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Preface

Wireless sensors and wireless sensor networks (WSNs) are nowadays becoming in-
creasingly important due to their decisive advantages. They enable mobility and flexi-
bility, and significantly reduce installation and maintenance costs. Different on-going
trends towards the Internet of Things (IoT), Industry 4.0 and 5G Networks are based on
WSNSs. All these trends address massive sensing and admit to having wireless sensors
deliver measurement data directly to the World Wide Web in a reliable and easy man-
ner. They can only be supported, if sufficient energy efficiency and flexible solutions
are developed for energy-aware wireless sensor nodes (WINO). Within system design
of wireless sensors, several aspects related to technology, electronics and algorithms
need to be considered to reach a high energy efficiency on the node and network level.
In the last years, different possibilities for energy harvesting have been investigated
and several works have been reported on theoretical and practical applications using
these technologies. Generally, special aspects are treated and the overview of these
methods remains on the level of personal effort.

Writing a book on energy harvesting is a huge work and can be only done in an
aim-oriented way. In a previous book Energy Harvesting, we described different tech-
nologies and concepts more from the perspective of feasibility to introduce this tech-
nology to applications. At the time, the potential of ambient energy was not as clear
and evident as it is today. This success is due to the developments towards low power
consumption and also towards efficient and suitable converters based on manifold
principles and able to generate enough energy. In this book, in addition to these top-
ics, we focus on advanced and novel developments in vibration converters, wireless
energy transfer and energy saving methods on the network level. This is no longer from
the point of view of feasibility, but with the aim of giving an overview of novel devel-
opments that make technologies for using ambient energy and transferred energy to
supply sensors realistic. These methods, systems and technologies are enabling tech-
nologies for the wide spread use of sensors in general and, especially, in the IoT era.

The specific motivation for writing this book is based on the convincement that
an interlocked interaction between suitable methods and technologies is necessary
to realize optimized solutions for energy aware WSNs. In the last years, this has be-
come more visible with the increasing number of converters, hybrid solutions, energy
transfer and energy management methods acting at node and network level.

The system design of an energy aware WINO begins with the choice of the suit-
able available ambient energy, such as solar radiation, vibration and electromagnetic
fields and its characterization. Therefore, suitable converters need to be designed and
improved in their performance to meet necessary requirements and to reach enough
energy to guarantee the function of the WSNs. It is thereby not possible every time
to supply a sensor node from just one ambient source. In order to enhance the en-
ergy income, a combination of similar or diverse converters can be envisaged. Energy
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transfer also plays an important role, as it supports wireless sensor nodes by addi-
tional energy in cases where ambient energy sources are not sufficient or the behavior
of the converters is affected by environmental conditions or aging. Additionally, differ-
ent techniques for enhancing the efficiency of energy converters and reducing energy
consumption on node and network level are developed and need to be considered to-
gether to realize optimal solutions.

This book gives an overview on fundamentals and techniques for energy harvest-
ing and energy transfer from different points of view. A distinct focus is dedicated to
vibration converters as an often available ambient energy source where special op-
timization of the converter is needed. Different techniques and methods for energy
transfer, management and energy saving on network level are reported together with
interesting applications.

The first part of the book introduces essential fundamentals and methods. The
first chapter describes techniques for finite element modeling of energy harvester at
the example of vibrational devices. The focus is on the investigation of active materi-
als, which have an intrinsic ability for coupling several branches of physics and, con-
sequently, are commonly used for manufacturing harvesters. In particular, an inves-
tigation is carried out for the energy production from mechanical vibrations in high-
speed railway bridges. The second chapter focuses on solar energy harvesting as one
of the most predictable ambient energy sources with a good availability and energy
level. The third chapter describes methods for the determination of incoming power
and the most used methods for maximum power point tracking together with an effi-
ciency analysis. The fourth chapter deals with energy management concepts, includ-
ing maximum power point tracking, voltage and current conversion, energy income
forecast and modeling and tuning the energy consumption profile.

The second part of the book also deals with vibration converters and hybridiza-
tion. It begins with the fifth chapter, which deals with magnetoelectric vibration con-
verters, which are based on promising conversion mechanisms for kinetic energy har-
vesting combining magnetostrictive and piezoelectric materials. The chapter begins
with the basics of magnetoelectricity and an overview of the recent developments in
the state of the art of magnetoelectric energy harvesting. After that, a model-based
design method for magnetoelectric converters is presented.

In the sixth chapter, a nonlinear electromagnetic vibration converter based on
the use of magnetic spring principle is discussed. It enables energy harvesting for a
large bandwidth compared to the usual linear vibration converters. In order to improve
efficiency, bistable random mechanical switching harvesting on inductors (RMSHI)
is proposed to realize synchronization between mechanical movements and energy
management. In the seventh chapter, an oscillating vertical piezoelectric cantilever
with clearance is proposed for vibration energy harvesting. A mechanical resonator
is realized as an inverted elastic pendulum excited by kinematic excitation and then
characterized.
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One of the most important possibilities to maximize the energy income from ambi-
ent vibration is to design a hybrid vibration converter. This is the subject of the eighth
chapter that deals with hybridization of electromagnetic vibration converters dedi-
cated to low vibration frequencies. Several macro hybrid vibration converters based
on the combination with the electromagnetic principle are reviewed and compared.
Thereby, electromagnetic and magnetoelectric energy harvesting techniques deliver
energy with relative high efficiencies and are, therefore, very promising principles.
The ninth chapter presents a combination of a piezoelectric and a magnetostrictive
coil transducer. Thereby, the mechanical resonator moves in two degrees of freedom,
which have been monitored in two channels to show the broadening of the total fre-
quency transduction.

The third part of the book is dedicated to wireless energy transfer, including both
RF and inductive energy transfer as an interesting solution to extend the lifetime of
wireless nodes and to overcome the lack of ambient energy sources. Inductive energy
transfer is contactless and reaches a high efficiency over short distances. Thereby, data
can be transferred at radio frequencies concurrently to the energy transfer. This is the
subject of the tenth chapter, where a secure simultaneous wireless information and
power transfer (SWIPT) system is presented. The focus is on the use of multiple anten-
nas to improve the efficiency of wireless power transfer (WPT) and secure information
transmission. In particular, the objective is to maximize the secrecy rate via beam-
forming by a model-based approach to achieve a significant gain in the secrecy rate
compared to conventional methods.

Over a relative high distance, radio frequency (RF) energy transmission and har-
vesting techniques enable proactive energy replenishment for wireless sensors. With
RF power transfer, long distances can be overbridged. The eleventh chapter focuses on
the use of RF energy harvesting into usable electrical form, providing a certain voltage
or enabling delivery of a desired current to load.

The finite element method simulation of inductive wireless power transmission is
the subject of the twelfth chapter, where a wireless power transfer system is analyzed,
including important parts such as coil, core and driver, showing good agreement with
experimental results.

Efficiency improvement of wireless power transmission via inductive links is the
focus of the thirteenth chapter. It investigates the use of multi-coil inductive systems,
in which the sending and/or the receiving sides have multiple coils in the case of mis-
alignment, to provide energy to a movable receiver and to increase the system flexi-
bility. Suitable energy management is also indispensable for wireless inductive power
transmission via inductive links to reduce losses and compensate coil position pertur-
bations. The fourteenth chapter examines energy management circuits applied to the
sending and receiving sides of inductive power transmission systems.

The fourth part of the book treats energy saving and management strategies. It
begins with Chapter 15, in which energy-saving concepts for WSNs based on sched-
uling, dynamic voltage, frequency scaling and dynamic power management are re-
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ported. Chapter 16 emphasizes the optimal energy allocation in WSNs by introducing
a system engineering approach modeling and optimizing the system in order to derive
policies on when and how to use the available energy in order to achieve the best pos-
sible performance. In Chapter 17, energy management concepts in WSNs are presented
for large networks. The chapter presents a survey of energy conservation and energy
optimization techniques for WSNs.

In the eighteenth chapter, the design of wake-up receivers for energy harvesting
is discussed. The main idea thereby is that a wake-up receiver consumes much less
power than the WINO. During non-active time, the WINO can, therefore, be turned off
while only the wake-up receiver is switched on to detect possible signals and wake up
the node. Hence, a high energy efficiency is realized.

Applications for energy harvesting and energy transmission are nowadays mani-
fold. In the final part of the book, in the last part about system design and applications,
a selection of specific solutions related to agriculture, structural health monitoring of
bridges and power grids is given.

In total, the book reports about new advances and approaches in energy-aware
wireless sensors and sensor networks including theory, methods and applications.
The book is interesting for researchers, developers and students in the field of sensors,
wireless sensors, WSNs, IoT and manifold application fields using related technolo-
gies.

The author would like to thank all experts for the interesting contributions and
the reviewers who supported the decision about publication with their valuable com-
ments.

Chemnitz, June 2018 Prof. Dr.-Ing. Olfa Kanoun
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Roberto Palma, José L. Pérez-Aparicio, and Pedro Museros
Finite element modeling of energy harvesters:
application to vibrational devices

Abstract: This chapter presents the set of governing equations to study the behavior of
active materials that have an intrinsic ability for coupling several branches of physics
and, consequently, are commonly used for manufacturing harvesters. Once the equa-
tions are defined, a numerical formulation based on the finite element method is de-
veloped in order to model these materials. In particular, this chapter studies the energy
production from the mechanical vibrations present in high-speed railway bridges. For
this purpose, a review of the basic parameters of these bridges, their vibrations, fre-
quencies and the dynamic characteristics are highlighted. Then, cantilever harvesters
made out of piezoelectric and piezomagnetic materials are simulated under typical
mechanical vibrations, and several conclusions are highlighted.

Keywords: Active materials, finite element method, piezoelectric devices, piezomag-
netic devices, high-speed bridges, vibrating harvesters

1 Introduction

As is well known, the energy obtained from residual sources is called renewable or
clean energy. Depending on the level of power produced, this renewable energy is
commonly divided into two groups:

— Macro-energy harvesting plants, generating in the order of [kW] or [MW], for ex-
ample: watermill, geothermal and solar energies. These plants are designed as
alternatives to traditional fossil-fuel-based and nuclear plants.

- Micro-energy harvesting technologies, which produce in the order [mW] or [uW],
and are based on residual sources such as mechanical vibrations, heat, sunlight,
chemical or biological sources, etc. In contrast to macro-energy, this technology
is conceived as an alternative to conventional electro-chemical batteries.

The present chapter is focused on micro-energy technology using harvesters. In gen-
eral, harvesters are manufactured with modern materials, denominated active or
smart materials that have the intrinsic ability to couple up to four physic energies,
such as mechanical, thermal and electromagnetism. According to [1], the global mar-
ket for smart materials was 26 USD billion in 2014 and will be approximately 42 USD
billion in 2019.

Roberto Palma, Department of Mechanical Engineering and Construction, Universitat Jaume I, Spain
José L. Pérez-Aparicio, Pedro Museros, Department of Continuum Mechanics and Theory of Struc-
tures, Universitat Politécnica de Valéncia, Spain
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There are many examples of energy harvesting applications depending on the
residual sources. For instance, thermoelectric devices are used to generate energy
from residual heat and piezoelectric/piezomagnetic materials from residual mechan-
ical vibrations.

In connection with thermoelectric materials, they are commonly used to reduce
the weight in aeronautics and astronautics. In particular, the radioisotope thermo-
electric generator (RTG) is an electrical generator that draws its energy from the heat
released by radioactive disintegration of the fuel — usually plutonium. The assembly
of an RTG can be seen in Figure 1, consisting of a container of nuclear fuel that gener-
ates the necessary heat through a nuclear fission. This heat is converted into electrical
energy by thermocouples in the radioisotope heat unit, powered by a thermal flux be-
tween the core at up to 1200 [K] and the hot spot, usually a liquid metal cooling system
connected to the space at up to 300 [K]. In spite of this very large temperature incre-
ment, the efficiency usually lies between 4-7%, with a maximum of 10%.

Fig. 1: Radioisotope thermoelectric generator for space rover, [2].

Concerning vibrating harvesters, they are used for wearing shoes and backpacks, for
computer hard disks, for medical micro-robots and, especially, for energy recovering
from environmental vibrations, see [3]. In this context, the possibility of energy har-
vesting from vibrations of bridges is a very new field. Recently, [4] and others have
been investigating the feasibility of recovering electric energy for high-speed trains
passing over a bridge. Small amounts of electric energy can be recovered by the in-
duced vibrations, and this energy be used for the WiFi signals of structural health
monitoring (SHM) systems.

In short, the energy generation from residual sources - such as heating and me-
chanical vibrations — is a challenge for both engineering and scientific communities.
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Therefore, both the theoretical understanding and numerical modeling are important
challenges in order to design sophisticated harvesters that generate as much energy
as possible. From a modeling point of view, some of the authors of the present chap-
ter have published several numerical formulations based on the finite element (FE)
method to study active materials, see [5] to [6].

From a practical point of view, it is also very important to know the energy orders
of magnitude that the residual sources can yield, for instance, temperature gradients
in buildings, mechanical vibration amplitudes in bridges, etc. In this way, one author
of the present chapter has wide experience in the design of high-speed railway bridges,
see [7] to [8].

On these grounds, this chapter defines the active materials and their advantages
in comparison with classical materials, see Section 2. Then, an outline of the govern-
ing equations that theoretically describe the behavior of active materials is reported
in Section 3. In particular, the main equations of continuum mechanics, electromag-
netism and thermodynamics, are briefly described. Section 4 introduces the FE formu-
lation to numerically model the active materials. First, for the sake of clarity, a brief
outline of the FE method is introduced. Regarding practical applications, Section 5
presents a summary of railway bridges and their mechanical vibrations produced by
passing vehicles. Finally, numerical simulations of harvesters that produce energy
from mechanical vibrations are reported. In particular, basic cantilever beams made
of both piezoelectric and piezomagnetic materials are simulated, and a comparison
between both is highlighted.

Through the chapter, several simplifications are introduced. From a mechanical
point of view, small strain is considered: it is a good approximation for most of the
harvester applications, since classical active materials are made out of ceramics. Elec-
trodynamically, free electromagnetic sources such as free electric charges and currents
are not considered, since these active materials are, in general, non-conductors. Fur-
thermore, the high frequencies produced by the electromagnetic field (speed of light)
are neglected in comparison with the mechanical frequencies; this is a reasonable ap-
proximation, since this chapter deals with the energy production from the residual me-
chanical vibrations. Finally, and from a thermodynamical point of view, conservative
materials are considered, namely, dissipations generated by the heating of harvesters
are neglected.

2 Active materials

In classical physics, every cause has an effect. For instance, applying forces to an
elastic body (cause) produces strains (effect); applying electric fields to a dielectric
medium (cause) polarizes the material (effect), etc.
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Historical note
Early work on active materials was carried out by the French broth-
ers Jacques and Pierre Curie; in particular, piezoelectricity was dis-
covered in 1880 by both. Jacques Curie (1855-1941) was Professor
of Mineralogy at the Université de Montpellier. His younger brother
Pierre Curie (1859-1906) received the Nobel Prize in Physics with his
wife, Marie Curie, and Henri Becquerel. Signature taken from Wikipedia.
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Fig. 2: Cause-effect curve. Two regions are observed: linear/non-linear and reversible/irreversible.

Causes and effects are related by constitutive equations that describe the behavior of

the material and are obtained by experimental techniques. For example, in mechan-

ics, the stress-strain curve is calculated by applying equal and opposite forces at the
ends of a bar and measuring its relative deformation. From this curve, several impor-
tant material properties, such as the modulus of elasticity and ductility, are obtained.

Figure 2 shows a general cause-effect curve in which two regions are observed:

— Linear and non-linear. The linear region is mathematically represented by first-
order material properties in a Taylor series expansion. On the contrary, the non-
linear region requires high-order material properties that, in general, depend on
the high-order expressions of the causes and/or effects.

- Reversible and irreversible regions. The former represents a hypothetical behav-
ior for which the entropy of the system is conserved. For this reason, the mate-
rial properties inside this region are denominated conservative. In contrast, the
irreversible region is characterized by the increasing of the entropy and, conse-
quently, by the production of heat. For example, plasticity is an irreversible re-
sponse for which the internal structure of the material is irreversibly transformed
and heat is dissipated. Therefore, the initial state is not recovered when the cause
ceases; this process is path-dependent.
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Fig. 3: Passage of a train over a bridge. Top: the train (cause) produces mechanical vibrations (ef-
fect). Bottom: the bridge incorporates harvesters made of active materials that produce electrical
energy from mechanical vibrations and, consequently, the train generates two effects.

Traditional materials — denominated passive materials in the remainder of this chap-
ter —, are characterized by a one-to-one function between cause and effect, namely,
stresses generate strains and vice versa. For example, consider a railway bridge made
of passive materials such as concrete and steel. The passage of a train over the bridge
(cause) generates mechanical vibrations (effect), as observed in Figure 3 (top). On the
contrary, active materials are characterized for their intrinsic ability to couple several
branches of physics; consequently, a cause produces one or more effects. Continuing
with the bridge example, consider that this bridge also incorporates harvesters made
out of active materials. Now, the mechanical vibrations generate electrical energy, see
Figure 3 (bottom). Therefore, the passage of a train generates two sequential effects:
mechanical vibrations and electrical energy.

As commented, in this work, an active material can couple up to four fields:
thermal, mechanical, electrical and magnetic. Heckmann’s diagram [9] allows us
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EMPERATUR

LECTRIC
FIELD

Fig. 4: Heckmann’s diagram: causes, effects and first-order properties represented by rectangles,
circles and triangles, respectively. Material properties are clarified in Tables 1, 2; picture taken
from [9].

to schematically visualize these couplings, as shown in Figure 4. The causes are
represented by rectangles and the effects by circles. Then, the first-order materials
properties that relate causes and effects are represented by triangles, and they are
listed in Tables 1 and 2. Table 1 refers to the main interactions, namely, the passive
properties; Table 2 shows the coupling, the active properties.

Tab. 1: First-order passive properties. Triangles in first column refer to Figure 4. Table taken from [9].

Symbol Conjugate variables Passive property
Stress — Strain Elastic tensor
Electric field — Polarization Electric susceptibility

Magnetic field — Magnetization =~ Magnetic susceptibility

Temperature — Entropy Heat capacity

e e
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Tab. 2: First-order active properties. Triangles in first column refer to Figure 4. Table taken from [9].

Symbol Conjugate variables Active property

Mechanic - Electric Direct, converse piezoelectric

Mechanic - Magnetic  Direct, converse piezomagnetic

Mechanic - Thermal Thermal expansion, piezocaloric

Electric — Magnetic Direct, converse magnetoelectric

Electric — Thermal Direct, converse pyroelectric

e

Magnetic — Thermal Direct, converse pyromagnetic

In short, the active materials allow the production of energy from residual sources
such as heat, mechanical vibrations, etc. These materials will be studied in the re-
mainder of this chapter. Furthermore, since these materials couple several fields of
physics, the following section introduces the basic governing equations of continuum
physics.

