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Improving the Scavenged Power of Nonlinear
Piezoelectric Energy Harvesting Interface at
Off-Resonance by Introducing Switching Delay

Ping-Hsuan Hsieh, Member, IEEE, Chi-Huan Chen, and Hung-Chen Chen

Abstract—This paper presents two interface circuit designs that
improve the piezoelectric energy harvesting performance at off-
resonance. Complex impedance matching at different frequencies
is achieved by introducing delay into the conventional switching
methods. The proposed techniques can also be used in other appli-
cations, such as electromagnetic energy harvesting. The system is
analyzed using equivalent impedance at fundamental of operating
frequency. Design considerations such as two possible modes of
operation, sensitivity to voltage and timing errors, loss due to non-
linear operations, and conduction loss of switches are detailed. As
compared with the conventional methods, analytical results show
that, with the electromechanical coupling coefficient k2 of 0.076
and the mechanical damping ratio ¢,,, of 0.02, the proposed tech-
niques can improve the 3-dB bandwidth by 76% with a flipping
quality factor of 10. Experimental results with a commercially
available piezoelectric device show a 23% improvement in 3-dB
bandwidth and a 66% improvement in extracted power with 5%
of frequency mismatch.

Index Terms—Complex impedance matching, maximum power
transfer, off-resonance, piezoelectric energy harvesting, switching
delay, synchronized switching harvesting on an inductor.

I. INTRODUCTION

industrial and consumer applications extensively, in-
cluding industrial process monitoring and control, health and
lifestyle improvement [1], [2]. Typically, these systems are com-
posed of large numbers of small, low-cost sensor nodes working
in collaboration to collect and transmit data through wireless
networks. In these systems, most of the devices rely on batteries
for power source. This limits the lifetime of the device and fur-
thermore increases the cost for maintenance. Energy harvesting,
therefore, provides a feasible alternative for potentially battery-
free self-sustainable sensor nodes [3]-[19].

Energy harvesting is a process to capture and store energy
from an ambient environment. It can convert many possible
energy sources into useful electricity. Piezoelectric vibration-
to-electricity conversion has received much attention recently
[9]-[22] due to the large output power and the compatibility
with integrated-circuit (IC) technology. However, the ambient
power is by nature time-varying and is often insufficient to

W IRELESS sensor networks (WSNs) have been used in
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Fig. 1. General block diagram for piezoelectric energy harvesting.

supply the system continuously. A power processing circuit
is therefore needed along with an energy storage to generate
a stable dc output supply, as shown in Fig. 1. Several previ-
ous studies have shown that the architecture of interface cir-
cuit can impact the extracted power significantly. Nonlinear
techniques such as synchronized-switching-harvesting-on-an-
inductor (SSHI) and synchronized-switching-and-discharging-
to-a-storage-capacitor-through-an-inductor (SSDCI) interfaces
[9], [12]-[14], [17], [20], [23]-[26] successfully boost the ex-
tracted power by introducing synchronous switching operations
when the displacement reaches its peak. However, the extracted
power drops dramatically as the operating frequency deviates
from the resonant frequency due to the high quality factor of the
mechanical structure [12], [14].

This study presents two techniques that extend the operating
frequency range by introducing a phase delay ¢ into the tim-
ing of the conventional switching methods. As opposed to the
inevitable delay that is due to the limitations of real implemen-
tations [26], the delay is introduced intentionally in this study.
From mechanical point of view, the delay in switching results in
a piezoelectric voltage component that is in phase with the dis-
placement and therefore induces a stiffening effect, shifting the
resonant frequencies [26], [27]. The damping effect and there-
fore the converted energy are also changed [26]. From an elec-
trical point of view, this achieves complex impedance matching
at different frequencies. As a result, the proposed techniques im-
prove the extracted power from the transducer when operating
at off-resonance. The required load impedance can be obtained
by adjusting the transducer’s output voltage and the switching
timing properly.

In fact, the proposed techniques for complex impedance
matching is general and therefore, can also be used in other ap-
plications, such as electromagnetic energy harvesting in which
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Fig. 2. Piezoelectric energy harvester.

the source impedance is highly inductive. Furthermore, the pro-
posed techniques can be used in conjunction with the conven-
tional passive impedance matching to provide adaptability in
cases of parameter variations. The applicability of the proposed
methods is limited by 1) the validity of the electrical model when
frequency deviation is large, 2) the nonlinear behavior of trans-
ducer when output power is large, and 3) the voltage tolerance
of the electronic devices used. Analytical results show that, with
the electromechanical coupling coefficient k2 of 0.076 and the
mechanical damping ratio ¢, of 0.02, the proposed techniques
can improve the 3-dB bandwidth of the conventional methods
by 76% with a flipping quality factor of 10.

This paper is organized as follows. Section II-A provides
a framework of the proposed techniques by first introducing
the equivalent electrical model of a piezoelectric energy har-
vesting system. Maximum power transfer (MPT) theorem is
linked to this model and different interface architectures can
therefore be assessed from the perspective of equivalent load
impedance at fundamental of operating frequency. After briefly
introducing the conventional techniques in Sections II-B-II-D,
Section II-E describes the challenges of these conventional tech-
niques and therefore leads to Section III that presents the pro-
posed techniques. Design considerations such as two possible
modes of operation, sensitivity to voltage and timing errors, loss
due to nonlinear operations that cause high-order harmonics, as
well as conduction loss of switches are discussed in Section I'V.
Section V shows the experimental results and Section VI sum-
marizes the study.

