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The paper studies the electrical response of an array of piezoelectric oscillators attached to the
synchronized electric charge extraction (SECE) interface circuit. The analytic estimate of output
power is derived and presented through the matrix formulation of generalized Ohm’s law
(charging on capacitance) for the case of parallel (series) connection of energy harvesters. These
formulations mainly depend on the proposed equivalent load impedances which are independent

of external resistive loads. It therefore offers an advantage of enabling harvested power
independent of DC output voltage and making the harvester array desirable for broadband
energy scavenging. The proposed framework is subsequently validated both numerically and
experimentally. The results show that the power output and bandwidth of an SECE-based array
are superior to that based on the standard energy harvesting circuit. Further, it is found that the
behavior of an SECE array electrically arranged in parallel connection is different from that
connected in series. The former demonstrates the output power higher than the latter, while the
latter exhibits roughly uniform peak power in frequency response. However, the experiment
indicates the unexpected power drop deviated significantly from the prediction in the array of
harvesters connected in series. Such a discrepancy is explained as a result of comparatively

serious leakage current in the reverse-biased diodes.

Keywords: array of piezoelectric oscillators, equivalent load impedance, parallel/series
connection of harvesters, piezoelectric energy harvesting, SECE interface circuit

1. Introduction

Energy harvesting from environmental sources has the poten-
tial to power remote wireless sensors which originally rely on
batteries for power supply. But chemical batteries are toxic
to the environment and need constant replacement which is
tedious and expensive for the widely spread of sensors. This
motivates the significant growth of vibration-based energy
harvesting because of the ubiquitous presence of ambient
vibrations. Among various transducers used in this tech-
nology [1-3], piezoelectric transduction is widely adopted
due to various advantages [4]. These include the features of
high electromechanical coupling, high voltage causing con-
venient design of power conditioning circuits, and the easy
implementation in microsystems [5, 6]. Hence, piezoelectric
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energy harvesting has received huge attention from world-
wide research efforts for decades. Advances enhancing such
technology are numerous from many aspects, including mech-
anical structures [7—-12], materials [13], and circuits [14-20].
In addition, there is a significant rise in the system-level
designs based on the finite element methods coupled with sev-
eral circuit solvers in the past years [21-25].

But the majority of these works were based on resonant
vibration of a single piezoelectric oscillator for harvesting
energy. The consequence of it is the huge amount of power
reduction observed at around off-resonance in these devices.
It therefore motivates extensive research efforts on improv-
ing such technology. These include changing mechanical or
electric configurations for resonant tuning [26-28], employing
non-linearity for enlarging operational bandwidth [29-31], or
using the frequency up-conversion transforming the low fre-
quency of plucking into the high frequency of resonant vibra-
tion [32-34]. Another popular method is to develop harvester

© 2021 IOP Publishing Ltd  Printed in the UK
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Figure 1. An array of multiple piezoelectric oscillators attached to an SECE interface circuit: (a) parallel connection and (b) series

connection.

arrays for improving bandwidth and enhancing power output.
Its operational principle is simple enough for covering the
frequency range of excitation by adjusting the resonant fre-
quency of each oscillator [35-37]. Thus, various forms of
harvester arrays were developed for serving specific applic-
ations, including the configurations of cantilever [38, 39],
Z-type beam [40], fan-structure [41], circular diaphragm [42]
and MEMS [43]. In spite of these activities developed for
broadband energy harvesting, little had paid attention to the
inclusion of the power conditioning circuits in these array
works [44-46]. Instead, Lien and Shu [36] and Lin et al [47]
had taken into account several energy harvesting circuits such
as the standard (STD) and the synchronized switch harvest-
ing on inductor (SSHI) interfaces in the cases of the parallel
and series connection of piezoelectric oscillators, respectively.
But a drawback of them was that the peak power driven at
around the resonance of each harvester was not uniform within
the frequency range of consideration. Such a defect has been
recently resolved by Wu et al [48] considering the integration
of multiple piezoelectric oscillators with mixed parallel-series
connection.

This paper investigates the electrical response of the piezo-
electric harvester array endowed with the synchronized elec-
tric charge extraction (SECE) interface circuit. Notice that
the power conditioning circuits implemented in the aforemen-
tioned harvester arrays are load dependent and therefore, addi-
tional circuit modules such as DC-DC converters are required
for insuring impedance matching under load variations. But
the SECE interface enjoys the unique feature of load inde-
pendence and is capable of enhancing power output in the case
of weak/mild electromechanical coupling [49]. Thus, the har-
vester array attached to this circuit has the potential of being
operated under irregular excitations [50]. Indeed, the SECE
circuit was originally developed by Lefeuvre et al [51]. How-
ever, the requirement of precise control of switching time for
maximum power output makes the SECE circuit difficult to be
operated and self-powered. Thus, there were numerous works
for improving this circuit technology, such as the OSECE
(optimized SECE) and SP-OSECE (self-powered OSECE)
proposed for simplifying the control strategy [52, 53]. Other
variants of SECE were subsequently proposed for perform-
ance improvements at many aspects. These include (a) the
tunable SECE [54], N-SECE [55] and SECPE (synchronous