3 Continuum physics

Consider a continuum solid of domain Q, boundary I" and its outward normal n. This
solid is subjected to mechanical, electromagnetism and thermal energies and, conse-
quently, the governing equations of the four fields must be considered.
For the sake of convenience, the present chapter uses both tensor and matrix no-
tations. For the first, the following tensor operators are used:
—  Scalar product or single contraction denoted by the symbol (-): a-b = a;b;.
- Double contraction denoted by the symbol (:): A : B = A;;Bj;.
—  Dyadic or outer product denoted by the symbol (®): (a ® b)ij = aib;.
- Cross product denoted by the symbol (x): (a x b); =¢;jk ajbk, where € is the Levi-
Civita tensor.
— The transposition is denoted by ()'.
— The symbol V denotes the Del operator.
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3.1 Outline of continuum mechanics

Classical continuum mechanics is a branch of continuum physics that studies the
kinematics and the mechanical response of deformable bodies subjected to the action
of forces. Firstly, the word deformable refers to the capacity to change the medium
shape — conversely to the rigid body mechanics that studies non-deformable solids.
Secondly, the term continuum indicates that matter completely fills the medium, that
is, the medium is assumed to be continuous. This assumption is known as the contin-
uum hypothesis [9]. Finally, and considering this hypothesis, each point of the body
(commonly called material point) can be identified by a position vector and, conse-
quently, the tensor algebra can be applied to study the motion and deformation of
solids.

Historical note
The French mathematician Augustin Louis Cauchy (1789-1857) pio-
neered the use of continuum instead of discrete models. In spite of
his initial 3 years of working as an engineer, he was more attracted
to the abstract beauty of mathematics. Cauchy was a prolific scien-
tist: in continuum mechanics he holds 16 theorems. Signature taken
from Wikipedia.

3.1.1 Kinematics

Consider a continuum body before (at time ¢ = 0) and after deformation (at time ¢; Fig-
ure 5). The position of a material point Py inside a domain Qg with border 'y “before”

&1

Fig. 5: Continuum body before and after deformation.
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is located by X; “after” the point becomes P inside another domain Q of boundary T
and located by x. From vector calculus, the displacement u of any material point can
be represented by:

ulX,t) =xX,t) - X() . @)
The dependency of u and x on X is commonly denominated as “Lagrange coordinates”
in the continuum mechanics community. However, under the assumption of small dis-
placements X =~ x, the notation u(x, t) is adopted in the remainder of the present work.

3.1.2 Strain measure

An objective strain measure can be defined as the change of length and rotation of
an elementary differential of displacement. Mathematically, this definition can be ex-
pressed as:
ou

du(x,t):a-dx=u®v-dx, 2
where the non-symmetric tensor u ® V is called the displacement gradient. As com-
mented, this tensor contains information on the change of lengths and on the rota-
tions of du. In particular, it is observed in Figure 6 that the information relative to the
change of lengths is stored in the symmetric part of (u ® V)Y and the rotation in the
skew-symmetric (u ® V)%,

t=20 t=t

(u®v)™

+
(u®V)k

Fig. 6: Box representing the deformation process: elongation (¢ ® V)$¥ and rotation (u ® V).

According to the theory of tensor algebra, any tensor can be decomposed in symmetric
and skew-symmetric parts. Therefore, the displacement gradient can be expressed as:

u®V=%(u®V+V®u)+%(u®V—V®u), 3)

Since the rotations do not produce deformation, the strain measure is given by the
symmetric part of (3); under the assumption of small strains, the symmetric displace-
ment gradient is finally given by:

S=%(u®V+V®u):VSVu, (4)

where the symbol V¥ is used for simplicity and S denotes the second-order small
strain tensor.
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For the sake of convenience, S is expressed in Voigt’s notation with indexes 11=1,
22=2,33=3,12=4,23 =5, 13 = 6 to obtain:

{S} = {S1, S2, S3, Su, S5, Se}" 5)

As observed, Voigt’s notation allows us to represent a symmetric second-order tensor
by a vector of six coefficients.

3.1.3 Linear momentum balance

From the second Newton’s law, the linear momentum balance states that the rate of
momentum p = ppit is equal to the total forces acting on the body of Figure 7 (py, is
the mass density). Notice that the domain is drawn after deformation, commonly de-
nominated current configuration.

I

Fig. 7: Forces acting on continuum body after deformation.

The forces acting on Q can be classified into long-range f and short-range t forces. The
former represents the forces exerted by external fields such as gravity, and the latter
the forces that interact among material points.

On this basis, the linear momentum balance is mathematically stated as:

ijpdnzjtdnjfdn. ©)

dt
Q T Q
Considering the notation T¢ as the second-order Cauchy stress tensor, the mass
conservation dpy,/ dt = 0, Cauchy’s lemma t = (T¢)" - n and applying the divergence
theorem to the first term on the right-hand side (6), the linear momentum balance in
local form becomes:

Pmit =V - (T)T +f. @
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3.1.4 Angular momentum balance

The angular momentum balance states that in any inertial frame the rate of change of
the torque is equal to the total momentum generated by the forces acting on the body.
Considering the Figure 7 and (6), this equality is mathematically expressed as:

d
ajxxpdﬂ:lxxtdl"+lxxfdﬂ. (8)
o) r 0
Again, taking into account mass conservation, Cauchy’s lemma, the divergence
theorem to the first term of (8) on the right-hand side and using (6), the angular mo-

mentum balance reads:
€:T =0 = Tc=(T)". 9)

In conclusion, the symmetry of the Cauchy stress automatically guarantees the bal-
ance of angular momentum. As for S, T¢, it can be expressed in Voigt’s notation as:

{Te}={T5, T, TS, T, TS, TS} . (10)

3.2 Outline of continuum electrodynamics

Classical electrodynamics (also called classic electromagnetism) is a branch of contin-
uum physics that deals with the interactions between matter and electric charges and
currents. This formalism is founded on the Maxwell’s equations and on the Lorentz
force.

Historical note
Although many scientists worked on electromagnetism, the Scottish
mathematician James Clerk Maxwell (1831-1879) achieved the for-
mulation of the classical theory of electromagnetism, denominated
“second great unification in physics” after the first was realized by
Isaac Newton. Signature taken from Wikipedia.

3.2.1 Maxwell equations
Maxwell’s equations are a set of four coupled and empirical equations that relate the

macroscopic variables of electromagnetism: electric field E, electric displacement D,
magnetic field H and magnetic induction B. Furthermore, the sources of electromag-
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netism, free electric charges pfl and free electric currents jf also appear in Maxwell’s
equations:

£
V-D:pq,
V-B=0,
VxE+a—B=O, (1)
ot
vxH-22 _j_9
ot

The first equation is denominated electric Gauss’ law and states that the scalar
sources of the electric field are the free electric charges. The second is called magnetic
Gauss’ law and establishes the absence of magnetic monopoles in nature, namely, the
magnetic field is solenoidal. The third law is the Maxwel-Faraday law and states that
the rate of change of a magnetic field generates an electric field. Therefore, this law
couples both electric and magnetic fields. Finally, the fourth equation is Ampére’s law,
which asserts that the free electric currents and the rate of change of the electric dis-
placement produce magnetic fields. Consequently, this law also couples both fields.

3.2.2 Electromagnetic potentials

In accordance with the Helmholtz theorem — also known as the fundamental theorem
of vector calculus [9] — and according to Maxwell’s laws of (11), there are four electro-
magnetic potentials:

- Two scalar potentials obtained from the Maxwel-Faraday and Ampére laws.

- Two vector potentials deduced from the electric and magnetic Gauss’ laws.

Nevertheless, in the present chapter, the free sources pfl and jf and the partial deriv-
atives 0B/ot and oD/ot are assumed to be zero. This is a good and reasonable ap-
proximation for most applications of harvesters, since they are constructed with po-
larizable/magnetizable media and the frequencies of the mechanical vibrations are
several orders of magnitude lower than the electromagnetic ones.

Assuming pg =0, jf = 0, the electric V and magnetic ¢ scalar potentials can be
obtained from the Maxwel-Faraday and Ampére laws, respectively [9]:

VxE=0 = E=-VV,

(12)
VxH=0 = H=-Vop.

Furthermore, these scalar potentials are more amenable for an FE formulation, as was
reported in [9]. Finally and for convenience, the electromagnetic constitutive equa-
tions that relate polarization P and magnetization M vectors with E, D and H, B, re-
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spectively, are introduced in the same reference:

D=P+¢yE,

(13)
B=po(H+M).

3.2.3 Linear momentum balance

The linear momentum balance of electromagnetism is obtained by combining Max-
well’s laws and Lorentz forces. There exist four representations of the electromagnetic
linear momentum, see [9], closely related to the choice of the Poynting vector. Despite
the fact that the best choice of this vector has generated controversy in the literature
(for instance, the famous Abraham-Minkowski debate), in the present chapter, the
Minkowski representation is assumed. Taking into account this representation, the
linear momentum balance in local form is given by [10]:

0
E(DXB)zv-(TEM)T—fEM, (14)

where T® and f& denote the Maxwell stress tensor and the Lorentz forces, respec-
tively. Obviously, both terms depend on the electromagnetic variables and, in the ab-
sence of free sources, are given by:

TEM:D®E+B®H—%(D-E+B-H)I,
(15)
f= %(V@E-D—V®D~E+V®H~B—V®B-H).

3.2.4 Angular momentum balance

As deduced in (9), the mechanical angular momentum balance is guaranteed by the
symmetry of the Cauchy stress tensor. Similarly, the electromagnetic angular momen-
tum balance requires the symmetry of T,

In vacuum (absence of matter), Tt is symmetric; however, its symmetry in pon-
derable media (media with matter) has generated controversy in the literature [9]. Un-
der classical continuum physics, the definition of a total stress tensor composed of
two non-symmetric tensors (Cauchy and Maxwell) is the best approach.

The use of a total stress implies the modification of the classical traction vector t
(Figure 7), by the mechatronic vector tgy, which contains information of both me-
chanic and electromagnetic fields. For more details on the non-symmetry of the Max-
well tensor, see the recently published scientific article by the present authors [6].
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3.3 Outline of thermodynamics

Thermodynamics is a branch of continuum physics that deals with the conservation
and conversion of the energy, among several fields such as mechanical, thermal, elec-
tromagnetic fields, etc. Therefore, this formalism is the cornerstone to theoretically
study harvesters.

Historical note
The American scientist Josiah Willard Gibbs (1839-1903) introduced
the idea of incorporating the entropy into the internal energy of a
system. Therefore, he was a pioneer in combining the first and sec-
ond laws of thermodynamics and, consequently, he is the father of
modern thermodynamics. It was declared that “Gibbs’s name not
only in America but in the whole world will ever be reckoned among the most renowned theo-
retical physicists of all times”. Signature taken from Wikipedia.

The first law of thermodynamics states the conservation of the total energy in a closed
system as: the total energy U is equal to the sum of heat Q and work W performed on
the system, mathematically:

dU =6Q+dw, (16)

where the symbols -d- and -§- denote exact and inexact differentials, respectively. As
observed, the heat is an inexact differential since it is path-dependent, namely, part
of the total energy is irreversibly converted into heat. An example of an irreversible
process is the mechanical plastic deformation for which part of the mechanical en-
ergy is employed in the transformation of the internal structure of the material. Then,
overheating is produced - heat is dissipated — and the initial state of the material is
never recovered.

As commented, this chapter deals with conservative processes for which the ef-
fects of the temperature are neglected. Consequently, 6Q = 0and dU = dW.

Reversible
Fig. 8: Reversible exchanges of energies be-

Closed tween mechanical and electromagnetic fields

system with thermal interaction neglected.

MECHANICS
ELECTRO-
MAGNETISM

Consider the closed thermodynamical system shown in Figure 8. The system is com-
posed of mechanical and electromagnetic energies that can be reversibly exchanged
with each other given that §Q = 0.

As reported in Section 2, causes and effects play an important role in the study of
active materials and, consequently, in harvesters. From a thermodynamical point of
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view, causes and effects are represented by intensive and extensive variables, respec-
tively, and their products represent the total work performed by the system:

dU(Ss,P,M) =dW(S,P,M)=T¢: dS+E-dP+H-dM. 17

Table 3 lists the intensive and extensive variables used in the present work. Simple and
double contractions product are used, and the fact that the energy is a scalar variable
facilitates the following analyses.

Tab. 3: Intensive (cause) and extensive (effect) variables used in this chapter.

Intensive variables Extensive variables

Stress - T¢  Strain - S
Electric field - E Polarization - P
Magnetic field - H Magnetization - M

There are several thermodynamic potentials to represent the total internal energy of
the system. In this work, and for an amenable numerical implementation, it is conve-
nient to use the electromagnetic enthalpy II, which results from a Legendre transfor-
mation of (17) to exchange the pair P, M by the corresponding E, H:

dII(S,E,H)=T¢: dS-P-dE-M-dH. (18)

Since the problem is conservative, II can be expressed as an exact differential:

ans, E 0y - | .as+ 28 gy U
E.H oE

S o Sl -dH, (19)

SE
Finally, comparing (18) and (19), the constitutive equations can be obtained from
II as:

ol
AL
35 |uu
ol
p-_o0
3E |s u (20)
ol
m=_°0
3H|sx

These three expressions can be arranged to obtain a Hessian matrix to describe
the behavior of the material:

oT¢ oT¢ oTe

dTe oS OF 3H | (4s
dpt = | oP oP OP | J4g! . 1)
M S oF oH | |4n

oM oM oM
|3S  OE  OH |
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In order to obtain the constitutive equations and considering (20), an explicit form
of the potential IT must be calculated. In a first and reasonable approximation, this
potential can be found by a Taylor expansion in the vicinity of a natural state II(S =
E = H = 0) = 0 and by keeping in mind the linearity of the problem, to give:

1(S, E, H) = %(s: C:S-E-¢-E-H-p-H)
-e':S-E-e’:S-H-H-v-E, (22)

where C, €, u, v, eV and e? denote elastic, permittivity, permeability, electromag-
netic, piezoelectric and piezomagnetic material tensors, respectively. Finally, consid-
ering (13), (22) and (20), the Hessian (21) becomes:

Tc C 14 —e? S
D:=|e" € v E} . (23)
B e? v U H

3.4 Summary of governing equations

This section summarizes the governing equations to model conservative active mate-
rials under small strains and displacements, for low electromagnetic frequencies and
assuming material linearity. The equations are equilibrium and constitutive comple-
mented by the boundary conditions.

3.4.1 Equilibrium equations

For an amenable FE implementation and considering T, the equilibrium equations
are the linear momentum balance (7) and the electric and magnetic Gauss laws (11):

pmﬁ:V'TT‘*'f,
v-D=0, (24)
V-B=0,

where TT = T¢ + (T™)% is the total stress tensor, composed of both symmetric Cauchy
and Maxwell stress tensors.

3.4.2 Material constitution

For the sake of clarity, the multi-coupled constitutive (23) is expressed in matrix form
using Voigt’s notation (5) and (10):
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Piezoelectrics
'Tl‘ -C11 C12 C13 0 0 0 0 0 —€¥3-‘ '51~
T, Cio Cy1 Ci3 0 0 0 0 0 —€1V3 S,
T3 C13 C13 C33 0 0 0 0 0 —6;13 83
T, 0 0 O Cs O O 0 0 0 Sy
1T5¢=/ 0 0 0 O Cu O 0 -els 0 | 4S5t
Te 0 0 0 0 0 Cu -e O 0 Se
D, 0 0 0 O 0 e e1 O 0 E
D, 0 0 O O es O O e O E,
D3] |el; e € o o0 0 o0 0 3| |E5]
Piezomagnetics
(T;] [Cii Cio Ci3 O 0 O 0 o -ef] [S:
T2 C12 C11 C13 0 0 0 0 0 —e‘f3 Sz
T3 C13 C13 C33 0 0 0 0 0 —6';03 S3
T, 0 0O 0 Cg O O 0 0 0 Sy
1Ts¢=1 0 0 0 0 Cu O 0 el 0 | {Ss5¢ -
Te 0 0 0 0 0 Cu -€% 0 0 Se
By 0o 0 0 o0 0 e ex O 0 H,
B, 0 0 0 0 e 0 0 eyx O H>
[Bs) ¥ ef, e o o o0 o 0 e | (H3)
(25

As observed, both constitutive matrices are transversely isotropic, since the present
active materials are polarized along the x3 direction.

3.4.3 Boundary conditions

The set of multi-coupled governing equations is mathematically closed by including
the boundary conditions. As is common, these equations are composed of natural and
essential boundary conditions; the former are called Neumann and the latter Dirichlet
equations. Both are given by:

Dirichlet type Neumann type
u=1, T'-n=t,,, 26)
V=V, D-n=gq,,
© =0, B-n=0,

where u, V, ®, TEM and g, denote prescribed displacements, voltage, scalar magnetic
potential, mechatronic vector and electric charges on T, respectively.
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4 Finite element method

The finite element method (FE) is a numerical technique used to model many problems
in science and engineering. Sophisticated situations, such as the governing equations
for the active materials reported in Section 3, result in complex systems of partial dif-
ferential equations for which there are no analytical solutions; but the FE method al-
lows us to approximate these sets of partial differential equations in an algebraic sys-
tem that can be solved using numerical algorithms. In fact, at present, FE is the more
widespread method in technological applications, and a wide number of commercial
codes exist. For more details, the reader is referred to the classical books [11].

Historical note
The FE method was developed in the 1960s by, among others, the
Greek John Argyris (1913-2004) at the University of Stuttgart, the
American Ray William Clough (1920-2016) at the University of Cal-
ifornia (Berkeley) and the Anglo-Polish Olgierd Zienkiewicz (1921-
2009) at the University of Swansea. The main contribution of the
latter was to recognize the general potential of FE to resolve problems in areas outside solid
mechanics. Signature taken from www.nap.edu.

4.1 Outline of the finite element method

As mentioned, FE is probably the most advanced method for the solution of multi-

coupled problems, however, for these applications the method involves complex

mathematical concepts. Consider the continuum system shown in Figure 9; the

FE method is constructed from the following steps:

i) The continuum domain Q is divided into subdomains or finite elements Q., inter-
connected at the nodal points.

ii) The nodal values of the degrees of freedom are assumed to be the unknown pa-
rameters of the problem.

iii) A set of functions denominated “shape functions” are chosen to interpolate the
solution within each finite element in terms of their nodal values.

iv) The principle of virtual work is applied to the governing equations to obtain
“weakened” forms of the problem.

v) The solution is calculated by solving a set of linear or non-linear equations.

