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Abstract—Piezoelectric energy harvesters generate elec-
trical power from ambient mechanical vibrations, making
these vibrations a viable energy source for powering
wireless sensor and identifier nodes. In order to harvest an
appreciable amount of power, piezoelectric devices are typ-
ically inserted into high-Q mechanical resonant structures
that significantly limit their harvesting bandwidth. The dy-
namic active energy harvesting method has been proposed
as a way to widen the bandwidth of resonant piezoelectric
energy harvesters; however, an autonomous design has
not yet been demonstrated. This work demonstrates the
first autonomous implementation of this method. This
was accomplished through the use of a resonant inverter
topology in combination with a low-power analog control
circuit design that reduces the computational demand of
the microcontroller. Experimental results using the Mide
Volture V20w piezoelectric device shows that the harvested
power is up to twice that of the adaptive rectifier method.
These results include previously ignored loss mechanisms
such as control losses, gating losses, and phase detection
losses, making this system the first autonomous energy
harvesting system of its kind.

I. INTRODUCTION

RECENT advancements in low-power micro-
electronics have increased the viability and use

of wireless sensor and identifier nodes. Currently
these nodes are used in automobiles, heart mon-
itoring, building environmental control, and many
other applications [1]–[6]. Many of these nodes
exist in environments that have limited electrical
access, yet are in the presence of vibrations. In some
applications ambient mechanical vibrations might
be accessible, while in others the vibration could
be created as part of an acoustic energy transfer
system [7]. Either way, piezoelectric devices are a
good choice for harvesting this energy because they
have a large energy density and the output voltage is
large enough to be useful in practical circuit designs
[5], [7], [8]. In order to increase the electrical
power extracted from the piezoelectric device to
usable levels, it is common to incorporate the device
into a high-Q mechanical resonator whose resonant
frequency matches the excitation frequency.

Researchers have investigated many different
electrical circuit topologies to maximize the en-
ergy harvested from resonant piezoelectric systems.
Using the standard approach presented in [9], the
piezoelectric device’s voltage is rectified and applied
to a load resistor and capacitor. In [9], the authors
determined that an optimum load resistance can be
found that maximizes the harvested power. In [10]
a switching converter interfaces the rectifier and the
load, so that the rectifier voltage can be controlled
while allowing the harvested energy to be stored in
a battery. Also in [10] it is demonstrated that an
optimal rectifier voltage exists which is dependent
on harvesting conditions. Operating at the optimal
rectifier voltage exhibits a significant increase in
power harvested. Despite the gains in this area
rectifier-based approaches are limited in their power
extraction ability.

Conventional rectifier-based approaches were en-
hanced by the introduction of the synchronized
switch harvesting on inductor (SSHI) electronic in-
terface. The parallel SSHI method utilizes a resonant
transition to invert the voltage on the piezoelectric
device [9], [11]. In [12], it is illuminated that
the parallel SSHI circuit significantly outperforms
the standard rectifier approach for weakly-coupled
systems; however, for strongly coupled systems, the
standard rectifier approach and the parallel SSHI
topology harvest similar amounts of energy.

The active energy harvesting method applies a
square wave voltage to the piezoelectric device. A
thorough analysis of the active energy harvesting
technique is presented in [13] and [14], and dis-
cussed in [15]. These articles use a pulse-width-
modulated full-bridge inverter to implement the ac-
tive energy harvesting method. Although control and
gating losses were neglected, experimental results
demonstrated in [14] that the active energy harvest-
ing method outperforms the rectifier methods and
SSHI technique in terms of energy harvested.

The active energy harvesting method is effective
at harvesting energy when the mechanical resonant
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frequency and excitation frequency are extremely
close. However, the small bandwidth of a high-Q
resonant mechanical structure means that deviations
in the resonator frequency from the excitation fre-
quency, for example due to mechanical parameter
tolerances, can result in dramatically reduced har-
vesting levels. To mitigate this issue, researchers
have proposed various mechanical techniques to
increase the energy harvesting bandwidth [16]–
[20]. For example, [20] utilizes a second piezo-
electric device to provide stiffness tuning which
adaptively tunes the mechanical resonant frequency.
This method requires one piezoelectric device for
energy harvesting and another one for actuation.

A detailed comparison of the bandwidth of the
rectifier method and the SSHI method is discussed
in [21]. The parallel SSHI method and the active
energy harvesting methods provide some bandwidth
extension over adaptive rectifier methods; however,
neither method adapts to the changing harvesting
conditions that occur as the excitation frequency
deviates from the resonant frequency.