electric charge partial extraction) proposed for highly coupled
piezoelectric energy scavengers [56]; (b) the PS-SECE (phase-
shifted SECE) [57] and FT-SECE (frequency-tuning SECE)
proposed for bandwidth improvement; [58] (c) the C-SP-
SECE (compact self-powered SECE) [59, 60] and SP-ESECE
(self-powered efficient SECE) [61] proposed for ameliorat-
ing the self-powered circuit performance; (d) the combination
of SECE and the synchronized voltage inversion for power
enhancement [62—-64]. In addition, the SECE technique has
been applied to non-linear energy harvesters [65-67], multi-
sources [68—71] and wind energy harvesting [72].

The paper is organized as follows. The model development
of an SECE-based array of piezoelectric oscillators is presen-
ted in section 2. The SECE output power is analytically derived
and explicitly expressed for parallel and series connection pat-
terns. The results are numerically validated in section 3 and
experimentally justified in section 4. The conclusions are made
in section 5.

2. Framework

An array of piezoelectric harvesters is considered and arranged
electrically either in parallel or in series, as demonstrated in
figure 1. Here the deviations in the parameters of each piezo-
electric harvester are assumed to be small. The modal dens-
ity of each generator is also assumed to be widely separ-
ated as in the case of cantilever configuration. Thus, if the
whole device is excited at around its resonant frequency, the
parameter model of this harvester array can be described by
[36, 47]:

My, (1) + ity (2) + Kyun (1) + ©,V,, (1) = Fu(2), (1)

— Oyt (1) + G, Vpn (1) = —I.(1), 2

where n=1,2,...,N, N is the total number of oscillators, u,
the displacement of the nth mass M, V,,, the voltage across
the nth piezoelectric element, and 7,,(¢) the current flowing into
the specified circuit. In addition, above n,, K,,, ©, and C,,, are
the mechanical damping coefficient, the stiffness, the piezo-
electric coefficient and the capacitance of the nth piezoelec-
tric oscillator. Below, the applied force F,(f) exerted to the
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Figure 2. (a). Typical waveforms of the overall equivalent velocity current /() and the piezoelectric voltage V,(¢) in the case of parallel
connection. (b) Typical waveforms of the overall equivalent displacement voltage V;; () and the piezoelectric voltage V,(t) in the case of

series connection.

nth harvester is assumed to be harmonic of a single signal of
the form:

F,(t) = F,coswt, 3)

where F), is the magnitude and w is the angular frequency in
radians per second.

The harvester array is attached to an SECE interface cir-
cuit as also shown in figure 1. Different from the standard
(STD) interface circuit consisting of an AC-DC full-bridge
rectifier followed by a filtering capacitance C, for smooth-
ing the DC voltage V. across the load R;, the SECE inter-
face circuit includes an inductor Lggcg, a switch, and a fly-
back diode Dgypack- The working principle of this SECE cir-
cuit will be described separately for different electric connec-
tions of oscillators in the subsequent sections. Before doing
that, notice that in writing equation (3) the array is assumed to
be placed on a single excitation source. However, if harvesters
are located at different places whose excitation frequencies
are widely separated, the proposed setup is not appropriate.
Under this circumstance, the respective electric rectification
by employing multiple diodes might be suitable for avoiding
charge cancelation [70, 73].

2.1. Parallel connection

Suppose all the oscillators are connected in parallel, as shown
in figure 1(a). This gives,

Vo=V, I()=> L), )

where V,(f) and I(¢) are the alternating piezoelectric voltage
and the overall current flowing into the specified circuit. It fol-
lows that equation (2) can be rewritten as:

L,(1) = GV, (1) +1(2), )

where

N
I (1) = Ouita (1), I (1) =D I3 (1), C3 = _Cp. (6)
n=1

n=1

Note that I; (7) is interpreted as the equivalent velocity current
of the nth oscillator, I;(f) is viewed as the overall equi-
valent velocity current, and Cy is the overall piezoelectric
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capacitance. Under the steady state operation, the displace-
ment of each harvester takes the form of:

u,(t) = uycos (wt—46,), @)

where u,, is the magnitude of displacement and 6, is the rel-
ative phase shift. Substituting equation (7) into equation (6)
gives:

I(t) = T sin (wr — 0), (8)
where § is the phase shift and I, is the magnitude of I’} (1) which
is related to the magnitude of displacement #, by [36]:

N
7; == Zw@nunej(é)—@“)’ j2 =-1 ©))
n=1

The operation of an SECE circuit of the present case is
described as follows. The switch illustrated in figure 1(a) is
open for the majority of time during the excitation period. But
it is triggered at the vanishing points of I;(t) and is closed
for a very short time. As a result, the charge extraction is
initiated by converting the electrostatic energy to magnetic
energy by the fast LC circuit oscillation during the switching
period. After the switch is reopened, the energy stored in the
inductor Lggcg is transferred to the load resistance R; through
the flyback diode. The typical waveforms of I;(t) and V(1),
for instance, are schematically illustrated in figure 2(a) where
Vu is the magnitude of piezoelectric voltage V(). Notice
that the current /(f) =0 when the switch is open. The van-
ishing of I;(t), from equation (5), results in V,(t) = 0. Thus,
the criterion of switching is substituted by monitoring the
extreme value of the piezoelectric voltage. Practically, a con-
trol circuit is required to be implemented for detecting the peak
voltage [74].

Now let T= 27” denote the period of mechanical excita-
tion and #; and #; be two time instants such that fp—f; = 1
and they correspond to I, (#;) = I, (ty) = 0, as demonstrated by
figure 2(a). As the switch is off within the time period (tfr s ),
this gives the current /() = 0 under the open circuit excitation.
Thus, the principle of balance of charge conservation given by
equation (5) provides:

/tf
+
ti

Substituting the expression of (1)
equation (8) into equation (10) gives:

I;(t)dt:/t: (C;,"Vp(t)—i-l(t))dt:/t: CV,(1)dr. (10)

=1I;sin(wt—0) as in

2 -
V= L. 11
m=- c (11)
Note that in deriving equation (11), for instance, it is set #; =

9
and ty = ”*9 which corresponds to V,,(£") = =

Vu, as 111ustrated by figure 2(a).

0 and V,(1;)

The next step is the consideration of the balance of gener-
alized energy. Indeed, the multiplication of 1] (¢) by equation
(1) and the multiplication of V() by equation (5) gives:

/ M 0)+ (1) + Ko ()5 1)

/ {0.CV, (1), (1) + ©,V, (1)I(1) } dt

:/f L () F,(1)dt
I

i

12)

Substituting equations (7) and (8) into equation (12) results in:

(gwM,, sin(6 —6,) — gnn cos (6 —6,)

™ . Tk — 1 *
_ﬁl(n sin (6 — 9,,)) L, + <2Cp®,,V,2V,—|—O>

T = = .
= —RF,,IP sinf. (13)
Combining equations (11) and (13) gives:
— (K — w*M,,)it, sin (6 — 6,,) — wn, i, cos (0 — 6,,)
40,
+ wrCs p —F,sinf. (14)

Note that V), (f) in equation (1) can be eliminated by
equations (4) and (5) due to the parallel connection of oscil-
lators. It gives,

[ {0+ i+ £, )

+ d
(2;[1;() ()]}dt:/t: %Fn(t)dr, (15)

which in turn provides:
— (K, — szn)ﬁn cos (0 — 6,) + wnyii, sin (6 — 6,,)

C—)n T
W I; = —F, cosf.

+ (16)

The summation of equation (14) multiplied by an imaginary
number j and equation (16) gives:

— (K, — wM, )ﬁnej(efe") —jwn,,ﬁnej(efa”)
O (14
pr s

The elimination of ¢/ on both sides of the above equation leads
to:

YVioohe

(K, —w*M,)

we?

1 4 F,
— 1 e =1

(W@nﬁn)gijen "’J% (W@nﬁrz)gijen

a7
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Finally, introduce:

. F, - :
V=g 1, =jwO,it,e ™ n=1,...,N. (18)

Recalling the expression of 7;; by equation (9) gives:
N N
7;67/9 :ijw@nﬁ,,eﬂe" :jZIk.
k=1 k=1

The substitution of the above equation into equation (17)
provides the matrix formulation of the generalized Ohm’s law

[75]:
V=zi V= (V) i— (1) (19)
where Z is the generalized impedance matrix given by:
M, .
Zkl — +‘] Mé)zk W02 + qu lf k l (20)
qu if k1,
with the equivalence load impedance Z&, defined by:
4 1
(N _ 21
e TwCy ]WC* @

The average harvested power during the half-period of vibra-
tion is therefore,
1
_ Ecp VZ
h="TT
2

N
Z f (22)
where the magnitude of piezoelectric voltage V), is derived
by equations (9), (11) and (18). Each I, in equation (22) is
acquired by the inversion of the matrix formulation of gener-
alized Ohm’s law defined by equation (19). Finally, a com-
ment is made on the methodology of deriving the array solu-
tion. Tang and Yang [49] have derived an analytic estimate of
power output for a single piezoelectric harvester attached to an
SECE circuit. The main difference in methodology is that the
overall equivalent velocity current, I;(f) = Zn | Oty (1) as

in equation (6), is introduced in the balance of charge formu-
lation as in equation (10), the balance of generalized energy
as in equation (12) and in the replacement of V, (¢) as in
equation (15).

