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ABSTRACT

The Design and Effect of Power Electronics on Vibration-Based Energy Harvesting
Methods

by
Aaron L F Stein

Chair: Heath Hofmann

Recent advancements in communication and low-power sensor nodes have led to inno-
vative data acquisition systems for applications such as heart monitoring, forest-fire
detection, and environmental controls for buildings. These sensor nodes play a vital
role in human safety and comfort. Often these systems are in locations characterized
by limited access to electrical power, yet they are in the presence of ambient mechan-
ical vibrations. Therefore, energy harvesting from mechanical vibrations is proposed
as a solution for powering these wireless sensor nodes. There are two devices that
are commonly used for vibration-based energy harvesting: piezoelectric devices and
electrostatic devices. This dissertation focuses on the power electronic interface be-
tween vibration energy harvesting devices and electrical energy storage elements. The
power electronic interface is especially important for these devices when active energy
harvesting methods are used because active methods utilize bidirectional power-flow,
which increases the energy flow through the electronic interface.

By including power electronic efficiency as a parameter in the analysis of variable-
capacitance energy harvesting, new fundamental properties of these devices are de-
rived: a threshold efficiency necessary for energy harvesting, analytical solutions for
optimal harvesting conditions, a comparison of energy harvesting methods at practi-
cal power electronic efficiencies, and a comparison of energy harvesting capabilities of
various device architectures. Case studies are presented to illustrate practical appli-
cations of the theory presented in this work. The first case study demonstrates the
advantage of using the Charge Pump Method for MEMs applications, and illustrates

the use of these new fundamental properties to aid power electronic architecture selec-
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tion. Ultimately, the analysis-aided design produces more than twice as much power
as previous implementations on the same device. A second case study elucidates the
energy harvesting benefit of selecting a gap-closing device architecture. Implementing
the Constant Charge Method on a gap-closing device maximizes the energy harvested
from variable-capacitance devices at practical power electronic efficiencies; however,
challenges arise due to large voltages. This case study leads to the proposal of a
new energy harvesting method which constrains the maximum charge and maximum
voltage on the energy harvesting device.

Recently, the dynamic active energy harvesting method has been proposed as a
way to widen the bandwidth of resonant piezoelectric energy harvesters; however, the
bandwidth extension is dependent on power electronic efficiency. In this dissertation a
new energy harvesting system is proposed that includes a resonant inverter topology,
in conjunction with new low-power analog control circuitry, in order to produce the
first wideband autonomous dynamic active energy harvesting system. 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.
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CHAPTER I

Introduction

Energy harvesting is the process of converting ambient or wasted energy into us-
able energy. There are many historical examples of energy harvesting that have had
drastic ramifications on our society. One great example of this is the water mill,
which increased the feasibility of mass-producing flour, a basic ingredient in many
foods. Today energy harvesting continues to provide power to devices that have lim-
ited or no access to the electric grid. Energy harvesting is used in many different
applications including biomedical, military, civil structures, Internet of Everything,
advanced warning systems, distributed control, and many others [1]. Continued de-
velopment of these energy harvesting systems could provide drastic improvements to
critical systems in our society.

One proposed energy harvesting system that could significantly aid our society
is energy harvesting for pacemakers [46,/63]. Currently pacemakers are powered by
batteries, which have a finite energy storage. When the battery’s energy is nearly
depleted, pacemakers are surgically replaced inside the patient. This surgical proce-
dure is an invasive procedure which can compromise the health of the patient, and
is extremely costly. Placing an electrostatic energy harvester between the heart and
the chest cavity [63] is able to produce enough power to the pacemaker such that it
can last a lifetime. This technology helps extend the lifetime of elderly patients with
pacemakers, and reduces the cost of their medical care.

In addition to biomedical applications, energy harvesting systems provide energy
in many other locations that have limited electrical access. Beyond the aforemen-
tioned example, many modern energy harvesting applications seek to replace or sup-
plement batteries. This is of particular interest to the military, which sends soldiers
on missions in areas with little or no electrical access. Currently soldiers carry bat-
tery packs in order to power critical electronics such as GPS and radios. However,

batteries are heavy and have a finite amount of energy storage. To circumvent this



problem the military has funded projects such as flexible photovoltaic fabrics, energy-
harvesting boots, and energy-harvesting backpacks [6,17,21,65]. It is important that
these energy harvesting mechanisms do not significantly add to the soldiers’ physical
load, yet can provide power for these critical electronic devices. Energy harvesting
systems can be vital for the successful completion of missions and the safe return of
our soldiers.

Recent advancements in communication and low-power circuitry have increased
the use of wireless sensor and identifier nodes. Some exciting applications for wireless
sensors and identifier nodes include: building environmental control, home automa-
tion, smart environment, managing inventory control, drug administration, flood de-
tection, forest-fire detection, and many more [1]. Despite their high utility, many
sensor network systems require placement of nodes in remote locations characterized
by limited access to electrical power sources. Currently sensor nodes are powered by
batteries, which are the limiting factor in their lifetime. To increase the longevity of
wireless sensor nodes, the energy density of the storage element must increase. To
accomplish this [34,49]52,59] suggest replacing the battery with either a micro-heat
engine or a micro-fuel cell .

The high energy density of hydrocarbon fuels hint that heat engines are an at-
tractive energy source for wireless sensor nodes. Despite the intrinsic advantages,
practical difficulties have limited the development of micro-heat engines. Currently
the power generated is significantly too high, and starting the heat engines has proven
to be a challenge [49,[52], making intermittent use difficult. The potential energy den-
sity of micro fuel cells is smaller than for micro-heat engines; however, their power
levels are applicable for wireless sensor nodes. Fuel cells have been shown to provide
several times the energy density as batteries and are a promising technology for the
field [59]. Despite the improved energy density of micro-heat engines and fuel cells
they still suffer from the same fundamental flaw as batteries: they have a finite en-
ergy storage which limits the lifetime of the wireless sensor node. For this reason,
many researchers believe energy harvesting is the future of powering wireless sensor
nodes [49,52].

1.0.1 Energy Harvesting for Wireless Sensor Nodes

Harvesting energy from ambient sources such as acoustic noise, solar radiation,
thermal gradients, wind, or mechanical vibrations have been shown to be an effective
means for powering wireless sensor and identifier nodes [8,33],44,|45/149,/52,/66]. The

most effective energy source is dependent on both the available energy in the location



of the sensor node and the effectiveness of the energy harvesting system . For example,
in direct sunlight photovoltaic energy harvesting systems have the greatest power
density; however, for indoor applications the power density of photovoltaics is greatly
reduced. A list of power sources for wireless sensor nodes and their power density is

shown in Table [L.1]

Table 1.1: Power Density of Energy Sources for Wireless Sensor Nodes [52]

Energy Source Power Density(’;m—w3 Power Density%
after 1 year after 10 years

Solar outdoor/indoor 15,000/6 15,000/6

Vibrations - Piezoelectric | 300 300

19

Acoustic Noise .96 .96

Temperature Gradients 15 15

Primary Batteries 45 3.5

Secondary Batteries 70 0

Hydrocarbon Fuel 333 33

Fuel Cells 280 28

The relatively high power density of mechanical vibrations makes them the most
accessible ambient energy source in many applications. The viability of a vibration
energy source is determined by the frequency and magnitude of the base acceleration
[49]. To harvest energy from mechanical vibrations, an electromechanical device is
typically inserted into a high-Q resonant structure, such as the one depicted in Fig.
[[.T] The resonant structure is typically a mass-spring system, where the resonant
frequency of the mechanical system is tuned to the frequency of the vibration source.
If the resonant frequency and the vibration source frequency are close, then the mass
will oscillate with a large amplitude. An electromechanical device is inserted into
the system which extracts electrical energy, and provides damping to the mechanical
system. The electrical energy extracted can then be stored in an electrical storage
element [7,[8,49}52,62].

Three electromechanical devices that are typically considered for low-power vi-
bration energy harvesting are piezoelectric devices, variable-capacitance devices, and
magnetic field-based generators [42,49,52, 65]. Each harvesting mechanism has ad-
vantages and disadvantages which dictate the applications in which they should be
used.

Limited examples of low-power magnetic field-based energy harvesting apparatus

exist because of their relatively large size and small output voltages [49]. Examples of
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Figure 1.1: High-Q resonant mass-spring-damper system used to harvest energy from
mechanical vibrations.

magnetic energy harvesting are shown in [2,67]; however, [52] claims that to reduce the
size to 1em?® would reduce the harvesting device’s voltage to about 100mV. The power
generated is AC power, which makes the small output voltage problematic. Typical
methods for converting AC to DC requires diode rectification, which is not possible at
such small voltage levels. Low-power magnetic energy harvesting therefore has many
technological difficulties, while providing no inherent advantages, for milliwatt-level
energy harvesting.

In low-power applications, piezoelectric devices have the largest energy density of
the three devices [50]. Beyond their energy density, piezoelectric devices have a lot
of practical properties which make energy harvesting from them easier. For example,
piezoelectric devices do not need an electrical energy source to initiate the harvesting
process, and have a relatively large output voltage. One challenge that faces these
devices is that they are difficult to integrate into a microsystem [52].

Conversely, variable-capacitance devices are micro-electromechanical devices, which
can be easily integrated into microsystems. This makes them well suited for harvest-
ing energy for low-power sensor nodes; however, practical difficulties have limited
their use [52]. Challenges such as achieving a large capacitance ratio and a large
maximum voltage are compounded by an incomplete understanding of the harvest-
ing methods. These challenges cause them to have the lowest energy density of the
discussed energy harvesting devices [50].

Electromechanical devices provide a way to extract usable energy from the me-
chanical system so that it can be used to power a wireless sensor node. The method
by which energy is extracted from the mechanical system greatly affects the energy

harvesting capabilities of the system. There are two classes of energy harvesting



methods: passive and active. Passive energy harvesting methods have unidirectional
power flow from the mechanical system to the electrical energy storage element. Con-
versely, active energy harvesting methods have bi-directional power flow between the
mechanical system and the electrical energy storage element.

Active energy harvesting techniques are necessary for electret-free variable ca-
pacitance devices, and provide increased energy harvesting for piezoelectric devices.

Demonstrations of the active harvesting methods are shown in [5}9,27,30,131.36,/69).

1.0.1.1 Active Energy Harvesting for Variable-Capacitance Devices

In order to use passive methods of energy harvesting with a variable-capacitance
device, an electret material must be used to bias the device. The benefit of an electret-
based energy harvesting system is that it does not require an initial precharge; how-
ever, the electret material has a finite lifetime [37]. Successful electret-based energy
harvesting systems have been made using different processes, including a single-layer
silicon-on-insulator process [15], and deep reactive-ion etching process [14].

Active energy harvesting methods are typically implemented on electret-free variable-
capacitance devices. These devices require charge to be inserted onto the device in
order to initiate energy harvesting; however, they can be fabricated in a silicon process
which is compatible with CMOS, allowing for close integration with CMOS electron-
ics [5,9,/57] and are not limited by the lifetime issues associated with the electret.
Due these considerations, electret-free variable-capacitance devices are considered a

good solution for energy harvesting for wireless sensor nodes.

1.0.1.2 Active Energy Harvesting for Piezoelectric Devices

Unlike electret-free variable capacitance devices, the literature provides both ac-
tive and passive energy harvesting methods for piezoelectric devices [4],11,27./30,40,41].
For a well designed piezoelectric electric energy harvesting system, the resonant fre-
quency of the mechanical mass-spring system matches the vibration source frequency.
In this case [31] demonstrates that active harvesting methods harvest significantly
more power than the passive methods.

Due to the small bandwidth of the high-(Q) resonant mechanical structure, there
are many harvesting scenarios in which the vibration source frequency deviates from
the mechanical resonant frequency. In this scenario, the power harvested using a
passive method is drastically reduced. However, an active energy harvesting method

called the Dynamic Active Energy Harvesting (DAEH) method derives an optimal



load impedance to maximize the power extracted from the device. The optimal
load impedance is a function of system parameters and the excitation frequency.
Theoretically, 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 [31].

1.0.2 Academic Contributions

While advantageous, active energy harvesting techniques are marred by a signif-
icant amount of power which flows between the energy harvesting device and the
electrical energy storage, yet is not part of the net harvested power. This apparent
power, which is present in active harvesting methods, makes the efficiency of the
power electronic circuitry which interfaces the mechanical device and the electrical
energy storage device extremely important.

The goal of this dissertation is to investigate the impact of power electronic ef-
ficiency on energy harvesting from mechanical vibrations, and to use the developed
framework to guide the design of piezoelectric and variable-capacitance energy har-
vesting systems. Due to the current state of the art, the presented work for each of

the harvesting devices has a slightly different focus.

1.0.2.1 Electrostatic Energy Harvesting

Four active methods of variable-capacitance energy harvesting are known: the
Constant Voltage Method, the Constant Charge Method, the Charge-Pump Method,
and the Constant Charge With Parallel Capacitance (CCPC) Method [36,511/52]. All
four methods have been reported; however, the literature is lacking a formal compar-
ison of these methods. Chapter [[TI] evaluates these four methods while considering
power electronic circuit efficiency as a key parameter. By including efficiency as a
parameter, new fundamental properties of these devices are derived: a threshold ef-
ficiency necessary for energy harvesting, analytical solutions for optimal harvesting
conditions, and a comparison of the methods at practical power electronic efficien-
cies. A case study demonstrates the advantage of using the Charge Pump method for
MEMs applications, and illustrates the use of the new fundamental properties in the
design of two circuit topologies that are practical for MEMs-based vibration energy
harvesters.

Two classes of variable-capacitance device architecture are currently presented in

the literature: area-overlap devices and gap-closing devices [49]. In most variable-



capacitance energy harvesting systems, the maximum voltage on the device is con-
strained by the voltage limitation of the CMOS process and the pull-in effected created
by the electrostatic force in the device [10,36,64]. However, with the development
of high-voltage processes such as silicon on insulator, some devices are constrained
solely by the pull-in effect. For gap-closing devices, this means the the maximum
charge on the device should be constrained instead of the maximum voltage [10}/64].
In Chapter [[V] energy harvesting methods are compared for charge-constrained gap-
closing devices, and voltage-constrained area-overlap devices. The CCPC Method
is not beneficial for gap-closing devices, so a new energy harvesting method is pro-
posed for gap-closing devices: the Constant Voltage With Series Capacitance (CVSC)
Method. Including power electronic efficiency in the comparison, it is shown that,
assuming efficient power electronics, these devices harvest a similar amount of power;
however, at practical power electronic efficiencies the gap-closing device is capable of
harvesting up to 1.6 times as much power. A case study compares two devices with
the same energy density. It is shown that the Constant Charge Method on a gap-
closing device can harvest the most power of any method; however, the large voltages
associated with the method remain a complication. This leads to the proposal of
a new energy harvesting method where both the maximum voltage and charge are
constrained. This method allows for some of the energy harvesting benefits of imple-
menting the Constant Charge Method on a gap-closing device, while providing the

ability to limit maximum voltage in the system.

