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Abstract— The literature on piezoelectric energy harvesting
(PEH) systems underscores the role of circuit advancements
in enhancing energy harvesting capability in resonance. Recent
studies using phase-variable (PV) synchronized switch technolo-
gies have also shown potential in broadband PEH, thereby
improving off-resonance energy harvesting. However, the elec-
trically induced dynamics by existing interface circuits lack
a comprehensive definition and demonstration, hampering the
performance comparisons across different circuits. Regarding
these gaps, this paper presents an impedance-based analysis
and comparison of electromechanical joint dynamics in PEH
systems employing various interface circuits. The focus is on their
contributions to enhancing harvesting bandwidth. By introducing
resonance tunability into the conventional ideal PEH model, this
paper proposes a more generic impedance model. It reveals that
the achievable dynamic ranges of practical interface circuits are
subsets of the ideal arbitrarily tunable scenario. A detailed quan-
titative study on the attainable ranges of the PV synchronized
switch circuit solutions is provided after the introduction of the
ideal target. Simulation and experimental data from different
interface circuits align well with theoretical findings. The paper
concludes that resonance tunability hinges on the extent of the
achievable reactive (imaginary) part of the equivalent impedance.
Electromechanical coupling conditions and dielectric loss may
further impact resonance tunability. The general ideal model and
quantitative impedance analysis provided in this paper help guide
the future design effort toward high-capability and broadband
PEH systems.

Index Terms— Piezoelectric energy harvesting, broadband,
interface circuit, synchronized switch harvesting on inductor
(SSHI), equivalent impedance.

I. INTRODUCTION

N RECENT years, the kinetic energy harvesting (KEH)
systems have caught more research interest to enable some
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highly distributed Internet of Things (IoT) devices, which
operate in vibrational environments, to become energy self-
sufficient [1], [2], [3], [4]. No matter what mechanical design,
transducer, or power conditioning circuit is used, there are two
most significant design targets for the KEH systems.

1) The high-capability (HC) target: to increase the har-
vested power in resonance.

2) The broadband (BB) target: to increase the off-resonance
harvested power, i.e., to broaden the harvesting band-
width.

For the KEH systems using piezoelectric transducers, i.e.,
piezoelectric energy harvesting (PEH) systems, many mechan-
ical or electrical solutions were proposed regarding the two
design targets mentioned above.

For the HC design target, the mechanical solutions include:
increasing the number of active materials, e.g., using a
bimorph instead of a unimorph for energy harvesting [5]; or
decreasing the equivalent mechanical stiffness, e.g., applying
an axial load to the piezoelectric beam [6], [7]. All mechanical
solutions have led to an increase in the electromechanical
coupling coefficient. On the other hand, without changing
the mechanical structure, it was shown that the harvesting
capability could be effectively enhanced by advancing the
interface circuit designs [8], [9]. The featured interface circuits
include the synchronous electric charge extraction (SECE)
[10], synchronized switch harvesting on inductor (SSHI) [11],
single-supply pre-biasing (SSPB) [12], and synchronized triple
bias-flip (S3BF) [13]. Shu et al. have intuitively put that,
by using the synchronized switch interface circuits, a weakly
coupled PEH system might behave like a strongly coupled
system with a standard bridge rectifier circuit [14].

For the BB design target, most research efforts came from
the mechanical community. The major mechanical solutions
include: combining multiple vibrators at different resonant
frequencies [15]; tuning the vibration modes by adding auxil-
iary structures [16]; and introducing the nonlinear mechanical
dynamics to the linear vibrator [17], [18]. Considering a PEH
system as an organic electromechanical system, each part of
the system should have some effect on the global dynamic
characteristics. In this sense, the circuit solutions should also
play a role in the system dynamics. However, given the major
attention on the HC target for weakly coupled systems, only
some circuit studies realized the BB target until recent years
[19]. The dynamic contribution of an interface circuit comes
from the inverse piezoelectric effect. Therefore, the dynamic
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intervention can be more obviously observed under strong
coupling [20], [21]. Without a strong coupling system, the
connected interface circuit has little to do with mechanical
vibration. By modifying the synchronized switch instants in
SSHI, which tunes the weakly coupled systems into strongly
coupled ones, Hsieh et al. have proposed the phase-variable
(PV) SSHI towards the BB target [22]. A similar idea was also
presented in a US Patent filed by Li et al. [23]. Lefeuvre et al.
have introduced the PV control to the SECE interface circuit
for the same BB purpose [24], [25]. Zhao et al. also utilized the
PV control in the P-S3BF interface circuit for the BB target in
a nonlinear energy harvesting system [26]. These technologies
are referred to as PV-SSHI, PV-SECE, and PV-P-S3BF in the
following part of this paper. Besides the phase-variable control,
Brenes et al. [27] and Morel et al. [28] also include additional
tunable parameters such as synchronized switch duration from
frequency tuning (FT) SECE [27] and short circuit phase from
short circuit (SC) SECE [28] to further increase the PEH
bandwidth.

In general, as two constitutive parts of a PEH system, both
the mechanical and electrical designs act some roles towards
the HC and BB targets. On the other hand, the exploration of
circuit solutions toward the BB target has just begun.

For formulating the dynamics of various designs, mechan-
ical experts tend to use a fop-down solution. They start from
the comprehensive equations of motion and finally arrive at
the closed-form expressions of displacement, harvested power,
etc. [11], [14], [29]. On the contrary, electrical engineers are
more used to the modular way of thinking and tend to use a
bottom-up solution. They derive the dynamic expressions of
all modules in a complex system, substitute the corresponding
symbols in the system-level equations, and finally obtain
the numerical results of displacement, harvested power, etc.
[30], [31]. For the studies of dynamic PEH systems using
different interface circuits, it has been shown that both the
top-down and bottom-up solutions lead to very close results
[14], [31]. Moreover, by taking the modular way of thinking,
the bottom-up solution has two additional merits:

« The dynamics of different interface circuits can be singled
out and intuitively illustrated and compared.

o The system-level equations can be reused regardless of
the specific connected interface circuit.

