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A B S T R A C T

The article studies the piezoelectric frequency up-converted energy harvester endowed with an
SP-SECE (self-powered synchronized electric charge extraction) interface circuit. The harvester
device comprises a piezoelectric cantilever beam whose tip magnet is impulsively excited by
another magnet fixed on a rotating plate. Energy is therefore harvested by resonant vibration
of a beam excited at certain discrete driving frequencies. Three aspects are discussed here,
including the frequency up-conversion for conditionally resonant power, electrically induced
damping for matching impedance and reducing power ripples, and SP-SECE’s implementation
for power extraction under shock excitations. Precisely, a theoretical model based on the Fourier
decomposition of magnetic force is developed for realizing the phenomenon of frequency up-
conversion. The SECE electrically induced damping is derived by considering the conversion
of energy to electricity in analogy to the dissipation process of a linear mechanical damper.
In addition, a novel electronic breaker is implemented for reducing the switching delay
effect and enhancing the range of operating voltage. Finally, two experiments are prepared
for performance evaluation. The results show the good agreement between the theoretical
predictions and the experimental observations. Further, the first one with parameters close to
the impedance matching criterion confirms the SECE power outperforms that based on the
standard interface. The second one with the SECE electrically induced damping larger than the
mechanical damping, the power ripples observed in the SECE case are much more suppressed
than that based on the standard interface. Thus, the properties of load-independence and low
power fluctuations make the SECE-based frequency up-converted harvester superior in powering
sensor nodes operated at around 2–5 volt.

. Introduction

With the flourish of the data-driven artificial intelligence, the demand of the sensors network for data acquisition is expected
o grow nowadays. These sensors are typically powered by electrochemical batteries, giving rise to an issue of an effective
ower supply as the networks increase in number and the devices decrease in size. Therefore, harnessing energy from sensors’
perating environments has received significant attention as a viable alternative solution to batteries. While there are many
mbient sources available for power generation, mechanical vibration is a promising potential power source since it is ubiquitous
nd abundant enough to be of use [1]. In particular, vibrational energy harvesting based on piezoelectric elements has received
orldwide research efforts for decades due to various reasons [2]. These incorporate the features of high electromechanical coupling,

onvenience in scalability, and high voltage output suitable for designing power conditioning circuits. Hence, tremendous progresses

∗ Corresponding author.
E-mail address: yichung@iam.ntu.edu.tw (Y.C. Shu).
888-3270/© 2022 Elsevier Ltd. All rights reserved.

ttps://doi.org/10.1016/j.ymssp.2022.109123
eceived 27 November 2021; Received in revised form 14 February 2022; Accepted 30 March 2022

http://www.elsevier.com/locate/ymssp
http://www.elsevier.com/locate/ymssp
mailto:yichung@iam.ntu.edu.tw
https://doi.org/10.1016/j.ymssp.2022.109123
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymssp.2022.109123&domain=pdf
https://doi.org/10.1016/j.ymssp.2022.109123


Mechanical Systems and Signal Processing 177 (2022) 109123Y.C. Lo and Y.C. Shu

W
a
o
s
f
f
a
o
a
m

e
i
a
a
t
d
c
i
e
T
t
p
a

e
n
p
s
a
e
t
A
e
T
s
l
t
I
e
h

e
p
d
t
f
(
t
p
c
t
p
e
I
a
d

advancing this technology have been reported by numerous researchers from many aspects. These include the theoretical analysis
of electromechanical response [3–5] and the conversion efficiency for performance evaluation [6], the harvester designs suitable for
energy extraction from various ambient environments [7–9], the search of materials for high electromechanical coupling [10,11],
and the energy harvesting circuits for maximum power transfer to the load [12–14].

The aforementioned works are mainly built on resonant vibration, giving rise to the high power at the cost of narrow bandwidth.
hile there have been various techniques for enlarging the operational bandwidth such as resonance-tuning [15–17], harvester

rrays [18–20], multimodal structures [21,22] and the nonlinear harvesters [23–25], the restriction of matching frequency imposed
n the dominating frequency spectrum of the excitation sources is still not removed in most of these techniques. Thus, they are not
uitable for miniaturized energy harvesters located at the environment with low frequency of motion. Instead, a popular technique
or removing such a restriction is based on the mechanism of frequency up-conversion (FUC) [26]. It is capable of transforming low
requency of excitation into high frequency of resonant vibration of the transducer, giving rise to a resonating harvester operated in
non-resonant fashion. Thus, the remaining problem is how the resonance is induced effectively from the smaller-frequency motion
f ambient source. This requires different strategies. Typically, the impact [27–29] and plucking [30–32] are the two common
pproaches for enabling frequency-up. Both have shown unique advantages in specific working environments, but the latter based on
agnetic plucking has gained increasing attention due to the creation of contactless energy transfer by reciprocating excitation [26].

In addition to designing suitable harvester structures, the consideration of an interface circuit connecting the piezoelectric
lement to the terminal load is critical for enhancing power performance. The most popular ones include the standard (STD)
nterface circuit commonly used for AC/DC conversion [33], the synchronized switching harvesting on an inductor (SSHI) [12]
nd the synchronized electric charge extraction (SECE) [34] as impedance modifiers. Indeed, the SSHI technique can theoretically
chieve the impedance-matching power at the cost of requiring the maximum power point tracking. The SECE circuit exhibits
he load-independent property, and therefor, is suitable for low-power-consumption sensors. But the majority of these circuits are
esigned for harvesters excited harmonically. Few of them is suitable for shock excitations. Indeed, Liu et al. proposed an interface
ircuit based on a buck–boost converter utilized for replacing the storage capacitor of the standard circuit [35]. They showed the
ncrease of harvested power up to 55% higher than that based on the STD interface operated under a low-frequency vibration
nvironment. Morel et al. presented an SP-SECE (self-powered SECE) circuit suitable for a piezoelectric harvester under shock [36].
hey applied the CMOS technology to minimize the electrical power consumption and showed 420% more energy than that based on
he STD interface from shock excitations. In addition, Fu et al. combined the beam plucking method and an SSHI circuit for studying
iezoelectric energy harvesting [37]. They found the power fluctuations were reduced for plucking harvesters at high frequencies,
nd extended their approach to the nonlinear oscillator with the property of bi-stability [38].

The article studies the electrical response of an SECE-based piezoelectric energy harvester operated under the reciprocating
xcitation. Specifically, the tip magnet of a piezoelectric cantilever beam fixed on a stationary base is impulsively plucked by a
earby revolving magnet mounted on a rotating host. Thus, it is an FUC harvester extracted energy from the non-contact magnetic
lucking. In comparison with the electromagnetic conversion suitable for less demanding dimensional constraints and high rotating
peed cases, piezoelectric transduction combined with FUC mechanism is ideal for small-scale energy harvesters and low-frequency
pplications [39]. As a result, the latter has shown recent successes in the health monitoring of smart bearings [40], wrist-worn
nergy harvesting [41,42] and the machine learning-based diagnostics of a timing belt by an SECE energy sensor [43]. Next, from
he circuitry point of view, the present type of the FUC harvester has been explored according to various interface circuits, such as
C [32,44], STD [45–47] and SSHI [37] interfaces. Here, the interface SECE is chosen because of the following advantages. First, the
lectromechanical coupling of a centimeter size of piezoelectric device manufactured by MEMS processing typically is small [48].
hus, the increase of output power can be realized by nonlinear circuit techniques such as SECE and SSHI. Second, it has been
hown that SECE is superior to SSHI in the case of shock excitation [36]. Third, when it comes to resonant operation induced by
ow frequency of plucking, it typically refers to the excitement of the first resonant mode. But a recent interesting discovery shows
he feasibility of inducing different resonant modes simultaneously in an FUC harvester under the two-point magnetic plucking [46].
t raises an issue of different optimal loads for distinct resonant modes. This concern is alleviated due to the low load dependence
njoyed by the SECE strategy. Thus, a need for further investigation of an FUC harvester based on SECE is essential and is studied
ere.

