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Current-Limiting Control Strategies in Variable Capacitance

Electrostatic Energy Harvesters

Alireza Jalaliankhakshour, Gianluca Rizzello, Antonello Cherubini, Marco Fontana,

and Giacomo Moretti*

Electrostatic energy harvesters (EEHs), especially those employing electroactive

polymers, show significant potential to be scaled up into real-world technologies for
ambient energy harvesting. Conventional EEH cycles involve rapidly charging and
discharging a variable capacitor at specific instants corresponding to maximum and
minimum capacitance values. This approach poses two major challenges in practical
operation: 1) the precise detection of these extrema is difficult under stochastic

inputs and 2) instantaneous charging demands high peak currents and power,

creating significant cost and complexity burdens for large-scale applications. This
work proposes control strategies that enable charging and discharging under sto-
chastic excitations while also evaluating the impact of limiting the peak current on
the maximum convertible energy. Traditional peak-triggered controls are compared
with newly proposed smooth current control methods that use continuous AC-like
driving voltages, whose phase is bound to the capacitance. Modeling and results on
elastomeric generators show that smooth voltage controls can be implemented in a
real-time prediction-free fashion, while competing in performance with peak-triggered

electrostatic energy harvesters (EEHs) have
been proposed as a solution for energy
recovery from vibrations,"” in the past
two decades, macroscale electrostatic gener-
ators have emerged, which might represent
a promising option for large-scale renewable
energy harvesting.”! To comply with appli-
cations at different scales, EEHs rely on dif-
ferent embodiments. At the small scale,
microelectromechanical system (MEMS)
EEHs rely on parallel plate capacitor archi-
tectures with variable gaps.[) Those architec-
tures are unsuitable for upscaling, because
of the limited ability of thick air gaps to tol-
erate high electric fields.”) Macroscale gen-
erators have thus been developed using
deformable dielectrics with high breakdown
strength. The most popular class of such

controls even under realistic stochastic ambient energy harvesting conditions.

1. Introduction

Variable capacitance electrostatic generators lend themselves to a
broad variety of layouts, which make them promising candidates
for applications at different scales. Whereas micrometer-scale
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devices is the so-called dielectric elastomer
generators (DEGs), which consist of stretch-
able dielectric rubbers covered with deform-
able electrodes.'® DEGs have reached cyclic
energy densities up to hundreds of | kg~ ';”) they have been experi-
mentally demonstrated at scales ranging from millimeters to
meters,® with a focus on small-to-medium-scale applications such
as energy harvesting from human motion.!”’ Moreover, remark-
able effort has been put into understanding the feasibility of scal-
ing DEGs up to multimeter scales for ocean wave energy
harvesting.*'%'! Recently, dielectric fluid generators have been
proposed,™*™* which achieve capacitance variations by means
of a relocation of dielectric fluid within dielectric pouches coated
by compliant electrodes, featuring a structure similar to that of so-
called hydraulically amplified self-healing electrostatic (HASEL)
actuators.™® Dielectric fluid generators provide a potentially prom.-
ising solution to overcome some of the limitations of DEGs, e.g.,
the high sensitivity to dielectric breakdown of elastomeric materi-
als upon cyclic loading.!"®!

Developing large EEHs or clusters of harvesters to reach
large-scale power production!® is regarded as a strategic target
by agencies working in the field of renewable energy harvesting,
especially wave energy conversion.['”""!

EEHs rely on a cyclic working principle, and their operation
involves high voltages (especially at macroscopic scales) to
achieve high electric fields. EEHs’ control involves cyclically
charging (i.e., priming) and discharging the harvester capacitor
based on the current capacitance values. Because this operation
involves bidirectional energy fluxes, dedicated electronic solu-
tions are required to manage the energy generated by EEHs.

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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At small scales, circuits based on charge pumps,?” elec-
trets,”!! or self-priming topologies!*” have been proposed. At
large scales, however, high efficiency and the ability to effectively
regulate the voltage to maximize the energy yield are key, and
bidirectional DC-DC converters are thus required.!”>=*!

It is well-known that, to maximize the convertible energy in the
presence of a given motion pattern, charging and discharging
should take place at fixed configurations, i.e., respectively when
the EEH capacitance is maximum/minimum.?* In a practical
context, where the capacitance changes continuously with time,
this corresponds to charging/discharging the EEH in a short time.

To achieve this, the power converter should be able to provide
peak currents and powers (for charging/discharging) much
higher than the average current/power produced in a working
cycle. This would in turn affect the rated power of the switching
components and, ultimately, the price and size of the power con-
verter.””) Identifying trade-offs between high-rated currents and
the ability to implement high-yield working cycles is a highly rel-
evant question for large-scale EEH applications. Nonetheless,
only a few works have investigated the implications of limiting
the charging currents on the performance of EEHs??®! and, to our
best knowledge, no systematic investigations of the implications
of different current limitations on the maximum convertible
energy have been produced up until now.