II. ENERGY HARVESTING BASICS

A. Modeling and MPT Theorem

Consider a piezoelectric vibrating structure, such as that in
Fig. 2, whose modal density is assumed to be widely separated.
Suppose that it is vibrating at around its resonant frequency. In
this case, the vibrating piezoelectric transducer can be modeled
as a mass + spring + damper + piezo structure [14]. The
equations governing the model can be described as

Mii(t) + nu(t) + Ku(t) + OV (t) = F(t)and (1)
—0u(t) + CpVe(t) = —IL(t) (2

where M, n, K, ©, and Cp are the mass, the mechanical damp-
ing coefficient, the effective stiffness, the piezoelectric coef-
ficient, and the clamped intrinsic capacitance, respectively. In
addition, F'(t) is the forcing function applied to the system
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which is assumed to be a single-tone sinusoid, u(t) is the dis-
placement of the mass, Vi (¢) is the voltage across the piezoelec-
tric element, and I}, (¢) is the current flowing into the following
electrical system.

With (1) and (2), the transducer can be further transformed
into an equivalent circuit model shown in Fig. 3, with Rg =
n/0?%, Ly = M/©% C; = ©%/K,and Vs = F,/O. Fig. 3 also
shows the electromechanical interface as the line A-A’. The
transducer structure exhibits two resonant frequencies, namely,
the short-circuit resonant frequency wsc and the open-circuit
resonant frequency woc

1 1
wse = ———— )
3¢ VLG, VLiCiCp/(Cy +Cp)

As shown in Fig. 3, a power processing circuit transfers the
extracted power to the supplied system after proper condition-
ing, including ac—dc conversion and voltage regulation. In ad-
dition, the power processing circuit also sets the loading seen
by the transducer [10], [21], [22]. In fact, if the loading and
its parallel combination with C'» can be modeled as a linear
impedance Z; = R + j X as shown in Fig. 3, according to
the MPT Theorem, the power that flows into the electrical do-
main reaches the maximum when the impedances at two sides of
the electromechanical interface (A—A’) are complex conjugate
to each other. In other words, MPT can be achieved with

Zp =(Rp +jX1) =25 = (Rs +jXs)" 3

where Xg = wL; — 1/(wC}) from Fig. 3. In this case, the volt-
age source Vg sees a loading that is purely resistive with zero
reactance and is composed of two resistors, Rg and Ry, with
equal resistance. Furthermore, the source current /g is in phase
with the voltage source Vs. At MPT, the extracted power equals
the theoretical available power Pyyy, of V2 /(8Rs) = F /(8n),
which is determined only by the applying force and the mechan-
ical damping coefficient, but not the piezoelectric coefficient.

In practice, the electrical behavior and the actual extracted
power depend significantly on the loading condition and there-
fore the interface circuit design.

and woc =

B. Standard Interface

A standard interface [13], [14] is composed of a rectifier fol-
lowed by a filtering capacitor, as shown in Fig. 4 with the sup-
plied system represented with an equivalent load resistor R,;.
With a large filtering capacitor C,,,; holding the dc output volt-
age, the rectifier operation is nonlinear even using ideal diodes
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Block and timing diagrams of conventional parallel-SSHI interface

with zero turn-on voltage. C'p needs to be charged/discharged
for part of the period each time when the source current changes
polarity before the rectifier can be turned on [9], [14], [17].
This degrades the amount of energy flowing to output, and the
extracted power can be as low as 20% of the available power
in case with a large Cp that results in a low electromechanical
coupling coefficient (k? = C;/Cp) [14].

C. Parallel-SSHI Interface

Fig. 5 shows the conceptual block and timing diagrams of
parallel-SSHI interface [13], [14]. In paralle]l-SSHI interface,
a switched inductor (Lo+SW;) is added to the standard inter-
face. As the displacement reaches its peak, or equivalently at
zero crossing of the source current, the switch SW; turns ON
for a short period of time, Atgyw, connecting a small inductor
Ly (Ls < Ly) in parallel with C'p. With small Lo, the current
flowing through L, increases rapidly. On the other hand, a large
L, that corresponds to a large mass M results in small accelera-
tion and therefore prevents the increase of piezoelectric current
(Is = ©u). Asaresult, Ly draws current from C'p, causing rapid
change of the piezoelectric voltage V. Furthermore, Atgy is
set so that the oscillation between C'p and L lasts for only half
a period, flipping the voltage across Cp, as shown in Fig. 5.
Typically, Atgw is much smaller than the operating period. If
the switching is ideal and incurs no loss, the capacitor voltage
|V | before and after the switching stays the same. In between
the voltage flipping events, the rectifier is ON in either positive
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circuit.

or negative configuration. With ideal zero voltage drop across
the rectifier, this effectively shorts the transducer and establishes
a constant capacitor voltage |V¢ | of V,,;. The resulting V- can
be considered as a square wave.