The equivalent impedance modeling has demonstrated the
abovementioned merits in PEH system analysis [31], [32],
[33], [34]. This paper extends the benefit of impedance analy-
sis for generating a more comprehensive understanding of the
conventional HC-oriented SSHI, SECE, and cutting-edge BB-
oriented PV-SSHI and PV-SECE technologies. By unifying
the electrically induced parameters, the impedance matching
model under different coupling intensities is established qual-
itatively and quantitatively to demonstrate the characteristics
of different piezoelectric interface circuits, including their
similarities and differences, effective conditions, limitations,
etc. From a practical perspective, impedance matching under
dielectric loss has also been studied to provide insights into
the section of interface circuits in different PEH systems.
It should be noted that the impedance model discussed in this
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Fig. 1. The ideal model of a KEH system. (a) The conventional ideal
model only considers Dj, the energy harvesting induced damping [35]. (b) The
corresponding equivalent circuit of the conventional ideal model in the PEH
cases. (c) The general ideal model includes K., the electrically induced
stiffness (positive number) or mass (negative number). (d) The corresponding
equivalent circuit of the general ideal model in the PEH cases.

paper is based on the condition of harmonic vibration sources,
which are usually seen in wind turbines, rotational machines,
vehicles, and trains.

The paper is organized as follows. Section I explains the HC
and BB design targets for PEH systems and the necessity of
impedance analysis for cutting-edge interface circuit solutions.
Section II introduces the general ideal model towards HC and
BB targets. Section III briefly reviews the working principle
of the PV-SECE and PV-SSHI solutions. Section IV derives
their equivalent impedance model. Section V experimentally
validates the theoretical analysis. Section VI concludes the

paper.

II. MODELS

Both the inventions of the PV-SECE and PV-SSHI tech-
nologies have brought in the idea of resonance tuning in an
electrical way for PEH systems. Nevertheless, such an idea
was not thoroughly elaborated in a general context. It is
necessary to clarify the design targets by referring to the
general ideal model of a KEH system.

A. Ideal Model For Resonance-Untunable Systems

The most referred ideal model for KEH systems was intro-
duced by Williams and Yates in 1996 [35], [36]. Fig. 1(a)
shows the mechanical schematics of such an ideal model. The
ideal KEH system is composed of a linear lumped mechanical
vibrator, which is characterized by its mass M, stiffness K,
and damping coefficient D, and an additional tunable energy
harvesting induced damping coefficient' Dj,. The applied force
and displacement of the energy harvester are denoted as f(¢)
and x(¢) in Fig. 1(a). For an inertial vibrator under base
excitation, we have f(t) = —My(t), where ¥(t) is the base
acceleration and x () becomes the relative displacement of the
vibrator [35].

Besides the mechanical representation, the ideal KEH sys-
tem can also be presented in an electrical way, as shown
in Fig. 1(b). For example, in a PEH system, by taking the

1 Dy, was referred to as the electrically induced damping in [35]. For better
differentiating the dissipative damping and regenerative damping, we specify
Dy, as the energy harvesting induced damping and decorate its icon with a
recycling symbol in Fig. 1.
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electromechanical analogy, the dynamics of M, K, D in the
mechanical domain can be equivalently expressed with induc-
tance L, capacitance C, and resistance R with the relations as
follows:

R =D/a?, C =do?/K, L=M/a? (1)

where « is the force-voltage factor in the piezoelectric coupled
system. In the piezoelectric systems, The effort and flow
variables in the electrical domain correspond to the flow and
effort variables in the mechanical domain with the relations as
follows:

Veq (1) = f(1)/at, leg (1) = X (1), 2

where v, (¢) and i.,(¢) are the equivalent voltage and current,
respectively; x(¢) is the vibration velocity. In the electrical
equivalent network, the regenerative damping effect is repre-
sented by a tunable regenerative resistance Rj, as shown in
Fig. 1(b). The equivalent impedance network of the KEH sys-
tems using other transduction mechanisms might be different;
say, it is a series RLC network driven by a current source in
the electromagnetic cases [37]. In this paper, we focus on the
PEH cases.

Given a KEH system under harmonic base excitation, the
governing equation of the ideal KEH system is formulated as
follows:

Mix @)+ (D+Dp)x () +Kx(@)=-My@). ()

In the frequency domain, (3) can be solved as follows:

&)2

— - Y
1—@?+ 20 (1+n)¢
® = w/w, is the normalized frequency, where w is the
operating frequency; w, = /K/M is the natural frequency.
n = ¢/¢ = Dp/D denotes the ratio between energy har-
vesting induced damping and inherent mechanical damping,
where { = D/Q2Mw,;) and ¢, = Dp/(2Mw,) are their
corresponding damping ratios.

The maximum power absorbed by the mechanical damping
component D is obtained when there is no energy harvesting
induced damping, and the system vibrates in resonance, i.e.,

Do? | X (w)|? _ M2AY

2 7’]:0, =1 2D

X (w) = (). “4)

, ®)

Pm,max -

where Ay = a)ﬁ |Y (jw)| is the base acceleration magnitude.
On the other hand, the harvested power absorbed by D can
be formulated as follows:

Py, = ,30,3}' Pm,ma)u (6)
where
Prlp=1 n
ﬂr = == 27
P max 1+n)

is the power ratio between maximum harvested power in
resonance and the maximum mechanical damping power in

5);

)

Pi _ [26(1 + )¢
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Fig. 2. The normalized harvested power and bandwidth for the ideal

KEH model (one-parameter tunable). (a) The normalized harvested power
in resonance. (b) The normalized half-power bandwidth.

