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Preface
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harvester (PEH) behavior in a controlled and repeatable way, gradually evolved into the central research
focus of this thesis.
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Of course, I did not do this alone. I would like to express my gratitude to several individuals. First,
my colleague Niels, thank you for your positivity and for your guidance, both technically and person-
ally. Your feedback over the past year and your encouragement during countless debugging sessions
meant a lot. I am also grateful to my MEMSYS supervisor, Thijs, not only for your thoughtful feedback
throughout the year but also for founding MEMSYS, a place where I, and many others, have been given
the opportunity to learn and grow in an inspiring environment.

I would also like to thank my TU Delft supervisor, Dr. P. Pawelczak, for his advice during our meetings
and for allowing me to work so independently. I feel that I learned a great deal from being given that
level of freedom, and I recognize that it also required trust on his part.

To my partner, Ilse, thank you for being so supportive during the difficult moments and for being some-
one to celebrate with in the good ones. Your support helped me recharge and show up with new energy
each day.

Lastly, I would like to thank the entire MEMSYS team for their support, for being part of this journey,
and for fostering such a positive and motivating work environment. I look forward to continuing to work
alongside all of you.

Mathijs van Binnendijk
Delft, August 2025
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Abstract

This thesis presents the design, implementation, and validation of a piezoelectric energy harvester
(PEH) emulator to enable repeatable evaluation of energy extraction circuits for vibration-based sys-
tems. PEHs convert mechanical vibrations into electricity using materials that generate charge under
stress, offering compact, maintenance-free power for low-power electronics.

Efficient energy extraction from PEHs requires specialized circuits whose performance depends heav-
ily on the PEH’s electrical characteristics. However, real PEHs often exhibit nonlinear and chaotic
behavior, complicating consistent testing and comparison. The proposed emulator overcomes this by
replicating PEH electrical behavior in a controlled, configurable, and repeatable way.

The emulator employs a voltage-controlled voltage source with analog impedancemodeling, supporting
output ranges up to ˘25V and 3A. It includes modular impedance matching and real-time responsive-
ness without digital latency. A complete prototype was built and tested. Simulations showed stable
operation under various conditions, and experimental results demonstrated 80–100% accuracy in re-
producing PEH power output.

To the author’s knowledge, this is the first emulator designed specifically for PEHs, addressing a gap in
existing literature. While emulators are common in photovoltaic and thermoelectric domains, none ex-
isted for piezoelectric harvesters. This work establishes a flexible benchmarking platform and outlines
paths for improving emulator accuracy via improved impedance modeling and alternative architectures.
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1
Introduction

1.1. Context
This thesis was carried out in collaboration with MEMSYS, a company focused on developing vibration-
based energy harvesting systems for industrial applications. Their work centers on piezoelectric energy
harvesters, which convert mechanical vibrations into electrical energy to power low-power devices such
as wireless sensor nodes.

In recent years, many circuit techniques have been proposed to improve energy extraction from these
systems. However, evaluating and comparing the performance of such circuits remains challenging.
Physical PEH devices can exhibit complex and nonlinear behavior, making experiments difficult to
replicate and results difficult to compare across different studies.

In other energy harvesting fields, such as photovoltaics and thermoelectrics, similar issues have been
addressed through the use of emulator systems. These devices replicate the electrical behavior of
real harvesters in a repeatable and controllable way. Inspired by these approaches, this work focuses
on the design and validation of an emulator for piezoelectric energy harvesters. The goal is to create
a tool that enables consistent, accurate evaluation of energy extraction circuits, independent of the
limitations, variability and chaotic behavior found in PEH devices.

1.2. Background
Wireless sensors are essential for a variety of applications, including machinery condition monitor-
ing, environmental data collection, and the management of smart infrastructure systems. Traditionally,
these devices are powered by electrochemical batteries, but this approach has several drawbacks.
Batteries require frequent replacement or recharging, which can be both expensive and impractical,
especially at scale or in hard-to-access locations. Additionally, the stored energy in batteries poses
safety risks if suddenly released due to a failure. Lastly, the need for the eventual disposal of batter-
ies comes with environmental concerns. To address these challenges, significant research has been
devoted to developing energy harvesting technologies. Energy harvesters are systems with the ability
to transform surrounding ambient energy into electrical energy. This collected electrical energy can be
used to power low-power electronic devices such as wireless sensors.

There are several forms of ambient energy. The most common sources and their respective power
densities can be seen in Figure 1.1. Harvesting energy from environmental sources comes with chal-
lenges that vary depending on the type of energy that is being harvested. Solar energy harvesting
is highly dependent on the availability of sunlight, which can fluctuate due to weather conditions, the
time of day or indoor lighting conditions. It is also unsuitable for deployment in environments with con-
sistent shade. Similarly, thermal energy harvesting relies on temperature gradients, which may not be
present or significant enough to generate sufficient power. Radiofrequency energy harvesting is limited
by the availability of RF signals, which tend to have low energy densities unless in close proximity to
transmitters. Mechanical energy harvesting will be discussed in the next section.

1



1.2. Background 2

Figure 1.1: Different sources of environmental energy and their power respective densities [1].

1.2.1. Mechanical Energy Harvesting Technologies
Mechanical energy harvesting is preferable in environments where other sources of environmental en-
ergy are either not available, too costly, or unable to provide sufficient energy. It relies on the ability to
convert mechanical energy into electrical energy. This conversion is done using electrostatic, electro-
magnetic, or piezoelectric mechanisms. Among these mechanisms, piezoelectric energy harvesting is
often favored due to its high energy density, long lifetimes, higher sensitivity for low stresses, and its
ability to be unaffected by environmental conditions [1].

1.2.2. Piezoelectric Energy Harvesting
The principle of piezoelectric energy harvesting lies in the ability of certain materials, known as piezo-
electric materials, to generate an electrical potential when subjected to mechanical stress. A piezoelec-
tric energy harvester typically consists of piezoelectric material integrated into a structure designed to
convert ambient mechanical energy into electrical energy by inducing mechanical stress in the piezo-
electric element.

An example of such a system, designed specifically for harvesting energy from vibrations, is shown in
Figure 1.2. In this setup, a mass is connected to a base structure via a flexible substrate. When the
base moves, the attached mass also moves, causing the substrate to flex. This flexing action stretches
or compresses the piezoelectric patch, generating a potential difference between its electrodes. This
potential difference can then be harnessed to supply energy to an attached load. This type of PEH is
known as a cantilever.

Figure 1.2: Example of a linear piezoelectric energy harvesting structure based on a mass attached to a flexible substrate.
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Figure 1.3: A single-degree-of-freedom model of a piezoelectric energy harvesting system.

Harvester Dynamics
To better understand the dynamic behavior of PEHs, it is useful to describe their operation using a sim-
plified mechanical model. Systems like the one shown in Figure 1.2 can be represented using a single-
degree-of-freedom (SDOF) model [2]. This abstraction captures the essential physics of base-excited
PEH systems and their electromechanical coupling, allowing for analytical study of both mechanical
motion and electrical output. The SDOF model used throughout this work is shown in Figure 1.3. The
governing equations for this model are given by

M
d2x

dt2
` c

dx

dt
` Kx ` αvp “ ´M

d2y

dt2
, (1.1)

and
il “ α

dx

dt
´ Cp

dvp
dt

. (1.2)

Here:

• M : Mass of the vibrating structure.
• x: Displacement of the mass relative to the base.
• y: Base displacement due to external excitation.
• c: Damping coefficient.
• K: Stiffness coefficient.
• α: Force voltage factor of the harvester.
• Cp: Capacitance of the piezoelectric patch.
• vp: Voltage across the piezoelectric patch.
• ip: Current generated by the piezoelectric patch.
• il: Part of the current generated by the piezoelectric patch moving into the load.
• Zl: Impedance of the electrical load attached to the piezoelectric patch.

Equation 1.1 describes the mechanical dynamics of the system. These dynamics are governed by
an external force acting on a base causing a displacement of the base (y). The base has a mass-
spring-damper system attached, with the additional term αvp. This term represents the coupling effect
introduced by the piezoelectric material, linking the electrical domain to the mechanical domain. Sim-
ilarly, Equation 1.2 outlines the electrical dynamics, which are governed by the flow of current in the
system. The current source is directly related to the mass’s velocity through the term αpdx{dtq, which
represents the coupling between the mechanical motion and the electrical output. This demonstrates
that the mechanical and electrical dynamics are directly interconnected. A voltage across the piezo-
electric patch generates a force that acts on the mechanical system, while the velocity of the mass
induces a current in the electrical system.
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Figure 1.4: Example of a nonlinear piezoelectric energy harvesting structure based on a mass attached to a flexible substrate
and two permanent magnets.

Linear vs Nonlinear Harvesters
Figure 1.3 shows a linear piezoelectric energy harvester with its dynamics outlined in Equation 1.1.
Linear systems only have a single stable point in terms of displacement. Furthermore, linear systems
are characterized by resonant behavior. The resonant frequency for a linear harvester in short circuit
condition ωn is defined as

ωn “

c

K

M
. (1.3)

Linear harvesters are only suitable for harvesting energy from vibrations at or near the resonant fre-
quency. Attempting to harvest energy from vibrations with a frequency differing from the resonance
frequency leads to reduced power output [3]. This means the frequency bandwidth of these types of
harvesters is typically quite narrow. This makes linear harvesters unsuitable for applications that re-
quire energy to be harvested from various frequencies of vibration. Nonlinear harvesters can be tuned
to harvest effectively from a wider range of frequencies [4]. In this context, nonlinear refers to the
nonlinear stiffness Kpxq used in the system.

Figure 1.4 shows an example of such a nonlinear structure based on the linear structure discussed
earlier. Here, the addition of two permanent magnets causes a repulsive force that is strongest at the
point of zero displacement and lessens as the mass moves further away. This creates a nonlinear
relationship between force acting on the mass and deflection, which creates two stable displacement
points instead of one. This effect is visualized in the plots of Figure 1.5. Here, the force deflection curve
visualizes how the nonlinear stiffness can create two stable points of displacement. The Phase-space
and time varying waveforms show different behaviors for different amplitudes of oscillation. Here, the
blue and orange lines represent the behavior of the system with a low amplitude harmonic vibration as
input. The low amplitude results in oscillations around one of the stable points, since there is not enough
energy to move in between both stable points. This phenomenon is referred to as intra-well motion. As
the input vibrations increase in amplitude, it becomes possible for the mass to achieve a higher energy
orbit. This orbit is indicated by the red lines and allows the mass to move in between stable points. This
type of orbit is referred to as an inter-well orbit. All of the previously discussed behaviors are specific
to a bistable type of nonlinear PEH, which is one of the most common configurations, although other
types of nonlinear harvesters also exist.

The mechanical dynamics for a nonlinear system can be seen in Equation 1.4. The only difference
being the replacement of the constant stiffness K with nonlinear stiffness term Kpxq.

M
d2x

dt2
` c

dx

dt
` Kpxqx ` αvp “ ´M

d2y

dt2
(1.4)
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Figure 1.5: The force deflection curve combined with three different phase-space orbits and their accompanying time-varying
waveforms of a nonlinear system.

The Force Voltage Factor
The force voltage factor α can be determined by measuring the maximum voltage and displacement,
as outlined in Section A.1, giving the relationship

α “
VOC
XOC

Cp. (1.5)

Where VOC represents the open-circuit voltage measured at maximum displacement, andXOC denotes
the open-circuit displacement also measured at its maximum.

The Electromechanical Coupling Coefficient
The electromechanical coupling coefficient quantifies the efficiency with which a piezoelectric harvester
converts electrical energy into mechanical energy and is defined as

k2m “
Eelec

Emech
, (1.6)

where Eelec is the electrical energy in the system and Emech is the mechanical energy in the system. In
a linear PEH, the electromechanical coupling coefficient can also be expressed as

k2m “
α2

KCp
. (1.7)

Nonlinear harvesters do not have a simple constant electromechanical coupling coefficient. In these
cases the expedient electromechanical coupling coefficient can be used in its place [5]. This coefficient
can be taken by linearizing the system at one of its stable positions. This does mean the expedient
electromechanical coupling coefficient only describes energy transfer for small oscillations around the
stable position, making it unsuitable for describing energy conversion of bistable systems in a general
sense. However, in many cases, it is still used as a metric for comparing different configurations.

The derivation and underlying assumptions of the expedient electromechanical coupling coefficient can
be found in Section A.2.
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1.2.3. The Challenges for PEH Circuitry
The previous section discussed how vibrational energy is converted to electrical energy. This section
discusses the intricacies of using this electrical energy to power actual electric devices. The right side
of Figure 1.3 shows an equivalent circuit model of the piezoelectric patch.

This equivalent circuit is based on a current source combined in parallel with a capacitor. This models
the rate of charge buildup on the electrodes of the piezoelectric patch due to changes in stress caused
by the velocity of the mass. Only a part of the current generated in this manner moves through the load
Zl. This is where the first issue becomes apparent, namely that the source impedance is highly capac-
itive. This can result in a significant portion of the alternating current simply charging and discharging
the capacitor Cp, meaning it does not contribute to power transfer to the load Zl.

This type of power is referred to as reactive power, while the power that is dissipated by the load is
referred to as active power. Reactive power is created in this case when the current of the source and
the voltage across the load do not have the same phase. Typically, one would reduce the reactive
power by matching the source impedance to the load impedance. In this circuit example, that would
mean compensating for the capacitive source by making the load more inductive. This is, however,
not a practical solution in most PEH systems. The reason is twofold: Firstly, the inductance needed
varies with different excitation frequencies. This means that, by choosing a constant inductance value,
one would not be able to adapt to changes in ambient vibration frequencies or vibrations that are more
complex than simply one harmonic frequency [6]. Second, the inductance required to counterbalance
the capacitance would need to be impractically large in most cases.

Another important element is the need for the alternating current from the PEH in to be converted into
direct current. This is needed since most devices can not run on an alternating current source.

1.2.4. The Standard Energy Harvesting Circuit
Themost basic method of extracting energy from a PEH is using the Standard Energy Harvesting (SEH)
circuit. The SEH circuit consists of a Full Bridge Rectifier (FBR) followed by a smoothing capacitor. It
is a common circuit in a wide variety of fields that require the conversion from alternating to direct
current. The circuit itself and a qualitative representation of its behavior can be seen in Figure 1.6. Its
functioning can be described in the following way:

1. When the piezoelectric material deforms, it generates a charge on the electrodes. This is modeled
as a current source ip that moves charge into the piezoelectric capacitor Cp, which increases the
voltage vp. As more charge is generated, vp keeps rising.

2. vp rises until it exceeds the voltage after the rectifier, vr (assuming ideal diodes). At this point,
the diodes in the FBR start conducting, and the generated charge flows into both the smoothing
capacitor Cr and the load Zl.

3. As the deformation reaches its maximum, the direction reverses, causing the charge to flow in the
opposite direction. This is reflected by ip changing direction, discharging Cp instead of charging
it.

4. vp continues to drop until it falls below the negative of vr. When this happens, the diodes in the
FBR conduct again, and the charge flows into Cr and Zl once more. This cycle repeats each
time the deformation changes direction.

As explained, the piezoelectric current ip charges and discharges the piezoelectric capacitor Cp. There
is only power transfer to the load when the piezoelectric voltage vp reaches a point where the FBR starts
to conduct. While the SEH circuit does successfully create a direct current source for the load, it has
the reactive power issue as discussed in Section 1.2.3 remains. This reactive power can be seen in
Figure 1.6 as a difference in phase between the piezoelectric current ip and the piezoelectric voltage
vp.
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Figure 1.6: The SEH circuit combined with an illustration of relative waveforms showing the relationships between
displacement (x), piezoelectric current (ip), and piezoelectric voltage (vp) over time (t).