The dynamic active energy harvesting (DAEH)
method presented in [22] is an electrical strategy
for increasing the bandwidth, that adapts the electric
circuitry in order to more effectively harvest energy
at off-resonant frequencies. The high-Q mechanical
system is modeled as a mass-spring-damper system,
as illustrated in Fig. 1. Using this model for the en-
ergy harvesting system, [22] derives an optimal load
impedance to maximize the power extracted from
the device. The optimal load impedance is a function
of system parameters, including the mechanical res-
onant frequency and the excitation frequency. The-
oretically, applying the optimal load impedance to
the piezoelectric device allows 100% of the available
energy to be harvested over an infinite bandwidth;
however, energy loss in the power electronics limit
the practical bandwidth [22]. Using the dynamic
active energy harvesting (DAEH) approach, [22]
harvested up to 6 times as much energy at off-
resonant frequencies when compared to the adaptive
rectifier technique introduced in [10].

The benefits of the DAEH method were exper-
imentally validated by [22]. However, the imple-
mentation was not an autonomous system, and the
bandwidth improvements were modest due to the ef-
ficiency of the power electronics. The MOSFET gate
drive, control circuitry, microcontroller, and phase
detection power consumption exceeded that of the

Fig. 1: Electric circuit model of a resonant mass-
spring piezoelectric energy harvesting system.

energy harvested, questioning the practical viability
of the method. In this paper a resonant full bridge
inverter topology is presented which, in combination
with low-power analog control circuitry and low fre-
quency digital control, reduces the loss mechanisms
such that the practical benefits of the method are
realized. In this work, experimental results of the
dynamic active energy harvesting approach include
all of the associated loss mechanisms, resulting in a
wideband autonomous energy harvesting system.

This work significantly extends the work pre-
sented in our conference publication [23]. The new
contributions in this article include:
• a demonstration of a fully autonomous im-

plementation of the DAEH Method (including
microprocessor power consumption),

• a theoretical loss analysis of the clamping
event in the resonant inverter, and

• control circuitry that allows the inverter to
freely operate without the microprocessor for
a significant period of time.

II. DYNAMIC ACTIVE ENERGY HARVESTING

A piezoelectric device used in a resonant mass-
spring energy harvesting system can be modeled
as shown in Fig. 1. The variables for this system
are described in Table I. As discussed in [22], to
maximize the power extracted from the piezoelectric
device, impedance matching is used to derive the
optimal load at a given vibration frequency ω,

Z̃opt =
ω2m− k + jωb

ω2C ′b− jω(ω2C ′m− (C ′ + d2k)k)
. (1)

The optimal impedance shown in (1) has both real
and imaginary components whose values change
depending on harvesting conditions. Assuming a
sinusoidal excitation force, this impedance can be
emulated by applying a sinusoidal voltage whose
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Fig. 2: The power factor of the optimal load
impedance is plotted as a function of excitation
frequency for the device parameters shown in Table
I.

magnitude is

Vmag =
√
ω2b2 + (k − ω2m)2

Fm

2kdωb
, (2)

and whose phase relative to the input force is

φ = 180◦ − tan−1
(
k − ω2m

ωb

)
. (3)

Practical implementations of this method use a
square wave voltage that matches the fundamental
magnitude and frequency of the optimal sinusoid
[22]. The efficiency of the power-path of the elec-
tronic inverter that applies such a square wave is
crucial in maximizing the energy harvested over a
wide bandwidth. The optimal load impedance has a
reactive component that increases as the excitation
frequency deviates from the mechanical resonant
frequency. This trend is illustrated in Fig. 2. The
inverter must therefore process both reactive and
real power, so as the ratio of reactive power to
real power increases at off-resonant frequencies,
the impact of the inverter’s power-path efficiency
increases. It is important to note that, in practice, the
efficiency of power electronic circuits will decrease
at lower power factors. At off-resonant frequencies
the power-path efficiency of the resonant inverter
significantly affects the net harvested power. Us-
ing experimental device parameters from this work
(shown in Table I), the effects of the power elec-
tronic’s power-path efficiency on the DAEH method
are shown in Fig. 3.

Fig. 3: The theoretical power harvested using the
adaptive rectifier and the DAEH method is plotted as
a function of excitation frequency for various power
electronic efficiencies. The 3dB bandwidth of the
harvested power is denoted by a red star. The device
parameters used to generate this plot are shown in
Table I.

TABLE I: Volture V20w Piezoelectric Energy Har-
vesting System Parameters

Parameter Value
Mass (m) 6.7 g
Force Magnitude (Fm) 0.218 N
Spring constant (k) 3437 N

m

Damping coefficient (b) 0.4960 N∗s
m

Zero-strain capacitance (C’) 0.114 µF
Piezoelectric coupling (d) 1.39 µm

v
Vibration period (Tm) 8.2− 9.4 ms

III. RESONANT INVERTER

To efficiently implement the square wave required
by the DAEH method, a resonant full-bridge inverter
is used, as depicted in Fig. 4. The proposed reso-
nant inverter creates an efficient power electronic
interface between the piezoelectric device and the
bus capacitance. The resonant inverter is controlled
such that the magnitude and the phase of the applied
square wave can be modulated while undergoing
only four switching transitions per voltage inversion.
Unlike previous implementations, which used pulse-
width-modulation (PWM) to transition the piezo-
electric device voltage between +Vbus and −Vbus
[13]–[15], [22], the proposed inverter topology uses
the resonance of the piezoelectric capacitance (C ′)
in combination with the inductance (L) to achieve
the voltage transition. The resonant inverter utilizes
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Fig. 4: Proposed resonant full-bridge inverter and analog control circuitry for implementing the dynamic
active energy harvesting method. Note: potentiometers inside rectangular boxes are digital potentiometers.

