Smart Materials and
Structures

&%, PURPOSE-LED
“w§# PUBLISHING™

PAPER

Optimized multi-step synchronous electric charge
extraction via accurate electrical efficiency
analysis

To cite this article: Hao Tang et al 2025 Smart Mater. Struct. 34 025027

View the article online for updates and enhancements.

You may also like

- Analysis and comparison of three energy

harvesting circuits for impact-type
piezoelectric energy harvester

Liu Yang, Tingcun Wei, Nan Chen et al.

- Unipolar synchronized electric charge

extraction for piezoelectric energy
harvesting

Alexis Brenes, Elie Lefeuvre, Adrien Badel
etal.

- Analysis of piezoelectric energy harvesting

system with tunable SECE interface
E Lefeuvre, A Badel, A Brenes et al.

This content was downloaded from IP address 118.143.41.200 on 08/01/2026 at 15:13


https://doi.org/10.1088/1361-665X/ada599
/article/10.1088/1361-665X/ad952f
/article/10.1088/1361-665X/ad952f
/article/10.1088/1361-665X/ad952f
/article/10.1088/1361-665X/aaca58
/article/10.1088/1361-665X/aaca58
/article/10.1088/1361-665X/aaca58
/article/10.1088/1361-665X/aa5e92
/article/10.1088/1361-665X/aa5e92

I0OP Publishing

Smart Materials and Structures

Smart Mater. Struct. 34 (2025) 025027 (15pp)

Optimized multi-step synchronous

https://doi.org/10.1088/1361-665X/ada599

electric charge extraction via accurate

electrical efficiency analysis

Hao Tang'?, Weiqun Liu'*®, Guobiao Hu’{®, Jian Liu’ and Dawei Dong'

! School of Mechanical Engineering, Southwest Jiaotong University, Chengdu 610031, People’s Republic
of China

2 Internet of Things Thrust, The Hong Kong University of Science and Technology (Guangzhou),
Guangzhou 511400, People’s Republic of China

3 State Grid Jiangsu Electric Power Co Ltd Research Institute, Nanjing 211103, People’s Republic of
China

E-mail: weiqunliu@home.swjtu.edu.cn

Received 24 August 2024, revised 19 December 2024
Accepted for publication 3 January 2025
Published 17 January 2025

®

CrossMark

Abstract

The synchronous electric charge extraction (SECE) circuit has been widely used for
piezoelectric energy harvesting due to its load independence properties but suffers from low
circuit quality. In recent years, the multi-step (MS) energy extraction strategy has been proposed
to reduce electrical dissipation. To offer deeper insights into how the MS strategy improves
electrical efficiency and thereby maximizes the potential capacity of the SECE circuit, a
theoretical model is developed to analyze the energy flows at the synchronous instants. Based on
the theoretical model, the optimal voltage-flip sequences (VFSs) for two-step (2S) and
three-step (3S) SECE circuits are determined. Moreover, this method is further extended to a
general N-step case using a recursive approach. Good agreement between the experimental and
the theoretical results has validated the proposed optimal VFSs. Compared to the standard
SECE circuit, the 2S-SECE and 3S-SECE circuits can enhance efficiency by 41.9% and 65.5%,
respectively, at an initial voltage of 2.5 V, and harvest additional power of 352 W and 568 W

when the voltage increases to 40 V. The proposed VFSs provide a valuable reference for

optimizing the performance of the MS-SECE circuit.

Keywords: piezoelectric energy harvesting, synchronous electric charge extraction,
multi-step energy extraction, electrical efficiency, optimal voltage-flip sequence

1. Introduction

Piezoelectric vibration energy harvesting (PVEH) is a prom-
ising technique that can be an alternative to the traditional bat-
tery with the advantages of compactness, high power density,
low cost, and, most importantly, renewability [1]. To improve
the performance of PVEH devices, many solutions have been
proposed to increase the power output and enlarge the work-
ing bandwidth from the structural design perspective [2—7]. On

* Author to whom any correspondence should be addressed.

the other hand, many efforts have also been devoted to inter-
face circuit design and optimization [8—12]. Using the standard
energy harvesting circuit [13], which consists of a full-bridge
rectifier and a filter capacitor, as the benchmark, nonlinear cir-
cuits, such as the parallel synchronous switching harvesting
on inductor (SSHI) [14] and the serial-SHI [15] circuits, were
proposed with the harvested power increased by several times.
However, impedance matching is required for the SSHI tech-
niques due to the direct connection between the piezoelectric
element and the load [16, 17]. The later-developed synchron-
ous electric charge extraction (SECE) circuit [18, 19] realizes
load independence by separating the energy extraction process

© 2025 IOP Publishing Ltd. All rights, including for text and
data mining, Al training, and similar technologies, are reserved.
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into two phases, resulting in a 400% improvement under weak
electromechanical coupling conditions.

The above-mentioned nonlinear interface circuits improve
the performance of PVEH systems by introducing synchron-
ous instants at the extremums of mechanical displacement.
This modification effectively prevents energy backflow and
enhances the energy extracted from the piezoelectric ele-
ment by ensuring that the piezoelectric voltage is always in
phase with the equivalent current [20]. However, considerable
energy is dissipated due to parasitic resistance in the LC oscil-
lation loop during synchronous instants. The unavoidable elec-
trical dissipation dramatically hinders the electrical efficiency
and diminishes the benefits of those nonlinear circuits.

Using high-quality components, especially inductors, can
improve electrical efficiency to some extent, but the cost and
the required space will significantly increase. The multi-step
energy extraction (MSEE) technology is therefore proposed
to divide the energy extraction process into several success-
ive phases, thereby reducing the RMS value of the current
and minimizing resistive dissipation. Liang and Chung [21]
proposed a synchronized multiple bias-flip interface circuit
based on the SSHI topology and studied the optimal bias-
flip strategy. Based on this concept, a parallel synchronized
triple bias-flip (P-S3BF) circuit was proposed and implemen-
ted using six MOSFET switches [22, 23]. Similarly, the series
counterpart of P-S3BF, known as the S-S3BF circuit, was also
developed using a similar implementation [24, 25]. However,
extra topology design, more biased voltage sources, and com-
plicated control signals are required for the above SSHI-based
multi-step synchronous switching circuits.