1.2.5. Electrically-Induced Stiffness and Damping
The influence of the extraction circuit on the dynamics of the PEH can be characterized in two factors,
as established by [5], [7], [8]. These factors are the electrically-induced stiffness and the electrically-
induced damping. Electrically-induced stiffness is when the extraction circuitry acts in such a way as to
create additional stiffness in the mechanical domain. An example of this would be simply to keep the
PEH in an open-circuit condition. In this case the voltage on the piezoelectric material is proportional
to the displacement assuming no losses. Since the force caused by the electrical dynamics is also
proportional to the voltage, a direct linear relationship between displacement and force is established.
This relationship resembles mechanical stiffness.

Electrically-induced stiffness can be seen in the electrical domain as reactive power. Subsection 1.2.3
outlines the issues with having reactive power in the harvesting circuit. However, one cannot simply
make the assertion that limiting the amount of reactive power is always the best option. This is because
changing the reactive power changes the electrically induced stiffness, which on its turn can positively
effect the mechanical dynamics. In the case of a linear harvester for example, a change in stiffness
can result in a change of the resonance frequency and thus can drastically impact the harvestable
output power. This means that tweaking the electrically-induced stiffness can be an important part of
maximizing power extracted from a PEH.

Electrically-induced damping occurs when the extraction circuitry acts in such a way as to create addi-
tional damping in the mechanical domain. This happens when the circuitry causes the current from the
piezo element and the voltage across it to be in phase. In this case, power is dissipated in the electrical
domain. This type of power can be used to supply loads and is referred to as active power. Tweaking
the electrically-induced damping is an important part of maximizing the power extracted from a PEH.

Different energy extraction circuits exhibit distinct time-dependent behaviors in terms of electrically-
induced damping and stiffness. The degree of damping and stiffness observable from the mechanical
domain varies dynamically over time. This variation is influenced by two primary factors: the inherent
dynamics of the extraction circuitry and the electromechanical coupling coefficient of the piezoelectric
system. It is important to note the extraction circuit can change the electrically-induced damping and
stiffness only to the degree the electromechanical coupling allows. A stronger electromechanical cou-
pling coefficient means extraction circuit can have more influence on the dynamics of the mechanical
domain, since it can generate greater electrically-induced damping and stiffness [9].

1.3. Problem Statement
In order to broaden the frequency range from which energy can be harvested, nonlinear PEH systems
are becoming increasingly common. However, these nonlinear systems are inherently difficult to use
for the evaluation of energy extraction circuitry. A prominent example of nonlinearity is the bistable
harvester, which is shown in this work to exhibit chaotic behavior even when subjected to identical
mechanical inputs. As a result, evaluating energy extraction circuits using real PEH devices leads to
inconsistent results.
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Currently, most researchers rely on custom-built linear PEH systems for experimental circuit evaluation.
While the linear dynamics alleviate the chaotic behavior, this approach does not align with the broader
trend toward nonlinear harvesters. Additionally, the use of custom PEH devices makes replication of
results nearly impossible unless the materials, fabrication process and input excitation conditions are
exactly duplicated, which is not done in practice.

Another drawback of using custom PEH systems is the lack of flexibility in key parameters. Charac-
teristics such as the piezoelectric capacitance, which strongly influence the relative performance of
energy extraction circuits, cannot be easily adjusted. Exploring different configurations would require
physically rebuilding the harvester for each set of parameters, which is highly impractical.

These limitations motivate the development of a configurable PEH emulator that supports repeatable
and configurable testing of energy extraction circuits under realistic electrical conditions. Such a system
would allow researchers to consistently evaluate circuit performance across a range of PEH character-
istics without being constrained by the behavior of real harvesters.

1.4. State-of-the-Art Overview
Awide range of circuit topologies have been proposed to improve the efficiency of PEH systems. These
include synchronized switch harvesting on inductor and synchronous electric charge extraction circuits,
both of which aim to increase active power transfer by minimizing voltage-current phase mismatch
through techniques such as voltage inversion or charge redirection [10], [11]. Complementary control
strategies such as maximum power point tracking are also used to further optimize extraction under
varying load and excitation conditions [12].

While the design of energy extraction circuits has matured significantly, their experimental evaluation
remains inconsistent. As described in Section 2.4, methods such as external excitation using shakers
[13]–[15] and direct excitation using magnetic or mechanical actuation [16]–[18] are commonly used.
However, both approaches depend heavily on the mechanical and material properties of the specific
PEH device being tested, which introduces significant variability. These challenges are exacerbated
when dealing with nonlinear PEHs, such as bistable harvesters, which may exhibit chaotic or hysteretic
behavior under minor changes in input excitation [19], [20].

The consequence is that energy extraction circuits evaluated on different physical PEHs, or even the
same PEH under slightly different conditions, can yield results that are difficult to reproduce or compare.
At the point of writing, no research appears to have been done regarding how to fully decouple circuit
testing from harvester variability.

In contrast, other energy harvesting domains have adopted emulator-based approaches to address
similar evaluation challenges. In photovoltaics (PV), programmable PV emulators are commonly used
to mimic the current-voltage characteristics of solar cells, enabling controlled, repeatable testing of
power management circuits under a wide range of simulated conditions [21], [22]. Likewise, in thermo-
electric energy harvesting, thermal emulators have been developed to replicate the electrical response
of thermoelectric generators (TEGs) across programmable temperature profiles [23].

These emulator systems allow circuit performance to be evaluated independently of the variability inher-
ent to physical harvesters. They also enable parameter sweeps that would be impractical with physical
devices. However, no equivalent hardware emulator currently exists for PEH systems. As identified
in Section 2.6, this absence represents a critical gap in the current research landscape. The lack of a
configurable, repeatable PEH emulator has limited the ability to benchmark energy extraction circuits
under controlled conditions.

This thesis addresses that gap by presenting a dedicated emulator for piezoelectric energy harvesters,
capable of replicating real PEH output behavior while offering configurability, repeatability, and com-
patibility with the current state-of-the-art energy extraction circuits.
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1.5. Research Objectives and Scope
The primary objective of this thesis is to investigate whether it is feasible to build a hardware emulator
that replicates the electrical output behavior of PEH systems. To the best of the author’s knowledge,
no such emulator has been developed before, despite the widespread use of emulator-based testing
platforms in related energy harvesting domains such as photovoltaics and thermoelectrics. This work
explores the design and realization of a custom emulator architecture which is suitable for PEH system
emulation and identifies the limitations encountered in the practical implementation.

In addition to evaluating feasibility, this thesis aims to design and implement a prototype emulator
capable of supporting repeatable evaluation of energy extraction circuits. Specifically, the emulator
should reproduce PEH-like electrical behavior, offer configurable output impedance, and support high
peak voltages and currents compatible with fast-switching extraction techniques such as SSHI and
SECE.

To demonstrate the usefulness of the emulator, a secondary objective is to validate its output behavior
by comparing it to that of a real PEH device under various operating conditions. This is done by as-
sessing the emulator’s accuracy across different load resistances and excitation amplitudes, as well as
evaluating its suitability for use with nonlinear extraction circuits and representative laboratory equip-
ment.

The scope of this work is limited to the electrical emulation of PEH systems based on pre-recorded
voltage waveforms under open-circuit conditions. Mechanical dynamics and back-coupling effects are
not modeled. The emulator is intended for laboratory use and does not aim to replicate all physical
phenomena present in real piezoelectric materials. Furthermore, impedance matching is implemented
using discrete analog components rather than digitally synthesized models, in order to ensure real-time
responsiveness. This thesis establishes a baseline hardware platform and experimental methodology
that can be extended in future work to support more advanced impedance modeling and improve em-
ulation accuracy.

In summary, the central research question addressed by this thesis is the following: ”Is it technically
feasible to develop a hardware emulator that replicates the electrical behavior of real PEH systems to
support repeatable circuit evaluation?” Rather than optimizing for performance or comparing against
existing solutions, which do not currently exist for piezoelectric energy harvesters, this work seeks to
establish a functioning emulator design baseline and to characterize the practical trade-offs involved in
such systems.

1.6. Thesis Structure
This thesis is structured as follows:

• Chapter 2 reviews energy extraction circuits for PEH systems, experimental evaluation methods,
and the absence of emulator-based testing in current literature.

• Chapter 3 presents the design and implementation of the proposed PEH emulator, including
architectural choices, circuit design, and supporting simulations.

• Chapter 4 experimentally validates both the emulator’s standalone behavior and its ability to
replicate the output of a real PEH system across varying conditions.

• Chapter 5 analyzes emulator performance and limitations, and outlines open questions and future
research opportunities.

• Chapter 6 summarizes the contributions of the work, reflects on its broader impact, and concludes
the thesis.



2
Literature

This chapter expands upon the background provided in chapter 1, specifically addressing the chal-
lenges identified in Section 1.2.3 regarding circuitry for PEH systems. The following sections explore
more advanced circuit solutions and techniques designed to optimize energy extraction across, ad-
dressing the limitations inherent in standard energy harvesting circuits.

Although the main focus of this thesis is on developing a PEH emulator, a substantial part of this
chapter reviews energy extraction circuits. The reason for this is that these circuits ultimately define
the operational context of the emulator: they determine what electrical behavior the emulator must
be able to reproduce and under what conditions it should operate. Understanding the requirements
and challenges of state-of-the-art extraction techniques ensures that the emulator is designed to be
compatible with real-world energy extraction circuits.

Initially, the concept of Synchronized Switch Harvesting on Inductor (SSHI) is examined, detailing its
operating principles, advantages in maximizing output power, and practical limitations. This technique
notably enhances performance by improving voltage-current phase alignment through strategic voltage
inversion, although it introduces increased complexity and reliance on inductors. Complementary to
SSHI, the discussion then introduces Synchronous Electric Charge Extraction (SECE) circuits, high-
lighting their reduced load dependency and decreased design complexity compared to SSHI-based
solutions.

Additionally, this chapter explores critical considerations in implementing switch control mechanisms,
emphasizing the challenges associated with achieving self-starting operation and reliable switching.
Both analog and digital solutions are analyzed, with particular emphasis on self-powered electronic
breakers that enable autonomous switching.

Further, this chapter addresses methods for evaluating the performance of PEH circuits through ex-
perimental testing. It reviews current practices involving external and direct excitation methods and
underscores inherent difficulties, particularly with nonlinear harvesters exhibiting chaotic dynamics and
hysteresis. The difficulties in experimental evaluation of energy extraction circuits using PEH systems
is contrasted with solutions for tackling this difficulty employed in photovoltaic and thermoelectric energy
harvesting domains.

The chapter concludes by identifying key gaps in current literature, particularly the absence of a stan-
dardized emulator capable of accurately replicating the electrical characteristics of PEH systems for
consistent, repeatable testing of extraction circuits. This identified gap establishes the motivation for
developing the piezoelectric emulator, the central focus of subsequent chapters.

2.1. Synchronized Switch Harvesting on Inductor
Originally energy extraction from PEH was mainly done using the SEH circuit as discussed in Sec-
tion 1.2.4. The next sections explore the first circuits aiming to improve the energy extraction perfor-
mance compared to SEH circuits.

10
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Figure 2.1: The P-SSHI circuit combined with an illustration of relative waveforms showing the relationships between
displacement (x), piezoelectric current (ip), piezoelectric voltage (vp), and the state of the switch (S) over time (t).

2.1.1. The Workings of Synchronized Switch Harvesting on Inductor
In a search for methods to increase the overall output power Guyomar et al. proposed a novel power
flow optimization technique, which is called Parallel Synchronized Switch Harvesting on Inductor (P-
SSHI) [24]. The proposed technique relies on an electrical switch device connected to the piezoelectric
element in combination with an inductor. The circuit itself and a qualitative representation its behavior
can be seen in Figure 2.1. Its functioning can be described in the following way:

1. Initially, the piezoelectric capacitor Cp is charged to a voltage vr. As mechanical deformation of
the PEH occurs, charge flows directly from Cp to the smoothing capacitor Cr and the load Zl,
while the switch S remains closed.

2. When the displacement direction reverses and the piezoelectric current ip changes polarity, the
piezoelectric voltage vp reaches its peak and begins to decrease. At this instant, the switch S is
opened.

3. Upon opening the switch, charge stored in Cp begins to flow through the inductor L, transferring
charge from one electrode of Cp to the other. The the movement of charge through the inductor
creates a magnetic potential energy due to the formation of a changing magnetic field. This
energy reaches its maximum when vp reaches zero volts.

4. The stored magnetic potential energy in the inductor is then converted back into electrical energy,
resulting in additional extraction of charge from Cp. This means a further decrease in vp, which
now transitions from zero volts to a negative potential approaching ´vr.

5. Once all stored magnetic energy has been depleted the charge transfer is complete and no further
current flows through the inductor. At this point, the switch opens, and the process repeats with
opposite polarities during the next half-cycle of mechanical excitation.

A similar technique, called Series Synchronized Switch Harvesting (S-SSHI), has also been proposed
by Taylor et al. [25]. This technique relies on the series connection of the switch and inductor rather
than the parallel connection in P-SSHI. The circuit itself and a qualitative representation of its behavior
can be seen in Figure 2.2. Its functioning can be described in the following way:

1. Initially, charge accumulates on the piezoelectric capacitor Cp, increasing the voltage vp. As more
charge is generated, vp continues to rise. The switch S remains open during this phase.

2. When the displacement direction reverses and the piezoelectric current ip changes polarity, the
voltage vp reaches its peak and begins to decrease. At this instant, the switch S is closed to
initiate voltage inversion.

3. Once the switch closes, charge starts flowing out ofCp through the inductor L and into the smooth-
ing capacitor Cr and the load Zl. The charge movement through the inductor generates a chang-
ing magnetic field, storing energy in the inductor as magnetic potential energy. This energy is
maximized when vp reaches the potential vr.

4. The stored magnetic potential energy in the inductor is then converted back into electrical energy,
extracting additional charge from Cp. This further reduces the piezoelectric voltage vp below vr.
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Figure 2.2: The S-SSHI circuit combined with an illustration of relative waveforms showing the relationships between
displacement (x), piezoelectric current (ip), piezoelectric voltage (vp), and the state of the switch (S) over time (t).

5. When the charge transfer is complete and all magnetic potential energy in the inductor is depleted,
no more current flows through the switch. At this point, the switch opens, and the process repeats
in the opposite polarity during the next half-cycle of mechanical excitation.

2.1.2. The Advantages of Synchronized Switch Harvesting
SSHI enhances energy extraction efficiency by inverting the voltage across the piezoelectric element
when the piezoelectric current changes direction. The inverting of voltage in this manner is referred to
as bias flip. This process improves the phase alignment between voltage and current, thereby minimiz-
ing reactive power losses. The reduction in reactive power increases the proportion of active power
transferred to the load. SSHI-based techniques have demonstrated power extraction improvements of
over 900% compared to the SEH circuit [24]. This enhancement is most notable in PEH systems with
a low electromechanical coupling factor. As the coupling factor increases, the performance difference
between SSHI and SEH diminishes [26].

2.1.3. The Disadvantages of Synchronized Switch Harvesting
One of the main drawbacks of using the SSHI technique is the need for an inductor, which can in-
crease cost and the amount of space required [27]. Recent developments have aimed at minimizing
the increase in cost and space requirements by performing bias flip using a set of capacitors instead of
inductors. This technique is referred to as synchronized switch harvesting on capacitors (SSHC) [28].
One of the drawbacks of this technique is the increase in circuit complexity.
Another drawback with SSHI-based techniques is the dependence of power transfer on the load Zl

[29]. Different SSHI configurations exhibit distinct optimal load resistances, which must be matched
carefully to achieve maximum power transfer. For instance, comparative studies have shown that P-
SSHI circuits typically reach peak output power at significantly higher load resistances than S-SSHI
circuits. One such study reported optimal resistances in the range of 20 kΩ for P-SSHI and around 2
kΩ for S-SSHI [30]. The exact optimal load values do not only depend on the type of SSHI circuit used
but also on the specific PEH implementation and the excitation conditions.