1.0.2.2 Piezoelectric Energy Harvesting

Unlike variable capacitance energy harvesting, extensive research has gone into
understanding impacts of power electronics on active harvesting methods for piezo-
electric energy harvesting [27,[31]. In [31], it has been shown that dynamic active
energy harvesting can theoretically harvest up to 100% of the available energy, and
that deviations from this are due to power electronic efficiency. The benefits of the
dynamic active energy harvesting (DAEH) method were experimentally validated
by [31]. However, their implementation is not an autonomous system because the
MOSFET gate drive, control circuitry, microcontroller, and phase detection power
consumption exceeded that of the energy harvested, questioning the practical via-
bility of the method. To overcome this, Chapter |V| develops a resonant full bridge
inverter topology which, in combination with low-power analog control circuitry and
low frequency digital control, reduces the loss mechanisms such that the practical

benefits of the method are realized. For the first time, experimental results of the



dynamic active energy harvesting approach include all of the associated loss mecha-

nisms, making it a wideband autonomous energy harvesting system [61].



CHAPTER 11

Background: Vibration Energy Harvesting
Methods

2.1 Variable-Capacitance Energy Harvesting

A variable-capacitance energy harvesting device is a micro-electromechanical sys-
tem in which a mass, M, is sprung between two conductive materials (electrodes) [43].
The capacitance of the device, C, is approximately determined by the area of overlap

of the conductive materials and the distance between them.

Area

B 2.1
c Distance (2.1)

There are two common types of variable capacitance devices. The first is an area-
overlap device, in which the mechanical vibrations cause the fingers on the mass to
overlap with the fingers on the wall of the device (changing the area), as shown in Fig.
[49]. The second type of device is a gap-closing device, in which the mechanical
vibrations cause the sprung mass to get closer to the fingers on the wall of the device
(changing the distance) as shown in Fig. [49]. As either the area of overlap or
distance between the electrodes change, so too does the capacitance of the device.
Based on the frequency and magnitude of the source vibration the variable capacitance
device will achieve a maximum capacitance C,,,., and a minimum capacitance, C,,;,.

The ratio of Ci,qp to Chupn is an important device parameter, hereafter denoted by

R,: c
R, = —mar. 2.2

The literature provides expressions for the ideal energy harvested per mechanical cycle

for each of the four methods of energy harvesting. These equations are derived after

making a quasi-static assumption, meaning here that the electrical energy harvest-



Figure 2.1: Physical model of a area-overlap variable-capacitance energy harvesting
device.

Figure 2.2: Physical model of a gap-closing variable-capacitance energy harvesting
device.

ing does not affect the mechanical displacement. This assumption does not prohibit
dynamic analysis: redefining C,,4, and C),;;, to values achieved by the dynamic exci-
tation will maintain the validity of this theory.

The energy harvesting capabilities of variable-capacitance devices are limited by
the physical strength of the electrodes. Stored energy in the variable-capacitance
device causes an electrostatic pressure between the electrodes, and this pressure can
cause the pull-in effect, which results in the device short-circuiting [38,/49]. In order
to avoid the pull-in effect constraints are placed on the devices. For an area-overlap
device, such as the one depicted in Fig. [2.1] the maximum allowable voltage across the
device is an important device parameter. The pressure on the electrodes in an area-
overlap device is dependent on the distance between electrodes (D), the permittivity

of air (€p), and the voltage on the device (V):

_Fes_Go‘/Q
A 2D?

(2.3)

Therefore, to limit the pressure, the maximum voltage applied to the device should
be constrained [10,3536,/52,(64]. In a gap-closing device, such as the one depicted
in Fig. [2.2] the pressure on the electrodes is dependent on the area of overlap of the
electrodes (A) and the charge on the device (Q):

_Fes_ Q2

s _x 4
A 2A2€0 (2 )
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Therefore, to mitigate the pull-in effect on a gap-closing device, the maximum charge
should be constrained [10449,/64].

In order to maximize the energy that can be extracted from these devices [18|
22,49] have compared many different types of variable-capacitance devices including
out-of-plane gap-closing devices, in-plane gap closing devices, and in-plane overlap
converters . These works seek to maximize the capacitance ratio while considering
system stability and other practical issues facing these devices. In [22] they conclude
that the in-plane gap closing device can harvest approximately 1.6-1.8 times as much
power per unit volume as the other devices; however [49] claim the out-of-plane gap
closing converter can harvest the most power. These conclusions were drawn while

considering the mechanical system parameters.

2.1.1 Energy Harvesting Methods

There are four energy harvesting methods for variable-capacitance devices that
are currently considered in the literature. For each method a voltage-versus-charge
(VQ) plot is shown. The net area enclosed by the VQ plot represents the theoretical
maximum energy that can be harvested using that method, and is denoted by F;geq;-

The expression for the ideal energy harvested is given by:
Eideal - %V((qu = Eout - Em (25)

The ideal energy harvested assumes 100%-efficient power electronics. It accounts for
the electrical energy supplied to the harvesting device, Ej,, to initiate harvesting and
the electrical energy extracted from the device, E,,;. Due to the electro-mechanical
energy conversion of the energy harvesting device, F,,; is larger than Fj,.

The literature provides a discussion of the ideal energy harvested using each of
the four methods of energy harvesting for voltage-constrained variable capacitance
devices [36},52].

2.1.1.1 Constant Voltage

The Constant Voltage Method charges the capacitive device to a voltage V4
when the capacitance is at its maximum value so that the charge on the device is
given by:

Qmaz = Cmaz Vimaa- (2.6)
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As the device’s capacitance is reduced to its minimum value, the voltage across it
is held constant at V,,,,. Charge is extracted from the device, until the remaining

charge is
Qmin = Cminvma:v- (27)

Finally, once the device reaches its minimum capacitance, the voltage on the device
is reduced to zero [36152}64,64]. The voltage and charge fluctuations of this process
are illustrated in Fig. . Using ([2.5)), the energy into and out of the device can be

i Eout
™V L,
W Eiia
Vinae

L O

j 7
Qvnin Qmar

Figure 2.3: Voltage versus charge plot for the Constant Voltage Method.

derived directly from the shaded areas shown in Fig. 2.3}

1

1
Ei = 5 maa:vmax = _Cma:cv2 , 2.8
2Q 2 mazx ( )
1 1 .
Eout - (Qmaw - Qmin)vmax + §Qminvmax - (Cma;t - §Cmin)vmam7 (29)

Using the Constant Voltage Method on an voltage constrained device, [36] show that
the ideal energy that can be harvested, F;gea, is

(2.10)

mazx-*

1
Eideal = Eout - E’L = §(Cmam - szn)VZ

An experimental implementation of the Constant Voltage Method on a voltage-
constrained variable capacitance device is demonstrated in |[64]. Assuming ideal power
electronics, the Constant Voltage Method is shown to harvest the most amount of

energy of any method [36,/64]. Some challenges facing this methods are:

e the changing voltage on the device requires magnetics-based power electronics,
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which are difficult to integrate into a microsystem

e might require two voltage rails in the system (depending on battery and circuitry
voltage) [36]

e the harvesting method requires sensing of the state of the variable capacitor [64].

2.1.1.2 Constant Charge

The Constant Charge Method of energy harvesting charges the device to a voltage
Vinit while the device is at C),,4,. The device is then left in an open-circuit configura-
tion such that charge on the device is constant. Once the device capacitance reaches
Chmin, the voltage across the device reaches V.., and the energy is harvested from
the device by discharging the capacitor [36,/49]. Fig. helps explain the Constant
Charge Method by showing the variations of both the voltage and the charge on the

device during the harvesting process.

If?na:z T

Vinit

1
Qmar

O

Figure 2.4: Voltage versus charge plot for the Constant Charge Method.

The voltage on the device is inversely proportional to the capacitance during the
constant charge part of the cycle. The maximum voltage experienced by the device
is derived in (2.11]).

Qmax = Cmar‘/init = Cminvmaz

C
= Vmam = M‘/;m' 2.11
Cmin ! ( )

In order to prevent the voltage from exceeding the device ratings, Vj,; must be

selected according to (2.11). Using the V-Q plot shown in Fig. 2.4 Ej,, E,u, and
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FEjeq are derived:

1 1C2.
E’in = §Qmaz‘/im't - i%vn%agm (212)
1 1 )
Eout - §Qmamvmax - écminvmam (213)

Using the Constant Charge Method on an area-overlap device, the ideal energy that

can be harvested, F;geq, is

1 102,
= FEigeas = =C, inVQ — —MV2 . 2.14
deal 2 m max 2 Omaa: max ( )

The Constant Charge Method harvests less energy than the Constant Voltage
Method by a factor of Vj,;/Vinee when used on a voltage-constrained variable capac-
itance device [36]. This method also suffers from some of the same challenges facing
the Constant Voltage Method including:

e requires magnetics-based power electronics
e the harvesting method requires sensing of the state of the variable capacitor.

However, unlike the Constant Voltage Method, |35] claim that only one voltage rail
is required for the Constant Charge Method.

2.1.2 Constant Charge with Parallel Capacitance

The Constant Charge with Parallel Capacitance Method, or CCPC Method, is
very similar to that of the Constant Charge Method, with the exception that a ca-
pacitor is placed in parallel with the device. The parallel capacitor aids in energy
harvesting because it allows the variable-capacitance device to undergo a change in
both voltage and charge [23]. For the CCPC Method, the device and the parallel
capacitor are charged to V;,; when the device is at (.. Then the device and the
parallel capacitor are open-circuited. As the capacitance changes from C,,,; to Cyin,
charge flows out of the device and into the parallel capacitance, simultaneously rais-
ing the voltage of both the device and the parallel capacitance. The voltage across
the device reaches V,,,, when the device’s capacitance is at C,,;,. At this point the
energy is harvested from the device and the parallel capacitance [36]. The device

varies from C),;, back to C,,, with no charge, allowing the cycle to restart. The
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variations of both the voltage and the charge on the harvesting device are portrayed
in Fig. 2.5l When C, is zero, the cycle is identical to the Constant Charge cycle.
However, as C), gets arbitrarily large the cycle mimics the Constant Voltage Method.

: : : Er)ut
Ein
/N
4 . Eideal

L777/1& T

Vinit

<

/7
Qmin Qm_ar

Figure 2.5: Voltage versus charge plot for the Constant Charge with Parallel Capac-
itance Method.

FEigeqr is derived from the shaded areas in Fig. [2.5]

1
Ein - §(Cmam + CP)‘/iiiﬁ (215)
and
1 2
Eout - §(Cp + Cmin)vmaxu (216)
where v o o
max max + p
= . 2.17
‘/7Lnit Cmin + Cp ( )
In [35], it is shown that the ideal energy extracted is given by:
1 1 (Conin + Cp)?
Eigeat = =(Cp + Crin ) V2 — =222 2.18
deal 2( p + ) max 2 Omaz + Cp max ( )

The CCPC Method can harvest up to the same amount of energy as the Constant
Voltage Method. At practical power electronic efficiencies, an optimal parallel capaci-
tance is chosen based on the losses in the circuitry which implement this method [36].

Some of the challenges associated with this method include:

e it is difficult to implement in a microsystem because the power electronics re-
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quire a magnetic component.
e circuitry must track the state of the variable capacitance device.

However, [35,36] argue that the CCPC Method preserves the single voltage rail benefit
of the constant charge method while approaching the energy harvesting capabilities
of the Constant Voltage Method.

2.1.3 Charge Pump Method

The Charge Pump Method energy harvesting cycle is a combination of the Con-
stant Charge Method and the Constant Voltage Method. This method starts with

the device at an initial voltage V,,;, when the capacitance is at a maximum such that:

Qmaz - Cmaacvmm' (219)

The device is then open-circuited, undergoing a constant charge phase until the volt-
age on the device reaches V,,,... Once the voltage on the device has reached V4., it is
held there such that the device undergoes a constant voltage phase until the device’s
capacitance reaches Ci;p,.

Qmin = CminVimaz (2.20)

Once the device has reached C,,;,, its voltage drops during another constant charge
phase as the capacitance increases to C),.,;. Charge is returned to the device during
another constant voltage phase in order to get the device back to its original state [52,
69]. The resulting voltage and charge variations on the device from this method are
illustrated in Fig. [2.6] The circuit shown in Fig. implements the desired behavior
of the Charge Pump Method, and is useful for gaining an intuitive understanding of
the approach. The terms E;,, Fout, Eigeq are derived from the shaded areas in Fig.
2.0k

Ein - Vmin(Qmam - Qmm) - me(vminomaa: - Vmamomin)7 (221)

Eout = Vmax(Qmax - szn) = Vmax(vminoma:(: - Vmaxomin)a (222)

In [52], the net energy harvested using this method is shown to be

= Eideal = (Vmax - me)(vmzncmax - vmaxcmin)- (223)
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Figure 2.6: Voltage versus charge plot for the Charge Pump Method.

Figure 2.7: Diode-based Charge Pump Method Energy Harvesting Circuit.

The Charge Pump Method does not suffer from the same challenges as the other
three methods:

e the fixed voltage conversion allows the use of switch-capacitor topologies and

can therefore be implemented entirely on a chip [69]

e it does not require circuitry to monitor the state of the variable-capacitance
device [52].

For these reasons it is an attractive energy harvesting method.

2.1.4 Incorporating Power Electronic Efficiency

The ideal energy harvested derived assumes 100% efficient power electronics. In
Chapters and [[V] power electronic efficiency is incorporated into the existing
analysis of energy harvesting methods. In order to incorporate circuit efficiency as a
parameter, it is assumed that the input and output energy of the device is penalized
by a constant efficiency 7. Using efficiency, as opposed to specific loss models, allows
the analysis to be generalized for different power electronic architectures. It is un-

derstood that typically efficiency is a function of operating conditions, however using
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a single efficiency parameter yields more tractable mathematical expressions with-
out significantly altering the intuition developed by the analysis. Using the power
electronic efficiency, n, the net energy harvested, E,.;, for each method is derived by

penalizing the E;, and F,u:
1
Enet = Efinal - E’L’nitial = 77E1out - EEzn (224>

The net energy equation is normalized by the maximum energy that can be stored
on the harvesting device, which represents the maximum possible energy that can be
harvested, as will be seen. For voltage-constrained area-overlap the maximum energy

that can be stored on the device is
(2.25)

therefore, the normalized net energy, Ng,e, iS

Ene nEou - lEzn
t o (2.26)
Emaac §Cmaxv2

max

NEnet -

For charge constrained gap-closing devices the maximum energy that could be stored

on the device is )

wﬂ; (227)
therefore, the Ng,. is given by
Ene nEout - lEzn
NEnet = B L — ngw’? . (228)

As will be shown, each method has a threshold power electronic efficiency, Mipresh,

which must be exceeded in order to harvest energy. To solve for nyuyesn, Fner 1S set to

zero in ([2.24)) and solved for #:

Ein
Eout .

