance, Guyomar et al. proposed a simple but original
treatment, namely the SSHI (Synchronized Switch Harvesting on Inductor), for greatly improving
the energy conversion abilities of piezoelectric materials [23], resulting to a typical gain factor of 8
in terms of harvested energy in comparison to the classical approach. In order to further increase
the conversion abilities of piezoelectric elements, several techniques derived from this method have
been successively proposed, although introducing further complexity to the circuit [24) 25] 26], 27].

Electromagnetic energy harvesters, based on Faraday’s law of induction, usually consists of a
coil and a moving magnet, resulting to an alternating magnetic flux. The electricity is generated
by the relative movement of the magnet and coil. Generally, the amount of generated electricity
depends upon the strength of the magnetic field, the velocity of the relative motion and the number
of turns of the coil.

Furthermore, it has been demonstrated that nonlinear techniques, particularly those based on
the Synchronized Switching techniques, can be derived in several systems and schemes, using dual
transformations of the actuator or the controlled electrical quantity [2§]. In fact, such energy ex-
traction strategies have also been extended to electromagnetic vibration energy harvesters. One
good example is the one developed by Arroyo et al., namely the SMFE (Synchronous Magnetic
Flux Extraction) technique, which provides a significant optimization of the energy transfer irre-
spective of the load impedance [29].

Although the majority of energy harvesters that have been so far studied and developed mainly
focused on a single energy conversion mechanism, a recent trend consists in combining multiple
energy conversion effects, such as piezoelectric and electromagnetic transduction, in a single device,
leading to the concept of hybrid energy harvesting [30, 311 B2} [33], 34, 35, B36]. Nevertheless, most of
these works mainly focused on the energy conversion mechanism, and very few actually considered

the energy harvesting process on the circuit side. Table [I]| gives an overview of the voltage and
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Table 1: Comparison of voltage and power outputs from hybrid piezoelectric-electromagnetic energy harvesting
systems (Std. stands for Standard circuit, Gain PZT and Gain EM stand for the energy gain with respect to the

sole use of piezoelectric and electromagnetic system respectively)

Reference Vi Vem P, P Pryp Gain PZT Gain EM
60 V (Std.) 80 mW (Std.) 300 % (Std.)

B 100 V (SSHI) - 200 mW (SSHI) - 250 mW 25 % (SSHI) :
3.5V (0.2¢) 40 mV (0.2g)  0.085 mW (0.2g)  0.14 mW (0.2g)

[33] 9.75 V (0.45g) 150 mV (0.45g) 0.5 mW (0.45¢) 1.10 mW (0.45g) . . .

[35] 3V 012V 250 pW 244pW - - :

[32] 8V 04V 1.65 mW 2.18 mW 2.26 mW 37 % 4 %

[30] . - 1.1 mW 0.96 mW 1.2 mW 10 % 30 %

[34] 0.35 V 0.012 V 40 pW 1.16 yW - - -

power outputs from such hybrid systems: it is evident the high difference in the voltage outputs
between the piezoelectric and the electromagnetic systems, making the latter ones not compatibles
with the former ones. Moreover, the peak powers of the two systems are characterized by different
values of optimal loads: extracting the energy from the hybrid system would then require an addi-
tional stage of load adaptation, hence introducing additional complexity to the circuit and power
losses.

To overcome these main drawbacks when considering hybrid piezoelectric-electromagnetic en-
ergy harvesters, this paper proposes a hybrid energy harvesting electrical interface based on the
coupling of these two energy conversion mechanisms. The model is derived from the previously
stated SSHI interface, whose passive inductance is advantageously replaced by an electromag-
netic generator, thus making active every constitutive electrical component of the interface. This
produces an immediate enhancement of the final energy that can be extracted without adding
significant complexity to the systems in terms of electrical components and space. A particular
attention is paid to the resulting enhancement of the piezoelectric element output voltage due to
the synchronized switching interface. The paper is organized as follows: section II introduces the
principles and the operations of the proposed technique; section III exposes in detail the theoret-
ical analysis giving the output energy that can be extracted with such model, either considering
constant displacement magnitude or taking into account the damping effect at resonance; a prelim-
inary theoretical discussion is illustrated in section IV; section V aims at exposing the experiments
carried out in order to validate such model along with comparative discussion; Finally, section VI

briefly concludes the paper.

2. Principles

The aim of this section is to recall the basic principles of energy harvesting using the standard

and the SSHI technique and to introduce the main idea and motivation behind the proposed hybrid
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switching configuration.

2.1. Standard

In the standard interface circuit, a diode rectifier bridge followed by a filtering capacitor Cs and
a load Ry, is directly connected to the piezoelectric element, as shown in Fig. This is basically
the simplest circuit for rectifying an AC' voltage, as well as the most used one for energy harvesting
applications. The rectifier bridge is assumed to be perfect and the rectified voltage Vp¢ is assumed
to be constant, which is a good approximation if the time constant R;C is much larger than the
mechanical oscillation half-period. Fig. depicts the typical voltage, displacement and current

waveforms of such configuration:

e from t; to ty the rectifier bridge is blocked and the piezovoltage varies with the displacement

with an off-set introduced by the previous energy harvesting process;

e from t; to t3 the absolute piezovoltage V, equals the rectified voltage Vpc so that the rectifier

bridge is conducting and energy transfer occurs from the piezoelectric element to the load;

e after ¢3, the bridge rectifier is blocked again and the piezovoltage goes back to open-circuit

condition;

e from t¢3 to t4 the piezovoltage varies again with the displacement until the condition |V, | =

—Vbc is reached so that the rectifier conducts again and a new energy transfer occurs.

