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Abstract—This paper presents a power electronics design for
the piezoelectric actuators of an insect-scale flapping-wing robot,
the RoboBee. The proposed design outputs four high-voltage drive
signals tailored for the two bimorph actuators of the RoboBee in
an alternating drive configuration. It utilizes fully integrated drive
stage circuits with a novel highside gate driver to save chip area
and meet the strict mass constraint of the RoboBee. Compared with
previous integrated designs, it also boosts efficiency in delivering
energy to the actuators and recovering unused energy by applying
three power saving techniques, dynamic common mode adjust-
ment, envelope tracking, and charge sharing. Using this design to
energize four 15 nF capacitor loads with a 200 V and 100 Hz drive
signal and tracking the control commands recorded from an ac-
tual flight experiment for the robot, we measure an average power
consumption of 290 mW.

Index Terms—BCD, capacitive loads, high voltage driver,
microrobot, piezoelectric (PZT) actuator driver.

I. INTRODUCTION

ARVARD’s RoboBee is a centimeter-scale biologically
H inspired microair vehicle with promising potential in ap-
plications such as exploration, environment monitoring, and
surveillance. Lift is produced by two bimorph piezoelectric
(PZT) actuators that drive flapping-wing locomotion [1]. Recent
demonstrations of hovering and maneuvering along three axes
marked an important milestone in the project [1]. However, this
demonstration uses a bench-top high-voltage amplifier to ener-
gize PZT actuators that flap its wings. To achieve full autonomy,
one requirement is that the robot must carry the power electron-
ics unit (PEU) that drives the actuator. This paper presents the
latest integrated design for a PEU that drives the actuators of
the RoboBee with a total component weight of 70 mg.

The PZT actuator on the RoboBee was selected for its high
power density at actuation frequencies on the order of 100 Hz
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and manufacturability at small scales [2], [3]. However, the high-
voltage drive requirement, the capacitive nature of the actuators,
and the stringent weight budget present opposing challenges to
the design of onboard power electronics [4].

As shown in [1], the actuators require a 200 V sinusoidal
excitation voltage at around 100 Hz. However, a typical energy
source compatible with the weight budget for full autonomy has
an output voltage of 3.7 V. Consequently, the PEU needs to sup-
port a large step-up ratio. Since the two bimorph PZT actuators
present a total of four capacitive loads, the driver circuitry must
provide multiple output channels. Moreover, each of these out-
put channels should support efficient bidirectional energy flow,
such that they can both deliver energy to the actuator and recover
unused energy stored in the capacitive structure of the actuator.
Finally, the RoboBee has a payload weight budget of 170 mg [5],
shared by the sensors, power electronics, a microcomputer, and
a battery. For the PEU, the low mass requirement limits the size
and number of energy storage elements such as inductors and
capacitors that can be used in the design. This further increases
the difficulty in achieving efficient energy conversion from low
voltage to high voltage and efficient bidirectional energy flow
for multiple capacitive loads.

Prior works have shown several topologies suitable for gen-
erating the high output voltage needed when using a battery to
drive PZT actuators. These topologies include flyback convert-
ers [6], tapped-inductor boost converters [6], [7], and quadratic
converters [8]. In addition, other actuator drivers have demon-
strated single-stage converters that enable efficient energy de-
livery to and recovery from capacitive loads [9].

In contrast to single-stage converters, previous work targeting
the RoboBee power electronics relied on a dual-stage power
electronics design [4]. In the first stage, a tap-inductor boost
converter generates a constant high supply voltage. This high
voltage powers multiple second-stage switching amplifiers that
generate custom drive waveforms required by the actuators. In
designing a PEU for multiple capacitive load under stringent
weight constraints, this two-stage design is advantageous in
allowing multiple capacitive loads to share a single step-up
converter with one magnetic component, since a single-stage
converter would require one magnetic component per capacitive
load.

Moreover, this design series-connects two PZT layers of a
bimorph actuator in the simultaneous drive configuration, and
excites each bimorph actuator with only one sinusoidal drive
signal. This further reduces necessary circuitry by reducing
the number of drive-stage circuits required for driving two
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capacitive loads in a bimorph actuator from two to one. The
switch amplifier drive stage enables bidirectional power conver-
sion between the two capacitive loads using the output inductor
as an energy storage element [7]. To further reduce weight to
meet the payload budget of the robot, follow-up work builds
upon this design by combining the high-voltage transistors onto
a monolithic integrated circuit (IC) using a high-voltage LD-
MOS process [10] and limiting magnetic components to a single
coupled inductor. Furthermore, push—pull drive stages avoid the
need for output inductors to reduce weight, but this takes away
the energy recovery capability and consequently increases PEU
power consumption.