The article is presented from several perspectives, including the realization of frequency up-conversion, the introduction of
lectrically induced damping for reducing power fluctuations, and the design of a novel self-powered SECE. The previous two are
resented in Section 2 where the analytic expressions of SECE-based power and electrically induced damping ratio are explicitly
erived and expressed in terms of system parameters. The circuit design and implementation are presented in Section 3. Note
hat this issue for realizing the SP-SECE was studied by various works [36,49,50]. Its variants were also proposed in various
orms of circuit topologies, such as SP-OSECE (optimized SECE) [51], C-SP-SECE (compact self-powered SECE) [52] and SP-ESECE
efficient SECE) [53]. Most of them were designed based on rectilinear harmonic excitations, giving rise to critical issues regarding
o the precise initiation of SECE switching and extremely high peak voltage induced by shock excitation. Indeed, Morel et al. has
roposed the logic circuit to achieve the SECE switching control [36]. Their approach allows the realization of the synchronous
onditioning circuit on a chip through the CMOS technology at low power overhead. However, the proposed design cannot sustain
he piezoelectric voltage higher than 10 volt due to the limitation of the circuit fabrication process. Instead, our beam harvester
ermits the generation of high peak voltage up to 40 volt due to the magnetic impulsive force acting on the beam tip. Therefore, the
lectronic-breaker-based circuit design made of discrete circuit components is adopted here for sustaining high peak voltage [54,55].
ts performance on reducing switching delay is improved by the voltage divider design and the MOS-based SECE switch adoption,
s detailed in Section 3. Finally, the experimental setup for performance evaluation is presented in Section 4. The results are
2

iscussed in Section 5 and the conclusions are made in Section 6.
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Fig. 1. (a) A piezoelectric cantilever beam is impulsively excited each time when the rotational magnet 𝐵 from the rotating plate approaches to its tip magnet
𝐴. (b) The harvester beam is attached to an SECE interface circuit.

2. Model

2.1. Magnet plucking force and reduced formulation

A piezoelectric cantilever beam is considered and clamped on a stationary base. Its tip magnet 𝐴 is interacted with another
magnet 𝐵 placed on a circular rotating plate, as shown in Fig. 1(a). It undergoes a stronger impulsive response each time when the
rotational magnet 𝐵 from the rotating plate is approaching to the tip magnet 𝐴. The magnetic force acting on the magnet 𝐴 can be
formulated below based on the model of dipole–dipole interaction [45]

𝑓 (𝑡) = 𝑎𝑚
𝑍𝑟(𝑍𝑟

2 − 3
2𝑑

2)

(𝑍𝑟
2 + 𝑑2)

7
2

, 𝑑2 = 2[1 − cos (𝑤𝑑 𝑡)]𝐿𝑟
2, (1)

where 𝑍𝑟 is the perpendicular distance between the magnets 𝐴 and 𝐵, 𝐿𝑟 is the radius of revolution of the magnet 𝐵, 𝑤𝑑 is the angular
driving frequency of the rotating plate and 𝑎𝑚 is the coefficient of the magnetic force. According to the study of Shu et al. [45],
the force 𝑓 (𝑡) is shown to be impulsive-like and is much sharper when the ratio 𝑍𝑟

𝐿𝑟
is getting smaller and smaller, as demonstrated

in the bottom right of Fig. 1(a). Due to the periodic excitation by rotary magnetic plucking, the Fourier technique is applied to the
impulsive function 𝑓 (𝑡) for analyzing the phenomenon of frequency up-conversion. Indeed, consider the Fourier cosine expansion
of 𝑓 (𝑡) defined by Eq. (1)

𝑓 (𝑡) =
∑

𝑛
𝑓𝑛 cos (𝑛𝑤𝑑 𝑡), 𝑓𝑛 =

2𝑤𝑑
𝜋 ∫

𝜋
𝑤𝑑

0
𝑓 (𝑡) cos (𝑛𝑤𝑑 𝑡)𝑑𝑡, (2)

where 𝑓𝑛 are the Fourier cosine coefficients of 𝑓 (𝑡). It can be shown that 𝑓𝑛 remains non-vanishing for sufficiently larger number
of 𝑛 if the ratio 𝑍𝑟

𝐿𝑟
is small to make sure 𝑓 (𝑡) is sharp enough to approximate the Delta function. In addition, Eq. (2) suggests the

resonant vibration of the harvester beam could be achieved as long as 𝑛𝑤𝑑 ≈ 𝑤res, where 𝑤res is the resonant angular frequency
of the piezoelectric beam. The device therefore exhibits the phenomenon of the 𝑛th frequency up-conversion transforming the low
rotational driving frequency into the high resonant vibration.

Finally, under the circumstance of 𝑤𝑑 ≈ 𝑤res
𝑛 for certain integer 𝑛, Shu et al. have shown that the electromechanical response of

the device can be described by the following reduced formulations [45]

𝑀𝑢̈(𝑡) + 𝜂𝑚𝑢̇(𝑡) +𝐾𝑢(𝑡) + 𝛩𝑉𝑝(𝑡) = 𝑓𝑛 cos (𝑛𝑤𝑑 𝑡), (3)

−𝛩𝑢̇(𝑡) + 𝐶𝑝𝑉̇𝑝(𝑡) = −𝑖𝑝(𝑡), (4)

where 𝑢(𝑡) is the displacement of 𝑀 , 𝑉𝑝(𝑡) the piezoelectric voltage and 𝑖𝑝(𝑡) the current flowing into the specified circuit. In addition,
𝜂𝑚, 𝐾, 𝛩 and 𝐶𝑝 are the effective mechanical damping coefficient, the stiffness, the piezoelectric coefficient and the capacitance of
the piezoelectric beam. Hence, we can imitate the familiar case of a piezoelectric harvester under the rectilinear harmonic excitation
to solve the simplified formulations as in Eq. (3) and Eq. (4). Note that Eq. (3) and Eq. (4) are not sufficient to solve three unknowns
𝑢(𝑡), 𝑉 (𝑡) and 𝑖 (𝑡). The result depends on what the electronic interface circuit is chosen, as will be described next.
3
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Fig. 2. (a) An equivalent circuit model of a piezoelectric energy harvester attached to an SECE circuit. (b) The waveforms of the piezoelectric voltage and the
displacement of the harvester under the SECE conditioning processes. Notice that the SECE operations include three steps: the opening of the switch during the
open-circuit excitation (the blue voltage curve in (b) and the yellow current flow in (c)); the close of the switch when the displacement achieves the extreme
value (the red voltage curve in (b) and the yellow current flow in (d)); the re-opening of the switch for charge transfer from the inductor to the load (the yellow
color in (b) and the yellow current flow in (e)).

2.2. SECE interface circuit

The harvester device is attached to an SECE interface circuit which is suitable for impulsive-like or irregular excitations due to
its load-independent property [36,56]. It is schematically shown in Fig. 1(b). Specifically, the SECE circuit is composed of a bridge
rectifier to rectify the piezoelectric voltage 𝑉𝑝 into |

|

|

𝑉𝑝
|

|

|

and a DC/DC converter to rectify the voltage |

|

|

𝑉𝑝
|

|

|

into a stable DC voltage 𝑉𝑜𝑢𝑡.
In addition, the DC/DC converter is composed of a switch 𝑄SECE, an inductor 𝐿SECE, a flyback diode 𝐷SECE, a smoothing capacitor
𝐶𝑒 and a loading resistance modeled by a resistor 𝑅𝐿.