is the normalized power absorbed by the energy harvesting
introduced damping component Dj under the normalized
frequency @. B, attains its maximum when n = 1, ie.,
D = D. In this case, we can have the maximum B, = 1/4,
as shown in Fig. 2(a). In resonance, the maximum harvested
power can be expressed as follows:
» 1, M*A3  F?
h,max — 4 m,max — 8D = SD’
where F' denotes the force magnitude. Equations (5) and (9)
repeat the conclusion, which was drawn in [35]. Maximum
harvested power is obtained by matching the mechanical
inherent damping D with a tunable energy harvesting induced
damping Dj. However, in the previous studies, the energy
harvested bandwidth of the conventional ideal model was
not studied. Such bandwidth can be evaluated based on the
expression of normalized power S, in (8) as the distance
between two half-power points, i.e., the roots of the equation
Bo = 1/2. Denoting the two positive roots as @; and @y,
the normalized half-power bandwidth can be formulated as
follows

(€))

N Aw
Aw =

=loy—al =21 +n)¢. (10)

n
Fig. 2(b) illustrates the changing trend of A under different n
and ¢. It can be summarized that no matter how much is ¢ the
mechanical damping ratio, the half-power bandwidth increases
as 7 the ratio between energy harvesting induced damping and
mechanical inherent damping gets larger.

The two sub-figures in Fig. 2 give an idea about the
HC and BB performance of the conventional ideal model,
i.e., the ideal KEH system without resonance tunability. For
the n < 1 cases, which are the characteristics of most
PEH implementations, in particular, weakly coupled systems,
increasing the energy harvesting induced damping not only
leads to higher energy harvesting capability [11], as shown
in Fig. 2(a), but also slightly broadens the energy harvesting
bandwidth [14], as shown in Fig. 2(b).

B. Ideal Model For Resonance-Tunable Systems

The BB targets can be better realized if the harvesting
circuit, as a constitutive part of the electromechanical system,
can have some resonance tunability. Given this, Fig. 1(c)
shows a more general KEH system by adding a tunable
reactive component K, to the conventional model. K, is
tunable as D did. It can be either a tunable stiffness or a
tunable mass. Fig. 1(d) shows the corresponding equivalent
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Fig. 3. The harvested power versus frequency relation and the visualization
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Fig. 4. The general model of a practical KEH system (two-parameter tun-
able). (a) The mechanical schematics. (b) The electrical equivalent impedance
network in the PEH cases.

circuit. Assuming the unlimited and arbitrary tunability for Dy,
and K., Py max can be always attained by making D, = D
and K, + K = w*M, i.., the conjugate impedance matching
condition, given the source and load impedances as

Zsource (@) = D + j(wM — K /w),

. (11)
Zipad(w) = Dy — ]Ke/a),

respectively. Putting aside the slight bandwidth broadening
effect realized by the real-part matching condition, it can be
roughly taken that the Dj and K, adjustments are related to
the HC tuning in resonance and BB tuning off resonance,
respectively. Fig. 3 illustrates the tuning effort towards Pj, max.,
the theoretical limit of harvested power, which can be broken
down into the HC and BB targets.

C. General Model For Practical Systems

Ideal models help indicate the research direction. How-
ever, in practice, the circuit dynamics is more complex than
the aforementioned ideal case [31], [32]. The nonideality is
embodied in all aspects including, but not limited to:

o The electrically induced dynamics are not arbitrarily
attainable. It is bounded. Different interface circuits give
different constraints.

« Dissipative resistance coexists with regenerative resis-
tance during the power conditioning process. Both of
them have the same outward effect on structural damping
[38].
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o The HC and BB targets cannot be independently made
with the existing energy harvesting interface circuits.

o Parasitic characteristics, e.g., the dielectric loss in the
piezoelectric transducer, might shrink the attainable
dynamic range and therefore weaken the tunability [32].

Given these complexities in practice, it is inappropriate to
simply take the well-established impedance matching concept,
i.e., making Zjpad = Zi e in (11), for the KEH power
optimization. Such an easy concept only gives a raw idea
about the dynamic tunability of different interface circuits
[39], [40]. A general dynamic model was proposed for the
PEH systems, given the aforementioned practical issues [32].
Fig. 4 shows the general mechanical schematic model and its
electrical equivalent. There are some significant differences
between the practical equivalent and the ideal models, which
are listed as follows

o The dissipative and regenerative damping components are
distinguished as Dy and Dj in the mechanical domain
(and Ry and Rj, in the electrical domain), respectively.

o The dependency of the variable components on the
tunable circuit parameters, e.g., rectified voltage \7,,
is explicitly illustrated by the dashed links.

o A series damping component D, is added for character-

izing the dielectric leakage of the piezoelectric element.
The same model was demonstrated to be also effective in
the electromagnetic case, where D, characterizes the effect
equivalent series resistance (ESR) of the electromagnetic coil
[37]. In this paper, a slight complement is made based on
the general model of the practical systems. Given the recent
progress on the broadband circuit solutions by modifying
synchronized switch phase ¢ [22], [24], ¢ is regarded as
an additional tunable parameter towards richer electrically
induced dynamics. The dynamic components are divided into
three groups: the mechanical dynamics, which is highlighted
in blue in Fig. 4 and expressed as follows

Zp(w) =D+ j(wM — K /w); (12)

the dynamics of the piezoelectric capacitance C, and inter-
face circuit combination, which is highlighted in green and
expressed as follows

Z(:’(w7 ‘77‘5 (p)
= Dy(w, Vs, @) + Dp(@, Vy, ) — jKe(®, Vy, @) Jw; (13)

and the dielectric loss, which is highlighted in red and whose
effect is summarized by the damping component D .

