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Abstract— This paper reports, for the first time, experimental 

evidence of the effectiveness of the frequency-tuning synchronized 

electrical charge extraction technique (FTSECE) with a strongly-

coupled generator. The ratio between the system bandwidth (7Hz) 

and the natural bandwidth of the transducer (0,688Hz) is 1017%, 

surpassing previous demonstrations of synchronized charge 

extraction methods by a large extent. We prove that the bandwidth 

of the FTSECE system is only limited by the unideal 

characteristics of the circuit components and generator. This is a 

big advantage of FTSECE as opposed to other competitive 

methods where the bandwidth is intrinsically mathematically 

limited, even in the hypothetical presence of ideal components. We 

also propose a new circuit for the implementation of FTSECE, 

which allows the piezoelectric generator to be connected to the 

same ground as the control circuit. Our experimental setup based 

on the combination of a strongly-coupled piezoelectric generator 

and a FTSECE architecture allows operation at a maximum 

power plateau on a +/-3.5% interval around the resonance 

frequency. The resulting full width at half maximum (FWHM) is 

+/-10% around the resonance frequency, which corresponds to 

+200% compared to most up-to-date architectures designed for 

bandwidth enhancement, with the advantage of suppressing local 

minima in the power responses. 

 

Keywords—Piezoelectric energy harvesting, resonant systems, 

synchronized switching, SECE, frequency tuning, FTSECE. 

I. INTRODUCTION 

ROM an industrial perspective, the replacement of batteries 

by energy harvesters to power microsystems requires 

improvements in device size, weight, cost and performance. 

Harvesting wideband vibrations of the environment is hardly 

compatible with the frequency selectivity of high Q-factor 

resonators. Increasing the damping of the structure is the most 

obvious way to enlarge the system bandwidth but decreases the 
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maximum achievable extracted power. This simple statement 

has already justified researches on innovative resonator designs 

[1] and conditioning circuits [2] allowing bandwidth 

broadening of energy harvesters without reducing the maximal 

available power. 

Following this trend, several solutions have been described 

in previous literature. Most of these solutions take advantage of 

full-bridge (FB) rectifiers at an intermediate stage [3]. Even if 

this architecture is limited by the voltage drop of the diodes [3], 

which has justified several works on alternative rectifiers [4] or 

rectifier-free circuits [5], full-bridge-based architectures remain 

a viable solution for energy harvesting [6]. 

Based on this statement, many works have focused on the 

optimization of energy harvesting architectures using FB 

rectifiers [7]. The charge transfer from an intermediate stage to 

a battery - or supercapacitor – is operated by a DC-DC 

converter. Several DC-DC converter topologies may be 

considered [2], each one requiring specific Maximum Power 

Point Tracking (MPPT) algorithms and circuitry. Amongst 

various control strategies, a first technique called “Synchronous 

Electrical Charge Extraction” (SECE) has initially been studied 

by Lefeuvre et al. [8]. However, this technique is known to 

exhibit relatively low performances (in terms of harvested 

power and bandwidth) for strongly-coupled piezoelectric 

resonators [8]. To improve the performance of classical SECE 

in terms of maximum power and/or bandwidth, recent works 

have proposed simple modifications to the original circuit [9] 

[10] [11] [12] [13]. Following this trend, the phase-shift SECE 

(PSSECE) technique has proven its ability to enlarge the 

bandwidth of strongly-coupled energy harvesters [11]. A 

similar approach has also been adopted to increase the off-

resonance performance of series and parallel-SSHI 

architectures [14] [15]. Ultimately, the so-called FTSECE 
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technique has been proposed [16] [2], in which both the instant 

and duration of charge extraction are tuned depending on the 

mechanical oscillation frequency. Numerical simulation results 

have proven that this technique significantly enlarges the 

bandwidth of SECE-based energy harvesters. Recent 

experiments on ASIC circuits have even demonstrated the 

feasibility of such modified SECE for fully-autonomous 

piezoelectric energy harvesters [17]. However, no full 

analytical study has yet determined the theoretical 

performances of FTSECE, and, no experimental validation has 

yet proven the full potential of FTSECE with a very strongly 

coupled piezoelectric resonator. 

In this paper, we provide the full analytical developments 

proving that, as long as all resistive losses (in the piezoelectric 

material, switches and inductors) may be neglected, the 

theoretical bandwidth of FTSECE is infinite. We also analyze 

the impact of losses on the bandwidth of the system. The results 

are illustrated on a strongly-coupled resonator specifically 

designed to that purpose. 

This paper is organized as follows. In section II, we present 

the main assumptions of our study. In section III, we provide 

the schematic of our circuit and the full performance analysis 

of the FTSECE technique. The results are compared to classical 

SECE [8], tunable SECE [10] and PSSECE [11] techniques. In 

section IV, we give experimental evidence of the efficiency of 

the FTSECE technique compared to the other techniques. 