the advantage of the SSHI method, using resonance
to invert the piezoelectric voltage, while still provid-
ing a bi-directional converter capable of implement-
ing the DAEH method. By drastically reducing the
number of switching events required to transition the
piezoelectric voltage, the resonant inverter topology
nearly eliminates switching and gating losses. The
resulting improvement in efficiency is one of the
major reasons the autonomous wideband energy
harvester is feasible.

A. The Resonant Transition
The proposed circuit topology inverts the piezo-

electric device voltage while undergoing four
switching transitions, which results in five circuit
states. These states are exhibited in Fig. 5. To un-
derstand the resonant transition, an example voltage
inversion is described.

Initially the piezoelectric device voltage is equal
to Vbus as MOSFETs S11 and S22 are ON while
MOSFETs S12 and S21 are OFF, as portrayed in Fig
5a. Turning S11 OFF (Fig. 5b) and then S21 ON (Fig.
5c) initiates a resonant transition between L and C ′.
Once the voltage across C ′ reaches its minimum and
the inductor current returns to zero, switch S22 is
opened (Fig. 5d), ending the resonant transition. The
resulting voltage and current on the piezoelectric

device are shown in Fig. 6. After the resonant
transition the resulting voltage on the device, −Vx,
is dependent both on the quality factor (Qf ) of
the resonant transition, and the parasitic capacitance
shown in Fig. 7.

Due to losses during the resonant transition, the
resonant voltage inversion will be incomplete. The
voltage on the piezoelectric device at the end of the
resonant transition (Vinv) is

Vinv = Vbus

√
1− π

Qf

. (4)

Where the quality factor Qf is determined by the
energy lost energy lost during the resonant transition
(Eres),

Qf =
πC ′V 2

bus

2Eres

. (5)

Vinv is further reduced by the parasitic capacitances,
Cpar, across S22 and S12 that are created by both
the MOSFET and the PCB layout. When the switch
S22 opens, as shown in Fig. 5d, a series-connected
LCC circuit is created with the parallel combination
of the parasitic capacitances. Initially the parasitic
capacitances have no charge. Once the network
reaches steady state, the voltage on the piezoelectric
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(a) Initial state (b) Open Circuit (c) Res. Transition (d) Open Circuit (e) Final State
Fig. 5: Required states for transitioning the piezoelectric device between the positive bus voltage and the
negative bus voltage. To transition the device voltage between the negative bus voltage and the positive bus
voltage, the states occur in reverse order.

Fig. 6: The piezoelectric device voltage and current
during a resonant voltage inversion.

Fig. 7: Circuit model of the parasitic capacitances
Cpar. This capacitance models the effects of: the
drain to source capacitances of the N-channel MOS-
FETs, P-channel MOSFETs, and PCB layout para-
sitic capacitance.

device is
Vx = Vinv

C ′

C ′ + 2Cpar

. (6)

Two methods of transitioning the device voltage
from −Vx to −Vbus are proposed in Section III-B.

B. Incomplete Voltage Inversion
The difference between the magnitude of the

device voltage and bus voltage at the end of the

resonant transition must be dealt with. Two methods
for transitioning the device voltage to bus voltage
after the resonant transition are:
• clamping the device and inductor to the bus

voltage (shown in Fig. 8), or
• using the piezoelectric effect to charge the

device capacitance until its voltage reaches the
bus voltage (shown in Fig. 9).

The effectiveness of each method is determined by
the total amount of energy that can be harvested
from the piezoelectric device. During a half-cycle
of the mechanical oscillation, the maximum energy
that can be harvested, Eideal, is determined by Vbus
and the device current, ip(t). The available energy
is

Eideal = Vbus|
∫ Tm

2

0
ip(t)dt| = VbusQideal. (7)

The energy lost by either method is dependent
on the magnitude of the voltage on the piezoelectric
device at the end of the resonant transition, Vx.