Fig. 5 illustrates the dynamic ranges of Z,, (blue), Z,
(green), and D, (red) on the impedance plane. Z,, moves
along the light blue vertical line as the operating frequency
o changes. It attains the minimum magnitude D (intercept
on the real axis) when it vibrates in resonance. D, is a
fixed point on the real axis. The most complicated part is
Z.. The functionalities can be divided into three dynamic
details: the reactive component —j K, /w, dissipative damping
Dy, and regenerative damping Djy. The attainable range of Z,
is constrained within some boundaries. If no tunable parameter
exists, e.g., SECE, the corresponding Z, is a fixed point.
If there is one tunable parameter, e.g., by taking either the
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Fig. 5. The general impedance picture of the two-parameter (¢; and g2)
tunable circuit solutions for PEH systems.

bridge rectifier standard energy harvesting (SEH) interface
circuit or SSHI, Z, can move along a specific 1-D (one-
dimensional) curve segment [31]. If there are two tunable
parameters, as generalized by ¢ and g7 in Fig. 5, e.g., by tak-
ing either the PV-SSHI [22] or PV-SECE [24], Z., can move
within a specific 2-D (two-dimensional) bounded area. Adding
an additional tunable parameter to the interface circuit extends
the dynamics tunability. Putting aside the relatively weak
influence of D), the system resonates when the imaginary
parts of Z, and Z,, are opposite. Because the further off the
resonant point, the larger the magnitude of the Z,, imaginary
part; a larger attainable imaginary range of tunable Z, gives
the capability to catch the resonant condition over a broader
frequency band, i.e., realizing a better BB performance.

With the schematic shown in Fig. 4(a), the harvested power
can be formulated as the power extracted by the regenerative
damping component Dy, i.e.,

F2Dy, D, 2

Pu(w, Vy, @) =
n(@, Ve @) = — ZuDyp + ZmZe + ZeD,

. (14

where F denotes the magnitude of the excitation force. Py is
a function of the operating frequency w and two electrically
tunable parameters V, and ¢. The same result can also be
obtained from the electrical equivalent impedance network
shown in Fig. 4(b) [32]. As we can observe from (14),
given the existence of several functional components and their
constraints in practical systems, the problem of the harvested
power optimization is more complicated than that described
in the conjugate impedance matching case.

III. CIRCUIT SOLUTIONS TOWARDS BB TARGET

The early circuit solutions for PEH enhancement focused
on the HC target. After the studies on the baseline SEH
solution [41], many interface circuits were proposed for har-
vesting more power under the same mechanical excitation
condition. The most representative interface circuits include
SECE, parallel-SSHI (P-SSHI), and series-SSHI (S-SSHI),
whose circuit topologies are shown in Fig. 7. In the original
solutions of SEH, P-SSHI, and S-SSHI, there is only one

tunable parameter, usually the rectified voltage V;., which can
be mapped from different loading resistance R;. As illustrated
in the general picture of Fig. 5, when there is only one
tunable parameter, the equivalent impedance Z, can merely
be adjusted along a specific curve segment. To achieve the
HC goal, we have to extend Dy, in the real part of Z,, such
that it can catch up with the mechanical damping D in weakly
or moderately coupled systems. This can be clarified with the
impedance analysis of the 1-D tunable circuits [32], [33].

For the BB target, Z, should reach the region of the larger
imaginary part. Such a goal can be realized by tuning the phase
of the switch instants in the latter three circuits in Fig. 7(b)—
(d). The corresponding solutions were called PV-SECE, PV-
P-SSHI, and PV-S-SSHI. The circuit topologies of the PV-x
(x stands for the corresponding 1-D tunable solution) circuits
remain the same; only the switch control has been changed to
realize the new 2-D tunable solutions.

A. PV-SECE

The PV-SECE solution is based on the original SECE inter-
face circuit proposed by Lefeuvre et al. [10]. The SECE circuit
can harvest a similar amount of power under different loading
conditions. SECE can harvest three times more power for
weakly coupled cases than the basic SEH solution but is less
capable than the SSHI solutions under maximum harvesting
conditions. However, due to the load independence feature of
SECE, it does not need an additional maximum power point
tracking (MPPT) module. Therefore, it has received much
attention from the practical point of view.

The circuit topology of SECE is shown in Fig. 7(b). The
interface is composed of a full-wave bridge rectifier and a
buck-boost converter. During the SECE operation, the switch
S will be turned on for one-fourth of the L;C, cycle when
the current i, crosses zero, such that to extract the energy
from the piezoelectric element twice in a vibration cycle.
The voltage and current waveforms in SECE, as well as
the work cycle hysteresis, are shown in Fig. 6(c) and (d).
Denoting the phase difference between the switching instant
and current zero crossing instant as ¢, the original SECE is
a special case of PV-SECE in which ¢ = 0, as shown in
Fig. 6(c). Lefeuvre et al. [10] introduced a different switch
phase shift in SECE and realized the PV-SECE solution for
broadening the energy harvesting bandwidth [24], [25]. The
waveforms and work cycles of the phase lead ¢ < O, in-
phase ¢ = 0, and phase lag ¢ > O conditions are shown
in Fig. 6(a)—(f), respectively. By comparing the effective work
cycle hysteresis, which is formed by the fundamental harmonic
vy, s and g trajectory (¢ denotes electric charge, the integral
of ip,), under the three ¢ cases, tuning the switching phase ¢
changes the obliquity and the enclosed area of the hysteric
ellipses, which correspond to the electrically induced stiffness
K. and damping D, + Dy, respectively. The enclosed area is
divided into the blue and green parts in all the hysteresis loops
enclosed by the vj-g trajectories in Fig. 6. As explained in
the previous impedance analysis, the extracted energy in one
cycle can be divided into the dissipated (blue) and harvested
(green) parts [33].
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(a), (b), (g), (h), (m), and (n) ¢ < 0, the switching phase lead cases. (c), (d), (i), (j), (0), and (p) ¢ = 0, the in-phase cases, i.e., SECE, S-SSHI, and P-SSHI.

(e), (f), k), (1), (q), and (r) ¢ > 0, the switching phase lag cases.