II. MODEL OF INERTIAL PIEZOELECTRIC DEVICE 

Linear inertial piezoelectric energy harvesters are usually 

composed of a layer of piezoelectric transducer stuck on a 

mechanical resonator (e.g. a cantilever). In this study, we focus 

on the impact of nonlinear conditioning circuits on energy 

harvesters powered by a linear SDOF (single-degree-of-

freedom) piezoelectric resonator. Even though the assumption 

of linearity of the resonator is sometimes debatable [18], it 

remains a reasonable and common basis to compare the 

performance of electronic circuits [19] [20]. For such a 

resonator, the SDOF lumped model depicted in Figure 1 

provides a reliable representation around one of its resonance 

frequencies [20]. It is composed of an inertial mass M 

suspended by a spring of stiffness K. The natural frequency of 

the system is written 𝜔0 = √𝐾/𝑀. The damper 𝑐 models the 

mechanical losses of the system. External displacement 𝑦 

(acceleration 𝛾) results in a mechanical displacement of the 

resonator base. The vibration is translated into a (normalized) 

relative displacement 𝑥 of the inertial mass with respect to the 

base. The normalized variables and normalization factors are 

reported in Table I. 

 
Figure 1: SDOF linear model of inertial piezoelectric energy harvesters. 

The electromechanical coupling is achieved by the 

piezoelectric material through a piezoelectric coupling 

parameter 𝛼. In this article, as in previous works, we choose to 

neglect the dielectric losses in the piezoelectric layer. This 

assumption has been validated on the resonators used for the 

experimental validation in section 4 [10]. Under this 

assumption, the governing equations of such a SDOF system 

are given by (.).  

  

{
𝑀

𝑑2𝑥

𝑑𝑡2
+ 𝑐

𝑑𝑥

𝑑𝑡
+ 𝐾𝑥 + 𝛼𝑢 = 𝑀

𝑑2𝑦

𝑑𝑡2

𝑖 = 𝛼
𝑑𝑥

𝑑𝑡
− 𝐶𝑝

𝑑𝑢

𝑑𝑡

 . (.) 

Using the normalized variables given in Table I, (.) becomes (.) 

 

{
 

 
𝑑2𝑋

𝑑𝜃2
+

1

𝑄

𝑑𝑋

𝑑𝜃
+ 𝑋 + 𝑈 =

𝑑2𝑌

𝑑𝜃2

𝐼 = 𝑘𝑚
2
𝑑𝑋

𝑑𝜃
−

𝑑𝑈

𝑑𝜃

 . (.) 

where 𝑘𝑚
2 = 𝛼2/𝐾𝐶𝑝 is the expedient coupling coefficient and 

where 𝑄 = 𝑀𝜔0/𝑐 is the mechanical quality factor. 

Due to the electromechanical coupling, the amplitude and phase 

of the motion of the resonator are influenced by the 

piezoelectric voltage. The displacement of the resonator is 

assumed to remain sinusoidal despite the non-sinusoidal shape 

of 𝑉 (first-harmonic approximation). Hence, we write 𝑋(𝜃) =
𝑋𝑚 sinΩ𝜃, which is known to be a reasonable assumption for 

high-Q factor resonators [19], the higher harmonics being 

𝑦

𝑥
𝑀

𝑐 𝐾

𝛼𝑢
𝛼
𝑑𝑥

𝑑𝑡

𝐶𝑝

𝑢

𝑖

TABLE I 

NORMALIZATION FACTORS 

Variable QUANTITY Normalized variable 

𝜔 
Vibration angular 

frequency (rad.s-1) 
Ω =

𝜔

𝜔0

 

𝑡 Time (s) 𝜃 = 𝜔0𝑡
 

𝑖 Current (A) 𝐼 =
𝑖𝛼

𝐶𝑝𝑀𝜔0𝛾
 

𝑢 Voltage (V) 𝑈 =
𝑢𝛼

𝑀𝛾
 

𝑦 
Displacement of the 

base (m) 
𝑌 =

𝑦𝜔0
2

𝛾
 

𝑥 
Displacement of the 

resonator (m) 
𝑋 =

𝑥𝜔0
2

𝛾
 

𝑝 Input power (W) 𝑃 =
𝑝𝑄

𝑝𝑙𝑖𝑚

=
8𝜔0𝑝

𝑀𝛾2  
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filtered out. For low Q-factor resonators, our analysis should be 

extended to account for higher harmonics. 

To enlarge the bandwidth of piezoelectric energy harvesters, 

some authors focus on nonlinear mechanical resonators [21, 

22]. Studying the combined effect of existing active control 

schemes with a nonlinear piezoelectric converter is the subject 

of very recent research and is out of the scope of this paper. A 

recent analysis of classical SECE combined with a bistable 

resonator can be found in Huguet et al. [23]. 