The operation principle of an SECE circuit is schematically described by Fig. 2(a)-Fig. 2(e) with a brief explanation provided
below. First, Eq. (3) and Eq. (4) can be interpreted from the circuitry point of view by introducing an equivalent 𝑅∗𝐿∗𝐶∗ circuit
model shown in Fig. 2(a). The analogy is established by defining several equivalent circuit parameters [18]

𝑅∗ =
𝜂𝑚
𝛩2

, 𝐿∗ = 𝑀
𝛩2

, 𝐶∗ = 𝛩2

𝐾
, 𝑉 source

𝑖 (𝑡) =
𝑓𝑛
𝛩

𝑒𝑗𝑛𝑤𝑑 𝑡, 𝑗2 = −1, (5)

as resistor, inductance, capacitance, voltage source and the transformer with ratio 1
𝛩 , respectively. The typical waveforms of 𝑢(𝑡) and

𝑉𝑝(𝑡) are schematically shown in Fig. 2(b) where three stages of an SECE conditioning process are presented by different colors. First,
the harvester is vibrated under the open-circuit condition, giving rise to the charging on the clamped capacitor 𝐶𝑝 with increasing
𝑉𝑝. It is realized by the blue curve shown in Fig. 2(b) and the yellow current flow shown in Fig. 2(c). Second, the SECE switch is
conducted whenever the displacement 𝑢(𝑡) of the harvester achieves the extreme value. The process is described by the red curve
shown in Fig. 2(b) and the yellow current flow from the clamped capacitance 𝐶𝑝 to the inductor 𝐿SECE as demonstrated in Fig. 2(d).
Physically, the energy on the clamped capacitor is transferred to the inductor in this process. Notice that the conduction time is
extremely short and the estimate of it is about 𝛥𝑡 = 𝜋

2

√

𝐿SECE𝐶𝑝. This explains the slope of the red line shown in Fig. 2(b) is
extremely steep. Finally, the switch is immediately open after one fourth of the period of resonant oscillation with the current flow
illustrated by the yellow arrow in Fig. 2(b). As the current in the inductor must be continuous, the current flows through the flyback
diode 𝐷SECE to charge the load resistance, as shown in Fig. 2(e).

The SECE-based energy harvesting for a single (multiple) piezoelectric oscillator(s) excited under rectilinear excitation has been
studied by Tang and Yang [57] (Wu et al. [18]). Based on their result (see Eq. (35) in [57]), the power output derived from Eq. (3)
and Eq. (4) can be shown to be

𝑃 SECE
ℎ = 2𝛩2

𝜋𝐶𝑝
(𝑛𝑤𝑑 )

𝑓 2
𝑛

{

[

(𝑛𝑤𝑑 )𝜂𝑚 + 4𝛩2

𝜋𝐶𝑝

]2
+
[

𝐾 − (𝑛𝑤𝑑 )2𝑀 + 𝛩2

𝐶𝑝

]2
} (6)

for some integer 𝑛 such that 𝑛𝑤𝑑 ≈ 𝑤res. For the purpose of comparison with the standard (STD) energy harvesting circuit consisting
of a full-bridge rectifier followed by a smoothing capacitor for AC/DC conversion, the output power derived by Shu and Lien [33]
4
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i
𝑤
b

𝑍

is

𝑃 STD
ℎ =

(𝑛𝑤𝑑 )2𝛩2𝑅𝐿
[

𝜋
2 + (𝑛𝑤𝑑 )𝐶𝑝𝑅𝐿

]2

𝑓 2
𝑛

⎧

⎪

⎨

⎪

⎩

[

(𝑛𝑤𝑑 )𝜂𝑚 + 2(𝑛𝑤𝑑 )𝛩2𝑅𝐿
[

(𝑛𝑤𝑑 )𝐶𝑝𝑅𝐿+
𝜋
2

]2

]2

+

[

𝐾 − (𝑛𝑤𝑑 )2𝑀 + (𝑛𝑤𝑑 )𝛩2𝑅𝐿
[

(𝑛𝑤𝑑 )𝐶𝑝𝑅+
𝜋
2

]

]2⎫
⎪

⎬

⎪

⎭

. (7)

n contrast to Eq. (7) whose expression shows the dependence on the load 𝑅𝐿, Eq. (6) confirms that the SECE-based power output
xhibits the property of load independence.

.3. Maximum power point and electrically induced damping ratio

A typical feature of a frequency up-converted harvester is the exhibition of ripples characterized by numerous crests and troughs
n its power frequency response, as illustrated in Figs. 11 and 12. The crest associated with the 𝑛th peak of power evaluated at
𝑑 = 𝑤res

𝑛 can be estimated by analyzing the resonant power. The trough viewed as the depth of power fluctuation can be improved
y enlarging bandwidth through the induced electrical damping ratio introduced in the second part of this section.

First, the optimal power and its operating points can be obtained by the analysis of impedance matching. The overall impedance
𝑚 of the mechanical domain shown in Fig. 2(a) can be evaluated by the equivalent circuit model characterized by Eq. (5)

𝑍𝑚 = 𝑅∗ + 𝑗
(

𝑤𝐿∗ − 1
𝑤𝐶∗

)

, (8)

where 𝑤 = 𝑛𝑤𝑑 . The impedance of the electrical domain depicted in the right side of Fig. 2(a) has been shown to be (see equation
(21) in [18])

𝑍SECE
𝑒 = 4

𝜋𝑤𝐶𝑝
− 𝑗 1

𝑤𝐶𝑝
. (9)

The maximum power and its operating points are therefore realized by

𝑃max =
|𝑉𝑠|2

8Re[𝑍𝑚]
|

|

|

Re[𝑍𝑚]=Re[𝑍SECE
𝑒 ], Im[𝑍𝑚]=−Im[𝑍SECE

𝑒 ], (10)

where Re[⋯] and Im[⋯] are the real and imaginary parts of the given complex variable. Let the alternative electromechanical
coupling factor 𝑘2𝑒 , mechanical damping ratio 𝜁𝑚, nondimensional electric resistance 𝑟 and frequency ratio 𝛺 be defined by

𝑘2𝑒 =
𝛩2

𝐾𝐶𝑝
, 𝜁𝑚 =

𝜂𝑚
2
√

𝑀𝐾
, 𝛺 = 𝑤

𝑤sc
, 𝑟 = 𝐶𝑝𝑅𝐿𝑤sc, (11)

where 𝑤sc =
√

𝐾
𝑀 is the short-circuit resonant angular frequency. Eq. (10) can therefore be simplified to give the maximum power

𝑃max =
𝑓 2
𝑛

8𝜂𝑚
(12)

evaluated at the matching criterion provided in terms of aforementioned dimensionless parameters

𝜁𝑚 = 1
𝛺

𝑘2𝑒
𝜋
2

, 𝛺 =
√

1 + 𝑘2𝑒 . (13)

There are two observations drawn from the matching conditions. First, Eq. (13) shows that the criterion is independent of load
resistance, as expected. Second, Eq. (13) can be re-examined by introducing the electrically induced damping ratio 𝜁𝑒 so that the
conversion of energy to electricity is similar to the dissipation process experienced by a linear mechanical damper [6]. In other
words, the total damping ratio 𝜁tot of a linear damper is the sum of 𝜁𝑚 and 𝜁𝑒. In addition, the efficiency of mechanical to electrical
energy conversion can be defined in terms of the ratio 𝜁𝑒 to 𝜁tot by [6]

eff = 𝑊 𝑒

𝑊 𝑚 +𝑊 𝑒 =
𝜁𝑒

𝜁𝑚 + 𝜁𝑒
, (14)

where 𝑊 𝑒 and 𝑊 𝑚 are the time-averaged power dissipated across the electrical load and the power dissipated due to the mechanical
damping, respectively. Following the approach proposed by Shu and Lien [6] for the case of the standard interface circuit, the
efficiency of the SECE-based system is obtained by

eff =
1
2𝐶𝑝𝑉 2

𝑀
𝜋
2𝑤𝜂𝑚𝑢02 +

1
2𝐶𝑝𝑉 2

𝑀

, (15)

where 𝑢0 is the amplitude of the displacement 𝑢(𝑡) and 𝑉𝑀 is the magnitude of the piezoelectric voltage 𝑉𝑝 on the capacitance 𝐶𝑝
when the harvester is harmonically excited under the open-circuit condition. Both are related by 𝑉𝑀 = 2𝛩

𝐶𝑝
𝑢0 obtained by integrating

Eq. (4) over one-half period of excitation under 𝑖𝑝(𝑡) = 0 (see equation (9) in [57]). Therefore, Eq. (15) can be written as

eff =
2
𝜋

𝑘2𝑒
𝛺

2 𝑘2𝑒
, (16)
5

𝜁𝑚 + 𝜋 𝛺



Mechanical Systems and Signal Processing 177 (2022) 109123Y.C. Lo and Y.C. Shu
Fig. 3. (a) The electrically induced damping ratio 𝜁𝑒 is plotted against the load 𝑅𝐿 for the SECE (red color) and STD (green color) interface circuits. Both curves
will move upward by increasing 𝑘2𝑒

𝜁𝑚
. (b) The resonant power is plotted against 𝑘𝑒

2

𝜁𝑚
for the SECE (red color) and STD (green) interfaces. The horizontal straight

blue line represents the upper bound of power when the impedance matching is achieved.