2.2. Parallel SSHI

The parallel SSHI interface consists in adding a nonlinear processing circuit in parallel with
the piezoelectric element, as shown in Fig. This nonlinear processing circuit is composed of

an electronic switch and an inductor L connected in series. The switch is almost always open

—Piezovoltage

. - - -Rectified voltage
t L ot 4 vge Displacement
o e
8
) il
o)) Sou———
Bl
SN\
5
g I\
= =
o
5
(a) Standard interface circuit schematic (b) Standard energy harvesting waveforms

Figure 1: Standard technique
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(a) Parallel SSHI circuit schematic
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(b) SSHI waveforms

Figure 2: SSHI technique

except when an extremum in the displacement occurs. At this instant, the switch is briefly turned
on, establishing an oscillating electrical network made by the inductance L and the piezoelectric
clamped capacitance Cy. After half an electrical period, defined as equation , the switch is again

turned off, resulting in a quasi-instantaneous inversion of the voltage V.

ti =m/LCo (1)

The voltage inversion is however not perfect (due to the losses in the switching branch) and

characterized by the inversion coefficient defined as:

™

Yo =e 29 (2)

where @Q; is the electrical quality factor of the LCy circuit. Fig. depicts the typical voltage,

displacement and current waveforms of the SSHI configuration:

e from t; to t5 the rectifier bridge is blocked and the piezovoltage varies with the displacement

with an off-set introduced by the previous voltage inversion;
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e from t, to t3 the absolute piezovoltage V, equals the rectified voltage Vp¢ so that the rectifier

bridge is conducting and energy transfer occurs from the piezoelectric element to the load;

e at t3, which corresponds to a displacement extremum, the switch is turned on (explaining
the current spikes) and the piezoelectric voltage is reversed. Its absolute value remains lower

than the rectified voltage Vpe so the rectifier bridge is blocking again;

e from t3 to t4 the piezovoltage varies again with the displacement until the condition |V,| =

—Vpe is reached so that the rectifier conducts again and a new energy transfer occurs.

2.3. Hybrid model

Considering the SSHI interface, one can note that the inductor can play an active role if coupled
with a permanent magnet that is moving relatively to it. In fact, the idea behind the proposed
hybrid model is to convert the inductor from a passive electrical component to an active electro-
magnetic system leading to the concept of hybrid energy harvesting. Thus, the combination of
the two energy conversion effects on the same harvesting system induces an enhancement of the
output voltage of the piezoelectric element, as depicted in Fig. [3] resulting in a higher harvested
energy without significant loss in terms of space. The general resulting circuit is illustrated in Fig.
[] and its operations will be explained in detail in the following sections. The reason behind the
employment of the two transducers in such configuration, rather than extracting the energy from
them separately, lies in the in the duality of the nature of the two transducer systems: the piezo-
electric can be electrically modelled as a current source in parallel with a capacitance, whereas an
electromagnetic system can be modelled as a voltage source in series with an inductance [37]. The
former is characterized by high levels of voltage and low current while the latter is distinguished by
high levels of current and low voltage, so interfacing each of the two systems to a single harvesting
stage would lead to a more complex electrical interface (for instance, by employing DC/DC con-
verters), seeing the big difference on the voltage/current outputs, and adding complexity to the
circuit always translates into energy losses. On the other hand, the proposed SSH-EM (Synchro-

nized Switch Harvesting on ElectroMagnetic system) switching technique is not sensitive to the

=——=PZT alone

=—==Hybrid configuration . - -1
E 5 , \ .

7

Voltage [a.u.]

Time [a.u.]

Figure 3: Voltage waveforms of the switching on electromagnetic system strategy and comparison with SSHI tech-

nique
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(b) Switching configuration

Figure 4: Hybrid model circuit schematic

difference in the voltage and current outputs that exists between the two transducers, as they are

made to interact as a LC' oscillator, resulting in the magnification of the voltage seen in Fig.

3. Theoretical development

In the previous section, the basic principles of the proposed model have been introduced. Con-
sequently, it is now possible to set up the theoretical development allowing the prediction of the
extracted energy and output power of such scheme.

Assuming linear elasticity, vibrating mechanical structures excited near one resonance frequency
can be modeled by a second-order mass-spring-damper system [38]. The schematic of such inertial
generators can be applied both to piezoelectric and electromagnetic generators [39], as shown in
Fig. 5| where M is the equivalent dynamic mass bonded on a spring K (modeling the stiffness of
the mechanical structure) and a damper C' (modeling the mechanical losses).

