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Abstract. Based on circuit simulations, this paper investigates a concept for a power
electronic interface circuit for MEMS electrostatic energy harvesters. Two ordinary overlap-
varying transducers are first electrically configured as a symmetric voltage doublers which
enables the device to self-start from an initially low bias. The harvesting system is then
reconfigured to couple with a buck-boost DC-DC converter in order to maximize the power
delivered to an electronic load. The losses of electronic components due to diode voltage
drop and parasitic resistance of inductors are taken into account for a feasibility investigation.
Dependence of the maximum output power on inductance and switching frequency is explored.

1. Introduction

Development of standalone wireless sensors and implantable electronic devices over the past
decades has been in a fast pace [1,2]. Current portable electronics requires the use of batteries
for supplying electrical energy [3]. They don’t have sufficient energy density to last for a
long time and may pose a toxic threat in implanted sensors [4]. Energy harvesting from
vibration is one means for replacing batteries [5]. This energy conversion typically uses either
piezoelectric, electromagnetic or electrostatic transduction even though some alternatives such
as triboelectricity [6] and magnetostriction [7] also have been considered. In this paper, we
focus on electrostatic harvesters due to their compatibility with microelectronics [8] and their
suitability for microfabrication and miniaturization.

The power electronic interface forms an essential component in an energy harvesting system.
Interface circuits ranging from simple passive diode rectification to complicated active-switch
converters with smart control units have been reported in the literature. The primary aim is to
maximize harvested power or harvester effectiveness [9-11]. In a recent work, an interesting
configuration of Bennet’s doubler composed of capacitors and diodes was proposed by de
Queiroz [12]. When the output voltage across the storage capacitor is saturated [13], vibration
energy is no longer scavenged. Therefore, for continued scavenging in a real system, control
circuitry must reconfigure the system at this point. Several conceivable solutions were presented
such as buck [14] and reversible buck-boost [15] converters. However, the former circuit is
not able to synthesize an optimum load, which makes it hard to optimize the harvested power.
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Figure 1: Schematic of the anti-phase overlap- Figure 2: Equivalent circuit for mechanical
varying electrostatic energy harvester. domain.
Table 1: Model parameters e
i D, - De £ w3
Parameters Value SW2a ¢ SW b R,
éa) Dfem'ce design - —— Ci(x) Cy(x) ’—a/o— VL’/
rool mass, m . mg I a ¢ v
Spring stiffness, km 16.41 N/m i Lo Lo i Ry D; +
Thin-film air damping, b 2.5e-5 Ns/m Gy G G G *
Nominal overlap, zo 110 pm ]k D, D, L D, Ds Jk Cs == §RL
Nominal capacitance, Cy  15.16 pF SW la Cr SW 1b L
Parasitic capacitance, C, 5.5 pF -
Contact stiffness, ks 3.361 MN/m &
Impact damping, bs 0.435 Ns/m (a) = L
Max displacement, Xmax 101.5 pm
(b) Interface circuit D D SW3 R < V‘-)?,
Biasing capacitor, C}, 1 nF Gi(x) (&165) ‘K ]KD Ci(x) G(x) D b
. Y Cy 3 D Ry 7
Storage capacitor, Cr 20 nF - — —H T s
ON resistance of SW, Ry 2 Q ! Leefbend S ‘ e Leefbesi L §
Inductance, L 150 pH Jk vy &6 L 6 vy Jk J G G L Cs| R.
Inductor resistance, Rgr, 45 kQ/H D, D, Cr Dy|  Ds TCR Ds
Output capacitance, Cg 1 uF T =
Load, Ry, 5 MQ (b) = (©) =

Figure 3: (a) Power electronic interface constructed by symmetrical voltage doubler and buck-
boost converter and its corresponding operations when (b) SW labce [C], SW 2ab and SW 3 [O]
and when (c) SW labc [O], SW 2ab [C] and SW 3 controlled by duty cycle. Notation: SW -
switch, [C] - closed and [O] - open.

Many switches need to be continuously controlled in the latter topology which adds to the power
consumption.

An advantage of the voltage doubler configuration is the potential to bootstrap itself from a
low initial bias. In addition, a full-bridge rectifier and a buck-boost converter without an input
filter capacitor may provide a resistive input impedance by tuning the duty cycle [16]. Based
on circuit simulation, this contribution introduces an alternative interface circuit that combines
those two interesting aspects. The question of how to optimize the ability of the processing
circuit to harvest the maximum available output power is also an important issue in our study.

2. Energy harvester lumped-model

An anti-phase overlap-varying electrostatic energy harvester is considered for this investigation.
Such a capacitor structure is shown in Figure 1. The proof mass m is suspended by four folded-
beam springs with total linear stiffness k;,, while its motion is damped by a parasitic damping
b and its maximum displacement X, is defined by mechanical end-stops. The potential
contact between the mass and the end-stops at sufficiently high accelerations are represented
by the impact force F;. The mass is also subject to the electrostatic force Fi generated by the
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transducers. This system is governed by the following differential equation
mfc'—|—bx'+k:mx—|—Fe(a:) +Fs(a:) =ma (1)

where ma = mA cos (wt) is the fictitious force with angular frequency w. The two forces F; and
F are

_l.d 1 lod 1
Fe(l') - 2Q1dx C’l(x) +Cp + 2q2d.’L‘ CQ(SC) +Cp7 (2)
and )
Fy(z) = kb + bso (3)

where ¢; and g2 are the charges on the transducers 1 and 2 respectively, C /, = Co(l + xio), Cp
is stray capacitance in parallel with C /9, ks is the end-stop stiffness, b5 is the impact damping
and 0 =|z| — Xpax is the relative displacement between the proof mass and the end-stops during
impact. The equivalent circuit for the mechanical domain is depicted in Figure 2. Parameters
of the design are listed in Table 1a.