Fig. 4. The power frequency responses are plotted and evaluated under various magnitudes of 𝑘2𝑒
𝜁𝑚

for the SECE interface as in (a) and the STD interface as in

(b), respectively. The thick red curves are those evaluated at 𝑘2𝑒
𝜁𝑚

= 𝜋
2

and the thick blue dashed curves are those evaluated at 𝑘2𝑒
𝜁𝑚

= 5. Notice that the dark blue
dashed curves are the envelopes of the peaks of power.

and the comparison between Eq. (14) and Eq. (16) gives

𝜁SECE𝑒 = 2
𝜋
𝑘2𝑒
𝛺

. (17)

It follows that the criterion for impedance matching in Eq. (13) can be re-formalized to be

𝜁𝑚 = 𝜁SECE𝑒 = 2
𝜋
𝑘2𝑒
𝛺

(SECE impedance criterion), (18)

operated at the open-circuit resonant angular frequency 𝑤oc =
√

1 + 𝑘2𝑒𝑤sc.

For the purpose of comparison, the electrically induced damping ratio 𝜁STD𝑒 based on the standard (STD) interface circuit is (see
equation (21) in [6])

𝜁STD𝑒 =
𝑟𝑘2𝑒

(

𝑟𝛺 + 𝜋
2

)2
. (19)

Fig. 3(a) shows the typical plots of the electrically induced damping ratio 𝜁𝑒 against the load 𝑅𝐿 for both SECE and STD interfaces
assuming 𝛺 ≈ 1 in the case of the weak/medium electromechanical coupling. Obviously, 𝜁SECE𝑒 is a horizontal straight line in
Fig. 3(a) since its expression is independent of load resistance from Eq. (17). In contrast, 𝜁STD shows the strong dependence on the
6
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Table 1
Validation of Eq. (21) describing the relation between the total damping ratio (𝜁𝑚 + 𝜁𝑒) with the estimated power bandwidth for the
SECE and STD interfaces.

𝑘2𝑒
𝜁𝑚

SECE STD

𝜁𝑚 𝜁SECE𝑒 2(𝜁𝑚 + 𝜁SECE𝑒 ) 𝛥𝑓
𝑓res

err 𝜁𝑚 𝜁STD𝑒 2(𝜁𝑚 + 𝜁STD𝑒 ) 𝛥𝑓
𝑓res

err

𝑘2𝑒
𝜁𝑚

= 𝜋
2

0.034 0.034 0.136 0.144 5.5% 0.034 0.0085 0.085 0.091 6.5%
𝑘2𝑒
𝜁𝑚

= 5 0.034 0.117 0.302 0.283 6.7% 0.034 0.031 0.13 0.121 7.4%

load, and its maximum evaluated at 𝑟 = 𝜋
2 is

max
𝑟

𝜁STD𝑒 = 1
4
𝑘2𝑒
𝜋
2

= 1
4
𝜁SECE𝑒 . (20)

hus, given an energy harvester with fixed 𝑘2𝑒 , 𝜁SECE𝑒 is at least 4 times larger than 𝜁STD𝑒 , as schematically illustrated in Fig. 3(a). A
onsequence of this fact is that the impedance matching is achieved earlier in the SECE case than the STD case when 𝑘2𝑒 is gradually
ncreased to the value 𝜋

2 𝜁𝑚 to guarantee 𝜁SECE𝑒 = 𝜁𝑚, as in Eq. (18). It can also be seen in the yellow circle marked at the peak of

he SECE power evaluated at 𝑘2𝑒
𝜁𝑚

= 𝜋
2 in Fig. 3(b) where the normalized power 𝑃 ℎ =

(

𝑤sc𝑀
𝑓2
𝑛

)

𝑃ℎ is plotted against the parameter
𝑘2𝑒
𝜁𝑚

for both SECE and STD cases. When the ratio 𝑘2𝑒
𝜁𝑚

is increased and greater than 𝜋
2 , Fig. 3(a) demonstrates 𝜁SECE𝑒 > 𝜁𝑚 and 𝜁STD𝑒 is

lso increased from the bottom to approach 𝜁𝑚. It results in the reduction of the SECE power and the increase of the STD power, as
hown in Fig. 3(b).

Next, the aforementioned discussions are mainly focused on the matching conditions for the optimal power and its variations
ue to the mismatch between 𝜁𝑒 and 𝜁𝑚. Another key factor for designing FUC harvesters is the reduction of power ripples often seen
n the power frequency response. The depth of the power fluctuation can be reduced by requiring a wider bandwidth. A common
ndicator for estimating the frequency bandwidth is the half-power bandwidth 𝛥𝑓 originally proposed by Papagiannopoulos et al.
ithout considering the piezoelectricity and circuitry [58]. Their formulation is employed by assuming the replacement of 𝜁𝑚 with
tot

𝛥𝑓
𝑓res

≈ 2𝜁tot = 2(𝜁𝑚 + 𝜁𝑒), (21)

here 𝑓res(=
1
2𝜋 𝑤res) is the resonant frequency of the device. To see how Eq. (21) works for the present situation, consider the

ormalized power frequency response shown in Fig. 4(a) and Fig. 4(b) for the SECE and STD interfaces, respectively. First, the
ark blue dashed curve in Fig. 4 represents the connection of all peaks of power evaluated at various magnitudes of 𝑘2𝑒 . The red

and blue curves are those corresponding to different ratios 𝑘2𝑒
𝜁𝑚

= 𝜋
2 and 𝑘2𝑒

𝜁𝑚
= 5, respectively. The former is the case of 𝜁SECE𝑒 = 𝜁𝑚

for impedance matching in the SECE interface, while the latter is an illustration of the case 𝜁SECE𝑒 > 𝜁𝑚. Table 1 lists the error of
estimating 𝛥𝑓

𝑓res
based on the total damping ratio as in Eq. (21) for 𝑘2𝑒

𝜁𝑚
= 𝜋

2 and 5, respectively. The results are satisfactory as the
errors are within the range between 5%–7% for both SECE and STD interface circuits.

A consequence of Eq. (21) is that the size of power ripples in the frequency response can be adjusted through the control of the
electrically induced damping ratio 𝜁𝑒. Indeed, from Table 1,

⎛

⎜

⎜

⎜

⎝

𝛥𝑓 | 𝑘2𝑒
𝜁𝑚

=5

𝛥𝑓 | 𝑘2𝑒
𝜁𝑚

= 𝜋
2

⎞

⎟

⎟

⎟

⎠SECE

= 0.283
0.144

≈ 200% >

⎛

⎜

⎜

⎜

⎝

𝛥𝑓 | 𝑘2𝑒
𝜁𝑚

=5

𝛥𝑓 | 𝑘2𝑒
𝜁𝑚

= 𝜋
2

⎞

⎟

⎟

⎟

⎠STD

= 0.121
0.091

≈ 130%. (22)

herefore, the enlargement of bandwidth by adjusting 𝜁𝑒 is much more significant in the SECE case than in the STD case at the cost
f less amount of power. This theoretical analysis will be used for designing SECE-based frequency up-conversion energy harvester
ith small power ripples, as described in Section 5.

. Novel electronic breaker SECE

In the case of rectilinear harmonic periodic excitations, the magnitude of piezoelectric voltage across the piezoelectric element
emains fixed as illustrated in Fig. 2(b). However, it is not fixed and is continuously damped under shock excitations, as in the present
ase under the rotary magnetic plucking. Thus, the time intervals within two adjacent peak voltages are not uniform, causing the
ifficulty in implementing the SECE technique. It therefore requires a new controller circuit for initiating the switching events. Here,
novel electronic breaker (NEB) is proposed for controlling a buck–boost converter operated under the discontinuous conduction
ode for DC to DC rectification. Its control topology is shown in Fig. 5(a) whose function can be described by 4 control blocks
amed A, B, C and D as shown in Fig. 5(b). Specifically, the blocks A and B comprise the RC filter and another two blocks C and D
omprise two ideal switches for controlling the SECE switch marked by the yellow color in Fig. 5. The operations of the proposed
7

ovel electronic breaker can be classified into three steps schematically illustrated in Fig. 5(c)-Fig. 5(e) where the flow of the current
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Fig. 5. (a) The topology of the proposed self-powered SECE circuit. (b) Schematic of the novel electronic breaker which consists of four control blocks, denoted
by A, B, C and D. Its operation is classified into three steps: the open-circuit state as in (c), the resonant state as in (d) and the charging state as in (e).