Inside piezo =-;;-= SEH interface circuit

2
Pl Z. /o e
‘
=V, ==
R] C|- R R] C|-
(2)

Inside piezo =-;;-= (PV-)SECE interface circuit

o

Inside piezo =-;;-= (PV-)S-SSHI interface circuit Inside piezo =-;;-= (PV-)P-SSHI interface circuit
° ° 2 ° 2
it TS L7 Z./o in | 0 K s Z./o
(@) Vel )
Vo|+ +
- = L;
R] G- R, R] GC|-iL, R
(©) (d)

Fig. 7. Typical interface circuits for PEH. The mechanical part is the same
as that shown in Fig. 4(b). (a) SEH. (b) (PV-)SECE (it is phase-variable when
@ is tunable). (c¢) (PV-)S-SSHI. (d) (PV-)P-SSHI.

B. PV-S-SSHI and PV-P-SSHI

A similar phase-variable switching idea was implemented
in different SSHI topologies by Hsieh et al. [22]. The circuit
topologies of (PV-)S-SSHI and (PV-)P-SSHI are shown in
Fig. 7(c) and (d). Compared to SECE, the SSHI solutions
use an external inductor L; to realize rapid electrical reso-
nance, the piezoelectric voltage v, across the piezoelectric
capacitance C, can be flipped to a more opposite value at
the current crossing zero points. The corresponding waveforms
and work cycles of PV-S-SSHI and PV-P-SSHI under differ-
ent switching phase differences are shown in Fig. 6(g)—(r),
respectively. It can be observed from the work cycle in

3 [« SEH range (1-D)
sf” oC, Dy PV-SECE range (1-D)
- S-SSHI range (1-D)
2 0% P-SSHI range (1-D)
= v PV-(x)-SSHI range (2-D)
% v PV-SECE (¢ <0)
iy > o % PV-SECE (¢ =0), i.e., SECE
e A PV-SECE (¢>0)
£ + PV-S-SSHI (¢ < 0)
8 L %  PV-S-SSHI (¢ = 0), i.e., S-SSHI
=2 X PV-S-SSHI (¢ > 0)
e > PV-P-SSHI (¢ < 0)
£ 0 s & PV-P-SSHI (¢ =0), i.e., P-SSHI
g wC, O PV-P-SSHI (¢ > 0)
0 1 2 3 O  Short circuit
Mechancial damping Re[Z.] (i.e., D,+D;) |4  Open circuit

Fig. 8. The equivalent impedance picture of different interface circuits under
different operations.

Fig. 6(h) and Fig. 6(n) that, with a switch phase lead, i.e.,
¢ < 0, an inductive impedance is induced in the electrical
part, which corresponds to the combination of an equivalent
mass and equivalent damping in the mechanical side. With
a switch phase lag, we get a capacitive impedance on the
electrical side, corresponding to an equivalent stiffness and
equivalent damping on the mechanical side. In PV-S-SSHI
and PV-P-SSHI, there is another tunable parameter besides
@. In PV-S-SSHI, we take V, the rectified voltage as the other
tunable parameter, while in PV-P-SSHI, we take the blocking
angle 6 as the other tunable parameter to better elaborate the
functional relation. 6 and V, have a one-to-one correspondence
in PV-P-SSHI.
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The previous analyses of phase-variable technologies have
two deficiencies. The boundary of the tunable impedance
ranges was not clarified [22], [24]; the waveform description
in the PV-P-SSHI was not precise because of the ignorance of
the block angle 6 [22].

Through the equivalent impedance analysis, the dynamics
of different circuits under different operation conditions can
be singled out and compared on the impedance plane. Fig. 8
shows the nine equivalent impedance points corresponding to
the phase-lead, in-phase, and phase-lag cases in PV-SECE,
PV-S-SSHI, and PV-P-SSHI. The figure gives an intuitive
idea about how the phase-variable technologies introduce the
changes in the imaginary part of the equivalent impedance Z,,
contributing to the entire system’s resonance tuning to some
extent. It can be roughly told that the PV-SSHI technology
has better tunability since the SSHI interface circuits are more
capable of enhancing the effective electromechanical coupling
and the backward influence on the mechanical dynamics.

IV. IMPEDANCE ANALYSIS

Besides the qualitative understanding of the broadband
effect of the phase-variable solutions, a quantitative study can
be carried out based on the impedance analysis. The equivalent
impedance provides a standard tool for better comparing the
dynamic effects of different interface circuits.

The dynamics of the power conversion circuits cannot be
quantified without combining with the piezoelectric capac-
itance C, [31]. The impedance of the C, and interface
circuit combination is denoted by Z./a?, as shown in Fig.
7. Harmonic analysis is carried out by firstly assuming that
the current flowing through Z,/a? is sinusoidal, i.e.,

in(t) = I sin(wt), (15)

where [, is the magnitude of i;. By defining the phase lag
between the bias-flip instant and the i;, zero-crossing instant
as ¢ and assuming each bias-flip action takes much less time
than a vibration cycle, the piezoelectric voltage v, in PV-S-
SSHI can be formulated by the following piecewise equations

Vp(t) = Voe X

[—Vl—i-cosgo—cos(wt), o <ot <m+e;

\71 —cosp —cos(wt), T+¢ <wt<?2m—+ .

(16)

In (16), ¢ € [—7/2, m/2]. Negative ¢ means switching phase
lead, while a positive number means switching phase lag.
\71 = Vj/Vye is the non-dimensionalized voltage of Vi, the
end voltage of the positive-to-negative bias-flip actions, which
is illustrated in Fig. 6. V,. = I,/(wC)) is the nominal open-
circuit voltage. The value of V| can be obtained by solving
the following linear equations

|:1 1i||:Voi| B |: 2005(/)&
y =] v =DV

where \70 is the non-dimensionalized voltage of Vp; y is the
flipping factor of the voltage bias-flip actions [8].