In the next section, we remind the principle of the Frequency-

Tuning SECE (FTSECE) technique [2], describe an electronic 

architecture for its implementation and analyze its optimal 

operating conditions. 

III. FREQUENCY-TUNING SECE (FTSECE) 

A. Electronic architecture and power analysis 

The FTSECE technique [16] is obtained from a combination 

of the tunable SECE, first proposed by Richter et al. [9], and the 

PSSECE proposed by Lefeuvre et al. [11]. A first circuit for its 

implementation was proposed in [2] and experimentally 

demonstrated [24]. Here, we propose a new circuit (see Figure 

2), which allows the piezoelectric generator to be connected to 

the same ground as the control circuit. This circuit includes a 

bidirectional switch S made of one NMOS and one PMOS 

transistor, whose control is synchronized with the piezoelectric 

voltage. Such a birectional switch has initially been proposed 

for vibration synchronized switch damping (SSD) in a different 

circuit [25].  Then, the principle of FTSECE lies in a two-

degree-of-freedom optimization through the adjustment of 

instant and duration of the switch opening. When the switch is 

closed, during tON, an oscillation between the capacitance of the 

piezoelectric generator and the inductance 𝐿 is initiated at an 

angular frequency 𝜔𝐿𝐶 = 1/√𝐿𝐶𝑝. We assume that the 

frequency 𝜔𝐿𝐶  is very high compared to the frequency 𝜔 of the 

acceleration and that the opening time 𝑡𝑂𝑁 is inferior to half of 

the corresponding period 𝑇𝐿𝐶 = √𝐿𝐶𝑝 . Under this assumption, 

closing the switch 𝑆 results in a quasi-instantaneous variation 

of 𝑢 (compared to the period of the mechanical oscillation). 

Contrary to another architecture proposed in previous literature 

[9] [10], the piezoelectric voltage 𝑢 may reach negative values 

(i.e. be inverted) when the switch 𝑆 is closed. The comparison 

between the piezoelectric voltage waveform obtained with 

classical SECE and FTSECE is illustrated in Figure 3, where 

𝜑 = 𝜔𝑡 = Ω𝜃. 

 
 Figure 2: Interface circuit used for FTSECE. 

Considering the tuning factor 𝛽 and the phase shift 𝜙 defined 

in Figure 3, the average power extracted from the piezoelectric 

transducer over each energy conversion cycle is given by (.).  

 𝑝 =
𝜔

2𝜋
𝐶𝑝𝑢𝑚

2 (1 − 𝛽2) cos2 𝜙. (.) 

where 𝑢𝑚 is the peak piezoelectric voltage. As presented in 

Table I, we define the normalized power by 𝑃 = 𝑝𝑄/𝑝𝑙𝑖𝑚, 

where 𝑝𝑙𝑖𝑚 is the maximum average power which can be 

harvested by the piezoelectric energy harvester (.) [2] [26]. 

 
𝑝𝑙𝑖𝑚 =

𝑀2𝛾2

8𝑐
=

𝑀𝛾2

8𝜔0
𝑄 (.) 

This normalization leads to (.). 

 
𝑃 =

4Ω

𝜋𝑘𝑚
2
𝑈𝑚

2 (1 − 𝛽2) cos2 𝜙. (.) 

In this expression, the normalized peak voltage 𝑈𝑚 depends on 

the normalized frequency Ω, but also on the tuning factor 𝛽 and 

the phase shift 𝜙. To determine the extracted power, one must 

first find the relationship between 𝑈𝑚, Ω, 𝛽 and 𝜙. 

 

 Figure 3: Typical waveforms in the SECE technique (up) and FTSECE technique 
(down). 

To this purpose, the first harmonic approximation applied to 

(.) yields the relationship between the displacement of the 

resonator and the piezoelectric voltage. Under this assumption, 

only the fundamental component 𝑈1 of voltage 𝑈 impacts the 

motion of the resonator when driven near its resonant 

𝑦

𝑥 𝑀

𝑐 𝐾
𝛼𝑢

𝑖

𝛼
𝑑𝑥

𝑑𝑡

𝐶𝑝

𝑢  𝑢    

𝐿

PMOS

Control

NMOS

Bidirectional switch 𝑆
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frequency. According to the waveforms depicted in Figure 3, 

the normalized voltage 𝑈 is described by (.) where sign is the 

signum function (a.k.a. “sign function”). 

 
𝑈(𝜑) = 𝑋𝑚𝑘𝑚

2 (−
1 − 𝛽

1 + 𝛽
cos𝜙 sign[sin(𝜙 − 𝜑)]

− cos(𝜑)) 

(.) 