Nthresh = (229)

2.2 Piezoelectric Energy Harvesting Methods

A simple model of a piezoelectric device is developed in [40]. Here it is shown

that the piezoelectric devices can be modeled as a current source in parallel with a

18



capacitor, as illustrated in Fig. 2.8 From this model of the piezoelectric device, it
can be shown that the device current is proportional to the time derivative of the

applied force. Therefore, the output of a piezoelectric device will AC in nature.

i, () = I, sin(ot)

Cp_

. +
M S v

- ememm == w
L LY

. Piczoelectric Element ,

Figure 2.8: An electric circuit model of a piezoelectric device connected to a resistive
load [40].

The simplest energy harvesting method is to connect a resistive load directly to
the device, as shown in [16]. The size of the load resistance impacts the amount of
power that can be harvested from the device. In [4], it is shown that the optimal load

resistance, Ry, is
1

Cyw

R, maximizes the energy harvested using this method; however, this method is not

Ropt = (230)

suitable for wireless sensor nodes. Wireless sensor nodes are powered with DC power
and can not be modeled as a resistance. The following methods convert the AC power
from the piezoelectric device into DC power which can be used by a wireless sensor

node.

2.2.1 Rectifier Methods

To provide the DC power required by wireless sensor nodes a rectifier and filter
capacitance can be used to convert the AC voltage of the device to DC. The energy
harvested from the device per cycle is the shaded region in the V-Q plot, which is
illustrated in Fig. Several harvesting methods are based on this architecture as
discussed in [40,/47,49,56]. In this section the most promising of these methods are

discussed.
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Figure 2.9: Voltage versus charge in a piezoelectric device during a harvesting cycle
using the rectifier approach [27]. The shaded region represents the harvested energy
during the cycle.

In [40], it is shown that the power harvested from the device is

_ 2V;”€Ct
N m

(P(t))

(Ip - ‘/’r‘ectwcp>- (231)
Therefore, in order to maximize the power extracted from the device the DC voltage
on the output of the rectifier should be held constant at

Iy
2wC),’

Vieet = (2.32)
The optimal V,.. is one half of the open-circuit voltage of the device,V,., generated by
the mechanical excitation. As discussed in [31], under these conditions the harvested
energy is
1
Ereet = Zopv;i. (2.33)

Vieet is dependent on the magnitude and frequency of the vibration, so [40] pro-
poses an adaptive energy harvesting method. A peak power tracking algorithm mea-
sures the harvested power and adapts V.. towards its optimum value. This method
was implemented using a circuit architecture shown in Fig. and the resulting
waveforms are shown in Fig. [2.11]

The adaptive rectifier technique requires a microcontroller to implement the con-

trol scheme. The power consumption of such a controller could prohibit the use of
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Figure 2.10: A circuit model of the adaptive rectifier energy harvesting method dis-
cussed in [40].

the adaptive rectifier in low-power applications. To mitigate this issue |41] use a
step-down converter in discontinuous mode. It is shown that, if a DCM step-down
converter is operated with a switching frequency of f, and an inductance L, then the

optimal duty ratio, D, is

4‘/rectWLC fs
D, = P . 2.34
P! \/W(‘/rect - %attery) ( )

For large excitation values, where V,.. is much larger then Viuer, then the optimal

AwLC,f,
Doyt ~ ‘/prf‘ (2.35)

For large excitation values the duty cycle for the converter is approximately constant.

duty cycle is

This removes the need for an adaptive controller, greatly reducing the power con-
sumption of the control circuitry. In [41] an autonomous energy harvesting system
using this technique was designed, and was able to harvest demonstrate a significant
increase in energy harvesting.

In [24], a discontinuous mode buck-boost converter is used to interface the the
rectifier and the battery. The DCM buck-boost converter has a resistive input
impedance, so the rectifier has a linear voltage/current relationship despite power
being extracted to the battery. Solving for the optimal input impedance [24] presents
an open-loop energy harvesting system that reduces control losses while effectively

harvesting power over an large excitation range.
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Figure 2.11: The piezoelectric device waveforms for the adaptive rectifier energy
harvesting method [11].

2.2.2 Semi-active Harvesting Methods

Conventional rectifier-based approaches were enhanced by the introduction of the
synchronized switch harvesting on inductor (SSHI) electronic interface depicted in
Fig. 2.13a] The parallel SSHI method utilizes a resonant transition to invert the
voltage on the piezoelectric device [3,4]. The resulting V-Q plot for this method is
illustrated in Fig. [2.12 The resonant transition causes the voltage on the device
to be inverted quickly with respect to the time frame of the mechanical excitation.
This limits the impact of piezoelectric capacitance because the piezoelectric current
is not used to charge and discharge the entire piezoelectric capacitance; instead, an
inductor resonantly aids with this transition.

In [58], 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 har-
vest similar amounts of energy. Furthermore, [58] claims that the power harvesting
capabilities of the SSHI method on weakly-coupled systems are highly dependent on
circuit efficiency.

At low excitation levels, the SSHI methods are inherently inefficient. Switch ”S”

is a bidirectional switch which is implemented with two MOSFETSs and two diodes
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Figure 2.12: Voltage versus charge in a piezoelectric device during a harvesting cycle
using the SSHI approach [27]. The shaded region represents the harvested energy
during the cycle.

as shown in Fig [3,29]. The diode voltage drop associated with the rectifier
bridge and the switch S is detrimental to circuit efficiency, especially in low-power
applications where the piezoelectric voltage is small. In [32] a new circuit topology is
presented which reduces the number of diodes allowing the SSHI circuit to be used in
lower power applications; however, until all diodes are removed from the conduction

path, the power harvested at low excitation levels will be limited.

I i
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- c - } L
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— (s
(a) Circuit Toplogy (b) SSHI Waveforms

Figure 2.13: Circuit schematic of the parallel SSHI energy harvesting method and
the resulting device waveforms [26].
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Figure 2.14: A Circuit topology for an implementation of the parallel SSHI energy
harvesting technique [3,29]. Multiple diodes along the conduction path reduce per-
formance at low voltage levels.

2.2.3 Active Energy Harvesting Methods
2.2.3.1 Phase-Locked Active Energy Harvesting

The Phase-Locked Active Energy Harvesting (PLAEH) method utilizes bi-directional
power flow between the energy harvesting device and the energy storage element. A
pulse-width-modulated full bridge inverter is used to apply a square wave voltage
with a magnitude of V},, to the piezoelectric device in phase with the maximum and
minimum of the applied force [27,30]. The resulting V-Q plot for the PLAEH method
of energy harvesting is shown in Fig. [2.15] In [30], it is shown that the maximum

energy that can be extracted is
Eactive = Cp%c‘/bus- (236)

The energy harvested using the PLAEH method is a function of the excitation and
the magnitude of the applied square wave. This is in contrast to the rectifier meth-
ods, where the harvested power is a function of only the excitation. Increasing the
magnitude of the applied square wave, the harvested energy is increased. In practice,
the harvested energy is limited by the efficiency of the power electronics that imple-
ment the method, the dynamics of the high-Q resonant structure, and the mechanical
limitations of the device such as depoling and breakdown fields [30]. Demonstrations
of the PLAEH energy harvesting method in [11,27,[30] demonstrate the significant
energy harvesting improvement of the PLAEH method over rectifier techniques. It is
also shown in [27] that the PLAEH method outperforms SSHI technique. It should
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Figure 2.15: Voltage versus charge in a piezoelectric device during a harvesting cycle
using the active approach [27]. The shaded region represents the harvested energy
during the cycle.

be noted that none of the active energy harvesting examples are autonomous systems,
meaning the harvested power is less then the power requirement of the circuit which
implements the method. The circuit topology used to implement the method is shown
in Fig. [2.16] and the resulting waveforms are shown in Fig. 2.17]

The phase-locked active energy harvesting method is effective at harvesting energy
when the mechanical resonant frequency and source frequency are extremely close.
However, the small bandwidth of the high-Q resonant mechanical structure means
that deviations in the resonant frequency from the excitation frequency, for example
due to mechanical parameter tolerances, can result in dramatically reduced harvesting
levels. To mitigate this issue, researchers [13,28,48,|68] have proposed various me-
chanical techniques to increase the energy harvesting bandwidth. One such solution
is proposed in [53,/54], here a Duffing oscillator is used to extend the bandwidth. The
problem is many of the mechanical solutions lower the quality factor of the mechanical

system, which reduces the power harvesting capabilities at the resonant frequency.
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Figure 2.16: A pulse-width-modulated inverter is used to implement the phase-locked
active energy harvesting method [11].

Figure 2.17: The piezoelectric device waveforms for the phase-locked active energy
harvesting method [11].
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2.2.4 Dynamic Active Energy Harvesting (DAEH) Method

An electrical strategy for increasing the bandwidth is presented in [31], and is
called the dynamic active energy harvesting (DAEH) method. Similar to the active
energy harvesting method, a pulse-width-modulated full bridge inverter is used to
apply a square-wave voltage with a magnitude of V,,s to the piezoelectric device;
however, unlike the active energy harvesting method , the DAEH method does not
restrict the phase of the applied square wave. The independent phase control leads to
an increased energy harvesting bandwidth, as explained in this section. The high-Q
mechanical system is modeled as a mass-spring-damper system, as illustrated in Fig.
2.19L Using this model for the energy harvesting system, |31] derives an optimal load

impedance to maximize the power extracted from the device,

5o wm — k + jwb
P20 — jw(wC'm — (C" + d2k)k)

(2.37)

Equation ([2.37)) is a function of system parameters including the mechanical reso-
nant frequency and the excitation frequency. Assuming a sinusoidal excitation force,

this impedance can be emulated by applying a sinusoid whose magnitude is

F
— 212 )22 ™
Vinag = V/w?b? + (k — w?m) Shdioh (2.38)
and phase relative to the input force is
o L (k—w'm
¢ = 180° — tan — . (2.39)
wb

It is important to note that the efficiency of the power path of the electronics
that applies such an impedance is crucial in maximizing the energy harvested over a
wide frequency range. Using the device parameters in [31], the effects of the power
electronic’s power-path efficiency on the DAEH method are shown in Fig. [2.20, The

resulting device wave forms are shown in Fig. [5.1]
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Figure 2.19: Electric circuit model of a resonant mass-spring piezoelectric energy
harvesting system.
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electronic efficiencies. As the excitation frequency deviates from the mechanical res-

onant frequency, the impact of power-path circuit efficiency on energy harvesting
increases. [31]
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CHAPTER III

Voltage-Constrained Variable-Capacitance Energy

Harvesting

3.1 Introduction

The purpose of this chapter is to determine how power electronic circuit efficiency
affects the existing four methods of energy harvesting for an overlap-type (i.e., voltage-
constrained) variable-capacitance device. Each of the methods will be compared by
how much energy they harvest as a function of power electronic circuit efficiency,
providing a more complete understanding of each method. This is accomplished
by applying the efficiency-based analysis presented in Section to the current
derivations of the energy harvesting methods. Using this analysis it will be shown
that, over some efficiency ranges, the Constant Voltage Method does not harvest
more energy than the Constant Charge Method. Furthermore, from this work it is
revealed that each method has a threshold efficiency required for energy harvesting.
This analysis contributes to the field by producing additional guidelines for designing
an energy harvesting circuit. This is accomplished by providing analytical solutions
for computing both the optimal parallel capacitance for the CCPC Method, and the
optimal input and output voltages for the Charge Pump Method as a function of
power electronic efficiency. Finally, an energy harvesting system is proposed based on
the Charge Pump Method which advances the system in [69] by providing a design
which can be easily synthesized on a chip and incorporates the optimal harvesting

conditions derived in this chapter.
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3.2 Voltage-Limited Variable Capacitance Theory

3.2.1 Constant Voltage Method

The Constant Voltage Method charges the capacitive device to a voltage V4
when the capacitance is at C,.., and clamps the voltage as the device capacitance
decreases to Ci,. In Section [2.1.1.1] it is shown that the ideal energy harvested for
a voltage-limited device using the Constant Voltage Method is
1 2
_(Cmaz - Cmm)v

Eideal = Ez - Eout = 9 max* (31)

Penalizing the input energy and output energy by an efficiency, n, the net energy

harvested is

1 1 1
Ene = Eou - _Ein = Cmaa: - _Cmin V2 - _ana:v‘/2 . 3.2
t n t n 77( 2 ) max 277 max ( )
Using ([2.26)), the normalized net energy harvested is derived:
n 1
Ngpet =2n — — — —. 3.3
Enet n R. 7 ( )

The normalized net energy is plotted in Fig. and illustrates how efficiency affects
energy harvesting for the Constant Voltage Method. Given highly-efficient power
electronics and a device with a large R,., the Constant Voltage Method’s harvests the

maximum available energy, 2C,,..V2. . The harvested power decreases as a strong

2 max*
function of efficiency, making power electronic efficiency particularly important for
this method.

Fig. shows the normalized net energy harvested falls below zero between 70%

and 85%. The threshold efficiency for the Constant Voltage Method is given by:

Nithresh = A/ % =4/ QRIzc_l- (34)

A good variable-capacitance harvesting device has a (., that is much larger than

Chin- Setting R, to infinity shows the behavior of the best possible device, which

results in the lowest possible threshold efficiency.

. . R. 1
i = Jin [y = [ = ot 5

A capacitance ratio of 25 or higher is sufficiently large for (3.5 to be a good approx-
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Figure 3.1: Normalized net energy harvested, Ng,., using the Constant Voltage
Method as a function of efficiency, 7, for various values of capacitance ratio, R..

imation of the threshold efficiency.

3.2.2 Constant Charge Method

As discussed in Section [2.1.1.2] the Constant Charge Method of energy harvesting
charges the device to a voltage Vj,;; while the device is at C,,4.. The device is then
left in an open-circuit configuration so that the charge on the device is kept constant.
Once the device capacitance reaches C,,;,, the voltage across the device reaches V4.,

and energy is harvested from the device by discharging the capacitance.

1 1C2.
Ei eal — _Cminv2 - _ﬂVQ 3.6
deal 9 mazx QCmax max ( )

Using (2.24) and (3.6) to solve for the net energy harvested yields:
1 1 [C?.
Ene = 5 Ymin 2 — | S y2 . .
t n |:2C Vmax:| 27] [Omax Vmax:| (3 7)

Using ([2.26)), the normalized net energy harvested is shown to be:

‘ -

n
NEnet - E n

oN
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Equation (4.15) is illustrated in Fig. to elucidate harvesting characteristics of

by D e
(¥

3 [-—Re=2

U o250 Rc :5 S S
4 ——-R, =10 7
£ | —R, = o0 S
- 0?2 ~ e = , ......
g :

T T P SO S

g

= O b e LA
=

20 : : : : : Do

L o0pgske e o L T u_._

3 : : : : D

- S .