In this paper, we present a new power electronics architec-
ture that inherits the two-stages approach, but the two capaci-
tive loads of the bimorph actuator are parallel-connected in an
alternating drive configuration. The additional drive circuitry
required by this architecture is offset by the weight benefits of
an IC design. Furthermore, rather than using magnetic com-
ponents in the drive stage, this design exploits the symmetry
of a bimorph actuator to save power while enabling energy re-
covery. Specifically, this new design applies three power saving
features: dynamic common mode adjustment, envelope tracking
(ET), and charge sharing (CS).

A novel high-side gate driver circuit designed for n-type lat-
eral DMOS (nLDMOS) device obviates area-intensive p-type
high-voltage transistors to further reduce weight of the power IC.

Finally, we demonstrate higher conversion efficiency using
a boost-flyback converter that consumes weight comparable to
that of a tapped-inductor boost converter used in previous de-
signs. The rest of the paper begins by describing the electrical
characteristics and drive requirements of the PZT actuators.
Then, it describes the three power saving techniques dynamic
common mode, ET, and CS. The remainder of the paper de-
scribes the physical implementation of the drive circuits, re-
views test results, and discusses the benefits of implementing
this design.

II. BACKGROUND

Before delving into the proposed design, this section first re-
views PZT actuator characteristics, two actuator configurations
that are important to understand, and two previous actuator
driver designs that are most relevant to this paper.

A. PZT Actuator Charateristics

The RoboBee employs two bimorph piezoelectric actuators
to flap its two wings. As shown in Fig. 1(b), each actuator
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(a) RoboBee is a milligram-scale flapping-wing robot with two bimorph actuators. (b) Detailed drawing of the bimorph actuator.
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Fig. 2. There are two options to drive a bimorph PZT actuator. Simultaneous
drive requires one driver connected to the middle layer. Alternating drive relies
on two driver channels to generate out-of-phase sinusoids across the PZT layers
with a grounded middle layer.

consists of a stack of PZT-5H sandwiching a carbon fiber
composite layer that serves to bond the piezoelectric layers
and provide a central electrical connection. The electric signal
between the top and middle electrodes (Vrop) excites the top
PZT layer, while the signal between the middle and bottom
electrodes (VsorTom) excites the bottom PZT layer. The
actuator deflects according to the differential voltage between
the top and bottom layers (Vrop —VBoTrowm), Wherein the
two signals are 180° out of phase. Actuator deflection directly
translates to RoboBee wing stroke, which determines the thrust
force produced by the flapping wings. Each actuator layer can
be modeled as a capacitive load to the driver circuits [4].

B. Actuator Configuration Options

Depending on the polarization direction of the PZT layers,
the actuator driver can energize the actuators via a simultaneous
drive or an alternating drive configuration—shown in Fig. 2 [6].
For simultaneous drive, the actuator driver provides a constant
high-voltage bias (V1) across the series stack of the two PZT
layers and a single sinusoidal signal drives the middle layer.
In contrast, the alternating drive topology grounds the middle
layer and drives the top and bottom PZT layers (connected
in parallel) with a pair of out-of-phase sinusoids. The main
distinction between these two configurations is that the PEU
needs one sinusoidal output per actuator for simultaneous drive
versus two for alternating drive.
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Fig. 4.  Karpelson et al. [4] demonstrate a PEU implementation in simultaneous drive.

C. Controlling the RoboBee

The simultaneous drive configuration was first tested on the
RoboBee because it requires fewer sinusoidal drive signals, min-
imizing parts consumption. The work in [11] designed a set
of control signals that map to torque generated by the robot
along roll, pitch, and yaw axes. These control signals (V, Vz)
for the two actuators attached to the left and right wings are
described by

Vi, Vi = [(1 — p)sin(27 ft) + psin(4r ft)]*

(‘/amp + VRoll) VBIAS

+ Vpiten + >

ey

Here, Vi, sets the nominal amplitude of the drive signal cor-
responding to average thrust. Asymmetric left and right wing
stroke amplitudes (via V1) leads to roll. Simultaneously shift-
ing the signal dc level (via Vpit.p, ) of the left and right sinusoids
leads to pitch rotation due to a shift of the mean stroke angle
relative to the robot’s center of mass. Finally, adding a second
harmonic to the sinusoid (via p) leads to yaw rotation due to
asymmetric up and down strokes. ~ is a normalization constant
corresponding to p. Examples of these sinusoidal drive signals
are illustrated in Fig. 3.