To determine the extracted power 𝑝, one still has to find out the 

normalized peak voltage 𝑈𝑚 (see (.)). From (.), the normalized 

peak voltage 𝑈𝑚 can also be expressed as a function of the 

magnitude 𝑋𝑚 of the relative displacement as (.). 

 
𝑈𝑚 = 𝑋𝑚

2𝑘𝑚
2

1 + 𝛽
. (.) 

Then, the amplitude 𝑋𝑚 may be obtained from the method of 

harmonic balance [27]. This method requires the determination 

of the components 𝑈𝑝 and 𝑈𝑞 of the piezoelectric voltage 𝑈 

which are respectively in-phase and in quadrature with respect 

to 𝑋. These terms are defined by (.). 

 

{
 
 

 
 𝑘𝑚

2 𝑋𝑚𝑈𝑝 =
1

𝜋
∫ 𝑈(𝜑)𝑋(𝜑)𝑑𝜑

2𝜋

0

𝑘𝑚
2 𝑋𝑚𝑈𝑞 =

1

𝜋
∫ 𝑈(𝜑)

𝑑𝑋

𝑑𝜑
(𝜑)𝑑𝜑

2𝜋

0

 (.) 

From (.) and writing 𝑌(Ω𝜃) = sin(Ω𝜃 + 𝜓), the method of 

harmonic balance leads to (.). 

 

{

𝑋𝑚(1 − Ω2 + 𝑘𝑚
2 𝑈𝑝) = cos𝜓

𝑋𝑚 (
Ω

𝑄
+ 𝑘𝑚

2 𝑈𝑞) = sin 𝜓
 (.) 

where 

 

{
𝑈𝑝 = 1 +

2

𝜋

1−𝛽

1+𝛽
sin 2𝜙

𝑈𝑞 =
4

𝜋

1−𝛽

1+𝛽
cos2 𝜙

. (.) 

Finally, combining the two equations (.) leads to the expression 

of the amplitude 𝑋𝑚 of the mechanical oscillation, which 

depends on the acceleration frequency, the tuning factor 𝛽 and 

the phase shift 𝜙 through (.). 

𝑋𝑚
2

=
1

[1 − Ω2 + 𝑘𝑚
2 (1 +

2
𝜋
1− 𝛽
1+ 𝛽 sin 2𝜙)]

2

+ [
Ω
𝑄 + 𝑘𝑚

2 4
𝜋
1 − 𝛽
1 + 𝛽 cos2 𝜙]

2 (.) 

Finally, the expression (.) of the average power 𝑃 is derived 

from the combination of (.), (.) and (.). When 𝛽 = 0 and 𝜙 = 0, 

equation (.) is identical to the analytical expression of the 

harvested power calculated by Tang et al. for the SECE 

technique [28]. 

 𝑃

=
1 − 𝛽

𝜋(1 + 𝛽)

16𝑘𝑚
2 Ωcos2 𝜙

[1 − Ω2 + 𝑘𝑚
2 (1 +

2
𝜋
1 − 𝛽
1 + 𝛽 sin 2𝜙)]

2

+ [
Ω
𝑄 + 𝑘𝑚

2 4
𝜋
1 − 𝛽
1 + 𝛽 cos2 𝜙]

2 (.) 

To optimize the harvested power at a given frequency Ω, 𝛽 

and 𝜙 must be tuned properly. From (.), the optimal conditions 

(.) on 𝛽𝑜𝑝  and 𝜙𝑜𝑝  leading to the maximal harvested power 

can be obtained, for instance with a symbolic calculation 

software (Wolfram Mathematica in our case). These 

expressions of 𝛽𝑜𝑝  and 𝜙𝑜𝑝  lead to 𝑃 = 𝑄 at any frequency. 

A previous approximated expression had already been provided 

in [24] for sufficiently weak coupling (𝑘𝑚
2 ≪ 1) but (.) is the 

exact analytical result.  

 

{
 
 

 
 𝜙𝑜𝑝 = −arctan [

𝑄(1 + 𝑘𝑚
2 − Ω2)

Ω
]

𝛽𝑜𝑝 =
4𝑘𝑚

2 𝑄Ω − 𝜋[Ω2 + 𝑄2(1 + 𝑘𝑚
2 −Ω2)2]

4𝑘𝑚
2 𝑄Ω + 𝜋[Ω2 + 𝑄2(1 + 𝑘𝑚

2 −Ω2)2]
𝑃(Ω) = 𝑄,   ∀Ω

. (.) 