The short-circuit architecture as well as the switching oper-
ation eliminates the need to charge and discharge Cp by the
source as needed in the standard interface. Furthermore, by
switching at zero crossing of the source current, the voltage
and current at A—A’ interface are in phase. If we only consider
the fundamental of operating frequency, the transducer sees an
equivalent loading that is purely resistive Z oq = R coq-

D. Series-SSHI Interface

On the other hand, in series-SSHI operation as shown in
Fig. 6, the transducer is disconnected by turning OFF the switch
SW; and sees an open-circuit load for most part of the opera-
tion. Therefore, the source current charges and discharges Cp,
establishing a capacitor voltage that has 90° phase lag with re-
spect to the source current. In series-SSHI operation, switching
events also happen at zero crossings of the source current. How-
ever, the switched inductor L» is connected in series with the
transducer. It is during the switching events when the harvested
energy gets transferred to the supplied system.

There have been a few variants of the open-circuit-typed
switching operation. For example, series-SSHI in [14], [25] flips
the capacitor voltage with respect to the rectified voltage V,,;.
Depending on the values of initial V> (which is denoted as Vi)
and V¢, the resulting end voltage (—V},,) after flipping can be
either positive or negative. SSDCI in [13] discharges C'p either
completely or to some positive voltage without flipping it. Syn-
chronous electric charge extraction in [24], synchronous charge
extraction in [25], and pulsed synchronous charge extraction in



HSIEH et al.: IMPROVING THE SCAVENGED POWER OF NONLINEAR PIEZOELECTRIC ENERGY HARVESTING INTERFACE

Xs/Rg  —-18.2 -53 0 48 13.3 20.8
y
1 1 1 1
1.0H — - Parallel-SSHI
— Series-SSHI
20.8
>
Q<
e}
Q06
N
©
E
2 04
N
<N
.\
0.6 0.8 1.0 1.2 14

Operating Frequency (normalized to wgc)

Fig. 7. Extracted power versus operating frequency with conventional
parallel- and series-SSHI interfaces. (Rg = 66.87 k2, L; = 2051 H, C; =
0.7338 nF, and Cp = 9.718 nF. This gives system parameters of k2
©%2/(KCp)=0.076 and ¢, = nm /(2VEKM) = 0.02 [14].) The curves
show analytical predictions by loading the transducer with the equivalent load
impedance. The data points show the circuit simulation results using ideal RLC,
diode, and switch components. Ly = 10 mH is used in the simulations. This
figure also shows the quality factor of the source impedance X g / Rg atdifferent
frequencies.

[19] discharge the Cp completely, and, depending on the values
of Vo and V¢, two different discharging paths are proposed in
[19]. The switching in [18] involves several switching steps that
span across a few cycles, and the capacitor Cp is discharged
completely at last.

In this study, we propose a general architecture that can cover
the single-cycle operations [13], [14], [19], [24], [25] by option-
ally involving a second step. As shown in Fig. 6, in the first step
of the two-step switching operation, the series switch turns ON
for a short period of time, connecting the transducer to the rest
of the circuit. Therefore, C'p resonates with Lo in series with
Cout//Rour that can be seen as a voltage source V,,; during
quasi-steady state. The switch SW; only turns ON for a quar-
ter of the oscillation period, discharging C'p until the capacitor
voltage equals V,,;. Following this, a second set of auxiliary
switch and inductor L3 turns ON to flip the capacitor voltage.
The diode Dj; is to transfer the residual energy in Ly to the
supplied system completely [13].

From the timing diagram in Fig. 6, the voltage Vi can be
decomposed into two components, one sinusoidal due to Ig
charging Cp from the open-circuit operation, and the other
square wave that is in phase with the source current due to
switching. In other words, if we only consider the fundamental
of operating frequency, by incorporating C'p into the operation
and by switching at zero crossing of the source current, series-
SSHI presents an equivalent loading at A—A interface of a series
combination of Cp and an equivalent load resistor Zp, oq =
1/(jw0p) + Ry eq-
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equivalent complex load impedance.

E. Challenge in Frequency Alignment

In order to achieve an MPT so as to extract the maxi-
mum power available from the transducer, these synchronous-
switching techniques rely on operating at resonant frequencies.
Parallel-SSHI interface preferably operates at the short-circuit
resonant frequency where L; and C form a short, while series-
SSHI interface preferably operates at the open-circuit resonant
frequency where the series combination of Ly, C7, and Cp ex-
hibits zero reactance. Frequency mismatch results in residual re-
actance seen by the source Vs and a phase shift # between Vg and
Ig as shown in Figs. 5 and 6. Take the parameters in [14] as an
example and set Rg = 66.87 k2, L; = 2051 H, C; = 0.7338
nF, and C'p = 9.718 nF. The electromechanical coupling coeffi-
cient, k> = ©2? /(KCp),is 0.0755, and the mechanical damping
ratio, ¢, = 1y /(2v K M), is 0.02 in this case. Fig. 7 shows the
extracted power P; normalized to Ppyy, versus the operating
frequency with parallel- and series-SSHI interfaces, both from
analytical predictions and from Spice circuit simulations. With
the residual reactance X, s = Xg = wL; — 1/wC for parallel-
SSHI and X,es = Xg — 1/wCp =wl; — 1/wCi — 1/wCp
for series-SSHI, Ry oq is set to \/R% + X2, to maximize
the output power. Therefore, the results in Fig. 7 are slightly
higher than those in [14] as Ry, . is adjusted according to the



3146

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 6, JUNE 2015

0
Vout,MPT -

T

0
Vout,MPT -

0= 3 — - 0 - %
/’,4s|xs| 05Vs~. 1 osvs 05Vs 1| J fund. of V,
- = = Time
t=0 t=0
(a) (b) ©
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operating frequency instead of a fixed value. However, the ex-
tracted power still degrades rapidly as the frequency deviation
increases.