1) Clamping: Clamping the piezoelectric device
and resonant inductor to the bus voltage causes
the piezoelectric device voltage to be a decaying
oscillation centered around Vbus, as shown in Fig.
8. The energy extracted from the bus voltage during
clamping, Eext, is

Eext =
∫
Vbusdq = Vbus

∫ Vbus

Vx
(C ′ + 2Cpar)dVp

= (C ′ + 2Cpar)Vbus(Vbus − Vx). (8)

After clamping the total energy (Eideal) is harvested
from the device. Therefore if the device is clamped
to the bus capacitance, the net energy harvested to
the bus, Eclamp, is

Eclamp = Eideal − Eext

= VbusQideal − (C ′ + 2Cpar)Vbus(Vbus − Vx). (9)
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Fig. 8: The piezoelectric device voltage and current
waveforms due to clamping after the resonant tran-
sition.

2) Piezoelectric Effect: Using the piezoelectric
effect to charge the piezoelectric device voltage to
the bus voltage also reduces the amount of energy
that can be harvested. During the charging interval
(tpe), the amount of charge supplied by the piezo-
electric device, Qc, to charge the device capacitance
from Vx to Vbus is

Qc = (C ′ + 2Cpar)(Vbus − Vx). (10)

This charge must be subtracted from the ideal har-
vested charge; therefore, the energy that can be
harvested while using the piezoelectric effect for
charging, Epe, is

Epe = Vbus(Qideal −Qc)

= VbusQideal − (C ′ + 2Cpar)Vbus(Vbus − Vx). (11)

3) Comparison: The energy harvested when
clamping the device, Eclamp, is the same as when
using the piezoelectric effect to charge the device,
Epe. Therefore, the best method for railing the
device voltage after the resonant transition is based
on the implementation of the method rather than the
method itself. In order to reduce the complexity of
the switch timing, the clamping method was used in
this work. However, for faster excitation frequencies
it is possible that the ringing caused by clamping
would not settle between resonant transitions. This
could reduce the effectiveness of the subsequent
resonant transition; therefore, the piezoelectric effect
should be used instead of the clamping method in
such circumstances.

Fig. 9: The piezoelectric device voltage and current
waveforms when using the piezoelectric effect to
charge the device capacitance after the resonant
transition.

C. MOSFET Timing

A practical implementation of the resonant in-
verter requires control over both the order of the
switching and the timing associated with it. To
achieve this a transition command signal, derived
from the base accleration, is connected to a nanowatt
comparator which drives an RC circuit between 0
and Vcontrol. This portion of the circuit is highlighted
in Fig. 4. As the voltage rises or declines across
the capacitor in the RC circuit, it is compared
to reference voltages associated with the proper
switching order, as shown in Fig. 4. The switching
order is symmetrical, so a single threshold for each
switch will allow the inverter to reach both states.

The RC circuit is responsible for more than just
the switch modulation order; it also must control the
resonant transition. The time the circuit should be
in the resonant state, shown in Fig. 5c, is half of the
resonant period, and must be the same independent
of whether the RC network is charging or dis-
charging. In order to accomplish this, the threshold
voltages for S21 and S22 are chosen symmetrically
on either side of Vcontrol

2
:

VS21 =
Vcontrol

2
−
Vcontrol

(
e
π
√
LC′
RC − 1

)
2
(
e
π
√
LC′
RC + 1

) (12)
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and

VS22 =
Vcontrol

2
+
Vcontrol

(
e
π
√
LC′
RC − 1

)
2
(
e
π
√
LC′
RC + 1

) . (13)

Unlike S21 and S22, the timing of S11 and S12 do
not affect the resonant transition; however, to min-
imize losses they should be switched immediately
before and after the resonant transition. As discussed
in section III-B3, either clamping or using the piezo-
electric effect to charge the device capacitance after
the resonant transition results in the same amount of
harvested power. However, using the RC network to
control the MOSFET timing means that, if clamping
is delayed (Fig. 5d), then when the transition com-
mand triggers the next voltage inversion there will
be a delay once the inverter is open-circuited (Fig.
5b). During this time the piezoelectric effect will
start to discharge the piezoelectric capacitance. This
reduces the effectiveness of the resonant transition
and should therefore be avoided.

IV. CIRCUIT CONTROL

The DAEH method emulates the optimal load
impedance by modulating the phase and magni-
tude of the applied square wave with respect to
the applied force. In order to adjust to changing
conditions, a peak power tracking algorithm dynam-
ically modulates these parameters to maximize the
energy harvested. Previous implementations such as
[22], [23], relied on high-power digital circuitry to
achieve the required control. In order to achieve an
autonomous energy harvesting system, a reduction
of the digital computation demand was achieved
by implementing high-frequency (e.g., greater than
5Hz) tasks with low-power analog circuitry.

1) Phase Control: In practice, the phase of the
resonant inverter is adjusted relative to the zero
crossing of the base mechanical acceleration. A
low-power acceleration polarity detector was cre-
ated using a sense-piezoelectric device. The sense-
piezoelectric device is clamped in parallel with the
main device, and is small so as to not interfere
with the mechanical dynamics of the main device.
The output voltage of the sense-piezoelectric device
is proportional to the base acceleration. Using a
differential comparator, a reference square wave is
generated whose transitions align with the zero-
crossing of the base mechanical acceleration.