The specific case Ω = √1 + 𝑘𝑚
2  leads to 𝜙𝑜𝑝 = 0, which 

highlights that the maximal value achieved by 𝛽𝑜𝑝  at resonance 

is the same as the maximal value predicted in the case of tunable 

SECE [10]. In (.), one can see that the maximum normalized 

power 𝑝 = 𝑝𝑙𝑖𝑚 (i.e. 𝑃 = 𝑄) can theoretically be achieved at 

any frequency. This proves the ultimate effectiveness of the 

charge extraction operated by the FTSECE technique, where 

the theoretical bandwidth is infinite. To illustrate this statement, 

we report, in Figure 4, the evolution of 𝑃 for the classical SECE 

technique [8], tunable SECE [10], PSSECE [11] and the 

FTSECE technique. As already described in the literature, the 

SECE technique is unable to reach the maximum power 𝑝 =
𝑝𝑙𝑖𝑚 (i.e. 𝑃 = 𝑄), except at the resonance frequency Ω =

√1 + 𝑘𝑚
2  and for one specific value of 𝑘𝑚

2 𝑄 = 𝜋/4. In the other 

cases, the optimal values of the tunable parameters 𝛽𝑜𝑝  and/or 

𝜙𝑜𝑝  are also given. On Figure 4-d (FTSECE), the three curves 

𝑃(Ω), corresponding to three different values of 𝑘𝑚
2 , are 

superimposed. 

Two criteria can be used to compare the harvesting methods. 

The first criterion relates to the bandwidth of the system. With 

respect to this indicator, FTSECE largely outperforms the 

others in terms of bandwidth, which is theoretically unlimited. 

The second criterion relates to the peak harvested power. For 

resonators with low or medium electromechanical coupling (red 

and blue curves), FTSECE and tunable SECE are the only 

methods which achieve the maximum power 𝑝𝑙𝑖𝑚 (i.e. 𝑃 = 𝑄). 

For weakly-coupled resonators (𝑘𝑚
2 𝑄 < 𝜋/4), FTSECE does 

not bring any improvement to tunable SECE in terms of 

maximal harvested power (red curves) but only in terms of 

bandwidth. In practice, several experimental constraints 

actually limit the performance of the FTSECE technique. These 

limitations are explained in section B.  

B. Technical limitations of FTSECE 

1) Limitation due to inductor imperfections 

As one can notice in Figure 4, as the frequency gets farther 

from the natural frequency of the resonator, the optimal values 

of 𝛽 and 𝜙 tend to -1 and ±𝜋/2 respectively. The condition 

𝛽 = −1 cannot be fullfilled in practice due to the intrinsic 
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resistance of the inductance [29]. This resistance induces 

dissipation during the LC-oscillation when the switch is closed. 

In practice, 𝛽 is then bounded by a negative value 𝛽𝑚𝑖𝑛 which 

verifies [30]: 

 
𝛽𝑚𝑖𝑛 ≈ −exp [−

𝜋

√4𝑄𝑖𝑛𝑑
2 − 1

] (.) 

where 𝑄𝑖𝑛𝑑 is the inductor quality factor (𝑄𝑖𝑛𝑑 =
1

𝑅 √
𝐿

𝐶𝑝
).  

Hence, a limitation to the system performance relates to the 

practically-achievable lower bound 𝛽𝑚𝑖𝑛 of 𝛽. The evolution of 

𝛽𝑚𝑖𝑛(𝐿) in the case of a piezoelectric resonator with 𝐶𝑝 =

100nF is reported in Figure 5 for commercially-available 

inductors (data from [31]). In order to optimize the performance 

of our proposed architecture, one should use a very small 

inductance value to ensure 𝛽𝑚𝑖𝑛 ≤ −0.95. However, a small 

inductance value is not favorable in terms of actuation of 

parasitic modes and requires a more complex control system 

(see sections III.B.2) and III.B.3)). 

 

 

Figure 4: Normalized power vs. frequency and optimal values of 𝛽 and 𝜙 for SECE (a), tunable SECE (b), PSSECE (c) and FTSECE (d). Illustration given for 

𝑄 = 100 and three different values of 𝑘𝑚
2  (red: 𝑘𝑚

2 𝑄 = 0.3𝜋/4, blue: 𝑘𝑚
2 𝑄 = 𝜋/4, black: 𝑘𝑚

2 𝑄 = 5𝜋/4). The power responses of FTSECE are all superimposed 

(blue, red and dark). 

 

Figure 5: Lower bound of the tuning factor for commercially-available 

inductors (data from [31]). Example for a resonator with 𝐶𝑝 = 100𝑛𝐹. 

The impact of the lower bound 𝛽𝑚𝑖𝑛 on the bandwidth of the 

harvester is illustrated in Figure 6, for a FTSECE architecture 

limited to 𝛽𝑚𝑖𝑛 = −0.6. Several conclusions can be drawn from 

the comparison between Figure 4-d and Figure 6. As 𝛽 reaches 

its lower bound, the power 𝑃 starts to decrease. The limitation 

on 𝛽 leads to a different optimal phase shift 𝜙𝑜𝑝 . As soon as 𝛽 

reaches 𝛽𝑚𝑖𝑛, the harvested power decreases and the optimal 

operating point verifies (.). 