This study presents an analysis of control strategies to limit
the peak current in EEHs and analyzes their impact on the
maximum energy conversion capability. We present a compara-
tive analysis of two different control approaches, namely,
1) peak-triggered controls, which involve charging/discharging
in a finite amount of time using specific conditions (e.g., detec-
tion of peaks in capacitance/displacement) as trigger events, and
2) quadrature controls, which involve applying smooth voltage
profiles in phase quadrature with the variable capacitance profile.
While peak-triggered controls have been used in practical appli-
cations, including real-time settings,'"! quadrature controls are
introduced here for the first time. We show that this latter class of
controls leads to higher convertible energy than peak-triggered
controls in the presence of strong limitations on the peak cur-
rent. While, in principle, generating quadrature voltage profiles
implies predicting the EEH displacement (or capacitance), we
propose a prediction-free online implementation for quadrature
controls with real-time capability. The method relies on an
observer-like filter that continuously provides a normalized esti-
mate of the time derivative of the EEH capacitance, which is then
used to generate the quadrature voltage driving signal.

We present a validation/demonstration of the proposed con-
trol strategies on an archetypal prototype of an EEH, consisting of
an elastomeric variable capacitor. Our proposed control strate-
gies reach performance that closely matches theoretical expect-
ations, and are applicable in the presence of multiharmonic
capacitance variations. With respect to previous simulation
works that investigated the implications of restricting the peak
current in EEH generation cycles,”® this work presents a system-
atic theoretical and experimental analysis of the implications of
current limitations on the maximum convertible energy. With
respect to previous works that used smooth voltage profiles
(e.g., alternated current driving) through specific circuit
topologies,*”! this work investigates strategies that are circuit
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independent and are potentially applicable through DC-DC
converters, relevant for large-scale EEH systems.

The rest of the study is structured as follows. Section 2.1.1
presents an overview of EEH working cycles and introduces
peak-triggered and quadrature control strategies. Section 2.2
presents a theoretical analysis and simulation results for differ-
ent control strategies. Section 2.3 presents an open-loop experi-
mental validation and comparison of the different control
strategies. Section 2.4 introduces online prediction-free imple-
mentations of the proposed approaches and presents their exper-
imental validation. Section 2.5 reports a discussion of advantages
and limitations of the porposed control strategies. Section 3
presents the conclusions.

2. Results and Discussion

2.1. Working Cycles and Current Limitation Strategies

2.1.1. EEH Working Cycles

EEHs leverage variations in capacitance imposed by an external
mechanical energy source and voltage modulation applied
through a control strategy to cyclically convert mechanical work
into electrical energy.

The prototypical control of EEHs follows a working cycle that
consists of a sequence of four operations (Figure 1A): 1) The EEH
is initially uncharged, and it is mechanically deformed from a
configuration 1 with minimum capacitance to a configuration
2 with maximum capacitance; 2) When the generator reaches
maximum capacitance, the EEH is charged to a target voltage
(configuration 3). This priming phase involves an amount of elec-
trical energy to be initially spent; 3) While the device capacitance
decreases, a voltage difference is applied on the electrodes of the
harvesters, and electrostatic forces do work against the mechani-
cal forces that drive the deformation. In this generation phase,
electrical energy is positively generated at the expense of mechan-
ical work done on the system by the external force; 4) As the EEH
capacitance reaches again its minimum (configuration 4, the
capacitor is discharged, the stored electrical energy is recovered,
and the cycle is restarted.

The voltage signal applied during the generation phase 3-4 can
be modulated according to different control strategies (constant
charge, constant voltage, constant field, etc.).*?% Here, we
make reference to a constant-voltage control (Figure 1B): the
value of the applied voltage is held constant (say, V,) during
the generation phase, and a current is delivered by the EEH
to the driving electronics as a result of the progressive decrease
in capacitance. While harvesters based on stretchable polymers
(DEGsS) achieve maximum convertible energy density if operated
at a constant electric field,!**% constant-voltage control is a pop-
ular choice in different classes of electrostatic devices. These
include EEHs based on a sliding plate topology (e.g., comb drive
MEMSs),*% in which the distance between the capacitor plates
remains constant upon deformation, and dielectric fluid gener-
ators featuring a variable fluid gap (also called HASEL genera-
tors), in which the maximum working voltage is set by the
thickness of the solid dielectric layers (constant throughout
operation).'>™*33 In an ideal setting, charging and discharging
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Figure 1. A) Four-phase working cycle of a generic EEH. Reference is made to a parallel plate capacitor for the sake of illustration. B) Charge-voltage
trajectory for a working cycle of an EEH controlled according to a constant-voltage strategy. This strategy prescribes that the applied voltage is held
constant during the generation phase, while the capacitance is decreasing. C-E) Quialitative time profiles of the voltage V and current i for different
control strategies, given a same (smooth) profile for the capacitance C. (C) Ideal cycle (instantaneous charging/discharging); (D) peak-triggered control;

(E) quadrature control.

happen instantaneously, i.e., the capacitance does not sensibly
change during those phases. As a consequence of that, the ideal
representation of a constant-voltage generation cycle on a charge-
voltage diagram!® consists of a triangular trajectory (as in
Figure 1B), where isocapacitance lines 1-2 and 3-4 represent
the priming and discharging phases, respectively. In applica-
tions, the EEH is coupled with a mechanical system or an oscil-
lator excited by external forces; therefore, its capacitance varies
continuously in time (Figure 1C). In these conditions, imple-
menting the ideal cycle defined in Figure 1B is only possible
if the voltage is instantaneously raised from 0 to V, (priming),
and then instantaneously removed during discharging. This
requires very high (theoretically infinite) currents that 1) are prac-
tically upper bounded by the rating of the power electronics and
2) would cause significant dissipation. For instance, when a volt-
age step is applied to a series RC set, the energy dissipated on the
resistance equals that delivered to the capacitor.