The phase-shifted signal is created by applying a
time delay to the reference square wave. The time
delay is generated by passing the reference square
wave through an RC filter whose time constant is set
by a digital potentiometer. A hysteresis comparator
generates a time-delayed square wave from the first-
order RC response. The maximum time delay that
can be achieved by this circuit is one-half of the
square wave period (180◦). In order to achieve a
full 360◦ phase shift, the time-delayed square wave
is inverted using a NOT gate. A multiplexer is used
to select between the inverted and the original time-
delayed square wave. The phase control circuit is
illustrated in Fig. 4. This circuit produces the tran-
sition command signal, yet in steady-state it does not
require microprocessor input, which greatly reduces
the power consumption of the digital control.

2) Analog Magnitude Control: The magnitude of
the square wave voltage applied to the device by the
inverter is determined by the bus voltage, Vbus. The
bus voltage is controlled using an analog hysteresis
controller which connects a DC-DC converter load
when the bus voltage is above the upper threshold,
and disconnects it when the bus voltage is below
the lower threshold. This control circuit is also illus-
trated in Fig. 4. The hysteresis controller allows the
harvested power to be measured, which is necessary
for the peak power tracker. This process is discussed
in Section IV-3.

3) Digital Control: The digital control in this
work is implemented on an ATMEGA328 micro-
controller with a clock frequency of 62.5KHz; how-
ever, in a practical energy harvesting system for
wireless sensor nodes, the microcontroller used to
implement the node itself could be used to control
the energy harvesting system. The microcontroller
is responsible for implementing the peak-power-
tracking algorithm by changing the phase and mag-
nitude of the applied square wave, yet its power
consumption must be minimal in order to achieve an
autonomous design. This is accomplished by desig-
nating the high-frequency tasks to analog circuitry
so that the microprocessor can be in a more efficient
state (sleep mode), as described in sections IV-1
and IV-2. The digital control interfaces with the
analog circuitry through two digital potentiometers
and a multiplexer. Modulation of these allows the
microcontroller to change the magnitude and phase
of the applied square wave; however, it does not
require the micocontroller to be awake in order to
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maintain the current phase and magnitude.
A peak-power-tracking algorithm, similar to that

in [22], is used to find the optimum bus voltage and
phase angle with one modification. The algorithm
is shown in Table II. In order to reduce power con-
sumption, the net power harvested is computed by
measuring the voltage on the bus capacitance at the
beginning of the magnitude control hysteresis cycle
(discussed in Section IV-2), and after a delay tdelay.
Therefore the average power harvested, Pharvest, is
measured passively during each magnitude control
hysteresis cycle.

Pharvest =
1
2
Cbus[Vbus(tdelay)

2 − Vbus(0)2]
tdelay

(14)

In order to minimize power consumption, the mi-
crocontroller is in a ”sleep” mode except when trig-
gered by external interrupts at the appropriate time
to measure the bus voltage. During each hysteresis
cycle either the harvested power is measured, the bus
voltage magnitude is perturbed, or the phase angle
is perturbed.
TABLE II: Digital Control: Peak-Power-Tracking
Algorithm [22]

Hysteresis Cycle Execution
1 Measure Power (P1)
2 Vbus = Vbus + ∆Vbus
3 Measure Power (P2)
4 if (P1>P2) : Vbus = Vbus − 2∆Vbus
5 Measure Power (P1)
6 φ = φ+ ∆φ
7 Measure Power (P2)
8 if (P1>P2) : φ = φ− 2∆φ
REPEAT Go to 1

The length of the magnitude-control hysteresis
cycle therefore determines the power consumption
of the microcontroller. The longer the hysteresis
cycle, the less power that is consumed by the
microcontroller because the ratio of sleep to awake
time increases. However, this decrease in power
consumption comes at the cost of increased time
required to converge to the optimal harvesting con-
ditions.

4) Startup Control: One of the benefits of using
low-power analog control circuitry to implement
high-frequency tasks is that it aids in the startup
process. The startup process has three different
modes.

First, when the voltage on the bus capacitance

is less than the minimum voltage required for the
control circuitry, all of the switches in the inverter
are OFF. This results in the piezoelectric device
charging the device capacitance through a full-
bridge rectifier consisting of the body diodes in the
MOSFETs.

Next, once the voltage of the bus capacitance is
large enough to turn on the control circuitry, the
microprocessor runs an initiation sequence that sets
the digital potentiometers for the analog phase and
magnitude control circuits. At this point a square
voltage wave is applied to the piezoelectric device
in phase with the applied force.

Finally, once the voltage on the bus capacitance
is large enough to trigger the analog magnitude
control, the peak power tracking algorithm begins
to dynamically search for the optimal harvesting
conditions.