The waveform expression of PV-P-SSHI is more compli-
cated than of PV-S-SSHI. The piecewise equations under the

a7

switching phase lead or lag cases are different. For the phase-
lead cases, v, can be expressed as follows

Up(1) = Voe

—‘71 + cosp —cos(wt), ¢ <wt <06;
—171+cos<p—cose, 0 <wt <m+g;
T4+ <ot <m+06;
T+60 <ot <22n+g@;

(18)

171 — cos ¢ — cos(wt),
‘71 — cos p+cos b,

where ¢ € [—7/2,0] and 6 € [—¢, m + ¢] is the blocking
angle of the bridge rectifier after each bias-flip action. The
value of V| can be obtained by solving following linear

equations
1 17V __|cos@ —cosO
y —1vi] 0 ’

For the phase-lag condition, v, is expressed as follows

vp(t) = Vo

19)

| —‘71 + cosp —cos(wt), ¢ < wt <6,
—\71+cosg0—c0s9, 0 <owt<m;

—\71 + cos ¢ — cos(wt)
—cosf — 1, T <ot <7+ @;

T4+ <owt<m+06;

T +4+60 <ot <2m;

Vl — cos ¢ — cos(wt),

\71 — cos @ +cosf,

\71 — cos ¢ — cos(wt)
+cosf + 1,

27 < wt < 2w + ¢;
(20)

where ¢ € (0,7/2] and 6 € [cos™!(2cosg — 1), 7]. V} can
be obtained by solving the equations as follows

1 17V _ |2cos¢p —cost — 1
)/—l ‘N/l - 0 ’

By doing the Fourier analysis, we can derive the funda-
mental harmonic of v, based on the piecewise expressions
in (16) for PV-S-SSHI and (18) and (20) for PV-P-SSHI.
The fundamental component of v, is denoted as v, s [31].
The v, r waveforms are shown by dot lines in Fig. 6.
Based on the harmonic analysis, the complex dynamics of the
interface circuits can be equivalently formulated in terms of
the equivalent impedance, which is obtained in the frequency
domain as follows

Ze(sz) _ Vp,f(.]w) — Ry Ry— .
(o4 Ih(jo) oC,

Comparing (22) and (13), the mechanical impedance Z, can
be obtained by multiplying its electrical equivalent Z, /o> with
a2, which stands for the electromechanical coupling factor.
Such a dynamics equivalent is applicable for all types of
interface circuits, given that their time-domain expressions of
v, are available. Besides the gross effect of Z,, the detailed
dynamics composition, i.e., K., Dy, and D, in (13) can also
be quantified according to the work cycle analysis [31].

It is reasonable that interface circuits have a
frequency-tuning capability to some extent, given the

21

(22)
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tunable K, component in the equivalent dynamics, whose
value is a function of w, 6, and @. In particular, the switching
phase lead/lag ¢ causes a relatively large variation in K,
for frequency tuning. Nevertheless, the frequency-tuning
capabilities of different interface circuits, in terms of the
maximum attainable bound of Z,, were not quantitatively
specified in the literature.

The PV-SSHI solutions attain the same maximum Z, mag-
nitude when load resistance R; = 0 in PV-S-SSHI, which is
equivalent to V, = 0in (17); or when R; = oo in PV-P-SSH],
which is equivalent to 6 = w + ¢ for the ¢ < 0 case in (18)-
(19), and 8 = & for the ¢ > 0 case in (20)—(21). In such an
extreme case, the Z, bound of PV-x-SSHI (x stands for P or
S) can be expressed as a function of w and ¢, i.e.,

Ze,max -

o 217Y (4 cos20 — jsin20) — j
_ | COS — Sin — .
vl S w @ — jsin2¢) — j

(23)

With a similar approach, the Z, bound of PV-SECE can be
formulated as follows

a?

2

Ze,max = |:_ (1 + cos 290 - ] Sinz‘/)) - ]i| s (24)
wCp |

By non-dimensionalizing the two Z, max in (23) and (24) with

respect to o? /(@C)p), the non-dimensionalized Z, max encloses

a circular region in each solution. For PV-x-SSHI, the region

centered at %L_L—Z — j with a radius of %%;—” For PV-SECE,

the region centered at %— J with a radius of Z. The impedance
ranges of PV-x-SSHI and PV-SECE are shown in Fig. 8.

To implement impedance matching, the dielectric loss
damping D) is firstly neglected. Its influence on impedance
matching will be explained separately to simplify the analysis
of impedance matching between Z,, and Z.. As shown in
Fig. 9, attainable mechanical impedance and the operation
point are shown as the blue curve and the blue point. The
operation frequency will reduce and reach the resonance
frequency at zero mechanical reactance conditions from top
to bottom of the mechanical impedance curve. The attain-
able impedance range of different circuit solutions is shown
as one-dimensional green curves and two-dimensional green
regions. It can be found that the attainable impedance extends
to a two-dimensional circular region by the phase-variable
technology, and the range of the two-dimensional impedance
plane is larger than that of the one-dimensional circuit solu-
tions.

Fig. 9 shows a case study of a specific PEH system, which
is used to explain the impedance matching method under
different coupling conditions and operation frequencies. Based
on the operation frequency, it can be divided into three groups.
The first group has an operation frequency w > wq indicated
with Fig. 9(a)-(c), the second group operates at the resonance
frequency wg shown as Fig. 9(d)-(f), and the third group
has a smaller operation frequency w < wq indicated with
Fig. 9(g)-(1). Based on the coupling conditions, there are
also three cases corresponding to weak coupling, moderate
coupling, and strong coupling conditions, respectively. From
a practical perspective, a PEH system’s coupling intensity
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Fig. 9. Impedance picture under different frequencies and coupling condi-
tions. (a)-(c) @ > wyp. (d)-(f) @ = wp. (g)-(h) w < wy. (a), (d), and (g) Weak
coupling. (b), (e), and (h) Moderate coupling. (c), (f), and (i) Strong coupling.

can be tuned from different aspects. First, different piezo-
electric materials give different piezoelectric constants, which
change the coupling internally from the material. Secondly,
mechanical treatments such as frequency tuning, preloading,
geometry optimization, and mechanical amplification with
auxiliary structures can influence stress distribution at the
position of piezoelectric materials, thus leading to a change
in coupling intensity. Thirdly, by different interface circuits,
a PEH system performs different coupling intensities [14].
Thus, it is essential to model the performance of PEH sys-
tems under different interface circuits and coupling intensities
to provide insights in selecting proper interface circuits for
applications.

