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Abstract. This paper reports on an electrostatic Vibration Energy Harvester (e-VEH) system,
for which the energy conversion process is initiated with a low bias voltage and is compatible
with wideband stochastic external vibrations. The system employs the auto-synchronous
conditioning circuit topology with the use of a novel dedicated integrated low-power high-
voltage switch that is needed to connect the charge pump and flyback - two main parts of
the used conditioning circuit. The proposed switch is designed and implemented in AMS035HV
CMOS technology. Thanks to the proposed switch device, which is driven with a low-voltage
ground-referenced logic, the e-VEH system may operate within a large voltage range, from a
pre-charge low voltage up to several tens volts. With such a high-voltage e-VEH operation, it is
possible to obtain a strong mechanical coupling and a high rate of vibration energy conversion.
The used transducer/resonator device is fabricated with a batch-processed MEMS technology.
When excited with stochastic vibrations having an acceleration level of 0.8 g rms distributed in
the band 110-170 Hz, up to 0.75 uW of net electrical power has been harvested with our system.
This work presents an important milestone in the challenge of designing a fully integrated smart
conditioning interface for the capacitive e-VEHs.

1. Introduction

The kinetic vibrations present in many environments are potential sources for the supply of
autonomous microsystems. The Vibration Energy Harvesters based on electrostatic transducers
(e-VEHSs) are particularly suitable for miniature systems based on integrated CMOS and MEMS
technologies. This, in turn, enables the integration of the transducer/resonator on the unique
silicon substrate together with power processing and communication electronics.

To achieve a mechanical energy conversion, a conditioning circuit charges and discharges the
transducer capacitance synchronously with the transducer capacitance variation [1]. Because
of complexity and precision of the required control on the transducer electrical state, design
of the conditioning circuit for electrostatic transducers is the main bottleneck associated with
e-VEH implementation. Moreover, high bias voltage is necessary to achieve strong mechanical
coupling with an electrostatic transducer. This fact, combined with ultra low power requirement
for the control circuitry, makes the design of the conditioning circuit very challenging. The low
power requirement is related with the fact the energy harvesting is self-supplying, and the power
available from microscale e-VEH is of order of few microwatts.

Several architectures of conditioning circuit exist [1, 2]. Our study focuses on the architecture
based on a charge pump with an inductive flyback (Fig. la), [3, 4]. In this circuit, the
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Figure 1. a) Energy harvesting system employing the auto-synchronous conditioning circuit
initially proposed by B. Yen [4]; b) Proposed dynamic flip-flop level shifter driving the flyback
switch Mgy, implemented in AMS035HV CMOS process.

synchronization of the charge flow is done internally thanks to the switching operation of the
diodes D; and Ds. The unique switch Sw requiring an external control operates rarely (once
during tens of vibration cycles), and a synchronization with the mass vibrations is not needed. A
significant advantage of this circuit over charge-constant [1] or voltage-constant [2] architectures
is its suitability for operation with a resonator excited by broadband stochastic vibrations. This
is experimentally proven in our work.

This paper presents the first integrated on silicon high-side switch Sw commuting high
voltage (tens of volts) between the charge pump and the flyback in the conditioning circuit
of Fig. la. The high-side Sw requires a level shifting driver, which allows an interface
with a ground-referenced low voltage control signal. To comply with the speed and power
consumption requirements, we designed a novel ultra-low power level shifter with zero static
power consumption. This driver can be used to implement a smart control algorithm so to
adapt the conditioning circuit operation to different application contexts [5]. The implemented
switch driver was tested in the circuit of Fig. 1 with a real MEMS resonator presented in [6]
excited with stochastic vibrations.

In contrast with previous integrated circuits for capacitive transducer conditioning [2, 7], we
target the level of operation voltages which exceed the gate drive voltages of the used technology
(e.g., for the AMS035HV process the gate voltage is 3.3 V, and the maximal drain-source voltage
is 50 V). That is because the full potential of electrostatic transducers for energy conversion may
only be explored with high-voltage operation.