Fig. 6. (a) Schematic of a conventional electronic breaker. (b) Schematic of the novel electronic breaker (NEB) with MOS switch replacement and a new control
block D. (c) The circuit schematic of the self-powered NEB-SECE.

is marked by red color arrows. First, when the piezoelectric oscillator is excited at the open-circuit condition to boost the voltage
as demonstrated by the blue curve in Fig. 2(b), Fig. 5(c) shows that three switches are open and the RC filter is charged. Next,
when the piezoelectric voltage reaches the extreme value, Fig. 5(d) indicates that all of the switches are activated by the energy
previously accumulated on the capacitor in the RC filter. This corresponds to the second stage marked by the red curve in Fig. 2(b),
and the energy on the piezoelectric clamped capacitance is converted to the inductor by the LC oscillation. Finally, Fig. 5(e) shows
that the charge on the input capacitor is recovered to zero for disconnecting the SECE switch again. As a result, the inductor charge
is transferred to the load resistance as also illustrated in the third stage of Fig. 2(b).

Before the specific description of implementing NEB in SECE, it is noted the electronic breaker switching method applied to
nonlinear energy harvesting interfaces was originally proposed by Lallart and Guyomar [13]. Fig. 6(a) is an illustration of their
proposed electronic breaker circuit which has been shown to be efficient in charging control for self-powered vibration harvesters.
However, there are two drawbacks in the original design of the electronic breaker circuit. First, the BJT switch shown in the bottom
of Fig. 6(a) exhibits the larger switch resistance than the MOS switch during conduction. In addition, the traditional electronic
breaker exhibits the switching delay to conquer the threshold voltage of the BJT switch in the control block C shown in Fig. 6(a).
To overcome these two disadvantages, the MOS switch is adopted to replace the BJT switch. But the direct replacement raises an issue
since the gate current of the MOS switch is zero. Thus, a new control block D schematically shown on the top of Fig. 6(b) is required
to make the current flow out of the capacitor in the RC filter for recovering its charge to be zero. It consists of a voltage divider in
parallel with a switch realized by two diodes in series, and is shown in the bottom of Fig. 6(b) to compensate the threshold voltage
8
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Fig. 7. The circuit schematic of the novel electronic breaker used for SIMetrix simulations. The piezoelectric energy harvester (PEH) is described by an equivalent
circuit model established as in Eq. (5). The control box contains all of the constituents required for building the blocks A, B, C and D in Fig. 5(b).

of the switch in block C [59]. The complete circuit schematic of the proposed NEB-SECE is presented in Fig. 6(c). It is fabricated by
several discrete circuit components. Specifically, the bridge rectifier is composed of Schottky diodes D1 - D4 (BAT48 model) with a
forward voltage of 0.2 volt. Two rectifier diodes D5 - D8 (1N4004 model) and 10 M𝛺 carbon composition resistors are selected to
comprise the voltage divider. The QBlock−C and QSECE are implemented by the PNP silicon transistor (BD136 model) and the small
signal NMOS (BS170 model), respectively.

The operation of the new control block D shown in the middle of Fig. 6(c) is briefly analyzed here. First, the voltage divider
shown in the orange rectangle of Fig. 6(c) is used for minimizing the switching delay effect. Indeed, at the disconnection of the
SECE switch during the open-circuit excitation, the sensing capacitance 𝐶𝑠 is charged for detecting the piezoelectric voltage 𝑉𝑝(𝑡).
The detection circuit consists of the resistance 𝑅𝑠 and the sensing capacitance 𝐶𝑠 and is also shown in the control block of Fig. 6(c).
It is viewed as a low pass filter so that the sensing voltage 𝑉𝐸 is expressed as

𝑉𝐸 (𝑡) = 𝑉𝑝
cos

[

𝑤𝑡 − tan−1 (𝑅𝑠𝐶𝑠𝑤)
]

√

(𝑅𝑠𝐶𝑠𝑤)2 + 1
, (23)

where 𝑉𝑝 is the magnitude of 𝑉𝑝(𝑡) substituted by a small voltage gap across the bridge diodes and 𝑤 is the vibration angular
frequency. The voltage divider shown in the orange rectangle of Fig. 6(c) is modeled as two diodes with resistance 𝑅𝐷 in series
with a large resistor 𝑅𝑣. According to the voltage divider rule, the voltage 𝑉𝐵 across the diodes D5 and D6 is

𝑉𝐵(𝑡) = 𝑉𝑝
𝑅𝑣 cos (𝑤𝑡)
𝑅𝑣 + 2𝑅𝐷

. (24)

Next, the BJT switch denoted by QBlock−C is implemented for activating the SECE switch according to the conduction criterion by

𝑉𝐸𝐵 = 𝑉𝐸 − 𝑉𝐵 = 𝑉𝑝

{

cos
[

𝑤𝑡 − tan−1 (𝑅𝑠𝐶𝑠𝑤)
]

√

(𝑅𝑠𝐶𝑠𝑤)2 + 1
−

𝑅𝑣 cos (𝑤𝑡)
𝑅𝑣 + 2𝑅𝐷

}

≥ 𝑉th, (25)

where 𝑉th is the threshold voltage of the BJT. Let 𝑡opt𝑠 be the optimal time instant for activating the SECE switch. It typically
corresponds to the peaks of 𝑉𝑝(𝑡). In the original design of the electronic breaker without the voltage divider, the switching instant
denoted by 𝑡(1)𝑠 is determined by Eq. (25) (𝑅𝐷 = 0) and is shown in the top left of Fig. 6(c). Clearly, the phase delay (𝑡(1)𝑠 − 𝑡opt𝑠 ) is
unavoidable. Thanks to the inclusion of voltage divider, the switching instant denoted by 𝑡(2)𝑠 can be determined by Eq. (25) (𝑅𝐷 ≠ 0)
and is shown in the top right of Fig. 6(c). As the waveform of 𝑉𝐵 with voltage divider is lower than that of 𝑉𝑝, the phase delay
(𝑡(2)𝑠 − 𝑡opt𝑠 ) is smaller than (𝑡(1)𝑠 − 𝑡opt𝑠 ). It can also be explained graphically by comparing the two figures on the top of Fig. 6(c). Hence,
the inclusion of voltage divider is capable of compensating the threshold voltage of the SECE switch for improving the switching
phase delay effect. The next issue is the guarantee of disconnecting the SECE switch at the time instant when the piezoelectric
voltage 𝑉𝑝 is just discharged to vanish. Here, the QBlock−D composed of two diodes in series and shown in the blue rectangle of
Fig. 6(c) is implemented for recovering the energy on the capacitor. Indeed, the QSECE switch is turned off when the voltage 𝑉𝐸
is smaller than the threshold voltage 𝑉th of the QSECE switch. During the conduction period, 𝑉𝐸 = 𝑉𝑝 + 𝑉𝐷 + 𝑉𝐸𝐵 where 𝑉𝐷 is the
voltage gap across the diodes 𝐷7 and 𝐷8 in series and 𝑉𝐸𝐵 = 𝑉th as in Eq. (25). Therefore, the QSECE switch is open when

𝑉𝑝 + 𝑉𝐷 + 𝑉𝐸𝐵 < 𝑉th. (26)

From Eq. (26), the switch will be turned off in advanced when 𝑉𝑝 = 𝑉th − 𝑉𝐸𝐵 ≠ 0 without the inclusion of QBlock−D (𝑉𝐷 = 0).
Therefore, a sufficient number of diodes in QBlock−D are required so that 𝑉𝐷 = 𝑉th − 𝑉𝐸𝐵 to guarantee the vanishing of 𝑉𝑝 at the
instant of switch reopening.