The nominal thrust required by the robot translates to V., j, of
200 V and drive frequency f at 100 Hz. The necessary control
tuning range for Vion, Vpiten, and p to guarantee a stable flight
are 20V, +50 V, and +0.2, respectively. The bias voltage
VB1as is then set according to the inequality relation (2) such
that the bias voltage is high enough to ensure the voltage across
any actuator layer remain strictly positive over the control range
while not exceeding the voltage rating of the electronics and the

actuator at 300 V

(Vamp + [VRotl] + |Wpiten|) < Veias < 300 V. ()

D. PEU for the RoboBee in Prior Work

The work in [4] proposes a two-stage PEU implementation
for the simultaneous drive configuration using discrete compo-
nents, as shown in Fig. 4. A 15 mg output inductor enables
energy recovery to reduce energy consumption by 50% com-
pared to a push—pull linear drive stage. However, adding a sec-
ond switching amplifier channel for the second actuator would
push this PEU beyond the weight budget. To reduce weight, a
follow-on design integrated a two-channel switching amplifier
drive stage onto a single chip using high-voltage LDMOS tran-
sistors. However, the much higher parasitic Cpg capacitance of
these transistors compared to their discrete counterparts led to
higher switching losses and results in only 20% energy reduc-
tion [10]. For the RoboBee application, this 20% energy savings
cannot overcome the 30 mg weight penalty associated with the
two output inductors. To fit within strict weight constraints, we
decided to pursue an integrated, inductor-less, push—pull drive
stage, shown in Fig. 5. In both designs proposed in [4] and [10],
the driving signals for the actuator are preloaded into memory,
and real-time update of driving signals to roll, pitch, and yaw
input were not supported.

III. Low-POWER PEU DESIGN

Building on prior work, the prospective PEU design should in-
terface with the flight controller and generate sinusoidal driving
signals accordingly. It also aims to retain the lightweight benefit
of the PEU design proposed in [10] (see Fig. 5) and to achieve
lower power consumption without adding prohibitive weight.
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To meet these objectives, we propose a two-stage PEU topology
for the alternating drive configuration. Similar to previous work,
the two-stage topology only requires a single step-up converter
with one magnetic component to create an intermediate high
voltage from which multiple driver circuits in the drive stage
draw energy to produce individual drives signals for each of the
capacitive loads. This approach yields a lower mass design than
single-stage PEU designs, because single-stage designs need
one magnetic component per capacitive load.

In addition, the proposed PEU implements three power-
saving features—dynamic common-mode adjustment, ET, and
CS. The ET feature allows power consumption of the PEU to
adapt to the flight control input, making it lower on average.
Although the alternating drive configuration requires twice as
many drive stage channels, the additional mass and size is small
thanks to monolithic circuit integration.

A. Optimizing the Drive Waveform: Dynamic Common Mode

First, we propose to adjust the common-mode voltage be-
tween the drive signals for the top and bottom layer of a bimorph
actuator with respect to roll, pitch, and yaw control. Recall, for
a bimorph actuator, the deflection is a function of the differen-
tial signal, Vrop — VBoTTOM, While the common mode signal
(rortVeorron) goes not contribute to actuator motion. There-
fore, we can further optimize the driving signals, shown in Fig. 3,
by reducing the common mode voltage while keeping the differ-
ential voltage constant. Fig. 6 shows the driving signals with and
without common adjustment for simultaneous drive. The Vziag
and the common mode voltage headroom changes with roll and
pitch flight control command, labeled in Fig. 6. The minimum
common mode level is constrained by the requirement that both
Vrop and VyorToM need to remain positive to keep the PZT
layers in contraction mode for reliability reasons. Employing
the method, the driving signals is reduced in absolute voltage
and therefore require less power in the drive stage.

For the alternating drive configuration, we can reuse the drive
signals for the bottom layers from the simultaneous drive config-

Lok et al. [10] show a PEU with a two-channel inductor-less integrated drive stage implementing the simultaneous drive configuration.
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Fig. 6. Comparison between the roll, pitch, and yaw drive signals shows the
adjustment to V1A g and the common mode voltage while keeping differential
voltage consistent for the simultaneous drive configuration.

Pitch #0 Roll #0 Yaw #0
Roll,Yaw=0 Pitch,Yaw=0 Roll,Pitch=0
VDDH VDDH VDDH
NO :'-\\ ':’.‘\ "\
common NG
mode <><>
adjustment \Vrop N
BOTTOM Sae hT
GND GND GND
Common VDDH
mode
adjustment
+ \ \ 4
Envelope "N edTom \_,"' L
tracking GND GND
Vg ===- et —— Vig=--- Vks——  Vcm Headroom

Fig. 7. Comparison between the roll, pitch, and yaw driving signals shows
the adjustment to common mode voltage and ET for the alliterating drive con-
figuration.

uration, as shown in (3). Vg and Vgp denote the driving signal
for the bottom layers of the left and the right actuator. Then the
out-of-phase driving signals for the top layers, Vi and Vgr, can
be computed via Vras — VeoTTowMm, resulting in (4). Fig. 7
illustrates the differences between waveforms with and without
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common-mode adjustment, all while providing roll, pitch, and
yaw control.