2.1.4. Maximum Power Point Tracking
Since tweaking the load for optimal power transfer is impractical in most applications, often a separate
circuit is used to create the optimal load conditions for the SSHI circuit. This type of circuit is known as
a Maximum Power Point Tracking (MPPT) circuit. The next sections discuss the three main types of
MPPT used.

Perturb-and-Observe
The Perturb-and-Observe (P&O)MPPTmethod operates bymaking adjustments to the load impedance
and observing the resulting change in harvested power. If the power increases, the adjustment contin-
ues in the same direction; if power decreases, the adjustment is reversed. By doing this repeatedly the
system is able to converge toward the maximum power point over time. However, it introduces oscilla-
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tions around the optimal point and can be slow to adapt to rapidly changing environmental conditions
[31]. Another drawback of this method is the computational overhead. Since it requires continuous
power measurements and iterative adjustments, it consumes additional energy, making it less suitable
for applications with limited power availability [12].

Fractional Open Circuit Voltage
The Fractional Open-Circuit Voltage (FOCV)MPPTmethod [32] estimates the optimal operating voltage
as a fixed fraction of the open-circuit voltage (VOC ). Using this simple fractional relationship can allow
for a power-efficient way to approximate the maximum power point. The disadvantage of this method
is that, in order to measure VOC , the circuit must periodically disconnects the PEH from the load. This
interrupts power delivery and thus reduces overall energy transfer.

Fractional Normal Operating Voltage
The Fractional Normal Operating Voltage (FNOV) MPPT method [33] improves upon FOCV by esti-
mating the maximum power point voltage as a fraction of the normal operating voltage rather than the
open-circuit voltage. This approach eliminates the need to periodically disconnect the harvester, allow-
ing for continuous power transfer. This technique can only be applied on extraction circuit methods
where the open-circuit voltage can be estimated based on the voltage levels on the piezoelectric ca-
pacitor during operation of the extraction circuitry. This is the case for S-SSHI since it disconnected
from the load most of the time, but this is not the case for P-SSHI since the voltage on its piezoelectric
capacitor is clamped by the voltage on the load. This means this technique is only usable for specific
energy extraction circuit topologies while both P&O and FOCV do not have this limitation.

2.2. SECE
Another method used to extract more power out of PEH systems is by using the Synchronous Electric
Charge Extraction (SECE) circuits [11]. The main difference between SECE and SSHI is their respec-
tive load dependence. The output power of SECE circuits is significantly less dependent on the load
compared to SSHI. This lessens the need for combining SECE with an MPPT circuit to get maximum
output power thus decreasing design complexity. The circuit itself and a qualitative representation its
behavior can be seen in Figure 2.3. This figure contains two versions of the classical SECE circuit
as well as the Optimized Synchronous Electric Charge Extraction (OSECE) circuit which requires one
less diode in the power path reducing losses [34]. The functioning of SECE is largely similar to that
of S-SSHI with the difference being the energy transfer from the PEH to the inductor or transformer
happens by moving charge from one plate of the piezoelectric capacitor to the other instead of moving
charge directly into the load.

2.3. Switch Control in Energy Extraction Circuits
In order to realize the previously discussed energy extraction circuit the switches featured in the designs
need to be implemented and controlled to switch at the right time. This is a complex issue since
the control mechanism of the switch is needed for the circuit to harvest energy but at the same time
harvested energy is required for the system to operate its switch control mechanism. This is knows as
the self-start problem. This section discussed different switch implementations as well as how they are
controlled and how they tackle the self-start problem.

2.3.1. Start-Up Circuits and Digital Switch Control
One potential solution to the self-start problem is using start-up circuits. An example of such circuit can
be seen in [10] where a separate piezoelectric patch is added inside the PEH and attached an SEH
circuit. The SEH circuit does not rely on any switching based control and is implemented purely with
passive components, making the ideal startup circuit. The energy from the startup circuitry can be used
to power a switching based energy extraction circuit connected to the main piezoelectric patch in the
PEH.
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Figure 2.3: Three differing SECE circuits combined with an illustration of relative waveforms showing the relationships
between displacement (x), piezoelectric current (ip), piezoelectric voltage (vp), and the state of the switch (S) over time (t).

Start-up circuits are required for energy extraction circuits that have their switch controlled via a digital
control system such as a Micro controller Unit (MCU). Though the use of MCUs for switch control
allows for complete freedom in terms of control algorithms, it often comes at the cost of increased
power consumption. In the example given by [10] the control circuitry dissipated 328.8µW which would
make it infeasible for many PEH systems.

2.3.2. Envelope Detection and Analog Switch Control
A widely adopted implementation for handling both switch timing and self-starting issues is the self-
powered electronic breaker [35]. The block diagram illustrating the circuit’s operation along with the
circuit itself is shown in Figure 2.4.

In this circuit, the components R3, D3, and C form the envelope detector. As the input voltage vp
increases, the voltage across C rises. During this phase, the base voltage of transistor T2 remains
higher than its emitter voltage, resulting in a non-conducting state for T2. Consequently, transistor T1

also remains non-conducting. This condition persists until the input voltage vp begins to decline. As
vp decreases, the voltage across C retains its previous value until the potential difference between
the base and emitter of T2 exceeds the threshold voltage. At this point, T2 enters its conducting state,
allowing the charge accumulated onC to discharge throughD2, T2,R1, and T1. At this point both T1 and
T2 are in their conducting modes and the switch is considered open. This process is interrupted when
the current through D1 ceases, causing D1 to stop conducting. The envelope detector’s input can be
filtered using the combination ofR3 and C. Additionally, R1 andR2 serve to limit bias currents, although
they are often omitted in more recent designs [36]. Various modifications of this circuit topology exist,
with each implementation differing slightly compared to the original.
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Figure 2.4: The positive switching variant of the electronic breaker [37].

Figure 2.4 shows only the breaker design meant to work on positive input voltage peak detection and
switching, though this design can altered to work for negative input voltage peak detection and switching
as well. In many cases switching at both positive and negative peaks is required. Figure 2.5 shows an
example implementation of a slightly altered breaker implementation in an implementation of P-SSHI.
Note that this breaker design can be used in a wide variety of energy extraction circuits including the
ones mentioned earlier [26].

2.4. Evaluating Energy Extraction Circuit Performance
Typically new energy extraction circuitry is evaluated using a mix analytical methods, simulation and ex-
perimental testing. This section discusses themethods for experimental evaluation of energy extraction
circuits.

2.4.1. Experimental Testing For Energy Extraction Circuits
This section explains the three main methods currently in use for experimental validation of energy
extraction circuitry.

External Excitation Testing
A widely adopted approach for evaluating energy extraction circuitry involves subjecting a PEH to con-
trolled vibrations, thereby generating an electrical output suitable for circuit testing. This method can be
conceptualized as the manipulation of the external excitation (y), as illustrated in Figure 1.3. The way
this is typically achieved is by mounting the base of the PEH onto an electrodynamic shaker [13]–[15].

Figure 2.5: A P-SSHI circuit implemented using the electronic breaker [6].
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Such a setup provides precise control over the input vibrations, enabling the replication of real-world
mechanical excitation conditions.

However, employing external excitation to assess energy extraction circuits introduces a dependency
on the dynamic mechanical characteristics of the specific PEH used. As a result, the measured per-
formance of the energy extraction circuitry is influenced not only by the circuit itself but also by the
particular PEH’s mechanical behavior. Since different studies often utilize different PEH designs and
configurations, direct comparison of circuit performance becomes challenging. Furthermore, in scenar-
ios where the PEH exhibits strong nonlinear dynamics, its responsemay be chaotic in certain conditions,
complicating comparisons even when the same harvester is used across multiple experiments. A more
detailed discussion of this issue is presented in Section 2.5.

Direct Excitation Testing
Direct excitation, in contrast to external excitation that vibrates the base of the PEH, involves directly
controlling the internal movement of the mass within the PEH. This method can be conceptualized as
the direct manipulation of the mass displacement (x), as illustrated in Figure 1.3.

There are several techniques to achieve direct excitation. One commonly employed method is electro-
magnetic actuation, wherein a magnetic field generated by a coil is used to move a magnet attached
to the internal mass [16], [17]. While this approach is relatively straightforward to implement, it offers
limited precision compared to mechanisms that allow for direct mechanical actuation of the mass [18],
[38].

Although direct excitation enables repeatable and controlled testing of energy extraction circuits, the
limited availability and standardization of PEH devices used in such setups hinders the broader com-
parability of results across different research groups. This makes it difficult to benchmarking energy
extraction circuits against each other using a consistent experimental framework.

2.4.2. Experimental Testing for Energy Extraction Circuits in Different Fields
The difficulty in comparing different energy extraction circuits is by no means exclusively an issue in
piezoelectric vibration energy harvesting. That being said other energy harvesting related fields do have
solutions for this issue. An example solution for this issue in the context of Photovoltaic (PV) energy
harvesters would be making use of an emulator [21], [22]. The PV emulator is a nonlinear power
supply capable of producing the current-voltage (I-V) characteristic of the PV module. It does this by
measuring the I-V characteristics of a PV source, saving the characteristics to memory and emulating
them as an energy source. This allows for repeatable testing conditions that are not dependent on the
characteristics of the PV harvester.

Similarly, in the field of thermoelectric energy harvesting, thermal emulators have been developed to
mimic the electrical output characteristics of thermoelectric generators (TEGs) exposed to different
temperature gradients. These emulators are capable of producing programmable temperature pro-
files across a TEG module, enabling precise and repeatable experimental conditions [23]. This allows
researchers to decouple extraction circuit performance from the physical thermal behavior of the TEG.

The use of emulators in various energy harvesting domains offers a promising approach to enhance the
consistency and reproducibility of experimental evaluations, both within individual studies and across
different research groups. In the field of piezoelectric energy harvesting, the development of com-
parable emulator systems to those in other energy harvesting fields could yield similar advantages if
successfully implemented.

2.5. Bistable Harvester Dynamics
Building upon the discussion in Section 1.2.2, this section explores the dynamic behavior of energy
harvesters with nonlinear stiffness, with particular emphasis on chaotic motion and hysteresis. In order
to illustrate these phenomena, the bistable configuration is chosen as an example of a harvester with
nonlinear dynamics.
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Figure 2.6: The output voltages of an example bistable system when changing the excitation frequency as shown in [19]. Here
figure a shows an upward sweep and figure b shows a downward sweep.

One example of such behavior can be seen in the experimental work by Yao et al. [19]. The results,
shown in Figure 2.7, include time-domain waveforms and phase portraits for different excitation fre-
quencies. These plots show how the system transitions between periodic and chaotic motion with only
small changes in frequency, highlighting the system’s sensitivity to input conditions.

Further evidence of this complex behavior is shown in Figure 2.6, which presents the frequency re-
sponse of the same system. The figure clearly demonstrates hysteresis: the output at a given input
frequency depends not only on that frequency but also on the system’s previous state. As a result,
the harvester does not produce a consistent output for the same input frequency, which makes both
analysis and comparison more challenging.

Similar hysteresis has also been observed when varying excitation amplitude. For example, Stanton
et al. [20] reported results showing hysteretic behavior when adjusting the excitation acceleration,
showing that this effect is a common feature of bistable harvester dynamics.

All of the results discussed were obtained using single-frequency excitation while the PEH was con-
nected to a simple resistive load. Introducing additional nonlinearity such as through the use of energy
extraction circuits like the previously discussed SSHI or SECE methods may further increase the com-
plexity and unpredictability of the harvester’s response. Similarly, replacing the single-frequency input
with multi-modal or broadband excitation signals better reflecting real operating conditions of harvesters
could lead to even more irregular and less predictable behavior. As a result, conducting repeatable and
reliable evaluations of energy extraction circuits using nonlinear harvesters presents a significant chal-
lenge.
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Figure 2.7: The motion patterns of an example bistable harvester in terms of the waveforms and phase portraits for a constant
external excitation amplitude and for different external excitation frequencies as shown in [19]. The titles above the plots

indicates the type of motion.
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2.6. Summary and Identified Gaps
This section summarizes the main findings from the literature and outlines the key gaps that motivated
the development of the PEH emulator.

As outlined in Sections 2.1–2.3, a variety of methods have been proposed to enhance the energy ex-
tracted from PEH systems. These typically involve nonlinear interface circuits that use timed switching
of inductors to reduce the phase difference between the piezoelectric voltage and current, thereby
increasing the amount of active power transferred to the load.

Section 2.4 reviewed the experimental approaches used to evaluate such energy extraction circuits and
highlighted the difficulties in comparing results across studies due to variations in PEH systems. Fur-
ther challenges were illustrated in Section 2.5, where even the use of the same harvester, particularly
one with bistable dynamics, can result in inconsistent electrical output behavior due to the system’s
sensitivity to small variations in excitation and its hysteretic behavior. These nonlinear effects make it
difficult to perform repeatable evaluations of energy extraction circuits using actual PEH devices.

In contrast, as discussed in Section 2.4.2, other energy harvesting domains such as photovoltaics and
thermoelectrics have addressed similar challenges by developing emulators that replicate the electrical
behavior of their respective harvesters. These emulators allow for consistent and repeatable testing
of energy extraction circuits, independent of the physical harvester’s behavior. At present, no equiva-
lent solution appears to exist for piezoelectric harvesters. This gap in the literature has motivated the
development of the PEH emulator, which is introduced and explored in the following chapters.



3
PEH Emulator Design

This chapter outlines the full design process of the PEH emulator, from the initial formulation of func-
tional and technical requirements through to circuit-level implementation and prototype realization. The
objective is to construct a hardware system that can replicate the electrical behavior of real PEH sys-
tems with build in repeatability, and configurability. Key design decisions are motivated by the need
to accurately reproduce voltage and current profiles under a wide range of load and excitation con-
ditions while maintaining compatibility with typical laboratory infrastructure. The chapter first defines
the system-level requirements and constraints, followed by a discussion of the underlying architecture.
The implementation details are then presented, covering both the internal analog circuitry and support-
ing instrumentation. Finally, simulations and physical prototyping are used to validate that the system
meets its performance targets and is ready for experimental evaluation.

3.1. Emulator Requirements and Specifications
This section defines the operational expectations and design constraints that the emulator must meet
to replicate the electrical behavior of real PEH systems. The functional requirements outline the ca-
pabilities the system must provide to ensure accurate and reliable energy extraction circuit evaluation.
These are then translated into technical specifications, which serve as a foundation for subsequent
design and implementation decisions.

3.1.1. Functional Requirements
The piezoelectric emulator must accurately replicate the electrical behavior of real PEH systems. To
achieve this, the following functional characteristics have been identified as essential:

• Accurate Emulation of PEHElectrical Characteristics: The emulator should reproduce voltage
and current profiles consistent with actual piezoelectric harvesters across the intended frequency
bandwidth, including both linear and nonlinear operational regimes.

• Adaptability to Various PEH Systems: The systemmust support the changing of critical system
parameters such as the piezoelectric capacitance Cp to better emulate different types of PEH
harvester implementations.

• Wide Frequency Range Operation: The emulator needs to operate effectively across a broad
frequency spectrum, thus accommodating typical operational conditions of various PEH systems.

• Real-Time Responsiveness: Rapid and accurate response to changes in emulation parameters
and circuit loading conditions is required. The emulator should dynamically respond in real-time
to ensure representative emulation of transient behaviors.

• Measurement and Data Acquisition: The system should allow for measurement capabilities
including real-time voltage, current, and power monitoring.

20
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• Reliability and Repeatability: The emulator should provide highly repeatable and stable test
conditions to facilitate comparative analyses across multiple experimental trials and circuit con-
figurations.