Finally, the validation of the proposed electronic breaker schematically presented in Fig. 5 is numerically carried out by the
SIMetrix circuit solver whose circuit schematic is shown in Fig. 7. The piezoelectric device is modeled by an equivalent circuit
so that the parameters 𝑀 , 𝜂 , 𝐾 and the transformer with ratio 1 presented in Fig. 2(a) are transformed to several equivalent
9
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Fig. 8. (a) The time waveforms of 𝑉𝑝 (blue), 𝑉QSECE
(yellow), 𝐼BlockC (black) and 𝐼BlockD (red) derived from the SIMetrix simulation. (b) The green region shown in

(a) is zoomed in to present the waveforms within the short time of switching (∼ 𝜋
2

√

𝐿SECE𝐶𝑝 ≈ 5 μs). (c) The comparison of the SECE power frequency response
between the SIMetrix simulation (yellow) and the prediction (blue) based on Eq. (6).

circuit parameters denoted by 𝑅∗, 𝐿∗ and 𝐶∗ as in Eq. (5). The values of these parameters used in the SIMetrix simulation are
listed in Table 3 drawn from the experiment described in Section 4. In comparison with the proposed electronic breaker shown in
Fig. 6, there are several assumptions made in Fig. 7. First, the diodes in the bridge rectifier are implemented by four ideal switches.
Second, the resistor in block A is replaced with an ideal switch to avoid the electrical power loss. Third, the switches presented
by Q (Block C) and Q (Block D) are also taken to be ideal, and their threshold voltage is set to be close to zero. Finally, the input
capacitor of the SECE switch is set to be zero in the simulation of the ideal condition. Fig. 8(a) presents the simulation of the time
waveforms of 𝑉𝑝 (blue), 𝑉QSECE

(yellow), 𝐼BlockC (black) and 𝐼BlockD (red). The latter three describe the activation processes of the
switches QSECE, Q (Block C) and Q (Block D) marked in Fig. 7. As the duration of switching is extremely short and is in the order
of 𝜋

2

√

𝐿SECE𝐶𝑝 ≈ 5𝜇 sec, the switching event marked in the green block of Fig. 8(a) is zoomed in and presented in Fig. 8(b). It is
found that the switching is initiated immediately after the piezoelectric voltage 𝑉𝑝 reaches the extreme value, and the current 𝐼BlockC
flows through the resistor in the block C to conduct the SECE switch. In addition, as 𝐼BlockC is almost equal to 𝐼BlockD within the
period of switching, the energy accumulated on the capacitor in the block B is almost recovered from the block B to D, and is finally
transferred to the inductor 𝐿SECE. It is clear from the circuit simulation shown in Fig. 8(b), the operation of the new electronic
breaker implemented in SECE is consistent with that described in Fig. 5(d). Finally, the overall power frequency response of the
proposed self-powered SECE is simulated and shown in Fig. 8(c). It is found in good agreement with the analytic estimate provided
by Eq. (6) with 𝑛 = 1 therein.

4. Experiment

The performance of the proposed harvester device enhanced by the self-powered SECE technique is experimentally evaluated
here. Fig. 9 shows the experimental setup consisting of a piezoelectric cantilever beam with a tip magnet impulsively excited by
another rotating magnet. Precisely, the bimorph beam, made by Eleceram Technology, contains a Cu substrate whose top and bottom
surfaces are paved by two piezoelectric layers. Its sizes in dimensions are 40 × 10 × 0.1 mm3 for the Cu substrate and 40 × 10 × 0.2
mm3 for each piezoelectric layer. The tip magnet is impulsively plucked by a magnet attached on a rotating plate driven by a motor
(Orientalmotor BLM6200SP-GFV) and the controller (Orientalmotor BMUD200-A). In addition, the self-powered SECE interface with
the novel electronic breaker circuit is attached to the harvester beam. The standard interface circuit is also used for the purpose of
comparison. The piezoelectric voltage 𝑉𝑝 and the output DC voltage 𝑉𝑜𝑢𝑡 across the load 𝑅𝐿 controlled by the resistance substitution
box (IET, RS 201) are measured for various rotational driving frequencies 𝑓𝑑 . Finally, all of the measurement data are recorded
through the DAQ device (NI 9229).

From Fig. 3, the performance of the SECE technique applied to the piezoelectric energy harvesting is critically influenced by
the ratio of electromechanical coupling factor 𝑘2𝑒 to mechanical damping ratio 𝜁𝑚. To perform the parametric studies, two different
experimental setups are prepared for creating different values of 𝑘2𝑒 . The idea is inspired by the concept of Rayleigh damping: the
10
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Fig. 9. Experimental setup: (a) motor, (b) magnet 𝐵, (c) a piezoelectric bimorph clamped by a fixture, (d) rotating plate, (e) motor controller, (f) NEB-SECE
circuit, (g) probe for the 𝑉𝑜𝑢𝑡 measurement, (h) probe for the 𝑉𝑝 measurement, (i) laptop installed with LabVIEW for the voltage measurement, (j) resistance
substitution box, (k) DAQ for data acquisition.

Table 2
Fourier cosine coefficients 𝑓𝑛 (×10−2) of the magnetic force 𝑓 (𝑡) applied to the first and second harvester devices.

𝑛 10 11 12 13 14 15 16 17 18 19 20
1st 𝑓𝑛 1.329 1.326 1.316 1.3 1.28 1.254 1.224 1.189 1.152 1.112 1.07
2nd 𝑓𝑛 1.074 1.083 1.089 1.094 1.097 1.097 1.094 1.09 1.083 1.073 1.062

Table 3
Equivalent parameters of the first and second harvester devices.

𝑀 (g) 𝜂𝑚 (N s/m) 𝐾 (N/m) 𝛩 (N/V) 𝐶𝑝 (nF) 𝑘𝑒 𝜁𝑚
𝑘2𝑒
𝜁𝑚

𝑓sc (Hz)
1st 1.09 0.063 785.8 6.6 × 10−4 10.0 0.235 0.034 1.62 135.1
2nd 0.43 0.0255 679.0 6.07 × 10−4 10.0 0.233 0.0236 2.31 200

magnitude of mechanical damping ratio 𝜁𝑚 is enlarged as the mass of the device is increased. Thus, the first setup contains a larger
tip magnet on the piezoelectric beam for inducing the higher mechanical damping. The tip magnet is plucked by another magnet
on a rotating plate with the radius of revolution 𝐿𝑟 = 70.5 mm and the perpendicular distance 𝑍𝑟 = 9.45 mm. These notations are
schematically explained in Fig. 1. From these data, the magnetic interaction force 𝑓 (𝑡) characterized by the coefficient 𝑎𝑚 in Eq. (1)
can be realized by matching the theoretical prediction, as in Eq. (1), to the experimental observations (see Fig. 5 in [45]). In the
present setup, 𝑎𝑚 = 3.3 × 10−9 Nm4. With it, the Fourier cosine coefficients 𝑓𝑛 defined by Eq. (2) are listed in Table 2 starting from
𝑛 = 10 to 20. In addition, the equivalent parameters measured at the resonant mode (𝑛 = 11) are identified based on the standard
modal testing, and they are listed in Table 3.

The second setup requires a smaller mechanical damping ratio for increasing the magnitude of the parameter 𝑘2𝑒
𝜁𝑚

. It can be realized
by including a smaller magnet on the tip of the beam in comparison to the previous case. In addition, the radius of revolution 𝐿𝑟 is
70.5 mm and the perpendicular distance 𝑍𝑟 = 6.46 mm, as schematically presented in Fig. 1. The magnetic force coefficient of this
second setup is 𝑎𝑚 = 0.87 × 10−9 Nm4. With 𝑎𝑚 required, the Fourier cosine coefficients 𝑓𝑛 defined by Eq. (2) are listed in Table 2
too. Finally, the equivalent parameters measured at the resonant mode (𝑛 = 16) are identified and are also listed in Table 3.