wC*

2.2. Series connection

Alternatively, suppose all the piezoelectric oscillators are seri-
ally connected as demonstrated in figure 1(b). This gives,

N

Vo(t) =D Vi (0, 1(1) = L(2),

n=1

(23)

where V,(¢) is the overall piezoelectric voltage and /() is the
current flowing into the specified circuit. Thus, equation (2)
can be rewritten as:

(24)

Vi) =

Pr

—~
~—

Vi (1), ;Z

1 n=1 Pn

; (25)

N
=
where V7 (¢) is interpreted as the equivalent displacement
voltage of the nth oscillator, V;(#) is the overall equival-
ent displacement voltage, and C,, is the overall piezoelectric
capacitance.

The displacement of each oscillator, under the steady state
excitation, is set to be of the form described by equation (7).
Thus, from equation (25), the overall equivalent displacement
voltage due to vibration can be expressed as:

Vy(1) =

y V> cos (wr —6),

(26)

where 6 is the phase shift and 17; is the magnitude of V5 (r). It
can be shown that \7; is related to u, by [47]:

27

The series connection of piezoelectric oscillators is
attached to an SECE interface circuit as also shown in
figure 1(b). The switch is open for the majority of time during
excitation. But different from the previous case, it is triggered
at the maximum/minimum points of V;(¢) for a very short
time. It results in the LC circuit oscillation so that energy
of capacitance is transferred to Lggcg within the duration of
switching. Then, similar to the previous case, the reopening
of the switch allows the energy stored in Lggcg to the circuit
output through the flyback diode. The typical waveforms of
Vi (1) and V() are schematically demonstrated in figure 2(b)
where V is the magnitude of piezoelectric voltage V().

To derive an estimate of harvested power of the present
case, consider the balance of charge first. Again let 7 denote
the period of mechanical excitation and #; and #; be two time
instants such that V¥ (5;) = =V, Vi () = V5 and ty—1; = 1,
as demonstrated in figure 2(b). The consideration of equation

(24) provides:
i i
/ v, (t)dt = / V,(r)d, (28)
Iy [
since the switch is off within this period. It follows that:
2\71’,k =Vu. 29)

The next is to consider the balance of generalized energy.
Different from the previous one, equation (1) is multiplied by
V; (1) rather than I (¢). In addition, V), in equation (1) is elim-
inated using equation (2). Indeed, this gives:

/tf
+
L

2

. . (S
(Mnun(t) + it (1) + Kt () + C”
1Z

uy (1)

n

+ gm0 vioa= [ R0

Pn
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where I() = =4 0() and Q = Q, due to the series connection ~ with
of piezoelectric oscillators. Note that the use of equation (24) T 1
.o 7 = 38
gives: = L jwC; (38)
[ a2 T The harvested average power is given by:
= /. V() Q(1)dt = /+ V(1) V, (de — /+ V(1) V(r)dt gep g y
Py L l Loxy2 N
a 1 = V=20 Vil (39)
= [ (n0+ g00) vioar ! =
i Cp
1 2|7 where the magnitude of piezoelectric voltage V, of the present
) [V;(tﬂ i case i§ determined by equations (27), (29) and (36). Above
1 - each V) is the component of the generalized voltage vector
== [Vp(t)]z tf+ - [(V;)Z — (_V*p)z] V defined by equation (36). The determination of V, is thus
2 fi 2 achieved by inverting the matrix formulation of charging on
1 it i tion (35).
_ EV}zw capacitance as in equation (35)
=2
=2V, D 3. validation

due to equation (29). Finally, substituting equations (7), (26)
and (31) into equation (30) provides:

2
KK,, —w’M, + ?” ) sin (6 — 6,,) +wn, cos (0 —0,) | uy,

Pn

40,
7C,

Pn

+ C,V, = Fysinf. (32)
The final step is to consider the balance of electromech-
anical dynamics. Indeed, equation (1) can be reformulated by

eliminating V,, () from equation (2). This provides,

d d d 024
M, —i — U K,— L
ndtun(t> +77ndtun(t)+ ndtun<t)+ C,, dtu"(t)
O, d
— I(t) = —F,(t 33

The integration of equation (33) over the half cycle from tl-+ to
1, using equation (7) provides:

@2
KKH — WM, + C") cos (0 —6,) —n,wsin (6 —6,) | i,
Pn
= F,cosf. (34)
The combination of equations (32) and (34) gives the mat-
rix formulation of charging on piezoelectric capacitance:

Q = éva Q = (Qn) ) V= (Vn) ) (35)
where
() _Cp"7 Vo — On —jOn
Qn - (_)n an V’l - Cp" u”e (36)

Above the capacitance matrix Cis explicitly expressed as:

2
Co, . . .
Cy = (loii) (Kk—szk+ank)+Cpk+@q ifk=1,

ifk#1,
(37)

s
wZg, q

The validation of the proposed SECE harvested power given
by equation (22) for parallel connection and equation (39)
for series connection of piezoelectric oscillators are carried
out numerically through the conventional circuit simulation.
Indeed, the governing equations of an array system provided
by equations (1)—(3) can be explained from the circuit point
of view. For example, a standard R*L*C* equivalent circuit
model is introduced by assigning R} = g% as resistor, L =
M, as inductance, C = %T as capacitance and Vi .. = g—”n
as voltage source [25, 36]. Now consider a case where four
piezoelectric oscillators are connected in parallel (series) and
is attached to an SECE interface. The associated equivalent
circuit model for the harvester array is schematically depic-
ted by figure 3(a) for the parallel connection and figure 3(b)
for the series connection. The circuit simulation is performed
using the SIMetrix mixed-mode circuit simulator offering
enhanced SPICE (Simulation Program with Integrated Circuit
Emphasis) (https://www.simetrix.co.uk).

The simulation results are presented by figure 4 where har-
vested power is shown against frequency evaluated at the load
Rp =2MX). The equivalent model parameters used in the sim-
ulations are given by table 1 which was obtained from the
experiment presented in the next section. The prediction by
the proposed framework is presented by the solid continuous
blue line based on equation (22) for the case of parallel con-
nection or equation (39) for the case of series connection. For
the purpose of comparison, the electric losses are excluded in
the simulations which are presented by various rectangle solid
points of blue color. Clearly, figure 4 shows that the simulation
results agree well with the analytic estimates for both arrange-
ments of piezoelectric oscillators. Hence, it is concluded that
the proposed analytic estimates are suitable for the perform-
ance evaluation of the electrical response of an SECE-based
array of piezoelectric energy harvesters and therefore, provide
a useful guidance for design analysis.

In addition, motivated by our experiment in section 4, the
parallel and series connections of harvesters exhibited distinct
levels of power reduction whose explanation can not be attrib-
uted to the common circuit losses discussed in appendix. Thus,
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Figure 3. An equivalent circuit model for a device consisting of four piezoelectric oscillators attached to an SECE interface circuit:

(a) parallel connection and(b) series connection.
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Figure 4. Numerical validation of the proposed analytic estimate of harvested power against frequency: (a) parallel connection and

(b) series connection.

another circuit simulations are proposed for clarification. Con-
sider the case where all forms of electric losses in the cir-
cuit elements are excluded except for the leakage current in
the reversed-biased diodes. To simulate such a situation, the
diode in figure 3 is modeled as a switch. It has an extremely
small threshold voltage, a small on-resistance and a large off-
resistance. In addition, 10 M2 off-resistance is chosen for
building a diode switch-model in the SIMetrix simulation. The
harvested power considering only the effect of reverse cur-
rent is presented by yellow color curves in figure 4. Clearly,
figure 4(a) indicates a small deviation between the ideal case
and the case accounting the leakage current in the array of
oscillators connected in parallel. But a pronounced discrep-
ancy is observed in the series connection of oscillators, as
demonstrated in figure 4(b). These observations are consistent

with those found in our recent experiment presented at the end
of section 4.

4. Experiment

The experimental setup for validating the analytic model of
an SECE array of piezoelectric oscillators is prepared and
shown in figure 5(a). The device consists of 4 piezoelectric
bimorphs manufactured by Eleceram Technology (Taiwan).
They are clamped by a fixture mounted on the shaker (Data
Physics, V20) operated by a signal generator through Lab-
VIEW and a power amplifier (Data Physics, PA 300E). The
accelerometer (PCB Piezotronics, 333B42) is placed on the
top of the clamping fixture for measuring the acceleration of
excitation from the shaker. Each cantilever bimorph contains
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Table 1. The measured model parameters of the four piezoelectric
cantilever bimorphs used in experiment.