3. Power electronic interface

Figure 3a shows how the harvester is coupled to the proposed circuit. Operation of the harvesting
system can be divided into two schemes as presented in Figure 3b and 3c. At the beginning,
SW 1a, 1b and 1c closed, SW 2a, 2b and 3 open, the two transducers are initially configured as
a symmetric voltage doubler. The storage capacitor CR is pre-charged to a voltage of V. For
sufficiently high Vp, the voltage accumulated on Cr, namely V¢, initially increases. After a
certain number of cycles, steady state is achieved and V¢, is maintained constant at Vo, = Viat.
The states of switches la, 1b, 1¢, 2a and 2b are then reversed. The energy harvesters are now
connected to a buck-boost DC-DC converter without input filter capacitor and with diodes
Do, D3, D5 and Dg functioning as a rectifier. Simultaneously, the transducers are primed by the
"bias” voltage Via¢ while CR is acting as an energy storage. The electronic load is represented by
the resistor Ry, in parallel with the output capacitor C's. When a buck-boost converter operates
in discontinuous current mode, its input impedance R, is driven through SW 3 by a pulse-width
modulated square wave signal of duty cycle § and frequency fs. When f; is much higher than

the input vibration frequency f [16]
2L fs
Rin = 52 - (4)

The time evolutions of voltages across Cr and Ry, at the same input acceleration amplitude are
shown in Figure 4 with different values of § when the lossless inductor and the mathematically
idealized diodes (i.e., zero voltage drop, near-zero leakage current and zero resistance when
conducting) are utilized. After a transient time, V7, remains constant at V3. which depends on 4.
The power processing circuit is now supplying a DC voltage to the load. Vi, is almost unchanged
during operation of the buck-boost converter. Here f is chosen as f = fy = 1/27w\/km/m. The
optimization toward low power consumption of control components is beyond the scope of this
paper. However, it should be noted that R;, is independent of Vi, therefore feedback sensing
is not essentially required and the control unit can be further simplified offering power savings.
Parameters of the interface circuit are listed in Table 1b, adapted from [16].

To investigate the feasibility of such an introduced topology, diode and inductor losses need to
be included. In this paper, we use a piecewise linear diode model which yields a computationally
light weight albeit somewhat idealized representation of a diode. The diode losses are thus
described by the forward voltage drop Vp, the resistance in forward conduction R, and the
resistance when off R.g. One of the crucial requirements for the energy harvesting system is
to be able to operate with low input mechanical power. Hence, diodes with lowest possible
losses are preferable. However, the important impact of forward voltage drop on efficiency of
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Figure 7: Maximum power versus inductance Figure 8: Dependence of maximum power on
with different operating frequencies f. voltage VR.

the diodes is not clearly addressed in the literature and is worth further analysis. We choose
to consider two different diodes called Dy and Dy, as examples for this investigation, in which
Vp is the specified value of the real diodes PAD (Pico-Amp Diode) and SM 74611 respectively.
Detail parameters are listed in Table 2.

Figure 5 presents corresponding output power P,,; when Dy and Dy, are used, comparing to
the ideal case in that the losses of electronic components are neglected. The simulations show
that the power obtained from using Dy, is very close to that of the ideal case and both are higher
than the other case as expected. The effect of the inductor parasitic resistance is insignificant
in this circumstance. The results of maximum power delivered to the load are then expanded to
different acceleration amplitudes in Figure 6. In addition, our simulations also predict that the
minimum required initial voltage with the use of Dy, /Dy are 52 mV/0.79 V, which are about
twice Vp of each diode. The maximum harvested power can be further improved with respect
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to the switching frequency f; and the inductance L. Figure 7 shows that about 1.60 uW is
achieved with fs = 2.5fp and L = 0.2 mH. This is an increase of 25.2% in comparison with
the case fy = 10fp and L = 150 pgH. These analyses open a room for maximizing the harvested
power in future studies, which can be considered as function of fs, L and even diode parameters.

To investigate the effect of Vo, on the output power, we are now considering a particular
circumstance when the transducers are directly coupled to the buck-boost converter (i.e., similar
to Figure 3c) and CR is replaced by a voltage source V. The dependence of maximum harvested
power on Vg is shown in Figure 8, where Py =~ 3.7 uW is obtained with Vg = 17.5 V. Here
fs = 2.5fy, L = 0.2 mH and A = 4 g. These results indicate that, in order to optimize the
harvesting system performance, the saturation voltage of the doubler configuration at least needs
to reach the optimal bias of the buck-boost converter. In case of Vit > Vf{)p tlmal, there is an
optimal point before saturation at which switches la, 1b, 1¢, 2a and 2b should be reverted their
states to change the doubler configuration to the buck-boost converter.

4. Conclusion

In this paper, a new power electronic interface for MEMS capacitive energy harvesting was
introduced and investigated. This circuit topology enabled to reconfigure the harvesting system
from a symmetric doubler circuit to a buck-boost DC-DC converter when the voltage across the
storage capacitor reaches an appropriate value. Simulation results showed that the minimum
initial bias for efficient operation of the voltage doubler is about twice the voltage drop of diode,
while the maximum harvested power strongly depends on the choice of diode, the switching
frequency, the duty cycle and the inductance. Essential influence of the voltage VR for the buck-
boost converter configuration was highlighted, raising the requirement to carefully design the
harvester so that the saturation voltage of the doubler circuit is at least equal to optimal value
of VR.
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