As previously stated, from an electrical point of view, a piezoelectric generator is equivalent

ut) Energy u(t)
harvesting
circuit

Energy
harvesting
circuit

COXI 4
_‘__

(a) Piezoelectric model (b) Electromagnetic model

Figure 5: Equivalent mechanical models of piezoelectric and electromagnetic generators
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to a current source proportional to the relative vibration velocity @ connected in parallel with a
capacitor while an ideal electromagnetic generator can be modelled as a velocity dependent voltage
source in series with an inductor [28]. Neglecting the transducers’ electrical losses (especially in
the electromagnetic case), the constitutive electromechanical equations of such model are therefore

given by:

Mii+ Cu+ KEHy = F —aV, — I,

I, = aii — CyV, (3)

Vem = Bi — Lolem,
where u is the displacement of the structure (assumed to be sinusoidal in the followings), V,, and
Vem the piezoelectric and electromagnetic voltages respectively and I, and I.,, the piezoelectric
and electromagnetic currents respectively; o and g are the force factors of the piezoelectric and
electromagnetic elements respectively; Finally, Cj represents the piezoelectric clamped capacitance

and Lg the inductance of the electromagnetic transducer at rest.

3.1. Switching process

Fig. [] gives a rough schematic of the proposed hybrid model without the consideration of the
rectifying circuit. This scheme can be divided into two sub-sections, one corresponding to the piezo-
electric (PZT) insert and the other one corresponding to the electromagnetic (EM) element. Most
of the time, the piezoelectric transducer is left in open circuit conditions while the electromagnetic
system is short-circuited, as depicted in Fig. [6a] Under these conditions, the piezoelectric volt-

age and the electromagnetic current vary proportionally to the mechanical displacement, following

equation and :

. «
L,=0=V,=—u (4)
Co
_ - _ B
Ve =0= Iy, = —10 (5)
Lo
| 'y i
! st ! Y
1 X i 1
1 I 1
1
PZT! C "H Lo S2| {EM  PZT Gs EMH Lo S2
j ——— X i —
1 1 1
| X |
1 1
.« | 1 . I
(a) Default configuration (b) Switching configuration

Figure 6: Circuit schematic
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When the mechanical displacement reaches a maximum or a minimum value (i.e. when the me-
chanical speed cancels), the electronic switches S1 and S2 are briefly turned on and off respectively,
as shown in Fig. [7] so that the piezoelectric and the electromagnetic generators are electrically
connected, establishing an oscillating electrical Ly — Cy circuit composed by the electromagnetic
inductance Ly and the piezoelectric clamped capacitance Cy. As a result, a current flow appears

as:

Loi+r+ L =0 (6)
Co

where 74 represents the equivalent linear losses due to switching interface and ¢ is the electric
charge of the piezoelectric element. Differently from standard synchronized switching interfaces,
having null initial current flow, Eq. @ is solved considering non-zero initial current condition, as
an effect of the addition of the electromagnetic generator, and considering the voltage across the

piezoelectric element:

q0 = CoVp = auy
qO = Iem = LﬁOUM

hence, the voltage and the current oscillation are defined as:

Vt)=e" Towew [VM cos(wswt) + Sin(wswt)] (8)

Cowsw

-
3
T
S
@
o
T
=
o
>
0.0749 0.07495 0.075 0.07505 0.0751 0.07515 0.0752
Time (s)
—_ ———S5HI
= ~———SSH-EM
©
g
=
[=
L
e
=]
o
0.0749 0.07495 0.075 0.07505 0.0751 0.07515 0.0752
—_ Time (s)
5 s1
o] 52
&
©
=
2
W
£
o
=
G;) 0.0749 0.07495 0.075 0.07505 0.0751 0.07515 0.0752

Time (s)

Figure 7: Voltage and current waveforms and switching signals
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I(t)y=e¢" Toew ! [ — CoVmwsw sin(wswt) + Tas cos(wswt)] (9)

where I is the current provided by the electromagnetic element (I.,,) at the switching instant,
Vi corresponds to the maximum output voltage provided by the piezoelectric component (V) at
the same switching instant and wg,, refers to the resonance frequency of the LyCy oscillator (i.e.
1/v/LoCy). In order to achieve voltage inversion, the switch S1 must be again turned off (and S2
turned back on) when the current is null. Therefore, as a consequence of the contribution of the
electromagnetic generator (which has lead to non-zero initial current condition), the equivalent

inversion coefficient for the hybrid harvester model is given by:

s s I 2
vp=¢e_ 2LT({:Sw e~ QLJLJS“, arctan( COV]\ZIL“'S’IU) 1+ (17M> (10)
CoVmwsw

T

noting that the parameter 7y = e~ 2Zowsw corresponds to the inversion coefficient of the non-hybrid

synchronized switching case, as defined by equation .
Consequently, considering the steady-state case, the relation between the output voltage mag-

nitudes before (Vi) and after (V;,,) the inversion process are finally given by:

VM — V= QAUM
v (11)
Vi =vpVur
Typical waveforms of the switching event are depicted Fig. [7] giving a comparison with respect
to the classical SSHI technique. It is interesting to point out the improvement in the voltage

inversion and magnification as a consequence of the contribution of the electromagnetic system

that provides initial current.