• Ease of incorporation in existing lab setups: The emulator could require additional equipment
to operate with the caveat being that this additional equipment should be commonly found in most
electronic labs (e.g., power supplies, waveform generators, current and voltage measurement
equipment).

3.1.2. Technical Specifications
Based on the functional requirements previously defined, the piezoelectric emulator (PE) must fulfill
the following technical specifications:

• Voltage Output Range: The emulator shall provide a voltage output ranging from 0V up to at
least˘25V peak-to-peak in open circuit condition. ˘25V peak-to-peak strikes a balance between
the high voltages some PEH systems are able to produce and the limitations of analog front ends
combined with the typical 30V limit of lab power supplies.

• Current Capability: The system must be able to source and sink currents of up to 3A. This
requirement arises from the behavior of certain energy extraction circuits, such as SSHI and
SECE, which can draw high peak currents when switching their inductors. This is particularly true
for implementations that use lower inductance values to save space, or piezoelectric patches with
relatively high capacitance. Based on values observed in the literature, the worst-case scenario
assumes a capacitance (C) of 1 µF and an inductance (L) of 100µH. Under these conditions,
a peak current (Ipeak) of 3A corresponds to a maximum capacitor voltage (VC) calculated as
VC “ Ipeak{

a

C{L, which yields 30V. This value aligns with the voltage requirement discussed
earlier.

• Frequency Bandwidth: The emulator should operate reliably within a frequency range of at least
1Hz to 1000Hz, covering the majority of practical piezoelectric harvester applications as outlined
in the frequency of potential sources of vibration as covered in [39].

• Input and Output Interfaces: An analog output is required for interfacing with external energy
extraction circuitry. Additionally outputs should be available for measuring output current and
voltage.

• Output loading: Capacitive loading, for example by attaching long cables to the output, should
not cause instability of the emulator output. The worst-case capacitive load is considered to be
1 nF.

• Thermal Management: The design should incorporate adequate thermal management to ensure
reliable performance without overheating, under continuous operation within room temperature
(24 °C) environments.

• Physical Dimensions: The emulator design should fit within standard laboratory equipment di-
mensions for ease of integration into existing test setups.

3.2. Back Coupling Effects of Electrical Loading
A typical emulator relies on a model to predict how input parameters, such as the mechanical excita-
tion applied to the PEH, influence electrical outputs like voltage and current. However, as previously
discussed in Section 1.2.5, the interaction between the PEH and the electrical load is inherently bidi-
rectional. This means the dynamics of the PEH influence the behavior of the load, and simultaneously,
the dynamics of the load influence the mechanical behavior of the PEH.

Implementing a model that accurately captures this interaction poses two main challenges. First, the
nonlinear dynamics involved in PEH systems are complex and chaotic. These systems are highly
sensitive to minor variations in both external excitations and internal system parameters. Modeling
these nonlinearities accurately would significantly increase the complexity of the emulator. Second,
and more importantly, precisely emulating the nonlinear and hysteretic dynamics of a real PEH system
would inherently replicate the very issue that the emulator aims to resolve, namely the difficulty in
creating reproducible and consistent test conditions. Consequently, the piezoelectric emulator does
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not take into account the effects of the electrical domain on the mechanical domain (back-coupling
effects).

By making this design choice, no modeling is required, and the emulator can simply replay output sig-
nals from existing PEH systems without taking into account how the load characteristics might influence
the PEH dynamics. For systems in which the back-coupling effects are minimal (such as systems with
low electromechanical coupling factors), evaluations using the emulator could fully replace traditional
testing with actual PEH devices, ensuring consistent and replicable conditions. Conversely, for systems
where back-coupling effects are significant, the emulator can still provide value. It allows researchers
to conduct repeatable and directly comparable tests across various energy extraction circuits. These
emulator-based results can then be complemented by additional evaluations using an actual PEH de-
vice to quantify the back-coupling effects of electrical loading. Analyzing the differences between the
emulator-based results and the real PEH test results can offer deeper insights into the specific contri-
butions of back-coupling effects. This is an experimental result that would be challenging to get without
the emulator. This result could then be used to get more insight into whether the PEH is effectively
converting its mechanical energy into electrical energy.

3.3. Proposed Conceptual Architecture
This section outlines the proposed architecture for the PEH emulator and describes the context in which
it operates. Figure 3.1 illustrates the working principle of the emulator.

The PEH being emulated is excited by a vibration source, which influences the displacement of the
PEH y. This displacement causes charge to build up in the piezoelectric element, represented by the
piezoelectric current ip, which results in a voltage potential vp across the piezoelectric capacitance Cp.
This voltage is measured under open-circuit conditions and the corresponding waveform is recorded.

The recorded voltage waveform is then replayed using an arbitrary waveform generator (AWG), which
serves as the input to the PEH emulator. The emulator itself functions as a voltage-controlled voltage
source (VCVS) with an output impedance matched to that of the actual piezo element. This source
generates an output voltage equivalent to the measured vp, assuming βvin “ vp. Given the source
impedance and voltages are the same as those in the piezoelectric patch, the output of the PEH emu-
lator should replicate the behavior of the real PEH.

While the architecture in Figure 3.1 includes a dedicated VCVS within the emulator, it is natural to
question whether this component is strictly necessary. One might consider omitting the VCVS and
using the AWG directly to emulate the PEH, simply by driving a matched output impedance equivalent
to the piezoelectric capacitance Cp. However, there are three primary reasons for introducing this
intermediate stage.

Firstly, most commercially available AWGs are limited in their output voltage range. Typical maximum
output amplitudes lie between ˘5V and ˘12V, which is insufficient to meet the emulator’s target spec-
ification of up to ˘25V. This is also why gain factor β for vin is needed. Secondly, the current drive
capabilities of standard AWGs are inadequate for the intended application. While high-end instruments
may deliver output currents in the range hundreds of milliamperes, the PEH emulator is required to both
source and sink currents up to 3A. Thus, relying solely on the AWG would not satisfy the voltage and
current performance requirements.

Finally, although not a critical flaw, the use of an earth-referenced signal by most AWGs introduces a
practical complication. Most AWGs produce an earth referenced output signal. Measurement equip-
ment (such as most oscilloscopes) are also commonly earth-referenced. This means any attempt to
perform measurements after a full-bridge rectifier could result in a direct short, as illustrated by the red
path in Figure 3.2. This scenario would necessitate the use of differential measurement techniques
for all analysis after the full bridge rectifier, including evaluations of potential wireless sensor node cir-
cuits connected to the emulator. Although differential measurements are feasible, avoiding the need
for them would be preferable. Therefore, the choice was made to implement a floating output for the
emulator.
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Figure 3.1: The general architecture of the PEH emulator placed in the context of the proposed lab setup.

Figure 3.2: The potential issues of using an earth referenced AWG to directly while performing measurements with earth
referenced measurement equipment. The red line indicates the path of the short circuit created.

3.4. Detailed System Design
This section describes the implementation of the system outlined in Section 3.3.

3.4.1. Digital or Analog Based Emulation
As illustrated in Figure 3.1, the PEH emulator must ultimately convert digital measurements of the
output voltage into an analog signal that emulates the physical behavior of a real PEH system. An
important design decision in this context is determining the domain in which to model the emulator’s
output impedance, denoted as Cp. The choice is between modeling in the analog or digital domain.
Modeling in the analog domain refers to the use of discrete physical components, such as capacitors,
to replicateCp. Conversely, a digital approach involves algorithmically defining the behavior ofCp within
the control loop and generating the corresponding analog output through digital-to-analog conversion.

Modeling the impedance digitally offers several advantages, primarily in terms of precision and flexibility.
Digital control allows for exact specification of the effective capacitance Cp, including nonlinear charac-
teristics such as DC-bias, wherein the capacitance value changes with the applied voltage. Replicating
such voltage-dependent behavior using discrete analog components is challenging. These types of ef-
fects are explored in further detail in Section 4.3.
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Figure 3.3: The comparison setup used between an ideal capacitor and a proposed digital model of a capacitor. The digital
model controls vp beased on the output current ip measured with delay ∆ϵ.

However, the digital modeling approach also introduces notable drawbacks. To highlight these limita-
tions, we first consider the idealized case in which the impedance is represented purely as a linear
capacitor. A digitally emulated capacitor, in this context, measures the output current and updates its
output voltage in accordance with the fundamental capacitor relationship. The challenge lies in the
inherent latency of digital systems. Many energy extraction techniques, such as P-SSHI, involve rapid
voltage transitions across the output impedance. The emulator must respond to these rapid changes
with high precision in order to accurately emulate the PEH system.

Figure 3.3 illustrates the setup used to compare an ideal analog capacitor with its digitally modeled
counterpart. Both configurations are subjected to the same conditions, with the key differences being
the digital system’s sampling interval ∆t and its measurement delay ∆ϵ. As shown in Figure 3.4, even
a small measurement delay ∆ϵ results in a substantial overestimation of the flipped voltage magnitude
vp. To preserve accuracy in emulating the true capacitor behavior, it is essential that the total delay ∆ϵ
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remains much smaller than the oscillation period of the LC circuit, given by 2π
a

L ¨ Cp.

For example, a measurement delay of just 100 ns results in a deviation of approximately 0.545V in the
flipped voltage. This illustrates the significant impact that even minor delays can have. Consequently,
designing a digital system to emulate capacitive impedance with sufficient accuracy presents a major
challenge. Without extremely low-latency sensing and control, the emulator may introduce substantial
inaccuracies, undermining its effectiveness in mimicking real PEH behavior. For this reason the choice
was made to model the output impedance in the analog domain.

3.4.2. Circuit Implementation
This section elaborates on the practical realization of the conceptual PEH emulator architecture pre-
sented in Figure 3.1. The core of the circuit implementation is illustrated in Figure 3.5.

From the input side, resistors R1 and R2 are used to limit the build-up of excessive common-mode
voltage relative to ground. Series resistors R3 and R4 act as current-limiting elements to safeguard
under potential fault conditions and are part of the filter network. The input path includes switches S1

and S2, which allow for the selection between AC- and DC-coupling. When AC-coupling is selected,
the signal path incorporates both low-pass and high-pass filters to suppress unnecessary noise.

The conditioned differential signal is subsequently processed by an instrumentation amplifier, U1, which
provides a gain referenced to ground. This stage ensures a high common-mode rejection ratio. The
gain of this stage can be configured by selecting an appropriate resistor R7.

The output of U1 is then fed into an inverting power amplifier, U2, which serves to deliver the required
output voltage and current levels as dictated by the emulator’s design specifications. This amplifier
stage increases signal amplitude and acts as a voltage buffer with high output current drive capability.
To ensure the stability of this buffer stage a compensation network comprising R9 and C6 is introduced.
This network serves to improve the phase margin and suppress undesirable peaking or oscillatory
behavior. This is explained further in Section 3.5.2. Additionally, R10 and C7 define the frequency-
dependent gain characteristics of the inverting amplifier through their inclusion in the feedback path.
Protection diodes D1 and D2 are placed at the amplifier output to clamp the voltage swing within safe
limits, thereby protecting output of the inverting amplifier.

The resulting output forms the effective VCVS output of the emulator. After this output impedance
matching is still required to mimic PEH behavior. Impedance matching is achieved through the config-
urable elements Cp and Rp, which are mounted on sockets to allow easy replacement or tuning. This
modular approach enables the emulator to accurately replicate a wide range of PEH characteristics by
adapting its output impedance to that of the target piezoelectric element.

3.4.3. Component Selection
This section details the component values and their corresponding roles within the circuit implementa-
tion shown in Figure 3.5.

Coupling Selection and Filtering
The configuration of switches S1 and S2 determines whether the input path operates in AC- or DC-
coupling mode, thereby activating different parts of the filter network.

When configured for AC-coupling, the components R3, R4, C1, C2, and C3 collectively form a filter that
simultaneously attenuates high-frequency content in both the differential and common-mode portions
of the input signal. The low-pass cutoff frequency for differential-mode signals is defined as

fLP DIFF “
1

2πR3p2C2 ` C1q
, (3.1)

assuming symmetrical component values, specificallyC1 “ C3 andR3 “ R4, to ensure balanced signal
processing across both input lines. To minimize the degradation of the common-mode rejection ratio
(CMRR) caused by mismatches in the filter network, it is advisable to select C2 to be at least an order
of magnitude greater than C1 (i.e., C2 ě 10C1), as recommended in [40]. The corresponding low-pass
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Figure 3.5: The core of the circuit implementation of PEH emulator.

cutoff frequency for common-mode signals is given by

fLP CM “
1

2πR3C1
, (3.2)

again under the assumption that C1 “ C3 and R3 “ R4, ensuring that both legs of the differential signal
experience identical common-mode attenuation. Following the low-pass filter stage, a high-pass filter
may be formed using components R5, R6, C4, and C5. The cutoff frequency for the common-mode
high-pass filter is defined as

fHP CM “
1

2πR5C4
. (3.3)

Symmetry in this case is again essential, with C4 “ C5 and R5 “ R6, to ensure equivalent filtering
across both differential inputs. This configuration helps suppress DC offset components that could
affect amplifier performance.

When the emulator is operated in DC-coupling mode, resistors R1 and R2 become important. These
high-value resistors are introduced to prevent the accumulation of excessive common-mode voltage
with respect to the circuit ground. In cases where the input is left floating or unconnected, they define
a default bias point near 0V at the amplifier’s input. Their high resistance is critical, as the input stage
is likely earth-referenced while the output of the emulator must remain floating. By limiting the current
path between earth-referenced and floating domains, these resistors mitigate the risk of affecting DUTs
that are themselves referenced to earth, as illustrated in Figure 3.2.

Differential Amplification
Following the input filtering stage, the conditioned differential signal is amplified and referenced to
ground using an instrumentation amplifier U1. In this design, the AD8421 instrumentation amplifier is
employed [40]. In general, instrumentation amplifiers have good CMRR, which allows it to effectively
suppress common-mode noise and pass only the true differential component of the signal .

The gain of the instrumentation amplifier, denoted as GINA, is set by an external gain resistor R7. The
relationship between the desired gain and the resistor value is given by

R7 “
9.9 kΩ

GINA ´ 1
. (3.4)

As is typical for instrumentation amplifiers, the AD8421 operates within supply voltage limits that do
not support input voltages exceeding ±18V. To accommodate this constraint, a dedicated ±15V supply
rail was derived from the main ±30V power input. This lower-voltage rail exclusively powers the instru-
mentation amplifier stage, while the higher ±30V supply is reserved for the buffer amplifier stage that
follows.
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Signal Buffering and Protection
After the differential amplification stage, the signal is routed to an inverting buffer amplifier responsible
for delivering the required voltage and current levels. This stage is implemented using the OPA544
[41], denoted U2, and is configured for both signal amplification and output protection.

The core of this stage is a standard inverting amplifier topology, composed of input resistor R8 and a
feedback network consisting of resistor R10 and capacitor C7. The voltage gain of this amplifier stage,
GBUF , is determined by the ratio of these two resistors and is given by

GBUF “ ´
R10

R8
. (3.5)

The negative sign indicates phase inversion, which is acceptable within the overall emulator chain given
that the previous stage is implemented in such a way that it also inverts the signal.

To ensure stability across a wide range of load conditions, a compensation network comprising resistor
R9 and capacitor C6 is included. This network forms a low-pass filter at the inverting input of the
amplifier and serves to enhance phase margin, reduce bandwidth-induced gain peaking, and suppress
high-frequency oscillations. The cutoff frequency of this compensation filter is defined by

fCOMP “
1

2πR9C6
. (3.6)

This compensation technique is particularly important given the potentially partially capacitive loads,
such as long cabling, that the PEH emulator must be capable of driving. An example of the effect of
the addition of these components can be seen in Section 3.5.2.