Suppose the PEH system operates at the resonance fre-
quency. In that case, its mechanical impedance is an invariant
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value indicated as the blue point in Fig. 9(d)-(f) with the
coordinate (D, 0). It can be seen that under a weak coupling
condition, as shown in Fig. 9(d), the mechanical impedance
point is outside the attainable impedance range of conventional
interface circuits such as SEH and SECE. Compared with SEH
and SECE, the in-resonance output power of P-SSHI and S-
SSHI is higher because they can achieve larger equivalent
damping Dy + Dy, by larger load resistance R;, to catch
up with the mechanical damping D,,. With the increase of
the coupling intensity, all interface circuits can achieve larger
equivalent damping as shown in Fig. 9(e) and (f). Even
SEH and SECE also have the chance to match the mechan-
ical impedance point. Especially under the strong coupling
condition in Fig. 9(f), the mechanical impedance curve has
two intersections with the impedance curve of SEH, which
indicates two peak power frequencies that meet the impedance
matching condition. Furthermore, more advanced interface
circuits such as S-SSHI and P-SSHI are not better than the
conventional SEH because they all have sufficient ability to
match the mechanical impedance. Therefore, the output power
limit mentioned in (9) is not difficult to achieve under strong
coupling conditions.

For the off-resonance cases as shown in Fig. 9(a)-(c) and
Fig. 9(g)-(i), although the real parts of Z, and Z, may
equal to each other, the imaginary parts may not be matched
for the 1-D tunable interface circuits like P-SSHI, S-SSHI
or SEH since their attainable impedance ranges are 1-D
curves. And for SECE, its equivalent impedance is a fixed
point that can also not tune the imaginary part. Therefore
their off-resonance and further broadband energy harvesting
capabilities are limited. However, with the second tunable
parameter, the synchronized switching phase ¢ from the
general practical PEH model, 1-D impedance curves or a
fixed impedance point can become 2-D impedance regions
or a 1-D circular curve, enabling a much wider range for
impedance matching. As shown in Fig. 9(c), the operation
frequency @ > wy, there is no way for 1-D tunable circuits
to match the mechanical impedance point. But with a lag
phase (¢ > 0) by PV-SSHI, which brings positive electrically
induced stiffness K, into the coupling system to increase
the system resonance frequency and match the mechanical
impedance point. Similarly, if the operation frequency w <
wo as shown in Fig. 9(i), the impedance matching can also
be achieved by introducing a lead phase (¢ < 0) for negative
electrically induced stiffness. It’s worth noting that the system
coupling condition still plays an essential role in impedance
matching under off-resonance cases. The broadband ability
can be improved by introducing strong coupling conditions or
more advanced PEH interface circuits, i.e., the phase-variable
parallel synchronized triple bais-flip (PV-P-S3BF) interface
circuit [42]. The off-resonance energy harvesting capability
is increased with the second tunable parameter for PV-SECE
and PV-SSHI. Therefore the phase-variable technology can
broaden the bandwidth of PEH systems under off-resonance
cases.

It should be noted that the dielectric loss effect also plays
an important role in impedance matching. In practical appli-
cations, R, is no longer considered as infinity but as realistic
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Fig. 10. Influence of dielectric loss effect on impedance matching. (a) A

light dielectric loss effect case, Rp = 2 MQ. (b) A heavy dielectric loss effect
case, Rp = 200 k.
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| ¢ | Base movement y(7)

Shaker

Fig. 11. (a) Experimental setup. (b) Block diagram.

resistance, as shown in Fig. 10. From Fig. 10(a) to Fig. 10(b),
the equivalent impedance decreases with heavier dielectric loss
effect, i.e., smaller R p- In this case, the harvested energy from
mechanical vibration is consumed by R, rather than flows to
the output port. Furthermore, it can be found that the stronger
the interface circuit is, the larger the dielectric influence
is, and the attainable impedance ranges of SSHI topologies
are decreased much more than that of SEH. As shown in
Fig. 10(b), the mechanical impedance curve is far from the
equivalent impedance range under a heavy dielectric loss
effect. The impedance matching point cannot be reached,
even with more advanced interface circuits, given the parallel
configuration between R, and the selected circuit topology,
as shown in Fig. 7.

V. EXPERIMENTS

To validate the effectiveness of the impedance model and
study the effect of phase variable technology under different
coupling intensities, we conduct experiments to record the
harvested power under different conditions. In the experiments,
we choose two coupling intensities to evaluate the effect of
switching phases under different operating frequencies.

A. Experimental Setup

The experimental setup is shown in Fig. 11. Two different
clamped-free piezoelectric cantilevers with strong and weak
coupling conditions are achieved with different piezoelectric
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Fig. 12. The experimental waveform of different circuits under different operations. The blue curves represent the voltage for the coil which is propositional
to ip,. The green curves represent the piezoelectric voltage vj. (a)-(c) PV-SECE. (d)-(f) PV-S-SSHI. (g)-(i) PV-P-SSHL (a), (d), and (g) ¢ < 0, the switching
phase lead cases. (b), (e), and (h) ¢ = 0, the in-phase cases, i.e., SECE, S-SSHI, and P-SSHI. (c), (f), and (i) ¢ > 0, the switching phase lag cases.

TABLE I
PARAMETERS OF TWO DIFFERENTLY COUPLED PEH SYSTEM

Parameter Value Parameter Value
Strongly coupled system
R 24.93 kQ L; 47 mH
L 1.61 kH Cr 10 uF
C 5.03 nF w 27 X 55.8 Hz
Cp 22.33 nF Acceleration 4.9 m/s?
Ry 2174.61 kQ Schottky diode SS16
o' —-0.6 MOSFET Vishay Si4590DY
a 2.35 x 1073 N/V

Weakly coupled system

R 345.47 kQ L; 47 mH

L 31.18 kH Cr 10 uF

C 0.27 nF w 21 x 54.8 Hz
Cp 45.7 nF Acceleration 4.9 m/s?