3.2. Derivation of the output power

In order to give an estimation of the harvested power, constant displacement magnitude of the
structure is firstly considered. This leads to not considering electromechanical damping effect in
terms of mechanical vibrations, which is a good approximation for low coupled, highly damped
systems, or structures excited out of their resonance frequencies. Secondly, the performance of the
SSH-EM interface will be quantified taking into account this damping effect induced by the energy
harvesting process (which is the case of highly coupled microgenerators excited by a constant

acceleration very close to one of their resonance frequencies).

3.2.1. Constant displacement magnitude

if the structure is supposed to be driven with a constant displacement magnitude, only the
second and the third constitutive equations of Eq. are actually necessary in order to evaluate
the extracted energy of the proposed scheme. The harvested energy (W},) for one extraction

event (between the time instants ¢; and ¢ in Fig. |8 can therefore be expressed starting from the

10
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piezoelectric electrical equation of Eq. and leading to the following integral function of the
rectified piezoelectric voltage and current:

2%

to
Wy = / Vpelpdt = aVDc/ du = OzVDc(’U,M — ul) (12)

t1 ul

where w1 and uy; refers to the displacement values when the harvesting process starts and the
displacement magnitude, respectively, as shown in Fig. and Vpe the value of the rectified
voltage, assumed to be constant.

Considering an energy scavenging process on a positive (resp. negative) voltage, the harvesting
process stops when the current cancels — which occurs on minimum (resp. maximum) displace-
ments. Hence, after energy transfer and inversion process, the system is left open-circuit. Moreover,
in the DC case, Vi = Vpe so that V;,, = ypVpe. Consequently, as shown by Eq. , the equiv-
alent inversion coefficient in that case actually depends on the rectified voltage Vpc, so that it will

be noted as vp(Vpe) in the followings.

— s Ing IM 2
1% _ Cy Ty arctan(s— wsw)\/l ( > v, 13
7p(Vpc) = Yoe 2o oVbo Evpoa ) Ve (13)

Consequently, integrating the second equation equation of Eq. yields the expression of the
voltage as follows (considering the evolution from vp(Vpe)Vpe to Vpe):
V==2u+4
co (14)
vp(Vpe) - Ve = —Fum + A

where A is an integration constant.

11
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The value of the displacement u; when the harvesting process starts can be obtained by con-

sidering the voltage equals to V¢, as provided by the following expressions:

(0%
Vbe = C*O(Ih +unr) +vp(Vpe) - Vpe (15)
Vbce(l —vp(Vpe)) = C%(Ul + unr) (16)
hence, yielding:
Co
up = ;VDC(l —vp(Vpe)) —um (17)

Combining Eq. and Eq. , gives:

Wi, = Vpe[2auy + Co(Vpe — vp(Vbe) - Vbe)] (18)

As two energy harvesting processes occur per period, the expression of the output power can

be obtained as a function of the electromechanical parameters as:

P =2foW;, =2foVpc[2aun + CoVpe(l —vp(Vpe))] (19)

where fy denotes the mechanical vibration frequency. Additionally, the harvested power can also

be expressed as a function of the squared value of the voltage Vpc and the resistance Ry, giving:

Vpc?
Ry,

In order to make the analysis independent from the system parameters, the output voltage can

P =

(20)

be normalized with respect to the open-circuit voltage amplitude and the resistance with respect

to the optimal resistance of the piezoelectric element in the standard case, as illustrated below:

V = Ypc — Voc

Voe %ouAl 21
i (21)
R=-Br — _EeL

Ropt 1/afoCo

Additionally, substituting the value for I, following Eq. , introducing the ratio r between
the terms %Z and g—z, and substituting Eq. into Eq. , we finally obtain the following

non-dimensional 3" order polynomial expression:

. _ = 1 . N 1
3 o o 2 o 3/2 _~ _
2V (24 R(1 = 0)) = 2V*R(2+ 705 o V) = VEor + Ryor®/2 5 =0 (22)
of which approximated solution is given by:
> 1 ~ -
) 2R<2+’YOQQ¢ \/7“) 18(2+R(1 —70))R707‘
V= . 14+2°14+ —— (23)
6(2+R(1 —70)) 8R2(2+702%9i\/77)

12
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where the expressions used to calculate the voltage expressed in Eq. are detailed in Appendix
A.