Basically, the resolution of non-linear transient problems implies three steps:

a) The time interval is divided into small time increments At.

b) The analytical time derivatives are replaced by discrete forms using, for instance,
the Newmark-f scheme.
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Discretization

Q= U Qe

node a

Fig. 9: Finite element discretization of a continuum domain.

c¢) The non-linear algebraic problem for each time increment is solved using the
Newton—Rhapson algorithm.

The assembled non-linear FE equations are written in a residual form R and are lin-

earized by the derivative:
k

0Rq dgk (27)

o
where a, b are the local numbering of two generic nodes, k the Newton—-Raphson itera-
tion counter and dg’g the derivatives of the degrees of freedom at node a. The algorithm
for time integration is written as:

RE =

a

k

oR
- —| = c1Kap+2Cap+c3Mgp, (28)

08y

where the parameters cq, ¢, and c3 are given in [6].
The consistent tangent I, capacity € and mass M matrices are derived for each
iteration as:

OR, 0R, R4

Kap = ——, =——, =—-——
ab an ab an ab an

(29)

where gg = {Up, Uy, Up} represents the zero, first and second derivatives, respectively.
The degrees of freedom at the generic node b are denoted by Uy,.

Finally, the solution is updated using g’;“ = g’lj + dg’g. Notice that the Newton—
Raphson iteration counter should exhibit a quadratic asymptotic rate of convergence

if the tangent matrices are correctly calculated.
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4.2 Finite element modeling of active materials

The present work deals with a multi-coupled formulation for which each node has five
unknowns, namely:

— three mechanical displacements u in the three Cartesian directions

— voltage potential V

— scalar magnetic potential ¢

Consequently, the FE formulation contains a set of five residuals. Notice that the resid-
ual for the mechanical displacements is commonly expressed in compact notation by
a single equation; however, in matrix notation, it holds three equations due to the fact
that u is a vector.

For the sake of clarity, this section reports the discretizations, residuals and the
final assembled FE matrices. For more details on the FE formulation, the reader is
referred to [9].

4.2.1 Discretizations

As commented, the continuum domain must be discretized. In this work, this is done
by n three-dimensional eight-noded brick elements such that Q = Y Q.. Further-
more, standard shape functions N of Lagrangian type are used to interpolate the
unknowns through the element. For simplicity, an isoparametric interpolation is
adopted, namely, global coordinates x and degrees of freedom are approximated by

the same N: ~
x=NgXq,

U=~Ngilg, il=Ngilg, (30)
VaNaVa, ¢=Na@Pa,

where X, i1,, V, and @, refer to the nodal value at the local node a, and the Einstein

summation convention is applied. Furthermore, (4) and (12) are approximated by:
S~VINg ity = By g,
E~-VNgVy=-B,V,, €3
H=~-VNg ¢a =-Bqg @a,

where the derivation operators B are expressed in matrix notation as:

(N1 O 0 ]

5

0 Nga O

Na 1
0 0 N, ’
Bzy: Na,2 N (‘;3 » Bg=9Naa g » (32
a, a,
Na 3

0 Na,B Na,Z ’
L Na,B 0 Na,l ]
and (-,;) denotes differentiation with respect to the i-th Cartesian coordinate.
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4.2.2 Residuals

The governing equations reported in Section 3.4 are commonly called strong forms,
since they are second-order differential functions of the degrees of freedom u, V and ¢.
The term “strong” refers to the higher continuity on the dependent variables. In con-
trast, the weak forms are often integral expressions that require weaker continuity
field variables, namely, they are first-order equations and, consequently, allow an
FE discretization. In order to obtain “weakened” forms two procedures exist:

I. energy principles such as Washizu or Hamilton

II. weighted residual methods

The first procedure is particularly suited for solid mechanics and structures. On the

contrary, the second procedure is more general and can be applied to solve all kinds of

partial differential equations. In this sense, the second approach is used in the present

work, and it consists of the following steps:

i) Equilibrium equations (24) are multiplied by arbitrary test functions.

ii) The divergence theorem is applied to the gradient terms of these equations.

iii) The Neumann boundary conditions (26) are enforced (the Dirichlet type are auto-
matic).

After the application of the discretizations of (30) and (31) to the weak forms, the three
multi-coupled residuals read:

R = [[ BT T4 Nolf - p Ny )] 0+ pN B d,
Qe T

RY - [BID d.- $Nag, dr., (33)
Qe T

RY = JBg B dQ..
Qe

4.2.3 Assembled matrix

From the residuals of (33) and using (29), the tangent matrices are directly calculated
by simple derivations. The final assembled matrix becomes:

uu uu ulV’ ug 1 k -n+1) K uy k
fK:ab +C Mab :Kab :Kae d':‘b R,
945 KW by qdvpttr = 4{RVE (34)
it wd ] agf ] ad

where the parameter c3 contains information on the time integration algorithm. As
observed, the assembled matrix is a set of five fully coupled equations.
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First, no capacity matrices are present, since the current problem is conserva-
tive and, consequently, there are no dissipative terms. Second, only the mechanical
mass matrices are included, given that the only hyperbolic equation is the linear mo-
mentum balance, (7). Third, the main diagonal represents direct (or passive) interac-
tions, namely, elasticity, permittivity and permeability, see Table 1. In contrast, the
off-diagonal terms are due to the couplings (or active interactions) of Table 2. Fourth,
the explicit forms of the tangent matrices are reported in [9]. Finally, the set of alge-
braical equations of (34) is implemented into the research FE code FEAP [12], which
belongs to the University of California at Berkeley (USA).

5 Application: Energy production in high-speed
railway bridges

This section introduces an overview of high-speed railway bridges with the objective
to obtain their main vibration variables. Then, harvesters are numerically simulated
by the previous FE formulation, and their energy production is calculated.

5.1 Overview of high-speed railway bridges

Structures have evolved over the years, and this evolution has been driven both by the
increasing demands of society and the advances of technology; bridges in general and
particularly railway bridges are no exception. Every possibility of reducing traveling
times has always been explored with the greatest interest, producing a progressive
increase in the speed of these railways. In turn, such increases have led to more de-
manding requirements for rail infrastructure. Tracks have become heavier and stiffer,
a greater radius of curvature has been adopted for bents, cants have also been in-
creased, etc. Like general infrastructure, bridges have to withstand the dynamic effects
induced by vehicles traveling at speeds of over 300 [km/h]. Typically, one speaks of
high-speed bridges when the design of the line withstands more than 200-250 [km/h].

A wide variety of bridges has been designed to meet the requirements of the new
high-speed lines. Because high-speed tracks must avoid sharp curves, long viaducts
are very often required to cross over valleys, riverbeds and hollows; additionally, wide
streams and estuaries also require long structures. In countries such as Italy, Germany,
Spain, USA, China and Japan, prestressed concrete is usually preferred for such long
bridges, often (but of course not always) resorting to simply supported, prefabricated
decks on top of piers. In China and Japan, a large part of the railway lines are con-
structed on top of — concrete — viaducts to avoid excessive occupation of land. In ad-
dition, this strategy avoids interference between existing and new high-speed lines.
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Typical span lengths range from some 30 [m] for simply supported prefabricated decks
up to 70 [m] for continuous decks, with some singular constructions featuring more
than 150 [m].

Continuous bridges are also present in both steel or mixed construction. Metallic
viaducts are typical in France, but some modern designs have also earned a reputa-
tion in Spain (spans from 50 [m] to more than 200 [m]). Metallic arches are used in
France, China and other countries, with main spans up to some 200 [m]. In Spain,
steel arches have also been used in certain singular locations, as is shown in Figure 10
(top), while concrete arches have reached world-record spans in the high-speed lines
Madrid-Valencia and Madrid-Portugal. Figures 10 (middle and bottom) and 11 show
other representative examples.

In any case, shorter bridges are also required to cross over local roads and small
rivers. Simply supported concrete slabs, pseudo-slabs or twin girder bridges are very
well suited for such cases, with spans ranging from some 15 up to 40-50 [m]. Twin
metallic girder or modern truss bridges are also advisable for single or multiple spans.
For shorter spans below some 15 [m], rigid frames are often preferred in order to avoid
excessive vibration (Figure 12).

High-speed bridges should to satisfy certain structural requirements in order to
guarantee adequate performance. The limits of deflection required for good behav-
ior are rather strict, since passenger comfort is a demanding serviceability limit state
(SLS) in high-speed transportation. As a rule-of-thumb, in Europe the maximum per-
mitted deflection (or vibration amplitude) under the pass of a high-speed convoy is
about L/2000, L being the span length. Lower L/1500 or higher L/2500 values may,
of course, be found in practice.

The number of cycles of vibration that the bridge undergoes is variable, depending
on the type of train and speed. If resonance or near resonance occurs, vibration will
take place during more cycles and with greatest amplitudes. Typically, one cycle of
strong oscillation is observed for each bogie when the speed of the train is far from
resonance; for a convoy with an axle load pattern such as the one in Figure 13, one
would expect around 12 cycles, given that two adjacent bogies are very close in the
link between power and passenger cars (also referred to as coaches). The motion of the
mid-span section would be similar to that shown in Figure 14, in which oscillations of
large amplitude arise when the four loads corresponding to the connection between
power and passenger cars act at the same time on the bridge (¢t = 0.76 and 5.5 [s]).
The approximate maximum amplitudes of the 12 cycles are marked with diamonds in
the figure.

Figure 14 corresponds to a simply supported bridge of 22 [m] span, with 5.5 [Hz] of
fundamental frequency, a linear mass equal to 22,000 [kg/m] and a 1% damping ra-
tio. The response is computed resorting to the fundamental mode only, which plays
a very predominant role in simply supported beams. The total wheelbase of the pas-
senger cars is 18.7 [m], corresponding to a typical Eurostar vehicle. The bogie wheel-
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Fig. 10: Top: continuous concrete deck with arch over the motorway Granada-Seville (Spain).
Image courtesy of José Lavado Rodriguez (http://hlestructuras.com). Middle: double viaduct over
the Rhone river in Avignon (France). Image courtesy of Philip Bourret by way of structurae.net.
Bottom: simply supported spans on the Madrid-Barcelona high-speed line (Spain) with pre-
fabricated concrete beams.

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



Finite element modeling of energy harvesters: application to vibrational devices = 27

Fig. 11: Archidona (Spain) viaduct: continuous composite twin-girder bridge with upper and lower
concrete decks. Image courtesy of Alejandro Castillo Linares (http://www.acl-estructuras.com).

Fig. 12: Skewed (left) and straight (right) rigid portal frames. Madrid-Valencia line (Spain).

Fig. 13: Scheme of an articulated train with two power cars and nine passenger cars.
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Fig. 14: Typical response in an out-of-resonance situation (v = 133.2 [km/h]).

base is 3 [m], with loads per axle of 170 [kN]. A rough number is useful to verify that
the analysis yields reasonable results: the static deflection under two point loads con-
centrated at mid-span, computed solely for the first bending mode is 1.18 [mm]. This is
approximately the maximum amplitude of the deflection observed during the passage
of the coaches. For the interested reader, the main aspects of the dynamics of railway
bridges have been explained well in a number of publications, for instance [7, 13, 14]
and [8].

When the vehicle circulates at a speed of resonance (or sub-resonance), more cy-
cles of strong oscillation will appear, because the free vibration induced after the train
passage will be larger, and usually the decay of such free vibration is slow; this de-
cay is due to the usual low values of damping of high-speed bridges. Two examples of
resonance/sub-resonance are shown in Figures 15 and 16. This resonance occurs when
the passage of a coach takes a time lapse equal to one period of the structure; in this
example, the vehicle travels at 18.7 [m] in 1/5.5 [s] to reach the first resonance speed.
If the time lapse is two, three or more (integer) times the period of the structure, the
phenomenon is called sub-resonance (also resonance of higher order). Resonance and
sub-resonance are jointly referred to simply as resonances. In some particular cases,
resonances may disappear unexpectedly if the theoretical resonance speed is equal to
one of the so-called cancellation speeds. This is a particular behavior of simply sup-
ported bridges, which is treated in great detail in [7] and [8].

As can be seen, the second resonance is not too strong in this case, and the am-
plitudes are not much larger in Figure 16 than in Figure 14, except for the free vibra-
tion. The reasons beyond maximum or minimum amplitudes of resonances in railway
bridges are dealt with in depth in [7]. It should be emphasized that in resonance situ-
ations the amplitudes of vibration may be large in general, and the vertical accelera-
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Fig. 15: Typical response in the (first) resonance situation: one oscillation cycle related with the
passage of a succession of coaches (v = 370.3 [km/h]).
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Fig. 16: Typical response in the (second) resonance situation: two cycles of oscillation during the
passage of a succession of coaches (v = 185.15 [km/h]). This phenomenon is also known as sub-
resonance.

tion of the deck could reach unacceptable values. This is also a very demanding SLS
for high-speed bridges; usually the vertical acceleration is limited to 0.35 g in bridges
with ballasted track, while 0.5 g is permitted for slab tracks. These limit values are
linked to the ballast instability phenomenon and to the loss of the contact phenom-
enon, respectively; they include an overall security coefficient of 2.0 because of the
extreme importance of those phenomena for the running safety, [15].
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Other key properties for understanding the dynamic behavior are frequency and
damping. Regarding the latter, it should be pointed out that high-speed bridges es-
sentially remain in linear elastic behavior throughout their service life due to their
stiffness, vibration and fatigue requirements. Therefore, damping is very low because
the structure is virtually undamaged, and values of the critical viscous damping ra-
tio as low as 1% can be expected for prestressed concrete and 0.5% for steel or mixed
bridges. These are conservative numbers prescribed by the building codes. It should
not be surprising that real values are somewhat higher, a fact that should be duly taken
into account for energy harvesting assessments because the vibration levels will be
slightly reduced. The reader is referred to, for instance, [13] and [15] for additional in-
formation on damping.

As regards the ranges of natural frequencies, a reference is provided in [13]: some
values in simply supported bridges would be 10 [Hz] for a 10 [m] span, 6 [Hz] for a
20 [m] span, 4 [Hz] for a 40 [m] span and 2.5 [Hz] for a 70 [m] span; the margins are
by no means narrow given the variety of bridge types. The article [16] provides useful
ranges for total mass.

The behavior of continuous bridges, frame bridges and arches is more complex
than that of the previous cases, due to the greater complexity of their mode shapes
and also due to the significant contribution of more modes to the response. The va-
riety of bridge and train types makes it very difficult to give concrete orders of mag-
nitude regarding the vibration amplitudes, frequency levels, etc., particularly in arch
bridges due to their singularity. For continuous decks and frames, the limits of deflec-
tion are similar (approx. L/2000) to the ones with simply supported structures, the
frame designs usually being stiffer and, consequently, showing higher frequencies.
Even if today’s computer codes have very much eased the computational effort, the
dynamic analysis of railway bridges is a task that should always be undertaken by
expert engineers, especially in the assessment of singular or large structures.

5.2 Numerical modeling of harvesters

A typical vibrating harvester is composed of a substructure, which is typically a metal,
an active material (piezoelectric/piezomagnetic) and the proof mass (Figure 17). Due
to the mechanical vibration exerted by the passage of a train, the harvester is subjected
to mechanical oscillations. As commented, active materials under mechanical causes
produce electromagnetic effects that are used to generate power from residual sources.
This generation can be used in SHM, a relatively new discipline that uses arrays of
sensors/actuators to control the mechanical displacements and to ensure a proper
operation of the structure.

Figure 17 shows a sketch of a classic uni-morph harvester, which operates in
mode 33; both poling and force directions are the same. As is common, the active
material (piezoelectric or piezomagnetic) is bounded by two electrodes, see [17].
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m

Proof
Piezoelectric mass

—é—/ Substructure

Fig. 17: Sketch of a vibrating harvester composed of piezoelectric/piezomagnetic, substructure
and proof mass. Mechanically, it is a cantilever fixed-free beam. Electrically, the electric/magnetic
potential is set to zero on the bottom electrode and the top one is connected to a battery.

In the present chapter, this harvester is modeled by the FE formulation described
in Section 4. For this purpose, a piezoelectric/piezomagnetic beam of dimensions
30 x 1 x 0.5 [mm] is simulated. Furthermore, the polarization/magnetization is ap-
plied along the thickness, and the material properties are taken from [9]:

[116 77 78 0 0 O
116 78 0 0 O
162 0 0 O
Cl= 10° [Pa 35
[C] — 8 o0 o|* [Pa] (35)
8 0
- 86_

0 0 0 0 0 11.6
[e] = 0 0 0 11.6 0 | [mPa/V] (36)
| -4.4 -4.4 186 0 O 0

[0 0 0 0 O 5.5
[el=| 0 0 0 0 55 0 | x10?[mPa/A] (37)
|58 58 7 0 0 O

[11.2 0 0

le]=] 0 11.2 0 | x1077[F/m] (38)
| o 0 12.6
[5 0 0

(Ml=|0 5 0| x107®[H/m] (39)
0 0 10

Numerically, the harvester is meshed by using a structured mesh of 1000 eight-
node elements. The mechanical boundary conditions are fixed free to represent the
cantilever beam, while both electric and magnetic potentials are set to zero on the
bottom electrode, as is shown in Figure 17. Figure 18 shows a three-dimensional view
of the FE mesh used for modeling the active material. Notice that the substructure is
not represented.

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

32 —— Roberto Palma, José L. Pérez-Aparicio, and Pedro Museros

Fig. 18: Perspective view of the FE mesh used for modeling the active material.

The time-history displacement shown in Figure 14 is prescribed in FEAP at the right
tip of the beam to obtain the generated electric/magnetic potentials:

- On the one hand, Figure 19 plots the time-history of produced voltage obtained
for the harvester made out of piezoelectric material. As observed, the voltage in-
creases with time due to the resonance of the cantilever harvesters and, conse-
quently, the energy produced increases.

Due to this strong increase, the design of resonator harvesters is a challenge for the ex-

perimental community. In this sense, the present numerical formulation can be used

as a “virtual laboratory”. As observed, a non-negligible potential drop of approxi-

mately 12 [mV] is obtained with this simple application. Therefore, the use of several

harvesters in a railway bridge produces enough energy to monitor the structure.

—  On the other hand, Figure 20 shows the scalar magnetic potentials produced by
the piezomagnetic harvester. Again, the cantilever harvester presents resonances
for the same mechanical vibrations.

To sum up, itis observed that both piezoelectric/piezomagnetic harvesters show a sim-
ilar behavior. Nevertheless, the voltage drop is one order of magnitude greater than the
magnetic one, monitoring the electric field is easier, and magnetic materials are diffi-
cult to miniaturize. In conclusion, the production of energy from mechanical vibration
with the former material in high-speed railway bridges looks like the best option.