5 0 — 7

N P g

= A A /

£ 005f // ....................................... Forbee
S YA : A ; : :
Z 01 { 1 I 1 id ! I i |

R i
01 02 03 04 05 06 07 08 09 1
Efficiency (1)

Figure 3.2: Normalized energy harvested, Ng,.;, using the Constant Charge Method
as a function of efficiency, 7, for various values of the capacitance ratio, R,.

this method. It can be shown that the highest ratio of harvested energy to available
energy occurs when the power electronic efficiency is high and the capacitance ratio
has a value of 2. This can be shown by optimizing the normalized energy harvested
with respect to R.. In this case, the Constant Charge method harvests a quarter of
the maximum available energy. As R. becomes large, the Constant Charge Method
harvests very little energy relative to the maximum available energy. The mechanical
energy in the system that can be harvested is determined by the electrostatic force
and the distance of travel. In this system the electrostatic force is proportional to the
square of the voltage on the device. As the capacitance ratio increases, a smaller V;,,;;
must be applied to the device in order meet the maximum voltage constraint. The
additional energy harvesting capability of the system is small because the majority
of the energy harvesting occurs when the voltage on the device is large. On the other
hand, power electronic efficiency has a very small impact on the large R, device when
using the Constant Charge method. The Ng,. does not fall below zero until very

low efficiencies. This trend is elucidated by solving for the threshold efficiency:

Nthresh = \/ EEZ; =4/ RLC (39)
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The minimum threshold efficiency that is achieved by the Constant Charge Method
is
lim Nthresh = 0. (310)

Rc.—00

3.2.3 Charge Pump Method

The Charge Pump Method Method has two distinct segments to its harvesting
cycle: a constant charge segment and a constant voltage segment. By combining
these portions the power harvested using the Charge Pump Method can be optimized
for a given power electronic efficiency. In Section [2.1.3] it is shown that the ideal

energy that can be harvested is
Eideal - (Vmaz - Vmin)(vminomax - Vmazomin)~ (311)

Including efficiency as a parameter, as demonstrated in (2.24]), the net harvested
energy is given by:

M)(szncmaw - vmamein)- (312)

Eret = (anax -

Fig. and depict the net energy harvested using the Charge Pump method
under two different operating conditions. The net energy equation for the Charge
Pump Method is a function of two controllable design criteria: V.., and V,,;,. In
Fig. the voltage V,,;, is held constant and the net energy harvested is plotted at
several power electronic efficiencies as a function of V,,,.,. Conversely, in Fig. Vinaz
is held constant and the net energy harvested at many power electronic efficiencies is
plotted as a function of V,,;,. In both Fig. and the ideal energy harvested
(n = 1) is plotted as function of voltage, unveiling conditions on V,,,, and V,,;,, which

must be met in order to harvest energy. The constraints on V., and V,,;, are:
Vmin < Vmax < Rchm (313)

The conditions noted in are developed from fundamental circuit principles.
First, Vinq: must be larger than V,,;, so that the diodes of Fig. [2.7]do not continuously
conduct, effectively shorting V;,... and Vi,;,. Secondly, if V.. is larger than R.V,,;,,
then the voltage across the device will never be large enough to forward bias the
output diode, and so electrical power is never extracted.

Fig. and Fig. reveal the existence of optimum harvesting conditions. For
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Figure 3.3: Net energy harvested using the V,,;,-constrained Charge-Pump Method.

example, in Fig. [3.3] given a constrained V.., there exists an optimum V,,;, that
maximizes the energy harvested. Likewise in Fig. [3.6] given a constrained V,,;, an
optimal V., can be found that maximizes the energy harvested.

The optimal harvesting condition for both the V,,,,-constrained case and the
Vnin-constrained case are derived from . To find the optimum V,,;,,, denoted as
Vininey:» the derivative of the net energy equation is taken with respect to V.; and

set to zero as shown in ((3.14)).

dEnet
dvmin

1
- O = nCma:CVmam - E(QVminOmax - Vmaxomin) (314)

The resulting value of V,,;, is therefore:

_|_

T 1
2 " R2 (3.15)

2 1
Vminopt - Vmaz‘ |:?7 :| .

A visual representation of (3.15|) portrayed in Fig. illuminates the large influence
of power electronic efficiency on optimal harvesting conditions for a V,,,,-constrained
harvesting application.

To derive the optimal V},q,, denoted as Vi, , for the Vi,;,-constrained case, the
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Figure 3.4: Net energy harvested using the V,,,,-constrained Charge-Pump Method.

derivative of the net energy equation is taken with respect to V,,4, as shown in (3.16)).

dE net
dvmaw

1
- ncmamvmin - 2nvmazomzn + Evmfmcmzn (316)

To obtain Vyag,,., (3.16) is set to zero and solved for V44

+ =

1 R
Vmam : — Vmin| 3 5 =
= Vo g+

(3.17)

Finally, a plot of is shown in Fig. which reveals a relatively weak re-
lationship between Vj,4z,,, and power electronic efficiency for the V,,;,-constrained
harvesting application with large values of R..

Using Vinin,,» the normalized net energy harvested is derived as a function of

efficiency and shown in Fig.

2 1 2 1
T } 2n 205 +ar ) 2%+ ] (3.18)

N net — 2n|— - 5

Enet 77[ 2 + 2R, R, i * Nk,
It is illustrated that, for large values of R, and high efficiency power electronics, at
most half of the maximum available energy can be harvested; however, as efficiency
declines, the harvested energy does not decline as rapidly as that of the Constant

Voltage Method.
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Figure 3.5: The optimal V,,;, to V,,q. ratio is shown for the V,,,,-constrained case.
This plot is a function of power electronic efficiency and capacitance ratio.

The trends discussed in this section help guide the design of a Charge Pump
Method energy harvesting circuit by clarifying the relationship between V,,,, and
Viin- For a typical electret-free variable-capacitance device, the allowable V., is
small, hence V,,,,-constrained theory will provide an optimal V,,,;,, from . How-
ever, for high voltage devices where the allowable V.., of the device cannot be reached
within the constraints of the design, the V,,,;,-constrained theory will provide an opti-
mal V., from . Finally, to ensure a positive net energy harvested, the threshold

efficiency is given by:
Nthresh = 4/ % =4/ {‘2:_:; (319)

The threshold efficiency for the Charge Pump Method is therefore independent of

device parameters and instead dependent on design variables V,,,. and V,,,.

3.2.4 Constant Charge with Parallel Capacitance Method

The Constant Charge with Parallel Capacitance Method, or CCPC Method, adds
a parallel capacitance to the Constant Charge Method in order to shape the harvesting
cycle. A discussion of the CCPC method is in Section Here it is shown that
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Figure 3.6: The optimal V,,,, to V,,;, ratio is shown for the V,,;,-constrained case.
This plot is a function of power electronic efficiency and capacitance ratio.

the ideal energy extracted by this method is

1 1 (Conin + Cp)?
Eigeal = =(Cp 4 Cppin) V2, — =~ 2L 2 (3.20)

aea 2 p mwn max 2 Omaa: _|_ Cp max
To include efficiency as a parameter, the energy inserted and removed by the power
electronic circuitry is penalized; however, energy transfer between the two capacitors
when they are in the open-circuit configuration is considered to occur without loss.

Using (2.24) an equation for FE,; is derived:

. 2
(Cp _'_ Cmm)vn%ax - iw‘/ﬁmx (321>

Ene =
! 2n Chaz +C)

N3

In [36] it was shown through simulation that there exists an optimal C); however,
by including efficiency as a parameter, a value can be derived analytically for the
optimal C,. Conversely, the ideal C), can be chosen for a given efficiency in order to
maximize the amount of energy harvested per cycle. To calculate the optimal C), the

derivative of the net energy equation is taken with respect to optimal C,, and set to
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Figure 3.7: The normalized net energy harvested using the Charge Pump method
while V4. is constrained and V,,;, is optimized.

zero. The optimal C), denoted as C),

opt

1+\/1_g—j(n2+%g—%c)
C

C = YUnmazx
n+1

; (3.22)

Popt

The relationship between C), , and power electronic efficiency is illustrated in Fig.
3.8 A highly-efficient converter will have a large C},, which will make the cycle look
mostly like a constant voltage cycle; however, an inefficient converter’s ideal C), will
be small, so the cycle is similar to the constant charge cycle.

Using C,,,,
ciency and plotted in Fig. [3.9

the normalized net energy harvested is derived as a function of effi-

N(Cp + Crin) (Conin + Cp)?
N = — .2
Bret Cors Co(Core 4 C1) (3:23)

Given highly-efficient power electronics and a device with a large R. the CCPC
Method harvests the maximum available energy; however, the energy harvested de-
clines rapidly as efficiency decreases.

The threshold efficiency for the CCPC Method is given by:

Nithresh = \/E;:t = \/ ::;Zigp (324)
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Figure 3.9: The normalized net energy harvested plotted as function of efficiency
while using the optimal C,, for the CCPC Method.
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Similar to the Constant Charge Method, as the capacitance ratio becomes arbitrarily
large,
lim Nthresh = 0. (325)

Rc.—00
3.3 Discussion

Using efficiency as a parameter, a comparison of the four methods of energy har-
vesting on a specific device demonstrates the advantages and disadvantages of each
method. Investigating a specific device will provide an application of the fundamental
principles shown in the theory section and examine more practical issues, including
estimated power levels. The chosen device is referred to as the large R, device and is
similar to the device used in [36]. The device properties are shown in Table (3.1 It
is a comb-type variable-capacitance device with an excitation frequency of 2520 Hz,
meaning the device varies from C,,,, to Chn at a frequency of 5040 Hz. In order
to harvest energy, a battery must be used to both supply energy to the harvesting
cycle and provide energy storage for the harvested energy. The nominal voltage of

the battery is referred to as V4, and is assumed to be 4 Volts.

Table 3.1: Large R, Area-overlap-Device Properties

Parameter Value
Allowable V,,,.. 8 Volts
Crnaz 260pF

Cmm 2pF

3.3.1 Case Study: Selecting a Harvesting Method

In order to select the best harvesting method a number of factors must be consid-
ered: power harvested, practicality of implementation, and ease of integration into a
micro-sized energy harvester. Fig. highlights the Constant Voltage Method, the
CCPC Method, and the Charge Pump Method because they each harvest a significant
amount of power over a wide efficiency range. However, the Constant Voltage Method
and CCPC Method are practically difficult to implement. These methods require the
device to be charged and discharged when the oscillating mass of the device is at a
certain position. This requires the controller to have knowledge of the position of
the energy harvester. Such a control strategy was developed by [36]; however, 34%

of their harvested power was dedicated to their controller implementation. Even if a
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Figure 3.10: Comparison of power harvested for each harvesting methods using the
Large R. device assuming optimized conditions for the Charge Pump and CCPC
methods. The Constant Charge Method harvests .32uWW at n = 1 and .19uW at
n =.6.

highly-efficient control circuit and power electronic converter was developed for these
methods, the varying nature of the voltage on the device as energy is transferred
back to the battery would require a magnetic-component based power electronic cir-
cuit. This can be difficult to implement in a microsystem, as it requires a micro-sized
magnetic core on a chip. In [36] an estimated 5.6uW could be harvested from the
Large R. Device using the CCPC Method. If the Charge Pump Method was used
in combination with the optimal minimum voltage shown in ([3.15]), then based on
(3.12) we expect to harvest 10.8uW from the same device given an assumed efficiency
estimate of 80% (n=.80).

The Charge Pump Method has many advantages: it can be easily implemented on
an integrated circuit, does not require active control, and it harvests significant energy
over a wide efficiency range. The Constant Voltage Method harvests approximately
the same power at 80% efficiency as the Charge Pump Method does at 90% efficiency;
however, it is probable that the circuitry implementing the Charge Pump Method will
be more efficient due to a lack of switching losses. The optimum ratio of V},4. t0 Vinin
for the Charge Pump Method is fixed for a given efficiency, so transferring energy
between these sources corresponds to a fixed voltage conversion ratio. This allows for

the design of highly-efficient power electronic circuitry. Switched-capacitor converter
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topologies can accomplish a fixed voltage gain without a magnetic component (i.e.
inductor or transformer). The control of the Charge Pump Method does not require
knowledge of the state of the variable-capacitance device, which simplifies the design
and saves energy. The theoretical energy harvested using this method is shown in
Fig. [3.10, The Charge Pump Method harvests a comparable amount of energy as
the CCPC Method and the Constant Voltage Method over typical power electronic
efficiency ranges, but was chosen because of the other advantages highlighted in this

paragraph.

3.3.2 Case Study: Design of an Energy Harvesting System

In order to maximize the power harvested, it is important that the design of the
energy harvesting system is closely tied to the optimal harvesting conditions derived
in (3.15). Due to the area-overlap device architecture the allowable V,,,, is small,
so this design is based on the V},,,-constrained theory. Assuming 100% efficiency
and a V., of 8 Volts, the optimum V,,,;,, is 4.03 Volts, so if the converter is efficient
then a 2:1 switched-capacitor circuit can be used to transfer energy from V,,,, back
to Viuin, and the ratio of these voltages will be very close to optimal. Fig. [3.11

depicts the discrepancy between using V,, and the 2:1 converter as a function of

Mopt
efficiency. Using a 2:1 switched-capacitor converter is effective as long as the overall
circuit efficiency is high (i.e.,> 85%). The proposed circuit topology is shown in Fig.
B.12

As the device capacitance oscillates between C,., and C,,;,, energy is harvested
and stored in the output capacitor, which causes V,,,. to rise. A hysteresis controller
dictates when the switched-capacitor converter is enabled. The switched-capacitor
converter operates by turning "on” S1 and S3 for the first half of the switching period,
and S2 and S4 for the second half of the switching period. The switching frequency
of the switched-capacitor converter is much higher than the excitation frequency of
the device, and thus is able to transfer energy back to V,,;, on a faster time scale
than it is harvested. In order to minimize switching losses, a hysteresis controller,
implemented by a single comparator, only turns the switched-capacitor converter on
for short bursts and allows a tiny voltage swing across V... The hysteresis band is

set to keep V. between 8.012 Volts and 8.004 Volts. By keeping the ratio of V,,;,
t0 Vinee greater than but close to 2:1, the efficiency of this topology can be high.
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Figure 3.12: Charge Pump Method energy harvesting circuit topology with switched-

capacitor energy return.
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3.3.3 Case Study: Simulation Results

The energy harvesting system portrayed in Fig. was simulated in LTSPICE.
The simulation included many realistic loss mechanisms in order to provide a conser-
vative estimate of power harvested. An appropriate loss model was created based on
loss mechanisms associated with implementing this design on an integrated circuit.
The switches required in this design are bi-directional switches which must be able
to hold 10 Volts and carry 20 mA. In order to withstand the required voltage range
a 12 Volt process was used for the design. Using models of this process, parameter
values for the transistors were extracted. These transistors have an on-resistance of
257 mQ (when Vi, is 3.3 Volts), a leakage current of 1A, a drain-to-source capaci-
tance of 0.16 pF, and a gate to source capacitance of 1.6 pF. The absolute maximum
ratings for drain to source voltage (12 Volts) and current (6 A) are not exceeded in
the simulation. The gating losses are calculated by assuming the energy sourced to
the gate capacitance is lost during each switching cycle. The diode characteristics
are modeled based on the Fairchild Semiconductor BAX16. This diode has a forward
voltage drop of 0.65 Volts and a leakage current of 25nA. Finally, an ESR of 1m¢2 is
used for the capacitors. The control losses are derived from the operating power of a
comparator. An Intersel-ISL7819 comparator’s losses (1.65 W) are used to represent
control losses.