2.1.2. Current Limitation Strategies

We hereby analyze two alternative approaches to limit the work-
ing current in EEHs and investigate their implication in terms of
energy yield.

A practical strategy, hereafter referred to as “peak-triggered con-
trol,” consists of starting charging (discharging) when the capaci-
tance reaches a maximum (minimum) and completing it in a
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finite amount of time (Figure 1D). This strategy is representative
of solutions used in the practice so far,'"l and it can be imple-
mented either by keeping the current constant during charg-
ing/discharging,® using predefined voltage rise/decrease
profiles, or passing the ideal step voltage profiles through a
low-pass filter. In the remainder of the article, we will refer to lin-
ear time ramps for voltage increase/decrease. This strategy can be
implemented in a causal fashion (without a priori knowledge of
the capacitance profile), and it only requires detecting maxima/
minima in capacitance (or directly related measurable variables,
e.g., displacements). The maximum current requested in this case
depends on the charging time (the slope of the prescribed voltage
ramp) and the harvester capacitance during charging.

A second possibility proposed here and referred to as “quadra-
ture control” consists of the application of a smooth voltage wave-
form (e.g., a sinusoidal or other smooth voltage profile) with a phase
delay of 90° (a quarter of period) with respect to the capacitance
waveform (Figure 1E), i.e., the voltage reaches a maximum (mini-
mum) when the capacitance is halfway on its decrease (increase)
path. This control strategy does not rely on a distinct sequence
of operations, as it uses a smooth, continuously varying voltage.
Nonetheless, it still enables positive generation as it provides the
EEH with a lower average voltage during the capacitance increase
phases and a higher voltage during the capacitance decrease.

Compared to a peak-triggered control, the quadrature control
relies on waveforms that are in phase with (and represent a
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smoothed version of) the square voltage pulse applied in the
ideal cycle (Figure 1D). However, it requires a priori knowledge
of the capacitance waveform (to determine the quadrature
phase), which might not be available in applications where the
harvester is subject to random excitation.

2.2. Theory and Numerical Results

With the aim of comparing peak-triggered and quadrature con-
trol, and establishing limits in terms of their resulting convert-
ible energy, we refer to a generic EEH whose capacitance
periodically varies between Cp;, and C,y in a prototypical work-
ing cycle with period T. We denote V; as the maximum working
voltage (e.g., the high-voltage value in a constant-voltage control).
We introduce the following dimensionless quantities

\% C . q
Vi=e—, Cr=—, g* =
Vy ac’ 1 T acv, )
t**t o Ti . £ (1)
T’ ACV, T ACVE

where the asterisk (-)* denotes the dimensionless form of a
generic variable, AC = 0.5(Cpax — Cinin) is the amplitude of the
capacitance fluctuations between its limit values, V'is the voltage

www.advintellsyst.com

difference on the EEH, q is the charge, i is the current, and £ is
the energy generated in a period/cycle.

We evaluated the theoretical limit performance of different
current limiting control strategies assuming sinusoidal temporal
variations of the EEH capacitance: C* = C} + cos (2xt"),
with  Cf = (Cpay + Cinin)/AC.  For peak-triggered control
(Figure 2A), we considered linear voltage ramps for charging/dis-
charging, whose durations cover different fractions t} of the
period. For quadrature control (Figure 2B), we modulated the
shape of the voltage waveform using a smooth square-to-sine
transition function. The applied voltage signal was defined as

Y 1 sin(27t/T)
V(t) = > 1+ arctan(1/N) - arctan (T)] (2)

where N is a dimensionless shape factor that governs the wave-
form profile. For N < 1, the function approximates a square wave
with sharp transitions, while N>> 1 progressively smoothens the
waveform into a sinusoidal shape.

In order to quantify the theoretical reduction in energy yield
(with respect to an ideal cycle) due to current limitations, we
neglected any leakage effects and dynamics and evaluated the
energy converted per period and the instantaneous current,
i =d(CV)/dt, as a result of the prescribed voltage waveforms.
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Figure 2. Theoretical comparison of peak-triggered and quadrature control for a generic variable capacitance generator. A,B) Time series of the EEH
capacitance, applied voltage, and resulting current (on a logarithmic y-scale) for peak-triggered control with different rising times (A) and quadrature
control with different smoothing factors (B). C,D) Voltage—charge trajectories for peak-triggered (C) and quadrature (D) control, associated with (A) and
(B) respectively. E) Theoretical energy generated as a function of the peak current for the two controls. For the conducted analysis, a bias capacitance
equal to C; = 2 was assumed, and no resistive dissipation was considered.
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In the case of peak-triggered control, varying t; from 0.01 to
0.2 leads to a reduction in the peak current of more than two
orders of magnitude (Figure 2A). For quadrature control
(Figure 2B), a sinusoidal voltage waveform (N > 10) results in
a peak current lower (=35% less) than that obtained with a
peak-triggered control with t; = 0.2. Both controls result in
voltage-charge trajectories (Figure 2C,D) that are strictly envel-
oped by the triangular trajectory generated by an ideal cycle
(see Figure 1B), hence resulting in a reduction in the theoretically
generated energy (Figure 2E). The maximum energy that can be
converted in a constant-voltage cycle is given by e = ACV2 (i.e.,
the area of the resulting triangular cycle on a Q-V diagram),
which becomes &* =1 in dimensionless coordinates (see
Equation (1)). Increasing the charging time t. (and, hence,
decreasing the peak current ip,,,) leads to an indefinite reduction
in the energy generated through a peak-triggered control,
whereas increasing N indefinitely toward a quadrature control
(i-e., using a sinusoidal voltage) leads to a finite positive gener-
ated energy. For low dimensionless values of the peak current,
below 30, the energy generated via a quadrature control is higher
(up to roughly two times) than that obtained with a peak-
triggered control using the same peak current (Figure 2E).
The energy generated via a quadrature control in the presence
of sinusoidal capacitance variations and quadrature sinusoidal
voltage profiles (N>>1) is ~0.79 times that obtained through
a theoretical ideal cycle (squarewave voltage profile). This can
be motivated analytically by observing that, in a limit quadrature
cycle (with N — +o0, V(t) — 0.5V, (1 + sin(2xt/T)))