Ist 2nd 3rd 4th
M (g) 1.654 1.655 1764 1.804
K&Nm™) 0.740 0.757 0.817 0.846
n(Nsm™) 0.019 0.022 0.028 0.029
O (mN V) 0.394 0.377 0.479 0.487
C, (nF) 10.10 9.15 10.10 8.90
F (mN) 5.596 6.894 6.606 6.617
fe (Hz) 106.5 107.7 108.3 109.0
foe (H2) 107.6 108.8 109.8 110.7
& 2.39 2,05 242 2,67
R (kQ2) 230 250 225 254
PP (W) 162 197 158 157

two PZT layers on the top and the bottom with 70 x 10 x 0.3
mm? in dimensions. The central substrate layer is made of
Cu with 70 x 10 x 0.5 mm? in dimensions. The resonant fre-
quency of each cantilever bimorph is tuned by various mag-
nitudes of proof mass bounded to its free end. The equivalent
parameters of each cantilever bimorph are identified by the
conventional modal testing [76] and are listed in table 1. In
the table, the short circuit and open circuit resonant frequen-
cies of each oscillator are denoted by f;. and f,., respectively.
In addition, R°" is the electric load for generating the optimal
power output P°P',

The SECE circuit is attached to the piezoelectric array
arranged electrically either in parallel (1//2//3//4) or series
(1+243+4) connection. Its switch element is made of
N-MOSFET which is controlled by the pulse of the function
generator. The pulse width (PW) is set according to the value
Wm /2 where the magnitude of the inductor Lsgcg
here is about 100 mH for increasing the inversion factor [77].
In addition, the pulse frequency is chosen to be the twice of the
excitation frequency. Its phase is adjusted to match the instant
of the peak of piezoelectric voltage, giving rise to the inver-
sion of the piezoelectric voltage V, whose measured wave-
form is illustrated in figure 5(b). During the operation, the
output DC voltage across the electric load is measured and
recorded through the DAQ device (NI 9178 and NI 9229).
As the proposed analysis does not account for the losses in
various electric elements, the comparison between the predic-
tion and experiment requires the measurement of these losses.
These include the conversion efficiency between the energy
stored in piezoelectric capacitor and that partially transferred
to the inductor, and the power dissipations due to voltage drops
in the full-bridge rectifier and the flyback diode in the con-
verter, respectively. The formulations of estimating these vari-
ous electric losses are presented in appendix.

The harvester array is excited under 0.15 g by a sine sweep
signal over the frequency range of 100-120Hz through a
vibration shaker. Besides the SECE circuit, the standard (STD)
interface circuit is also adopted for performance comparison.
Note that the theoretical prediction of harvested power of an
STD array can be found in the work by Lien and Shu [36]
(parallel connection) and Lin et al [47] (series connection).

Figure 6(a) shows the harvested power against frequency for
the parallel connection of oscillators attached to either the
SECE (blue color) or the STD (red color) interface circuit.
The analytic estimate is presented by continuous color line
while the experimental measurements are marked by solid
color points. The electric load for the STD array is chosen
to be 73k(2 (optimal for harvested power) and is chosen to
be 2 M(2 for the SECE array. Note that the variations of load
resistance on the output SECE power will be discussed later.
From figure 6(a), the harvested power achieved by the SECE
array is clearly higher than that by the STD array. Precisely,
the ratio of peak power of the SECE array to that of the STD
array is 156% based on the ideal analysis and is 157% from
the experiment. Such a result is consistent with that based on a
single piezoelectric oscillator. Indeed, let the alternative elec-
tromechanical coupling k2 and the mechanical damping ratio
¢ be defined by:

02 ¢ n
2VKM

It has been shown that the SECE power achieves the max-

K=——,
KC,

2
imal value and outperforms the STD power if the ratio . 3

for the case of a single piezoelectric harvester [78]. While the
optimal ratio of this indicator is unknown for the array con-
figuration, table 1 lists this ratio for each cantilever bimorph
and shows its range is from 2.05 to 2.67 whose values are
not far from 7. Thus, it confirms the superiority of the use
of SECE interface in the case of mild electromechanical coup-
ling. Finally, as the analysis presented in section 2 is based
on the loss-free condition, figure 6(b) shows that comparison
between the prediction and the experiment compensated with
power dissipations on switching and diode losses (see the dis-
cussion in appendix). Clearly, good agreement is found and
it confirms the proposed estimate of power is suitable for the
performance evaluation of the electrical behavior of an SECE
array with parallel connection of oscillators.

Next, consider the case of piezoelectric oscillators electric-
ally connected in series. Figure 7(a) shows harvested power
against frequency for the series connection of piezoelectric
oscillators attached to either the SECE (blue color) or the STD
(red color) interface circuit. Similar to the previous case of par-
allel connection, harvested power based on the SECE circuit
is much larger than that based on the STD interface. The ratio
of peak power of the SECE array to the STD array is 138%
based on the ideal analysis and is 137% for the experiment. In
addition, the bandwidth of the former is clearly much wider
than the latter, as illustrated in figure 7(a). But different from
the previous case shown in figure 6(a), the series connection
of the SECE array exhibits much more uniform in power fre-
quency response than that presented by the parallel connec-
tion of the SECE array at the cost of peak magnitude of output
power.