V. RESULTS

Experimental results were obtained using a Mide
Volture V20w piezoelectric device with a 6.7 g tip
mass. The adaptive rectifier and DAEH harvesting
methods were applied to the device over a frequency
range of 106-122 Hz. The resonant frequency of the
piezoelectric device is higher than the data-sheet
suggests due to our custom clamping mechanism,
which shortens the effective length of the device
. For consistency, the magnitude of the base ac-
celeration was held constant at 32.5 ms−2 for all
experiments. The piezoelectric device parameters,
shown in Table I, were calculated based on the short-
circuit and open-circuit resonant frequencies of the
piezoelectric device [24], [25].

A. Resonant Inverter
An experimental implementation of the resonant

inverter was developed to demonstrate its perfor-
mance and validate the design equations presented in
Section III. The components chosen for the resonant
inverter are listed in Table III. In order to achieve
the bandwidth extension goals of this work, it is
important to maximize the efficiency of the resonant
inverter; therefore, the circuit losses are catalogued
and discussed in this section. A breakdown of the
major loss mechanisms is shown in Table IV and
discussed in subsequent sections.

In order to accurately catalog the losses in the
resonant inverter, the piezoelectric device is replaced



0885-8993 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPEL.2016.2616301, IEEE
Transactions on Power Electronics

IEEE TRANSACTIONS ON POWER ELECTRONICS, OCTOBER 2016 9

with a 125 nF film capacitor. The capacitor ap-
proximates the C ′ of the device, but does not have
the electromechanical coupling of the piezoelectric
device, which makes it easier to catalog the per-
formance of the circuitry. The high efficiency of
the film capacitor does not allow the oscillations
from the clamping event to reach steady state be-
tween resonant transitions when operated at 114 Hz.
Therefore the losses are measured at an excitation
frequency of 10 Hz, and scaled up to 114 Hz.

TABLE III: Main Circuit Components

Component Part Numnber
N-channel MOSFET TI CSD18504Q5A
P-channel MOSFET AO AOD413A
Comparator LT LTC1540
Inductor Core Ferroxcube RM10/LP-3F3
Inductance 2.8 mH
Inductor Turns 77
Inductor Gap 0.1 mm

TABLE IV: Catalogued losses for the resonant in-
verter generating a 10 V square wave at 10 Hz.
These losses were scaled to 114 Hz to estimate the
power consumption of the resonant inverter.

Loss Mechanism Loss at 10 Hz
Resonant / Clamping(Eclamp) 1.4 µJ per transition
Gating (Egate) 0.32 µJ per transition
Quiescent Gate Circuit (Pgd) 12.0 µW
MOSFET Leakage (Pleak) 20.0 µW
Gate timing Potentiometers(Ppot) 36.0 µW
Total 102.4 µW

1) Resonant Transition Losses: The most impor-
tant loss mechanisms in the resonant inverter are
losses that occur during the resonant transition.
This is because, as shown in (9), losses during the
resonant transition are also responsible for clamping
losses. Careful measurement of the resonant period
(Te), the inductance (L), the device capacitance (C’),
and the device voltage (Vp) are used to compute
the energy in the system at the beginning and end
of the resonant transition. Using a 10 V bus, the
energy in the system at the beginning of the resonant
transition, Einit, is found to be

Einit =
1

2
C ′V 2

bus = 6.25µJ. (15)

After the resonant transition the energy remaining
in the system is given by

Ex =
1

2
C ′V 2

x = 5.88µJ. (16)

Experimental data shows that 0.37 µJ was lost
during the resonant transition, therefore the resulting
quality factor, which can be derived from (5), is
53.13. Using (6) the experimental quality factor
predicts the Vinv to be 9.7 V, which was confirmed
experimentally.

2) Clamping Losses: After the resonant transi-
tion, Vinv is further reduced by the parasitic ca-
pacitance Cpar. This capacitance encompasses the
parasitic capacitance of the MOSFET, parallel diode,
and PCB parasitic capacitances. The measured ca-
pacitance is 5.75 nF, which based on (6) suggests
that Vx will be 8.89 V; however, the experimental
Vx was measured to be 9 V. The clamping losses
Eclamp given by (9) are therefore 1.4 µJ per resonant
transition.

3) Gate Drive Circuitry and MOSFET Leakage:
Four LTC 1540 comparators are used to both gener-
ate the proper switch timing, and drive the gates of
the MOSFETs. The losses in the gate drive circuitry
fall into two categories.

First, the gating control circuitry has a quiescent
power draw that is computed directly from the
LTC1540 datasheet. The quiescent current draw for
each comparator is 300 nA at 10 V which results
in 12 µW of power consumption denoted by (Pgd).
Next, the power dissipated by the potentiometers
which control the gate timing Ppot consume 4V 2

ctl

Rpot
,

which results in 36 µW of loss. Finally, the compara-
tor sources QgsVbus joules every time a MOSFET
turns on. During each resonant inversion 2 MOS-
FETs turn on; therefore, the energy lost to gating is
Egate = 2QgsVbus = 0.32µJ .