The amplifier U2 is powered from ±30V rails directly coming from external power supplies. This allows it
to deliver output signals with amplitudes up to ±25V, as required by the emulator’s design specification.
To protect the amplifier and connected circuitry against voltage excursions beyond its safe operating
range, clamping diodes D1 and D2 are included at the output. These diodes conduct when the output
exceeds 30V in magnitude, thereby preventing damage to the amplifier.

Impedance Matching
Following the buffer amplifier stage, the emulator output requires impedance matching to accurately
reflect the electrical characteristics of the PEH system being emulated. This is achieved by configuring
both a series impedance Cp and a parallel impedance Rp, which together define the effective output
impedance seen by the connected circuit.

To facilitate this, a quick-swap connector is employed at the emulator output. This allows for easy
insertion and removal of through-hole components that represent the desired impedance values. The
use of physical components enables straightforward adaptation to different PEH systems by selecting
matching values for Cp and Rp, based on the specific characteristics of the device being emulated.
Additionally, this modular setup provides flexibility to represent more complex impedance profiles when
needed. For instance, multiple components can be combined to approximate frequency-dependent
impedance behavior.

Component Values
Table 3.1 provides an overview of the component values and calculated parameters used in the core
design of the PEH emulator. The table includes all passive and active elements involved in signal con-
ditioning, amplification, as well as previously discussed performance metrics such as cutoff frequencies
and gain settings.



3.4. Detailed System Design 28

Parameter Value Function / Description
C1, C3 1µF Common-mode low-pass filter capacitors to ground
C2 10µF Differential-mode low-pass filter capacitor

C4, C5 10µF High-pass filter capacitors
C6 470pF Compensation capacitor
C7 82pF Feedback capacitor, affects high-frequency gain roll-off

Cp, Rp Swappable Output impedance matching components
D1, D2 SS56 Output clamping diodes
R1, R2 100MΩ Input referencing resistors
R3, R4 5Ω Series low-pass filter resistors
R5, R6 20 kΩ High-pass filter resistors
R7 10 kΩ or 5 kΩ Gain setting resistor for U1 (changeable via header)
R8 5 kΩ Input resistor for inverting buffer amplifier
R9 1 kΩ Compensation resistor
R10 15 kΩ Feedback resistor for buffer gain
U1 AD8421ARZ Instrumentation amplifier
U2 OPA544FKTTT High-current, high voltage buffer op-amp

fCOMP 339 kHz Compensation network frequency
fHPCM 0.796Hz Cutoff frequency for both common mode high-pass filters
fLPCM 31.8 kHz Cutoff frequency for both common mode low-pass filters
fLPDIFF 1516 Hz Cutoff frequency for the differential low-pass filter
GBUF -3 Inverting buffer gain
GINA -2 or -3 Instrumentation amplifier gain (changeable via header)
β 6 or 9 Full system gain (GINA ¨ GBUF)

Table 3.1: Component values and calculated parameters for PEH emulator.

3.4.4. Supporting Equipment
This section discusses supporting instrumentation that complements the operation of the PEH emulator,
with particular emphasis on voltage and current measurement tools. Accurate electrical characteriza-
tion of energy extraction circuits presents two primary challenges.

The first challenge involves current measurement, which must accommodate a wide dynamic range.
Certain energy harvesting techniques, such as those employing voltage inversion, generate brief but
significant current spikes during inversion events. These are followed by extended periods of minimal
current draw. Capturing both transient high-current pulses and steady low-current consumption with
sufficient resolution requires a measurement solution capable of rapid sampling and a great dynamic
range.

The second challenge pertains to voltage measurement, particularly with respect to probe impedance.
For example, the input impedance of conventional 10x oscilloscope probes is typically 10MΩ, which
may not be sufficiently high for low-power systems. At an output voltage of 25V, such a probe would
dissipate 62.5µW. This load is non-negligible in the context of PEH systems, where total power levels
can be comparably low. As a result, high-impedance measurement is essential to ensure minimal
impact on the DUT measurements.

To address these challenges, the Joulescope JS220 precision energy analyzer was selected [42], which
can be seen in Figure 3.6. The JS220 combines high-speed sampling with automatic dynamic current
range switching, making it well-suited for measuring systems with rapidly fluctuating currents. It also
features an high input impedance of approximately 1GΩ, which significantly reduces measurement-
induced loading on low-power circuits.
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Figure 3.6: The Joulescope JS220: precision energy analyzer [42].

A key limitation of the JS220 is its absolute maximum input voltage rating of ±15V. For scenarios
requiringmeasurements above this limit, the PEH emulator includes an optional resistive voltage divider
that attenuates the output voltage by a factor of three. This divider introduces an additional 30MΩ
load across the output. While this feature enables safe operation within the JS220’s input range, it is
recommended to avoid its use unless absolutely necessary, as it introduces additional loading on the
system and may affect measurement accuracy as previously discussed.

3.5. Simulations
To verify that the emulator meets its performance requirements, a series of simulations were conducted
focusing on both frequency-domain and time-domain behavior. These simulations assess the stability
and accuracy of the buffer stage under varying load conditions, as well as the emulator’s ability to
maintain voltage fidelity during transient events such as voltage inversion. The following sections detail
the simulation setup, test configurations, and results.

3.5.1. Simulation Setup
All simulations were performed using LTspice 24.1.0. The OPA544 power amplifier was modeled using
the official SPICE model provided by Texas Instruments. The transistors used in the electronic breaker
circuit are the standard 2N3904 and 2N3906 bipolar junction transistors included with LTspice. Passive
components such as resistors, capacitors, and inductors were taken from the LTspice default library.

3.5.2. Frequency Dependent Behavior
This section evaluates the emulator’s stability and frequency response under varying capacitive and re-
sistive load conditions, with a focus on the buffering stage as the critical component influencing system
behavior.

Capacitive Loads
To assess the system’s stability with different capacitive loads, a simulation was carried out. Since
the buffering stage is the main factor influencing stability in this case, only this part of the circuit was
included in the analysis. The buffer should be able to drive up to 1 nF of capacitive load without
becoming unstable.

The Bode plots in Figure 3.7 show the frequency response of the buffer stage without a compensation
network (i.e., withR9 and C6 omitted) for three capacitive loads: 100 pF, 500 pF, and 1000 pF. All cases
show a phase shift near or beyond 180° at their respective resonant peaks. The 100 pF load reaches
a peak gain of −6.0 dB, which is likely not enough to cause instability, though it may still lead to output
ringing. In comparison, the 500 pF and 1000 pF loads result in peak gains of 5.4 dB and 21.8 dB,
respectively. At these levels, combined with their phase behavior, instability becomes a clear issue if
no compensation is used.
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Figure 3.7: Bode magnitude and phase plots of the inverting amplifier’s buffer stage under varying capacitive loads with no
compensation network applied. Increased capacitive loading results in resonant peaks at frequencies with already significant

phase lag, leading to instability beyond 100 pF.

Figure 3.8 shows the effect of adding the compensation network on the stability of the buffer stage.
Compared to the uncompensated case, the resonant peaks in the magnitude response have been
significantly reduced. The remaining peaks are low in gain and unlikely to introduce any instability.
This indicates that the compensation network is effective in damping out resonance and maintaining
stable operation across all tested capacitive loads.

Resistive Loads
To assess the system’s stability under different resistive loads, a simulation was carried out. As with
the capacitive load test, only the buffer stage was included in the analysis since it is the main factor that
affects stability. Figure 3.9 shows the frequency response of the buffer stage for four resistive loads:
1Ω, 10Ω, 100Ω, and 1000Ω. The output voltage was chosen so that the 1Ω load would draw peak
currents of up to 3A, which is the maximum current specified for the system.

The figure clearly shows that the phase and gain margins are high for all tested load values. This means
the system is not at risk of becoming unstable, even under heavy loading conditions. The results confirm
that changing the resistive load does not negatively affect the stability of the buffer stage.
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The system remains stable across all tested loads, including at maximum current draw.

Full System
The frequency-dependent gain of the VCVS, which includes the AC-coupled input, differential amplifi-
cation stage, and signal buffering stage, is shown in Figure 3.10. The plot shows a gain of six in the
1Hz to 1000Hz range, with a maximum deviation of 1%. Beyond 1 kHz, the signal starts to attenuate.
This is first due to the low-pass filter at the input, and then at higher frequencies it is additionally due
to the limited bandwidth of the buffer stage.

3.5.3. Transient Behavior
While previous sections focused on frequency-dependent behavior, this section addresses the em-
ulator’s response to transient current spikes, particularly during voltage inversion events, which are
common in energy extraction circuits.

Voltage inversion techniques cause brief but intense current demands from the emulator. It is critical
that the signal buffering stage maintains voltage stability during these moments. If not, the operation of
circuits such as the electronic breaker (see Section 2.3.2) may be compromised. Specifically, a voltage
drop followed by a sudden rise can cause premature disconnection in the breaker circuit, preventing
complete charge inversion and reducing efficiency.

To evaluate this behavior, a simulation was performed using the circuit shown in Figure 3.11. The
setup includes an electronic breaker with a 100 µH inductor, which is a relatively low value for energy
extraction circuits, leading to higher current peaks. A 10 Ω resistor is included to model energy ex-
traction. Without this resistor, the voltage across the impedance matching capacitor Cp would rise to
unrealistically high levels.
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Figure 3.10: Frequency response of the full VCVS system including AC-coupling, amplification, and buffering stages.
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Figure 3.11: The voltage inversion circuit used to test transient behavior. The voltage probe corresponds to the traces shown
in Figure 3.12.

Figure 3.12 presents the simulation results, configuring the input in such a way to cause a 10 V peak-
to-peak, 50 Hz sine wave at the buffer output. The top plot shows the full waveform at the buffer
output, with noticeable voltage disturbances at each inversion moment. The bottom plot provides a
zoomed-in view of these transients, and highlights the effect of varying the feedback capacitor C7,
which determines the feedback cutoff frequency fc of the inverting amplifier stage.

The results reveal an interesting takeaway. One might expect that a higher feedback cutoff frequency
(lower C7) would allow the amplifier to respond more quickly to sudden current spikes, resulting in
less voltage drop. However, the opposite is observed. Lower values of C7 lead to worse transient
stability. This is because, aside from shaping the feedback response, C7 also contributes directly to
output voltage stability by adding capacitance between the output and virtual ground. In essence, C7

helps smooth out the output voltage. Therefore, increasing C7, and thus lowering the cutoff frequency,
leads to better performance in handling fast transient conditions.

However, care must be taken not to increase C7 to the point where it begins to attenuate or distort the
desired output signal. The choice of C7 must balance transient stability while providing the required
bandwidth.
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Figure 3.12: Transient response of the buffer stage under voltage inversion for various values of the feedback capacitor C7. In
the bottom plot, signals are synced at the time where the voltage inversion starts (t “ 0). Higher C7 (lower fc) results in

improved voltage stability.



3.6. Prototype Realization 33

3.5.4. Simulation Summary
The simulation results presented in the previous sections confirm that the emulator meets its perfor-
mance requirements under a wide range of conditions. The frequency domain analysis shows that the
system remains stable for both capacitive and resistive loads, provided the compensation network is
present. Without compensation, capacitive loads above 100 pF introduce gain peaking and significant
phase shifts, which could lead to instability. The addition of R9 and C6 effectively suppresses these
effects and ensures stable operation up to the specified 1 nF load.

In the resistive load case, the system maintains a high phase margin even under heavy loading, includ-
ing conditions that push the current draw to the 3A design limit. This validates that the buffer stage is
robust enough to handle demanding load scenarios without risk of oscillation or signal degradation.

The full system frequency response confirms that the emulator provides a gain of six in the 1Hz to
1 kHz range with less than 1% deviation. This validates that the combined input, amplification, and
buffer stages operate within the specified bandwidth and gain accuracy requirements.

The transient simulations demonstrate that the emulator can withstand rapid current spikes caused by
voltage inversion events, provided that C7 is selected appropriately. Interestingly, a higher feedback
cutoff frequency (lower C7) results in poorer transient stability, despite offering a faster theoretical re-
sponse. This is due to the stabilizing role of C7 as an effective output capacitance. Larger values of C7

provide better voltage stability by suppressing transients, but care must be taken not to compromise
the system bandwidth.

Taken together, the simulation results confirm that the emulator design is capable of delivering both
stable and accurate performance under the electrical loading conditions typically seen in energy ex-
traction circuit evaluations. The findings also highlight the importance of selecting component values,
such as C7, that strike a careful balance between stability and responsiveness.

3.6. Prototype Realization
The prototype of the PEH emulator was developed using a custom-designed printed circuit board (PCB).
The layout and routing of the board are shown in Figure 3.13. The design is intended to fit within an
extruded aluminum enclosure, with separate PCBs serving as the front and rear interface plates. A 3D
rendering of the complete design, including enclosure integration, is provided in Figure 3.14.

The design was subsequently fabricated, and the following figures present the final physical assembly.
Figure 3.15 depicts the front view of the assembled emulator. It includes two quick-swap connectors
used to configure the series and parallel impedance, as well as BNC outputs for monitoring current,
voltage, and the emulator output signal. The rear side of the device is shown in Figure 3.16, where
a BNC connector facilitates input from an AWG. Additionally, banana plug terminals are provided for
connecting to positive and negative supply rails, along with an earth terminal which earth references
the chassis.

Figure 3.13: Layout and routing of the PEH emulator PCB. Figure 3.14: 3D render of the PEH emulator with enclosure.



3.7. Summary 34

Figure 3.15: Front panel of the PEH emulator. Figure 3.16: Rear panel of the PEH emulator

Figure 3.17: Custom PCB without enclosure components. Figure 3.18: PEH emulator connected to Joulescope for
power measurement.

For further detail, Figure 3.17 displays the custom PCB in isolation, without the enclosure or front/back
interface plates. Finally, Figure 3.18 illustrates the PEH emulator connected to a Joulescope, enabling
direct measurement of output power. The full system schematic can be seen in Appendix B. A detailed
description of how to correctly set up and operate the emulator in a laboratory environment, including
signal and power connections, can be found in Appendix C.

3.7. Summary
This chapter detailed the complete design process of the PEH emulator, starting from the identification
of key functional and technical requirements. The emulator was required to emulate the electrical be-
havior of both linear and nonlinear PEH with sufficient current handling and voltage handling capability.
Additional constraints included compatibility with standard lab equipment.

To meet these requirements, the design was based on a VCVS architecture with analog impedance
modeling. This choice avoids the latency and complexity associated with digital impedance emulation,
particularly under fast transients such as those introduced by voltage inversion in energy extraction
circuits.

The analog domain output impedance matching was implemented by allowing for configurable discrete
components, enabling flexibility across different PEH configurations. A custom buffer stage based on
the OPA544 was designed to meet the current and voltage output specifications, with added compen-
sation to ensure stability under both capacitive and resistive loading. Supporting circuitry, including
filtering, protection, and circuitry allowing for measurements, was added to the design. Measurement
considerations were addressed through integration with high-impedance, high-resolution tools like the
Joulescope JS220.
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Simulation results demonstrated that the emulator operates stably across the intended bandwidth. It
also shows stability under varying loads, including voltage inversion circuits. Based on the design, a
physical prototype was developed and assembled.

Together, the design, simulation, and prototype realization provide the foundation for validating the
emulator’s performance through experimental testing. The next chapter presents these experimental
results and assesses the emulator’s ability to accurately replicate real PEH behavior under practical
circuit evaluation conditions.



4
Experiments

This chapter presents the experimental validation of the emulator developed in this work. The exper-
iments are designed to address the performance, accuracy, and utility of the emulator in replicating
piezoelectric energy harvester (PEH) behavior under realistic conditions.

The first part of this chapter focuses on validating the central motivation for the emulator, namely the
difficulty of achieving repeatable circuit evaluations using real nonlinear PEH systems. This is demon-
strated through long-duration measurements that show variability in electrical output even under con-
stant excitation. These findings confirm the limitations of experimental evaluation using nonlinear har-
vesters and reinforce the value of an emulation-based approach.