2. System of e-VEH: structure and operation

This section describes the operation of the circuit of Fig. 1a [4]. The role of the charge pump is
to pump the charges from a large capacitor Ces (=1-10 uF) toward a smaller capacitor Cyiore
(~1-5 nF), making use of the variation of the transducer capacitance Cq4 (710-100 pF) which
varies between its extrema values Cinq, and Ciipn. As the charge pump operates, the voltage
across Csyore increases, while V,..s remains virtually constant (since Cyres >> Cypore). The energy
for the Cgiore voltage elevation comes from the mechanical domain. The converted energy is
stored in the voltage difference Viiore — Vies. When Viiore becomes significantly above V.5 and
approaches the saturation value V;.¢sChaz/Chin, the charge pump starts to deliver less and less
energy to Csiore, and the energy conversion rate (the power) decreases.



To avoid this decrease of the convered power, the voltage difference between Viiore and Vies
must be reduced. This is achieved using a flyback return circuit with an inductive BUCK DC-
DC converter topology. When the switch Sw is on, the charges from Cgiore are transferred to
Chres via the inductor Ly, and freewheeling diode Dy, hence putting the total (injected and
converted) energy on Ces.

Our theoretical analysis identified the optimal Ve voltage range (V4, V2), which corresponds
to the maximal harvested power [8]. This result provides an indication of the optimal Sw
switching sequence: the architecture implementing an optimal scenario is discussed in [5]. The
bottleneck in implementation of this optimal operation is related to design of electrical interface
between the control circuitry and the switch Sw. The main issue lies in the driving of the gate
of a high-side MOS transistor with a low-voltage signal referenced to the ground. Therefore, an
appropriate level shifter with very stringent power consumption specifications is needed. In the
next section we present the designed architecture of a level shifter satisfying these requirements.

3. Switch driver architecture

The proposed level shifter is based on a zero static power topology based on an analog flip-
flop [9], Fig. 1b. The flip-flop is composed of state-holding capacitors Cy, Co and high-voltage
(HV) PMOS pull-up transistors Mpy and Mps, as shown in Fig. 1b. The input stage consists of
two HV NMOS transistors drawing the current from V... when the pulses on or off are high.

Initially both inputs on and off are low, and the state of the flip-flop is so that set node
voltage equals Viiore, and reset node voltage is Viiore — 3V. When on goes high, C is charged
to 3 V so that the set voltage become Vyiore — 3V this turns Mpy on, further pulling up reset
to Vitore and discharging Cs. Consequently, Mps turns off. In that way the state of the flip-flop
changes to the opposite. The reset of the flip-flop occurs similarly when off goes high.

MOS diodes Mp; — Mpg are used to limit the voltage drop to 3 V across the capacitors.
The basic level shifter topology of [9] was supplemented with two switches Mpg, Mp7 and Mpsg,
Mpg. They are used to electrically isolate the capacitors from discharge through the parasitic
junction capacitances of the diodes, and thus to ensure stable states of the flip-flop during a
long period without a need of refreshing.

The proposed level shifter and the high-side power switch have been fabricated in AMS035HV
CMOS technology and successfully characterized. The measurement results have a good
matching with simulations, as compared in Table 1.

Table 1. Level shifter and switch characteristics: measured versus simulated.

Characteristic Measured Simulated
Voltage range (V) 4-31 4-50
Switch ON-resistance (£2) 32—46 39
Consumed static power (nW)

(depending on Vyiore voltage) 0.8—44.8 0.44—111.7
Dynamic energy consumed per on/off cycle (nJ)

(depending on Viiore voltage) 0.065—1.38 0.05—2.92
Switching speed (ns) 73 40

Max. duration of on-state without refresh (s) 5.8 11.2

4. Experiment
The goal of the experiment focuses on testing the operation of the e-VEH presented in (Fig. 1a),
with use of the designed and fabricated switch/driver block. The energy conversion process is
characterized by the charges accumulated on the reservoir capacitor C..5, which can be visualized
by the voltage measurement on this capacitor.

