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Abstract

A dual-channel, low power control IC for driving high
voltage piezoelectric actuators in a flapping-wing robotic in-
sect is presented. The IC controls milligram-scale power elec-
tronics that meet the stringent weight and power requirements
of aerial microrobots. Designed in a 0.13um CMOS process,
the IC implements an efficient control algorithm to drive pie-
zoelectric actuators with high temporal resolution while con-
suming <100uW during normal operation at 1.0V.
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actuator, and microrobotics.

Introduction

Flapping-wing robotic insects are micro air vehicles in-
spired by biological insects and useful for exploration, envi-
ronmental monitoring, search and rescue, and surveillance.
The Harvard Microrobotic Fly (HMF) is the first robotic in-
sect capable of lift-off with external power [1]. The wing
flapping motion in the HMF is powered by piezoelectric ac-
tuators, which offer good mechanical performance but present
a number of challenges from a power electronics perspective,
including the need for high voltage drive signals (200-300V)
and recovery of unused energy from the actuator [2].

Fig. 1 shows the HMF and the structure of the actuator used
in the robot. A voltage applied across one of the PZT layers
causes the tip of the actuator to deflect (details in [3]). Also
shown is a half-bridge switching drive circuit that can be used
to drive the actuator from high voltage supply Vin. The circuit,
described fully in [2], is one of several previously developed
power circuits that, when combined, are capable of stepping
up a 3.7V Li-poly battery output to 200V and generating an
arbitrary drive signal for the actuator. Careful selection of
switching topologies, fabrication of custom magnetic compo-
nents, and lightweight circuit integration techniques allow the
power circuits to meet the stringent weight and power de-
mands of hovering flight [4]. In previous work, the control
functionality for the power circuits was implemented using an
external high-performance, high power microcontroller.

This paper presents a custom low power control IC for on-
board integration with the HMF. To efficiently generate arbi-
trary drive signal waveforms that power the wing flapping
motion, the power circuits require high timing resolution and
precision; at the same time, the control IC is subject to strict
weight and area constraints and must consume a negligible
amount of power compared to the actuator itself.

System Architecture and Circuit Design

The IC contains two drive channels that share a current ref-
erence, a control register bank, and a serial programming in-
terface. Fig. 2 shows a block diagram of a single drive chan-
nel. The controller modulates the power switches in Fig. 1 in
such a way as to drive Voyr (the voltage at the central termi-
nal of the actuator) towards its desired value, represented by
the digital signal Verre. This is accomplished via successive
iterations of a four-phase control algorithm—Acquisition,
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Fig. 1. Robotic insect, piezoelectric actuator, drive circuit, and con-
trol architecture (numbers correspond to chip I/O in Fig. 2).
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Fig. 2. Block diagram of single channel (I/O numbered as in Fig. 1).

Lookup, Charge, and Discharge [2]—to drive the actuator
with low-frequency periodic signals (e.g., 50-200Hz).

During the Acquisition phase, a SAR ADC with a speed of
up to 200kSps and a selectable resolution of 6-8 bits, samples
Vour via a resistive divider. Since Vour changes by less than
2 ADC LSBs between successive Acquisition cycles, built-in
ADC logic records the previous conversion value and oper-
ates as a delta-encoded ADC at the beginning of each new
Acquisition phase. This reduces ADC conversion time to 2-4
ADC clock cycles in most cases. If the delta-encoded search
fails due to an abnormal event (e.g., external stimulation of
the actuator) the ADC reverts to a binary search algorithm,
more typical of SAR ADCs, after a selectable number of cy-
cles (up to 8).

During the Lookup phase, the ADC result, along with the
digital signal Vcrre, is used to address a lookup table (LUT)
that stores pre-computed on-times for the switches. The on-



Fig. 3. DCO delay element with reduced short-circuit current.

times depend on inductance L and actuator capacitances Cp;
and Cp,. The IC can control various actuator drive circuit
topologies by appropriately programming on-times into the
LUT (details in [2]). The LUT is implemented using a
512x10bit SRAM. A second 1024x8bit SRAM stores (op-
tionally) drive signal waveforms (i.e., sequences of Vcrrr).