The minimum common mode level depends on roll and pitch
control and can be computed using (5). As the PEU needs to
dynamically update the common mode voltage of the driving
signal in real time in response to flight control command updates,
we call this feature dynamic common mode

Vs, Vas = [(1 — p)sin(wt) £ psin(2wt)]*
(Vamp £ Vion)
Y
Vir, Vor = —[(1 — p)sin(wt) £ psin(2wt)]*
(Vamp £ Vion)
Y

(V;mp + ‘ VRoll |)
2

Lowering common mode voltage leads to simultaneous re-
duction in the dc level signals Vrop and VgorToM, and hence
reduces the burden on the power electronics and improves the
efficiency of charging the capacitive loads.

Y — Wpiteh +Vem ()

— Witen + Vem @

Vem = + [Vpiten |- ©)

B. Envelope Tracking

The second power-saving feature in the PEU—ET—involves
dynamically minimizing the supply voltage of the driver circuit
based on the time-varying output waveform of the driver [12].
Recall that the simultaneous drive configuration requires a con-
stant high-voltage Vg1 g, which ensures that the voltage signals
across the top and bottom PZT layers are always 180° out of
phase.t In contrast, the alternating drive configuration relies on
two separate drive stages to independently energize the top and
bottom PZT layers of the actuator. Since this topology does not
require a constant high voltage bias, there is an opportunity to
dynamically reduce the intermediate voltage generated by the
step-up converter (Vppy) while reliably generating the desired
output sinusoids across the two PZT layers. The controller for
the boost converter monitors output waveform requirements and
appropriately sets Vppy. The ET relationship between the output
channels and Vppy is given by

Vopu = max{Vir, Vi, Var, VRe} + VMargin- (6)

ET reduces power consumption in two ways. First, it mini-
mizes the voltage level of Vppy from which current is drawn
to charge the capacitive actuator loads. Second, the boost con-
verter’s efficiency improves when supplying power at a lower
output voltage.

C. Charge Sharing

CS is the third power-saving feature, which seeks to reduce
power by moving charge between two parallel capacitors [13].
In a linear drive stage, when discharging the capacitive load,
energy is completely dissipated in the power transistors. One
way to recover such energy lost is to employing CS between two
capacitive loads, allowing charges to flow from the capacitor
with a higher voltage potential to the capacitor with a lower
voltage potential.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 4, APRIL 2018

Veotrom
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Fig. 8. Example waveform show CS is possible for half clock cycle.

CS is possible when the voltage on the capacitor to be dis-
charged is higher than the voltage of the capacitor to be charged.
When a bimorph actuator is configured in the alternating drive
configuration, the sinusoidal drive signals across CgoTToM
and C'rop of a bimorph actuator are always 180° out of phase.
Therefore, in this configuration, CS is possible for part of the
sinusoidal cycle. Fig. 8 illustrates the driving signal for the top
and bottom of an actuator, and the part of the cycle where CS
can be applied is labeled.

IV. DRIVE STAGE IMPLEMENTATION IN ALTERNATING DRIVE
CONFIGURATION

The proposed PEU implementing the three power saving fea-
tures described in Section III is shown in Fig. 9. A step-up
converter generates an intermediate high-voltage supply Vppg.
An integrated drive stage in alternating drive configuration is
implemented with two power ICs . It outputs four driving sig-
nals, and excites the top and bottom layers of two actuators
individually while drawing energy from Vppy. To further op-
timize the power and weight of the PEU, the drive stages use
an nDMOS-only design and the step-up converter employs a
boost-flyback converter [13]. The feedback loop of the step-up
converter and the drive stage are implemented on a system-on-
a-chip (SoC). Although this topology in the alternating drive
configuration requires doubling the number of output channels
from two to four, the incremental size and weight increase for
an integrated design is small.

A. Drive Stage Implementation

Each drive stage channel consists of a high-side switch Mys
and a low-side switch Mpg. The inputs pwmH and pwmL
control Myg and Mg, respectively. In each power IC, the CS
switches Mcs; and Mcss implement a CS path between the
output of two channels. The turn ON of Mcs; and Mcso are
controlled by the input pwmC'S.