In contrast, the MSEE technique can be more easily applied
to the SECE topology by a few switch actions. Teng et al [26]
proposed a multiple charge extraction and bias-flipping cir-
cuit to increase extracted and harvested power through sev-
eral charge extraction phases and a bias-flipping phase at each
synchronous instant. The MS-SECE circuit was also imple-
mented on integrated circuit (IC) platform for a more compact
size and higher electrical efficiency [27, 28], allowing for up
to a 25% increase compared with traditional SECE circuits.
Considering that the power extracted from the piezoelectric
element by the SECE circuit remains constant once the ini-
tial voltage is determined, the MSEE strategy only benefits
from enhanced electrical efficiency, which is closely depend-
ent on the voltage-flip sequence (VFS) at the synchronous
instants. In the aforementioned works, the piezoelectric energy
is transferred through several successive discharges of the
same energy segment for simplicity without detailed theoret-
ical investigations. However, the optimal VFSs for MS-SECE
circuits, referred to as the optimized MSEE strategy, are cur-
rently lacking. Therefore, a theoretical model that can predict
the electrical efficiency of the MS-SECE circuit is urgently
required to determine the optimal VFSs.

Unfortunately, early studies indicated that the performance
of the SECE circuit is tied to the extracted energy from the
piezoelectric element without addressing the harvested power
or discussing electrical efficiency [18, 29]. To address this
issue, Chen et al [30] revisited the joint dynamics and the
harvested power of PVEH systems with the SECE circuit by

using impedance modeling. Morel et al [31] proposed a uni-
fied model to evaluate the electrical efficiency of SECE cir-
cuits using the circuit quality factor and the voltage inversion
ratio. Nevertheless, these methods may still misestimate the
electrical efficiency since some assumptions are made for sim-
plification during the analysis, and thus, fail to accurately pre-
dict the final harvested energy and the electrical efficiency of
the SECE circuit.

Given the above research gap, the paper presents, for the
first time, an accurate theoretical model for estimating the
electrical efficiency of SECE circuits. Based on the elec-
trical domain analysis, the model can numerically estimate
every energy flow at the synchronous instants with more
detailed parasitic effects considered. Specifically, it precisely
describes the current behavior during the secondary working
phase, allowing for an accurate evaluation of the correspond-
ing energy dissipations, which were often simplified or neg-
lected previously. Moreover, the model can be extended to
evaluate the electrical efficiency of MS-SECE circuits. On this
basis, the effectiveness of the MSEE strategy is studied in
detail, and more importantly, the optimal VFSs for the MS-
SECE circuit are determined.

The remaining part of this paper is organized as follows.
Section 2 introduces the SECE circuit and MSEE strategy.
The theoretical model of the MS-SECE circuit is established
in section 3. In section 4, the electrical efficiency is analyzed,
and the optimal VFS for the MS-SECE circuit is studied.
Section 5 presents the experimental results and discussions.
Finally, section 6 outlines the conclusions.

2. SECE circuit and MSEE strategy

Figure 1 shows an overview of the SECE circuit topology
and the corresponding working waveforms. Focusing on the
electrical domain to better investigate the electrical efficiency
issue, the piezoelectric element is modeled as a current source
in parallel with an intrinsic capacitance, C,, as shown in
figure 1(a). Figure 1(b) depicts the working waveforms of the
piezoelectric voltage V), the load voltage Vioaq, and the mech-
anical displacement x. During the most time of the mechanical
vibration period Ty, the switch Sis open, and V), varies with x.
Attgand o + Tve/2 moments, V), and x reach their extremums,
and V), suddenly drops to zero by conducting the LC oscilla-
tions. The relationship between the magnitudes of piezoelec-
tric voltage and mechanical displacement for the SECE circuit
can be expressed as [29]

o
Vin =2—xm 1
Cpx ey

where « is the force factor-voltage factor and x,, is the dis-
placement amplitude. Generally, the energy extraction process
of the SECE circuit is completed by two stages via two differ-
ent LC oscillations at each synchronous instant. As observed
in figure 1(c), the primary stage transfers the electrostatic
energy stored in C, to the inductor L through the first LC oscil-
lation, which is referred to as the energy transferring (ET)
phase. When V), drops to around zero, the secondary stage,
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Figure 1. The topology and working waveforms of the SECE and MS-SECE circuits. (a) Circuit topology; (b) working waveforms; (c) the
enlarged waveforms of the SECE circuit at the synchronous instants; (d) the enlarged waveforms of the MS-SECE circuit at the

synchronous instants.

i.e. the energy charging (EC) phase, starts, and the freewheel-
ing current charges the storage capacitor C, through the second
LC oscillation. Considering that the energy extraction process
happens at both positive and negative extremums in one Ty,
the extracted power is expressed as

w

w
Pext = *Eext =
T 2w

C,Va. )

The waveforms of the MS-SECE circuit at the synchron-
ous instants are depicted in figure 1(d). By applying the MSEE
strategy, the energy extraction process will alternate between
the ET and EC phases, dividing the single-step process into
several successive steps. It can be observed that the peaks of
the synchronous current are reduced a lot for the MS-SECE
circuit. Therefore, the electrical efficiency is enhanced as the
electrical dissipation is reduced. Notably, the total extracted
energy Eey remains unchanged for the MS-SECE circuit since
the start and the end voltages are exactly the same as those
of the SECE circuit. Therefore, the working waveforms of
the MS-SECE circuit are consistent with those in figure 1(b)
since the synchronous instant is much shorter than Tyg. This
phenomenon indicates that the MSEE strategy has little influ-
ence on the dynamics of the electromechanical system [9,
11]. In other words, the improved performance of the MSEE
strategy benefits from the electrical domain, while the mech-
anical dynamics remain untouched. Therefore, the analysis of

the MSEE strategy applied to the SECE circuit will focus on
the electrical domain, placing particular emphasis on the ini-
tial voltage as the most crucial factor. In figure 1(d), the energy
extraction process is divided into three steps, each consisting
of an ET phase and an EC phase. V,, denotes the intermedi-
ate voltage, and I, refers to the peak value of the synchronous
current after the n® ET phase; Vipag, is the load voltage on the
storage capacitor C, after the n”” EC phase.