During the Charge phase, turning on the appropriate switch
for the time obtained from the LUT stores energy in the in-
ductor. Then, the Discharge phase transfers energy stored in
the inductor to the output or returns it to the supply, driving
Vour towards Verre. A current sense circuit detects when
inductor current has reached zero by using a rail-to-rail com-
parator that monitors the voltages at the inductor terminals;
this initiates a new control cycle. If the comparator fails to
trigger, a fail-safe timer kicks the controller into the Acquisi-
tion phase after a safe amount of time.

The control algorithm imposes many timing requirements,
including generating the pulses in the Charge phase and pro-
viding a clock for the ADC. To allow inductor current i to
reach the correct level in conditions of high di/dt (short
pulses), 10ns resolution is required. Lower resolution is
acceptable at lower di/dt (longer pulses). During Charge, a
wide tuning range digitally-controlled oscillator (DCO) oper-
ates at S0OMHz with 50% duty cycle, allowing for 10ns reso-
Iution, and at 25MHz at low di/dt conditions to reduce power
consumption. During Acquisition, the DCO operates at SMHz
and is further divided down to generate the ADC clock. The
DCO comprises single-ended variable resistance delay ele-
ments [5] to reduce short-circuit current (Fig. 3), resulting in a
power savings of over 35% compared to inverter-based delay
stages. The DCO is disabled during Discharge.

The control loop logic relies on S-R latches to enable a
semi-asynchronous architecture that, along with the wvari-
able-speed DCO, provides high temporal resolution without
the need for a global high-speed clock. When the optional
signal waveform SRAM is used, a sub-100kHz external clock
is required for accurate timing of the stored Vcrrr sequence.

To reduce switching losses (e.g., due to ADC error), an op-
tional mode keeps track of previous Verrp samples and sup-
presses pulses that lower Voyr during periods when Vergy is
monotonically increasing or, conversely, pulses that raise
Vour when Verrp is monotonically decreasing. This reduces
errant pulses, but also reduces the capability of the controller
to compensate for unexpected changes in Voyr.

Experimental Results

The dual-channel control IC is fabricated in 0.13um CMOS
technology and occupies 0.66mm? (2.5x1.5mm die). The die
photograph and layout are shown in Fig. 4. When driving an
actuator with a 100Hz sinusoidal signal, the IC consumes less
than 50uW/channel at 1.0V. Table I lists the power consump-
tion of individual blocks and operating modes. Despite the
high power draw of the DCO at SOMHz, incorporating lower-

TABLE I: POWER DISSIPATION

Current reference  8.9uW Zero current detector  11uW
DCO (5SMHz)  79uW Leakage (2 channels) 21uW
DCO (50MHz) 732uW ADC (8-bit mode) 3.2uW
Aggregate Aggregate
(single channel) 60uW (dual channel) 8uW
Current DCO and Zero current

detector

reference pulse logic
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Fig. 4. Die photograph (left) and diagram (right).
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Fig. 5. Scope traces of three drive signal profiles on Vout
(sinusoidal, triangular, and square wave).
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Fig. 6. High-speed video frames of HMF wings flapping at 100Hz

(asymmetry is due to manufacturing imperfections).

frequency operating modes and disabling the DCO during
Discharge results in low aggregate power consumption.

Fig. 5 presents three different drive signal profiles meas-
ured from the circuit topology (control IC and switching con-
verter) in Fig. 1 that drives capacitive loads representing a
piezoelectric actuator. The third waveform (square wave)
illustrates the finite slew rate of the overall drive circuitry.
When attached to a real actuator, the control IC successfully
flaps the HMF wings. High-speed video frames of wing mo-
tion from a sinusoidal Vcrrp signal are shown in Fig. 6.
Along with previous advances in lightweight high voltage
drive circuits [4], the control IC enables a milligram-scale
power electronics package suitable for flight testing in a flap-
ping-wing robotic insect.
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