The MOSFET leakage current is approximately
1 µA. There are two conduction paths and the volt-
age across the MOSFET is 10 volts; therefore the
leakage current causes 20 µW of power dissipation
denoted by (Pleak).

4) Total Power Consumption of the resonant in-
verter: The total losses in the inverter can be com-
puted based on the excitation frequency of the res-
onant inverter fs. The energy lost during a resonant
transition is independent of the excitation frequency
of the inverter due to the time-scale separation.
Therefore the power loss in the resonant transition
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scales linearly with the excitation frequency, while
the control circuitry represents a constant power
draw. The total power loss in the inverter is therefore

Ptotal = 2fs(Eclamp + Egate) + Pgd + Pleak + Ppot. (17)

At 10 Hz the total power consumption of the
resonant inverter is calculated to be 102.4 µW.
Experimental results found the total power con-
sumption of the inverter to be 106.42 µW, which
demonstrates less than a 4% error when compared
to the calculated results. In order to measure the
total power consumption, the bus capacitance was
charged to 10.1 V. The voltage on the bus ca-
pacitance declined as power was consumed by the
resonant inverter. The time it took for the voltage on
the bus capacitance to decay to 10 V was measured
and used to determine the losses in the inverter.

Based on (17) the resonant inverter power loss
using a high-efficiency film capacitor at 114 Hz is
estimated to be 460.2 µW.

5) Efficiency impact of the Piezoelectric Device:
Experimental data shows that when a displacement-
constrained Mide V20W piezoelectric device is
driven with the resonant inverter the power con-
sumption is 656 µW at 114 Hz. Assuming the
behavior of the electrical circuit is unchanged when
switching from the film capacitor to the piezoelectric
device, the piezoelectric device is responsible for
dissipating 195 µW.

The piezoelectric device impacts the energy lost
in the inverter circuitry by adding additional loss
to the resonant transition. Using the piezoelectric
device, the resonant transition has a quality factor
of 20.45, which results in 2.15 µJ per transition
being dissipated. The piezoelectric device voltage
and current during the resonant transition are shown
in Fig. 10. At 114 Hz this results in an additional
171 µW of power dissipation. Therefore, the ex-
pected power dissipation is 631 µW. This has a
3% error when compared to the cumulative experi-
mental loss data. One possible source is the electro-
mechanical energy conversion of the device. Despite
being clamped, the piezoelectric device still gener-
ates some mechanical power, which was observed
from audible noise emanating from the device.

B. Resonant Inverter Bandwidth Extension Capabil-
ities

Careful consideration in the design of the resonant
inverter was given to minimizing losses so that the

Fig. 10: Experimental piezoelectric device voltage
and current waveforms during a resonant transition
when Vbus is 10 V.

Fig. 11: Experimental piezoelectric device voltage
waveform are shown for the case when Vbus is 10
volts.

bandwidth of the dynamic active energy harvesting
(DAEH) method can be improved. To demonstrate
the performance of the proposed resonant inverter,
two energy harvesting methods were compared on
an experimental setup: the adaptive rectifier method
and the DAEH method utilizing the resonant in-
verter.

The adaptive rectifier circuit is used as a baseline
for comparison, and is operated using the harvesting
method described in [10]. The rectifier was made
from Comchip CDBA140-G diodes, due to their low
forward voltage. In order to present the adaptive
rectifier method in the best possible light, all control
circuitry for the adaptive rectifier was externally
powered.

The resonant inverter was implemented with the
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Fig. 12: The power harvested versus excitation
frequency is illustrated with the DAEH method
utilizing the resonant inverter, the adaptive rectifier
method, and the resonant inverter with a fixed phase.
To elucidate the capabilities of the resonant inverter,
the circuitry is controlled using an externally pow-
ered accelerometer, control circuitry, and micropro-
cessor in this comparison.

elements shown in Table III. To demonstrate the
capabilities of the power electronics, the resonant
inverter was used in a similar manner to the PWM
full-bridge inverter presented in [22]. The control
circuitry, including an accelerometer, was externally
powered; however, the inverter loss mechanisms de-
tailed in Table IV were included. The experimental
device voltage waveform is shown in Fig. 11, and
the power harvested from the resonant inverter is
shown in Fig.12.

The DAEH method with the resonant inverter
shows dramatic performance improvements over the
adaptive rectifier approach, as shown in Fig.12.
When the mechanical resonant frequency and the
excitation frequency are close, the DAEH method
with the resonant inverter harvests nearly twice as
much power as the adaptive rectifier approach. As
the excitation frequency deviates from the resonant
frequency of the mechanical structure, the adaptive
rectifier’s harvested power falls off more quickly.
The DAEH method with the resonant inverter har-
vests up to 2.63 times as much power at off-resonant
frequencies, and increases the 3 db power bandwidth
by a factor of 2.84.