As the intermediate voltage V), directly correlates to the
current peak values I, different combinations of V), , i.e. the
VES, would result in different amounts of electrical dissipa-
tion energies in both ET and EC phases. In practice, the VFSs
for the MS-SECE circuits can be directly controlled by set-
ting specific switching control signals to the expected val-
ues. Therefore, the general optimal VFSs are desired to fully
exploit the potential of the MSEE strategy on the SECE circuit.
For this reason, a more detailed theoretical model is necessary
to accurately evaluate the amounts of each energy flow and the
electrical efficiencies of each working phase of the MS-SECE
circuit.

3. Theoretical model

Figure 2 shows the circuit loops and energy flows of differ-
ent phases in the SECE circuit. In the ET and EC loops, the
energies are transferred by two different LC oscillations with
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Figure 2. The circuit loops and energy flows at the synchronous instants. (a) The energy transferring loop; (b) the energy charging loop; (c)

the energy discharging loop.

the help of the inductor. In this process, the voltage drops
of diodes Dy, D, cause the diode dissipation, while the res-
istances ry, r, are used to account for the parasitic resistive
dissipation in the switches, inductor, lines, etc. In addition, an
energy discharging (ED) loop is considered for the first time in
our work, where the storage capacitor C, and the load R; will
influence the electrical efficiency of the EC phases. In previous
studies [18, 29], the electrical efficiency of the SECE circuit
was neglected, as the energy extracted from the piezoelectric
element was directly regarded as the harvested power [32]. The
load independence of the SECE circuit implies the constant
extracted power rather than the harvested power. The extracted
power would remain constant if the electrical efficiency were
not considered. In fact, the load R; will influence the value of
the load voltage Vi o4 in the steady state. On the other hand,
Vl@oad Serves as the initial condition in the differential equation
of the EC loop, which in turn affects the behavior of the sec-
ondary synchronous current as well as the dissipations in the
EC phases. Therefore, it is essential to include the ED loop for
the accurate analysis of the electrical efficiencies. In particu-
lar, a theoretical model is presented with careful consideration
of the energy flow relationships in all loops, enabling us to cal-
culate the amount of each energy flow by numerically solving
Vl6Load in the steady state for both SECE and MS-SECE circuits.

3.1 Energy transferring loop

The circuit loop and energy flow relationship of the ET phase
is shown in figure 2(a). The piezoelectric voltage V, and
the primary synchronous current I; follows the governing
equation of equation (3), where r; is the sum of parasitic res-
istance and V,; is the voltage drop of the diode. For the n'h
ET phase, considering the initial conditions V,, (0) = V,,, , and
V, (0) = 0, the expressions of V,, and I,; can be described by
equations (4) and (5),

. |
LV, +rV,+ =V, = — 3)

G

1
V, (1) = (Vpnfl le) -
1—(1/20y)
X sin <wLC 1— (1/2Q1)2t+¢> e ! 4)
1
Ipﬂ' (t) = Cp/L(Vpn_l le) >
1—(1/20))
X sin <ch 1- (1/2Q1)2t> e %0 3)
¢ = arcsin <\/ 1— Cch) ;CLe = % C,/L
1
= TQI;WLC = m (6)

where Q; and wy ¢ are the circuit quality factor and the nat-
ural angular frequency of the ET loop. The time period 7y,
of the n" ET phase can be numerically solved by equation (4)
with the target intermediate voltages V,,_, and V), . The peak
current [, is calculated by equation (5). Subsequently, the dis-
sipated energy E; p, in the n™ ET phase can be evaluated
by equation (7). Clearly, the diode plays an important role
in the circuit dissipation in addition to the serial resistance,
especially when V;; > I,r;. In consideration of the extrac-
ted energy and stored energy on the inductor. The energy
flow relationship for the n” ET phase can be described by
equation (8),

Tpriy Tpriy,
Ed_pri,, = Ed_pri_r,, +Ed_pri_dn == /Igrirl dr+ / lelpridt (7)
0 0
1 2
) ;EL/, == 7Lln - Eext/, - Edpri,,

1
Eoiy = 5Co (V2 — V2 :
@

2 Pa—t ' pn

where Ee, is the extracted energy and E;, represents the
energy transferred to the inductor for the n” ET phase.
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3.2. Energy charging loop

The EC phase is dominated by another LC oscillation loop of
L, r, D, and C, as illustrated in figure 2(b). The behaviors of
voltage and current can be described as

. . 1 V,
LVioaa + 72 Vioad + = Views = ——=

c C ©)

where Vigg is the steady-state load voltage. Solving
equation (9), the Vi, and the secondary synchronous cur-
rent /. can be expressed as

(10)
Y

where A\; and )\, are the roots of the corresponding character-
istic equation of equation (9), while A, and B,, are the undeter-
mined coefficients for the n” EC phase. Given the initial con-
ditions Vi ad (0) = Vioaa,_, and Vioad (0) =1,/C,, we have:

VLoad (t) = Ane)\lz + Bne/\ﬂ —Va
Lsec (t) =C, (A11/\]e>\lt + Bn)\Ze/\zt)

I, —C, (VLoad,l,l + Vd2) A2 .

A, = ;
C v —A)
Cr (VLoad _ + Vd2) >\1 - In
B, = - . 12
Cr (A1 =) (12

3.3. Energy discharging loop

By observing equations (11) and (12), it is found that the syn-
chronous current /. in the n* EC phase is still not determined
due to the unknown values of Vi, ,. A simple method is
to assume a constant value for the load voltage. However, the
storage capacitor C, is charged by the EC loop and discharged
by the ED loop. That means the load voltage is always chan-
ging between the synchronous instants. Consequently, assum-
ing a constant Vioq will affect the accuracy of the energy
flow analysis, and thus, the determination of the optimal
VFSs.