In addition, figure 7(b) compares the prediction to the
experiment compensated with power dissipations on switch-
ing and diode losses based on the estimates proposed in
appendix [79]. Itis found that there is a significant discrepancy
between these two. Such a phenomenon is very different from
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Figure 5. The LHS is the experimental setup: (a) is the array consisting of 4 piezoelectric bimorphs clamped on a fixture, (b) accelerometer,
(c) shaker, (d) power amplifier, (e) oscilloscope, (f)—(h) NI DAQ sets, (i) signal generator, (j) SECE interface circuit, (k) resistance
substitution box, (1) signal conditioner for accelerometer (m) computer installed with LabVIEW. The RHS is the waveform of the

piezoelectric voltage under the SECE operation.
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Figure 6. Harvested power against frequency for the SECE (blue) and STD (red) array of four piezoelectric harvesters electrically arranged
in parallel connection. The analytic prediction (the experiment) is presented by the continuous curve (solid points). Note that the
experimental observations shown in (a) are original data, while those shown in (b) include the power dissipated at diodes and switching

process.

the previous case shown in figure 6(b). We seek explanations
and found the observed incongruity might be explained as the
effect of the reverse current flowing through the reverse-biased
diodes. Indeed, the operation of ideal full bridge rectifier con-
verts the alternating signal into the same polarity, keeping
the conduct of current in only one pair of diodes and leav-
ing the other pair inactive at the same instant of time. But in
reality there exists a small amount of leakage current in the
reverse-biased diodes, and the magnitude of it is proportional
to that of the piezoelectric voltage. As a result, power loss is
more pronounced in the series connection of oscillators than

that arranged in the parallel connection since the former typ-
ically exhibits larger voltage than the latter. To support this
idea, the yellow curves in figure 4 are the simulation results
accounting only for the effect of reverse current and exclud-
ing other electric losses. Obviously, the experiments shown in
figure 6(b) (parallel connection) and figure 7(b) (series con-
nection) exhibit the similar trend as simulated in figure 4.
Thus, the conjecture of leakage current in the reverse-biased
diodes might be the main reason explaining the significant
power drop in the series connection of multiple piezoelectric
oscillators.
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Figure 7. Harvested power against frequency for the SECE (blue) and STD (red) array of four piezoelectric harvesters electrically arranged
in series connection. The analytic prediction (the experiment) is presented by the continuous curve (solid points). Note that the experimental
observations shown in (a) are original data, while those shown in (b) include the power dissipated at diodes and switching process.
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Figure 8. Harvested power against frequency evaluated under various electric loads for the SECE (continuous lines) and STD (dashed
lines) arrays: (a) parallel connection of harvesters and (b) series connection of harvesters.

The effect of electric load on harvested power against fre-
quency is discussed and presented in figure 8(a) for the par-
allel connection and figure 8(b) for the series connection. For
electric loads chosen from 10k to 3 M, it is found that the
output power of the SECE array exhibits the load-insensitive
property as demonstrated in figure 8. Indeed, the peak power
ranges from 412 to 501 W for the parallel connection and
from 256 to 310 uW for the series connection, as illustrated
by table 2. Notice that the variations of the SECE harvested

power along with the electric load are mainly attributed to
power dissipations on flyback diode losses which are increased
as the decrease of electric loads according to appendix. In addi-
tion, table 2 also lists the DC voltage across the load and the
current passing through the load for comparison. As the reg-
ular sensor nodes are typically operated at around 2-5 V, in
this range, table 2 shows that the generated current can be up
to 200 pA in the case of SECE array arranged electrically in
parallel.
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Table 2. The peaks of harvested power evaluated at various electric loads for the SECE array arranged electrically in parallel and series.
The corresponding DC voltage across the load and the current passing through the load are also listed for comparison.

Electric load 10 k2 50 k2 100 k2 500 k2 1 MQ 2 MQ 3MQ Ave power
PSECE  (uwW) 412.1 421.4 433.0 4743 501.8 486.9 489.0 460.0
55{,1, V) 2.0 4.6 6.6 15.4 224 31.2 38.2

Dt (1A) 203.0 91.8 65.8 30.8 224 15.6 12.8

Electric load 10 k2 50 k2 100 k2 500 k2 1 MQ 2 MQ2 3MQ Ave power

PSECE (W) 256.0 269.3 275.6 281.3 300.3 310.0 292.3 283.5

VSECE (v 1.6 3.7 5.2 11.9 17.3 25.0 29.5

IBECE (11A) 160.0 73.4 52.5 23.7 17.3 12.4 9.9

Table 3. The peaks of harvested power evaluated at various electric loads for the STD array arranged electrically in parallel and series. The
corresponding DC voltage across the load and the current passing through the load are also listed for comparison.