B. Gate Drive Design

To save chip area and to minimize the overhead associated
with introducing the ET and CS techniques, the proposed PEU in
this paper uses n-type DMOS (nDMOS) transistors as high-side
switches in the drive stage, which are 10x more area efficient
than p-type drain-extended high-voltage transistors (pDeMOS)
of equal resistance. However, one major challenge of using
high-side nDMOS transistors is the design of the gate driver.
The gate driver needs to generate a control signal with reference
to the source of the nDMOS, Vs, which follows a time-varying
high-voltage sinusoid.
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Fig. 10. Current-mode feedback loop circuit implements a floating supply
regulator that powers a high-side gate driver, allowing use of high-side nDMOS
transistors Vsw, which follows a time-varying high-voltage sinusoid.

A conventional bootstrapped gate driver maintains a floating
supply with a stable voltage relative to Vgw by charging the
floating supply from the low-voltage supply via a bootstrapped
diode when Vgsw reaches 0 V. The floating supply, decoupled
with a floating capacitor, powers a level converter that translates
a low-voltage signal to the floating supply domain, and powers
gate drive buffers that turn ON and OFF the nDMOS directly. The
bootstrapped diode approach to recharge the floating capacitor
is not suitable for this application as Vsw does not return to 0 V
at every switching cycle the way traditional half-bridge switcher
does.

In this paper, we inherit the approach of using a floating
supply to power the gate drive buffers and a level-converter
for the high-side nDMOS, however powers the floating sup-
ply (Vbpr) with the high-voltage supply Vppu and regulate it
through a current-mode feedback circuit (see Fig. 10). In the
current-mode feedback circuit, the pDeMOS Mp; serves as a

Proposed PEU implementing alternating drive consists of a boost-flyback converter first stage and a four-channel ET CS drive stage.

Power Electronics
Controller ADC FBgr
Envelope
Calculation Pusle pwmBF_
[ generator g
10MHz
Pusle pwmL,pwmH
roll,pitch,yaw Sine generator
Calculation pwmCs
L , FB.1,FBis,
Sine [ A T FBr Py
LUT

Fig. 11.  Power electronics controller, as part of an digital SoC, implements
the feedback loop for the drive stage and the step-up converter .

voltage-to-current converter that translates voltage on the float-
ing capacitor Cgroaring tO a current signal. The current signal
is then inverted via a current-mode subtractor and delivered to
a current mirror that modulates the source-to-drain current of
pDeMOS Mpy. The current through Mps charges the float-
ing capacitor Cppoaring, and regulates the floating supply 4 V
above Vsw. Simulation shows that the maximum voltage ripple
on the floating supply over process-voltage-temperature (PVT)
is 2.6 V, and the minimum voltage regulation voltage for the
floating supply is at 3.4 V, which sufficient to maintain the cor-
rect operation of the floating supply.

The source degeneration of Mp; with three diode-connected
transistors improves sensitivity of voltage-to-current conver-
sion, and minimizes the always-ON sensing current through Mp;
(22 uA). The level-converter first converts input into set and re-
set pulses before using these pulses to program an SR-latch in
the floating supply domain, minimizing the static current con-
sumed in the level-translation process. The float supply decouple
capacitor, sized at 3 pF is implemented with MOS caps in an
isolated high-voltage N-Well.

C. Drive Stage Control

The output of the drive stage tracks sinusoidal driving signals
that represent roll, pitch, and yaw rotations, while the boost-
flyback converter output is maintained as an envelope of the
four driving signals. The feedback loop that realizes these driv-
ing signal waveform, shown in Fig. 11, are part of an SoC in
TMSC 40 nm process [14]. In 10 us interval, resistor divided ver-
sions of the driving signals are sampled by an SoC via four 8-bit
ADC channels at 100 kHz, and they are compared against dig-
ital references computed by the sine compute block according
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to (3) and (4). The drive stage feedback controller implements
a pulse swallow modulation scheme, in which case the pulse
generator nominally outputs a 300 ns pulse at 100 kHz, and the
pulse is either gated or passed to pwmL and pwmH depends
on the outcome of the comparator. Effectively, for each driving
channel, during the rising half of a sinusoid, the power electron-
ics controller momentarily turns ON Mpyg via pwmH when the
driving signal trails the reference. Similarly if the driving signal
trails the reference in falling half, the controller pulses pwmL
to discharge the output capacitive load.