Frequency alignment has been a tough challenge in practice.
From (1) and (2), the resonant frequencies of the transducer are
determined by the mechanical characteristics of the structure,
and would not necessarily be the same as the frequency of the
external forcing function [22], [28]. In some applications, like
the tire pressure sensing system, the applying frequency is even
changing with time.

III. PROPOSED INTERFACE CIRCUITS

From the discussion in Section II-A, when operating at fre-
quencies away from resonant frequencies, loading composed of
both resistive and reactive parts is required, in which, the resis-
tive part extracts power from the source while the reactive part
cancels the residual reactance of the source impedance. This can
be achieved by introducing a delay, either positive or negative,
into the switching timing. The technique can be applied to both
short-circuit and open-circuit architectures. In other words, the
conventional parallel- and series-SSHI interfaces can be viewed
as special cases of the proposed methods by setting the delay to
Zero.

A. Short-Circuit Method (P-SSHI-¢)

Figs. 8 and 9 show the conceptual block and timing diagrams
for the proposed P-SSHI-¢ interface circuit with a short-circuit
configuration. It is similar to the conventional parallel-SSHI in-
terface that adds a switched inductor (Lo + SW1) to the standard
interface, except for an additional delay stage in the control cir-
cuit. As the switching takes place at a phase delay ¢ with respect
to the zero crossing of source current, and if we only consider
the fundamental of operating frequency, the resulting V> can be

written as
€]

where the superscript P stands for P-SSHI-¢ interface. This is
to delay the switching timing by At = ¢/w.

Notice that, in our analysis, the phase of each signal is con-
sidered with respect to the source current. Therefore, according
to Fig. 9, with I (t) = Ig sin wt at the fundamental of operating
frequency, Vs (t) = Vg sin(wt + ) where 6 is not necessarily
zero depending on the loading condition. Also notice that with
¢ # 0, the voltage (V) and current (Is) at A—A’ interface do not
always have the same polarity. For part of the period, the current
flows from V,,,; backwards. Therefore, a rectifier composed of
diodes cannot be used here. What we need is a full-bridge switch
network that allows negative current, such as that in [29], which
changes configuration according to its instant input voltage. As
shown in Figs. 8 and 9, SWg; and SWg, are ON when V> > 0.
During this time, the current flowing through the switches can
be either positive or negative. By the same token, SWgo and
SWyg3 are ON when Vo < 0.

From (4), a quadrature term appears by introducing ¢ into the
operation. In other words, the fundamental of V> can be decom-
posed into two terms, with one in phase with /g and the other in
quadrature phase with Ig. The equivalent load impedance seen
at A—A’ interface therefore becomes complex and can be written
as 7} g = R} oq + X[ o With

4 .
VE(t) = ;Vom sin(wt — ¢)

L.eq
4V,
chq = ;ﬁ cos ¢ and 5
4 Vour .
X] g = f;—; sing = —R} . tan¢ where  (6)

'With a rectifier composed of diodes, the negative current discharges C'p
during the time interval of ¢. This changes the resulting waveform of V- and
can degrade the desired impedance matching characteristics.
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Is = )

\/(RS + REﬁeq)2 + (XS + Xg,eq)Q

Itis clear that Z7 o and therefore I can be varied by adjust-
ing V., and ¢. Depending on the polarity of ¢, the additional
reactance can be either capacitive or inductive. Delaying the
switching timing (¢ > 0) results in capacitive load, while ad-
vancing it (¢ < 0) gives inductive load. MPT can be achieved
when ZLP,eq = Z¢. This gives

X
Phpr = arctan R—j (8)
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Vout can be further determined by knowing that I = Vg /2Rg
at MPT,? and therefore

Vozt,MPT _T 1
Vs 8 cos(¢lipr)

In this case, V> can be written as

©))

V. V.
5 sinwt — 75 tan (¢l py) coswt

VCP,MPT(t) =5

Vs 1 . P

= 2 cos(@ln) sin(wt — ¢ypr).  (10)
With the same design parameters as those in previous section,
Fig. 11(a) shows ¢} pp and the corresponding delay in time
versus the operating frequency with the proposed P-SSHI-¢
interface. The sharp slope close to wgc is from the high quality
factor of the piezoelectric transducer. Fig. 11(b) then shows
VP \ipr/Vs versus the operating frequency. Equations (8) and
(9) also show that ¢{;pr =0and V¥ | 1nr/Vs = 7/8 at wsc,
and the operation is the same as the conventional parallel-SSHI.
The increase in V,,; as the operating frequency deviates from
the resonant frequency can be seen as a result of the source
current /g flowing into a complex load. The high voltage could
limit the applicability of the proposed method by increasing the
leakage current and potentially damaging the electronic devices.
Fig. 10 shows the conceptual timing diagrams at MPT for
three different frequencies. It can clearly be seen how the in-
phase and quadrature-phase components of the loading can be

set to match the source impedance by varying V,,,; and ¢.