The results of this simulation are summarized in Table [3.2] and Fig. which
shows the output voltage rising as energy is harvested from the device. Once the
voltage reaches the top of the hysteresis band, the switched-capacitor converter is

turned on and energy is returned to the source.  Using the theory developed in

Table 3.2: LTSPICE simulation results for the large R. device, using the Charge
Pump Method with a switched-capacitor topology

Simulation Results
Switched-Capacitor Efficiency 86.9%
Energy Harvested 12.09uW

this paper, an energy harvesting system was developed that harvests 12.09 W, more
than twice the amount of energy as predicted in [36] while using the same device

properties.
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Figure 3.13: V4. voltage variations from the LTSPICE simulation of the charge
pump energy harvesting system.

3.3.4 Application of Theory to Future Devices

A device with a large allowable V,,,, has not yet been physically realized due to
difficulties in manufacturing, but it has been proposed that large gains in energy har-
vesting could be made if such a device existed [36]. By applying the theory presented
in this paper, the ceiling of energy harvesting from these devices can be raised even
further. The Charge Pump Method is perceived to be the best option for the same
reasons it was optimal for the Large R, device: it can be implemented on an integrated
circuit, it has simple control, and it harvests energy over a large efficiency range. An
example device, described in Table is used to illustrate important trends. Fig.
demonstrates that, for the given device parameters, the V,,,,-constrained Charge
Pump Method harvests nearly an order of magnitude more energy per cycle than the

Vinin-constrained Charge Pump Method whose V,,;, is constrained by Vi, .

Table 3.3: Large V,,.. Device Properties

Parameter Value
Allowable V,,.. 80 Volts
Crnaz 35pF
Chnin 1.75pF

The difficulty of the V/,q,-constrained method is that V., is not close to Vi,.
This motivates the design of a two-converter topology. The first converter generates
Vininey: from Vi, and the second converter returns harvested energy from V., to
Vininoy:- A ladder converter, as shown in [55], can be used to generate a large fixed
voltage gain as required to generate Vi, from Vig,. Similar to the Large R, de-

vice, the same 2:1 switched-capacitor converter can be used for the second converter.
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Figure 3.14: Comparison of power harvested when using the V,,;,-constrained Charge
Pump Method when V., is optimized, and the V,,,,-constrained Charge Pump
Method when V,,;, is optimal and %me. The constrained V,,;, is the battery voltage
(4 V) and the constrained V,,,,, is the allowable V4, (80 V).
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Assuming an ideal efficiency (n=1) and V},,,,=80 Volts, then V,,;, becomes 40 Volts
which is very close to Viuin,,, (42 Volts). In order to create Vi, from Vi, a 10:1
ladder converter is required. The proposed circuit topology is shown in Fig. [3.15
Together, these converters create near optimal harvesting conditions for the Charge
Pump Method.

3.4 Summary and Conclusion

This chapter seeks to increase the viability of electret-free variable-capacitance
energy harvesters by maximizing the power harvested from these devices. This was
accomplished by incorporating power electronic efficiency into the existing analysis of
harvesting methods. Including power electronic efficiency as a parameter led to: the
derivation of a threshold efficiency for each of the energy harvesting methods, a com-
parison of the net energy harvested using different harvesting methods over a wide
efficiency range, and analytical solutions for the optimal harvesting conditions for
applicable methods. The new theoretical background developed in this chapter mo-
tivates the design of a energy harvesting system based on the Charge Pump Method.
Analytical solutions for optimal energy harvesting conditions inspired the use of a
2:1 switched capacitor converter topology as the basis of said harvesting system. An
LTSPICE simulation verified the advantages of the proposed Charge-Pump Method
harvesting system by revealing that 12.09uW could be harvested from this system,
which is more than twice the power previously asserted for the same device. To im-
prove the power harvested from these devices, many have proposed a high-voltage
variable-capacitance device. To maximize the power harvested from such a device,
a two-converter harvesting topology is proposed to implement the V,,,.-constrained

Charge Pump Method near its optimal harvesting conditions.
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CHAPTER IV

Charge-Constrained Variable-Capacitance Energy

Harvesting

4.1 Introduction

This chapter seeks to compare the energy harvesting capabilities of gap-closing
and area-overlap variable-capacitance devices by investigating the impact of power
electronic efficiency on their harvesting methods. Four energy harvesting methods
(Constant Voltage Method, Constant Charge Method, Charge Pump Method, and
the new Constant Voltage Series Capacitance (CVSC) Method) are derived for gap-
closing devices when the maximum charge on the device is constrained. The energy
harvesting capability of charge-constrained gap-closing devices is then compared to
the energy harvesting capability of voltage-constrained area-overlap devices derived in
Chapter [[TI} This comparison illustrates that at practical power electronic efficiencies
the gap-closing device can harvest significantly more power. Finally, a case study
demonstrates the energy harvesting benefits of using a charge-constrained device,
elucidates some of the practical difficulties, and leads to the proposal of a new energy

harvesting method that accommodates both a voltage and charge constraint.

4.2 Charge-Constrained Variable Capacitance Theory

4.2.1 Charge-Constrained Constant Voltage Theory

The Constant Voltage method holds the voltage constant on the the variable-
capacitance device as the capacitance reduces its value from C,,,. to C,,. This
process is described thoroughly in Section [2.1.1.1] and the VQ plot is shown in Fig.
2.3l
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When the device capacitance is at its maximum value the charge on the device is,

Qmam = Oma:): Vmax . (4 1)

Therefore, the energy injected into the device is

1 2
Ein = 3 mamvmam - Ly 4.2
ZQ 2C maz ( )

As the capacitance of the device is reduced, so to does the charge on the device.

Once the device capacitance reaches C,,;, the charge on the device is

Qmin = Cminvmaac- (43)

The energy extracted from the device is

1

1
Eout = (Qma:c - Qmin)vmax + §Qminvmax = Qmaxvmax - §Qminvmax- (44)

Using ([2.5)) the ideal energy harvested from a charge constrained device using the
Constant Voltage Method is

1
1— 2
QCmaw ( RC)

(4.5)

max-*

1
Eideal = §(Qma:v - Qmin)vmaw =

Including the efficiency of the power electronics as shown in ([2.24]), the net energy

harvested is
2 n 1
Enet = s (77

Cmax B 2RC B %

). (4.6)

The normalized net energy Ng, is derived from ([2.28) and is

(4.7)

The normalized net energy is plotted in Fig. and illustrates how efficiency
effects energy harvesting for the Constant Voltage Method on a gap-closing device.
As the capacitance ratio increases, the Constant Voltage Method harvests only a small
fraction of the available energy independent of power electronic efficiency. At smaller
capacitance ratios, the Constant Voltage Method harvests a larger proportion of the
available energy; however, the harvested power is extremely dependent on power
electronic efficiency. In fact, as the efficiency decreases, the harvested power becomes

negative. The minimum efficiency required for energy harvesting is independent of

20



the type of constraint applied to the device; therefore, the 71% threshold efficiency
derived in Chapter [[T]] still applies.
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Figure 4.1: Normalized energy harvested, Ng,;, using the Constant Voltage Method
as a function of efficiency, 7, for various values of capacitance ratio, R..

4.2.2 Charge-Constrained Constant Charge Theory

The Constant Charge method holds the charge on the variable-capacitance de-
vice constant as the device capacitance reduces from C),,, to C,,;,. This method is
described thoroughly in Section 2.1.1.2] and the VQ plot is shown in Fig.

To begin the Constant Charge Method of energy harvesting, the variable-capacitance

device is charged to Vj,;; when the device reaches C,,,,. The charge on the device is

Qmam - Cmax‘/mit - Cminvmaz- (48)

To constrain the charge in the device the maximum initial voltage is

Vi = 2. (1.9

Therefore, the energy put into the device to initiate energy harvesting when the device

reaches C,,q0 1S
2

B, = —Smar. 4.10
QCmam ( )
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When the device capacitances is C,,;, the voltage reaches a maximum of

o Qmax

Vinaz = ) 4.11
and the energy is extracted from the device
2
Epu = —4% (4.12)

A charge-constrained device using the Constant Charge method can harvest up

to

1 1 1
Ei eal — Eou - Ez = —Q? - . 4.13
deal ‘ 2 max |:sz71 Omaa::| ( )

Including power electronic efficiency the net energy harvested is derived:

1 n 1
E,o = —0Q? — . 4.14
! 2 max |:Cmm ncmaz] ( )

Using ([2.28)), the normalized net energy harvested is shown to be

1
nR.

NEgnet =1 — (4.15)

Fig. illustrates the normalized net energy harvested as a function of power
electronic efficiency. Several important trends for the Constant Charge Method are

illuminated. First, for large capacitance ratios the normalized net energy is

RlciLnOO Ninet = 1. (4.16)
For the large R, case, the power electronic efficiency essentially only impacts the en-
ergy extracted from the system. Therefore, power electronic efficiency has a minimal
impact on the harvesting performance. At high efficiencies and large capacitance ra-
tios, this method can harvest up to 100% of the available energy. For devices with
smaller capacitance ratios, the Constant Charge method can still harvest an appre-
ciable amount of power; however, as R, is reduced, the impact of power electronic

efficiency increases.
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Figure 4.2: Normalized energy harvested, Ng,.:, using the Constant Charge Method
as a function of efficiency, 7, for various values of capacitance ratio, R..

4.2.3 Charge-Constrained Charge-Pump Theory

The Charge Pump method has both a constant charge and a constant voltage
portion as part of its harvesting cycle. The background for this method is presented
in Section [2.1.3] and the VQ plot is shown in Fig. [2.6]

The harvesting cycle begins when the device capacitance is at C,,,,, which is

concurrent with the maximum charge on the device

Qmax = Cmazvmina (417)

so the energy injected into the device is

Ei = szn [Qmax - szn] (418>

When the device capacitance is C),;, the charge on the device is minimized

Qmin = Ominvmaxa (419)

and the energy extracted from the device is

Eout = Vmax [Qmax - szn] (420>
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Therefore, assuming 100% power electronic efficiency the ideal energy that can be

extracted is

Eideal - (Vmaz - me)(Qma:c - szn) (421)

As the power electronic efficiency decreases the net energy harvested decreases. To
understand this relationship, power electronic efficiency is included in the ideal energy

equation to derive the net energy harvested:

Enet = (Qmaw - szn) (nCszn - 776261771(130 ) . (422)

The net energy equation can be maximized through careful selection of Q),,;,. To

derive the optimal Q,,in:

dEnet
=0 4.23
and it can be shown that,
Qmax 1
Q opt 277 77 + ch ( )

The optimal Q,,;, is a function of power electronic efficiency, and is illustrated in Fig.
Combining the optimal (),,;, into the net energy equation and normalizing by the

maximum available energy derives the normalized net energy harvested as

1 1 1
NEgnet = B [1 - W} [77 - ch] - (4.25)

The normalized net energy harvested is plotted as a function of power electronic
efficiency in Fig. .4 At high efficiencies, the Charge-Pump method used on a charge-
constrained variable-capacitance devices with large capacitance ratios can harvest up
to 50% of the available energy. As long as the power electronic efficiency is high, the
capacitance ratio of the device does not significantly alter the normalized net power
harvested. However, as the power electronic efficiency is reduced, the impact of the
capacitance ratio is much more significant.

The threshold efficiency for the Charge Pump Method is presented in Section
[3.2.3] Here it is shown that the threshold efficiency is the square root of the ratio of

the maximum voltage to the minimum voltage. This relationship holds for a voltage-

o4



Optimized Qmin/Qmax

I
Dol : - :
D4 05 0B 07 08 08 1
Efficiency (n)

Figure 4.3: The Optimal @,,;, is plotted as a function of power electronic efficiency
for the Charge Pump Method on a charge-constrained device.

constrained implementation; however, it is redefined based on charge:

Mihresh = \J P42 = 4] petee (4.26)

4.2.4 Charge-Constrained Constant Charge with Parallel Capacitance
Theory

The CCPC method was developed as a compromise between the Constant Volt-
age Method and Constant Charge Method of energy harvesting. Including a parallel
capacitance allows both the voltage and charge to change on the device as the ca-
pacitance declines from C),,, to Cin. This energy harvesting method is described in
Section 2.1.21

When the device is at C),4., energy is inserted into both device capacitance and

parallel capacitance.

2

1 max
E’in = §(Cmax + Cp) 02 (427)

max

Once the device reaches C,,;,, energy is extracted from the device:

2 2
Eout — maxr (Cp + Omaﬂ?)

2072nax (CP + Omm) .

(4.28)
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Figure 4.4: Normalized energy harvested, Ng,.:, using the Charge Pump Method as
a function of efficiency, n, for various values of capacitance ratio, R..

The net energy harvested is

77@7271(11: (Cp _'_ lem)Q znax
E,.= — . 4.2
net 202 (Op + Omm) 27702 (Cmaw + Cp) ( 9)

max

maxr

To maximize the net energy harvested, C, should be zero. The CCPC method is
therefore not an effective method of energy harvesting for a charge-constrained device.
The parallel capacitance increases the input energy into the device, and does not
increase the energy harvesting during the cycle. Therefore, this method should not

be considered for a charge constrained variable-capacitance device.

4.2.5 Charge-Constrained Constant Voltage with Series Capacitance The-

ory

A new energy harvesting method is proposed in this section, the Constant Volt-
age with Series Capacitance (CVSC) Method. The CVSC Method is inspired by
the CCPC Method, but modified for charge-constrained devices. A capacitor Cj is
connected in series with the variable capacitance device, and the voltage across the
series combination is held constant during the harvesting cycle. The resulting voltage
versus charge plot is shown in Fig. In the analysis of this method it is helpful to
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Figure 4.5: Voltage versus charge plot for the Constant Voltage with Series Capaci-
tance Method.

define C7, . as
CrnaaC.
Cr = __marTs 4.530
max Cmax + Cs’ ( )
and C}.. as
Cmincs
. (4.31)

min szn + Cs ’
When the device capacitance is at a maximum the variable-capacitance device and a
series connected capacitance Cy are charged to (),,q.. Therefore the input energy E;,
is )

E;,, = =22, 4.32
2C ( )

max
As the device capacitance is decreasing, the voltage is held constant across the series
combination of Cy and the device. When the device capacitance gets to a minimum
energy energy is extracted from the system. The energy extracted from the system is
2 2 C*

Eou _ mar maz >~ min 433
e 2(Cx,0)2 (433)

max max

Incorporating power electronic efficiency, the net energy harvested is

E 72nax Enaa:cmin 1 gnax 4.34
= g - o) - (56 3

max max max

The series capacitance C; can be optimized to maximize the harvested power.
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Figure 4.6: The ratio of the optimal Cy to C,,;, for the CVSC Method on gap-closing
device is plotted as a function of power electronic efficiency for a variety of capacitance
ratios.