 

{
  
 

  
 𝜙𝑜𝑝 = −arctan [

4𝑘𝑚
2 (1 − 𝛽𝑚𝑖𝑛)𝑄

2(1 + 𝑘𝑚
2 − Ω2)

𝜋(1 + 𝛽𝑚𝑖𝑛)[(Ω
2 + 𝑄2(1 + 𝑘𝑚

2 − Ω2)2)]
]

𝑃 =
16

𝜋

1 − 𝛽𝑚𝑖𝑛

1 + 𝛽𝑚𝑖𝑛

𝑘𝑚
2 𝑄2Ω [

Ω2

𝑄𝑚
2 + (1 + 𝑘𝑚

2 − Ω2)2]

[
Ω2

𝑄2 + (1 + 𝑘𝑚
2 − Ω2)2 +

4
𝜋
1 − 𝛽𝑚𝑖𝑛

1 + 𝛽𝑚𝑖𝑛
𝑘𝑚

2 Ω]
2

 (.) 

As one can see in Figure 6 and equation (.), in the case of 

FTSECE (as well as tunable SECE [9] or PSSECE [11]), all the 

curves (power, optimal 𝛽 and optimal 𝜙) are symmetrical with 

respect to Ω = √1+ 𝑘𝑚
2 . 
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Figure 6: Normalized power vs. frequency for FTSECE limited to 𝛽 ≥
−0.6. Illustration given for 𝑄 = 100 and three different values of 𝑘𝑚

2  (same as 

Figure 4). 

Diminishing the lower bound 𝛽𝑚𝑖𝑛 becomes a key issue, as the 

bandwidth is drastically modified by a small improvement of 

𝛽𝑚𝑖𝑛. The constraint on 𝛽𝑚𝑖𝑛 can be alleviated using circuits 

including for instance multiple-step extraction as addressed by 

Lallart et al. [30]. 

2) Limitation due to the complexity of the control scheme 

We have seen in III.B.1) that the best inversion tends to be 

obtained with small inductance values. However, the problem 

then comes at the control scheme level. If the inductor is very 

small, the inversion time becomes very short and it becomes 

complex for the control scheme to react and eventually stop the 

inversion before the end of the inversion, to tune 𝛽 precisely.  

3) Limitation due to higher resonance modes 

As written in section III.B.1), the performance of FTSECE is 

limited by the achievable lower bound 𝛽𝑙𝑖𝑚 of 𝛽. To overcome 

this limitation, one should opt for a low-resistance and low-

inductance inductor which yields to 𝛽𝑚𝑖𝑛 close to -1. However, 

such an inductor produces very sharp voltage drops which 

increase the risk of actuating higher resonance modes of the 

resonator. A balance should then be struck between, on the one 

hand, the minimization of 𝛽𝑚𝑖𝑛 and, on the other hand, the 

energy losses into higher modes and the feasibility of the 

control scheme. If one wants 𝑁 steps of 𝛽, the response time of 

the electronic control must be below 𝜋√𝐿𝐶𝑝/2𝑁. Other 

methods to limit this problem would be to perform the inversion 

in several steps. 

4) Remarks on the limitation due to the dielectric losses in the 

piezoelectric layer 

In addition to the limitations already discussed, another 

limitation relates to the dielectric losses in the piezoelectric 

layer. These losses would not only dissipate a portion of the 

power but also modify the displacement of the resonator and the 

piezoelectric voltage through the electromechanical coupling. 

Taking them into account, one can expect the real bandwidth to 

be narrower than predicted by our model. Indeed, as 𝛽 gets 

closer to −1, the peak piezoelectric voltage drastically 

increases, resulting in a larger amount of power dissipated via 

dielectric losses in the piezoelectric layer. This becomes even 

more problematic as the dielectric losses depend nonlinearly on 

the electric field [32]. 

5) Remarks about power consumption of active control system 

To discuss about the feasibility of FTSECE in a fully-

autonomous system, the power consumption of the active 

control scheme is a significant issue. Previous studies have 

demonstrated the feasibility of active control schemes with 

integrated circuits [17, 33, 34, 35]. These works indicate power 

consumptions between 0.3µW and a few microwatts (typically 

3µW). Based on this statement, the implementation of FTSECE 

makes no sense for applications where only a few microwatts 

are available and requires at least 10µW of harvested power. 