Consequently, it is possible to express the harvested power combining equations , and
and considering the dimensional parameters, yielding;:

_ V2 402

3.2.2. Constant driving force magnitude

the operation of converting mechanical energy into electrical energy from a coupled system using
piezoelectric and electromagnetic mechanisms will cause multiple induced damping effects, thus
causing a reduction of the available effective mechanical energy in terms of relative displacement
u and relative velocity 4, thereby reducing the induced piezoelectric voltage (directly proportional
to the displacement) and the induced electromotive force (directly proportional to the velocity),
respectively; hence, the total harvested power of the coupled system is reduced in return. For sake
of simplicity, from now onwards the analysis will be conducted considering an equivalent value of
the inversion factor vp, which takes into account the rectified voltage calculated in the previous
section (written as vp(Vpe)).
In this case, the energy balance of the structure is considered. Multiplying both terms of the first

constitutive equation of Eq. by the velocity and integrating over half a period leads to:

ta to ta 12 ta to
M [ dadt.+C | aadt. + KEH / ut dt. = / wdu. — a/ Voudt. — B | Lepudt. (25)
t t t t1 th t
Particularly, in steady state, it is possible to the define the transferred energy of the piezoelectric
element as the sum of electrostatic energy stored on the piezoelectric clamped capacitance and the

energy absorbed by the connected load:

tz 1 VpclT 1 Vpc? T
“/ Vyidt. = Co[Vpe? — (1p(Vpe) - Vpe)? + 25— = ~CoVbe®[1 - (vp(Vbe)?] + 25—
t1 2 RL 2 2 RL 2
(26)

where vp(Vpe)(Vpe) stands for the implicit inversion coefficient in the DC case.
As per the mechanical energy converted into electrical energy by the electromagnetic system, the
energy transfer occurs when the electromagnetic system is short-cicruited:

to

B ILpadt = %L0(2Isc)2 (27)

t1

When considering steady state conditions, there is no variation of the potential elastic energy
between instant ¢; and ¢2 as well as a null kinetic energy at those instants for a system excited at

resonance, thus yielding:

13
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Vol T 1 )
= 4 S Lo(21,, 2
Ry 2 + 5 o ) (28)

m ™ 1
5FMuM = §CuM2w + §CoVD02[1 — (vp(Vpe))?) +

where F); stands for the driving force magnitude.
Using Eq. and the second constitutive equation of Eq. , the recified voltage can be
expressed according to Eq. , while Eq. recalls the electromagnetic current under short-

circuit conditions:

QRLOé
Voo = wu 29
e = RCo(I = vp(Voc))w+m M (29)
2
I. = 2—uy (30)

Ly
Hence, the expression of the displacement magnitude at resonance frequency when taking into

account the damping effect leads to:

F,
U = (31)
4Rrwa* (RLCo(1 — vp(Vpe))w +2m) 482
+
T (RpCo(1 _'YP(VDC))W+7T)2 7 Lo

and the associated harvested power is thus given by:

Cw+

Vpe? 4Rpa?
p— YpC _ Lo W (32)
Rp (RLO()(l —’YP(Vpc))w+7T>
Recalling the expression of the displacement and the power from the SSHI case as per Eq.

and respectively [23], the SSH-EM and SSHI systems are in this way easy to correlate

(SSHI being a particular case of SSH-EM with § = 0 and yp = 79), thus conveniently allowing a

comparison between the two techniques, as it will be discussed in the next section.

Fp,
UMssur = (33)
4R wa? (RLCo(l —Yo)w + 277)

T (RpCo(1 —Wo)w+7r)2

Cw +

Vpe? 4R 02
Psspr = be = L 2"'}21”\4551112 (34)
Rp (RLC'O(lffyo)w+7r)

4. Theoretical discussion

Based on the modelling developed in the previous sections, it is proposed here to investigate the
performance of the SSH-EM configuration, and compare it with the original SSHI and standard
interfaces. The performance is first evaluated considering the structure driven with a constant dis-
placement amplitude and then considering a constant force amplitude. It must be noted, however,

that the power losses and the electromagnetic current phase shift due to the coil resistance of the
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electromagnetic system are not taken into account.

As a first theoretical comparison, Fig. [9] evaluates the relation between the ratio r of the param-
eters %z and ac—z and the improvement of the inversion coefficient yp. This figure demonstrates
how incrementing the contribution of the electromagnetic element, in terms of possible transferred
energy, can lead to higher values of inversion coefficient, thus inducing voltage enhancements. As
a restult, an increase of the output voltage translates to an increase of the harvested power, as
shown in Fig. The figure plots the evolution of the power generated from the hybrid system,
following to Eq.

of the original SSHI inversion coefficient (i.e., vp).

, as a function of the load and the same ratio r coefficient, for different values

In order to conduct the theoretical evaluation as independently as possible from the system

o
A
€
(]
°
=
[3}
[s]
o
c
S
»
g —6-Q, =775, 4, = 0.81
£ 05 -4-Q,=38,7,=066
Q,=26,7,=053
0.4 —-Q,=19,7,=043
—y-Q,=15,7,=035

0 1 2 3 4 5
Ratio

Figure 9: Inversion coefficient yp as a function of the ratio for several values of electrical quality factor @;

7y =019 7, =028

10° 25 10°

Rao 0 10° 20 48
RIR Do Rafio RIR

Figure 10: Normalized harvested power (w.r.t. maximal harvested power in the standard approach) as a function

of the ratio and the normalized load (w.r.t. the optimal load in the standard approach) for several initial inversion

factors
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parameters, the harvested power has been normalized with respect to the maximum power in the

standard case, and the resistance with respect to the optimal resistance in the standard case, as

defined in Eq. , [20):

2
(Pst)maw = %OfOUIM2 (35)
1
(Rst)opt = m (36)

The chart in Fig. demonstrates that, as the ratio increases (i.e., as the contribution of the
electromagnetic system becomes more relevant), the resulting electrical power increases as well in
a quite similar way (relatively speaking), whatever the initial SSHI inversion coefficient. It can
be noted that for r = 0, therefore for 32/Lo = 0, the technique is strictly equivalent to the SSHI
technique.