The optimal C,; is derived by solving

dEnet
dCs

=0, (4.35)

for Cs. Csop is derived as a ratio of the maximum capacitance and plotted in Fig.
[4.6l At high efficiencies the CVSC Method uses a small series capacitance and the
energy harvesting method resembles the Constant Charge Method. As the efficiency
declines, U, gets larger and the energy harvesting method resembles the Constant
Voltage Method.

Substituting Cj o into and normalizing by the maximum energy in the
system, the normalized net energy is derived. The normalized net energy harvested
using the CVSC Method on a gap-closing device is illustrated in Fig. [4.7]

At high efficiencies the CVSC Method can harvests up to 100% of the available
energy; however, as power electronic efficiency declines, the harvested power signif-
icantly declines as well. As the efficiency declines the harvested power eventually

becomes zero. The threshold efficiency for net positive energy harvesting is

1
Nthresh = cr (436)
2 o C;’;La(l/

As the capacitance ratio gets large, the threshold efficiency approaches

lim Nthresh = 71% (437)
R.—o0
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Figure 4.7: The normalized net for the CVSC Method on gap-closing device energy is
plotted as a function of power electronic efficiency for a variety of capacitance ratios.

4.3 Energy Harvesting Methods for Gap-Closing Versus Area-

Overlap Variable-Capacitance Devices

The energy harvesting methods for gap-closing and area-overlap type variable-
capacitance devices are compared in this section. In general, the energy density of
gap-closing devices and area-overlap devices are roughly the same [49], so the nor-
malization factor used to compute Ng,. for both devices is the same. Harvesting
methods and devices can be compared directly by the normalized net energy har-
vested. In Fig. the normalized energy harvested for each method on each type of
device is plotted as a function of power electronic efficiency. The plots on the left are
for area-overlap devices, where the maximum voltage is constrained, and the plots on
the right are for gap-closing devices, where the maximum charge is constrained.

At high power electronic efficiencies, the Constant Voltage Method has a normal-
ized net energy of 1 for an area-overlap devices, while for gap-closing devices the
Constant Charge Method has a normalized net energy of 1. Both of these systems
can therefore harvest 100% of the available power. Assuming the devices have the
same energy density, the Constant Voltage Method used on an area-overlap device
can harvest the same amount of energy as the Constant Charge Method on a gap-
closing device, independent of the capacitance ratio. However, as efficiency decreases

the harvested energy using the Constant Voltage Method on an area-overlap device
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decreases significantly more rapidly. The threshold efficiencies are independent of the
constraint applied to the harvesting method, so, as discussed in Chapter [[TI} the en-
ergy harvested by the Constant Charge Method is less impacted by power electronic
efficiency.

The Charge-Pump method harvests up to 50% of the available power at high
power electronic efficiencies independent of the constraint applied. The impact of
power electronic efficiency on this method for the gap-closing devices and area-overlap
devices is different. This is because the optimal harvesting conditions are affected
differently by the two constraints. As the efficiency declines, the normalized power
harvested using a gap-closing device is significantly more than for an area-overlap
device. For example, if the efficiency of the power electronics is 85%, the gap-closing
device can harvest 1.37 times more energy.

The CCPC Method should only be applied to area-overlap devices, while the
CVSC Method should only be applied to gap-closing devices. The CCPC Method
on an area-overlap device can harvest energy over a wider efficiency range than the
CVSC Method, which can only harvest energy when the power electronic efficiency
exceeds 71%. However, at practical power electronic efficiencies, both methods are
outperformed by the Constant Charge Method on a gap-closing device and by the
Constant Votlage Method on an area-overlap device.

Assuming ideal power electronics, viable harvesting methods can be selected for
both the gap-closing devices and the area-overlap devices. However, when considering
the constraints applied to the energy harvesting methods by the different types of
devices it is shown that gap-closing devices harvest more energy at practical power
electronic efficiencies.

In some energy harvesting applications, embedding the power electronics and en-
ergy harvesting systems into a single chip may be important. For this case, the
Charge Pump Method should be selected because it requires only requires the de-dc
converter to transfer energy between fixed voltages, so switched-capacitor topologies

(which can be integrated onto a chip) can be used.
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Figure 4.8: A comparison of the normalized energy harvested using the various meth-
ods on a area-overlap device (voltage-constrained) and a gap-closing device (charge-

constrained)
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4.4 Discussion

In this section a case study is used to compare energy harvesting methods on
a practical gap-closing and area-overlap device. Two energy harvesting devices are
proposed based on the device parameters presented in [36]. The device presented
in [36] is an area-overlap device, which is therefore voltage-constrained. Based on the
assumption in [49] that area-overlap and gap-closing devices have similar energy den-
sities, a gap-closing version of the device is proposed. Both devices, whose parameters
are shown in Table [4.1] have the same maximum capacitance, minimum capacitance,

and energy density as the device in [36].

4.4.1 Case Study - Large R. Gap-closing versus Area-overlap Device

The best energy harvesting system is designed by selecting the energy harvest-
ing device architecture and method that maximizes the harvested power at practical
power electronic efficiencies. Considerations such as capabilities of the energy har-
vesting method, power consumption of the control circuit, and ability to integrate
into microsystems are also considered. The net energy harvested for each applica-
ble method to the large R. gap-closing device and large R. area-overlap device is

illustrated as a function of power electronic efficiency in Fig. [4.9]

Table 4.1: Large R, device properties for gap-closing and area-overlap devices assum-
ing equal energy density.

Parameter Value
Allowable Qs (gap-closing) 183.1 pC
Allowable V., (area-overlap) 8 Volts

Craz 260 pF
Frequency 252 Hz

The net energy harvested from the gap-closing and area-overlap large R. device
elucidates similar trends as the normalized net energy plots discussed in Section 4.3
The Constant Charge Method on the gap-closing device harvests the most amount of
power at practical power electronic efficiencies. Over an efficiency range of 80% — 90%
the Constant Charge Method on a gap-closing device harvests at-least 1.37 times as
much power as the next best device-method combination.

Despite the power gains elucidated in Fig. some challenges must be overcome

in order to make this method viable:
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Figure 4.9: The harvested power is plotted as a function of power electronic efficiency
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and a cap-closing device (shown on bottom).
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e losses in the controller that implements the method must be significantly small

e cfficient power electronics must be created to implement the energy harvesting
method

e power electronics and variable-capacitance device must be able to withstand

the resulting maximum voltage

4.4.1.1 Constant Charge Control Methodology

The Constant Charge Method on a gap-closing device requires a controller witch
knowledge of the state of the variable-capacitance device. Such a controller was
conceived in both [36] and [64]. The power consumption of the state detector and
controller in [36] was reported to consume 3uW. For the proposed energy harvesting
device the power consumption of the controller does not dictate a change in energy
harvesting method. However, for an energy harvesting device where the power con-
sumption of the controller is large compared to the power harvested, the Charge
Pump Method on a gap-closing device should be considered because it utilizes a

passive control scheme, eliminating the need for a state detector.

4.4.1.2 Constant Charge Power Electronics

An implementation of the CCPC Method in [36] presents a circuit which could
be effectively used for the Constant Charge Method as long as C), is removed. This
circuit, pictured in Fig. 4.10, uses a resonant inductor to charge and discharge the

variable capacitance device, and is discussed in detail in [36].

4.4.1.3 Large Device Voltages

To implement the Constant Charge Method on a gap-closing device, the maxi-
mum allowable charge is inserted into the energy harvesting device when the device
capacitance is at C),... As the device capacitance is reduced, the voltage on the de-
vice increases. Once the device capacitance reaches C,,;, the voltage on the variable

capacitance device is

Qmam
Cmin

Other implementations of the Constant Charge Method in [10,39,/60] also see large

=91.2 Volts. (4.38)

maximum voltages.
Although these large maximum voltages do not cause the pull-in effect, they still

posses some challenges:
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Figure 4.10: Circuit topology and theoretical waveforms for implementing the Con-
stant Charge Method [36]

e A specialized process must be used to withstand such extreme voltages in the
circuitry. For example, silicon on insulator is a process which could withstand
the proposed voltage, but the cost of using such a process is significantly more
than the standard CMOS process [64].

e The power electronics must be able to efficiently interface large voltage differ-
entials between the device and the energy storage element. Typically larger

voltage differentials lead to less efficient power electronics.

Despite the challenges presented by the large maximum device voltage, the benefits
of the Constant Charge Method on a gap-closing device suggest the importance of

continued academic pursuit of this energy harvesting system.

4.4.2 Voltage and Charge Constraints on a Gap-Closing Device

In practical applications of the Constant Charge Method on a gap-closing variable-
capacitance device, it is possible that both the maximum voltage and the maximum
charge should be constrained. For a gap-closing device the maximum charge on the
device is constrained by the pull-in effect, and the maximum voltage on the device
could be constrained by the process that creates the device or the power electronics
which implement the energy harvesting method. In order to meet both constraints
a new energy harvesting method is proposed, the Voltage and Charge Constrained
(VCC) Method.

The VCC Method charges the gap-closing device to Q.. when the device capac-
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strained Method of energy harvesting

itance is at a maximum. Therefore the electrical energy into the system is

2

E;, = "%, 4.39

! 2Cmax ( )
The device is then open-circuited, so as the device capacitance declines the voltage on
the device increases. Once the voltage on the device reaches the maximum allowable
voltage V..., the device is clamped to V.., until the device capacitance reaches C,,;,.
When the device reaches C,,;, energy is extracted from the system. The energy taken
out of the device is

V2 szn

Eout - % + (Qmax - Qmin)vmax- (440)

The resulting voltage versus charge plot for the VCC Method is illustrated in Fig.
4111

A new factor K is introduced to simplify the net energy and normalized net energy
in the system

equations. K is the ratio of the unconstrained maximum voltage V" .

to the constrained maximum voltage V4.

VTZ(Z:E _ Qmax _ Qmacc RC

K= = = 4.41
Vmaa) szn Vmaa: Omaa: Vmaa: ( )
The constrained maximum voltage V4. is
Qmach
Vmaz = . 4.42
CmazK ( )
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Figure 4.12: The normalized net energy harvested is plotted as a function of both
power electronic efficiency and K for a variable-capacitance device with a large ca-
pacitance ratio (R. — 00).

Therefore the net energy equation is derived in terms of K, Qmaz, CrmazsCmin, and n:

1271(1ch mazR2 Cmm 72nax
EnEt — 77 CmamK - KQC,?nax - 27’]Cmaz (443)

The net energy equation is normalized by the maximum possible energy in the elec-

trical system when K is equal to 1, which is

2

—nar 4.44
The normalized net energy harvested is
2 1 1
Nepet =1 |—=— —=| — — 4.45
Fret =1 {K K 2} i (4.45)

The impact of constraining the maximum voltage can therefore be elucidated by
plotting the normalized net energy harvested as a function power electronic efficiency
and K. This is shown for devices with a large capacitance ratio in Fig. .12

The threshold efficiency required for net positive energy harvesting is effected by
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Figure 4.13: Proposed circuit topology that implements the Voltage and Charge
Constrained Method.

addition of the voltage constraint. The threshold efficiency for the VCC Method is

Nthresh = (446)

Rz — 7]

A possible implementation of the VCC Method can be created through a mod-
ification of the circuit topology presented for the Constant Charge Method in Fig.
[M.10] A diode connects a large capacitor, which is charged to V4., to the variable
capacitance device. When the voltage on the variable-capacitance reaches V;,q., the
diode begins to conduct and the device voltage is clamped. A hysteresis controller

connected to a DC-DC converter is used to maintain the voltage at V... This circuit

topology is depicted in Fig. [4.13|

4.5 Conclusion

In this chapter, gap-closing and area-overlap variable-capacitance devices are com-
pared based on their energy harvesting capabilities. It is claimed in [49,|64] that
these devices have similar energy densities despite different constraints. In order to
avoid the pull-in effect on the fingers of the variable-capacitance device, the maximum
charge is constrained for gap-closing devices, and the maximum voltage is constrained
for area-overlap devices. The constraints placed on the energy harvesting methods
by these devices affect the energy harvesting capabilities of harvesting methods.

This work elucidates the advantages of gap-closing devices by including power
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electronic efficiency as a parameter in the analysis of the harvesting methods for both
device architectures. It is shown, that at high power electronic efficiencies, an area-
overlap device using the Constant Voltage Method or CCPC Method can harvest the
same amount of energy as a gap-closing device using the Constant Charge Method
or the CVSC Method. However, at practical power electronic efficiencies(80-85%)
the Constant Charge Method on a gap-closing device harvests more than 1.6 times
the power of any harvesting method. A case study using practical device parameters
illustrates the benefits and challenges associated with implementing the Constant
Charge Method on a gap-closing device. The biggest challenge to overcome is the
large voltages associated with the method. To mitigate this, a new energy harvesting
method is proposed that constrains both the maximum voltage on the device and the
maximum charge. This new method helps engineers get the benefits associated with
the Constant Charge Method on a gap-closing device, while adapting to practical

constraints.
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CHAPTER V

Autonomous Wideband Piezoelectric Energy

Harvesting

5.1 Introduction

The Dynamic Active Energy Harvesting (DAEH) method, discussed in Section
[2.2.4] describes a method that seeks to extend the energy harvesting bandwidth of
the system in order to mitigate the impact of deviations between the mechanical
resonant frequency and the vibration frequency. Using the dynamic active energy
harvesting (DAEH) approach, [31] harvested up to 6 times as much energy at off-
resonant frequencies when compared to the adaptive rectifier technique introduced
in [40].