With regard to the use of the energy production and despite the fact that the poten-
tial drop is 12 [mV], this signal could be applied to supply sensors and actuators made
out piezoelectric materials in order to analyze the mechanical displacements of the
bridge. As commented, these devices, which produce clean energy, could replace the
traditional electro-chemical batteries that pollute the environment. Finally, vibrating
harvesters produce alternating current (AC) and, consequently, the use of rectifiers is
required. In this sense, the simplest way to rectify the AC is to connect the harvesters
with diode junctions, which results in a high efficiency (approximately 84%).
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Fig. 19: Produced electric voltage versus time for a piezoelectric harvester.
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Fig. 20: Produced scalar magnetic potential versus time for a piezomagnetic harvester.

6 Concluding remarks

This chapter has reported a finite element formulation to simulate active materials
that couple up to four fields of physics. For the sake of clarity, the chapter outlines
the governing equations of several physics branches: continuum mechanics, electro-
dynamics and thermodynamics. Furthermore, a brief description of the finite element
method is also reported.

From a practical point of view, the chapter contains a revision of the main vari-
ables and orders of magnitudes of vibrating high-speed railway bridges. For this vi-
brating application, time-history values are used to obtain the orders of magnitude

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



34

— Roberto Palma, José L. Pérez-Aparicio, and Pedro Museros

of vibrating harvesters. In particular, two cantilever beams made out of piezoelectric
and piezomagnetic materials are simulated. Finally, it is concluded that the former are
more appropriate for vibrating harvester applications.

In short, this numerical tool allows the design of vibrating harvesters by using

anumerical laboratory in contrast to expensive laboratory experiments. For this pur-
pose, this tool could be combined with optimization and probabilistic techniques such
as genetic algorithms and Monte Carlo simulation to optimize the harvesters and to
perform sensitivity analyses, respectively.
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Christian Viehweger
Solar energy harvesting for wireless
sensor systems

Abstract: Wireless sensor systems are often supplied by solar cells. Solar power is one
of the most predictable sources in energy harvesting and, therefore, it is often pre-
ferred. The optimal use of the incoming energy is substantial, therefore, the usage of
the cells has to be improved by impedance matching and maximum power point track-
ing. This contribution gives an overview on the determination of the incoming power
and typical methods to improve the utilization of the cells. As today a huge number of
maximum power point tracking methods exist, which differ just in very small aspects,
the main and most important methods are described here.

Keywords: Wireless sensor network, energy harvesting, solar cells, maximum power
point tracking, energy management

1 Introduction

The power supply for wireless sensor systems (WSN) is a challenge today. Energy-
efficient microcontrollers with low-power sleep modes are available. Low-power sen-
sors and wireless communication technologies are well developed, and there is a high
number of possible applications. Still, a cable-based supply is often not possible or
wanted, either because there is no access available, like for monitoring systems in
agriculture, forests or waters, or the cables would be disturbing, like in industrial ap-
plications. The use of batteries is often not an appropriate replacement. Especially
costs are a problem, as the batteries have limited energy and, therefore, have to be
changed, which results in a high maintenance effort. For these reasons, the use of am-
bient energy to power the systems is a good method, if applicable.

Solar energy harvesting is one of the most important methods to supply a WSN.
Compared to other sources, it represents, in general, a more predictable source [1].
With sufficient knowledge about the parameters, like the place of application, the type
of solar cell or the positioning, it becomes possible to estimate the incoming energy
with good accuracy. This information is essential for the design of a WSN.

Typically, a WSN is designed to require as little energy as possible. This means
highly efficient parts and programming, the use of sleep modes and reduced function-
ality. Additionally, also the costs should be low to enable a high number of deployed
nodes. Compared to traditional solutions, the power supply from energy harvesting
shows a volatile behavior. Battery or cable based, the supply can be designed to ex-
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actly match the load demand. With an ambient energy transducer, the system needs to
have a high safety factor and the capability to store energy to bridge periods with less
energy income. It would be easy to use just a larger energy harvester, but this would
signify several drawbacks. For example, the consumption of more space could pro-
hibit the application, the size may affect the object to be monitored and, especially,
the higher costs are problematic. For these reasons, it is very useful to have a source
that is more predictable, so that the energy harvester can be designed efficiently.

Besides the determination of the expected energy income, also an efficient use of
the power is necessary. In the case of solar cells, this entails maximum power point
tracking (MPPT) to reach the best yield. The last step of the design is the development
of a storage concept, using the information of the source and the load. Considering
the state of research and technology for solar cells and their use, they are a good op-
portunity to avoid batteries for sensor systems.

The following sections describe the incoming energy and the typical MPPT algo-
rithms.

2 Assessment of the incoming energy

The most common method for the assessment of the incoming energy to character-
ize a solar cell is the air mass model. It describes the amount of air that the sunlight
has to pass trough (Figure 1). The position outside the atmosphere is referred to as
AM 0. The zenith, where the light passes the whole atmosphere once, is called AM 1.0.
With an increasing angle, more air mass has to be passed through. For standard test
conditions, an angle of 48.2° is considered. This represents AM 1.5. The air mass is
calculated with [2]:

AM = sec@, . 6]

Atmosphere

Earth

Fig. 1: Incoming power on the solar cell. Angle dependent air mass model.
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The reason for the consideration of the path length in the atmosphere is that differ-
ent substances influence the power. For example, water in different aggregate states,
ozone or particles cause absorption and scattering, which reduces the energy that
reaches the Earth’s surface and, therefore, the solar cell. The more distance that has
to be covered, the higher the effect of those substances. Figure 2 shows the incom-
ing power per square meter depending on the wavelength for a standard atmosphere.
A standardization is important, as the conditions are not the same everywhere. For ex-
ample, air pollution strongly depends on the place of application. Also, the spectral
distribution matters, as, for example, the transmission coefficients of different parts
of the air are not constant.

kW

m2pm=—1
—

Irradiance in
o
ot

0 ™

0.5 1 1.5 2 2.5
Wavelength in ym Fig. 2: Spectral irradiance for AM 1.5 [3].

In addition to the direct illumination, also scattered light has to be considered. Indirect
illumination due to scattering in the atmosphere or on the ground contributes to the
total incoming power, but the exact value depends on the environment and, therefore,
cannot be predefined. For the measurement of the amounts of direct and indirect il-
lumination, typically pyranometers are used. They measure the hemisphere typically
using a thermopile. Direct and indirect light can also be distinguished. For this, the
sun is mechanically covered during the measurement, which gives indirect illumina-
tion. Afterwards, a second measurement records the total power. By subtracting the
indirect from the total, the direct power can be obtained.

Because of the strong dependency on the position, many models to simulate the
incoming power exist. In general, they require a high computing power and special
input data, like air composition or satellite data. For this reason, it is not useful to
apply them on a wireless sensor node. Measurement data and recorded values are
often available for many positions, especially from weather services.
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3 Maximum power point tracking

MPPT describes technologies to maximize the energy yield from a solar cell. As itis a
non-linear source, special aspects have to be considered.

The equivalent circuit diagram using two diodes is the most common one for a
solar cell (Figure 3). It combines the parallel resistance that represents the leakage,
the series resistance for the different conductivities within the cell and two diodes,
where one represents the more ideal and the other the non-linear behavior.

Fig. 3: Double-diode model of a solar cell.

Using the Shockley equation for the diodes, the thermal voltage Ut and the cutoff cur-
rents Iy, and Iy;, the current of the solar cell according to the model can be calculated
by [4]:

I=1Ion—Io: - <evpr3§f°3fs _ 1) oy - <evpr3§§‘-°3fs - 1) Vot Rs g
Rp

To solve this implicit equation, a number of different numerical procedures, for exam-
ple the Newton method, can be used. The resulting I-V curve can be seen in Figure 4.
The non-linearity caused by the diodes results in a point of maximum output power,
which varies depending on the incoming light. This point has to be maintained to
guarantee the efficient use of the solar cell. The detailed improvement of the output
power depends on the type of the cell, the illumination and, therefore, the slope of the
curve.

v Fig. 4: Characteristic /-V curve of a solar cell.
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3.1 The most common methods

In most applications, the calculation of the ideal working point of the solar cell on the
sensor node is not possible. It would require detailed information, for example, about
the incoming light and the temperature, which are normally not available. Also, the
typical sensor nodes do not have the calculation power to solve the implicit equation.

For these reasons, MPPT for wireless sensor nodes is often based on trial and error,
with a measurement of the output power before and after a variation of the working
point. Many different MPPT methods are available. They differ in their complexity,
time and energy demand and the information used.

Best fixed voltage

To use this method means to determine the optimal operation point before the real
application. Therefore, the system has to be characterized under conditions that are
as similar to the later use as possible. Afterwards, the corresponding voltage will be
fixed at this point. The system is kept in this state and every little deviation from the
predetermined condition causes a deviation from the current MPP. Therefore, it is not
an accurate method, but it is the easiest to implement and at least better than avoiding
MPPT completely. It can be the default method for a system.

Lookup tables

Using a lookup table is an empirical method, where optimal values for I and V for dif-
ferent environmental conditions are measured and stored in a list. The node measures
the conditions itself and uses the values from the table for the solar cell.

This method is more accurate, the more environmental data is available for com-
parison. At the same time, the sensor node also needs to have the capability to measure
the values itself, which results in a huge demand for sensors and measurements. To
apply extra sensors to the node just for the MPPT is not useful. Therefore, this method
is only suitable for nodes that have multiple sensors anyway. In this case, the data
measured can be directly used also for the power management. Additional measure-
ments only for the tracking should be avoided due to the energy consumption. The
advantage of this method is that the power supply of the electronics can continue at
all time, as the solar cell does not need to be disconnected for power measurement.

Constant voltage/current

In a good approximation, the ratio between the voltage at MPP and the open-circuit
voltage among different environmental conditions remains similar. The same applies
to the current. Within this method, the idea is to keep the ratios

Vmpp
ky ~ —— 3)
VE o (
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for the voltage or

I
i~ 7 @)
SC

for the current, always constant. This means that the ratios have to be determined for a
specific solar cell, afterwards the open-circuit voltage or the short-circuit current have
to be measured and then an approximation for the MPP can be derived. Typically, the
ratios are between 0.7 and 0.85 [5, p. 88]. The main advantage of this method is the ease
of use; on the other hand it is not very accurate and, moreover, for the measurement,
the solar cell has to be disconnected from the circuit.

Perturb and observe

This method might be the most common today. In general, it entails changing the sta-
tus of the system and evaluating its reaction. The voltage of the solar cell is changed in
one direction by a defined step size. Each time the output power is measured. As long
as the power increases, the adaption will continue in the same direction. If the output
decreases from one step to the next, the direction will change. This way, the working
point alternates around the MPP; the real MPP will be reached by coincidence, but
will never be kept.

A huge problem is the potential misalignment of the system if the light conditions
change. If the solar power on the cell increases while the MPPT is stepping, it will
continue in this direction, even if the real MPP is on the opposite side of the curve.
In this situation, the output power increases not because the perturb and observe ap-
proaches the MPP, but it increases because of the light conditions, while the tracker
diverges from the optimal working point. The tracker detects the misalignment only
if the source is stable, which can result in a time delay. For the same reason, varying
sunlight conditions might be a problem for this method.

The advantage of this method is the ease of use, that it is independent from the
source and needs no additional information, just the output power of the cell. Also, it
can react to all variations of the environmental conditions, as it just tracks the power.
The most important negative aspects are that the real MPP will not be reached and
that with each step it requires a power measurement, which for some systems means
the disconnection of the source. In general, this method is quite accurate and does not
have high hardware demands, which is why it is often used.

Hill climbing

Hill climbing is similar to perturb and observe, with the difference that with this
method not the voltage but the frequency is the controlled variable. Typically, switch-
ing converters are used for their improved efficiency. For them, the frequency of the
switching controls the workload of the solar cell. The advantages and disadvantages
of the method are the same as with perturb and observe.
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Incremental conductance
In this method, the progress of the power over the voltage is calculated. The first step
is to calculate the conductance for a defined time step [6]:

dl 1
vV ()

Using this information, the current position on the curve in relation to the MPP be-
comes clear, as with:

dr 1 dpP
wov (W:()) ©)
dI 1 dpP
WV (W”’) @
dI I dpP
WY (d_V<O> ®)

it can be detected whether the current working point is before, after or on the MPP.
For this reason, the incremental conductance method is fast, as the direction is di-
rectly known, and accurate, as the real MPP can be reached. A disadvantage is that
both voltage and current have to be measured and analyzed. Therefore, the method
consumes more resources than other MPPT algorithms.

Parasitic capacitance

Parasitic capacitance is an enhancement of incremental conductance, where the bar-
rier layer capacitance Cp, is also considered. This improves the accuracy with just min-
imally higher demands for calculation power. A drawback is that C;, has to be known.

Al methods

With the increasing resources of modern microcontrollers, methods of artificial in-
telligence are growing in importance. Especially neural networks and fuzzy logic are
often discussed in the literature. With fuzzy solutions, the convergency to the MPP
becomes more flexible, as depending on the status, the individual steps onto the max-
imum power can be varied. Huge steps far from the MPP and small steps close to it
guarantee both fast convergency and a small error.

The use of a neural network is more complex. For most applications, the training
of the network cannot be done on the sensor system itself. On the one hand, it would
imply a big computational effort, and on the other hand, the training takes a lot of time
and, therefore, energy, which is very critical. Training the network outside the real
application requires detailed knowledge about the environment. Also, the adaption
of the system if the conditions change is critical, if the training is not done on the
device itself.
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Al methods, therefore, highly depend on the system and its capabilities. They
need a high computation power and as much information as possible to find the cor-
rect MPP.

4 Conclusion

The consideration of the incoming energy and its efficient use is important for the
design of solar powered WSN. The incoming energy determines whether a solar-based
solution can be successful. Therefore, the correct positioning and knowledge about
the environmental conditions at the place of installation are important. Afterwards,
the energy has to be converted efficiently by using an appropriate MPPT algorithm.
The choice of method depends on the available sensor data and the total power of the
system. For a low overall power income, also the MPPT has to consume as little power
as possible. Therefore, the allowed complexity of the control system strongly depends
on the conditions.
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Efficiency of vibration energy harvesting
systems

Abstract: This chapter is focused on an efficiency analysis of vibration energy har-
vesting systems. Vibration energy harvesting systems convert the ambient kinetic
energy of mechanical vibrations into useful electricity. Nowadays, vibration energy
harvesting technologies are used in various engineering applications (automotive,
transportation, aeronautics, smart buildings and cities, heavy and petrochemical
industries, etc.), and the power gain of energy harvesting systems is still improving.
Although the levels of ambient mechanical energy are very low, an efficient kinetic en-
ergy harvesting technology can be used as an autonomous power supply for modern
ultra-low-power electronics, wireless sensing and embedded self-monitoring systems.

Keywords: Efficiency, Vibration, Energy Harvesting, Linear Model, Equivalent Circuit,
Electromagnetic Energy Harvester, Output Power, Figure of Merit

1 Introduction

Most kinetic vibration energy harvesting systems have limitations in the resonance op-
eration, otherwise these harvesting systems provide significantly lower outputs. The
magnitude and frequency stability of input mechanical vibrations are fundamental for
successful energy harvesting operation. However, the improvement of these harvest-
ing systems could be useful for a wider usage of vibration energy harvesting systems
in ultra-low-power applications, which are embedded in vibratory environment with
a low magnitude and a variable frequency of mechanical vibrations. For this reason,
this chapter analyzes the influence of individual parameters on effective vibration en-
ergy harvesting.

The efficiency of vibration energy harvesters is a frequently discussed issue [1]. Ef-
ficiencies of power electronics and power management circuits for energy harvesting
applications are well known, and these results have been published several times [2].
The efficiency of energy harvesting electronics is usually in the range of 60-95%. On
the other hand, the efficiency of vibration energy harvesting systems alone has not
been widely discussed [3]. The main aim of this chapter is to provide information about
efficiency analyses of vibration energy harvesting systems.
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2 Vibration energy harvesting systems

The vibration energy harvesting system consists of a mechanical resonator, an electro-
mechanical energy transducer and electronics (power management, load and energy
storage element) [4]. The diagram of a kinetic vibration energy harvesting system is
shown in Figure 1. The mechanical resonator is the key element of the whole energy
harvesting system that is embedded in a vibrating structure. The electromechanical
transducer converts the input kinetic energy of the mechanical resonator into elec-
tricity during its operation. The parameters of the mechanical resonator significantly
affect the output electrical power. Based on the character of the vibrations and the
maximal dimensions of the resonator, a physical principle and a design of the electro-
mechanical energy transducer is chosen.

Fig. 1: Principle of the vibration energy harvesting system.

The relative movement of the seismic mass inside the resonator is exploited for con-
version of energy into electricity by one or a combination of several available phys-
ical principles of the electromechanical conversion. The vibration energy harvesters
usually use either an electromagnetic, piezoelectric, electrostatic or magnetostrictive
principle of electromechanical energy conversion [5]. The harvested electric power is
rectified and stabilized using power management electronics, and the output electri-
cal power is consumed or stored in energy storage elements.
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2.1 Mechanical resonators of vibration energy harvesting
systems

A precise mechanism for resonance operation with a very high quality factor is a fun-
damental part of a vibration energy harvesting system (Figure 1). This mechanical res-
onator is based on a spring suspension, with stiffness k;, of a moving seismic mass
m;. A frame of the resonator m, is anchored to the vibrating structure and, therefore,
the mechanical resonator is excited by ambient mechanical vibrations of the vibrat-
ing structure and the harvester frame x,, and it provides the relative movement x;
against frame m,. The frame is anchored to the vibrating structure, and interaction
forces can be observed due to operation under vibrations. The relative oscillation x;
of the seismic mass m1 against the frame is found by solving the second-order differ-
ential equation of motion (1) and it is inversely proportional with mechanical damping
dm.

mlkl + dm)'cl + de)'(l + k1X1 = —ml)"(z (1)

The overall harvested electrical power is extracted from the energy harvesting sys-
tem by an electromechanical transducer. The extraction provides an electromechan-
ical damping effect, which is depicted as damper d.. The maximal harvested electric
power (2) is generated when energy is dissipated by mechanical damping forces in-
side the harvester, depicted as damper dp,, and electromechanical conversion forces
are in equilibrium. The maximal electric power depends on the seismic mass, squared
magnitude of vibration acceleration Ay and on the mechanical quality factor Qp,. The
harvested electric power is inversely proportional to operating frequency. Neverthe-
less, the vibration energy harvesting system has to operate in resonance operation Q
for generating the theoretical maximum of electric power [6],
2
The amplitude of the relative oscillation movement in the resonance operation de-
pends on the magnitude of input vibrations and on the quality factor. The mechani-
cal quality factor Qp provides information about a ratio of the output amplitude dis-
placement X, to the input amplitude displacement X5. This value is a function of the
mechanical damping, mass and the resonance frequency, expression (3). A very high
quality factor of the mechanical resonator is fundamental for generating useful energy
from mechanical vibrations [7],
X 1 mq - Q

Qm = X_z = dm (3)
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2.2 Complex model of a vibrating structure with an energy
harvesting system

The efficiency of the energy harvester is the ability to avoid wasting input energy when
obtaining the desired electrical energy. This means that an efficient vibration energy
harvesting system uses the input energy of mechanical vibrations and provides max-
imal obtainable output power. The harvested electric power can be measured on an
electrical load, but a definition of the input power might not be clear for the vibration
energy harvesting system, the function of which is based on the resonance operation.
For this reason, analysis of the complex model of a vibrating structure with an en-
ergy harvesting system is very important. The energy flow with the force interactions
is shown in Figure 2.