To implement ET, the controller samples Vppy via a fifth ADC
channel sampling at 200 kHz, twice the sampling frequency of
other four ADC channels. The sampled Vppy is then compared
against the envelope voltage reference, computed based on the
driving signals. Similar to the drive stage feedback loop, the
boost-flyback converter controller also utilizes a pulse swallow
modulation scheme. When Vppy is smaller than the envelope
voltage, the controller pulses the switch M to initiate an energy
conversion cycle for the boost-flyback converter. When Vppy
lags the envelope voltage, the boost-flyback converter has a
maximum switching frequency of 200 kHz and it is effectively
pulse-frequency modulated depends on the power drawn by the
drive stage.

The controller also monitors opportunities for CS and selec-
tively turns ON the direct conduction path between Crop to
CporToMm by controlling the CS switches Mcs; and Mcss.
When the feedback loop detects that the drive stage needs to
discharge a capacitor load with a higher voltage and charge the
other capacitor in the actuator with a lower voltage, or in other
words when the inequality 7, 8, and 9 are met, the controller
turns ON Mcs; and Mcss to charge share the two capacitor loads
instead of turning ON the Myg and M| g transistors individually
for charging and discharge the two capacitor loads

dV;

% > (0 and VLT < VLTREF (7)

A%

% < 0 and Vip > Viprer (8)
Wig > Vir. 9)

Unfortunately, when CS is used in this process, parasitic
p-n-p transistors (see Fig. 12), connected to the body diodes

Source P-diffusion, high-voltage N-well and P-type substrate forms a parasitic p-n-p device that leaks energy to the substrate when the source to drain

of these CS switches, turn ON and draw away approximately
80% of the charge to the substrate, leaving only 20% to charge
up the other capacitor. Thus, this feature was much less effective
than originally simulated. The problematic parasitic transistor
comes from the shared substrate in the bulk DMOS process used,
however, future high-voltage silicon-on-insulator processes will
not have this problem.

D. Step-up Converter Design

The step-up converter of the proposed PEU uses a boost-
flyback converter implementation [15]. With this design, we
achieved higher efficiency for output voltage above 100 V and
incurs small weight overhead. In addition, this converter oper-
ates with higher efficiency than prior PEU implementing simul-
taneous drive also because the power saving techniques applied
in the drive stage lower the average output voltage required for
step-up converter.

The boost-flyback converter consists of a flyback converter
and an auxiliary boost converter. The output voltage is the sum
of the flyback converter output and the auxiliary boost converter
output, as the outputs of these two subconverters are series-
connected (see Fig. 9). The auxiliary boost converter serves as
a snubber circuit and clamps the switch node. Compared to the
snubber-less tapped-inductor boost converter used in previous
designs [4], [10], this converter requires one additional capacitor
and diode rated for 50 V (Cyyv and Ds). The extra diode will
incur additional conduction loss. However, we achieve higher
efficiency with this converter topology for three reasons. First
the auxiliary boost converter prevent the energy stored in the
primary-side leakage inductance from dissipating through LR
ringing of the switch node, and instead directs this energy to the
output. Second, it reduces the voltage stress on the high-voltage
capacitor Cyy and the high-voltage diode D; . Third, it alleviates
the efficiency loss associated with the parasitic capacitance of
the flyback converter rectifier. At the end of a conversion cycle,
after the current in the secondary winding is fully discharged
via the rectifying diode, energy is drawn from the output to
charge the parasitic capacitance of the diode. This energy is
proportional to the square of the voltage seen by the diode D,
in the off-cycle. For a boost-flyback converter, since the diode
D, sees only a fraction of the converter output voltage, the
parasitic capacitance of D; has a smaller impact.
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Experimental measurement shows the drive signal difference for a single actuator between simultaneous drive and alternating drive for two different

control settings. (a) Simultaneous Drive - Vg 11, VpPiten» and pryaw all equal to 0; (b) Alternating Drive - VR o11, VPiten» and piyaw all equal to 0; (c) Simultaneous
Drive - VR 11, and ftyaw equal to O; Vpjien, = 40 V; (d) Alternating Drive - VR 11, and fiyaw equal to 0; Vpjgep = 40 V.

V. TEST RESULTS

To demonstrate the power saving features described above,
we tested and compared the prior PEU design, shownin Fig. 5, in
simultaneous configuration and the proposed design, shown in
Fig. 9, in alternating drive configuration. Four 15 nF capacitors
representing the two bimorph actuators are driven at 100 Hz,
200 Vpp excitation waveforms.

A. Functional Validation of Drive Stage

The scope capture shown in Fig. 13(a) and (b) show drive
waveform output that corresponding to zero pitch rotation for
an actuator in simultaneous drive configuration and alternating
drive configuration, respectively. Fig. 13(c) and (d) show the
scenario for Vpii., = 40 V. This verifies proper operation of
the ET and dynamic common mode adjustment features for
two drive channels of a single actuator. Fig. 13(b) and (d) also
show that the flight control input impacts the ET waveform and
the possible common mode adjustment, and hence impact the
overall power consumption of the PEU. The measurements that
quantify this dependence are shown later.