V2 TV2,
N Vd:—%—dC:—/——@t
% 1 2 )

xACV3 [T 2z \]? 2 b3
_r 1+sin(5t)| sin{ 5t )dt=>ACV2
T A { +sm(T )} sm<T )d ) Cvs

3)

leading to & = z/4 ~ 0.785. This result means that driving the
EEH with a quadrature sinusoidal waveform (with a phase delay
of 90° with respect to the externally applied sinusoidal capaci-
tance variation) leads to a moderate decrease in performance
(on the order of 21%), while limiting the peak current by more
than two orders of magnitude compared to a nearly-ideal peak-
triggered control with fast charging—discharging (¢ = 0.01).

2.3. Experimental Validation

To validate the theory, we performed tests on a stretchable capaci-
tor, namely a DEG. The DEG consisted of a single layer of stretch-
able silicone dielectric, coated by compliant electrodes and
clamped at the ends (Figure 3A). The DEG was subjected to cyclic
stretching in one direction, reaching maximum capacitance in cor-
respondence with the maximum applied stretch. With the aim of
isolating the current contributions due to capacitance variations
(while rejecting spurious effects due to leakage currents or charge
dispersion), and hence validating the theoretical observations of
Section 2.2, we carried out the tests at relatively low voltages/
electric fields (1kV, over an initial DEG thickness of 145 pm).
We ran experiments in which we applied sinusoidal elonga-
tions at 1 Hz to the DEG sample and controlled the applied

Adv. Intell. Syst. 2025, €202500985 €202500985 (5 of 11)

www.advintellsyst.com

voltage in an open-loop fashion (based on the prescribed position
profiles), applying trapezoidal voltage profiles (peak-triggered
control) and smooth voltage profiles, as given by Equation (2)
(quadrature control). In contrast with the theoretical formulation
(Figure 2), where sinusoidal capacitance temporal profiles were
assumed, here we ran the tests with an applied sinusoidal varia-
tion of the DEG length, which possibly resulted in capacitance
profiles that slightly deviated (at the second order) from a sinu-
soidal waveform. Despite that, the generated energy as a function
of the measured peak current (Figure 3B) was found to follow a
trend that is closely consistent with theoretical predictions, prov-
ing that the analyzed control strategies are robust against mod-
erate variations of the capacitance waveforms. We confirmed that
the peak current is significantly reduced through proper timing
or waveform shaping. The energy generated by applying a sinu-
soidal quadrature voltage is on the order of 80% of that generated
by applying squarewave profiles (as expected from the theory)
that would result in peak currents several orders of magnitude
higher. The resulting decrease in the measured generated energy
& with respect to the maximum theoretical value £, (calculated
from the maximum/minimum values of the DEG capacitance
during deformation) is reported in Table 1 for different values
of the charging/discharging time t, (peak-triggered control)
and the smoothing exponent N (quadrature control).

The measured current profiles (Figure 3C,D), corresponding
to different durations of the charging/discharging in peak-
triggered control (Figure 3C), and different shape factors in
quadrature control (Figure 3D), are consistent with the trends
generated from the theory (Figure 2A,B). By decreasing
the charging/discharging time, or as the applied voltage wave-
form approaches a squarewave, an increase in the current is
observed.

The peak-triggered strategy demonstrates a steep rise in energy
with increasing peak current, consistent with its aggressive charg-
ing dynamics. In contrast, the quadrature strategy maintains a
nearly constant energy yield while significantly reducing the peak
current. The lowest value of the peak current for the quadrature
experiment is 3.2 pA, which leads to 0.16 mJ/cycle generated
energy, as opposed to 0.1 mJ/cycle (37% less) for the theoretical
value of the peak-triggered strategy with the same current.