B. Open-Circuit Method (S-SSHI-¢)

Fig. 12 shows the conceptual timing diagram for the proposed
S-SSHI-¢ interface circuit with an open-circuit configuration.
It is similar to the conventional series-SSHI interface except for

2With detailed calculations in Section II-A, it can be shown that, for each set
of (Vout, @), there can be two sets of possible solutions of (Zgoq, Ig).
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Fig. 13. Conceptual timing diagrams at MPT of the proposed S-SSHI-¢ interface circuit with w < woc,w = woc, and w > woc. Vyut and ¢ are adjusted

so that Z‘LS eq = Z . Therefore, Vg and V4 are in phase with I, and the voltage across R is half of Vg.

a phase delay ¢ in the switching timing. Due to the fact that
the harvested energy is transferred to the supplied system only
during the switching event, the current flowing into V,,,,; is never
negative. In this case, either diodes or switches can be used for
ac—dc conversion.

From Fig. 12, the square-wave component of V¢ is shifted
due to the phase delay ¢. If we only consider the fundamental
of operating frequency, the resulting V> can be written as

4
VCS(t):;(Vout—l—Voc cos @) sin(wt—¢)—Voc coswt  (11)

where Voo = Is/wCp is the amplitude of the open-circuit
sinusoid.

With ¢ # 0, an additional quadrature term appears by intro-
ducing ¢ into the operation. The equivalent load impedance can

therefore be written as Zg,eq = R%,e<1 + jXEA’eq with
R%,eq = % (V;;f + Z;,f) cos ¢ and
e
= 7wép —R%eq tan ¢.

Similar to P-SSHI-¢, ZE_’eq and therefore Ig can be var-
ied by adjusting V,,; and ¢. Furthermore, the additional reac-
tance can be increased or decreased by adjusting ¢. Therefore,
with frequency deviation, MPT can still be achieved by setting

7} oq = Z. This gives

XS — 1/pr

S
10} = arctan
MPT Rs

Vout can be further determined by knowing that /s = Vs /2Rg
at MPT, and therefore

S 3
Voutmpr _ 7 1 ~ cos(ipr) (12)
Vs 8 cos(dSpr) 2wRsCp
In this case, Vi can be written as
VE wpr ()

Vs . Vi
= 75 sinwt — 75 tan(¢ypr ) coswt — Voo mpr coswi

— Eils sin(wt — ¢3pr) — Voo mpr coswt (13)
2 cos(@yrpr)
where Voo mpr = Vs/(2wRsCp) is the amplitude of the
open-circuit sinusoid when MPT is achieved.

Fig. 11 also shows the results with S-SSHI-¢ interface in
red curves. Notice that ¢f;p = 0and V), \ipp/Vs = (/8 —
1/2wocRsCp) at woc, and the operation is the same as con-
ventional series-SSHI interface. Furthermore, V;SMJ\IPT =0at
woc when /4 = 1/woc RsCp, which matches (25) in [25].
Also notice that, depending on the values of Rg and Chp,
VOSM‘I\,IPT can be negative when close to wo¢. To avoid redun-
dancy and to minimize loss, as shown in Fig. 6, the switching
can be reduced to only one step. Fig. 13 shows the concep-
tual timing diagrams at MPT for three different frequencies for
S-SSHI-¢ interface.

Furthermore, as the operation transfers energy to the supplied
load twice in a period, the average extracted power can be written
as

w

1 1
PLS =2 (QCP(Vout + VOC)2 - 2CPV;2ut> Gy
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It can be shown that, with V,,, = V5, pr and Voo =
Voc mpr, the system delivers a power that equals Py, to

the load.

IV. DESIGN CONSIDERATIONS

From Section III, the proposed methods achieve MPT by
adjusting the load impedance so that it matches the source
impedance. This greatly boosts the extracted power and there-
fore extends the operating frequency range. To give more insight
into the switching operation, in this section, we discuss a few
design considerations that can offset the performance improve-
ment from the proposed techniques.

A. Two Possible Modes

Considering the proposed P-SSHI-¢ interface, for a given set
of V,,+ and ¢, the equivalent load impedance and the resulting
source current can be calculated from (5), (6), and (7), which
are repeated here again for clarity

4 Vou
RE_Cq == ISt cos ¢ and
4 Vour
Xg.cq = IST sing = fRBOq tan ¢ where
V.
Is = S

VJ(Bs +BE )2 + (X + X,
By manipulating the three equations, we have the following:

2
1 72\ (B} o) Ry,
— — 2Rg —2Xgt hat
(Vg 16V2 ) cosz g+ (2Rs —2Xstand) 5

out

N (Rs)” + (Xs)*

=0
Vi

(14)
and there are two possible solutions for RE’ eq- Fig. 14 shows

the resulting Rlz’eq if (Voue, @) are set to (V(}ZLMPT, Prpr)- As
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shown in Fig. 14, one of the two solutions always equals Rg
that achieves MPT as expected. The second solution is negative
when the operating frequency is close to wgc. As a result, in-
stead of extracting power from the transducer, the load system
behaves like a source, providing power back to the transducer.
This is due to the use of a switch network that allows negative
current to flow from V,,,; backwards. This can drain the stored
energy, resulting in system failure. A possible solution would
be to incorporate a power meter, such as the one in [30], into the
system and restart the power extraction process once a power
leakage instead of power extraction is detected. One thing to
notice is that, for S-SSHI-¢ interface, the analysis would seem
exactly the same. However, the use of diodes instead of switches
for ac—dc conversion prevents negative current that flows from
V,.+ backwards. As a result, there exists only one positive solu-
tion for the load resistance R%eq in S-SSHI-¢ interface.