In this regard, the discharging loop is especially considered
at this stage to obtain the exact dynamic load voltages. As
shown in figure 1(b), EC happens at synchronous instants with
a relatively short period, while energy discharging lasts dur-
ing half of the mechanical period Tyg /2. In the case of stable
equilibrium, Vi q,q would be stable, following the repetitive
curves (VLoadU — VLoad; — VLoad, = Vioads — VLoado) as seen
in figure 1(d). Consequently, the relationships between the ini-
tial load voltage Vi a4, and the last load voltage Vi a4, can be
established in both ED and EC loops,

— TME/Z __m
R.Cr — VLoadNe RCrw

VLoadQ = VLoadN € ( 1 3)

The first relationship is described as equation (13), which
is based on the RC transient response of the ED loop during

a period of Tyg/2. In the EC loops, the relationship between
Vioad, and Vigqa, (n =1, ..., N) can be expressed step-by-step.
Firstly, the time period ., is solved by using equation (11)
with the boundary conditions of 7, and the initial load voltage
ViLoad,_, for the n™" EC phase. Then, the expression of fg, is
substituted into equation (10) to derive the expression of load
voltage Vi oa4,, Which is then used as the initial load voltage
for the next EC step. By repeating this process, all expres-
sions of Viaq, and s, With respect to Vieaq, can be derived.
A more detailed calculation process is presented in figure 3.
Consequently, the values of Viga, and Vieag, can be simul-
taneously solved by the two corresponding relationships in the
EC and ED loops, allowing the values of V} o4, and ., to be
numerically obtained as well. Then, the dissipations caused in
the n" EC phase and the corresponding energy flow relation-
ship can be expressed as

Tsec, Lsec,

/Izecrzdl-‘r/vdglsecdl

0 0

Edfsecn = Edﬁsecfr,X + Edﬁsecfdn =

(14)

1
G, (Vlzoadn - Vlzoadn_l ) = ELn - Ed_SeCn (15)

Eston - 5
where E; s, and Ey,, represent the dissipation energy and the

harvested energy in the n" EC phase.

3.4. Electrical efficiency

The energy flows (Eexi, Estos Eq_pris Eq_sec) in the SECE circuit
are the sums of their counterparts in each single step. Then,
the electrical efficiencies can be defined as

EL E sto E sto

T IEC = = Telee = s Tlelec = TET X TJEC (16)
L

TET =
ECXt Eext

where, ngr is the electrical efficiency of the ET phase, ngc is
the electrical efficiency of the EC phase, and 7y is the overall
electrical efficiency. The electrical efficiencies vary under dif-
ferent VFSs, and the optimal VFSs will result in a maximum
Telec-

Clearly, the established theoretical model can evaluate
the electrical efficiencies for the SECE circuit with different
VFSs. Some advantages and advancements can be inferred:

(1) Theresistive dissipation of the ET phase is calculated more
accurately by the behavior of synchronous current in the
ET phase over specific time periods. It is a big step forward
than the conventional approach, which relies on rough
estimation by the inversion factor v [30];

(2) Both resistive and diode dissipations can be accurately
evaluated by numerically solving for the load voltage
and the behavior of the secondary synchronous current.
Therefore, the dissipations in the EC phase, which are
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Figure 3. The flow chart of solving the values of load voltages and time periods for the EC phases.

often neglected or less considered, can be precisely evalu-
ated as well;

(3) The proposed model enables the analysis of the overall
electrical efficiency with different VFSs and helps identify
the optimal VFSs.

To verify the accuracy of the proposed model, the propor-
tions of energy flows within the SECE circuit and a 3S-SECE
are presented in figure 4. The simulated parameters are presen-
ted in table 1. For the SECE circuit, the harvested and dissipa-
tion energies in the ET and EC phases of the SECE circuit as a
fraction of one are shown in figure 4(a). The sum of three com-
ponents always equals 1, indicating that the proposed model
can precisely describe every energy flow out of the extracted
energy E.x. Obviously, the conventional models in [30] and
[31] tend to overestimate the harvested energy due to the insuf-
ficient consideration of various types of dissipation energies.
Notably, the dissipation energies in the EC phase Ej; g, usu-
ally partly considered or neglected in previous studies, is close
to 0.1, which appears to be important enough for evaluating
the electrical efficiency of the SECE circuit. Figure 4(c) dis-
plays the four components of the dissipation energies caused
by ri, Dy, r, and D;, respectively. As a reference, the resist-
ive dissipation Ej p;;_, predicted by the inversion factor -y is
indicated by the black dotted line, which is obviously lower
than that predicted by the proposed model. In addition, the

dissipation energies in the EC phase are precisely described
as well. Particularly, resistive dissipation E; s » may account
for a large proportion when V), is relatively large, however, it
has seldom been given attention in previous studies.

Figures 4(b) and (d) show the proportions of energy
flows within a 3S-SECE circuit. The VFS is set to
Vpy = 20V — 0.6V,; — 0.4V,,; — 0. Figure 4(b) reveals that
the improvement of the harvested energy E, mainly benefits
from the reduced resistive dissipation £, p;_- in the ET phase,
while both dissipation energies E; s » and Ey sec_q in the EC
phases nearly retain constant. Furthermore, the amount of the
diode dissipation E; ,i_q for the ET phases remains unchanged
as depicted in figures 4(c) and (d), as it is only determined by
the initial voltage V,,, according to equation (17),

n i

Ed_pri_d = Z / lelpridt = vapo Var-
1o

a7

From the above analysis, it is evident that the proposed
model significantly improves the accuracy in comparison with
previous ones. It reveals that the diode D, and the resistance r;
takes a non-negligible part of the total energy at the synchron-
ous instants with a relatively fixed value, which will become
more significant for the MS-SECE circuit as the overall elec-
trical efficiency is increased in this case.
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Figure 4. Proportions of energy flows in the SECE circuit. (a) Energy flow proportion for the standard SECE circuit; (b) energy flow
proportion for a 3S-SECE circuit; (c) dissipation proportion for the standard SECE circuit. (d) Dissipation proportion for a 3S-SECE circuit.