IV. EXPERIMENTAL VALIDATION 

A. Device structure and experimental setup 

The device used for the validation of FTSECE is specifically 

designed to maximize the piezoelectric coupling and minimize 

the chances of actuating parasitic mechanical modes (see Figure 

7). To that purpose, two patches of high coupling PMN-PT X2B 

(45×10×0.5mm) [36] have been bonded to a cantilever beam 

made of steel whose thickness is equal to 0.5mm. To ensure that 

the resonator remains single-mode, a thick mass of steel 

(45×10×5mm) has been stuck to the sheet, close to the free end. 

The mass length has been chosen in order to homogenize the 

strain distribution in the piezoelectric material. The physical 

characteristics of the generator are summed up in Table II. More 

details about the design of the generator can be found in a paper 

dedicated to the mechanical aspects [37].  

The resonator is clamped to a shaker (2075E-HT, The Modal 

Shop©) driven by a dedicated power amplifier (2050E09, The 

Modal Shop©). The speed and relative displacement of the 

mass of the resonator with respect to the base are measured 

thanks to a differential vibrometer (OFV 552 with OFV 5000 

controller, Polytec©). The acceleration of the base is measured 

using an accelerometer (M352C68, PCB©) and set at an 

amplitude of 𝛾 = 0.4m. s−2. The inductor placed in the circuit 

is 𝐿 = 1𝐻, chosen for its low intrinsic losses (inductor quality 

factor 𝑄𝑖𝑛𝑑 = 3.4) so that 𝛽 ≃  0.62.  In our setup, the necessity 

of such a large inductor comes from the sample time of the 

control scheme implemented in a dSPACE© RTI1103 real time 

interface, which cannot be lower than 5µs. The future use of 

integrated electronic control will allow lower response times 

and thus smaller inductors.  
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Figure 7: Cross-sectional view and picture of the strongly coupled piezoelectric 

generator. 

The experimental setup is automated thanks to the dSPACE 

real-time control and acquisition board (Figure 8). The voltage 

driving the electromagnetic shaker is directly delivered from 

this control board, and its amplitude is regulated in order to 

maintain the shaker acceleration amplitude constant. The 

piezoelectric harvester electrodes are connected to the 

electronic circuit realizing the FTSECE strategy. 

The measurements are performed at 50 vibration frequencies 

ranging from 24Hz to 45Hz, and for a set of 30×30 values of 

tuning parameters (𝛽, 𝜙) ∈ [−0.7, 1] × [−90°, 90°]. For each 

combination of tuning parameters (𝛽, 𝜙) and for each 

frequency, the voltages, mechanical displacement, speed and 

acceleration waveforms are recorded and stored in a computer 

thanks to the dSPACE acquisition board. 

 

Figure 8: Experimental setup 

B. Experimental results 

The results obtained with FTSECE are reported in   

Figure 9. The theoretical response is based on the resonator 

characteristics given in Table II. The capacitance is measured 

with an impedance analyzer and the other parameters are 

estimated based on the power response of Fig. 9. One can notice 

a good agreement between our theory and the experiments. The 

remaining differences are assumed to come from higher 

resonance modes (see section 3.2.2) and the intrinsic dielectric 

losses in the piezoelectric layer (see section III.B.4)), which our 

model does not take into account. Based on the difference 

between the modeled and the experimental input power 

obtained, we estimate the energy losses in higher resonance 

modes to be lower than 10% of the available power when the 

first bending mode is close to resonance. This proportion is 

relatively low due to the specific design of our generator, for 

which the frequency of the second mode is more than 10 times 

higher than the frequency of the first bending mode (obtained 

with FEM simulations). As expected, the power obtained with 

FTSECE exhibits a plateau (at 93µW) with no local minimum. 

To compare this harvester with other ones from the literature, 

we use a common figure of merit (FoM) called “normalized 

power density” (NPD) defined by (.), where 𝑉 is the active 

volume of the device and 𝑝𝑚𝑎𝑥 the maximum input power [38] 

[39] (one should remind that 𝑝𝑚𝑎𝑥 = 𝑝𝑙𝑖𝑚 corresponds to the 

best-case scenario). 

 NPD =
𝑝𝑚𝑎𝑥

𝛾2𝑉
 (.) 

We obtain a NPD of 8.8μW.mm−3. g−2, which is among the 

best state-of-the-art piezoelectric transducers with millimetric 

or centimetric dimensions (see examples in Table III), with a 

much larger relative bandwidth (see examples in Table III). The 

full width at half maximum of our system is Δ𝑓 = ±3.5Hz 

corresponding to a normalized bandwidth Δ𝑓/𝑓0 ≃ 12.7%. 

To demonstrate the interest of FTSECE compared to other 

existing methods, we also plot the results obtained for classical 

SECE, tunable SECE and PSSECE in Figure 10. The 

experiments validate the most important conclusions captured 

by the model: the large bandwidth of our system with FTSECE 

compared to the other techniques and the improvement in terms 

of harvested power (more than 4 times compared to SECE). 