The schematic of the test setup of the e-VEH system is given in Fig. 2. The circuit is initially
energized with an external DC voltage source, which was connected for a short time to Cjes and
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Figure 2. Schematic of a studied vibration energy harvester and micro-photograph of the
implemented block.

so pre-charging it to a low initial voltage Vp = 5.5V. The implemented flyback switch whose
micro-photograph is illustrated in Fig. 2, is driven by the external control logic that generates
periodically a sequence of on and off signals. A high input impedance and low offset operational
amplifiers are used for the voltage probing across Cpes and Cigiope.

The MEMS transducer/resonator device employed in the experiment was fabricated and fully
characterized [6]. The resonance frequency of the resonator is 162 Hz. In large amplitude mode
(1g of external vibration acceleration), it has half-power bandwidth of more than 30 % of the
central frequency. The transducer capacitance varies between 45 pF and 74 pF.

When the external voltage source Vpp is disconnected from C..s, the e-VEH system becomes
electrically autonomous, with the exception of the power source for the external control
logic. The mechanical resonator is submitted to stochastic external vibrations whose energy
is distributed in the frequency band (100-180) Hz.

5. Measurement results

The experiments described above were repeated with three sets of acceleration amplitude and
bandwidth of vibrations. For the first, second and third experiments vibration parameters are
0.7 g rms @ 100-180 Hz, 0.8 g rms @ 110-170 Hz and 1 g rms @ 90-175 Hz, respectively. All
three tests started with C..s pre-charged to 5.5 V. The flyback activation frequency was 5 Hz.

Fig. 3 presents the evolution in time of C,.s voltage (upper plot) and energy (bottom plot).
After 3000-4000 seconds of autonomous system operation, the voltage across C,..s rises up to 15-
20 volts. Sudden drops of the V.5 voltage can be observed. This occurs as V,..s voltage reaches
a level at which a dynamic pull-in occurs. The V,.s drops are due to a short circuit between
the plates of the variable capacitor Cye: when it happens, C,.s discharges very fast through
the diode D7 until the voltage at which the pull-in effect disappears. This is an undesirable
effect related with the physics of the MEMS device presented in [6]. The voltage of dynamic
pull-in depends on the acceleration amplitude of the external vibrations: at lower acceleration
amplitudes, the dynamic pull-in voltage is higher. As a result, the higher levels of V.5 can
be achieved at lower acceleration amplitude, as shown by the measurement. The short circuit
”emulates” a load consuming the energy of the storage capacitor, and it can be seen that the
energy production on C,.s is stable on the observed time interval (4000-7000s)

During three experiments the maximum achievable V,..s voltage was 21 V, 21.5 V and 17 V,
this corresponds to the energy on Cj.es of 220 pJ, 230 pJ and 145 uJ, respectively (to be compared
with the initial energy of 15 pJ corresponding to Vs = Vj). The maximal average energy
conversion rate (power) measured as the slope of the straight segments of the energy curve is
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Figure 3. Evolution of the state of the studied system in autonomous mode submitted to
stochastic external vibrations, with three different stimuli. Upper plot: the voltage across the
reservoir capacitor Cr.s = 1uF, lower plot: the energy of C.es.

between 190 nW and 750 nW (cf. Fig. 3, lower plot). These figures give the net energy and
power available for the load supply, accounting for the consumption of the flyback switch, losses
in reactive elements and in the diodes.

6. Conclusions

We presented an investigation in the design of e-VEH system based on the auto-synchronous
architecture. The work addressed a novel integrated ultra-low power high-voltage switch
employed in the conditioning circuit. With the use of the implemented switch we tested
the autonomous operation of the MEMS capacitive energy harvester excited with stochastic
vibrations in a large bandwidth 100-180 Hz. Initially biased to 5.5 V with 15 wpJ, the system
increased its voltage up to 21.5 V with the accumulated energy 230 pJ. The maximal measured
net power is 748 nW without considering supply of the generator of switching events. The design
of a latter block is a subject of ongoing work.
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