Fig. 14 shows the drive signal Vrop and Vgorrowm in the
frequency domain in comparison to a perfect 100 Hz 200 Vpp
sinusoid. The measured total harmonic distortion (THD) for
these two driving signals is at 3%. This result verify that the
PEU can generate out-of-phase sinusoids needed to excite the
top and bottom layer of an actuator in the alternating drive
configuration.

B. Gate Driver Evaluation

Fig. 15 shows the measured voltage signal of Vppg, SW, the
voltage across the floating capacitor Vppr — SW, and the control
signal pwmH for a short segment of the sinusoidal drive cycle.

40 T
——Reference Sinusoid
—_V
201 e
_VBOYTOM
0 -
& -20f
=}
@
3 <ot
a
E W
< 60
80}
'100 ' . ﬂnmnmww
120 : . .
0 500 1000 1500 2000
Frequency (Hz)
Fig. 14.  Frequency spectrum of driving signals in Fig. /refscopeB is compared

visually against the ideal sinewave. The THD of driving signals is computed to
be 3%.

170
160 '—/_MD_D_L/_—'/_' 1
140 : : : :

Time (us)

Fig. 15.  Transient snapshot of the voltage node Vppr, SW, and pwmH shows
the floating supply is regulated above 4 V as the SW node follows a 200 V
sinusoid trajectory.
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Fig. 17.  Step-up converter efficiency measurement shows the Boost-Flyback
Converter yields 3% efficiency improvement across a large voltage range.

This result validates that as SW follows a sinusoid signal, the
voltage on CgLoaring 1S maintained above 4 V. One limit in
this floating supply design is that when pwmH is driven at a
high frequency, the current drawn by the level converter and
the buffer may collapse the floating supply. To demonstrate
the high-side gate driver in this design can operate across a
wide range of pulse frequencies (1, 2, 5 MHz) and pulse width
(100, 200, 400 s), we setup an open-loop experiment where a
burst of pulses drive the high-side nDMOS to charge a 100 nF
capacitor at the output. Fig. 16 and (a) shows that the floating
supply can sustain these pulses at different pulse width and pulse
frequency settings.

The efficiency of this floating supply regulator at any given
point of time is determined by the ratio (Vppr — Vsw)/(Vopn —
Vsw). Although the efficiency of the floating supply is low, the
power dissipation of the entire high-side gate drive circuit only
accounts for a small percentage of the total power consumption.
In the case where the PEU drives 15 nF capacitive loads with
100 Hz 200 V peak-to-peak sinusoids, the power consumption
of the high-side gate drivers is estimated to be 5% of the total
power in simulation.

C. Step-up Converter Evaluation

Fig. 17 shows the measured efficiency comparison the tapped-
inductor boost converter and the boost-flyback converter as
a function of output voltage at 300 mW output power. The
boost-flyback converter has consistently higher efficiency than
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To excise the extend of the capability for the floating supply, we experiment with a burst of pulse at larger pulse width and high pulse frequency.

the tapped-inductor boost converter across the voltage range
100-300 V.

To estimate the efficiency improvement for the converter to
output Vppy as an envelope voltage, as opposed to a constant bias
voltage of 280 V, we review two examples where the envelope
voltages are different.

Since the envelope voltage depends on the roll, pitch, and yaw
control settings, we chose the zero rotation scenario representing
the best case and pitch-at-40 V scenario representing the worst
case. The average efficiency for the case of the zero rotation
is 67%, better than a 280 V bias 11%. The average efficiency
of the case for pitch = 40 V is 61%, which translates to 5%
efficiency improvement.

D. System Evaluation

The drive stage and step-up converter measurements show
that benefit of the power saving techniques are different for zero
rotation and nonzero rotation. To quantify the dependence of
the PEU power and the power savings on roll, pitch, and yaw
rotation, the PEU power are measured at various control setting,
shown in Fig. 18. To show the impact of each rotation, only one
of roll, pitch, and yaw is swept while the other two are kept at O
in each test. However, in an actual flight test, any combinations
of the three rotation torque command can be nonzero. The power
consumption of the proposed design in alternating drive utiliz-
ing ET, CS, dynamic common mode voltage (Dynamic VCM)
is compared against the baseline linear driver implementing the
simultaneous drive configuration. With the three power tech-
niques, up to 48% power reduction is achieved over the prior
design presented in [10].