The benefits of DAEH method were experimentally validated by [31]. However,
the implementation was not an autonomous system, and the bandwidth improvements
were modest due to the efficiency of the power electronics. The PWM full-bridge
inverter, MOSFET gate drive, control circuitry, microcontroller, and phase detection
power consumption exceeded that of the energy harvested, questioning the practical
viability of the method. In this chapter, a resonant full-bridge inverter topology
is presented which, in combination with low-power analog control circuitry and low
frequency digital control, reduces the energy loss such that the practical benefits of the
method can be realized. This work presents the first experimental implementation of
the dynamic active energy harvesting method that has net positive energy harvesting,

making it a wideband autonomous energy harvesting system.
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5.2 The Dynamic Active Energy Harvesting Method

The DAEH method presented in [31], and discussed in Section [2.2.4] seeks to
apply the optimal load impedance to the piezoelectric device. It is assumed that the
vibration source applies a sinusoidal force to the piezoelectric device. The optimal

load impedance would have a sinusoidal voltage across it, whose magnitude is

F
— 27,2 o 2m)2 1
Vinag = V/w?b? + (k — w?m) ST (5.1)
and phase relative to the input force is
k—w*m
= 180° —tan™' [ ——— ) . 5.2
s -t (£2270) (5.2

Practical implementations of this method use a square wave voltage that matches
the fundamental magnitude and frequency of the optimal sinusoid [31]. The opti-
mal load impedance has a reactive component that increases as the source excitation
frequency deviates from the mechanical resonant frequency. The inverter must there-
fore 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 the
power electronics will decrease at lower power factors. At off-resonant frequencies the
power-path efficiency of the resonant inverter significantly affects the net harvested
power. Using experimental device parameters from this work (shown in Table ,
the effects of the power electronic’s power-path efficiency on the DAEH method are

shown in Fig. .1}

Table 5.1: Volture V20w Piezoelectric Energy Harvesting System Parameters

Parameter Value

Mass (m) 6.7¢g

Force Magnitude (F},,) 0.218N
Spring constant (k) 31135
Damping coefficient (b) 4960
Zero-strain capacitance (C’) A14pF
Piezoelectric coupling (d) 1.39£%
Mechanical excitation period (7)) | 8.23 <> 10ms
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Figure 5.1: 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. As the excitation frequency deviates from the mechanical res-
onant frequency, the impact of power-path circuit efficiency on energy harvesting
increases. [31]

5.3 Resonant Inverter

To efficiently implement the square wave required by the DAEH method, a res-
onant full-bridge inverter is used as depicted in Fig. [5.2] The proposed resonant
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 piezoelectric device voltage
between +Vj,s and —Vj,s [12,27,130,[31], the proposed inverter topology uses the res-
onance of the piezoelectric capacitance (C”) in combination with the inductance (L)
to achieve the voltage transition. The resonant inverter utilizes the advantage of the
SSHI method, using resonance to invert the piezoelectric voltage, while still providing
a bi-directional converter capable of implementing the DAEH method. By drastically
reducing the number of switching events required to transition the piezoelectric volt-
age, the resonant inverter topology nearly eliminates switching and gating losses.

The resulting improvement in efficiency is one of the major reasons the autonomous
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Figure 5.2: Proposed resonant full-bridge inverter for dynamic active energy harvest-
ing.
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wideband energy harvester is feasible.

5.3.1 The Resonant Transition

The proposed circuit topology inverts the piezoelectric device voltage while un-
dergoing four switching transitions, which results in five circuit states. These states
are exhibited in Fig. [5.4] To understand the resonant transition, an example voltage
inversion is described.

Initially the piezoelectric device voltage is equal to V4,5 because MOSFETSs Sy,
and Sy are ON, while MOSFETs Si5 and Ss; are OFF, as portrayed in Fig [5.4a]
Turning S;; OFF (Fig. and then Sy; ON (Fig. [5.4c) initiates a resonant
transition between L and C’. Once the voltage across C’ reaches its minimum and
the inductor current returns to zero, switch Sy is opened (Fig. [5.4d)), ending the
resonant transition. The resulting voltage and current on the piezoelectric device are
shown in Fig. 5.3] At the end of the resonant transition, the resulting voltage on the

device, —V,, is dependent on the quality factor (Q)y) of the resonant transition:

T
Ve=V2. 1 — =, 5.3
where the quality factor (); is determined by the energy lost energy lost during the

resonant transition (Fes):
TC' Vs
2E7‘€8 '

Two methods of changing the device voltage from —V, to —V,,s are proposed in

Section (£.3.2

Qr = (5.4)

5.3.2 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 the bus voltage after the resonant transition are:
e clamping the device and inductor to the bus voltage (shown in Fig. |5.5)

e using the piezoelectric effect to charge the device capacitance until its voltage

reaches the bus voltage (shown in Fig. |5.6]).

The effectiveness of each method is determined by the amount of energy that can

be harvested from the piezoelectric device. During a half-cycle of the mechanical
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Figure 5.3: The piezoelectric device voltage and current during a resonant voltage
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Figure 5.4: 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.
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oscillation, the maximum energy that can be harvested, Ejgeq, is determined by Vi,

and the device current, i,(t). The available energy is

Tm

2
E@'deal = ‘/bus /Zp(t>dt = %us@ideal- (55)
0

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, V.

5.3.2.1 Clamping

Clamping the piezoelectric device and resonant inductor to the bus voltage causes
the piezoelectric device voltage to be a decaying oscillation centered around Vs, as
shown in Fig. [5.5l The energy extracted from the bus voltage during clamping, E..;,
is

Vous
Bt = [ Vo = Vi [ C'a,
Vo

= C'V2, (1 —J1- Qlf) (5.6)

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

Eclamm 1S

Eclamp = Lideal — Eemt

= ‘/busQideal - C/‘/bis <1 - 1— 1) . (57)
Vo Qs

5.3.2.2 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 (t,.), the amount of charge supplied by the piezoelectric device, @, to charge

the device capacitance from V, to Vi, is
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Figure 5.5: The piezoelectric device voltage and current waveforms due to clamping
after the resonant transition.

This charge must be subtracted from the ideal harvested charge; therefore, the energy

that can be harvested while using the piezoelectric effect for charging, E,., is

Epe - %us(@ideal - Qc)

= %usQideal - Cl‘/bis (1 4/ 11— Qif> . (59)

5.3.2.3 Comparison

The energy harvested when clamping the device, E¢gmp, is the same as when
using the piezoelectric effect to charge the device, E,.. 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 clamped method was used.

At low quality factors, the energy lost during clamping is larger than the energy
lost during the resonant transition. However, as the quality factor becomes large,
the energy lost during the resonant transition becomes equivalent to the energy lost

during clamping. This relationship is illustrated in Fig. [5.7]
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Figure 5.6: The piezoelectric device voltage and current waveforms when using the
piezoelectric effect to charge the device capacitance after the resonant transition.
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Figure 5.7: The ratio of clamping losses to resonant transition losses is plotted as a
function of the quality factor of the resonant system.
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5.3.3 MOSFET Timing

A practical implementation of the resonant inverter requires control over both the
order of the switching and the timing associated with it. To achieve this a transition
command signal is connected to a nanowatt comparator, which drives an RC circuit
between 0 and V_.,.:0i. 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. 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. [5.4c| is half of the resonant period, and must be the
same independent of whether the RC network is charging or discharging. In order to
accomplish this, the threshold voltages for S5, and Sys are chosen symmetrically on

either side of %:

vV LC!

Veontro Veontrot(€ RO — 1
Vo = zt - l(JT ) (5.10)
2(e"rRE 4+ 1)
and .
V. o ‘/control ‘/control(e% — 1)
s =" Ve (5.11)
2(6 RC  + 1)

Unlike S5; and S99, the timing of S1; and S15 do not effect the resonant transition;
however, to minimize losses they should be switched immediately before and after
the resonant transition. As discussed in section [5.3.2.3] either clamping or using
the piezoelectric 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. , then when
the transition command triggers the next voltage inversion there will be a delay once
the inverter is open-circuited (Fig. |5.4bf). During this time the piezoelectric effect
will start to discharge the piezoelectric capacitance. This reduces the effectiveness of

the resonant transition and therefore should therefore be avoided.

5.4 Circuit Control

Implementing the DAEH method requires control over the phase and the magni-

tude of the applied square wave with respect to the applied force. Previous imple-
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Figure 5.8: The phase control circuit detects the zero-crossings of the base acceleration
and generates the transition command signal by applying the appropriate phase shift.
The power consumption of this circuit is less than 154W, while greatly reducing the
computation demand of the microprocessor by accomplishing a high-frequency task.

mentations relied on high-power digital circuitry to achieve the required control. In
order to achieve an autonomous energy harvesting system, a reduction of the digi-
tal computation demand was achieved by implementing high-frequency (e.g., greater

than 5Hz) tasks with low-power analog circuitry.

5.4.0.1 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 de-
tector was created 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. 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, as shown in Fig. [5.8

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.

[b.8 This circuit produces the transition command signal, yet in steady-state it does
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Figure 5.9: This hysteresis comparator controls the magnitude of the applied square
wave by adjusting the voltage on the bus capacitance. If the voltage on the bus
capacitance gets too large it activates a step-down converter to reduce the voltage.

not require microprocessor input, which greatly reduces the power consumption of

the digital control.

5.4.0.2 Analog Magnitude Control

The magnitude of the square wave voltage applied to the device by the inverter
is determined by the bus voltage, Vj.s. The bus voltage is controlled using an analog
hysteresis controller (as shown in Fig. , which connects a load when the bus
voltage is above the upper threshold, and disconnects it when the bus voltage is
below the lower threshold. This load could be a DC-DC converter whose output is
connected to a battery. The hysteresis controller allows the harvested power to be

measured, which is necessary for the peak power tracker. This process is discussed in

Section (.4.1]

5.4.1 Digital Control

The digital control in this work is implemented on an ATMEGA328 microcon-
troller with a clock frequency of 62.5KHz; however, in a practical energy harvesting
system for a wireless sensor node 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
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phase and magnitude of the applied square wave, yet its power consumption must be
minimal in order to achieve an autonomous design. This is accomplished by designat-
ing the high-frequency tasks to analog circuitry, as described in sections [5.4.0.1| and
5.4.0.2] 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 maintain the phase and magnitude.

A peak-power-tracking algorithm, similar to that in [31], is used to find the opti-
mum bus voltage and phase angle with one modification: in order to reduce power
consumption, 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 , and after a delay, tgeqy. Therefore the average power harvested,

Phrarvest, 18 measured passively during each magnitude control hysteresis cycle.

%Cbus [%us (tdelay)2 - ‘/bus(o>2]

Zfdelay

Prarvest = (512)
In order to minimize power consumption, the microcontroller is in a ”sleep” mode ex-
cept when triggered by external interrupts at the appropriate time to measure the bus
voltage.The stages of the peak-power controller are shown in Table [5.2l During each
hysteresis cycle either the harvested power is measured, the bus voltage magnitude is

perturbed, or the phase angle is perturbed.
Table 5.2: Peak-Power-Tracking Algorithm

Hysteresis Cycle Execution

Measure Power (P1)

Vius = Vius + A‘/bus

Measure Power (P2)

if (P1>P2) C Vius = Vius — 2A‘/bus
Measure Power (P1)

¢=0+ A

Measure Power (P2)

if (P1>P2) : ¢ = ¢ — 2A¢
REPEAT Go to 1

O 1 O O W N

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
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increased time required to converge to the optimal harvesting conditions.

5.5 Results

Experimental results were obtained using a Mide Volture V20w piezoelectric de-
vice with a 6.7g tip mass. The adaptive rectifier and DAEH harvesting methods were
applied to the device over a frequency range of 106-122 Hz. For consistency, the
magnitude of the base acceleration was held constant at 32.57. The piezoelectric
device parameters, shown in Table [5.1] were calculated based on the short-circuit and

open-circuit resonant frequencies of the piezoelectric device [20,25].

5.5.1 Resonant Inverter

To demonstrate the benefits and performance of the proposed resonant inverter, an
experimental implementation of the circuit was developed. The components chosen
for the resonant inverter are listed in Table [5.3] and an example of the experimental
device voltage is shown in Fig. In order to achieve the bandwidth extension
goals of this work, it is important to maximize the efficiency of the resonant inverter;
therefore, the losses in the circuit topology are catalogued and discussed in this sec-

tion.

Table 5.3: Main Circuit Components

Component Part Numnber
N-channel MOSFET | TI CSD18504Q5A
P-channel MOSFET | Alpha and Omega AOD413A

Comparator Linear Technologies LTC1540
Inductor Core Ferroxcube RM10/LP-3F3
Inductance 2.8 mH

Inductor Turns 77

Inductor Gap .1 mm

The most important loss mechanisms in the resonant inverter are losses during
the resonant transition. This is because, as shown in equation , losses during the
resonant transition also affect the clamping losses. The voltage and current through
the piezoelectric device during the resonant transition are shown in Fig. [5.11] Mea-
surement of the device capacitance (C’), the device voltage (V,) are used to compute
the energy in the system at the beginning and end of the resonant transition, as shown

in Table The energy in the system at the beginning of the resonant transition,
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Figure 5.10: The resonant inverter emulates the optimal impedance by creating a
square voltage waveform on the piezoelectric device. Experimental waveforms are
shown for the case when Vj,, is 10.

Eini, is stored in the piezoelectric device capacitance. During the first half of the res-
onant transition, energy is extracted from the piezoelectric device and is stored in the
resonant inductor. In the second half of the resonant transition, energy is extracted
from the inductor and is returned to the piezoelectric device capacitance (Efinar)-
Assuming a constant piezoelectric device capacitance, the total energy lost during
the resonant transition, E,.,, is 700 nJ. Using the losses in the resonant transition

the experimental quality factor is calculated to be 25.6.

Table 5.4: Resonant Transition Loss Breakdown at V,, = 10V

Label | Equation Energy(1.J)
Einis SC'V2 5.68

Efina | 5C'V2 4.98

Eres Einit — Efinal 7

Next, the clamping losses are computed based on the voltage at the end of the
resonant transition V,. Equation predicts the voltage V, to be 9.34 Volts, while
experimental data found V, to be 9.25 Volts. The resulting clamping losses are
therefore approximately two times larger than predicted by equation . This is

because the parasitic drain-source capacitances of the MOSFETSs cause the voltage
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Figure 5.11: Experimental piezoelectric device voltage and current waveforms during
a resonant transition when Vj,, is 10 Volts.

on the device to decline past V. after the resonant transition has ended. The exper-
imental clamping losses were calculated using equation (5.6 and the voltage on the
piezoelectric device at the time of clamping (as opposed to V).

The quiescent gating circuitry loss was calculated by removing the piezoelectric
device and measuring the time it took the bus capacitance to drain from 10.1 Volts to
9.9 Volts while the transition command signal was fixed. Next, the power required to
drive the gates of the MOSFETSs was found by driving the resonant inverter with out
a piezoelectric device, and subtracting the power consumed by the quiescent gating
circuitry.

In total this implementation of the resonant inverter dissipates 946uW when driv-
ing a piezoelectric device with a 10 Volt square wave at a frequency of 114Hz. The
total losses were measured by driving the piezoelectric device with the resonant in-
verter while not in the presence of mechanical vibration. The bus capacitance was
charged to 10.1 Volts and, because there was no mechanical excitation, the voltage
on the bus capacitance declined as power was consumed by the resonant inverter.
The time it took for the voltage on the bus capacitance to decay to 9.9 Volts was
measured and used to determine the losses in the inverter.