From (14), the two solutions become both positive when
VP pr/Vs > m/4. From (8) and (9), this happens when the

o
frequency deviation is large enough so that | Xg| > V/3Rg, as
can be seen from Fig. 14. Fig. 15 shows the resulting extracted
power with the two solutions. For large frequency deviation
when two positive solutions are possible, the proposed method
could settle to the inferior solution, and the extracted power
degrades.

By the same token, the conventional parallel-/series-SSHI
interfaces can exhibit two modes of operation as well, if a full-
bridge switch network [5], [29] is used to improve the ac—dc
conversion efficiency. Given ¢ = 0 and V,,; that maximizes
the extracted power, Fig. 14 also shows the resulting Ry q
for conventional parallel-SSHI interface. The second solution is
always negative across the operating frequency range.

One thing to notice is that the two solutions exhibit the same
V,ut and ¢, which is the phase relationship between the switch-
ing timing and zero crossing of source current. However, be-
cause the total impedances seen by the voltage source are dif-
ferent, the two solutions exhibit different phase relationship
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between the switching timing and zero crossing of the voltage
source. In a piezoelectric energy harvesting system, a low-power
accelerometer [31], [32] can be used to provide information
about the phase of voltage source. The switching timing can be
adjusted accordingly to guarantee the optimal solution.

B. Impact of Errors in V,,; and ¢

From the previous section, it is clear that the equivalent load-
ing and therefore extracted power can be adjusted by varying the
output voltage V,,; and the delay in switching timing ¢. This,
therefore, raises the issue of sensitivity of the extracted power
on V,,;: and ¢ errors.

From (14) and using the same design parameters as in pre-
vious sections, Fig. 16(a) shows how the extracted power is
degraded when ¢ is fixed at ¢y, p while V,,,; issetto V., \ipp
with errors of —10% to —50%. Furthermore, Fig. 16(b) shows
the case with positive errors in switching timing from +0.1 to
+1% of the oscillation period with step of +0.1% (~10 us in
this case). With positive errors, the switching timing is delayed
or advanced even more. Apparently, voltage and timing errors
degrade the extracted power, and the extracted power is much
more sensitive to timing than to voltage error. Furthermore, the
impact becomes more severe as the operating frequency deviates
from resonant frequencies.

Notice that from Fig. 14, as the frequency deviation becomes
large, the two solutions for RE‘CQ become close. Errorsin V/,,; or
¢ can potentially lead to nonreal solutions. This is what happens
when V,,,; is increased or when negative error is introduced into
the switching timing at (V" , \p1, ¢4ipr)-

C. Impact of High-Order Harmonics

Due to the switching operations, the system is highly nonlin-
ear in nature and we have to consider the existence of high-order
harmonics in the system. Equations (10) and (13) can be modi-
fied into (15) and (16), shown at the bottom of the page.

At high-order frequencies, the voltage source Vs is a short.
High-order voltage components at V¢ result in high-order cur-
rents flowing back to the source. Considering the third-order
harmonic 3w, the current magnitude depends on the source
impedance of Rg, L1, and Cj in series at 3w. For both in-
terfaces, the source current can therefore be written as (17),
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factor of the source impedance Zg at 3w

03w) = Bwly —1/3wC1

shown at the bottom of the page, where (Q(3w) is the quality Ry
P _ Vs . P L. P
Vourr(t) = 5 ——5—— in(wt — dypr) + 5 sin(Bwt — 3gypr) +-+) (15)
2 cos(Pyipr) 3
s Vs 1 . s L. s
Ve upr(t) = — ———g——(sin(wt — ¢ypr) + 5 sin(3wt — 3dypr) + ) — Voo mpr coswt (16)
2 cos(¢Spr) 3
Vs . Vs 1 1 .
Ig(t) = ——sinwt — — sin(3wt — 3¢y —arctan(Q(3w))) + - - - 17
s(t) 2Rg 6 cos(énmpT) Rey/1+ Q?(3w) ( MPT (@) a7
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power.

Impact of high-order harmonics from switching events on extracted

The current component at 3w incurs power loss through heat
dissipation in Rg, and this power loss (at 3w) can be written as

1 Pavr,
9 cos? dpypr (1 + Q%(3w))’

In (18), both terms cos ¢ypr and Q(3w) vary with the oper-
ating frequency. Using the same design parameters as in previ-
ous sections, Fig. 17 shows 1/ cos? ¢ypr and 1/(1 + Q% (3w))
versus the operating frequency. As the operating frequency devi-
ates from resonant frequencies, the term 1/ cos? ¢nrpT INCreases
rapidly. However, the effect is suppressed at high frequencies
due to better quality factor of Zg. Fig. 18 then shows the result-
ing extracted power by taking P 3 into consideration for both
interfaces. The loss is not significant (< 0.1 Pyv1,) unless the op-
erating frequency is way off-resonance (w < 0.6wsc).> Fig. 18
also shows the simulated extracted power using Spice simula-
tions with ideal RLC, diode, and switch components. From the
simulation results, considering only the third-order harmonic
gives decent accuracy.