In order to better evaluate the power gain that can be achieved with respect to the SSHI scheme,
Fig. depicts the evolution of this gain as a function of the same ratio term (adopted in the
previous graphs) for different values of the electrical quality factor @;. It is interesting to note how
the power gain reaches on optimal value when considering an electrical quality factor @; equal to
1.9 (i.e. vo = 0.43).

Moreover, the comparison of the SSH-EM approach with the SSHI technique and the sole
use of electromagnetic and piezoelectric elements is shown in Fig. The analysis has been
conducted considering two different electrical quality factors (which corresponds to two different
initial SSHI inversion coefficients) and two values of ratio r (by making varying the electromagnetic
force factor §). In this example, the electromagnetic and piezoelectric powers (curves 4-5-6 of
Fig. have been evaluated considering a simplified linear circuit (i.e. without considering the

rectification stage). As a matter of fact, the main issue when using a full bridge rectifier for

3
+QI= ?'?5":'0 =0.81
2.8|—+—Q, =38, 7, = 066
- Q,=26, 7, =053
| —e—Q=19,4,=043
T 24| o Q=15+ =035
o i ]
> 22 Q,= 04, 7, =0.015
o
£ 2F
T
o
5 181
3
o 16r
1471
1.2+

Ratio

Figure 11: Extracted power gain compared to SSHI interface for several values of electrical quality factor Q;
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Figure 12: Normalized harvested power (w.r.t. maximal harvested power in the standard approach) as a function
of the normalized load (w.r.t. the optimal load in the standard approach) for different techniques, electrical quality

factor and ratios

electromagnetic energy harvesting systems is that a large amount of energy can be lost in the
diodes if the open-circuit voltage amplitude is lower the diode threshold voltage (which is typical
for many electromagnetic systems - and for the one in this case)ﬂ Nevertheless, it is evident how the
SSH-EM technique allows achieving power output much greater even when considering the ideal
case of the sum of the single piezoelectric and electromagnetic powers, considering that for the
latter an additional load adaptation stage is required (therefore introducing additional losses and
lowering the hybrid power levels). This confirms the advantage of employing the two transducers
for energy harvesting purposes using the proposed SSH-EM approach.

When taking into account the damping effect, two important figures of merit are normally used
to compare different electromechanical systems: the mechanical quality factor @,, and the squared
coupling coefficient of the structure kp2, the former representing the available amount of energy
while the latter reflecting the available energy that can actually be converted and directly related
to the amount of active material. Fig. [I3] thus relates the theoretical maximum powers using the
SSH-EM, SSHI and the linear resistive technique in function of the FoM kszm. Additionally, the
case of the sole use of electromagnetic transducer has been taken into consideration, plotting its

theoretical maximum power in function of the FoM kem2Q,,. For each technique, the power has

1Tt must be noted that a comparison between the output powers that can be achieved with the proposed SSH-
EM technique and a combination of nonlinear harvesting for both piezoelectric and electromagnetic transducers (for
instance, by employing simultaneously the SSHI and the SMFE technique) has not been considered and it would
not be fair, as the latter would require two more additional electrical components (an inductance — for the SSHI —

and a capacitor — for the SMFE).
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Figure 13: Normalized maximum harvested power (w.r.t. the power limit) for different techniques versus the figure

of merit kszm and keszm when taking into account the damping effect

been normalized according to the power limit that can be reached, depending on the mechanical

losses of the structure [23]:

F 2
8C
Based on the trends of Fig. [I3] the SSH-EM technique appears to be of particular interest

when considering weakly coupled/highly damped structures, as the damping effect due to the com-
bination of two energy harvesting transducers becomes more relevant in the case of high values of
the figure of merit kszm. This is also confirmed by Fig. plotting the power as a function
of the figure of merit ke, >Qm, where ken? represents the electromagnetic coupling coefficient, for
different values of kszm. The figure clarifies how higher power gains can be achieved for low

coupled /highly damped structures, as well as the existence of an optimum value of the electromag-

2 2
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Figure 14: Normalized maximum harvested power (w.r.t. the power limit) as a function of the figure of merit

kem?Qm for different values of kp2Qm,
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netic coupling. Furthermore, as the piezoelectric coupling coefficient increases, this optimal value

of electromagnetic coupling decreases.

5. Experimental validations

The previous discussions theoretically pointed out the advantages of employing the SSH-EM
technique over previously developed nonlinear techniques, particularly when considering low cou-
pled/highly damped structures. Hence, this section proposes to experimentally validate these

theoretical predictions previously discussed.