To evaluate the PEU in an experiment that emulates an ac-
tual flight, we configure the PEU to excite four 15 nF capac-
itive loads with nominal 200 Vpp and 100 Hz driving signals
while tracking a 2.5 s roll, pitch, and yaw trace recorded from a
RoboBee hovering experiment, plotted in Fig. 19. Fig. 20 shows
the measured driving signals of Vi g, Vi, Vrp, and Vir from this
benchmark, validating the driving signal follows the roll, pitch,
and yaw controls. This benchmark shows that in a hovering
flight, the deviation of pitch, which has the highest impact on
power consumption, is small. Hence, power saving techniques
utilized in this PEU is effective most of the time. The distribution
of power consumption for the step-up converter over different
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Fig. 19. 2.5 sroll, pitch, and yaw flight recording is used as a benchmark to
evaluate the power saving achieved with proposed PEU design. Fig. 21.  Based on the benchmark, the distribution of power consumption for
the boost-flyback converter over different voltage ranges shows that the medium
300 T . -
" & 4 vie output voltage required from the boost-flyback converter is indeed much smaller
2501 ; A ,‘;1 f“ “. n VRB/| than the bias voltage in simultaneous driver configuration.
a o I —wh
A i R T (O
200 :I'E‘ al.l; '.Ii\ i Ix ! I“ : 3 y 1 :I - - VRT]:
> HIEREEREERLY '1 RIRLTREEE To test this PEU design for boarder applications, we measure
%150; {1 l'f '.‘ SERTRIE: I Wi total power consumption of the PEU at zero roll, pitch, and yaw
P FY RS EL T 1IN I o . .
S BER: E Pl k RIRIEY ll Rt across a range of excitation frequencies, capacitor loads, and
> 100§ !} 4 ‘,l .I: v ‘-,’ L - o f I‘,' e [ : 1 1 1
W R R AR AR R e (R (R output sine wave amplitudes, shown in Fig. 22. These results
50{,.' e dhen Sl AR ¥ W 2 verify that the proposed design can support a wide range of
A ) applications with different output power and actuator charac-
oc ' > s p 1 teristics. The amount of power it takes to charge the capacitive
1.6 1.62 1.64 1.66 1.68 1.7 e . X
Time(s) load in half a cycle Preactive given by (10), is plotted along the

Fig. 20. Drive signals of all four actuator layers corresponding to a segment
of the benchmark shows the drive signals respond to control changes.

voltage ranges, shown in Fig. 21, also reasserts that the step-
up converter of the proposed PEU mostly operates in the more
efficient output voltage range, as compared to previous design.
The average power of PEU tracking this benchmark is 290 mW,
37% less than the power consumed by a PEU that uses linear
push—pull drive stages.

PEU power consumption as a reference.

Since Preactive is purely a function of actuator parameters
and operating conditions. the ratio Ppry/PreacTive is a good
metric for evaluating the power efficiency of the PEU design

Preactive = §CACTVP2Pf (10
P (; - 77RECOVER>
PEU _ TIDELIVER ) (1 1)
FREAcTIVE TISTEP-UP
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Total power consumption scales with excitation frequency, actuator capacitance, and sinusoidal drive signal amplitude. The power delivered to the load
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Fig. 23.  (a) Chip photograph for the power IC shows the area occupied by
the nDMOS switches and the gate drivers. (b) Photo shows the relative size
of components used in the power electronics prototype including the custom
developed power IC.

For a two-stage topology, this ratio is also related to the
average efficiency of the step-up converter 7stgp—up, the aver-
age efficiency of energy delivery to the load 7pgyver, and the
average efficiency of energy recovery from the load nrecover,
as described in (11).

Last, Fig. 23(a) presents a die photo of the power IC that
integrates a two-channel ET and CS drive stage, and Fig. 23(b)
shows the size comparison between the RoboBee and different
components of the PEU.

VI. CONCLUSION

This paper presents a new power electronics architecture for
energizing two PZT bimorph actuators of the RoboBee. This
design, optimized for both high power efficiency and low mass,
consists of a boost-flyback converter step-up stage and a drive
stage with multiple channels. The boost-flyback converter in the
new architecture achieves 3% higher efficiency than the tapped-
inductor boost converter used in previous design. Building upon
an integrated inductor-less push—pull drive stage, three power
savings proposed in this paper, ET, dynamic common mode, and
CS, combine to reduce the drive stage power consumption by
30%—47% depends on maneuver control of the robot. AnDMOS
only design with integrated high side driver further improves the
area efficiency of drive stage and meet the weight constraints
of RoboBee. Based on a 2.5 s maneuver control recording from
a flight experiment, the proposed PEU consumed on average
290 mW while tracking the roll, pitch, and yaw command, 37%
less than alternative design that meets the weight constraint.
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