4. Optimization of MSEE strategy

With the proposed model, the optimal VFSs can be derived
by evaluating the electrical efficiencies of the MS-SECE cir-
cuit. To simplify the expression, the normalized intermediate
voltage V,, is defined as

. (18)
Po
By this way, the VFSs can be denoted as a sequence
of numbers between 1 and 0. For instance, the VFS
of Vpy =V, = 08V,, = V,, =04V, = V,, =0
can be expressed as the normalized form of
Vo=1—V, =08 = V, =04 — V3 = 0. The simula-
tion parameters used in this section are presented in table 1.

4.1. Optimal VFSs for 2S-SECE and 3S-SECE circuits

For the 2S-SECE circuit, the piezoelectric voltage would
undergo V,, — V,, — 0, which means that only the inter-
mediate voltage V; needs to be determined for a specific Vio-
Figure 5 shows the simulated results of the electrical effi-
ciencies 7gr, NEC, Nelee With respect to V, and Vpy- The blue
line in figure 5(a) clearly depicts that ngr first increases and
then decreases as V| increases. The maximum value of NET
occurring at V; = 0.55, which is independent of V), as the red
line highlights. By contrast, the electrical efficiency of the EC
phase 7gc is almost unaffected by V; as the blue line high-
lights, varying in a small range from around 0.8-0.9 as shown
in figure 5(b). Then, the overall electrical efficiency 7. is cal-
culated by the product of ngr and 7cT, and its variation trend
is similar to that of ngr as depicted in figure 5(c). As the red

Table 1. Simulation parameters of the SECE circuit.

Variable Quantity Value

(o Piezoelectric 200 nF
capacitance

L Inductance 1 mH

Va&Vp Diode voltage drops 07V
in ET and EC loops

r&r; Parasitic resistances 20 Q2
in ET and EC loops

Or Quality factor of ET 3.54
loop

Csto Storage capacitance 470 uF

Rr Load resistance 200 k2

TvmE Mechanical vibration 0.02s
period

line highlights, the location of the optimal V; for 7eje. slightly
shifts to 0.6 although the optimal V; for 7gc occurs at 0.775. It
indicates the optimal VFS for 7). is little influenced by 7cg.
More significantly, it remains independent of V,,,. Therefore,
the optimal VFES for the 2S-SECE circuit is initially determ-
ined as 1-0.6-0.

Next, the electrical efficiencies of the 3S-SECE circuit are
analyzed to determine the optimal V; and V,. Figure 6 shows
the electrical efficiencies ngr, ngc and 7. under different
VESs at V,,; = 20 V, in which both two-step (2S) and three-
step (3S) cases are presented. The left side area of the blue
lines (\71 < \72) represents the 2S-SECE circuit where V, is
set equal to V; to eliminate the second step, and thus, the elec-
trical efficiencies are only influenced by V,. The right-side
area (\71 > \72) refers to the 3S case where the values of ngr
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Figure 5. The electrical efficiencies of the 2S-SECE circuit. (a) Electrical efficiency of the ET phases; (b) electrical efficiency of the EC

phases; (c) overall electrical efficiency.

V,=0.75
V,=0.425

Figure 6. The electrical efficiencies of the 3S-SECE circuit. (a) Electrical efficiency of the ET phases; (b) electrical efficiency of the EC

phases; (c) overall electrical efficiency.

and 7jec in figures 6(a) and (c) are always larger than those
in the 2S area, indicating that an additional step can further
enhance the electrical efficiency on the basis of the 2S-SECE
circuit. Meanwhile, ngc still fluctuates within a relatively small
range as shown in figure 6(b) with the optimal VES for ngc
identified as 1-0.85-0.65—0. As a result, the overall electrical
efficiency 7. is still dominated by the ET phase in this case.
Considering the controllability in practice, the optimal VFS for
the 3S-SECE circuit is initially determined as 1-0.7-0.4-0.

Based on the above analysis, we can primarily conclude that
the MSEE strategy enhances 7je. of the SECE circuit mainly
by improving 7gt, but less ngc. In other words, 1gc has min-
imal influence on the optimal VFS for 7. In fact, the value
of ngc is evaluated under the steady state for the SECE circuit
when the charged and discharged energy in EC and ED loops
are exactly the same during half of the mechanical period.
However, the steady-state is hardly achieved in practice since
the storage capacitor needs to be connected to a DC-DC con-
verter, such as LTC3588 [33], instead of a pure resistor. In
these scenarios, the load condition of the SECE circuit varies
most of the time. Therefore, it is hard to precisely estimate 7gc
under a dynamic occasion. Generally, a larger storage capa-
citor is used to harvest more energy, thereby minimizing the
influence of ngc on 7. and optimal VFSs owing to a more
stable V| gad.

Thanks to the little influence of the EC phases, it is reas-
onable to focus on ngy as the primary object to optimize the

MSEE strategy. To get a general result of the optimal VFSs
for the MS-SECE circuits under different intrinsic parameters,
such as ry, C, and L, the influence of the diode dissipation in
the ET phase E; pi_q should be eliminated since it only intro-
duces a bias effect on ngr [34]. Therefore, the bias interme-
diate voltage V; and normalized bias intermediate voltage V!
are defined in equation (19). Then, the electrical improvement
of the ET phasesnmp_gr is defined as equation (20) to reflect
the effectiveness of the MSEE strategy,

/

%
Vy = Var, V)= 2.

vV = (19)
DPn Vzéo
E _
Timp_ET = L(MS—SECE) . ( ) O)

E}(sECE)

Substituting equation (19) into equation (5) and combining
it with equation (20) will lead to the expression of the electrical
improvement of the ET phases as

ZIIV (‘7,22,181112 ((IJLC 1— (l/le)ztpri,,) eiw@iLIC[pﬁ”>

sin? (ch\/ 1— (1/2Q1)2tpl’ig) ei%flpﬁo

Mmp_ET =
(21

where N is the total step number of the MSEE strategy, t,s, is
the time period of the ET phase for the SECE circuit, and f,y,
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Figure 7. Electrical improvement of the ET phases with respect to the circuit quality factor and the normalized bias intermediate voltage. (a)
2S-SECE circuit; (b) 3S-SECE circuit, V| = 0.7; (b) 3S-SECE circuit, V| = 0.8.

are those for the MS-SECE circuit. The values of #,, and #,,
can be numerically calculated according to equation (4) once
the sequence of V/ is decided.