Fig. 2: Energy flow in the complex model of a vibrating structure with an energy harvesting system.

The vibration energy harvesting system is usually used in a force driven vibratory en-
vironment where a flexible vibration structure is excited by a source of mechanical
vibrations, which are transmitted through the flexible structure to a place with an an-
chored vibration energy harvester. The mechanical energy that is accumulated in the
vibrating flexible structure could be very high, e.g., the vibrations of a bridge struc-
ture, a building, a train, an aircraft, etc., and only a small part of this kinetic energy
is consumed during the harvesting of electrical energy. The input mechanical energy
into the vibration energy harvesting system has to be defined for efficiency calcula-
tion. The definition of an adequate input of mechanical energy has been discussed for
a long time. An approach, which was defined under the project Metrology for Energy
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Harvesting? respects all the aspects of the energy flow through systems, Figure 2, and
it will be used in this chapter.

2.3 Efficiency of vibration energy harvesting systems

The input mechanical energy into the vibration energy harvesting system can be de-
fined as the work of forces between the frame of the harvester and the vibrating struc-
ture. The mechanical energy, which is a time integral of the power caused by these
forces, is defined as the input mechanical energy. The mechanical energy is converted
into useful electricity, and the output electric power is observed on the electrical load,
Figure 3. The time integral of the output power gives the output electrical energy.

Fig. 3: Input and output power of the vibration energy harvesting system.

The output electric power Peectric is consumed on the electrical load. The output elec-
tric power is a product of the output voltage and the current flowing through the elec-
trical load (4). This useful electric power Pejectric and electric losses inside the electro-
mechanical transducer dissipate the energy from the oscillating system of the mechan-
ical resonator, Figure 1,

Pelectric = u(t) - i(t) (4)

The input mechanical power Pyecp is transferred to the vibration energy harvesting
system through the harvester frame, Figure 2. Ppecp is defined as a product of the in-
ternal mechanical force F(t) in the anchored joint and the velocity of mechanical vi-
brations x»(t), see expression (5),

Pmech = F(t) 'Xz(f) (5)

The efficiency of the vibration energy harvesting system can be calculated for har-
monic electrical signals and the harmonic course of mechanical vibrations in the form

1 http://projects.npl.co.uk/energy_harvesting/
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of aratio between the input mechanical power and the output electric power, as shown
by expression (6),

_ I:I’Delectric ( 6)

mech

However, common mechanical vibrations and electrical outputs have the character
of non-harmonic signals. Therefore, the energy harvesting efficiency has to be calcu-
lated in the form of the electrical and mechanical energy ratio, see expression (7). This
definition of the efficiency can be used for the analyses of vibration energy harvesting
systems [8] that operate in an environment with non-harmonic vibrations, random
moving oscillations or mechanical shocks [9],

t .
_ Eelectric _ .[tlz u(t) -i(t)dt

_ _ @
Emecn [ F() - 5o(0)dt

The output voltage and current through the electrical load are commonly measured.
The velocity of mechanical vibrations can be measured by common vibrometers. How-
ever, the measurement of the internal mechanical force between the harvester frame
and the vibrating structure has to be performed using an additional force transducer.
Efficiency analyses, which are based on model, could also provide an interesting in-
formation for gaining a better understanding of the vibration energy harvesting prin-
ciple. The influence of individual parameters can then be discussed. For this reason, a
complex model of the vibration energy harvesting system is created. This chapter will
present only analyses and models of the electromagnetic vibration energy harvester,
but the same approach can be used for piezoelectric, magnetostriction or electrostatic
harvesters.

3 Model of an electromagnetic energy transducer

The electromagnetic principle of electromechanical conversion is used in the pre-
sented vibration energy harvesting system, and it will be used for efficiency analyses.
The electromagnetic transducer employed consists of an oscillating magnetic circuit
(seismic mass) and a self-bonded air coil that is fixed to the frame. As the mechan-
ical resonator of the harvester is excited by mechanical vibrations, it produces the
oscillation of the magnetic circuit with permanent magnets against the fixed coil.
This movement is described by the motion equation (1). Due to Faraday’s law, the
oscillation movement provides a change of the magnetic field through the coil, and it
induces voltage on the coil. The voltage u; (8) depends on the number of the coil turns
N, the active length of the coil [/, the magnetic flux density B through the active coil
turns and on velocity of the relative movement from equation (1),

uij=N-1-B-x(¢) 8)
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In the case of the resistive load Ry being connected, a current i flows through the
coil and causes a negative feedback in the form of an electromagnetic damping force,
which depends on the parameters of the electromagnetic damper d, (9), where Z is the
impedance of the whole electrical circuit. The inductance of the self-bonded air coil
is assumed to be very low, so that a simplified model, where the impedance includes
only the resistance of the coil and the load, can be used,

_(N-1- B)?
==
The electromagnetic damping force results from the feedback of the current flowing
through the coil and affects the relative oscillations of the magnetic circuit against the
fixed coil. This feedback force (10) can be expressed as an electromagnetic damping
force, which is the same as an electrical damping force that depends on the parameters
of the magnetic circuit and the coil. Both expressions of this feedback force are shown
in the equation (10), where parameter cg;, provides information about electromagnetic
coupling (11),

de ©

de - x1(t) = cpr - i(t) (10)
CFL=N-I-B (11)

The electromagnetic coupling is used in the equation for Faraday’s law, and the equa-
tion (8) can be rewritten in the form (12),

u; = cpL - X1(t) (12)

The expression of the electromagnetic damping force (10) can be used in the second-
order differential equation of the mechanical resonator. The final motion equation is
in the form of (13),

miX1 + dpXq + cpLi(t) + kix1 = —-mix> (13)

4 Efficiency analysis based on vibration energy
harvesting simulation

4.1 Mechanical model of the vibration energy harvesting system

Both coupled electromechanical equations (12) and (13) with the electromagnetic cou-
pling cpr. provide a linear energy harvesting model that can be used for efficiency
analyses of the vibration energy harvesting system. A linear model of the whole com-
plex mechanical system is used for the calculation of the internal mechanical force in
the vibration energy harvesting system, Figure 2. A mechanical model with three de-
grees of freedom (DOF), which include the vibrating flexible structure with the source
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Fig. 4: 3-DOF linear mechanical model of a mechanical system with a vibration energy harvesting
system.

of the vibration, the force sensor and the vibration energy harvesting system, is shown
in Figure 4. The vibrating flexible structure has only one DOF with respect to the value
of the first natural frequency of the flexible structure. In this case, the vibrating flexible
structure is depicted as 1-DOF mass-spring-damper system (ms, ks, d3), and it repre-
sents the mechanical part where the vibration energy harvesting system is anchored.

The presented linear model is excited by the source of vibrations Q, which pro-
vides an energy flow into the vibration energy harvesting system, represented by pa-
rameters (my, k1, dp, de). The resonance frequency of the energy harvesting system is
tuned up with respect to the value of the first natural frequency of the vibrating flex-
ible structure. The linear model of the electromagnetic transducer (10) is integrated
into this mechanical model for calculation of the dissipation feedback provided by
the electromagnetic damper.

The required internal force for the efficiency calculation is modeled by a force sen-
sor with stiffness k,. The model of the force sensor is in the form of a mass-spring
system (m>, k;), and it is integrated between the vibrating structure and the frame of
the energy harvester m,. The input force into the vibration energy harvesting system
is calculated as shown by expression (14). The stiffness of the force sensor k; is very
high and corresponds to the stiffness of the screw joint between the frame and the
vibrating structure. Therefore, it can be assumed that the vibrations x,(t) and x3(t)
are practically identical for the energy harvesting application. The stiffness k, then
provides information about the input mechanical force.

F(t) = ka(x2() = x3(1)) (14)
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The calculated internal force between the vibrating structure and the harvester
frame (14), and the velocity of the excitation vibrations provide the information about
the input mechanical energy into the energy harvesting system.

This complex mechanical system is excited by the model of external force Q(t),
and it provides mechanical vibrations of the vibrating structure, which correspond to
real vibrations of engineering systems.

4.2 Equivalent RLC circuits of the vibration energy harvesting
system

The three-mass mechanical system with the vibration energy harvester, Figure 4, can
be expressed in a circuit form using an equivalent RLC circuit. The Kirchhoff equations
are calculated for each loop [10]. This model can easily be connected to the circuit
of the electromagnetic converter (12) with the electrical load, where the output elec-
trical energy is calculated. The electromechanical model of equivalent RLC circuit is
shown in Figure 5, and it consists of three equivalent electrical subcircuits. The phys-
ical analogy of electro-mechanical elements is depicted. Currents through individual
branches of the RLC circuit are mapped to the velocities. The voltages are then mapped
to mechanical forces. The inductors are equivalent to the masses, the resistors to the
dampers and the capacitors to the compliances of the mechanical springs. The com-
pliance of a mechanical spring is inversely proportional to its stiffness k, and it is used
as the capacitance in the equivalent electrical RLC circuit, as is shown in Figure 5.
The equivalent RLC circuit that corresponds to the vibrating structure is excited
by the source of an input voltage, which is equivalent to the external mechanical force
Q(t). The middle equivalent RLC subcircuit provides information about the force sen-
sor and about the velocity of the frame. The electrical energy, which flows through this
equivalent RLC circuit, presents the input mechanical energy to the vibration energy

Fig. 5: Equivalent RLC circuit of the vibrating flexible structure, force sensor and vibration energy
harvesting system.
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harvester, which is presented as the last equivalent RLC circuit, corresponding to the
model (13). The current in the parallel branch of this RLC subcircuit represents the rel-
ative velocity of the seismic mass of the harvester. This velocity is used in the linear
model of Faraday’s law, and the induced voltage (12) is calculated [11]. This induced
voltage (12) represents the input to the electrical circuit of the electromagnetic vibra-
tion energy harvester, which is shown in Figure 6, and the harvested output power on
a resistive electrical load is calculated.

Fig. 6: Equivalent RCL circuit of the electromagnetic
energy transducer.

Thereafter, the harvested electrical energy from the model in Figure 6 and the input
mechanical energy to the vibration energy harvester, which flows through the equiv-
alent RLC circuit of the force sensor, Figure 5, represent the inputs to the efficiency
analysis. The value of the efficiency of the linear vibration energy harvesting system
is then calculated according to the equation (7).

5 Analyses and simulation results of equivalent
RLC circuits

5.1 Mechanical and electrical parameters for analyses

The main aim of the simulation with RLC equivalent circuits is the identification of
parameters that affect the conversion efficiency and the output power of the linear
vibration energy harvester. The influence of harvester parameters on the resonance
operation was investigated using aforementioned model. Parameters employed in the
model follow from our experience with the development of electromagnetic vibration
energy harvesters. The model was tuned up to the operation frequency of 17 Hz and the
quality factor of this system has value 90. The list of parameters used for the equiva-
lent electrical RLC simulation is shown in Table 1. The list of parameters influencing
the electromagnetic coupling and used for the simulation of Faraday’s law is shown in
Table 2. The mass ms is significantly higher compared to the seismic mass mj ; there-
fore the harvester operation does not affect the input mechanical vibrations.
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Mechanical Equivalent Value
system electrical system

Parameter Unit Parameter Unit

Seismic mass mq g Inductor 1 mH 50
Quality factor - Quality factor - 90
Mechanical damping dp Ns/m Resistor 1 Q 0.0593
Harvester stiffness kq N/m 570
Mechanical compliance 1/k;  m/N Capacitor 1 mF 0.00175
Mass m- g Inductor 2 mH 75

Force sensor stiffness k; N/pm 1050
Mechanical compliance 1/k;  pm/N Capacitor 2 uF 0.00095
Mass ms kg Inductor 2 H 100
Stiffness k3 N/pm 7.994
Mechanical compliance 1/ks  pm/N Capacitor 3 uF 0.125
Damping ds Ns/m Resistor 3 Q 565.5
Frequency of vibration f Hz Resonance operation f  Hz 17
Velocity of vibration RMS m/s Current loop 2 RMS A 107

Tab. 2: Parameters of electromagnetic coupling and electrical circuit.

Electrical circuit

Parameter Unit Value
Magnetic flux density B T 0.4
Coil turns N - 1000
Active length of coil mm 40
Diameter of wire d mm 0.1
Inner coil resistance Re  Q 115

5.2 Analyses of efficiency and output power for mechanical
parameters

The first analysis focused on the dependence between the output harvested power and
the conversion efficiency. The model was excited with the sinusoidal external mechan-
ical force Q(t) and the vibrating structure m; moving with the sinusoidal vibration
with the frequency of 17 Hz and the magnitude of 100 mG RMS. The resistive load was
varied in the simulations to reach the result presented. The harvested output electrical
power and the calculated harvester efficiency are shown in Figure 7. The maximal effi-
ciency of the vibration energy harvesting system is 72.6% for a resistive load of 700 Q
However, the value of maximal harvested power 9.45 mW is generated for a connected
resistive load of 4.4 kQ. The value of the efficiency for the maximal harvested power
is 47.2%, meaning that during the operation with the optimal load, a larger fraction
of the total input energy is dissipated elsewhere and then on the load, compared to
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Fig. 7: Results of efficiency and power analysis for various resistive loads.

the operation with load of 550 Q where the mechanical and electrical energy ratio is
maximal. However, the total harvested power output is higher with the optimal load.

The simulation results are in accordance with the published study about the opti-
mal resistive load [12] of vibration energy harvesting systems. The maximal harvested
power on the optimal resistive load Ry, does not exactly correspond to the equilibrium
of both mechanical and electrical damping. Due to electrical losses on the coil resis-
tance, the value of optimal resistive load Ry, shifted slightly to achieve the maximal
output power. The optimal resistive load can be calculated using expression (15), and
its value is used for other efficiency analyses. The optimal load in a general form is fre-
quency dependent, and the expression given here corresponds only to the resonance
operation, which is shown in Figure 8 for output power and voltage;

Q . C2 C2
Roptim = H +Rc = di; +Rc (15)

During the first analysis of the other parameters that could affect the efficiency the
influence of the harvester frame mass m;, was calculated. The result is that it does
not affect the value of the conversion efficiency. On the other hand, increasing the
seismic mass m; causes a drop in the efficiency. However, the harvested output power
is proportional to the mass, expression (2), and the harvested power grows with the
mass, Figure 9.

Another parameter present in the expression (2) is the mechanical quality fac-
tor. A large number of analyses was done with varied values of the mechanical qual-
ity factor. The calculated efficiency dependency on the mechanical quality is shown
in Figure 10. The maximal value of the efficiency is reached for the quality factor 80.
However, the output power rises with the increasing quality factor, see Figure 10. Both
power results for varied mass and mechanical quality factor correspond to the theo-
retical model (2).

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



Efficiency of vibration energy harvesting systems = 57

Fig. 8: Resonance operation of the vibration energy harvester.

Fig. 9: Influence of the seismic mass.

Fig. 10: Influence of the mechanical quality factor.
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5.3 Analyses of efficiency and output power for coupling
parameters

The influence of the electromagnetic coupling parameters, such as the magnetic flux
density B, the number of coil turns N and the active length of the coil I, were in-
vestigated. Most electric machines are designed with the aim of maximal magnetic
flux, and the same design is required for electromagnetic vibration energy harvesters,
which is obvious in Figure 11. The number of coil turns and the active length of the
coil correspond to the same coupling parameter, and it is the overall length of coil
wire. For this reason, only the dependency on coil turns is shown in Figure 12. The
electromagnetic vibration harvester has to be designed with an adequate value of the
coupling factor for optimal harvesting of electricity, which is predicted by Figures 11
and 12. Thereafter, all parameters have only a minor impact in a range of percentages
on the calculated efficiency.

Fig. 11: Influence of the magnetic flux density through a coil.

Fig. 12: Influence of the number of coil turns.
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Fig. 13: Influence of the coil wire diameter.

The design of the coil is very important for optimal harvesting of electricity.
A higher number of coil turns provides only higher voltage but does not have the
effect of efficient energy harvesting. Also, the coil area and volume are usually limited
by an air gap dimension of the magnetic system, and thinner wire may be used for an
adequate number of coil turns. However, a smaller diameter of the coil wire provides
higher electric losses on the coil due to inner coil resistance, and energy harvesting
systems with thinner wires may provide higher voltage, but the output power and ef-
ficiency will be lower; this is obvious in Figure 13. An advanced optimization methods
could be very effectively used for the optimal design of coil parameters, e.g., artificial
intelligence methods or self-organizing algorithms [13].

6 Comparing the performance of vibration energy
harvesters

As the above text shows, the efficiency of the energy harvester can be used as an im-
portant indicator to assess the design of the electromechanical transducer. It does not,
however, provide useful information about the actual performance of the energy har-
vester with respect to its parameters and, thus, cannot be used to compare different
designs, sizes and choices of energy conversion principles of tested vibration energy
harvesters.

Teams developing inertial energy harvesters for various applications publish pa-
rameters of their devices with very variable degree of details, so the comparison of
different designs is not straightforward. Multiple different metrics for the purposes of
benchmarking the overall performance of energy harvesters have been introduced in
literature over the years:
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Roundy [14] defined a metric, called an effectiveness of the harvester, taking into
account the electromechanical coupling coefficient, quality factor, ratio of actual har-
vester density to baseline density, and the ratio of the transmission coefficient of the
transduction mechanism to the maximum transduction coefficient.

A different approach was taken by Beeby et al. [15], which lies in calculating the
normalized power density (NPD), where the output power of the harvester is divided
by the square of acceleration magnitude and by the volume of the harvester. This ap-
proach is feasible only for devices working in resonance and does not take into the
account the operation frequency range of the device.

Mitcheson et al. [16] proposed a so-called volumetric figure of merit (FoMy) de-
rived as a ratio of the useful power output to the theoretical maximum power obtain-
able by a device with the same total volume and a gold proof mass occupying half
of the total available volume. The other half is left for the proof mass displacement.
This approach does not take into account the bandwidth of the harvester and devices
with flatter frequency response but a broader bandwidth is penalized, even though
the broader operation frequency range might be advantageous in some applications.
Mitcheson, therefore, proposed a modification of his original volume FoMy, multiply-
ing the FoMy by a fractional 1dB bandwidth, in contrast with the commonly used 3 dB.