2.4. Prediction-Free Online Implementation

In practical applications, such as energy harvesting from natural
mechanical energy sources,’® the profile of the input deforma-
tion (as well as the external excitation) of an EEH is not known
a priori. In these situations, an online control strategy is neces-
sary. Whereas peak-triggered control has been used in practical
scenarios in the presence of stochastic excitation,"*! online appli-
cation of quadrature control presents additional challenges, since
guaranteeing the quadrature phase shift might, in general,
require a prediction of the harvester deformation waveform.
We hereby present a strategy for practical online implementation
of the quadrature control, which is applicable when the spectrum
of the EEH capacitance variation has a narrow bandwidth around
the periodic signal carrier frequency. This reflects the case in
which the capacitance signal is not an ideal sinusoid, but also
exhibits slow fluctuations in amplitude and phase.
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Figure 3. A) Experimental setup: a DEG sample is subjected to cyclic tensile stretching in the presence of a controlled applied voltage, and current is
measured throughout the cycle. B) Measured generated energy as a function of the peak current, for peak-triggered and quadrature control. Markers
represent experimental data, lines represent theoretical predictions based on the measured maximum/minimum capacitance. C,D) Time series of the
sample displacement, applied voltage, and measured current for open-loop peak-triggered (C) and quadrature (D) control.

Implementations of both peak-triggered and quadrature con-
trol can be devised by relying on real-time measurements of the
time derivative of a control signal y(t), which represents either
the EEH capacitance or displacement. The estimated derivative
P(t) can be used to 1) identify trigger time instants for charging/
discharging (using zero crossings of y(t)) or 2) build quadrature
voltage waveforms. Provided that the capacitance has the same
monotonicity as y(t), quadrature voltage waveforms should be
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in-phase with —y(t), and they should vary between 0 and a target
voltage V. Such quadrature waveforms can be built by normal-
izing p(t), which involves predicting in real time the amplitude of
the signal oscillations.

Whereas estimates of j(t) could be obtained from direct com-
putation using measurements of y(t), such a direct computation
would not provide a straightforward manner to normalize y(t) for
quadrature control, and it would be prone to inaccuracies due to
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Table 1. Percentage loss of generated energy ¢ relative to the ideal constant-
voltage energy &ma, for a) peak-triggered and b) quadrature control.

a) Peak-triggered control

t, [ms] % [%]
100 5.0
150 13
200 21
250 34
b) Quadrature control
N mt ]
0.05 2.6
0.1 2.4
0.5 10
10 20

noise, or time delays introduced by high-pass filters used in place
of differentiators to reduce the noise.

To solve these problems, in the following, we propose a state
observer-based approach that provides a real-time and delay-free
reconstruction of the derivative of the input signal even in the
presence of noisy measurements. It is assumed that y(t) has a
narrow spectrum and can be approximated through a biased
sinusoidal function

Y() = yo + y1 sin(@t) (4)

where yp is the mean value, y; is the amplitude, and @ is the
angular frequency of the base excitation, which is assumed to
be known. Signal y in (4) can be generated as the output of
the following autonomous linear system

X = Ax
{y:Cx ©)
where
0O 0 O Yo
xeR3, A= |0 1, C=11 0], x(0)=| 0 (6)
0 —@* 0 @y,

where the choice of initial condition x(0) ensures consistency of y
with Equation (4). The time derivative of y can readily be obtained
from x, since
p=Cx=Cyqx, with Cq=CA=[0 0 1] (7)

Computation of x via integration of (5) would require the knowl-
edge of initial condition x(0), which is generally not available as y,
and y; are unknown. Nevertheless, the structure of Equation (6)
can still be used to build an observer that estimates x for any
unknown initial condition x(0). Observability of Equation (6) is
readily verified, as the determinant of the observability matrix
equals @?, and therefore the system is fully observable for any arbi-
trary @ # 0. The following observer-like filter is now introduced
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(8)

Cak

~
I

{ﬁ_ AR+ L(y—9) = (A—LO)% + Ly

where * denotes the estimated value of a variable, while L =L, L,,
L;]" is the observer gain vector. It is straightforward to show that
the state estimation error X = x — % converges asymptotically to 0
when L is designed in such a way that the eigenvalues of A-LC lie
in the left-half complex plane; such a condition can always be
ensured by a proper choice of L. This filter allows for real-time
reconstruction of y(t), given by y(t), from noisy measurements
of y(t); this way, it enables voltage control schemes that adapt
to the input dynamics. If one uses Equation (8) to compute the
frequency-response function from y to , it is observed that it
exactly coincides with that of the ideal differentiator (i.e., jw) at
frequency w = @ independently of L, while errors are introduced
the further  deviates from @. In addition, since Equation (8) is
strictly proper, high-frequency measurement noise is completely
eliminated. In contrast, high-pass filters used to commonly esti-
mate derivatives introduce nonzero phase delays and amplify
the high-frequency noise with a nonzero constant factor. In prac-
tice, the design of L must be done by ensuring a trade-off between
keeping the measurement noise amplification as low as possible
(which can be done by keeping the H, norm from y to y in
Equation (8) small, requiring small L) and ensuring that the filter
provides an accurate estimation of the derivative even for frequen-
cies close to but different from @ (this is truer the faster the eigen-
values of A-LC are, requiring large L). While the main criterion
to implement observer-like filter (Equation 8) is to set @ close to
the typical working frequency of the EEH, further guidelines
for the calibration of L are provided in Section S2, Supporting
Information.