In P-SSHI-¢, the lost energy comes from the supplied system
as the charges on Cp stay constant and only change plates
during switching. In S-SSHI-¢, the third-order current and the
associated power come from Cp. Part of the charges, instead of
flowing to the supplied system, flow back to the source. In fact,
MPT is achieved at fundamental frequency in these switching
systems. However, part of the extracted power gets translated
to high-order harmonics and gets dissipated by flowing back
through the source resistance Rg.

}Dloss,ii = (18)

D. Switching Loss

The analysis in previous sections has assumed that the switch-
ing is ideal. In other words, no energy is lost during the

31f there is another vibration mode at the vicinity of odd multiples of operating
frequency (such as 3 x 0.6wg ) and the quality factor is high, the switching
activities can indeed very likely excite this vibration mode, changing the overall
system dynamics.
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Fig. 18.  Extracted power versus operating frequency with the proposed (a)
P-SSHI-¢ and (b) S-SSHI-¢ interfaces with Vou[,,l\IPT and ¢oyipp. (Rg =
66.87 k2, L; = 2051 H, C; = 0.7338 nF, and C'p = 9.718 nF. This gives
kz = 0.076 and (;;, = 0.02.) The curves show theoretical results by consider-
ing Plogs,3 from (18) and Pyss sw from (19) with Q » of 10 and 100. The data
points show the circuit simulation results using ideal RLC, diode, and switch
components. Ly = 10 mH is used in the simulations. This figure also shows
the quality factor of the source impedance X g /Rg at different frequencies.

switching. However, parasitic resistance in the current loop
consumes power. Considering P-SSHI-¢ interface, with the
switch on-resistance Rgw , the capacitor voltage |V | drops by
exp(—0.5mRgw +/Cp/Ls) during each switching event. The
associated power loss can be written as

Cr

Posssw =CpV2, [ 1 —exp | —mRswy/— ey (19)
L2 2

Setting (V,ui, @) to (Voui,mpT, dmpT) and considering the
switching loss, Fig. 18 shows the resulting extracted power for P-
SSHI-¢ and S-SSHI-¢ interfaces with the switch resistance that
corresponds to a flipping quality factor Qr = /Lo /Cp/Rsw
of 100 and 10. The impact increases as the operating frequency
deviates from the resonant frequencies. This is due to the in-
crease in V,,; mp71 as can be seen from Fig. 11(b). The amount
of energy stored on C'p also increases. Therefore, the same per-
centage of energy loss during each switching event corresponds
to a more energy loss while Py, does not change. The resulting
P, can even be worse than that of the conventional parallel- and
series-SSHI interfaces when the frequency deviation is large.
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Fig. 19. (a) The maximum extracted power and the corresponding (b) V¢
and (c) ¢ with Q@ = 10 and 100 for the proposed P-SSHI-¢ interface. Rg =
66.87 k2, L1 = 2051 H, C7 = 0.7338 nF, and Cp = 9.718 nF. This gives
kf = 0.076, (; = 0.02, and resulting k:?/(m of 3.8. In (¢), two additional
cases with C'p of 0.9718 and 97.18 nF that result in kz /Cm of 38 and 0.38
are also shown with Q p = 10.

In fact, a lower V,,; can be chosen in order to reduce
the impact from imperfect voltage inversion. While a Vs #
Vout mpT results in imperfect impedance matching, a net im-
provement over the conventional parallel- and series-SSHI in-
terfaces can still be obtained. Fig. 19 shows the results with
Qr = 100 and 10 by setting (V,,:, ¢) to values that maximize
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Fig. 21. Possible implementation of the control circuit in Fig. 8.

the extracted power for P-SSHI-¢ interface. From Fig. 19(b)
and (c), as V,ur < Voue mp 1S used to suppress the loss from
switching, a smaller phase delay is also preferred to properly
balance the load resistance and reactance. In Fig. 19(c), two
additional cases with different C'p values are also shown in gray
curves with @ = 10. Smaller C'p value corresponds to a higher
electromechanical coupling coefficient and reduces switching
loss [from (19)]. This alleviates the need for lowering V,,,; and
¢ to compensate the switching loss even with Qr of 10.

From Fig. 19(a), the proposed technique always outperforms
the conventional method. For a flipping quality factor Qr of
10, the extracted power of the conventional parallel-SSHI inter-
face can be improved up to ~ 68% and the 3-dB bandwidth is
extended by 76%. Fig. 20 further shows how the improvement
in 3-dB bandwidth increases with the flipping quality factor for
three cases with kf /Cm of 38, 3.8, and 0.38, respectively.

E. Control Circuit Implementation

A possible implementation of the control circuit for the pro-
posed P-SSHI-¢ and S-SSHI-¢ interfaces is shown in Fig. 21.
The proposed techniques require an additional delay element in
the control circuit as compared to the conventional interface. As
shown in Figs. 11(a) and 16, the delay needs to be tuned with mi-
crosecond accuracy over a millisecond range, depending on the
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operating frequency. Such a timing control can be obtained us-
ing a variable current sourcing and sinking a capacitor followed
by a voltage detector, which is the basic operation principle of
relaxation oscillators [33]. Prior designs with nanosecond of
tuning accuracy [17] and millisecond of tuning range [33]-[36]
have been reported with submicrowatt of power consumption
using state-of-the-art IC technology.