Another way of defining the figure of merit was presented by Sebald et al. [17], who
proposed using the maximum obtainable power divided by the square of the input ac-
celeration magnitude and multiplied by the bandwidth. This version of FoM, however,
does not take the size of the device into consideration, so comparing devices of differ-
ent volumes would be difficult.

Najafi et al. [18] used a FoM defined as a modification of normalized power density,
where the NPD is multiplied by the 1dB bandwidth of the harvester. This makes their
metric useful for comparing harvesters operating at similar frequencies, as it does not
use the fractional bandwidth.

A more recent paper, by Ruan et al. [19], proposed a similar metric to that of Najafi,
utilizing the normalized power density, multiplied by the inverse of the harvester’s
Q factor. By definition, the Q factor corresponds to a fraction of 3 dB bandwidth and
resonance frequency. This makes the way Ruan’s approach compensates for flatter but
wider frequency responses of some harvesters similar to Mitcheson’s modification of
FoM, just with the 3 dB instead of the 1dB fractional bandwidth being considered.

Interesting metrics mainly for nonlinear harvesters were proposed by Mallick et
al. [20]. Instead of relying on the normalized power density calculated as a function
of the maximum harvested power, they proposed calculating a power integral in the
whole frequency range, and calculated normalized power integral density (NPID) in-
stead.

Different from other definitions of the figure of merit, Arroyo et al. [21] proposed
using a normalized power defined as a ratio of the real output power and the theo-
retical limit power to evaluate the harvester’s performance. The power normalization
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uses three key parameters of a generic harvester: the coupling factor, the loss coeffi-
cient and the mechanical quality factor.

Very similarly, Balato et al. [22] presented the harvester ideal utilization factor
(HIUF). This metric quantifies how close to the optimum the harvester is electrically
loaded, also taking into account the diode bridge rectifiers used for power condition-
ing.

While other FoM definitions focus on the harvesters themselves and their compar-
ison, the normalized power approach and the HIUF serve as tools for assessing how
close to its optimal point a particular harvester is working given its parameters.

A summary of the metrics used is presented in Table 3. Variables used by different
authors have been unified to give a better possibility of a direct comparison of their
metrics. It should also be noted that some authors take into consideration the volume
of the harvester as reported, regardless of whether or not the volume reported includes
the necessary free space for the displacement of the proof mass. Other authors explic-
itly state that the volume needs to be defined as the total space occupied by the har-
vester during its operation. In many cases though, depending on the data published
for each device, the values reported also include the space for the displacement of the
proof mass.

7 Conclusions

The efficiency of the vibration energy harvesting system was presented, defined and
analyzed. The efficiency of the vibration energy harvesting system provides the in-
formation about the input mechanical and output electrical energy ratio. The linear
equivalent electrical RLC circuit with N electromagnetic transducer was used for the
analyses of the individual parameters of vibration energy harvesting systems. The
mass of the harvester frame does not affect the efficiency due to self-oscillation around
the equilibrium point with no energy transfer. The linear equivalent electrical RLC cir-
cuits provide the information that electrical energy is mainly wasted in mechanical
damping (the parameter of the quality factor) and in the coil resistance (the parame-
ter of the electro-mechanical transducer). The coupling factor has to be designed with
optimal values. Other parameters have a minor influence on the energy harvesting
system’s efficiency. Nevertheless, these parameters have a significant impact on the
harvested output power. The output power also depends on the seismic mass and on
the operation frequency. Furthermore, the vibration energy harvester should operate
at maximal output power point, which is the task for power management electronics.

The peak of maximal output power is not aligned with the maximal efficiency
peak and, furthermore, the output power peak is determined by the parameters of the
energy harvesting system and the excitation mechanical vibrations. Modern power
management electronics often include a maximal power point tracking function,
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Tab. 3: Summary of metrics used for vibration energy harvesters.

Reference

Metric

Expression

S. Roundy [14]

S.P.Beeby et al. [15]

G. Sebald et al. [17]

K. Najafi et al. [18]

J.J. Ruanetal.[19]

D. Mallick et al. [20]

E. Arroyo et al. [21]

Effectiveness (e)

=00 (2)(55)

NPD NPD = ——
AV
P
P.D. Mitcheson etal. [16] FoMy FoMy = — s
1/16YopauVe'” w3
P.D. Mitcheson et al. [16]  FoMgy FoMgy = FoMy - Owids
FoM FoM = P'% fh
Al fo
P
FoM FoM = —— -Af
A2V
FoM FoM = ZL 1
AyVs Q
NPID NPID = i
A2V
. P
Normalized power (P) P=—
Plim
HIUF HIUF(w): Pmax(AO’ w)_P(AO: (4))

M. Balato et al. [22]

Pmax (Ao, W)

Where individual input parameters are represented by these variables:

harmonic excitation acceleration magnitude

maximum obtainable power with given excitation frequency

volume of the harvester including the displacement
harmonic excitation displacement magnitude
frequency where the maximum power is harvested

transmission coefficient of the transduction mechanism

Ao

P useful power output

Ps power integral over frequency

Plim obtainable power limit

Pmax

Q quality factor

v reported total volume of the harvester
Vs

Yo

fo

fi,2 half-power cutoff frequencies

Af bandwidth

k coupling coefficient

A

Amax maximum transmission coefficient

p actual density

Po baseline material density

PAu density of gold

W harmonic excitation angular frequency
Ow1gs 1dB bandwidth
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which guarantees maximal harvesting of electricity during varied input conditions.
This mode has to be implemented in power management electronics in order to reach
the maximal harvested power for given input conditions. The maximal harvested
power does not correspond to the most efficient transfer of the kinetic energy of vi-
brations into electricity. The efficiency provides information about the mechanical
feedback into the vibrating flexible structure. This could be very important in the case
of the mass of vibrating structure being low enough for the mechanical feedback to
affect the input vibrations. This situation, where input vibrations occur on a light-
weight beam, is presented in the paper [1], and an increase of the input vibration
magnitude was observed. Mechanical vibrations in the industrial environment are
commonly observed in lightweight structures like housing and sheathings, which
makes the efficiency analyses potentially very useful. On the other hand, if the main
aim of the analyses is the comparison of several different vibration energy harvesters,
one of the presented FoM metrics would be more useful.

The results presented correspond to the real operation of electromagnetic vibra-
tion energy harvesters, which were tested in our lab [1]. The efficiency of the tested
electromagnetic energy harvesters without electronics is in the range of 40-47%.
This range depends on the nonlinear quality factor and the level of input vibrations.
Basic electronics like the rectifier and the capacitor decrease the efficiency to the
range of about 30-35%. Finally, the harvesters were measured with the commercial
power management electronics bq25504EVM and reached an efficiency in the range
of about 13-25%.
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Martin Gotz
Energy management concepts for wireless
sensor nodes

Abstract: Energy management for wireless sensor nodes and wireless sensor networks
differs from classical approaches focusing on the management of the storage only. It
depends on the application, the energy income, harvesting technologies and sources.
Techniques like maximum power point tracking, voltage and current conversion, en-
ergy income forecast and modeling, consumption profile tuning or power flow control
are used to manage the energy efficiently. The implementation requires the modeling
of the consumption on the one hand and the energy income on the other. The con-
sumption profile can be based on current, voltage, power and energy measurements
or model generated forecasts. The energy income is modeled by the temperature, vi-
bration characteristics, irradiation or wind speed. Because the profiles do not match,
an energy buffer and an energy management logic are used to match them together.

Analog, discrete and switched control architectures are used to perform the en-
ergy management task. This book chapter provides an overview over the techniques
used in different areas of a wireless sensor node and possible complexity levels.
It shows the interaction of these domains and the integration into a node-wide or
network-wide holistic energy management. Using these techniques makes energy
harvesting from ambient energy sources feasible. It enables and supports the latest
developments in industrial areas, the environmental monitoring domain, the “Inter-
net of Things” or smart dust networks.

Keywords: energy management, energy conservation, scheduling, energy optimiza-
tion, maximum energy extraction, maximum efficiency tracking, energy harvesting,
wireless sensor networks, sensor nodes, smart sensors, embedded systems, smart
dust, Internet of Things, smart city

1 Introduction

Energy harvesting enables devices to use energy from their environment. Transducers
like solar cells, Peltier elements or cantilevers harvest energy from light, temperature
gradient or vibration energy sources. The active development in the domain lead to
a significant improvement of the technology. The efficiency of energy harvesters has
increased, and their size as well as their cost have decreased. Energy harvesting is suit-
able for a variety of applications and more domains than ever before. It is used in the
“Internet of Things” (IoT) [1-6], environmental monitoring [7-9], the industrial [10]
and many more domains.

Martin Gotz, University of Technology Chemnitz
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Energy harvesting is applied from simple active remote inductive sensors [11-13]
over wireless sensor nodes up to complex wireless sensor networks [14] and smart
dust [15-17].

Systems powered by energy harvesting can operate without human intervention
for a certain time. If this time is long enough their operation is “maintenance free”.
Such systems can be deployed in inaccessible, dangerous, mobile or hostile areas.
Wireless sensor-actor networks, typically named “wireless sensor networks” (WSN),
scale easily when they are maintenance free. Maintenance free systems are used in
areas where no power supply or cable-based communication is available such as
IoT [1-5], environmental monitoring, the industrial domain and many more applica-
tion fields. Forbes gives an overview over estimations by McKinsey, General Electric,
IHS, Gartner and others in the field of IoT [18]. The predictions range from several
billion to a trillion devices in the year 2050.

Classical approaches in these domains use batteries or coin cells, which need to
be replaced or recharged on a regular basis. These batteries limit the lifetime, and
their development speed does not correspond with that of microelectronics. Future
approaches like wireless sensors in inaccessible areas or IoT and smart dust networks
requiring a high number of devices create a demand for alternative solutions. Energy
harvesting can be one of the solutions extending system lifetime on batteries or com-
pletely replacing the battery as an energy source.

Both approaches require an energy management to balance the energy income
from the different sources, manage unmatched energy generation and consumption
profiles, transform voltage and currents from the harvesters and so on.

Developing a good energy management overcompensates for the cost for energy
storages, batteries or maintenance caused without such a strategy. Figure 1 shows a

Fig. 1: Block diagram of a harvesting node.
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block diagram of a harvesting node. The energy management provides rectification,
impedance matching and maximum power point tracking (MPPT) to extract the en-
ergy in an optimized manner from the harvesting source. If multiple harvesters are
connected the management coordinates the energy combination as well. An internal
energy distribution system routes the energy into energy storage buffers, long-term en-
ergy storages or to the application. It converts between different voltage levels typically
by using switched DC/DC converters. The control of the energy management system
monitors energy availabilities, consumptions, charge levels and voltages to control the
energy distribution. These power management strategies range from simple discrete
setups, especially to recover from power outages, to complex microcontroller-based
approaches and vary strongly with the needs of the application, the node design, avail-
able energies and the consumption profiles.

2 Energy harvesting from ambient power sources

Energy converters are used to convert ambient energies into electrical energy. Fig-
ure 2 proposes different energy source classifications. The energy can be classified
after the origin it is generated from. This can be a natural one like solar energy or a
derived one like wind, heat or water flow. The by-process is the second category, com-
prising machine vibrations, dissipated heat, fluid flows, moving magnets or pressure
changes, e.g., by human movement. The third energy origin is active transmission,
where energy is pumped to drive an energy harvester. Examples are light/laser en-
ergy pumping [19], e.g., to drive high-precision electric field detectors without cables,
acoustic energy, radio waves [20] or magnetic energy pumping, e.g., by oscillating
coils [21, 22].

One origin can produce different forms of energy, and the same form of energy can
be created by different origins. The categories of this classification are shown in the
second row of Figure 2.

Based on the available energy, the frequency, the form of energy and the applica-
tion, one or more conversion techniques are applicable. The categories of this classi-
fication are shown in row three of Figure 2.

Each conversion technique uses one physical conversion principle classified in
row 4 of Figure 2. All classifications are important for the design of an energy manage-
ment:

— the energy origin needed to derive the energy availability;

- the energy form to select appropriate conversion techniques;

— the conversion technique to identify the used conversion principle;

— the conversion principle to choose the right energy extraction methods (Figure 1).
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Fig. 2: Energy source classification. Microelectromechanical systems are abbreviated as MEMS and
thermoelectric generators as TEG.

The requirements regarding the application, environment and size of a planned sen-
sor node limit the possible elements in each class. One task in the design of energy
management is to select appropriate combinations and dimension of multiple energy
harvesters. Each harvesting input can be classified by one category of each row in the
end.

3 Wireless power transfer

Wireless power transfer is used in order to:

— transfer greater powers than available from the ambient;

- transfer power over a special form of energy to avoid measurement influences;

— transfer power to hazardous, isolated or inaccessible areas;

— realize sensor nodes which communicate over the modulation of the sender’s
signal.
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Transferring high powers is the most developed area of wireless power transfer. Induc-
tive charging is already well established for mobile devices like electric toothbrushes,
mobile phones, induction heaters and so on. They usually use the inductive energy
transmission principle, which only works in the vicinity of the sending coil. This is a
disadvantage concerning the powering of distant nodes but an advantage regarding
influences to other systems. The energies transferred by this technique can be very
high. Intelligent energy management systems allow a pulsed sensing of a device and
only switch the full power on, when the correct device is recognized. This saves a lot
of energy on the sending side and reduces negative effects on human health, incom-
patible electronic devices and the environment.

Wireless power transfer is also used to electrically decouple sensor systems from
the environment. This technique has been used in communication systems for a long
time to electrically decouple signals, e.g., to avoid ground loops in high fidelity or
professional audio systems. New research uses the same technique to power remote
systems. Warneke [19] creates smart dust powered by a laser beam. The system har-
vests the energy with a miniaturized on-board solar cell and communicates over laser
light as well. Patents like [23] show that such techniques can be used to eliminate
electromagnetic effects in the observed frequency range. Field influencing effects by
electrically conducting wires are eliminated as well.

Wireless nodes operate in special areas like vacuum vessels, liquids, explosion-
hazard areas, in space, under high pressures, thermo- or diffusion-isolated vessels
and so on. Wireless power transfer is used to power systems when the ambient energy
is insufficient for energy harvesting. Nodes are typically powered by inductive power
transfer, light, and fluid or air movement.

Nodes can use their powering signal and modulate information into it. This has
been used for several years in radio frequency identification (RFID) technology [24].
It is also possible to use this technique for RF sensing [13, 25] or inductive sensing us-
ing coils [26]. Simple circuits contain a coil and a capacitive or resistive sensor and a
tuning capacity. When this setup is powered by a pumping coil, the receiving oscillat-
ing circuit provides a frequency-dependent feedback to the sending coil. By analyzing
the detuning of the oscillation, the system can calculate the sensor’s value of the wire-
less node. Yang et al. show such a system in [11]. Similar setups can be realized with
the modulation of light by micro-mirrors or optical fiber cables. Pressures, strains,
sounds, structure-borne sound or vibration can be measured as discussed in various
publications and patents: [12, 27-30]. The measurement principle is robust, not prone
to power failures, relatively easy to implement and has been used for a long time. The
effort for such systems comes from the design tuned to the application and the related
signal processing.

New approaches like passive WiFi described by Kellogg [31] focus on the powering
from and modulation of radio-frequency (RF) signals. This technique also does not
require any sending power from the measuring device. The communication is based
on weakening or reflecting of electromagnetic waves.
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4 Energy storage

Even if some node types powered by wireless power transfer or by the use of passive
sensing capabilities that do not need energy storage elements [12, 27-30], most sen-
sor nodes today contain one or more energy storages. The energy storages discussed
in this section do not cover storage elements contained in subsystems like inductors
storing the energy in the magnetic field around the inductor in DC/DC converters. The
ones discussed are located before or after a certain block or form an own block. Fig-
ure 10 shows a typical block diagram of a sensor node including a storage element.
The storage element is used to buffer energy for non-continuous energy input or tem-
porally changing the energy requirements of the load. Such buffer storages range from
small capacitors to rechargeable batteries. Bigger storage capacities are required if a
harvesting system needs to operate while the harvested source is not or is only limit-
edly available for a longer time. This can be during the night or a half-year period for
natural energy origins. Some process-originated energy sources, like the water faucet-
based sensor node discussed in [32], need to face long down times as well. The purpose
of the system is to scan for a user and open a water valve if one is detected. The sen-
sor node needs to scan regularly for users without being powered by the thermoelec-
tric generator (TEG) which uses the temperature difference of a water stream. In such
cases, appropriately designed energy storages are essential. The mainly used storage
principles are electrical or chemical. Thermal or mechanical storage principles like
flywheels are typically not used due to low conversion efficiencies, losses like friction
in flywheels and the size of the nodes.

5 Loads

Loads are all systems that need to be supplied with power. There are loads needed
for the energy management and loads needed for the application. Loads for the en-
ergy management are unwanted and decrease the conversion efficiency from the har-
vester to the application loads. Nevertheless, they are needed for a high quality energy
management that, in contrast, can increase the overall system efficiency. Some loads,
including energy management and application loads, require controlled and stable
voltages or currents. Stabilization is usually achieved by introducing capacitors or in-
ductivities. Regulated voltages and currents are created with the help of DC/DC con-
verters.

Typical loads required by the application are:
—  sensors
— user interfaces
— microcontrollers
— RF communication components
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Sensors might be directly driven by the energy source as described in the section on
wireless power transfer (3). Discrete logic-based load implementations are rarely used,
because they provide low flexibility and imply a high development effort. Most of to-
day’s sensor nodes use a microcontroller to control the measurement and perform the
communication. This approach has the advantage of being very flexible, consuming
low power and handling complex processing or control tasks in a very short time. The
design process for such node is relatively low, as no complex discrete or analog cir-
cuitry needs to be designed and adjusted. Through RF communication, they can com-
municate with their surroundings, transmit measured data, control subsystems and
do measurement accumulation or signal processing themselves. Additionally, they
can make their own control or transmission decisions based on the measured val-
ues. Sleep modes in low-power microcontrollers enable them to use much less energy
when they are not needed. Microcontrollers can even take part in the energy manage-
ment and implement complex management strategies. Microcontrollers and RF trans-
ceivers have special requirements on the supply voltage. The supply voltage has to be
in a certain range and must not exceed a maximum ripple voltage, especially when
using integrated analog to digital converters (ADCs) or digital to analog converters
(DACs). Voltage information obtained by ADCs is essential for microcontroller-based
energy management. Whenever the voltage cannot be stabilized, or the system cannot
provide the minimal operating voltage, the system can “die” due to non-functioning
energy management. Without special precautions it can no longer recover from this
“dead” state. The next section on power management strategies deals with these and
other problems and shows possibilities to avoid such dead states.