The breakdown of each loss mechanism is shown in Table 5.5l The ”other” cat-
egory is the remaining power which is being dissipated. This is measured by taking

the difference between the total measured loss and the identified loss mechanisms.
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Table 5.5: Resonant Inverter Loss Breakdown at V,,,, = 10V and frequency of 114H z

Loss Mechanism | Power Lost (uWV)
Resonant Transition | 160
Clamping 328
Gate Drive Circuitry
-Quiescent 94
-Switching 119
Other 245
Total 946

5.5.2 Resonant Inverter Bandwidth Extension Capabilities

Careful consideration in the design of the resonant inverter was given to minimiz-
ing losses so that the 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 inverter.

The adaptive rectifier circuit is used as a baseline for comparison, and is operated
at the harvesting conditions defined in [40]. 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 elements shown in Table[5.3] To
demonstrate the capabilities of the power electronics, the resonant inverter was used
in a similar manner to the PWM fullbridge inverter presented in [31]. The control
circuitry, including an accelerometer, were externally powered; however, the inverter
loss mechanisms detailed in Table |5.5] were included. The power harvested from the
resonant inverter is shown in Fig. [5.12]

The DAEH method with the resonant inverter show dramatic performance im-
provements over the adaptive rectifier approach, as shown in Figl5.12] When the me-
chanical resonant frequency and the excitation frequency are close, the DAEH method
with the resonant inverter harvests nearly twice as much power as the adaptive rec-
tifier 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 harvests up to 2.63 times as
much power at off-resonant frequencies, and increases the 3db power bandwidth by a
factor of 2.84.
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Figure 5.12: The power harvested versus excitation frequency is illustrated the DAEH
method utilizing the resonant inverter, the adaptive rectifier method, and the resonant
inverter with a fixed phase.

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 frequency and the excitation frequency are the same.
As illustrated in Figf5.12] the fixed-phase active energy harvesting method harvests
a similar amount of power as the DAEH method when the excitation frequency and
the mechanical resonant frequency are close; however, as the excitation frequency
deviates from the mechanical resonant frequency, the DAEH method significantly

outperforms the fixed-phase active energy harvesting method.

5.5.3 Autonomous System

This section demonstrates the dynamic active energy 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. The total power harvested
from the piezoelectric device onto the bus capacitance is shown as the harvested
power. The net power harvested is the power harvested to the bus capacitance minus
the control losses. The net power harvested from the DAEH method is 1.53 times
more than the adaptive rectifier approach when the excitation frequency and me-

chanical resonant frequency are similar. As the excitation frequency deviates from
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Figure 5.13: The power harvested versus excitation frequency by the autonomous
energy harvesting system (shown in green) is the total power harvested (shown in
blue) minus the control losses, and is compared to the baseline adaptive rectifier
approach (shown in black).

the mechanical resonant frequency the net power harvested with the DAEH method
is up to 2.1 times more than the adaptive rectifier approach. Furthemore, the 3dB
bandwidth of the net power harvested from the DAEH method is 1.65 times larger
than the adaptive rectifier approach. The comparison between the net harvested
power from the DAEH method and the adaptive rectifier approach are conservative
estimates 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 implementation of

the DAEH method would be even more significant.

5.6 Conclusion

In this chapter a resonant inverter is presented which implements the dynamic
active energy harvesting method, while reducing switching and gating losses. The
resonant inverter, in conjunction with new analog circuitry that implements the
high-frequency tasks required by the DAEH method, produces the first autonomous
dynamic active energy harvesting system. When the excitation frequency and me-

chanical resonant frequency are similar this system harvests 1.5 times more power
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than the adaptive rectifier approach. As the excitation frequency deviates from the
mechanical resonant frequency the proposed autonomous system harvests up to 2.1
times more power than the adaptive rectifier approach. The demonstrated resonant
inverter and control circuitry produce the first autonomous autonomous implementa-
tion of the dynamic active energy harvesting method for piezoelectric devices. This
autonomous system increases the practical viability of using piezoelectric devices to

power wireless sensor nodes.
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CHAPTER VI

Conclusion

The ever-expanding role of wireless sensor and identifier nodes in our society has
pushed researchers to find application appropriate energy sources to replace or sup-
plement current battery technology. A key technology in replacing current battery
technology is energy harvesting. In many applications wireless sensor nodes are in
environments where mechanical vibrations are present. Typically this energy is har-
vested by inserting an electromechanical device (either variable-capacitance or piezo-
electric device) into a mechanically resonant mass-spring system. The goal of this
work is to maximize the power harvested from these systems. To achieve this goal,
this dissertation explores the power electronic interface between the energy harvest-
ing device and the electrical energy storage element. The main conclusions from this

work are presented in this chapter, as well as possible future directions of the work.

6.1 Variable-Capacitance Devices

Variable-capacitance devices are proposed for energy harvesting because they can
be easily integrated into a micro-system; however, the small available power from these
devices has limited their use. Two classes of variable-capacitance energy harvesting
devices are considered in the literature: gap-closing devices and area-overlap devices.
Typically energy harvesting methods are analyzed for these devices assuming a volt-
age constraint; however, with the development of high-voltage MEMs processes this
constraint has changed [10,36,64]. The increased voltage limitations from the MEMs
process means that the pull-in effect is the limiting factor in device performance. To
mitigate pull-in effect, area-overlap devices must limit the maximum voltage on the
device, while gap-closing devices must limit the maximum charge on the device.

The existing energy harvesting methods for variable-capacitance devices are active

energy harvesting methods, which means there is bidirectional power flow between
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the energy harvesting device and the electrical energy storage element. Due to the
energy flow in the system beyond the net harvested power, the efficiency of the power
electronics which interface the device and the electrical energy storage element is
crucial.

This work seeks to increase the energy harvesting capabilities of variable-capacitance
devices by providing more informed energy harvesting method selection, analytical
expressions for optimal harvesting conditions to guide circuit architecture selection,
and a comparison of the energy harvesting capabilities of gap-closing versus area-
overlap type variable-capacitance devices. In Chapter the impact of power elec-
tronic efficiency is discussed for variable-capacitance devices whose maximum voltage
is constrained. The impact of power electronic efficiency on energy harvesting meth-
ods for variable-capacitance devices whose maximum charge is constrained is derived

and compared to the voltage-constrained case in Chapter

6.1.1 Voltage-Constrained Variable-Capacitance Energy Harvesting

In the literature four methods of energy harvesting are proposed for variable-
capacitance devices: the Constant Voltage, Constant Charge, Charge Pump, and
CCPC Method [36},52]. In [36,49,52] the energy harvesting capabilities of these
methods on voltage-constrained devices are discussed; however, an important system
parameter is neglected - power electronic efficiency. The analysis in this dissertation
elucidates additional benefits and drawbacks to each method by including power
electronic efficiency in the analysis of these methods.

It is shown that at high efficiencies and large capacitance ratios the Constant
Voltage Method can harvest 100% of the available energy. Conversely, the Constant
Charge method harvests only a small fraction of the available energy. However, as the
efficiency decreases the power harvested by the Constant Voltage Method decreases
significantly, whereas efficiency does not alter the harvested power as significantly
for the Constant Charge Method. In fact, for large capacitance ratios, the threshold
efficiency for net positive energy harvesting for the Constant Voltage is approximately
71% compared to 0% for the Constant Charge Method.

The CCPC Method described in [36] allows both the charge and voltage on the
variable capacitance device to change during the harvesting cycle. At high efficiencies
and capacitance ratios this harvesting method can harvest 100% of the available
energy. As the power electronic efficiency declines so too does the energy harvested;
however, by selecting the optimal parallel capacitance the power harvested can be

maximized at given efficiency [36]. For the first time, an analytical expression for
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the optimal C), is derived as a function of system parameters and power electronic
efficiency. While utilizing the optimal parallel with a large capacitance ratio, the
CCPC Method can be shown to have a threshold efficiency of 0%.

The Charge Pump Method has both a constant charge and constant voltage potion
to its energy harvesting cycle. At high efficiencies with a large capacitance ratio
the Charge Pump Method can harvest up to 50% of the available energy. As the
power electronic efficiency changes, so too does the desired ratio of constant charge
to constant voltage portion of the energy harvesting cycle. This is accomplished
through careful selection of the minimum and maximum voltages. By including power
electronic efficiency, new analytical expressions for optimal harvesting conditions are
derived that are shown to be a strong function of efficiency.

The new efficiency-based theoretical background for voltage-constrained devices
motivates the design of a energy harvesting system based on the Charge Pump
Method. Analytical solutions for the optimal energy harvesting conditions inspired
the use of a 2:1 switched capacitor converter topology as the basis of said harvesting
system. The 2:1 switch capacitor converter approximates the optimal harvesting con-
ditions and can be implemented on a chip, which is necessary in order to achieve the
benefits of variable-capacitance energy harvesting. An LTSPICE simulation verified
the advantages of the proposed Charge Pump Method harvesting system by revealing
that 12.09uW could be harvested from this system, which is more than twice the

power previously asserted for the same device.

6.1.2 Energy Harvesting Comparison for Gap-Closing Versus Area-Overlap

Devices

Chapter [IV] focuses on comparing energy harvesting capabilities of gap-closing
(charge-constrained) and area-overlap (voltage-constrained) devices.

At 100% power electronic efficiency the Constant Voltage Method implemented on
a area-overlap device and the Constant Charge Method implemented on a gap-closing
device can both harvest the same amount of energy. However, at practical power
electronic efficiencies ( 85%) the Constant Charge Method on a gap-closing device
harvests approximately 1.6 times as much energy. The Constant Charge Method
on a gap-closing devices is the least dependent on power electronic efficiency of any
method.

At high power electronic efficiencies the Charge Pump Method can harvest up to
50% of the available energy on both area-overlap and gap-closing devices. Assuming

optimal harvesting conditions, the energy harvested from a gap-closing device is much
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less dependent on power electronic efficiency than an area-overlap device. At practical
efficiencies the gap-closing device outperforms the area-overlap device when utilizing
the Charge Pump Method.

A case study compares an area-overlap device and a gap-closing device with the
same maximum energy density. This example further demonstrates the increased
energy harvesting capabilities of using the Constant Charge Method on a gap-closing
device, while elucidating large maximum voltages that will exist in such a device. The
large maximum voltage associated with this system does not cause the pull-in effect;
however, it complicates the design of the power electronic circuit which implements
the method. In some practical implementations of the Constant Charge Method on
a gap-closing device, the maximum voltage may need to be constrained. Hence, a
new energy harvesting method is proposed which limits the maximum voltage and

the maximum charge in the system.

6.1.3 Future Directions

The variable-capacitance analysis presented in this dissertation makes a quasi-
static assumption: the energy extracted from the variable-capacitance device does
not alter the mechanical system. This is a valid assumption when the energy ex-
tracted from the harvesting system is only a small portion of the energy of the mov-
ing mass. However, with the improved energy harvesting techniques presented in
this work, the impact of the extracted energy on the mechanical system may become
an important consideration. Follow-up work should consider analyzing each energy
harvesting method as part of a dynamic system model. The displacement of the
mass in the mass-spring-damper will determine the capacitance ratio, allowing the
energy harvesting methods to be optimized for given input force as opposed to a fixed

capacitance ratio.

6.2 Piezoelectric Energy Harvesting

Piezoelectric devices are proposed as a good electromechanical device for vibra-
tion energy harvesting because of their high energy density. In order to achieve large
energy density, piezoelectric devices are integrated into a high-Q mechanically res-
onant structure. When the excitation frequency matches the resonant frequency of
this structure a significant amount of power can be extracted from these systems;
however, as the excitation frequency deviates from the mechanical frequency the har-

vested power declines significantly. The limited energy harvesting bandwidth of these
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systems has restricted the practical application of dynamic piezoelectric energy har-
vesting. Currently energy harvesting systems require precise tolerances on parts for
the mechanical resonator, and have no ability to adapt to changes in the system; for

example, due to fatigue or climate.

6.2.1 Autonomous Wideband Piezoelectric Energy Harvesting

The dynamic active energy harvesting (DAEH) method is a solution for increas-
ing the energy harvesting bandwidth of piezoelectric devices without sacrificing the
peak power harvested. In [31] an optimal impedance is derived which is a function
of the harvesting conditions. Using a pulse-width-modulated full-bridge inverter, the
authors emulate the optimal impedance and demonstrate the improved energy har-
vesting abilities of their system. Despite the benefits of the proposed system, the
energy harvesting capabilities of the system are reported without control, gating, and
sensing losses. In fact, the control, gating, and sensing losses are significantly more
than the harvested power, threatening the viability of this method.

In Chapter |V| the first autonomous implementation of the DAEH Method is pre-
sented. In order to create an autonomous system the system proposed in [31] was
improved in three ways. First the pulse-width-modulated full-bridge inverter was re-
placed by a resonant inverter. The resonant inverter greatly reduces switching and
gating losses, and can be easily controlled. Next, low-power analog circuitry was
created to complete high-frequency controls tasks previously executed by the micro-
controller. This reduces the power consumption of the microcontroller, one of the
major loss mechanisms in previous implementations. Finally, a new technique for
measuring the zero-crossings of the base acceleration is proposed to replace commer-
cially available accelerometers whose power consumption is too high.

Using the new resonant inverter, low-power analog circuitry, and low-power sens-
ing circuitry, the first autonomous wideband piezoelectric energy harvesting system is
demonstrated. An experimental setup of the discussed autonomous implementation
of the DAEH method was created to demonstrate the benefits of this system over the
baseline adaptive rectifier approach. When the excitation frequency and mechanical
resonant frequency are similar this system harvests 1.5 times more power than the
adaptive rectifier method, and 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. The resulting 3dB bandwidth of
the system is improved by 65% over the adaptive rectifier method. These results were

achieved while including all loss mechanisms associated with the circuit.
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For this first time this work demonstrates the practical viability of the DAEH
method. The increased energy harvesting capabilities afforded by an autonomous
implementation of this method increase the practical applications of dynamic piezo-
electric energy harvesting. The improved energy harvesting bandwidth allows for
decreased tolerances on mechanical parameters, and can adapt to fluctuations in ex-

citation frequency.

6.2.2 Future Work

The bandwidth extension capabilities of the DAEH Method are limited by the
efficiency of the power electronic circuitry which implements the method. Using the
resonant inverter to implement this impedance, a significant bandwidth extension was
demonstrated; however, there is still room for improvement. Currently experimental
results show that the clamping loss during the resonant transition is the dominant
loss mechanism in the resonant inverter. These loss mechanism are larger than ex-
pected due to ringing after the resonant transition. To reduce the clamping losses two
modifications could be made to the inverter. First, lowering parasitic drain-source
capacitance through PCB layout and MOSFET selection would significantly increase
the voltage on the device at the time of clamping, which ultimately reduces clamping
loss. Secondly, instead of clamping at the end of the resonant transition, the inverter
could be pulse-width-modulated in order to finish the transition if the voltage on the

device to the bus voltage.
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