In order to demonstrate the benefit of dynamic
phase modulation, the phase of the applied square

wave was fixed at an angle which maximizes the
power harvested when the mechanical resonant fre-
quency and the excitation frequency are the same.
When operated with a fixed phase, the proposed
energy harvesting system has similar device wave-
forms as both the SSHI method and the active
energy harvesting method. As illustrated in Fig.12,
the fixed-phase active energy harvesting method
harvests a similar amount of power as the DAEH
method when the excitation frequency and the me-
chanical resonant frequency are close; however, as
the excitation frequency deviates from the mechani-
cal resonant frequency, the DAEH method signif-
icantly outperforms the fixed-phase active energy
harvesting method.

C. Autonomous System

This section demonstrates the dynamic active en-
ergy harvesting method on an autonomous system.
The power extracted from the piezoelectric device
is shown over an excitation frequency range of 106-
122 Hz in Fig. 13. The total power harvested from
the piezoelectric device onto the bus capacitance is
shown as the harvested power. The net power har-
vested is the power harvested to the bus capacitance
minus the control losses.

The control losses include both the analog cir-
cuitry and the microcontroller. The control losses
varied between 1.9 and 2.37 mW, depending on
the harvested power. The analog control circuitry
consumes 178.3 µW in steady-state (i.e., when the
digital state is not altered); therefore, the micro-
controller dominates the control losses. The analog
control circuitry comprises up to 7.5% of the control
losses.

The current implementation of the digital con-
troller generally settles on the optimal harvesting
conditions in tens of seconds; however, the settling
time is dependent on the amount of power being har-
vested. Small excitation levels, or large deviations
between the mechanical resonant frequency and the
excitation frequency, reduces the frequency of the
magnitude controller, which slows the settling time
of the digital controller. The proposed control algo-
rithm is designed to accommodate deviations in the
mechanical resonant frequency and the excitation
frequency due to mechanical parameter tolerances,
and therefore the settling time is not a design
constraint.
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Fig. 13: The net power harvested versus excitation
frequency by the autonomous energy harvesting
system is shown with a green X. It is the total power
harvested (shown with blue diamonds) minus the
control losses, and is compared to the baseline adap-
tive rectifier approach (shown with black *). The net
power harvested using the DAEH method includes
all associated loss mechanisms including the micro-
processor, while the adaptive rectifier method uses
externally powered control circuitry.

The net power harvested from the DAEH method
is 1.53 times more than the adaptive rectifier ap-
proach when the excitation frequency and mechani-
cal resonant frequency are similar. As the excitation
frequency deviates from the mechanical resonant
frequency, the net power harvested with the DAEH
method is up to 2.1 times more than the adaptive
rectifier approach. Furthermore, the 3dB bandwidth
of the net power harvested from the DAEH method
is 1.65 times larger than the adaptive rectifier ap-
proach. A comparison between energy harvested
from the DAEH method and the adaptive rectifier
approach is illustrated in Fig. 14. This represents a
conservative estimate of the gains of the proposed
harvesting system, because no control losses were
included with the adaptive rectifier approach. Given
a practical implementation of the adaptive rectifier,
the benefits of the proposed autonomous implemen-
tation of the DAEH method would be even more
significant.

VI. CONCLUSION

In this paper a resonant inverter is presented
which implements the dynamic active energy har-

Fig. 14: Ratio of the power harvested using the
DAEH method to the adaptive rectifier method (blue
diamonds) and the ratio of the net power harvested
using the DAEH method to the adaptive rectifier
method (green X) is plotted versus excitation fre-
quency.

vesting method while reducing switching losses and
gating losses. The resonant inverter, in conjunction
with new analog circuitry which implements the
high-frequency control tasks required by the DAEH
method, produces the first autonomous dynamic
active energy harvesting system. When the excita-
tion frequency and mechanical resonant frequency
are similar, this system harvests 1.5 times more
power than the adaptive rectifier approach, which
is externally powered to maximize performance. As
the excitation frequency deviates from the mechan-
ical resonant frequency the proposed autonomous
system harvests up to 2.1 times more power than
the adaptive rectifier approach, and the resulting 3dB
bandwidth of the system is 1.65 times larger. The
demonstrated resonant inverter and control circuitry
represent the first autonomous implementation of the
dynamic active energy harvesting method for piezo-
electric devices. This autonomous system increases
the practical viability of using piezoelectric devices
to power wireless sensor and identifier nodes by in-
creasing their bandwidth and peak energy harvesting
capabilities.

Future work in this area could focus on imple-
menting the control circuitry for the DAEH method
on an integrated circuit. This would significantly
reduce power consumption and allow the DAEH
method to be implemented at lower power levels.
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