Since V), is always much larger than V;; in practice, it is
reasonable to take the optimal VESs of V/ as those of V,, most
of the time by assuming ‘7/1 ~ V,.. Moreover, the bias effect of
the diode can be further eliminated by adopting a rectifier-less
topology [35-37]. By defining V, and V!, the expression of
Tmp_gT 18 simplified, which only depends on the circuit qual-
ity factor Q; and the natural angular frequency wy ¢ of the ET
loop as described by equation (21). Further investigation of
equation (21) reveals that 7y, gt is independent of wy ¢ since
only Qj relates to r; as defined in equation (6). Besides, the
enhancement of 7, gr purely attributes to the reduction of
the resistive dissipation E4 ,_, as the bias effect of the diode
has been eliminated. Therefore, Q; will be the exclusive cri-
teria for evaluating 7yp_gr in the following analysis.

Figure 7(a) shows the electrical improvement of the ET
phases 7mp_gr for the 2S-SECE circuit with respect to Q; and
\71’ . It is observed that 7y, g significantly increases when
Qy is relatively smaller, suggesting that the MSEE strategy
becomes more effective in the lower electrical efficiency cases.
Noticeably, the optimal cases are achieved when f/{opt is 0.55,
regardless of the value of Qj. It indicates that 0.55 could be
considered the optimal f/l’opl for the 2S-SECE circuit across
different intrinsic parameters since Q; is defined by r{, C,, and
L simultaneously. Combining with the results from figure 5(c),
the above proposed VFS 1-0.6-0 can be regarded as the gen-
eral optimal VFS in consideration of ngjec.

Similarly, figures 7(b) and (c) display 7mp_gr for the 3 S-
SECE circuit with respect to Q; and V}. The studied values
of \7{ are selected as 0.7 and 0.8 based on the primary res-
ults from figure 6. It is evident that 7y, gr first increases and
then decreases as Vj increases, and the optimal f/z’op, are 0.4
and 0.45, respectively. The values correspond to the value of
f/{opt for the 2S-SECE circuit for a specific V. For instance,
0.45/0.8 ~ 0.55. More importantly, the values of ‘72’ remains
independent of Q;. These findings indicate that the 3-step case
can be regarded as the sum of a 2-step and a single-step case,
providing a foundation for deriving the optimal VFSs for the
MS-SECE circuit in the following analysis. Additionally, the
optimal values of 1y, gt for the two selected \7{ are relatively

close, which is advantageous in practice since the switch-
ing time cannot be precisely controlled to achieve a concrete
optimal VES. Moreover, the influence of the EC phase can be
further reduced when the optimal VFS is defined in a small
region. Consequently, the optimal VFS can be achieved around
1-0.7-0.4-0.

4.2. Optimal VFSs for MS-SECE circuits

To further explore the potential of the MSEE strategy, the
optimal VFSs for the MS-SECE circuit are analyzed by using a
recursive method. For the feasibility, the method is carried out
based on the electrical improvement of the ET phases 0imp_gT.
The core concept is to take an N-step MS-SECE circuit as
a 28 case, where the first step contains a single step and the
second step contains N-1 sub-steps. Therefore, 7imp_gr can be
revised as

Epr, +EL(27N)
Ey(sEcE)

TMmp_ET = (22)

In equation (22), Ey, is the inductive energy transferred
by the first (single) step, Ey,_,, refers to the total inductive
energy for the subsequent N-1 steps. Once the first normal-
ized bias intermediate voltage V/ is determined, E;, can be
calculated. Then, the second step can be directly optimized,
as the maximum inductive energy Er, ,, will occur under the
optimal VFS for the (N-1)-step case. For instance, given that
the optimal V| for the 2S-SECE circuit is 0.55, the optimal V}
for the 3S-SECE circuit will be directly obtained as 0.55*V|
for a specific V{. The recursive method allows for determin-
ing the optimal VFSs for the N-step MS-SECE circuit by ana-
lyzing ‘71’ instead of all \N/,ﬁ. Thus, the N-variable question is
reduced to a two-variable one.

Figure 8(a) shows fmp gr for the MS-SECE circuit with
respect to f/l’ . To start with, nmp_gr for the 2S-SECE circuit is
directly calculated by equation (21) as presented by the purple
line in figure 8(a). The optimal f/llopLZS occurs at 0.55, referring
to the optimal VFS as 1-0.55-0. Subsequently, 7y, gt for the
3S-SECE circuit is calculated under different values of V| with
the corresponding optimal Vj identified as 0.55*V|. In this
case, f/l/opth is obtained as 0.725, and thus the corresponding

-~ ¢ ., : N
VZOPL3 ¢ 1s calculated as VlopLZS * VlOPL3 ¢ ~ 0.4. Therefore, the
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Figure 8. Electrical improvement of the ET phases for the MS-SECE circuits. (a) Electrical improvement of the ET phases with respect to
the first normalized bias intermediate voltage; (b) Electrical improvement of the ET phases under the proposed optimal VFSs.

Table 2. Summarized optimal VFESs for the MS-SECE circuit.