Electric load 10 k2 73 k2 500 k€2 1 MQ 2 MQ 3 MQ Ave power
amuel (W) 132.4 309.8 187.8 117.8 63.1 433 1424
4;41101 V) 1.15 4.8 9.7 10.9 11.3 114

Lo (uA) 115.0 65.1 19.4 10.9 5.6 3.8

Electric load 10 k2 50 k2 100 k2 667 k2 2 MQ 3 MQ Ave power

PSID (W) 23.0 83.2 131.8 227.0 206.7 161.2 138.8

VSID (V) 0.5 2.0 3.6 12.3 20.3 22.1

BID (uA) 48.0 40.8 36.3 18.4 10.2 73

Finally, figure 8 also indicates the significant sensitivity of
power against loads for the STD array. Specifically, for elec-
tric loads chosen from 10 k{2 to 3 M(2, the peak power ranges
from 43 to 309 W for the parallel connection while it ranges
from 23 to 227 W for the series connection, as indicated in
table 3. In addition, a further examination of table 3 reveals the
arrangement of the parallel connection provides the significant
increase of output current in comparison with the series con-
nection of harvesters [80]. Indeed, table 3 indicates the optimal
output power is 309.8 /W evaluated at 73 k€2 in the case of par-
allel connection. This gives the DC voltage 4.8 V and current
65.1 pA. In comparison to the case of the series connection,
the optimal harvested power is 227 pW evaluated at 667 k<2,
giving rise to the DC voltage 12.3 V and current 18.4 pA.

5. Conclusions

The paper examines the electrical behavior of multiple piezo-
electric energy harvesters connected to an SECE interface cir-
cuit. The harvested power is analytically derived and expli-
citly presented through the matrix formulation of generalized
Ohms’s law (charging on capacitance) for the case of paral-
lel (series) connection of oscillators, as in equations (19) and
(35). Notice that the generalized impedance matrix Z as in
equation (20) as well as the generalized capacitance matrix C
as in equation (37) are explicitly expressed in terms of the sys-
tem parameters and the equivalent load impedance ZZ, or Zy
Interestingly, both Z&, and Z3, are found to be independent of
external loads, so is harvested power.

The proposed estimate of output power is numerically
validated through the conventional circuit simulation. The

prediction is found in good agreement with the simulation.
It is also experimentally validated by a setup consisting of
four piezoelectric oscillators. Several observations drawn from
experiment are listed here. First, it is found that both the power
output and bandwidth of an array based on the SECE inter-
face is much better than that based on the standard interface
in the medium range of electromechanical coupling. Second,
the electrical response of an SECE array arranged in paral-
lel connection is different from that connected in series. The
output power of the former is higher than the latter, while the
latter has roughly uniform peak power in frequency response.
However, in contrast to the case of parallel connection, the har-
vested power of an array connected in series is experimentally
observed to be much smaller than the theoretical prediction.
The discrepancy found in the series case is explained as a res-
ult of relatively severe leakage current in the reverse-biased
diodes.
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Appendix. Various electric losses in the SECE
power conditioning process

On the basis of ideal rectification and complete energy transfer
from the piezoelectric capacitance to the inductor, the estimate
of output power from the SECE-based array was developed
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in section 2. But electric losses are inevitable in the prac-
tical power conditioning process. Thus, it is essential to real-
ize the power dissipations in various electric elements for fair
comparison between the prediction and experiment. This issue
was studied by Chen et al [79] who concluded three paths
causing the energy dissipations. Indeed, let AVyyqee be the
forward voltage drop in the bridge rectifier, v be the ratio of
energy stored in the inductor Lggcg to that stored in the over-
all piezoelectric capacitance C;, and AVﬂyback be the voltage
drop in the flyback diode. The total power dissipations in a
half cycle vibration % + during the SECE energy extraction
process are:

Pd,tot = Pd,bridge +Pd,switch +Pd,ﬂybacka (Al)
where

Cy AViridge Vi

P ridge — pia A2

4, bridg /2 (A2)

l(1—’}/)C*VM(VM—ZAVb id )

Py swich = 2 P e (A3

d, switch T/Z ) ( )
Ve

Py fiypack = AVigback X R (A4)
L

Above recall V), is the twice of the open circuit voltage, V. is
the DC voltage across the external load Ry, and

| 2
5LsecE ]

2T g

3Gy Vi — € AViridge Vi

= (AS5)

where iy is the current passing through the inductor Lggcg.
Practically, it is obtained by measuring the voltage drop of a
small resistance attached to the ends of the inductor. In addi-
tion, AVrigge and AViypack can be measured in experiment for
estimating power dissipations in the bridge rectifier and fly-
back diode. Note that v=10.83 was observed by Chen et al
[79] for the case of a single harvester. In the present case of
harvester array, v was measured around 0.8 for the parallel
connection and was around 0.6 for the series connection of
harvesters.
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