Ry 1533.47 kQ Schottky diode SS16

5 —0.6 MOSFET  Vishay Si4590DY
o 0.37 x 1073 N/V

cover areas and beam thicknesses. The parameters of the two
systems are shown in Table I. They are calibrated to have sim-
ilar resonance frequencies by adding magnets as tip masses.
They are excited by a shaker under the same base acceleration
separately. A coil as an electromagnetic sensor is mounted
on the excitation base in adjacent to the magnetic tip mass
to sense the vibration velocity for the synchronized switching
actions. The coil’s output voltage is further used as an interrupt
signal of an MSP430 microcontroller (Texas Instruments Inc.)
to carry out the synchronized switch actions. The switching

phase ¢ can be easily tuned by coding the microcontroller
according to the sensed vibration condition [33], [42].

B. Results

We firstly verify the phase variable control with different
interface circuits. Corresponding to Fig. 6, Fig. 12 shows the
snapshots of experimental waveform from the oscilloscope.
It can be seen that by imposing a time delay with respect to
the current ij, crossing zero point, a lead or lag switching phase
can be achieved experimentally. Base on this, Fig. 13 shows
the harvested power P, under different operation frequencies
and switching phase ¢ for SEH, PV-SSHI, and PV-SECE. For
the chosen switching phase ¢, operation frequency w, and
base excitation acceleration, the theoretical harvested power
is calculated by inserting (22) into (14). By varying the load
resistance R; or the rectified voltage V,, a power curve is
obtained for the chosen switching phase ¢ and operation
frequency w. The maximum harvested power of the power
curve is selected as the theoretical harvested power, which
forms a single harvested power data point in Fig. 13. From an
experimental perspective, the measurements of the harvested
power are automatically conducted by a Matlab program with
a data acquisition program for the signal measurements and
serial port control for an electromagnetic relay with different
load resistance R; as shown in Fig. 11(b). The rectified voltage
V, on the capacitor C, is captured with an oscilloscope after
a stable output with different load conditions. The internal
impedance of the probes used in the power measurements
is considered for the power calculations. With the above
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Fig. 13. Harvested power Pj, under different switching phases and coupling intensities. (a)-(c) Strongly coupled system; (d)-(f) Weakly coupled system;

(a) and (d): SEH; (b) and (e): PV-SECE,; (c) and (f): PV-SSHI.

calculations and testing procedures, the results of the theoret-
ical and experimental harvested power show good agreement
in Fig. 13.

The ¢ = 0 cases are the original P-SSHI or SECE. Awg
and Awgpg represent the half-power bandwidth of the selected
circuit and the SEH bridge rectifier referenced bandwidth,
respectively. Fig. 13(a)-(c) are under a strong coupling con-
dition. The coupling points are in the attainable impedance
range of SEH and PV-SSHI. Therefore they both reached the
output power limit. From the detailed view of SEH shown in
Fig. 13(a), there are two power peak frequencies, which recall
the two intersections with the mechanical impedance line in
Fig. 9(f). And for PV-SECE shown in Fig. 13(b), it only has
one tunable parameter ¢, the electrical impedance is outside
the mechanical impedance line when ¢ = 0, which explains
the reason why its power performance is inferior to SEH and
PV-SSHI. However, with a lead or lag switching phase, the
electrical impedance of PV-SECE can approach the mechani-
cal coupling points. Therefore, the harvested power has been
enhanced by phase variable technology. Also, its half-power
bandwidth Awpgys is 141% broader than the original SECE.
Compared with PV-SECE, PV-SSHI reaches the output power
limit, as shown in Fig.13(c), the Awgy of PV-SSHI is 154%
broader than the original P-SSHI.

Fig. 13(d)-(f) are taken under a weak coupling condition.
From SEH to PV-SECE and then to PV-SSHI, P, has been
increased. The reason is that under the weak coupling condi-
tion, advanced interface circuits like PV-SSHI have a more
extensive attainable impedance range which helps to reach
or get close to the mechanical impedance. Nevertheless, the
coupling condition also restrains the bandwidth tuning ability
provided by phase variable technology. Given the evidence
in Fig. 9(d), under weak coupling conditions, a phase lead
or lag in PV-SECE and PV-SSHI decreases the equivalent
damping induced by the interface circuits, restraining the
impedance matching contribution toward higher output power.

Thus the broadband effect is not significant. This case shows
that the applicable range of the phase variable control lies
in the moderate to strong coupling systems for PV-SECE
and PV-SSHI. On the other hand, the BB performance under
weakly coupling cases might be enhanced by using a more
powerful power conditioning circuit, such as PV-P-S3BF [42].
In general, from Fig. 13, the bandwidth-broadening effect
of phase variable control is validated under two coupling
conditions. The understanding is consistent with that obtained
in the previous studies [19]. The equivalent impedance model
gives a more organic and compatible model to describe the
electromechanical dynamics of a PEH system.

VI. CONCLUSION

In conclusion, this paper has proposed an impedance-based
modeling method to study the bandwidth-broadening effect
in PEH systems using phase-variable synchronized bias-flip
circuit technology under different coupling conditions. Both
the electrically induced damping and electrically induced
stiffness/mass can be tuned in operation simultaneously, but
not separately in existing solutions. The impedance matching
method has elucidated and quantified the intricacies of elec-
tromechanical joint dynamics and power performance when
either PV-SSHI or PV-SECE is used. The influence of the
dielectric loss effect on impedance matching has also been
analyzed from a practical perspective. Experiments were car-
ried out to validate the theoretical analysis. The proposed
solution and analysis provide new insight into the designs of
broadband and high-capability PEH systems.
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