Number of

Steps Optimal VFS Number of Steps Optimal VFS

2 1-0.6-0 4 1-0.8-0.6-0.3-0

3 1-0.7-0.4-0 5 1-0.85-0.7-0.5-0.25-0

recursively obtained optimal VFS for the 3S-SECE circuit as
1-0.725-0.4-0. By repeating the above processes, 1mp_gr and
Vfopt for the MS-SECE circuits can be obtained step-by-step.
Finally, {/{optjls and ‘~/l/opt_SS are obtained as 0.8 and 0.85, with
the optimal VFSs calculated as 1-0.8-0.58-0.3—0 and 1-0.85—
0.68-0.49-0.27-0, respectively

Once again, it should be noted that the electrical efficiency
of the EC phase is variable in practice but always has min-
imal influence on the locations of the optimal VFSs. The pro-
posed optimal VFSs can be simply converted into the switch-
ing time series and implemented. Considering the controllab-
ility, the recommended optimal VESs for the N-step (N = 2—
5) MS-SECE circuits are summarized in table 2 based on the
conclusions in this section, which can be referred to optimize
the performance of the MS-SECE circuit. Figure 8(b) shows
the electrical improvement 7 gr under the optimal VFESs in
table 2. Notably, considering that the incremental benefit of an
additional step becomes less significant for N > 3, it is advis-
able to use N = 3 for straightforward implementation for most
cases. The 2S-SECE circuit may be more suitable for small
voltage cases since the third step would only bring insigni-
ficant additional harvested power. Under larger voltage cases,
the adopted number of steps can be larger for further enhanced
performance. However, the harvested power may not increase
all the time with more steps in practice since the parasitic loss
of the diode transistors might increase with more synchronous
actions triggered.

5. Experiment

5.1. Setup

A piezoelectric cantilever harvester with an SECE circuit is
fabricated for the test. The excitation frequency was set as
35.5 Hz in the experiments, and the piezoelectric capacitor
was measured as 208 nF. The other selected parameters in
the circuit are the same as those listed in table 1. The estab-
lished experimental platform is shown in figure 9. The har-
vester is placed on the shaker (The Modal Shop©, 2075E-HT).
A signal generator (RIGOL©, DG2052) is used to excite the
shaker through a power amplifier. An MCU (STM32L431) is
used to generate the switch control signals. The current wave-
form during the LC oscillation is detected by a current probe
(Tektronix©, TCPA300), the load voltage is measured by a
digital multimeter (RIGOL©, DM3085E), while the oscillo-
scope (Tektronix©, MDO3024) is used to capture voltage and
current waveforms. Two experimental cases were carried out.
The first case under a constant initial voltage (V,, = 20 V) is
used to validate the optimal VFSs for the 2S-SECE and 3S-
SECE circuits and the accuracy of the proposed theoretical
model. The second case is used to investigate the effectiveness
of the MSEE strategy on the SECE circuit.

Figure 10 shows the experimental waveforms of differ-
ent MS-SECE circuits. The overall view of the piezoelec-
tric voltage waveforms is the same, which suggests that
the MSEE strategy does not influence the dynamics of the
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Figure 9. The experimental platform for the MS-SECE circuit.
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Figure 10. Experimental waveforms of the MS-SECE circuit. (a) The overall view of piezoelectric voltage; (b), (c) and (d) the enlarged
views of the synchronous instants for the SECE, 2S-SECE and 3S-SECE circuits, respectively.

electromechanical system. The enlarged views, figures 10(b)—
(d), display the detailed waveforms at the synchronous instants
for the SECE, 2S-SECE and 3S-SECE circuits. The electrical
efficiency is calculated as the ratio of the harvested energy to
the extracted energy within a single mechanical period TyvE.
Once the conditions (VFS or V) are changed, the load voltage
will increase or decrease to a new steady state. Then, the elec-
trical efficiency is calculated by the V},; and Vjg,q according to
equation (23),

C,,Vgo

2 Tve

(23)
Vload R,

Tlelec_exp =

5.2. Results

With an initial voltage of 20 V, figure 11(a) compares the
theoretical and experimental results of the overall electrical
efficiency 7. of the 2S-SECE circuit with respect to the
first intermediate voltage \71. TNelec 1nitially increases and then
decreases as ‘71 increases with the maximum value of 7ejec
occurring at V; = 0.6. The experimental results show good
agreement with the theoretical one when the values of para-
sitic resistances r; and r, are identified to be 16 (2. The exper-
imental results of the 3S-SECE circuit at 171 =0.6,0.7and 0.8
are presented in figure 11(b). It is obvious to find that the trend
of Nejec 18 similar to that of the 2S case once \71 is determined.
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Figure 11. Overall electrical efficiency of the 2S-SECE and 3S-SECE circuits under different VFSs. (a) 2S-SECE circuit; (b) 3S-SECE

circuit.

The local extremes of 7. can be easily obtained for each Vi
case with the corresponding VFSs located around 1-0.8-0.5—
0, 1-0.7-0.4-0 and 1-0.6-0.3-0. Notably, the first two VFSs
provide similar and outperformed results, which are consistent
with the theoretical results. In this case, the identified para-
sitic resistances are revised to be 20 €2, which suggests that
the values of parasitic effects may exhibit a nonlinear char-
acteristic for the MS-SECE circuit with different steps. The
phenomenon may be attributed to the fact that more synchron-
ous actions are triggered at the instant, resulting in a greater
parasitic loss caused by the diode and switching MOSFET in
the circuit [34, 38]. It also hinted that the effectiveness of the
MSEE strategy in real applications may not increase all the
time with more steps. Despite this, the proposed theoretical
mode remains meaningful since the primary aim is to propose
the general optimal VFSs for the MS-SECE circuit, and they
have been proven to be unaffected by the values of parasitic
resistances or quality factor in theory. Moreover, good accord-
ance between experiments and theory is still observed.

In order to verify the effectiveness of the MSEE strategy
in real applications, the electrical efficiency and the electrical
improvement were measured by using two PCB circuits with
different circuit quality factors, Q; 10w ~ 3.5 and Q; pigh ~ 4.6,
respectively. Figures 12(a) and (b) show the overall electrical
efficiency 7ciec of the SECE, 2S-SECE and 3S-SECE circuits
under the optimal VFSs summarized in table 2. As the ini-
tial voltage V), increases, 7rec sharply increases at first, then
gradually stabilizes. This phenomenon is caused by the con-
stant diode dissipation energies, which take a significant part
of the total energy when V), is relatively small, and their pro-
portions decrease rapidly under larger V). A slight decrease
of nelec 1s observed when V), is larger, which can be attributed
to the dielectric loss in piezoelectric element [39] or nonlin-
ear parasitic effects in electronic elements. With the optimal
VFSs applied, similar performance is obtained for the two cir-
cuits with different Q;, suggesting that the MSEE strategy can
equivalently enhance the circuit quality factor of the SECE
circuit, which is a critical factor for improving the performance
of synchronous switching circuits.