The estimated derivative signal () enables the generation of
voltage profiles synchronized with capacitance changes, for both
peak-triggered and quadrature control. Peak-triggered control
(Figure 4A) can be performed by detecting zero crossings of y.
For example, assuming that y has the same monotonicity as
the capacitance, changes in y from positive to negative provide
a trigger condition to start charging. Vice versa, changes from neg-
ative to positive provide a trigger condition to start discharging.

For quadrature control (Figure 4B), observer (Equation 8) can
be directly used to generate a voltage waveform that varies
between 0 and the target voltage V,, and has 90° phase shift with
respect to y. This is achieved by normalizing the estimated deriv-
ative y between +1, using the observer states and the assumption
of harmonic oscillations, namely

V(t) = ﬁ 1-— #
2 P2+

7]

©)

where §; = [0 1 O0]x is the estimated value of the oscillatory
component of y. If j (and the estimated derivative y) are perfect

sinusoids, y/§2@? + }” is a constant, and it equals the amplitude

of §, hence providing a normalization factor. Further saturations
can be introduced to strictly limit V(t) between 0 and Vj. If § is
not sinusoidal, the derivative estimate is still accurate within a
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Figure 4. A,B) Closed-loop control logic for real-time implementation of peak-triggered (A) and quadrature (B) control. C) Time series showing a portion
of the sample displacement (multichromatic waveform with statistical peak frequency of 1 Hz), voltage, and current for peak-triggered controls with
different charging/discharging times and quadrature control. D) Measured generated energy (average per cycle) as a function of the peak current, for

peak-triggered and quadrature control.

frequency range around the base frequency, leading to a smooth
waveform for V(t) approximating a sinusoid.

Equation (9) does not make use of any prediction of the profile
of y(t) into the future, yet it generates a voltage profile that
approximately varies between 0 and V,, provided that the spectral
content of y is narrowly distributed around @. In the case of an
ideal sinusoidal input y, the resulting voltage signal V is sinusoi-
dal: this corresponds to a limit case for the parametrization pro-
vided by Equation (2) for quadrature control, which only covers
scenarios with N>> 1. Implementing quadrature controls equiv-
alent to voltage parameterizations with low N would require
more sophisticated logic, possibly involving predictions of the
system excitation and dynamic evolution.

We implemented the proposed real-time control logic on the
DEG samples using the measured displacement as the input con-
trol signal y. We applied multichromatic displacement profiles to
the DEG, which were generated using a spectral shaping
approach. The input displacement signal was synthesized using
a band-limited waveform with tunable frequency content. The
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function was constructed as a sum of sinusoids with randomized
phases and amplitudes distributed according to a Weibull power
spectral density function. Figure 4C shows the displacement pro-
files of the DEG for a spectral distribution with Weibull shape
factor k=10 and the resulting profiles of current and voltage
obtained with different controllers. In the case of peak-triggered
controls, increasing the charging time consistently leads to a
reduction in peak current. In the case of quadrature control, peak
currents on the order of a few microamperes were measured,
whereas tens of microamperes were used in tests with steep
charging ramps in peak-triggered controls.

The average energy harvested per cycle (Figure 4D) as a func-
tion of the peak current has a trend that is consistent with that of
monochromatic tests (Figure 3B), which indicates that the quad-
rature method can provide a higher-energy yield at a given cur-
rent. At currents of i, =3.6pA, the energy yield of the
quadrature control is 12% higher than that of the associated
peak-triggered policy. The advantage of a quadrature control
in terms of generated energy over peak current becomes more
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conspicuous in the presence of DEG fluctuations with a narrower
frequency band (the highest value of the shape factor k), whereas
the advantage becomes less evident in the presence of highly har-
monic displacements with broad frequency content (Figure S2,
Supporting Information). Overall, the results confirm that a
quadrature control can offer advantages over traditional peak-
triggered controls (in terms of energy generated per current avail-
able) even in multichromatic scenarios and without requiring
prediction of the system excitation.

2.5. Discussion

The peak-triggered and quadrature control strategies investigated
in this study aim to achieve two concurrent objectives: 1) limiting
the peak current involved in EEHs operation and 2) providing
prediction-free control approaches that do not require a priori
knowledge of the mechanical excitation. Limiting peak current
and peak power requirements allows downsizing the bidirec-
tional power electronics of EEHs, which represents a technologi-
cal bottleneck and a significant cost factor.””) Meanwhile, the
ability to achieve high energy conversion without requiring a pre-
diction makes EEHs more easily applicable in the presence of
stochastic excitations, which are generally difficult to predict with
good accuracy.***! Peak-triggered strategies are inherently pre-
diction free, but their performance drops sharply when the peak
current is constrained (Figure 2E). In contrast, quadrature con-
trols can retain a higher-energy yield even under peak current
limitations, but they generally require predictions, e.g., the exter-
nal excitation's phase. Here, we present an approach
(Section 2.4) that allows implementing quadrature controls solely
based on online measurements or estimation of the EEH capaci-
tance, with no need for prediction.

In the past, intermediate EEH control strategies were pre-
sented, in which fixed voltage rates were used for charging/dis-
charging (similar to peak-triggered controls, Figure 1B), with
charging (discharging) being anticipated in time with respect
to the achievement of maximum (minimum) capacitance (as
in quadrature controls, Figure 1C).***¢! Those strategies bear
the potential to achieve higher energy throughput than peak-
triggered controls at low peak currents, but they require predic-
tions to determine the timing of charging/discharging.