The remainder of the chapter is dedicated to validating the performance of the emulator itself. The ex-
periments are structured to evaluate its core functionalities, gain behavior, output noise characteristics,
and impedance accuracy. Particular emphasis is placed on comparing the emulator’s output against
that of a real PEH device under varying excitation and electrical loads. This comparison provides insight
into the emulator’s accuracy and areas for potential refinement in future designs.

Collectively, the results presented in this chapter demonstrate that the emulator is capable of producing
realistic PEH output behavior in a controlled manner. This establishes the emulator as a practical tool
for energy extraction circuit evaluation, addressing the limitations identified in earlier chapters.

4.1. Validating the Chaotic Behavior in a Nonlinear PEH
The aim of this experiment is to validate the claimmade in Section 2.5, namely that nonlinear harvesters
can exhibit varying electrical output despite constant mechanical excitation. This phenomenon directly
motivates the development of the PEH emulator, as it highlights the challenges in achieving repeatable
circuit evaluations using real nonlinear PEH devices.

Experimental Setup
A custom bistable piezoelectric harvester was used for this experiment. The design of the bistable
harvester was based on the buckled beam architecture combined with a PZT-5H piezoelectric patch.
This PEH was excited using a shaker system replaying an 8-second vibration profile recorded from a
50 kW industrial electric motor. The harvester was connected to a P-SSHI extraction circuit, identical
to the one shown in Figure 2.5, and was loaded with 3.3V at the output. Output power was measured
at the load over a one-hour period, representing a realistic longer-term energy harvesting scenario.

Results
Figure 4.1 shows the measured output power over the one-hour duration. Despite the excitation wave-
form remaining constant, the power output varies substantially over time. The signal exhibits both
steady and irregular phases, with significant fluctuation in power levels even though input excitation
signal remains identical.

36
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Figure 4.1: The variation in output power of an example nonlinear PEH under constant excitation conditions.

Discussion
The observed behavior confirms that nonlinear PEH systems can produce inconsistent output power
even under constant excitation. This variation arises from internal chaotic effects caused by the dy-
namics introduced via bistability. As a result, using real nonlinear harvesters for evaluating extraction
circuits can lead to results that are difficult to reproduce, even when the same PEH system is used.
These findings support the need for an emulator that provides a stable, repeatable representation of
PEH behavior for extraction circuit evaluation.

4.2. Validating Functioning of the PEH Emulator
This section evaluates the electrical behavior of the emulator in practice. Specifically, it verifies whether
the frequency-dependent gain aligns with simulation results, and examines the emulator’s inherent
output noise characteristics under both AC- and DC-coupling configurations.

Experimental Setup
To measure the output noise spectrum, the emulator was connected to an AWG configured to output
a constant zero-Volt signal. The emulator output was then measured using an oscilloscope, while a
second oscilloscope channel was connected to an identical cable left unconnected to serve as the
baseline. A total of 10,000 recordings, each consisting of 8192 samples, were captured and averaged
in the frequency domain to obtain the noise spectrum.

Results
Figure 4.2 shows the RMS voltage noise spectrum of the emulator in both AC- and DC-coupling modes.
Across most of the frequency range, the emulator introduces no more than 15.6 dB of additional noise
above the baseline which exactly corresponds with a gain of 6. Some minor oscillatory behavior is
observed around 165 kHz in the DC-coupled configuration, peaking at approximately –81 dBV.
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Figure 4.2: The noise spectra over frequency in terms of RMS voltage for both AC-coupled and DC-coupled emulator
configurations based on an average of 10,000 recordings of 8192 samples.

Figure 4.3 shows the gain response of the emulator for both coupling configurations. The DC-coupled
gain remains within the range of 5.931 to 5.939 between 1Hz and 1000Hz, closely matching the in-
tended system gain of 6. The AC-coupled configuration displays a lower than expected high-frequency
cutoff. The cutoff frequency is approximately one decade lower than simulations predicted.

Discussion
The results confirm that the emulator behaves in accordance with expectations. It is important to note,
however, that the noise measurements were performed with a zero-volt input from the AWG, meaning
the emulator output was idle throughout the acquisition. As such, the results might not reflect noise
performance during active operation. Nevertheless, the low noise levels observed across the spectrum
suggest that the emulator accuracy is unlikely to be influenced by noise under typical use conditions.

In terms of gain, DC-coupling meets the bandwidth and accuracy targets defined in Section 3.1.2 with
only a slight deviation from the nominal gain, which can be corrected through adjusting AWG output
voltages. The observed low-pass cutoff frequency in the AC-coupled configuration was approximately
one order of magnitude lower than expected based on simulation. This discrepancy can be attributed
to the 50Ω output impedance of the AWG, which was not accounted for in the simulation model. This
resistance adds to the resistance of the RC low-pass filter, thereby reducing the overall cutoff frequency
of the system.

Overall, the results provide an initial characterization of the emulator’s behavior under controlled con-
ditions which is aligned with expectations.
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Figure 4.3: The gain over frequency characteristics of the emulator both in AC- and DC-coupled configuration.
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Figure 4.4: Experimental setup for impedance comparison between a PEH system and a ceramic capacitor array.

4.3. Impedance Matching a PEH
To evaluate how accurately the emulator can replicate the behavior of a real PEH system, it is essential
to first match the emulator’s output impedance to that of an actual PEH. This experiment focuses
on performing that impedance matching using a discrete capacitor array and assesses how well this
approximation captures the capacitive characteristics of a real PEH. Additionally, it provides insight
into the limitations of modeling PEH impedance using discrete components, particularly under varying
voltage conditions.

Experimental Setup
To evaluate how closely a matched ceramic capacitor array can replicate the impedance behavior of a
real PEH system, this experiment focuses on a simplified impedance model. Specifically, the goal is to
compare only the capacitive component of the impedance, as this is the most dominant and commonly
modeled characteristic in literature.

The test configuration, shown in Figure 4.4, consists of the emulator acting as a voltage source driving
an RC series circuit. The resistor value was 10 kΩ, and the capacitor under test was either a PEH or
an array of ceramic capacitors. A triangle waveform was applied as the voltage source. This wave-
form was chosen to generate a square-wave current profile through the capacitor, simplifying current
measurements by minimizing time spent in zero-crossing regions, where current noise dominates.

The resistor value was selected to be high enough to reduce current noise and low enough to preserve
the linear slope of the applied voltage. During the test, voltage was limited to ±15V to stay within the
safe operating range of the measurement equipment.

For the ceramic capacitor array, multiple capacitors with X7R dielectric and 50V voltage ratings were
connected in parallel to approximate the PEH’s nominal capacitance. The PEH device used was a
simple cantilever beam with a PZT-5H piezoelectric patch. During testing, the cantilever was rigidly
clamped to prevent mechanical deformation from influencing the electrical measurements.

Results
Figure 4.5 shows the voltage and current waveforms of both the PEH system and the matched ceramic
capacitor under triangle wave excitation. Both systems exhibit current responses that resemble square
waves, though with a sloped profile. The slope increases during higher-voltage portions of the charging
and discharging phases, indicating that more current is required to sustain the same voltage change
rate as voltage magnitude increases.
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Figure 4.5: Voltage and current waveforms for a PEH system and matched ceramic capacitor under triangle wave excitation.
The phase offset is manually added to make the waveforms more visible.

To better characterize the capacitive behavior over voltage, instantaneous capacitance was computed
using a forward difference method as

CpV rnsq “
irns ¨ ∆trns

V rn ` 1s ´ V rns
, (4.1)

where irns is the current at sample n, ∆trns “ trn ` 1s ´ trns, and V rns is the voltage at which the ca-
pacitance is evaluated. This method produces voltage–capacitance pairs for both the PEH impedance
and the matched capacitor array. Figure 4.6 shows the resulting capacitance data as a scatter plot
(left) and a binned mean curve (right), with bins of 0.1V. An ideal capacitor would yield a flat, voltage-
independent line in both plots. However, both the PEH and the ceramic array exhibit voltage-dependent
behavior, deviating from the ideal case.

Discussion
The results show that both the PEH system and the matched ceramic capacitor array deviate from ideal
capacitive behavior, exhibiting voltage dependency in a manner that suggests an impedance that is not
purely capacitive. This non-ideal behavior is likely to introduce some inaccuracy in the emulator when
using ceramic capacitors to mimic PEH output impedance.

In this experiment, the match targeted the zero-Volt region. However, the ceramic array shows a larger
capacitance drop-off at higher voltages than the PEH. Because the emulator’s output power scales
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Figure 4.6: Voltage-dependent capacitance behavior of the PEH system and matched ceramic capacitor. Left: 5% of the raw
sampled data; Right: binned mean values.
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Figure 4.7: Experimental setup used to evaluate the electrical and mechanical behavior of the real PEH system. The PEH is
mounted on a shaker platform, and tip displacement is measured using a laser displacement sensor.

with capacitance, this mismatch suggests that power delivery may be slightly underestimated. Impor-
tantly, the ceramic capacitance remains lower or equal to that of the PEH across the full voltage range,
indicating that any power errors will likely result in underestimation rather than overestimation.

These findings suggest that while the initial impedancematch is sufficient for testing, further refinements
may be necessary if more accurate emulation is required, particularly under higher voltage conditions.
A more detailed analysis of potential improvements is provided in Section 5.3.1. The next section will
continue using this naive method of impedance matching to analyze its accuracy.

4.4. Validating the Accuracy of the PEH Emulator
This experiment aims to evaluate how accurately the emulator can reproduce the electrical output
characteristics of a real PEH system under dynamic mechanical excitation. The comparison focuses
on output voltage behavior across a range of resistive loads and excitation amplitudes.

Experimental Setup
The electrical characteristics of the PEH were measured using a custom-built vibration platform that
provided horizontal displacement under sinusoidal acceleration as excitation. This excitation was gen-
erated using a TV 51140 shaker controlled via a Keysight EDU33212A signal generator going into an
BAA 1000 shaker amplifier. The excitation frequency was chosen to be a few hertz below the system’s
mechanical resonance in order to minimize the influence of electrical loading on mechanical behavior.
This choice helps mitigate back-coupling effects, which become more pronounced near resonance due
to higher mechanical sensitivity to electrical loading conditions. A photograph of the experimental test
setup used to evaluate the real PEH system is shown in Figure 4.7.

To characterize the PEH’s output, a range of resistive loads from hundreds of ohms up to the megaohm
rangewere applied. The resulting voltage across each load wasmeasured using a resistor divider going
into a Labjack T8 DAQ system, which added an additional 2.2MΩ load to the system. This loading effect
was accounted for in the calculation of total resistance. This meant the 2.2MΩ value was the maximum
measurable resistance in this setup.

During the experiment the mechanical displacement of the cantilever tip was monitored using a laser
displacement sensor. This measurement served to validate the assumption of minimal electrical-to-
mechanical back-coupling. A constant displacement profile across load conditions would support the
assumption that changes in electrical load have negligible impact on mechanical behavior.
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Figure 4.8: Measured displacement amplitudes (left), voltage amplitudes (center), and average output power (right) of the PEH
system under different resistive loads and acceleration amplitudes.

For emulator validation, the matched capacitor array described in Section 4.3 was used to approximate
the PEH output impedance. The open-circuit voltage of the PEH, defined as the voltage measured
across the 2.2MΩ load, was replayed by the emulator to simulate different acceleration levels. The
rest of the emulator setup was the same as the one outlined in Appendix C with the only difference
being the load not being an extraction circuit but a simple variable resistor.

Results showed that the assumption of negligible back-coupling did not hold. This meant a correction
factor was required to adjust the emulator’s output voltage to better align with the real PEH response.
The derivation and application of this correction are detailed in the following section.

Results
Figure 4.8 shows the measured behavior of the real PEH system across a range of resistive loads
and excitation amplitudes. The left plot shows average tip displacement amplitudes as measured by
the laser sensor. The center and right plots show the resulting average voltage amplitudes and output
power, respectively.

Across all excitation levels, output voltage increases with both load resistance and acceleration am-
plitude. Peak power output occurs between 50 kΩ and 100 kΩ, which is consistent with the expected
behavior of a source with dominant capacitive impedance of around 50nF excited at a frequency of
38Hz.

The leftmost plot reveals a dependency of displacement amplitude on load resistance. At higher re-
sistances, the PEH exhibits slightly greater mechanical displacement. This indicates that the electri-
cal loading conditions influence the mechanical response which shows that back-coupling effects are
present. As a result, the assumption that back-coupling effects do not influence the mechanical dynam-
ics does not hold under these conditions.

Since this back-coupling violates the assumptions used in the emulator, the open-circuit voltage of the
PEH cannot be directly used as an for emulator testing. Instead, a compensation method is applied
to estimate the open-circuit voltage that would have occurred under equivalent mechanical excitation
for each resistive load. This correction is based on the proportional relationship between open-circuit
voltage and displacement amplitude, as derived in Equation A.3 and is given by the following formula:

vOC comppRq “ vOC ¨
XpRq

XOC
(4.2)

Here, XpRq is the measured displacement amplitude at load resistance R, XOC is the displacement
amplitude at open-circuit, and vOC is the measured open-circuit voltage. The corrected open-circuit
voltage, vOC comppRq, represents the voltage that would have been generated if the mechanical excita-
tion under load matched that of the open-circuit condition. This corrected voltage is used in emulator
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Figure 4.9: Left: Average power output of the real PEH and emulator across varying resistive loads. Right: Power ratio
between emulator and PEH outputs. Corrected open-circuit voltage was used as emulator input.

validation to ensure a fair comparison between the emulator and real PEH behavior under matched
mechanical input.

Figure 4.9 presents the comparison between the real PEH system and the emulator, using the corrected
open-circuit voltage derived in the previous section. The left plot shows the average output power for
both systems across a range of load resistances and excitation amplitudes. The emulator output tracks
the measured power well across part of the range. The right plot shows the power ratio, defined as the
emulator output power divided by the corresponding PEH output power. Across all acceleration levels,
the power ratio remains between 0.80 and 1.00. The emulator shows the highest accuracy at the lower
and upper ends of the load resistance range, while a dip in accuracy is observed in the mid-range
(approximately 1 kΩ to 100 kΩ), where underestimation of output power becomes more pronounced.

Discussion
The results of the output power comparison align with expectations discussed in Section 4.3. Specif-
ically, the emulator is expected to slightly underestimate power output due to the conservative nature
of the impedance match. The matched ceramic capacitor array has a lower equivalent capacitance
at increasing voltage levels compared to the real PEH system. Since the applied voltage waveform
is fixed, a lower capacitance results in reduced charge transfer per voltage cycle, and therefore lower
electrical power output. This supports the hypothesis that the current impedance match does not lead
to overestimation of performance, but instead introduces a systematic underestimation. Improving em-
ulator accuracy may therefore require a more sophisticated impedance matching approach that more
closely replicates the voltage-dependent characteristics of the real PEH system.

Another potential source of inaccuracy lies in the correction applied to the emulator’s input voltage. This
correction was based on a proportional relationship betweenmechanical displacement and open-circuit
voltage. However, this method assumes a linear and voltage-independent capacitance, which may not
be accurate enough of a simplification. Nonlinearities in the force-voltage conversion factor or piezo-
electric capacitance could lead to deviations between the actual and assumed behavior, contributing
to output power mismatch. That said, there is currently no direct evidence that such nonlinearities are
the dominant cause of the observed error. Given the known limitations of the impedance approxima-
tion, improving the impedance match remains the most plausible and straightforward next step toward
enhancing emulator accuracy. Potential methods of doing this will be discussed in Section 5.3.1.
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4.5. Outcome and Experimental Limitations
The experiments presented in this chapter successfully validated the key design objectives of the emu-
lator. As shown in Section 4.1, the chaotic nature of nonlinear PEH systems under constant excitation
was confirmed, highlighting the need for a controllable and repeatable alternative. The emulator ad-
dressed this need effectively, as demonstrated in Section 4.2 - 4.4, by replicating realistic PEH output
characteristics with a high degree of accuracy under linear resistive loads.