5. Results and discussions

5.1. Performance of novel electronic breaker SP-SECE

The performance of the proposed novel electronic breaker SP-SECE is experimentally evaluated here, including the pulse
response, the operating range and the circuit efficiency under low frequency shock excitations. For illustration, consider the
waveform of the piezoelectric voltage 𝑉𝑝 shown in Fig. 10. This example is drawn from the aforementioned first experimental
setup operated at around the driving frequency 𝑓𝑑 = 5.7 Hz of the rotating plate. Fig. 10 shows the peak of the pulse response of
𝑉𝑝 is about 40 volt immediately after the initial impulsive excitation. It is gradually damped to a vanishing value until the next
plucking. Let 𝑛 be the number of voltage oscillations within the period of free vibration of the harvester. It is observed to be 𝑛 = 24
in the case shown in Fig. 10.

Fig. 10 also reveals that the proposed novel electronic breaker circuit is accurately activated with sufficiently precise switch
timing control. But it exhibits the phase delay when the peak piezoelectric voltage is damped to be smaller than 5 volt. This
phenomenon can be improved by tuning the resistor values in the envelope detector and in the voltage divider, respectively [59].
Further, there are no charges allowed to be transferred to the load 𝑅𝐿 whenever the peak voltage 𝑉𝑝 does not exceed the threshold
voltage (3.8 volt) of the MOS switch. Thus, from Fig. 10, the number 𝑚 of the effective oscillations can be defined to be the largest
one such that the switching is not allowed in the next adjacent oscillation. In the present case shown in Fig. 10, 𝑚= 10.
11
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Fig. 10. The waveforms of the piezoelectric voltage (blue) and the output DC voltage (yellow) are measured under the shock excitation of 5.7 Hz. Each peak
voltage is measured for estimating the efficiency of the proposed SECE interface circuit.

Finally, the circuit efficiency is defined to be the ratio of the output power to the input power by

effSECE = 𝑃out
𝑃in

,

𝑃in =
(

∑

𝑖
1
2𝐶𝑝𝑉 2

𝑝𝑖

)

× 𝑓𝑑 , 𝑃out = 𝑃h =
𝑉 2
𝑜𝑢𝑡
𝑅𝐿

,
(27)

where 𝑉𝑝𝑖 is the 𝑖th peak voltage which is large enough allowing the switching process within the period of plucking excitation.
Eq. (27) can be viewed as the efficiency allowing the energy converted from the piezoelectric capacitor to the load resistance. In
the case shown by Fig. 10, the circuit efficiency is measured to be around 81% under 𝑓𝑑 = 5.7 Hz impulsive excitation, 𝑉𝑜𝑢𝑡 = 4.4
volt and 𝑅𝐿 = 150 kΩ. In addition, the power consumption of the proposed novel electronic breaker control circuit is around 3.6
μW. Hence, this portion only accounts for 2.8% of the total harvested power 𝑃ℎ.

5.2. Rotary power frequency response

There are two experiments described in Section 4 for evaluating the effect of different 𝑘2𝑒
𝜁𝑚

on the rotary power frequency response

under shock excitations. Consider the first case with 𝑘2𝑒
𝜁𝑚

being equal to 1.62. Other relevant parameters describing the effective
properties of the harvester device are listed in the first row of Table 3. The rotary frequency response of harvested SECE power
evaluated at the load 150 k𝛺 is measured and shown in Fig. 11(a) by red color points. It consists of lots of ripples as the consequence
of resonant vibration induced by rotary magnetic plucking. Indeed, the peaks of them correspond to the discrete driving frequencies
𝑓𝑑 near 1

𝑛𝑓res for certain integer 𝑛, giving rise to the 𝑛th frequency up-conversion. The number 𝑛 can be estimated as follows. From
Table 3, the short-circuit resonant frequency 𝑓 (1)

sc of the first setup is 135.1 Hz. Therefore, the first ripple pair of crest and trough
shown in Fig. 11(a) is labeled by 𝑛 = 11 for the driving frequency operated at around 12 Hz. In addition to the crests of ripples, the
troughs of ripples are the intersections of two adjacent power curves. The lower of them indicates the pronounced power reduction
in the off-resonance region between 𝑓res

𝑛 and 𝑓res
𝑛+1 , and should be avoided in the practical design.

Next, the power prediction based on Eq. (6) for the driving angular frequency 𝑤𝑑 ≈ 1
𝑛𝑤res (or 𝑓𝑑 ≈ 1

𝑛𝑓res) is also shown in
Fig. 11(a) presented by various blue curves starting from 𝑛 = 11, 12, 13,…. Obviously, the prediction of crests and troughs of
ripples shown in Fig. 11(a) agrees quite well with the experimental observations, giving rise to the soundness of the proposed
model presented in Section 2. Notice that Eq. (6) is analyzed based on the circuit loss-free assumption. Thus, for the purpose of
fair comparison between the prediction and experiment as presented in Fig. 11(a), various power dissipations during the SECE
conditioning process are considered and excluded in Eq. (6). These circuit losses include the power dissipations due to voltage
gaps in the full-bridge rectifier and the flyback diode in the converter, and the conversion efficiency between the energy stored
in piezoelectric capacitor and that partially transferred to the inductor. The formulations estimating these losses are provided by
(A1)-(A5) in the work by Wu et al. [18] under the condition of rectilinear harmonic excitations (see [60] too). Therefore, certain
modifications are required for being applied to the case of impulsive excitations. For example, the power dissipated due to the
flyback diode is slightly modified by

𝑃d, f lyback =
(

𝛥𝑉f lyback ×
𝑉𝑜𝑢𝑡
𝑅𝐿

)

× 𝑚
𝑛
, (28)

where 𝛥𝑉f lyback is the voltage gap in the flyback diode, 𝑛 and 𝑚 have been introduced in Section 5.1: 𝑛 is the number of free
oscillations within a period of adjacent magnetic plucking, and 𝑚 is the largest number of free oscillations such that the peak of
piezoelectric voltage exceeds the threshold voltage of the MOS switch. For instance, 𝑛 = 24 and 𝑚 = 10 are observed in Fig. 10.
12
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Fig. 11. (a) The rotary SECE power frequency response of the harvester with 𝑘2𝑒
𝜁𝑚

= 1.62 is measured and presented by red color points. It is compared with the
analytic estimate (blue color) sequentially starting from 𝑛 = 11 in Eq. (6). (b) The measured SECE power (red color) against the driving frequency is compared
with the STD power (green color) evaluated at around the optimal load.

Fig. 12. (a) The rotary SECE power frequency response of the harvester with 𝑘2𝑒
𝜁𝑚

= 2.31 is measured and presented by red color points. It is compared with the
analytic estimate (blue color) sequentially starting from 𝑛 = 16 in Eq. (6). (b) The measured SECE power (red color) against the driving frequency is compared
with the STD power (green color) evaluated at around the optimal load.

Fig. 11(b) makes a comparison of the rotary power frequency between that based on the SECE (red color) and the STD (green)
interface circuits. Two observations are drawn from Fig. 11(b). First, the peaks of SECE power are higher than STD power as the
parameter 𝑘2𝑒

𝜁𝑚
= 1.62 is close to the condition of impedance matching requiring 𝑘2𝑒

𝜁𝑚
= 𝜋

2 suggested by Fig. 3(b). Second, the size of
ripples (crests subtracted by troughs) of the SECE case are observed to be much smaller than the STD case. This can be explained
by employing the electrically induced damping ratio as schematically depicted by Fig. 4. Indeed, from Eq. (17), Eq. (19) and the
parameters listed in the first row of Table 3, 𝜁SECE𝑒 is 0.034 and 𝜁STD𝑒 is 0.008, giving rise to the enlargement of bandwidth. The
consequence of it is the significant reduction of power fluctuations in the frequency response of the SECE case shown in Fig. 11(b).

We now discuss the experimental results drawn from the second experimental setup whose harvester device exhibits a smaller
mechanical damping ratio, giving rise to larger 𝑘2𝑒

𝜁𝑚
= 2.31, as listed in the second row of Table 3. Fig. 12(a) is the rotary power

frequency response based on the SECE interface circuit (red color points). Similar to the previous case, each ripple pair of crest
and trough is the result of resonant vibration induced whenever the driving frequencies 𝑓𝑑 are close to the resonant frequency
𝑓res divided by certain integer 𝑛. For example, from the second row of Table 3, the short-circuit resonant frequency 𝑓 (2)

sc is around
200 Hz. Therefore, the driving frequency resulting in the first ripple pair labeled by 𝑛 = 16 in Fig. 12(a) is operated at around 12.4 Hz.
Further, the SECE power output predicted by Eq. (6) is evaluated and presented by various blue curves indexing by 𝑛 = 16, 17, 18,…
in Fig. 12(a) too. Obviously, the theoretical predictions are found in good agreement with the experimental observations.