The control methods discussed in this work are conceived for
EEH driven by means of full power electronics, namely bidirec-
tional DC-DC converters,**?* which allow controlling the wave-
form of the applied EEH voltage. Compared to controls based on
passive circuits, such as self-priming circuits,”*? synchronous/
asynchronous EEHs,”*) or AC-driven generators,®”) which do
not require switching components and implement fixed
voltage-charge trajectories, the proposed current limiting con-
trols implement trajectories that are close to constant voltage
cycles (Figure 2C,D) and potentially lead to larger convertible
energy per cycle.

By approximating constant-voltage cycles, the methods dis-
cussed in this study are particularly suitable for EEHs working
with a constant dielectric gap thickness, in which the working
range is upper bound by a constant breakdown voltage.
These include comb-drive MEMS generators,?® in which the
capacitance variation is based on a variable overlap between
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constant-distance parallel plates, and recently developed zipping
generators,'>!* in which capacitance variations are driven by
progressive zipping of constant-thickness polymer films. On
the other hand, the methods proposed here might be suboptimal
for variable thickness EEHs, in which maximum energy conver-
sion is achieved through constant electric field controls. These
include DEGs!*® or variable-thickness parallel plate capacitors.!)
Peak-triggered controls can be easily adapted to approximate con-
stant field controls (see, e.g., ref. [24]), by simply adapting the
voltage trajectory used between charging and discharging. In
contrast, adapting quadrature controls to constant field cycles
requires dedicated future studies or case-specific considerations,
aimed at guaranteeing that the generated quadrature voltage tra-
jectories comply with maximum electric field constraints. In
practice, constant-voltage cycles can still represent a practical
option even for variable gap actuators, because the other compo-
nents in the converters (e.g., switches or insulators) may impose
hard constraints on the maximum voltage, and because several
EEH topologies feature nonuniform gaps, rendering the applica-
tion of a uniform electric field unfeasible.'"

The current limiting strategies discussed here require sensing
of the EEH state to trigger charging/discharging or to generate
voltage waveforms that are in phase quadrature with the EEH
capacitance. While in this study, we have demonstrated that dis-
placement measurements can be used for this purpose, these
methods naturally lend themselves to work in combination with
capacitance measurements. Possible future developments thus
regard the implementation of peak-triggered or quadrature con-
trols in combination with self-sensing strategies, which poten-
tially allow obtaining capacitance measurements concurrently
with the EEH voltage driving.*” Among others, sensing capaci-
tance (rather than displacement of specific EEH parts) could
allow applying the proposed control strategies to multiaxis gen-
erators, in which capacitance variations are driven by concurrent
deformations/motion in different directions.*”!

3. Conclusion

We propose control strategies for EEHs, with the aim of identi-
fying trade-offs between energy generation and maximum cur-
rent required during operation. Ideal control cycles for EEHs
involve charging/discharging the harvesting capacitor in short
amounts of time, at the cost of high instantaneous peak powers
and currents, much higher than the average cyclic values. High
peak currents represent a critical cost factor for power electron-
ics, and are thus especially critical in view of upscaling, such as
envisaged applications of electrostatics in large-scale renewable
energy harvesting.

We focus on two classes of current-limiting controls for EEHs:
peak-triggered controls, which have been used in previous exper-
imental studies on EEHs and rely on event-based finite-time
charging/discharging dynamics, and so-called quadrature con-
trols, introduced here, which rely on smooth voltage profiles with
a predefined phase shift with respect to the harvester's capaci-
tance. Theoretical analyses, supported by experimental validation
on a DEG, show that driving an EEH with a sinusoidal AC voltage
leads to 80% of the energy yield of an ideal peak-triggered on—off
control (virtually requiring unlimited currents), which is higher
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than the energy yield of a peak-triggered control with the same
peak current limitation.

While, in principle, generating quadrature voltage waveforms
(with given phase shift with respect to the EEH capacitance)
might require a priori knowledge of the excitation profile, we pro-
pose an online prediction-free implementation of quadrature
controls, applicable in contexts where capacitance variations
are multichromatic signals with moderate frequency dispersion
around a peak frequency. In particular, we use an observer-like
filter capable of providing an estimate of the derivative of a con-
trol signal (e.g., the EEH capacitance or displacement) and its
time-varying amplitude. Such an estimated derivative can be
used to generate a normalized control signal (varying within a
predefined range with nearly constant amplitude) that can in
turn be used as a quadrature voltage waveform in real-time
applications.

From the perspective of larger-scale applications of electro-
static harvesting, the results presented in this study can serve
as a tool for the design and control of integrated EEH systems,
a process that demands identifying trade-offs between energy
conversion capability of the harvester and cost/complexity of
the power electronics.