We also report, in this figure, the output power (grey lines) 

collected in the storage capacitor at the end of the electrical 

chain. Even though the improvement of the electrical power 

efficiency of the SECE circuits remains a hot topic, higher peak 

power and larger frequency bandwidth are obtained at the 

output of our circuit. The main losses between input and output 

power take place in the inductor and in the piezoelectric layer, 

as discussed in sections III.B.1) and III.B.4), but also in the 

diodes (conduction losses) since the voltage amplitudes are 

typically between 1V and 10V (depending on the frequency). 

The resulting full width at half maximum is doubled compared 

to PSSECE, with no local minimum, which is a very significant 

improvement. 

Control board (dSPACE )

Electromagnetic

shaker
Power

amplifier

Highly coupled PMN-PT 

material
Differential lasers

Acceleration 𝛾

Accelerometer

+
_

Displacement

𝑥 Laser

vibrometer

𝑉𝑎𝑚𝑝

Vibration

Piezoelectric energy harvester

+_

Buffer

𝛽
𝜔

𝜙

FTSECE

circuit

MATLAB

Simulink

Control Desk

Link

 𝑝

TABLE II 

PIEZOELECTRIC GENERATOR CHARACTERISTICS 

Variable Quantity Value 

𝐶𝑝 Piezoelectric  generator capacitance 𝐶𝑝 = 50nF 

𝑄 Quality factor 𝑄 = 80 

𝑓0 Short-circuit resonance frequency 𝑓0 = 27.51Hz 

𝑘𝑚
2  Expedient coupling coefficient 𝑘𝑚

2 = 0.156 

   

 

TABLE III 

NVPD FIGURE-OF-MERIT 

Ref. 
𝑉 

(cm3) 
𝛾 (g) 

𝑓0 

(Hz) 

𝑝𝑚𝑎𝑥 

(mW) 

Δ𝑓

𝑓0
 

(%) 

NPD (μW. 
mm−3. g−2) 

[32] 535 0.255 120 0.375 N/A* 10.8 

[33] 6750 0.25 100 4 7.1 9.5 
[34] [35] 464 0.2 76 0.139 5.2 0.75 

[36] [37] 9000 0.1 50 0.18 8 2.0 

[38] 1400 0.41 116 1.4 4.1 5.95 

[38] 1400 1.8 93.5 21.3 2.4 4.7 

This 
work 

6300 0.041 27.5 0.093 12.7 8.8 

*N/A: Not available 
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Figure 9: Experimental results for FTSECE (input power and control 

parameters). Measurements (diamonds) and theory (solid line). 

V. CONCLUSION 

In this paper, we have experimentally demonstrated wideband 

piezoelectric energy harvesting with a strongly-coupled 

piezoelectric energy harvester (𝑘𝑚
2 = 15.6%). We have proven 

that the resulting system bandwidth may be doubled compared 

to the most up-to-date bandwidth enhancing techniques. With 

the proposed resonator and architecture, we obtain more than 

50µW input power on a 7Hz bandwidth around 29Hz, for an 

acceleration amplitude of 0.041g, corresponding to a RMS 

acceleration of 0.028g. The normalized power density of our 

harvester is 8.8µW.mm-3.g-2 and its normalized bandwidth is 

12.7% of the short-circuit resonance frequency, which places it 

among the best piezoelectric transducers with millimetric or 

centimetric dimensions. In addition, we have shown that the use 

of FTSECE suppresses the local minimum exhibited by the 

power vs. frequency response caused by other state-of-the-art 

control schemes. 

An automated procedure has been implemented, proving the 

performance of the FTSECE approach. A further theoretical 

analysis has allowed us to derive simple expressions of the 

optimal operating point of FTSECE. This theoretical analysis 

can be used as a basis for the optimization of the maximum 

power point tracking procedure. One remaining limitation to the 

use of FTSECE lies in the impact of the quality factor of the 

inductor under use for charge extraction. A high electrical 

quality factor is obtained for small inductor values, which 

implies that the control circuit response time must be short 

enough to provide accurate tuning of the charge extraction 

duration. This constraint can be alleviated using circuits 

including for instance multiple-step extraction. Design of a 

strongly-coupled piezoelectric resonator with a large intrinsic 

capacitance is another way to address this issue. These 

improvements are the subject of ongoing research. 

 

 

Figure 10: Experimental comparison: From left to right : Input power obtained with a matched resistive load, SECE, tunable SECE, PSSECE and FTSECE 

(dark diamonds). Output power (grey diamonds). For resistive matching, grey and black are superimposed. Theoretical response based on the resonator and 

inductor characteristics (solid dark line). 
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