Similar to the conventional parallel- and series-SSHI inter-
faces that need to optimize the load resistance to extract the
maximum power, a complete system for the proposed techniques
requires an algorithm that performs the searching for optimal
(Vout, @) settings. A start-up calibration can be performed in
cases with a fixed operating frequency. In applications where
the applying frequency is changing with time, like a tire pres-
sure sensing system, V,,; and ¢ need to be tuned dynamically
according to the instantaneous input frequency, which requires
an additional control circuit and results in additional power con-
sumption. A system-level optimization is needed when incor-
porating such adaptive adjustments into the operation to ensure
a net improvement in harvested power. A compromised method
would be to set a fixed delay that corresponds to the average
input frequency.

V. EXPERIMENTAL VALIDATION

In order to validate the proposed techniques and the theo-
retical analysis presented in previous sections, an experiment
was set up using a commercially available piezoelectric de-
vice (model V22B) from Midé. The piezoelectric device was
mounted on a shaker (LDS V406) which was excited using
a sinusoidal wave from a signal generator amplified through
a power amplifier (LDS PA 100E). The acceleration is set to
2.5 g for the measurement.

The measured open-circuit resonant frequency is at ~ 425 Hz.
With the parameters given by the manufacturer (© = 1.07 x
1073, 7 = 0.0426, and K = 2076.5), the system parameters are
estimated to be Rg = 37.2k€2, L; = 260.0 H, and C; = 0.551
nF. The mechanical damping ratio (,,, is 0.027 in this case. In
the experiment, a switching inductor Ly of 880 pH is used.
Atgw is adjusted to 11.6 us for best voltage inversion results.
We can therefore estimate C'p to be 15.5 nF, and the resulting
electromechanical coupling coefficient &2 is 0.036.

N-Channel MOSFETSs (VN0606L) and P-Channel MOSFETSs
(VP030) are used for the electronic interface similar to that
in [17]. As mentioned in Section III-A, a full-bridge switch
network [29] that allows negative current is used for voltage
rectification. With short-circuit operations (paralle]l-SSHI and
P-SSHI-¢), the resulting flipping quality factor Qr is roughly
7. A pulse generator that has the timing synchronized with the
vibrational signal generator is used to control the switch SW.
The pulse width, the relative phase delay, and the output loading
R, are adjusted manually to maximize the extracted power.
Results with conventional parallel-SSHI interface are obtained
by making sure that the voltage drop across the rectifier is zero,
which indicates Ig = 0, right before the switching takes place
[17].

Fig. 22 shows the measured results along with the theoret-
ical predictions. The experiment is performed twice, and the
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Rg =372 kQ, L; =260.0 H, C; = 0.551 nF, and Cp = 15.5 nF. This
gives k2 = 0.036 and ¢,,, = 0.027.

measured output power is averaged after being normalized to
the maximum power for the conventional parallel-SSHI case.
For the two sets of measurement, introducing delay into the
switching timing always improves the output power. Curve-
fitting using the built-in function “pchip” in Matlab shows a
23% improvement in 3-dB bandwidth and a 66% improvement
in extracted power with 5% of frequency mismatch over the
conventional parallel-SSHI interface. One of the factors that
causes discrepancy between experimental results and analytical
predictions is that the output power is measured after the rec-
tifier whose efficiency varies with V,,;, while in the analysis,
it is the input power (at A—A’ interface) to the rectifier. Other
possible factors include the nonlinear characteristics as well as
the other vibration modes of the transducer that are not captured
by the model in Fig. 3.

VI. DISCUSSION AND CONCLUSION

This paper presents two interface circuit designs for piezo-
electric energy harvesting system. The proposed architectures
involve nonlinear switching activities and improve the extracted
power when the system is operating at off-resonance. MPT is
achieved with complex impedance matching by presenting ade-
quate loading to the front-end transducer. The equivalent loading
can be adjusted by varying the transducer’s output voltage and
switching timing.

Detailed analysis is provided to estimate the performance
with practical considerations, such as V,,,; and ¢ errors as well
as parasitic loss due to high-frequency components and series
resistance in switches. A complete system requires an algorithm
that performs the searching for optimal (V,,;, ¢) settings either
upon start-up or dynamically under different operating con-
ditions. Proper monitoring signals that indicate the extracted
power and the external applying force will also be needed.
Furthermore, the building blocks need to consume low power
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because they are, in most cases, also supplied by the harvested
power.

Considering only the power interface, analytical results show
that, with the electromechanical coupling coefficient k2 of 0.076
and the mechanical damping ratio (,, of 0.02, the proposed
techniques can improve the 3-dB bandwidth of the conventional
methods by 76% with a flipping quality factor of 10. Further-
more, experimental results with a commercially available piezo-
electric device (model V22B) from Midé show that the 3-dB
bandwidth is improved by 23% and the extracted power with
5% of frequency mismatch is improved by 66% as compared
with the conventional method with zero switching delay.
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