4. Experimental Section

DE Sample Manufacturing: The DEG sample was manufactured using a
145 um-thick silicone membrane provided by SBM Offshore,"® which was
selected as the dielectric material because it is easy to handle and can be
conveniently equipped with silicone-based stretchable electrodes, forming
a coherent multilayer composite. The effective electrode area in the
unstretched state was 30 x 70 mm. The compliant electrodes were fabri-
cated using a carbon black (CB)-filled silicone composite approach, fol-
lowing a procedure similar to that reported by ref. [41]. In this method, a
fine CB powder (Cabot Vulcan XC72) was first dispersed and ball mixed
into a volatile solvent (isopropyl alcohol) and then mixed into a two-part
silicone elastomer (Dragonskin 30 by Smooth On) to form a homoge-
neous conductive paste.*! The resulting conductive mixture was then
applied on the elastomer membrane faces by blade-casting it onto the film
through a semiautomatic film applicator (AB4400 by TQC with VF1824
applicator) and a thin laser-cut mask (=280 pm thickness) to create a uni-
form electrode layer."! This composite formulation provided a stretchable
electrode material that matched the elastomer's compliance while offering
sufficient electrical conductivity.

Experimental Test Rig: The experimental setup used to validate the
current limitation strategies is shown in Figure 3A, and consisted of a fully
integrated system for real-time actuation, high-voltage driving, and elec-
trical measurement. Deformations of the elastomeric EEH were provided
by a DMO01-37 x 120 F-HP-R-95 linear motor by LinMot, driven via analog
control input. High voltage was supplied using a HAR42-4 high-voltage
rack by Hivolt.de equipped with an HA3B3-S amplifier module, fed via
an analog input port. Current measurements were performed using the
analog output ports of Keithley 6485 picoammeter in the range 0-
200 pA, connected in series between the DEG low-voltage electrode
and the amplifier's ground.

Data acquisition and control were performed using a Speedgoat real-
time target machine. All closed-loop control algorithms, analog signal gen-
eration, and data acquisition routines were implemented in MATLAB
Simulink Real-Time. Data were acquired at a sampling rate of 20 kHz
via the real-time machine.

The DEG was held in place by means of custom 3D-printed PETG
clamps, made using a Bambu Lab X1C printer. The use of PETG as the
clamp material further enhances friction while avoiding damage to the
elastomer. The clamps’ geometry was designed to prevent membrane
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slippage during operation (further details on the clamping mechanism
are provided in Figure S1, Supporting Information).

Testing Procedure: For the sake of demonstration, the DEG sample was
subjected to a maximum voltage Vo =1kV during the tests. This corre-
sponds to an electric field on the order of 10kV mm™" during operation,
which was much lower than the breakdown strength of the used DE mate-
rial. This voltage allowed to obtain readable currents while limiting the
effects of electrical losses, hence allowing to isolate the effects due to
capacitance variation.

Open-loop validation tests (Figure 3) were carried out by applying a
sinusoidal stroke (1 Hz frequency) of 20 mm to the DEG, synchronized
to the commanded motor position. Each test consisted of five repetitions.
The generated energy was calculated as the average over the different
cycles. The capacitance of the DEG within the operation range used for
the test was varied between 520 and 910 pF (measured offline with an
impedance analyzer LCX-K107) during open-loop tests. The initial
unstretched effective length of the elastomer was 30 mm, with the actu-
ation cycle starting at 33.5 mm (stretch ratio A ~ 1.12) and reaching a max-
imum length of 47.9 mm (1~ 1.60).

Closed-loop tests were performed by applying multichromatic displace-
ment profiles to the DEG through the linear motor. Displacement profiles
consisted of variable amplitude oscillations around a motor offset dis-
placement xo =10 mm (corresponding to an electrode longitudinal length
of 40.7mm and a stretch 1~ 1.35). The displacement profiles were
defined as a superposition of harmonics

x(t) = xo +Z”:,/25f(f,-)A sin(2zf it + ¢;) (10)
P

where {f;, ...,f,} are a set of frequencies between fy =0Hz and
fo=10Hz, spaced apart by Af=1/30Hz, ¢; are random phases, and
S¢(f) is a power spectral density function, corresponding to a Weibull dis-
tribution. The resulting displacement waveforms were then saturated
between 0 and 20 mm. Distributions with a peak frequency of 1 Hz and
different values of the shape factor k were used. Higher values of k produce
narrower spectra and signals that resemble sinusoids. Each closed-loop
control test with multichromatic displacements had a duration of 30,
corresponding to ~30 cycles. Implementation of the closed-loop controls
was performed using the measured position of the DEG as the control
signal y(t), obtained through the magnetic resolver of the linear motor.
Control logic for peak-triggered and quadrature control (Figure 4A,B)
was implemented in the real-time target machine, using filter
(Equation 8) to estimate the derivative y. The gains used for the observer
were chosen based on the guidelines provided in (Section S2, Supporting
Information). In the case of quadrature control, the generated voltage sig-
nal V(t) was saturated between 0 and V; because the normalization intro-
duced in Equation (9) strictly guarantees that the signal stays within the
prescribed voltage bounds only in the case of an ideal sinusoidal input
signal.

The energy harvested during the cycles shown in Figure 3C,D was com-
puted using the instantaneous current and voltage signals measured
across the DEG, by counting the number of generation cycles in each
experiment. Integration of the instantaneous power was performed
numerically using a trapezoidal method. For open-loop tests with sinusoi-
dal displacement, the peak current (Figure 3B) was calculated as the aver-
age of the peak current throughout different cycles. For multichromatic
tests (Figure 4D), the peak current was calculated as the average value
of the five highest current peaks recorded during the tests, to reject
outliers.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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