Quantitatively, the emulator exhibited low noise levels, predictable gain behavior, and realistic power
delivery across a range of excitation levels and load conditions. Even when using a relatively simple
impedance approximation, power output accuracy remained between 80% and 100%, as seen in Fig-
ure 4.9. These results support the conclusion that the emulator functions as a robust and accurate
platform for evaluating energy harvesting circuits in repeatable test conditions.

However, one important aspect of the validation effort could not be completed. During the final phase
of testing, the emulator experienced a hardware failure caused by power sequencing issues with the
TPS7A3901 voltage regulator (see Section 5.2.1). This fault rendered the system inoperable before
formal testing of nonlinear energy extraction circuits, such as P-SSHI, S-SSHI, and SECE, could be
conducted.

Although no structured measurements could be recorded, it is worth emphasizing that these nonlinear
circuits were actively explored during the development phase. The emulator was repeatedly used in
informal tests involving nonlinear loading conditions, and no unexpected behavior or instability was
observed. These observations strongly suggest that the emulator is capable of supporting such circuit
types. Nevertheless, without formal datasets, it was not possible to include verified performance results
for nonlinear circuits in this thesis.

This limitation does not affect the primary conclusion of the work, namely that the emulator meets its
core objectives and can serve as a reliable tool for evaluating PEH extraction circuits. However, it
highlights the importance of completing structured nonlinear circuit validation in future work to formally
confirm the emulator’s performance under broader circuit topologies and operating conditions.



5
Discussion

This chapter reflects on the development, performance, and broader implications of the PEH emula-
tor introduced in this thesis. The work combined theoretical modeling, circuit design, simulation, and
experimental validation to create a hardware platform capable of replicating the electrical behavior of
piezoelectric energy harvesters in a controlled and repeatable manner. The motivation for this work
stemmed from the challenges associated with evaluating energy extraction circuits using real PEH de-
vices, whose nonlinear and sometimes chaotic dynamics complicate consistent circuit benchmarking.

The chapter begins with a general discussion of the emulator’s relevance, limitations, and potential
role in broader research and development contexts. Design trade-offs, such as the exclusion of back-
coupling to improve repeatability, are examined. The discussion also outlines several open research
questions, including how estimating emulator accuracy might be extended to more complex excitation
signals and circuit topologies. In addition, it explores the potential for standardization of emulator plat-
forms, impedance models, and test procedures, drawing parallels with established practices in other
energy harvesting domains.

Following this high-level reflection, the chapter shifts focus to practical design limitations uncovered
during prototyping and testing. These include issues related to power supply configuration and the
input voltage range of the differential amplifier in DC-coupling mode. Alternative hardware strategies
are proposed to fundamentally improve the ability to accurately match the impedance of real PEH
devices. This could be done via the architectural shift from a voltage-controlled voltage source to a
current-source-based design.

Together, these discussions offer a comprehensive view of the emulator’s current capabilities, the con-
straints encountered during development, and concrete next steps for advancing the design and its
applications in both academic and commercial settings.

5.1. General Discussion
The following sections reflect on the broader significance of the emulator developed in this work, its
current limitations, and opportunities for further research and standardization. While the primary fo-
cus of the thesis was technical implementation and validation, this discussion situates the emulator
within the wider context of energy harvesting research and outlines key questions that remain for future
development.
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5.1.1. Broader Relevance and Applicability
The PEH emulator developed in this work addresses a fundamental challenge in the field of piezo-
electric energy harvesting: the lack of a standardized and repeatable method for evaluating energy
extraction circuitry. Unlike photovoltaics or thermoelectric systems, where emulator-based testing has
become common practice, experimental evaluation of PEH circuits remains heavily reliant on real har-
vester devices. These devices often exhibit complex, nonlinear, and sometimes chaotic behavior, par-
ticularly in bistable configurations, making it difficult to reproduce results or conduct fair comparisons
across different circuit designs.

By providing a hardware platform that replicates the electrical output of a real PEH system in a con-
trollable and repeatable manner, the emulator introduced in this thesis fills this gap. Its compatibility
with standard laboratory equipment and modular impedance configuration makes it a practical tool for
both academic research and commercial development. In particular, it can significantly accelerate the
design and validation process for energy extraction circuits by eliminating the variability and unpre-
dictability associated with physical PEHs.

The emulator also proved valuable during the development process itself. Energy extraction circuits that
initially failed to operate as intended were successfully debugged using the emulator, which provided
a consistent and observable test environment. This facilitated diagnosis and iteration, highlighting the
emulator’s utility not only as a benchmarking platform, but also as a practical engineering tool for circuit
development and troubleshooting.

5.1.2. Limitations and Future Research Opportunities
While the emulator demonstrated good agreement with the output behavior of a real PEH system, the
validation process comes with several limitations that limit both the current scope. Most notably, the
experimental evaluation was based on a single PEH configuration: a cantilever-based device with a
PZT-5H patch-limiting the generalizability of the results to other geometries, materials, and coupling
characteristics.

The emulator also does not account for back-coupling effects, where the electrical load influences the
mechanical motion of the harvester. Omitting this interaction simplifies implementation and improves
repeatability, since back-coupling effects are a major contributor to the chaotic behavior the emulator
was designed to eliminate. However, it reduces realism in scenarios with strong electromechanical cou-
pling. During validation, this limitation was partially mitigated by manually adjusting the input waveform,
but this workaround does not fully capture dynamic feedback behavior.

Validation focused on resistive loads under single-frequency sinusoidal excitation, covering a useful
but limited range of conditions. In real-world applications, excitation is often broadband or transient,
and extraction circuits frequently introduce nonlinear behavior. As such, the emulator’s performance
under more complex conditions remains an open question.

An additional open question is how well the emulator performs in predicting relative circuit performance,
rather than absolute power output. Even if the emulator consistently underestimates the absolute output
power, as was seen to be the case, it may still correctly predict that Circuit A outperforms Circuit B
by a certain margin, matching the relative performance seen in real PEH systems. If this relative
ranking is preserved, the emulator could be used for accurate comparative evaluation and design space
exploration, even when absolute accuracy is limited. Formal testing of this hypothesis would represent
an important and practically relevant direction for future research.

The challenge of evaluating accuracy is compounded by a wide range of environmental, mechanical,
and electrical factors that can influence emulator accuracy. These include temperature fluctuations,
humidity, mounting conditions, material aging, impedance mismatch, emulator bandwidth limitations,
and output constraints. Each of these factors can interact with the excitation signal and circuit topology
in different ways, making it difficult to define a single accuracy metric. Further research is needed
on how to systematically characterize these influences and to develop simplified models or bounding
strategies that can estimate emulator performance under diverse scenarios. Ideally, such efforts would
yield generalized error models. However, a more immediately practical approach may be to empirically
characterize emulator accuracy across a representative set of PEH systems, providing reference cases
that researchers can use to approximate performance for similar configurations.
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In addition to these accuracy validation challenges, the emulator experienced a hardware failure during
the final validation phase, traced to the power sequencing of the emulator power supplies combined with
the TPS7A3901 voltage regulator (see Section 5.2.1). This failure prevented formal testing of nonlinear
extraction circuits such as P-SSHI, S-SSHI, and SECE variants. Although these circuits were explored
informally during earlier development and the emulator showed no signs of unexpected behavior under
nonlinear loading, no structured data could be collected due to the timing of the failure.

Beyond these direct limitations, several broader questions remain. One is whether emulator-based
testing can fully replace physical evaluations, or whether the two should be viewed as complementary.
While the emulator enables controlled, repeatable experimentation, real PEH systems are subject to
long-term effects and environmental interactions that may be difficult to emulate reliably.

Another potential area of research is the controlled reintroduction of back-coupling effects through
hybrid architectures that combine analog and digital modeling. This approach could expand the em-
ulator’s applicability to systems where mechanical-electrical interactions are critical, provided it does
not compromise the emulator’s stability. However, care must be taken not to reintroduce the same
chaotic behavior that the emulator was designed to avoid. Whether any form of back-coupling can be
incorporated without triggering such instability remains an open question.

Finally, as emulator use becomes more widespread, it will be important to define standardized metrics
and procedures for assessing emulator accuracy and reporting test results. Establishing a common
evaluation framework, analogous to what exists in fields like photovoltaics, will be key to ensuring
comparability and trust across future studies.

5.1.3. Toward Standardized PEH Emulator Platforms
The emulator presented in this work demonstrates the feasibility and utility of hardware-based emulation
for piezoelectric energy harvesting systems. However, for such tools to become widely adopted in both
research and industry, further development is needed toward standardized, flexible, and extensible
emulator platforms.

A key step in this direction is improving modularity and repeatability in emulator design. The current pro-
totype already supports rapid impedance reconfiguration through a dedicated connector interface that
accepts standard electronic components. This makes it easy to adjust the emulator’s output impedance
to match different PEH systems during development and testing. Building on this, future versions could
incorporate predefined or digitally selectable impedance modules, further streamlining reconfiguration
and improving consistency across test setups.

To complement hardware modularity, standardization could also be supported through the creation of
a shared library of impedance profiles. These profiles, based on empirical measurements of real PEH
devices, could be used as references during testing. Combined with modular hardware, this would
allow researchers and developers to emulate a wide range of known devices with greater accuracy
and reproducibility.

In addition, to ensure reproducible and comparable results across different studies, it is important to de-
fine standard procedures for evaluating energy extraction circuits and assessing emulator performance.
These could include standardized test waveforms, consistent impedance characterization methods (as
discussed in Section 5.3.1), and common formats for reporting metrics such as output power versus in-
put waveform amplitude. Together, these efforts would lay the groundwork for a broader benchmarking
framework usable for anyone interested in energy extraction circuits for PEH systems.

5.2. Current Emulator Design Improvements
The general design of the emulator incorporates practical decisions that directly affect its usability,
compatibility with laboratory equipment, and robustness under test conditions. This section discusses
two critical aspects: the power supply related hardware faults and the choice of differential amplifier.
Both areas introduce constraints that impact system functioning andmeasurement flexibility. Alternative
solutions are presented to address these limitations and improve the overall resilience and versatility
of the emulator design.
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5.2.1. The Requirement for Multiple Lab Power Supplies
The current version of the emulator requires two separate power inputs: one for the positive rail and
one for the negative rail. Since most laboratory power supplies capable of providing the required ˘30V
are single-channel, this setup necessitates the use of two distinct supplies. This configuration is not
only impractical but also introduces a failure mode. In its present form, powering the supplies in the
wrong order has been shown to damage the emulator hardware.

To step down the ˘30V supply to levels compatible with the differential amplifier stages, a TPS7A3901
dual-channel voltage regulator [43] was used. This device generates˘15V rails from the input supplies.
However, the regulator derives its internal reference voltage solely from the positive supply. Conse-
quently, if the negative rail is applied before the positive rail, the reference voltage remains undefined,
and the device may operate outside of its specified limits. This behavior likely caused the failure of one
of the emulator boards during testing.

To resolve both the issue of requiring two power supplies and the associated power sequencing risk,
alternative supply strategies should be considered. One common method is to use a virtual ground
circuit, where an op-amp-based circuit establishes a midpoint voltage between a single supply’s high
and low rails. While this approach allows the creation of split rails from a single supply, it requires that
the input supply cover the full voltage swing, from the negative to positive rail, meaning a 60V range in
this case. Since most lab supplies are limited to 30V output, this is not a practical option for the current
design.

A more flexible solution is to use a rail-inverting power stage, such as an inverting buck-boost converter.
This type of circuit can generate a negative rail directly from a positive input voltage, allowing both the
˘30V rails to be derived from a single 30V supply. This not only simplifies the setup but also eliminates
the risk of board damage due to incorrect power sequencing, as both rails can be generated internally
in a controlled manner.

5.2.2. The Differential Amplifier
As discussed in Section 3.3, the emulator uses a differential amplifier to decouple the emulator output
from the earth-referenced input signal. While this configuration enables floating operation and simplifies
measurement integration, it introduces limitations when the emulator is used in DC-coupling mode,
particularly in terms of allowable common-mode voltage. This section outlines those constraints and
their implications for the emulator’s compatibility with various energy extraction circuits.

A differential amplifier amplifies the voltage difference between its two inputs while rejecting signals
common to both. In the context of the emulator, this common-mode voltage arises from the difference
between the differential amplifier’s reference ground and the average voltage seen at its two inputs.
The amplifier’s linearity and correct operation depend on this common-mode voltage staying within a
specific range, given by

VEE ` Vheadroom `
1

2
|VDIFF| ă VCM ă VCC ´ Vheadroom ´

1

2
|VDIFF|, (5.1)

where:

• VCM is the input common-mode voltage,
• VDIFF “ VIN+ ´ VIN− is the differential input voltage,
• VCC and VEE are the positive and negative supply voltages, respectively,
• Vheadroom is the minimum input margin required for linear operation.

In the current implementation, the AD8421 instrumentation amplifier is supplied with ˘15V. The maxi-
mum differential input signal amplitude from the AWG is 5V, and the headroom is estimated to be 1V.
Substituting these values into the equation yields

|VCM| ă 15V ´ 1V ´
1

2
¨ 5V “ 11.5V. (5.2)
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Figure 5.1: Two example SEH circuit topologies showing the resulting common-mode voltages at the differential amplifier input.
Blue lines indicate the conduction path through which earth-referencing affects the amplifier. Circuit (a) yields the lowest

common-mode voltage, while circuit (b) yields the highest.

This limit constrains the circuits that can be connected to the emulator without exceeding the amplifier’s
input range. For example, consider an energy extraction circuit where the emulator output is continu-
ously connected to a full-bridge rectifier, such as in SEH or P-SSHI configurations. If the DC output
of the rectifier is earth-referenced, a conduction path is formed from the emulator output through the
differential amplifier input via earth.

Figure 5.1 illustrates two scenarios that represent the minimum and maximum common-mode voltages
imposed on the amplifier inputs based on this conduction path. Applying Kirchhoff’s Voltage Law (KVL)
to these circuits yields

VCM,min “
VDIFF,min

2
´ VF ´ Vl,max, (5.3)

and
VCM,max “

VDIFF,max
2

` VF ` Vl,max, (5.4)

where VCM,min and VCM,max are the minimum and maximum common-mode voltages, respectively. As-
suming VDIFF,max{2 “ 2.5V, VDIFF,min{2 “ ´2.5V, and VF “ 0.7V, the common-mode voltage magnitude
becomes

maxp|VCM|q “ 2.5V ` 0.7V ` Vl,max “ 3.2V ` Vl,max, (5.5)

and, to remain within the allowable common-mode range of 11.5V, the maximum permissible load
voltage is

Vl,max ă 8.3V. (5.6)
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This result shows that for certain circuit topologies with earth-referenced loads, the differential amplifier
imposes a strict upper bound on allowable load voltages while in DC-coupling. In practical applications,
however, achieving maximum power transfer may require load voltages that exceed this threshold. As
such, this constraint is a design limitation that should be addressed.

This result shows that for certain circuit topologies with earth-referenced loads, the differential amplifier
imposes a strict upper bound on allowable load voltages while in DC-coupling. In practical applications,
however, achieving maximum power transfer may require load voltages that exceed this threshold. As
such, this constraint is a design limitation that should be addressed.

One way to address the common-mode voltage limitation is to replace the differential amplifier with a
device that supports a wider common-mode input range. An example of such a device is the isolation
amplifier. These devices employ capacitive, magnetic, or optical coupling to transfer an encoded ver-
sion of the input signal across an isolation barrier, effectively decoupling the input and output grounds.
Isolation amplifiers can typically tolerate common-mode voltages in the kilovolt range, which would elim-
inate the restrictions observed in the current emulator design. The main drawback is that the input and
output stages require separate power supplies, adding complexity to the system’s power architecture.