5.1. Experimental set-up

Fig. [[5alillustrates the schematic of the experimental set-up used in this study. The piezoelectric
generator is composed of a piezoelectric buzzer with an additional permanent magnet (NdFeB)
mounted on it. The permanent magnet allows the coupling of the electromagnetic generator to
the piezoelectric one by placing a coil along the axis of motion of the magnet, as shown in Fig.

The permanent magnet shown in the figure is mounted in this particular way after optimizing

PZT +EM
generators

(o

' R Voltage
Profilometer N ’ Amplifier

Oscilloscope
——

dSpace +
Controldesk
user interface

(b) EM and PZT transducers

Figure 15: Experimental set-up
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different orientations of it. Mounting the magnet with the north/south pole completely attached to
the piezoelectric buzzer, would lead to higher clamping of the piezoelectric transducer, thus leading
to less variation of its displacement. Hence, to avoid this effect, the magnet is oriented as shown
in Fig. which gives the optimal output. Although the magnet has axial magnetization, the
closing through the bottom and the top ferrite legs still allows significant flux variation through
the coil. The ferrite also permits a much higher inductance as compared to the case of generators
without the core, yielding higher reactance than the resistive part of the coil. Moreover, a 0.25mm-
thick nickel-iron soft ferromagnetic alloy with very high permeability, is wrapped around the coil
as a shield against static or low-frequency magnetic fields from the surroundings (the shaker, for
instance). The global system is mounted on a shaker driven by a controlled dSpace card (RTT 1104)
which generates a sinusoidal acceleration with an amplitude of 3.8 ms=2 (0.39g) with the help of
a voltage amplifier. The dSpace card is also used to trigger a waveform generator controlling the
switching circuit, at extremum displacements. A laser displacement sensor (Keyence LJ-V7000) is
used to monitor the displacement of the permanent magnet as well as an oscilloscope for monitoring
the voltage and current waveforms. Finally, a digital multimeter is used to measure the DC voltage
on the load Ry, connected to the SSH-EM interface along with a smoothing capacitor and a rectifier

bridge.

5.2. Model parameters identification

Preliminary experimental measurements have been carried out in order to determine the model
parameters, listed in Table [2] The parameter identification have been obtained by measuring the
open circuit output voltage Voc, the displacement magnitude uy; and piezoelectric clamped ca-
pacitance Cp, thus obtaining the value of the piezoelectric force factor a defined as Cy x (Voo /uar).
The same procedure was followed for the identification of the parameters for the electromagnetic
generator, this time measuring the output short-circuit current Isc, the displacement magnitude
ups and the coil inductance Ly, thus obtaining the value of the electromagnetic force factor g
defined as Ly x (Isc/ua). Co and the coil parameters (inductance and resistance) have been
obtained by the use of a LCR meter. The inversion factor vp has been measured from the ratio be-
tween the absolute voltages after and before the inversion process. The electromechanical coupling
of the piezoelectric system kp2 is derived from the short-circuit and the open-circuit piezoelectric
resonance frequencies, when the electromagnetic element is open-circuited. On the contrary, the
electromechanical coupling of the electromagnetic element kem? is derived from the short-circuit
and the open-circuit electromagnetic resonance frequencies, when the piezoelectric element is short-
circuited. Consequently, it is possible to derive 4 different values of stiffness for the studied system

based on the open-circuit and short-circuit configuration of the two transducers:

o? for® o? 1

Kppy=——"5+—F—5=——
Co fou® — fea”  Coky’
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Table 2: Model parameters (PZT and EM respectively refer to piezoelectric and electromagnetic transducers; ”oc”

and ”sc” respectively stand for ”open-circuit” and ”short-circuit”)

PZT clamped capacitance, Cy 67.85 nF
EM coil inductance, Lo 28.17 mH
EM coil resistance, rr, 5.8 Q
PZT force factor, a 0.0036 NV !
EM force factor, 1.2 NA—!
Mechanical quality factor, @, 30
Resonance frequency, PZT sc, EM oc frpy 152.15 Hz
Resonance frequency, PZT oc, EM oc fpy 155.33 Hz
Resonance frequency, PZT sc EM sc fgp 152.63 Hz
PZT coupling coefficient, kp2 0.0402
EM cupling coefficient, key,> 0.0063

Stiffness (PZT sc, EM oc), Kgy 4.52x10% Nm !

Stiffness (PZT oc, EM oc), Kpy 4.72x10% Nm~!
Stiffness (PZT sc, EM sc), Kgp 8.11x10% Nm !

Stiffness (PZT oc, EM sc¢), Kpp 8.06x10% Nm !

Dynamic mass, M 5g
Damping coefficient, C' 0.335 Nm~1s7!
a2
KEH:KDH—F (39)
0
8% fen’ pg* 1
Komm = 2 -2 40
"L fe® = fen®  Loken” (40)
62
Kpp=Kgp — — (41)

Lo
where the subscripts DH and FH represent the case in which the piezoelectric element is open-
circuited and short-circuited respectively, while having the electromagnetic element open-circuited,
and the subscripts EB and DB represent the case in which the electromagnetic element is short-
circuited while having the piezoelectric element short-circuited and open-circuited, respectively.