Fig. 12(b) is the experimental comparison of rotary power frequency response between that based on the SECE interface and that
based on the STD interface. Different from the previous case, the peaks of the SECE power output are slightly smaller than those
of the STD power due to two reasons. First, the criterion of impedance matching for SECE, as described in Section 2.3, requires
13
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Fig. 13. The measured power envelops of crests and troughs against the output voltage are plotted under various terminal loads ranging from 50 k𝛺 to 500
kΩ for the SECE (red) and STD (green) interfaces. (a) is the result from the harvester device ( 𝑘2𝑒

𝜁𝑚
= 1.62) measured at around 7 Hz. (b) is the result from the

harvester ( 𝑘2𝑒
𝜁𝑚

= 2.31) measured at around 8 Hz.

𝑘2𝑒
𝜁𝑚

= 𝜋
2 . The present case with 𝑘2𝑒

𝜁𝑚
= 2.31 deviates from this critical ratio much more than the previous case with 𝑘2𝑒

𝜁𝑚
= 1.62, as seen

in Fig. 3(b). Second, the SECE circuit suffices power dissipations mainly due to the incomplete conversion of the energy stored in
piezoelectric capacitor and that transferred to the inductor [18,60]. As discussed in Section 5.1, the conversion efficiency of the
proposed circuit is measured at around 81%, giving rise to the 20% portion of power reduction from the theoretical estimate shown
in Fig. 3(b).

Finally, the smaller mechanical damping ratio results in the enhanced output power up to 350 μW in comparison with the
previous case of 200 μW shown in Fig. 11. But it also causes the smaller bandwidth, giving rise to the much steeper ripples in the
power frequency of the STD case, as shown in the green curve of Fig. 12(b). Fortunately, the ripples between crests and troughs
in the SECE case are much less influenced by the effect of smaller mechanical damping ratio due to the larger electrically induced
damping. Indeed, from Eq. (17), Eq. (19) and the parameters listed in the second row of Table 3, 𝜁SECE𝑒 is 0.035 and 𝜁STD𝑒 is 0.008.
Thus, the operational bandwidth of SECE is significantly improved by slightly increasing the ratio 𝑘2𝑒

𝜁𝑚
as exemplified by Fig. 4. The

consequence of it is the troughs of the power ripples remain at least above 250 μW over the frequency range between 7–12 Hz for
the SECE case shown in Fig. 12, giving rise to reliable power supply of sensor nodes against the deviations of driving frequency.

5.3. Sensor-node power supply

One of the applications of the proposed energy harvester device is used to activate sensors for the health monitoring of the
rotational instruments. The operational range of the voltage regulator in a sensor node is typically within 2–5 volt. Its equivalent
resistance 𝑅eq can be estimated by its drain voltage 𝑉DD and its required power output 𝑃supply

𝑅eq =
𝑉 2
DD

𝑃supply
. (29)

This load-dependent property could make the STD-based energy harvester not to be operated at the optimal condition, giving rise
to the reduction of harvested power. It can be seen from Fig. 3(a) where the electrically induced damping ratio 𝜁STD𝑒 is strongly
dependent on the load resistance while 𝜁SECE𝑒 is not.

The aforementioned results are crucial in the application of sensor power design. Indeed, Eq. (29) can be replaced by 𝑉DD =
√

𝑅eq 𝑃supply. Therefore, at the fixed rotary driving frequency around 7 Hz (8 Hz), Fig. 13(a) (Fig. 13(b)) is the power against DC
voltage measured by choosing various terminal loads for the SECE and STD cases of the first (second) experimental setup. The red
(green) color of shadow region indicates the output fluctuations caused by the crests and troughs of power ripples in the SECE (STD)
case. The size of power ripples (the depth of two boundaries between crests and troughs of the power curve) of the SECE case is
much smaller than that of the STD case, as particularly exemplified in Fig. 13(b). It is mainly due to 𝜁SECE𝑒 ≫ 𝜁STD𝑒 as explained in
Fig. 12(b) of Section 5.2. In addition, Fig. 13 shows the shadow regions of red color (SECE) are much flatter than those of green
color (STD). It is explained by the SECE property of weak dependence on loads, giving rise to the reliability of power supply based
on the SECE conditioning circuit. Finally, Fig. 13 reveals the SECE power output is higher than the STD power output within the
typical supply voltage 2–5 volt of a sensor node. But unlike the results from Fig. 11(b) and Fig. 12(b) where the STD output power
is evaluated at the optimal load, the STD power against the DC voltage in Fig. 13 exhibits the load dependence based on Eq. (29).
As a result, the difference of power output between SECE and STD are observed to be much wider in Fig. 13 than in Fig. 11(b) and
Fig. 12(b), especially at the lower voltage ranging from 2–3 volt.

6. Conclusions

The article investigates the electrical response of an SECE-based piezoelectric frequency up-converted energy harvester operated
under rotary magnetic plucking. Specifically, the harvester device consists of a piezoelectric beam with a tip magnet impulsively
14
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excited by another magnet fixed on a rotating plate. A consequence of it is that an initially high output voltage is continuously
damped and oscillatory within the time interval between two adjacent events of pluckings, giving rise to the inefficient extraction
of power. Such a drawback is overcome by the proposed SP-SECE circuit consisting of a MOS switch for enlarging the range of
working voltage and a voltage divider for minimizing the switching delay effect.

A theoretical model for realizing the phenomenon of frequency up-conversion is established based on the Fourier decomposition
f magnetic impulsive force. It shows that the device is under the resonant excitation whenever the driving rotary frequency is equal
o the device’s resonant frequency divided by certain integer. In addition, the analytic SECE power output is explicitly derived, as
n Eq. (6), for estimating peak power and its fluctuations observed in rotary power frequency response. It raises an issue of the
ompetition between high power and low ripples. This motivates the introduction of an electrically induced damping ratio 𝜁SECE𝑒 ,

and the results inferred from it are listed below.

(a). First, 𝜁SECE𝑒 ≈ 𝑘2𝑒
𝜋
2

and is independent of load resistance where 𝑘2𝑒 is the electromechanical coupling factor;

(b). The impedance matching for achieving the optimal power requires 𝑘2𝑒
𝜁𝑚

= 𝜋
2 where 𝜁𝑚 is the mechanical damping ratio;

(c). If 𝑘2𝑒
𝜁𝑚

> 𝜋
2 , then 𝜁SECE𝑒 > 𝜁𝑚. The consequence of it is the enlargement of the half-power bandwidth by Eq. (21) at the cost of

power decrement.
(d). Eq. (20) shows that 𝜁SECE𝑒 is at least 4 times larger than 𝜁STD𝑒 which is the electrically induced damping ratio of the case based

on the standard (STD) interface circuit. This combined with (c) gives the power fluctuations in SECE much more reduced than
STD.

The SECE rotary power frequency response is experimentally investigated and compared with the analytic prediction in two
proposed experiments with different ratios of 𝑘2𝑒

𝜁𝑚
. First, the results shown in Fig. 11(a) and Fig. 12(a) conclude the theoretical

predictions based on Eq. (6) agree well with the experimental observations, giving rise to the soundness of the proposed model
suitable for the performance evaluation of an SECE-based frequency up-converted harvester. In addition, Fig. 11(b) with 𝑘2𝑒

𝜁𝑚
= 1.62

close to the SECE impedance matching value 𝜋
2 shows the SECE power outperforms the STD power. This observation is consistent

ith the prediction (b) mentioned above. Further, Fig. 12(b) comes from another experiment with 𝑘2𝑒
𝜁𝑚

= 2.31. It exhibits the much
more pronounced reduction of power ripples observed in the SECE case than in the STD case, as predicted by the arguments of (c)
and (d) above. Finally, the properties of load-independence and low ripples make the SECE-based frequency up-converted harvester
superior in powering sensor nodes. Indeed, Fig. 13 confirms the stable power supply from SECE operated at the output voltage of
a sensor node between 2–5 volt.
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