The enhanced ratio of the overall electrical efficiency
7Nenh_elec Of the 2S-SECE and 3S-SECE circuits are presented
in figures 12(c) and (d). Obviously, 7gnh_elec gradually declines
with the increase of V,,, which is attributed to the bias effect of
the diode dissipations. Moreover, larger 7)gnn_elec 1S Observed
for the lower Q; circuit with the corresponding values for
the 2S and 3S cases measured as 41.9% and 65.5% under an
extremely low initial voltage (V,, = 2.5 V), and 5.8%, 9.4%
under a large initial voltage (V,,, = 40 V). By contrast, the val-
ues for the higher Q; circuit were 20.8%, 38.3% and 4.1%,
7.2%, respectively.

In summary, the experimental results verified the effective-
ness of the MSEE strategy on the SECE circuit, and proved
the accuracy of the proposed model and the proposed optimal
VFSs. It also indicates that the MSEE strategy is more effect-
ive under lower circuit quality factor. Furthermore, the pro-
posed optimal VFESs can be used as a reference for the MS-
SECE circuits to achieve a better performance.

5.83. Discussion

The implementation of the MSEE strategy generally requires
an additional controller to generate the PWM waves to execute
the MS switching actions. The proposed optimal VFSs can
be easily converted into the corresponding PWM waves or
switching time according to the intrinsic parameters of the
electromechanical system. During the experiment, the switch-
ing time was set to 12 us, 21 us, and 10 us, 13 us, 21 us to
carry out the optimal VFSs 1-0.6-0 and 1-0.7-0.4-0 for the
2S-SECE and 3S-SECE circuits, respectively. Figure 13(a)
displays the harvested power of the SECE, 2S-SECE, and
3S-SECE circuits of the lower Qy circuit, while figure 13(b)
shows the additional harvested power for the 2S-SECE and
3S-SECE circuits on the basis of the SECE circuit. It is evid-
ent that a larger power difference is observed with a higher
initial voltage V),, despite less electrical improvement in these
cases. Moreover, the additional harvested power between the
3-step and 2-step cases is enlarged as well. Specifically, at a
typical initial voltage of 20 V, the power differences for the
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Figure 12. Overall electrical efficiency for the SECE and MS-SECE circuits and enhanced proportion for the MS-SECE circuits. (a) and (c)
the results for lower circuit quality factor circuit (Q; ~ 3.5); (d) and (d) the results for higher circuit quality factor circuit (Q; = 4.6).
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Figure 13. Harvested power and additional harvested power of the SECE and MS-SECE circuits. (a) Harvested power of the SECE,
2S-SECE and 3S-SECE circuits; (b) additional harvested power for the 2S-SECE and 3S-SECE circuits compared to the SECE circuit.

2S-SECE and 3S-SECE circuits are 173.9 W and 288.3 p/W.
When V,,, reaches 40 V, the values increase to 352 ;W and
568 uW, respectively.

However, the use of a controller incurs additional power,
therefore, the power gain and consumption should be espe-
cially considered when employing the MSEE strategy. The
consumption of the low power MCU were estimated at
32.1 W during the experiment. The longer switching time for
the 2-step and 3-step cases would not significantly increase
the power consumption since the total switching time is
always quite smaller than the mechanical period. For the
designed system, the consumption is affordable when the
initial voltage is larger than a threshold voltage 5 V with
50.6 uW harvested power of the SECE circuit. The cor-
responding additional harvested power of the 2S-SECE and
3S-SECE circuits were measured as 17 uW and 27 uW,
respectively. At 10 V initial voltage, the additional harvested

power increases to 70 uW and 113 pW, which is sufficient
for conducting an MPPT process for the FT-SECE circuit
to further enhance the performance of the electromechan-
ical system [40-43]. It should also be mentioned that the
self-powered topology of the SECE circuit normally har-
vests 70% of the ideal one because of the induced phase
lag [44]. The unavoidable loss may exceed the power con-
sumption of the controller in the cases with a larger initial
voltage.

Given the large capacitor for the designed piezoelectric
harvester, the threshold initial voltage may increase for other
designed harvesters. On the other hand, the power consump-
tion could be further reduced by using IC solutions [45, 46].
Consequently, the effectiveness of the MSEE strategy needs
to be evaluated, specifically considering the energy harvesting
capacity of the mechanical structure and power consumption
of the designed circuit for different cases.
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6. Conclusion

In this paper, the optimal VFSs for the MS-SECE circuit are
derived based on an improved theoretical model. The proposed
model provides a more detailed depiction of energy flows at
the synchronous instants, including the precise assessments of
the components in the secondary working phase, so that the
electrical efficiencies of the MS-SECE circuit can be accur-
ately analyzed. The analytical results demonstrate that the dis-
sipation energies caused in the secondary working phase take
up a relatively smaller but non-negligible part of the total
energy. It also indicates that the EC phases have little influ-
ence on the determination of the general optimal VFSs.

Based on the analysis of the electrical efficiencies, the
optimal VFSs for the 2S-SECE and 3S-SECE circuits are
initially identified as 1-0.6-0 and 1-0.7-0.4-0, respectively.
Then, the optimal VFSs are generalized to the MS-SECE cir-
cuits by adopting a recursive approach. More importantly, the
derived optimal VFSs show less dependence on the intrinsic
parameters and the initial voltage, highlighting its broad
applicability. The experimental results proved the accuracy
of the proposed optimal VFSs and verified that the MSEE
strategy was more effective under lower circuit quality factors.
In comparison with the standard SECE circuit, the electrical
efficiency is enhanced by 41.9% and 65.5% for the 2S-SECE
and 3S-SECE circuits at a low initial voltage of 2.5 V, while
the additional harvested powers are 352 W and 568 yW at
40 V initial voltage. Moreover, the applicability of the MSEE
strategy is discussed with a special focus on power gain and
consumption. Overall, the proposed VESs provide valuable
guidance for enhancing electrical efficiency when designing
MS-SECE circuits.
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