Finally, the dynamic mass and the damping coefficient of the system are derived as:
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M= =2 (42)
Mwpm

C = 43

o. (43)

with @,, being defined as the mechanical quality factor with respect to the -3dB bandwidth.

5.3. Results and discussion

In order to conduct the analysis under a constant displacement magnitude, the structure was
excited considering a tip displacement of 110 ym. Moreover, for the sake of investigating the exper-
imental analysis for different values of piezoelectric electromechanical couplings, small capacitors
are added in parallel to the piezoelectric element, artificially decreasing the coupling coefficient.
Considering such conditions, Fig. shows the harvested power for the SSH-EM, SSHI and stan-
dard technique together with the theoretical predictions, when considering an additional capacitor
of 0.22 pF in parallel to the piezoelectric transducer. For comparative purposes, the theoretical
power when considering the sole use of the electromagnetic transducer has also been plotted. The
experimental results demonstrate good agreement with the theoretical analysis, boosting the power
gain to a value of 10 compared to the maximum harvested power in the standard interface (20%
more compared to the SSHI interface).

However, when it comes to realistic applications, where the system is more likely to be subjected
to an external acceleration, one has to keep in mind that extracting energy from mechanical vi-
brations leads to a reduction of the available mechanical energy due to the harvesting process that

yields a mechanical damping effect. This damping effect leads in turn to a power drop, as already

g 2107 O SSH-EM Experimental
& SSHI Experimental
#* Standard Experimental
I4: SSHI Theoretical
- - =Standard Theoretical
6l ———SSH-EM Theoretical
EM only Theoretical
5 -
g 4
<}
o
3 -
2 -
1 -
0 b & - X - )
10° 10° 1010
R [©]

Figure 16: Experimental and theoretical harvested power (considering an additional capacitor of 0.22 uF in parallel

with the piezoelectric element) in the constant displacement magnitude case
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shown theoretically in Fig. Experimental results in this case, along with the theoretical predic-
tions, are depicted Fig. when the structure is driven at resonance frequency under a constant
sinusoidal acceleration of 3.8 ms~2 (0.39g). As expected, the SSH-EM technique leads to higher
harvested power levels for low-coupled systems, while leading to a power drop for higher couplings
because of the mutual damping effect between the piezoelectric and electromagnetic transducers.
Discrepancies between the experimental results and the theoretical predictions attributed to the

diode voltage drop that cannot be longer negligible in low voltage.

6. Conclusion

This paper proposed a nonlinear electric interface applied to a hybrid piezoelectric-electromagnetic
energy harvesting system employing the synchronized switch approach derived from the SSHI
scheme. Particularly, the proposed technique demonstrated how replacing the passive inductance
with an active electromagnetic generator leads to a power enhancement without a particular loss in
terms of space. Both theoretical predictions and experimental results have demonstrated that the
proposed technique allow boosting the power gain to a factor of 10 when compared to a standard
electrical interface, composed of a rectifier bridge and a smoothing capacitor connected to a load,
with the possibility of increasing this gain by optimizing the energy conversion capabilities of the

electromagnetic transducer.

Experimental

1
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Figure 17: Experimental and theoretical normalized maximum harvested power (w.r.t. the power limit) for each

technique versus the squared coupling coefficient and the mechanical quality factor
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Appendiz .1. Appendiz A

The following equation results after the introduction of the normalized terms defined in Eq.

and combining Eq. , and :

2 2
-« B 1
( Co Lo) V&
(1)
4 2 2 . .
From Eq. , the term \/(Vﬁ) + (%) can be approximated by Eq. l) (valid for
0 < (8/vLo)/(Va//Cy) < 1/2), while the arctangent can be approximated as Eq. (.3) (valid for
—1 < (B/vLo)/(Va//CTy) < 1), as demonstrated in [40] and [41], respectively, yielding to Eq.

22).

e |
—V—i—R—RVQ{l—'yoexp[—

o
=
a
&
2
B
VR
‘ m
t
—_

)

2 2 8
5 o B 5o VIo
V =V = 2
< \/Co> Jr(\/Lo> VC(]+2V\/‘%O (:2)
g1 -
arctan(\/fov Oéﬂ) = VLV %0 1 (.3)

Furthermore, It is known that the explicit solution of the cubic equation aV3 +bV2+cV +d

is given by:

Vs(bSﬁCd)ﬂ/(bf’ch)ﬂ(cb)ﬁ
- 27a3  6a? 2a 27a3  6a? 2a 3a  9a?
3(b3+bcd>\/(b3+bcd)2+(cb)3b
27a%  6a? 2a 27a%  6a? 2a 3a  9a? 3a

2 3
However, neglecting the terms £ and \/( - % s -4 ) + (i _ #) (considered to

" 2a

(4)

be much smaller than the others) it is possible to obtain an approximated solution of the 3"¢ order

polynomial equation:

- b 3 9ac
V——3a<1+2 1—21?2> (.5)

Finally, replacing a, b, ¢ with respect to the actual system parameters, leads to Eq. .
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