6 Energy management approaches

6.1 Active and passive energy management

In the energy management domain, it is distinguished between active and passive ap-
proaches. Passive refers to the ability of the energy management to operate only with
the power from the harvester and no additional energy source. An example of this
is the Graetz bridge rectifier that uses only passive components to transform AC to
DC current. Passive systems often have a lower efficiency compared to active ones,
because they have static thresholds defined by physical properties like the forward
threshold voltages of the diodes of the Graetz bride. Non-linear properties are often
adverse and limit the efficiency. On the other hand, they are actively exploited like
by the use of Z-diodes being utilized to create quasi regulated voltages and, thereby,
switching points for the energy management. The border to the active energy man-
agement is fuzzy, so that also solutions with comparators or operational amplifiers
might be categorized as passive energy management, when they generate all needed
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voltages themselves. Such systems usually contain multiple stages with different effi-
ciencies. Further information about this is provided in Section 6.3 “Multi-level energy
management.”

Active energy management needs additional power to drive the control stages,
comparators, operational amplifiers or even the microcontrollers involved in the man-
agement. This power comes either from a precharged buffer capacitor or a backup bat-
tery. The control abilities, adaptiveness to a changing environment, energy availability
or demands and their flexibility is much higher compared to passive solutions.

6.2 Microcontroller-based energy management

Microcontroller-based energy management is a special form of active management.
It includes one or more microcontrollers in the management. Such a setup offers a
great amount of flexibility, might be updated over the air with real-time data, perform
forecasts itself and calculate adaptively new management strategies. It provides the
ability to integrate various types of sensor information and aggregate them. Even if
such a complex energy management can be realized with active electronic compo-
nents, the use of a microcontroller is usually preferred because it is flexible, cheap
in comparison, easily integrable and usually already provides ADCs, comparators, in-
ternal voltage references, communication solutions and a high calculation power to
track and control energy flows.

Being contained in the active management domain, microcontroller-based solu-
tions also need initial power to be operational. Microcontrollers require a special sup-
ply power in a certain voltage range, often 1.8 to 3.6 V. Special microcontrollers like
the MSP430L092 [33] can operate on voltages down to 0.9 V. A voltage supply without
ripple is required when internal ADCs and comparators are used.

6.3 Multi-level energy management

As discussed in the preceding sections, Figure 3 shows a categorization of passive, ac-
tive and microcontroller-based management approaches. Passive solutions consume
the lowest power but provide the lowest flexibility. The efficiencies of active and mi-
crocontroller solutions are much better, but their power demand is higher and can
have special requirements on the supplied voltage.

For all active solutions, the depletion of energy buffers leads to the death of the
sensor node. This can occur during an unforeseen energy outage of the harvested en-
ergy source, a depleted backup battery or an inflexible energy management.

Backup battery change cycles or the recharging or replacement of death sensor
nodes lead to maintenance effort. Using passive energy management only provides
low efficiency. Combining both approaches and switching between them leads to a
multi-level energy management. This combines the advantages of active and passive
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Fig. 3: Overview over energy management implementations.

approaches without the drawbacks. On the other hand, the design is quite complex,
and the advance and fall-back between the stages must be additionally designed.
A smart hybrid approach for passive rectification with active elements to power from
an electromagnetic energy harvester is discussed in [34].

Another approach is to use hybrid harvesting with one harvester dedicated to
powering the energy management only and another one for efficient extraction of the
larger portion of energy, as is described by Rohan in [35].

7 Extraction power management strategies

While a classical power management approach focuses on energy storages only, the
approach for harvested energy driven sensor nodes can use the additional compo-
nents discussed in the following sections. Figure 1 shows the parts of the sensor node
where energy management is employed.

7.1 Maximum power point

Each source has a characteristic current to voltage output behavior, which can be vi-
sualized in a current over voltage diagram, as shown for a solar cell in Figure 4(a).
The intersection on the y-axis marks the short-circuit current observed when the two
output terminals of the solar cell are short-circuited. The intersection with the x-axis
is the open-circuit voltage, which is observed, when the terminals are not connected.
Multiplying voltage and current from the diagram leads to the power output, which
can be drawn for each working point and, therefore, each voltage. Figure 4(b) shows
this power behavior for the same solar cell. It can be seen that the power during the
short-circuit current and the open-circuit voltage is zero. This is because either the
voltage or the current component is zero, leading to a zero in a multiplication with ev-
ery value. The graph shows that there is a maximum power point at 0.925V sourcing
a maximum of 0.377 mW. Keeping the solar cell operating on this voltage guarantees
the maximum power transfer.
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Fig. 4: Output characteristics of a solar cell. (a) Current over voltage output characteristics. (b) Power
over voltage characteristics.

7.2 Maximum power point tracking

MPPT is a technique to extract and transfer the highest possible power from a source
to the load. Therefore, the load impedance needs to be “matched” to the source
impedance. This is achieved by using exactly the complex conjugate of the source im-
pedance as the load. The actual load usually does not fit this requirement. Depicted
in Figure 4 is the current versus voltage and the power versus voltage measurement
of a photo-voltaic cell used as harvester. The maximum power point at a voltage
of 0.925V is highlighted in the diagram. The duty of the MPPT is to maintain this
voltage in order to extract the maximum power. Typically, a combination of a (para-
sitic) capacitance and a DC/DC converter is used as a voltage control element of the
MPPT and as a matched load of the energy harvester. Switching DC/DC converters
are used, because they have a better transfer efficiency compared to classic voltage
regulators.

Because of the switching voltage control design, a voltage/current ripple is in-
troduced at the output of the harvester. This ripple leads to a deviation of the work-
ing point around the maximum power point of the energy harvester. This behavior
is shown in Figure 4(b) as a gray box around the ideal voltage for maximal power
extraction. The bigger the buffering capacitor, the smaller the ripple around the de-
sired voltage for the same switching frequency. Every added capacity introduces
losses and needs to be initially charged, on the other hand. The energy stored in this
capacitor cannot be used in the later stages.

Another way to reduce the deviation from the ideal working point is to increase
the switching frequency, with the drawback of a higher power consumption of the
DC/DC circuits, as the gate capacities of the switching elements must be charged and
discharged more often.
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How strongly the input voltage changes is influenced by a third factor: the current
provided by the harvesting source. Higher currents lead to greater voltage changes on
the same capacitor sizes.

To control the duty cycle of the DC/DC converter, the MPPT needs to regularly mea-
sure the actual voltage and, depending on the MPPT technique, the open-circuit volt-
age. The more often this is measured, the smaller the voltage ripple around the optimal
working point can be. The MPPT control consumes energy in each measurement and
control cycle, so that too-high update rates are not feasible.

Finally, the MPPT algorithm used can have a big influence. The tracking is needed
to adapt to changing environment conditions, leading to a shift of the maximum power
point. Sophisticated algorithms find the maximum power point more accurately and
adapt better to changing conditions and energy availabilities. This increases the ex-
traction efficiency on the one hand, but costs additional energy needed to perform
the measurements, provide voltage references, do the calculations and set the con-
trols, on the other hand.

Famous MPPT algorithms are “perturb and observe”, “hill climbing”, particle
swarm optimization or fuzzy logic and artificial intelligence-based algorithms, de-
scribed in [36] and [37].

If the environment conditions are relatively constant, no tracking is needed. This
is no longer a “tracking”, it is more maximum power point controlling after an initial
definition. A large portion of available MPPT chips use this technique, but the prod-
ucts are still named “maximum power point trackers”. For these products, the static
maximum power point is set via resistors during the deployment.

Table 1 concludes the findings and gives a reference on designing the non-
algorithmic part of the MPPT.

7.3 Maximum energy extraction

Extracting the maximum power is very common in the discussion of efficient energy
usage on wireless sensor systems. Nevertheless, it is not the most efficient way of trans-
ferring energy from limited resources. Maximum energy extraction is a neglected way
of energy extraction, although it is very important for sources with limited amounts of
energy over time.

Figure 5 shows an electrical circuit comprising a voltage source with an inner re-
sistance of 50 Q and a resistive load. To extract the maximum power as described in
the last section, the load must be matched to the inner impedance. This is achieved by
using the complex conjugate of the source impedance as the load impedance. In the
example discussed, the matched load will be 50 Q.

Figure 6 shows the extracted power over the load resistance. It can be seen that
the power transferred to the load, indeed, has a maximum at 50 Q. The dashed line
shows the power turn over in the inner resistance Ry. At 50 Q, the power spreads half
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Tab. 1: Decision matrix for choosing the right MPPT.

Advantage(s) Disadvantage(s)

MPPT implementation

— Better power extraction — Additional energy requirement for MPPT
— Better extraction efficiency possible — Backup energy needed for start from depleted
energy buffers

High DC/DC converter duty cycle

— Closer working range around optimal working — Higher power demand for DC/DC converter
point
— Better extraction efficiency

Big input capacitors

— Smaller voltage ripple — Leakage current losses
— Better extraction efficiency — Initial energy for charging the capacitor is lost

Fast MPPT measurement and control reaction

— Smaller voltage ripple — Higher power demand for MPPT
— Better extraction efficiency

High current from energy harvester

— More energy available at the same voltage — Faster charging of input capacitors
— Faster voltage changes of input capacitors
— Lower energy extraction efficiency

Sophisticated MPPT algorithm

— Better finding of maximum power point — Additional energy requirement for MPPT
— Better extraction efficiency — Sometimes stable voltages from regulators
and comparators introduce additional power
consumption
— Higher cost and design complexity

Fig. 5: Impedance matching circuit based on resistive components.

and half to the load and inner resistance. The dotted line shows the overall power de-
livered by the source. It can be seen that the maximum power is sourced in the case of a
short circuit. The higher the load resistance, the less energy is provided by the source.
For the energy efficiency it is interesting, how much of the sourced power is actually
delivered to the load, as shown in the lower graph of Figure 11. The energy extraction
efficiency at the matched resistance is not the highest. The efficiency increases with
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Fig. 6: Diagrams from the simulation of matching circuits from Figure 5. Upper diagram: emitted
power from source and power distribution to internal and external impedances depending on the
load impedance. Lower diagram: efficiency of energy transferred to the load divided by the energy
emitted by the source versus the load impedance.

the load resistance. At an infinite load resistance, the efficiency will be 100%, because
no current flows and no power is consumed at all. It is obvious that this may also not
be the desirable case, but the example shows why there are often much higher load
resistances than inner resistances used.

As [38] describes, an example is typical battery use. The load resistance is usually
much higher than the inner resistance of the battery. With that configuration, not the
maximum power is extracted, but the battery will live much longer.

Energy efficiency is important for a lot of harvesting setups, but is still not in focus.
It provides opportunities to improve the energy usage on limited resources. One cause
is that the harvesting system is often cut between the source energy patrt, e.g., ina TEG
the thermal energy and the electrical part. Simulations, tests and setups are performed
without regarding the mutual influence on heat flows, thermal inertia, available ener-
gies and internal losses. There are multiple effects that contradict the general energy
preserving approach (in the example of an thermoelectric generator):

— High currents in the TEG cause joule heating in all elements.

— If the energy origin (Figure 2) does not constantly provide new energy, the har-
vestable amount for one cycle is limited.

— A high extraction current causes a decrease of the temperature difference at the
element leading to a lower TEG voltage and, thereby, often lower extraction effi-
ciencies of following energy processing stages.
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7.4 Hybrid harvesting

Hybrid harvesting is a principle using more than one energy harvester to power a sys-
tem. This additional harvester can be used to recover from depletion states or to power
the energy management system during startup. It can provide a supplementary en-
ergy provision, e.g., during day and night, when the other harvester provides no en-
ergy. A simultaneous use of more than one harvester as a combined energy source is
needed as well when one energy source alone does not provide enough power. Rarely
seen is a hybrid approach to introduce a backup power path for the case that the main
harvester does not provide enough energy. Most backup harvesters employ wireless
power transfer (see Section 3). The decision regarding an appropriate hybrid manage-
ment approach depends on the use case as well as the energy source and harvester
characteristics, as described in 2.

An example can be given regarding one of the characteristics: the matching of two
maximum power points. Figure 7(a) shows the power versus voltage diagrams of two
different harvesters. For both curves, the maximum power point is highlighted. If an
MPPT is to be used, either one MPPT for each harvester can be used or a common one
for both harvesters. Using one MPPT for each means that each working point can be
controlled separately. This is useful if the maximum power points are located at dif-
ferent voltages, as is often the case for inductive (low maximum power point voltage)
and piezoelectric harvesters (high maximum power point voltage). It is also useful if
changing environment conditions lead to an independent change of the maximum
power points. The operating region of distinct MPPTs is visualized as gray box around
the maximum power point of each harvester in Figure 7(b). From the figure, it can be
seen that separated MPPT only makes sense if the operating areas of the two MPPTs
are small.

Otherwise, the outputs of both harvesters can be connected and one MPPT can
regulate the voltage of both to a tradeoff-working-point-region, as is shown in Fig-
ure 7(b) as a dashed box around the maximum power points of both harvesters. This

P Maximum Power Point of P Maximum Power Point of
Source 1 Source 2 Source 1 Source 2
\ / — Source 1 \ / — Source 1
: -~ Source 2 ; -~ Source 2
U U
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Fig. 7: Power versus voltage of two different energy harvesters. (a) Maximum power points of two
different sources. (b) Operation regions of distinct or shared MPPT.
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approach has the advantage of a lower complex circuitry and an introduced quiescent
current but extracts power from the harvesters with a lower efficiency.
As discussed for the matching of the power points, typical parameters of the har-
vesters and the energy sources influencing the design of the hybrid energy manage-

ment are:

— Current alternation:

— only alternating current (AC)

- only direct current (DC)

- some AC and some DC

- Waveform shape

- sinusoidal

- multi-sinusoidal

- noisy

- Power output amount

- Energy availability

Depending on these, groups with shared components may be formed. For each com-
bination, several parts of the energy extraction can be shared or exclusively used.
Figure 8 shows a generalized diagram for various hybrid energy management ap-

proaches on DC sources. Opening or closing the switches lead to the use or bypass

of different blocks. For AC sources, a rectification or an energy extraction stage like

P-SSHI for piezoelectric harvesters has to be added after the harvester, if a DC output

is required. Like the MPPT on DC sources, these stages can be shared or separately

realized for each harvester. Diodes can be employed to prevent energy flow back to

the harvesters, but they introduce voltage drops or quiescent currents, if they are re-

alized as active diodes [39]. New approaches use mechanical switches to avoid qui-

escent currents completely [40, 41]. Publications already present hybrid energy man-
agement solutions of different complexity. They span from very simple approaches for
light and thermal energies [42, 43] over general approaches [44] to review articles [45].
Ulusan et al. [46] claim to have created the first hybrid harvester circuit to simultane-

> >

MPPT % >
MPPT |
MPPT %

> >

Harvester 1

=
=

Load

Harvester 2

||||—|P<
'I||—|P<
||||—

II||—|H<II||—|H<

Fig. 8: General hybrid energy management system structure for DC sources.
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ously extract energy from three independent sources and delivers a single DC output.
A promising approach for the harvesting from multiple DC energy harvesters with dif-
ferent impedances is presented by Kang et al. [47].

7.5 Non-linear energy management

Non-linear energy management is used to mechanically or electrically match energy
converters/energy harvesters to the energy source. A typical example is vibration har-
vesters designed for an optimal frequency by fitting the eigenfrequency to the fre-
quency of the energy source, so that the harvester operates in a resonant working
point. When the energy source working point fluctuates or changes over time, the ex-
traction is no longer in an optimal working point. An often used approach to face this
problem is non-linear energy harvesters using magnets instead of mechanical springs
to create oscillation. This widens the area of resonance but lowers the maximum gen-
eral output of the harvester. Mechanical tuning approaches are discussed in [48-50].
Figure 9 shows typical setups. In 9(a), magnets are used to generate a bi-stable har-
vester. Such an approach is discussed in [51]. Repellent setups like the one shown in
Figure 9(c) are possible as well. They might be integrated in a microelectromechanical
system (MEMS) as described by [52-54]. It is also possible to use two or more magneti-
cally coupled cantilevers with anti-phase bistable behavior [55]. Figure 9(b) shows an
approach using clamps to change the oscillation frequency of the cantilever when the
amplitude is high. This approach is investigated in [56].

New electrical tuning approaches [57] utilize capacitive or magnetic tuning to
change the resonance frequency of piezoelectric generators. [58] proposes electrical
bias voltages to tune the stiffness or other parameters of the harvester dynamically
by the electrical side. This was proved to be possible at least with piezoelectric con-
verters. It is expected that further research in this field has the potential to apply this
technique also to other energy transducers.

8 Core system energy management strategies

8.1 Energy storage management

As discussed in the Introduction 4 and shown in Figure 10, energy storage elements are
used as buffers between the power input and output. They are also required as buffers
between two stages to filter a voltage or current ripple. If a previous block outputs a
current, a storage element can collect the charges and transform the voltage into a
useful range for the successor block.
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Fig. 9: Typical non-linear setups. (a) Cantilever with attractive magnets arrangement form a bistable
system. (b) Cantilever with clamps reduces the beam length for high amplitudes. (c) Cantilever with
an arrangement of repellent magnets forms a bistable system.

This technique is needed for MPPTs regulating the voltage on the input side and
outputting currents transformed by a DC/DC converter. A storage element like a capac-
itor collects the incoming currents. The voltage over the storage element rises, and the
energy becomes accessible to the following stages, as soon as a usable voltage range
is maintained.

Figure 10 shows that different blocks, e.g., harvester, storage and load, can oper-
ate on different voltage levels. One task of energy management design is to match the
voltage ranges of neighboring blocks. The voltage ranges of two neighboring blocks
can overlap. If this is the case, they can operate in the shared region. For example,
microcontroller loads are often used. As depicted in Figure 10, many of them need an
input voltage between 1.8 and 3.6 V, but the storage can operate on different voltages.
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Fig. 10: Various voltage levels in a wireless sensor node.

As shown in Figure 10, a simple way to prevent destruction of the load is to limit the
maximum voltage of the storage to 3.6 V. If the storage is a capacitor, equation (1) gives
the energy E,p stored in the capacitor as a function of capacity C and the voltage U.
The energy that can be extracted between two voltages Upegin and Upegin can be calcu-
lated by equation (2). The shared voltage range for both blocks is 1.8 to 3.6 V. The maxi-
mum energy that can be accessed by the microcontroller load is given by equation (3).
If the stored energy is not sufficient, the capacity C can be increased. The maximum
possible capacity Cnax can be limited by the size, cost or physical constraints of the
sensor node and the components. Figure 11 depicts the dependence of the energy of
a capacitor versus the voltage for two capacities of 10 and 47 pF. The green shaded
area shows the voltage range of 1.8 to 3.6 V and the related energy range for a capacitor
with 47 pF.