5.3. Improving Emulator Accuracy
Accurately replicating the electrical behavior of a real PEH system requires both an appropriate impedance
model and an emulator architecture capable of presenting that impedance under realistic conditions.
The following sections explore two distinct strategies for improving emulator accuracy. The first focuses
on refining the impedancemodel used within the emulator to better reflect the dynamic characteristics of
real PEH devices. The second addresses architectural limitations of the current voltage-source-based
design and proposes an alternative approach that could eliminate inherent structural inaccuracies.

5.3.1. Better Impedance Matching
As discussed in Section 4.3, the current emulator design uses a capacitor array to approximate the
output impedance of a PEH system. While effective as a first-order approximation, this approach does
not fully capture the dynamic electrical behavior of real piezoelectric devices. This section explores
how alternative equivalent circuit models can better represent these behaviors.

The voltage and current waveforms shown earlier in Figure 4.5 reveal characteristic features that devi-
ate from the behavior of an ideal capacitor. Under triangle wave voltage excitation, an ideal capacitive
load would produce a clean, square-shaped current waveform. In contrast, the measured PEH current
displays a more complex structure: a steep initial rise, followed by a rounded transition, and then a
gradual ramping segment.

The rounded transition region can be attributed to dielectric relaxation, which refers to the delayed
response of the material’s internal polarization to changes in the electric field. At the moment the
voltage begins to increase again, the material has not yet fully adjusted to the previous change in field
direction. As a result, the dipoles within the material are still reorienting, and part of the polarization is
effectively left over from the prior state. This residual polarization assists the initial voltage increase,
meaning less external current is required during this phase. In this way, the lag in polarization leads
to the curved shape observed in the current response. This behavior can be modeled by adding a
parallel RC branch to the ideal capacitor, representing the time-dependent relaxation processes within
the material.

Similarly, the gradual ramping region can be attributed to conductive leakage, where a small amount of
current flows through the dielectric in proportion to the applied voltage. This leakage current contributes
to the overall current during both charging and discharging phases. Specifically, it reduces the current
required during discharge and increases the current required during charging, as the leakage flows in
the same direction as the applied field. Because this behavior is approximately linear with voltage, it
can be effectively modeled by placing a resistor in parallel with the capacitor.

Based on these observations, a refined impedance model is proposed that incorporates both dielectric
relaxation and conductive leakage in addition to the nominal capacitance. Figure 5.2 shows both the
ideal capacitive equivalent circuit model and the newly proposed equivalent circuit model, both of which
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Figure 5.2: The ideal capacitive impedance circuit model (left) and the proposed equivalent circuit (right) that includes
dielectric relaxation and leakage effects.

were simulated under the same test conditions described in Section 4.3.

Figure 5.3 presents the results of these simulations against real PEH current measurements. The
proposed impedance model shows improved agreement with the measured waveform, particularly in
replicating the shape of the curved transition and ramping regions. The left panel shows a full current
cycle, while the center and right panels offer zoomed-in views of the positive and negative transitions,
respectively.

These results demonstrate that a more detailed impedance match can improve the accuracy with which
the emulator mimics the dynamic behavior of a real PEH. Although this particular model was fitted under
one specific excitation condition, it shows clear potential. A more systematic characterization process,
using a range of input frequencies and waveforms, would be required to generalize these results and
identify the most robust equivalent circuit. The analysis presented here serves as a starting point and
a proof of concept for this future development.
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Figure 5.3: Simulated and measured current waveforms for a PEH system under triangle wave excitation. The proposed
impedance model better captures transient waveform features such as the curved and ramping regions.
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5.3.2. Using an AC Current Source
The previous section explored how improving the impedance match between the emulator and a real
PEH system can increase accuracy. However, even with an ideal match, there remains a fundamental
limitation in the current emulator design that cannot be addressed through impedance matching alone.
This section outlines that limitation and proposes a potential architectural change as a direction for
future research.

The source of this limitation lies in the inherent non-idealities present in all physical components. These
imperfections are visible in Figure 4.5, where both the real PEH and the matched ceramic capacitor
array deviate from the ideal square-wave current response expected from a linear capacitive system.
In principle, this is not problematic, as long as the matched impedance, such as a capacitor array, more
closely resembles an ideal capacitor than the PEH itself. If this is the case any remaining discrepancy
can theoretically be corrected by including additional components in the impedance network to model
the non-ideal behavior.

However, evenwith a perfect impedancematch, the current emulator architecture introduces a limitation
that leads to error. In the present design, the emulator is based on a VCVS. This implementation means
that the output voltage of the emulator consists of the voltage generated by the VCVS superimposed
on the voltage across the impedance network. As a result, the impedance does not experience the
full output voltage in the same way a real PEH would, where the piezoelectric impedance directly
experiences the output voltage.

This discrepancy is significant because the non-idealities of real components, particularly those in ca-
pacitive elements, are often voltage-dependent. If the impedance in the emulator is subjected to a
different voltage than in the real PEH, the voltage-dependent behavior of the emulator’s impedance
naturally differ. This introduces an unavoidable accuracy penalty.

A possible solution is to redesign the emulator to use a voltage-controlled current source (VCCS) in-
stead of a VCVS. In this configuration, shown in Figure 5.4, current is controlled by the input voltage
which allows for the full output voltage to be applied across the impedance. This ensures that the
emulator’s impedance is subjected to exactly the same voltage as a real PEH, preserving the voltage-
dependent characteristics of the system being emulated.

The primary drawback of a VCCS-based design is its added complexity. Implementing a stable and
linear current source requires additional components, tight control of loop dynamics, and careful design
to ensure performance across a range of output voltages and load conditions. This is in contrast to
the current VCVS implementation, which relies on a relatively simple operational amplifier circuit with
a small number of passive components. That design was shown to be stable and effective under both
AC and DC operating conditions with minimal tuning effort.

Figure 5.4: Comparison of emulator architectures. Left: current VCVS-based design, where the impedance does not
experience the output voltage. Right: proposed VCCS-based design, where the impedance sees the same voltage as a real

PEH.



6
Conclusion

This thesis addressed the challenge of repeatable and accurate evaluation of piezoelectric energy
harvesting circuits by proposing, designing, and validating a PEH emulator. The motivation for this
work stems from the complex and sometimes chaotic behavior of real nonlinear PEH systems, which
hampers consistent circuit benchmarking and limits broader comparability across research efforts.

The design process began with an analysis of the functional and technical requirements for a PEH
emulator. These included voltage and current capabilities, repeatable behavior, and compatibility with
standard lab equipment. A voltage-controlled voltage source architecture with analog impedance mod-
eling was chosen to meet these requirements while maintaining real-time responsiveness and avoiding
latency issues associated with digital emulation.

A complete emulator circuit was developed, including input filtering, differential amplification, and a ro-
bust output buffer stage capable of handling up to ˘25V and 3A. The output impedance was designed
to be modular and tunable, enabling adaptation to different PEH systems. Support for additional instru-
mentation was added to facilitate accurate measurements during circuit evaluation.

Simulation results confirmed the emulator’s electrical stability across capacitive and resistive loads
and under transient conditions such as voltage inversion. A physical prototype was fabricated and
evaluated experimentally. Measurements confirmed low output noise and accurate gain behavior.

To validate the emulator’s real-world utility, experiments compared the emulator output against the elec-
trical characteristics of an actual PEH system under various excitation accelerations and with various
resistance values as load. The emulator reproduced the measured power outputs with typical accuracy
in the 80 to 100% range when comparing the output power of the emulator to that of the PEH being
emulated. This is despite the emulator using a simplified impedance model.

These findings allow us to revisit the central research question posed at the start of this work: ”Is
it technically feasible to develop a hardware emulator that replicates the electrical behavior of real
PEH systems to support repeatable circuit evaluation?”. The results presented in this thesis clearly
demonstrate that such an emulator can be built using a voltage-controlled voltage source architecture
combined with analog impedance modeling. The emulator performs reliably under a wide range of
electrical loading conditions and closely matches the behavior of real PEH devices.

In addition to validating the emulator, this work also identified specific limitations and proposed improve-
ments. These include refining the impedance model to account for dielectric relaxation and leakage, re-
placing the differential amplifier with an isolation amplifier to expand common-mode range, and consid-
ering an architectural shift to a voltage-controlled current source to better replicate voltage-dependent
impedance behavior. These future directions offer clear paths for increasing the accuracy of emulator
systems.
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A key contribution of this thesis is that, to the best of the author’s knowledge, it presents the first im-
plementation of an emulator specifically for piezoelectric vibration energy harvesters. While emulator
systems have already been adopted in related fields such as thermoelectric and photovoltaic energy
harvesting to enable reproducible testing, no such solution has previously been proposed or demon-
strated for PEH systems. By adapting this concept to piezoelectric harvesters and addressing their
unique challenges such as capacitive source behavior and high peak currents, this work fills an impor-
tant gap in the energy harvesting research landscape.

In closing, this work demonstrates that a PEH emulator based on a voltage-controlled voltage source
architecture and analog impedance modeling can serve as a powerful tool for characterizing energy
extraction circuit performance. It enables consistent, reproducible testing while decoupling circuit per-
formance from the complex dynamics of physical nonlinear harvesters. As energy harvesting systems
continue to grow in complexity and application scope, tools such as the PEH emulator will be essential
for accelerating development, comparison, and optimization of energy extraction circuit solutions.
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A
Mathematical Derivations

A.1. The Force Voltage Factor α
This section outlines the method for determining the force voltage factor of a SDOF system. Based
on the dynamics equation in Equation 1.2, we can expect the relationship, for open-circuit conditions
(i “ 0),

α
dx

dt
´ Cp

dvp
dt

“ 0, (A.1)

Moving the constants and integrating both sides gives

vp “

ż

dvp
dt

dt “

ż

α

Cp

dx

dt
dt, (A.2)

which, assuming the voltage vp is zero when the displacement x is zero, becomes

vp “
α

Cp
x. (A.3)

As shown in [44], if we measure both displacement and voltage at the same time, we have v “ VOC

and x “ XOC , giving
α “

VOC
XOC

Cp. (A.4)

Measuring both values at their respective maximum points provides a straightforward way to estimate
α, since these maxima occur at the same time, as indicated by Equation A.3. However, this derivation
assumes linear piezoelectric behavior. In practice, α is likely to be a nonlinear function of both displace-
ment x and piezoelectric voltage v, and the same applies to the piezoelectric capacitance Cp, which
may also exhibit nonlinearities.
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A.2. The Expedient Electromechanical Coupling Coefficient k2m 60

A.2. The Expedient Electromechanical Coupling Coefficient k2m
The electromechanical coupling coefficient is defined as the ratio of the electrical energy to the me-
chanical energy,

k2m “
Eelec

Emech
, (A.5)

where the mechanical energy stored in the system is

Emech “
1

2
Kx2, (A.6)

assuming K is constant and not a function of x, and the electrical energy stored in the system is

Eelec “
1

2
Cpv

2. (A.7)

Substituting Equation A.3 into the expression for electrical energy yields

Eelec “
1

2
Cp

ˆ

α

Cp
x

˙2

“
1

2

α2

Cp
x2. (A.8)

Filling in the expressions for electrical and mechanical energy gives

k2m “

1
2
α2

Cp
x2

1
2Kx2

“
α2

KCp
, (A.9)

as noted in [45]. This assumes the stiffness K is linear. In a bistable system, K will be a function of
displacement, Kpxq, which changes the mechanical energy to

Emechpxq “

ż x

0

F px1q dx1 “

ż x

0

Kpx1q ¨ x1 dx1. (A.10)

Not accounting for these nonlinear factors is what makes this calculation of the coupling factor “expedi-
ent” in the case of nonlinear harvesters. It provides only a rough estimation of the true coupling factor,
which will depend on displacement.



B
PEH Emulator Schematic

An overview of the complete emulator circuit, as designed in Altium Designer, is shown in the schematic
below.
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C
PEH Emulator User Guide

This appendix provides a practical overview of how to correctly set up and operate the PEH emulator for
evaluating energy extraction circuits. The emulator replicates the electrical behavior of a PEH systems
and is intended for use with standard laboratory instrumentation. This section details the required
equipment, electrical connections, and instrumentation configuration to ensure safe and effective usage.
The goal is to assist future users in performing circuit evaluations under.

Required Equipment
The following equipment is required to operate the emulator:

• PEH emulator unit (as described in Chapter 3)
• Two laboratory power supplies capable of sourcing ˘30V (used to power the emulator)
• One additional lab power supply or variable resistance box (used to emulate a load in certain
configurations)

• AWG, such as the Analog Discovery 3
• Two Joulescope JS220 precision energy analyzers (or equivalent voltage and current meters)
• Swappable impedance components (Cp) for emulator output configuration
• Circuit under test (e.g., SEH, SSHI, or SECE extraction circuit)

System Overview
Figure C.1 shows the full laboratory setup used to operate the emulator. Each labeled component
corresponds to a block in the schematic shown in Figure C.2, which provides a wiring diagram of the
full system.

• The Analog Discovery 3 is used to replay pre-recorded open-circuit voltage waveforms from a
real PEH system.

• These waveforms are fed into the emulator’s AWG input via BNC connector.
• The emulator amplifies the signal and presents it at the output, with a configurable impedance
matching network to replicate the characteristics of a real PEH. By default, the gain of the emulator
is 6 so divide any desired output signal by 6 for the AWG output.

• The emulator output connects directly to the input of the energy extraction circuit under test.
• Input and output power are measured using two Joulescope JS220 devices. These instruments
capture time-aligned voltage and current waveforms with high dynamic range.
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Figure C.1: Physical setup for using the PEH emulator. All major components including the waveform generator, emulator,
Joulescopes, and power supplies are labeled.

Connection Instructions
Refer to Figure C.2 for the following steps:

1. Power supplies:

• Connect one lab power supply to the positive rail input (Vcc) and another to the negative rail
input (Vee).

• Ensure Vcc is turned on before Vee to avoid damaging the internal voltage regulator (see
Section 5.2.1).

2. Waveform input:

• Connect the AWG output from the Analog Discovery 3 to the emulator’s waveform input
using a BNC cable.

• Set the signal amplitude such that, after emulator gain, the output voltage matches the target
PEH waveform (typically up to ˘25V peak).

3. Impedance configuration:

• Select and insert appropriate through-hole components at the output sockets to model tie
series output impedance Cp.

• A typical starting value is Cp “ 50 nF, but this can be adapted to match the device under
emulation.

4. Circuit under test:

• Connect the emulator output to the input of the energy extraction circuit.
• Ensure that any rectifiers or DC links in the circuit are compatible with the floating output of
the emulator (see Section 5.2.2 for some limitations in this regard).
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Figure C.2: Wiring diagram showing all electrical connections required to operate the emulator. Includes signal, power, and
measurement interfaces.

5. Power measurement:

• Place one Joulescope in series with the emulator output to measure input power to the DUT.
• Place the second Joulescope at the output of the DUT to monitor extracted power.
• For voltages above ˘15V, use the onboard resistor divider in the emulator output panel to
safely attenuate the signal for the JS220 input.

Remarks
The emulator is intended for use with energy extraction circuits that expect PEH-like sources. It is not
a general-purpose signal generator and should not be connected directly to low-impedance circuits
without appropriate consideration.



D
Author Contributions and Use of AI

Assistance

All conceptual designs, prototypes, and evaluation work presented in this thesis were carried out by
the author. In this work, large language model services like ChatGPT have been used to improve the
spelling, grammar, structure, and flow of written text. AI services have not been used to generate any
informative content, technical explanations, or original ideas related to the research topic. All domain-
specific knowledge, analysis, design, and conclusions presented are the result of the author’s own
understanding and work.
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