0.5

[ Voltage and related energy region within load operating voltage
[ Voltage and related energy region above load operating range
[ Voltage and related energy region below load operating range
0.4 |C—Energy versus voltage for C=47 uF

Energy versus voltage for C=10 uF

0.3

Elnergy in Millijoule

0.2 /

S
B .

0 0.9 1.8 2.7 3.6 4.5
Voltage in Volts

0

Fig. 11: Stored energy vs. voltage stored in a capacitor.
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Tab. 2: Classification of energy budget states of the storage of an energy harvesting driven node
with typical scenarios when they occur.

Energy budget class  Typical scenario

1: Pin > Pout Depleted node charging up

2: Pin > Pout Sleep with active harvester

3: Pin = Pout Simple sensor without storage and self-stabilizing voltage
4: Pin < Pout Sleep with inactive harvester

5: Pin < Pout Active load / microcontroller / radio-frequency front end

It can be seen that more energy can be stored at higher voltages, as the voltage
has a quadratic influence on the stored energy. Figure 12 shows the energy budget of
the capacitor. The capacitor stores an actual energy Ec,p which is directly related to its
voltage U by equation (1). An input power from the energy harvester increases and an
output energy consumed by the loads decreases, the stored energy Ec,p. For the energy
budget, there are different categories of the system state presented in Table 2. The table
also gives typical scenarios in which the energy budget behaves like described in the
first column.

Ecap=3-C-U? 6)

E'cap, voltage difference = 5 * C - (Ugnd - Uﬁegin) )]
Ecap, usable = 3 - C- [(3.6 V)? - (1.8 V)?] €)

Ecap, bulk = 3 - C- (1.8V)? ()

All power Py consumed by the load must be either provided by the harvester Pj, or
has to be retrieved by the stored energy Eap, which is limited to Ecap usable (green area)
by the overlapping voltage ranges of the neighboring blocks as described in equa-
tion (3).
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Fig. 13: Block diagram of a wireless sensor node with a DC/DC converter before the load.
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Fig. 14: Power consumption of a microcontroller with and without voltage regulation. Up to 2.7 V it
is better to drive the microcontroller directly. From 2.7 V voltage controller and microcontroller in
combination consume less energy [59].

By using a buck DC/DC converter, as proposed in Figure 13 it is possible to trans-
form higher voltages to lower voltages. This extends the usable storage region of the
capacitor to higher voltages at which greater energies can be stored. This region is
marked in yellow in the Figures 11 and 12. As the energy E,p stored in a capacitor in-
creases quadratically with the voltage U as shown in equation (1). Much more energy
can be stored and accessed during long times of negative energy budget.

Furthermore, such a setup offers the possibility to regulate the voltage for the load
to the lower limit of the loads range. Most loads consume less power at lower voltages.
As depicted in Figure 14, using a buck DC/DC converter in conjunction with the load
saves energy when the input voltage crosses the threshold, at which the introduced

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Energy management concepts for wireless sensor nodes =—— 85

additional power consumption of the DC/DC converter is compensated by the saving
of the combination of the buck DC/DC converter and load. Such a setup is shown as a
block diagram in Figure 13. The multi-level energy management approach described
in 6.3 can deactivate the buck DC/DC converter to conserve energy when its operation
is not necessary.

A boost DC/DC converter can be used to transform lower voltages to higher volt-
ages. Using it between the storage and the loads lets the load access the energy stored
in the region marked in red in Figures 11 and 12. This approach enables a fast startup
of the load, when the storage has been depleted.

Both approaches can be integrated into a buck-boost DC/DC converter enabling
the load to access a much wider voltage range and much more stored energy from the
same capacitor. If the system operates near the threshold voltages often, both setups
can be integrated into one with an additional switch using or bypassing the DC/DC
converter. Advanced solutions use dual input multiple output (DIMO) or multiple in-
put multiple output (MIMO) architectures to reduce losses added by adding DC/DC
converters. Figure 15 shows an overview of setups from direct supply up to DC/DC
converter solutions with multiple inputs and outputs.

!

Source

:| Rload

@ /77 (b) /77
DCDC SIDO DCDC
MPPT + BUS DCDC L4 SIDIDO
BUS
Source Source
i ae |::| Rioaa i |::| Rigaa
(© /77 (d) /77

.

DCDC
MPPT

DCDC
BUS

Source

I

J Rload

Fig. 15: Energy management using no, multiple or combined DC/DC converters. Adapted from [60].
(@) using no DC/DC converter. (b) using distinct DC/DC converter for storage and retrieval of energy.
(c) using distinct DC/DC converter for storage and bypass. (d) using one DC/DC converter for all

operations.
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The designer should always keep in mind, that more complex approaches con-
sume energy for the management itself and may not start from depleted batteries. That
is why the energy management in is designed as complex as needed, not as complex
as possible. To maintain advantages of different complexity levels multi-level energy
management described in 6.3 is used.

8.2 Multi-storage management

Using a capacitor as buffer only is the simplest way of storing energy. For long-term
storage, capacitors do not provide enough capacity. Instead, double-layer-capacitors,
super-capacitors or rechargeable batteries are used. They have an increased response
time but also a higher capacity compared to capacitors. Rechargeable batteries pro-
vide the highest capacity but also the highest response time compared to capacitors
and super-capacitors. Table 3 compares different types of capacitors. Table 4 compares
supercaps and batteries. Table 5 provides an overview over different kinds of recharge-
able batteries.

All kinds of capacitors, as well as nickel-cadmium (NiCd) and nickel-metal-
hydride (NiMH) accumulators can be fully discharged. Other chemistries like lead
batteries or lithium-ion (Li-ion) batteries are destroyed if they are deep—discharged.
All presented storage elements are sensitive against too high voltages. Particularly
rechargeable batteries are prone to overcharging and can create gases, burn or ex-

Tab. 3: Comparison of capacitors, electrolytic capacitors electrochemical storages for 1 M) of energy
storage [61].

Specifications Electrostatic  Electrolytic  Electrochemical
Mass (kg) 200,000 10,000 30-100

Volume (ml) 140 - 108 2.2-108 0.02-0.1-10°
Responsetime(s) 1077 1074 ~1

Tab. 4: Characteristics of supercapacitors compared to Li-lon cells; Li-lon: Lithium-ion [62].

Specifications Supercapacitor Lithium-ion (general)
Charge Time 1-10s 10-60 min

Cycle life 1 million or 30,000h 500 and higher

Cell voltage 2.3t02.75V 3.6t03.7V

Specific energy (Wh/kg) 5 (typical) 100-200

Specific power (W/kg) Up to 10,000 1,000 to 3,000

Cost per Wh $20 (typical) $2 (typical)

Service life (in vehicle) 10 to 15 years 5to 10 years

Charge temperature —-40to 65 °C 0to45°C

Discharge temperature -40to 65°C -20to 60°C
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plode. Depending on the used battery chemistry charging and safety circuits are re-
quired. Integrated battery management circuits are available as one chip solution for
common battery chemistries. They prevent dangerous battery states like overcharg-
ing, deep-discharge and provide a current and charge control as well as temperature
monitoring. Still, they cannot prevent battery deep discharges by quiescent currents
and self discharge. This remains a task for a superordinate energy management and
planning system.

Non-rechargeable primary batteries provide the highest capacity, as shown in Fig-
ure 16. Primary batteries tend to have a high internal resistance, which is usually no
problem for low power requirements. “Primary alkaline and lithium batteries can be
stored for up to 10 years with minimal capacity loss” [62, 174]. Primary batteries do
not need a complicated circuitry and provide start-up power for nodes if all other en-
ergy buffers are depleted. Disadvantages are the slow discharging over time, even if
no power is needed, and the related maintenance effort to replace depleted batteries.
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Fig. 16: Specific energy comparison of secondary and primary batteries [62].

An energy management system can manage several rechargeable and non-recharge-
able energy storages. For this, it can simply switch/multiplex or use energy converters
to transfer energy between them. Different architectures like the one shown for one
storage in Figure 15 are possible. The energy management implementation can vary
from passive to real-time data and prediction-based approaches, implemented with a
microcontroller. Multi-level implementations can lower the energy consumption over-
head of not needed conversion stages and can provide start-up abilities for a start from
depleted energy storages.
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Common approaches combine the advantages of long-term storages with short-
time storages to incorporate multiple storage stages and control the use and energy
routing between them. Because of this, the advantages of a short time to operation,
cold-start-abilities, as well as long term energy storage can be combined.

8.3 Voltage supervision

Figure 12 shows the energy budget at an energy storage. If the input power is greater
than the output power, more energy can be stored and the storage voltage increases.
In the opposite case, the energy and storage voltage decrease. A deeper description
is contained in Section 8.1. The connected load can only operate in the green area.
In the red area, the load is not operational, but it can be still connected to the en-
ergy path and consume power. This consumed power does not serve any purpose. For
some loads, especially microcontrollers, the power consumption in the region around
their activation voltage is much higher compared to the power consumption when they
are not activated or when they are active. This effect is caused by state changes of in-
ternal voltage references, switches, metal oxide semiconductor field effect transistors
(MOSFETS), as well as the start of crystals upon start-up. Most microcontrollers also
introduce a noticeable consumption when they are not used at all. This can be demon-
strated by calculating a virtual-direct-current-resistance as shown by equation (5). If
the voltage is regulated to U, the mean virtual resistance can be calculated by either
calculation of the mean over time of the current, as shown in equation (6) or by cal-
culating the virtual resistance for each sample and calculating the mean over time
for all the resistances, as shown in equation (7). Figure 17 visualizes the mean virtual
resistance for a common low-power microcontroller at different voltages. The micro-
controller examined is able to operate from a minimal voltage of 1.8 V. The diagram is
split into a left part, where the microcontroller is not running and a right part, where
the microcontroller resides in a typical deep sleep mode. The measurements of the
right part are cleaned for the transient start-up current. The measurement of the di-
rect current was started 1 second after the powering of the microcontroller. The values
represent the static mean virtual resistance. The parts are separated by a dashed red
line. The lower the virtual resistance, the higher the direct current power consumption
at the same voltage, as can be calculated by equation (8) and is shown in Figure 18.

R =Y 5)
Ryirt;meant = 10— (6)
Ryirt,mean2 = mean(Ryiyt) )

Prean = Ryirt,mean - U? (®)
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Fig. 17: Virtual resistance of Texas Instruments MSP430F5529LP. Virtual resistance shows the DC re-
sistance seen at the terminal calculated from the actual current consumption by R = U/I. Displayed
is the mean value of the virtual resistance over 4 seconds for the off-voltages and > 0.8 seconds
for the on-voltages. The lower resistance at 1.8 V is measured when the microcontroller is off. The
higher virtual resistance is measured when the microcontroller is in deep sleep.
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Fig. 18: Power consumption of Texas Instruments MSP430F5529LP. Displayed is the mean value of
the direct current power over 4 seconds for the off-voltages and > 0.8 seconds for the on-voltages.

The higher power at 1.8 V is measured when the microcontroller is off. The lower power is measured
when the microcontroller is in deep sleep.

In conclusion, it can be seen that an unready load, especially an unready microcon-
troller still consumes energy. Even worse, the consumption before the start peaks to
higher levels than in the sleep mode. If the load needs to cross the threshold to switch
on, an even higher power is demanded for the start-up. If a sensor node operates on
the buffer storage without sufficient input power from the harvester, it might get stuck
before the activation of the load. Even if the power is so high as to let the load run all
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Fig. 19: Output voltage versus supply voltage V¢ of the TPS831 voltage supervisor [75].

the time in deep sleep and wake it up from time to time (the planned operation mode),
it can get stuck before the activation, as each attempt to cross the activation threshold
results in a high power consumption and as result in a dropping voltage on the input.
By this control loop, the load is prevented from activation, and the node is prevented
from operating in the desired manner. The problem occurs whenever the input volt-
age drops below the activation voltage of the loads. Even if enough input power can be
provided, the loads constantly consume power during the charging process and delay
the time to operation.

To avoid this problem, special circuits are used to disconnect the loads when they
are not able to operate and only increase the power consumption. As this technique is
in strong development, it is known by different names, such as the start-up circuit [64—
66], the switching circuit [67], the trigger circuit [68, 69], the control unit [70], the
under-voltage lockout circuit [71], the buffer circuit [72], and the wake-up circuit [73].

Industrial solutions like the TPS831 often lack a defined switching and a related
low quiescent current at low voltages, as shown in Figure 19. For a low-power mon-
itoring from depleted storages, sometimes also called the “cold-start” ability, more
advanced fully passive circuits need to work from zero volts onwards with a low qui-
escent current over the whole voltage range. For a defined switching behavior and low
power consumption during the transition, a switching hysteresis is needed. A promis-
ing fully passive, bistable “trigger” circuit combining these advantages is proposed by
Alghisi et al. [74].

8.4 System optimization
Figure 1 from the introduction into power management strategies gives an overview

of the different parts of the energy management of a harvested energy driven wireless
sensor node. Not only the subsystem, but also their integration, can be managed.
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Subsystems that are not required can be switched off or bridged to increase the
overall system efficiency. Depending on the energy availability, voltage levels, energy
income and consumption, as well as their forecasts, different setups can be used.

This approach gives the opportunity to extract the maximum energy from a de-
fined harvesting source. Nevertheless, it is rarely used as the design is complex, in-
corporates additional components and needs a great insight into all domains of the
energy management. The multi-level energy management described earlier can also
be categorized as system optimization.

A system optimization approach can activate or bypass a variety of extraction
stages, from simple passive, single diode solutions over multi-diode solutions, MPPTs,
extraction circuits like parallel synchronized switching harvesters on inductors (P-
SSHI), as discussed in [76]. It can decide what energy harvesters are used in hybrid
setups. It can route the energy directly from the input stage to the load, to load and
storage, storage only and so on, as described earlier in the energy storage section. It
can activate or deactivate DC/DC converters and voltage supervisors before the load,
influence the consumption profile of the load by operation modes, the route energy
between multiple loads and so on.

The system level energy management optimizes the system with respect to the
overall efficiency. Each part of the node, each converter and even harvesting inputs
can use more energy than provided or than improves the efficiency. The management
keeps track of that and activates subsystems only if this improves the efficiency. The
system management needs to be designed in a staged architecture, if the node should
still be able to start from depleted energy storages. Because of the complexity, the sys-
tem optimization is usually realized with the help of a microcontroller program.

9 Wireless energy management strategies

9.1 Wireless communication/energy conservation in link and
network layers

Wireless communication has the greatest impact on the energy consumption of a typi-
cal wireless sensor node and is, therefore, considered as a part with high optimization
potential. Sending data consumes more energy than receiving data, and using the RF
front end at all consumes more energy than only using the microcontroller. The goal of
energy management in this domain is to minimize the power consumption introduced
by the wireless communication system. Several approaches for a reduction of power
consumption exist in this domain.

One is to minimize the number of transmissions as they consume the most power.
This can be achieved by preprocessing data on the sensor node in order to compress
it and eliminate unnecessary information. Control decisions upon sensor data can be
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made directly within the sensor node without communicating them wirelessly. Data
can be sent in a low duty cycle up to defined measurement data thresholds, leading
to an increased send rate. It is also possible to send no data at all until an emergency
threshold is exceeded, and the sensor node reports critical measurement values only.
Intelligent approaches implement the same forecast algorithm on the sensor node and
the receiver. Measured values are only transmitted in the case the forecast deviates
more than a set threshold.

If the wireless sensor node should not only send but also receive control com-
mands, there are different approaches when to listen and, thereby, keep the receiver
active. There are synchronized and unsynchronized approaches. The synchronized
ones need time synchronization, so that the sender needs to send only if the respected
receiver is listening. For this, they need to stay active or utilize real time clocks, which
wake the microcontroller and receiver regularly. Unsynchronized methods send the
data multiple times to the receiving node until it must have been recognized. This
consumes a lot of energy on the sender node. It introduces a lot of additional com-
munication on the channel, which leads to a lowering of the available bandwidth and
an increase of the round-trip times or a total communication lock of the network in
the worst case as well. This approach is a simple and robust solution in star networks
where the central node is supplied by the electricity grid.

Advanced architectures can reduce the power consumption on the sending and
receiving sides without synchronization by using “wake-up receivers”. These circuits
allow wakening a sensor node only when data is available. There is no need to wake
up regularly or listen for long periods of time. The wake-up message is received by
the “wake-up circuit” and wakes the microcontroller for the reception of the message
from the sleep mode. This is done using pin interrupts, enabling the use of the deeper,
more energy-saving, sleep modes. Such a system has no need of a real time clock,
which additionally saves power. Wake-up receivers may even parse simple addresses
being transmitted with the wake-up message (see also [77-80]). This technique en-
ables waking of parts or single nodes within the network but increase the complexity,
on the other hand. Higher complexities lead to an increased power consumption of the
wake-up circuit itself. Recent research has been concentrating on creating fully pas-
sive wake-up receivers, which harvest the energy they need directly from the RF en-
ergy. Further information can be found in [81, 82]. Wake-up receivers may also use non-
RF communications methods as a trigger. [83] discusses acoustic wake-up receivers.
Light flashes and pressure changes can be also used for wake up and provide initial
energy. Despite their possible potential, research covering such systems has not been
published yet.

Optimizations in the different network layers are performed to fit the communi-
cation scheme and reduce the amount of bytes sent that are not actual data, which is
called “overhead”. Most modifications are performed in the lowest network layer, the
“media access control” (MAC) layer.
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Sensor deployment is another important part of the energy consideration. Plac-
ing the sensors closer together, using a directional radio, adaptive sending powers or
avoiding walls, reduces the power consumption. The power consumption forecast for
a deployed scenario is an important factor for the design of the wireless sensor node,
its supplies and energy buffers.

To face the problems introduced by constraints in the deployment, like long trans-
mission distances or distributed sensing setups, WSNs employing routing abilities are
formed.

9.2 Energy aware routing, multi-hop deployments and clustering

Routing WSN contain multiple sensor nodes in a non-star network architecture, like
a tree or mesh architecture. Wireless sensor nodes in such deployments get roles as-
signed. Central nodes extract the information from the whole network or parts of it,
translate them into other networks or store them. They are called, “operator”, “gate-
way” or “coordinator” nodes. Nodes not forwarding data from other nodes are called
endpoints, and nodes forwarding data from other nodes are called routers. Figure 20
shows an overview of a small network with these WSN types. In a homogeneous net-
work, all nodes consist of the same hardware. The opposite applies for heterogeneous
network architectures.

The energy management in the WSN domain covers tasks like intelligent deploy-
ment during the design phase, adaptive load, power and topology control. Compara-
ble to the point to point communications discussed in the last section, data reduc-
tion is in such setups a network wide task. Energy management approaches are data
compression, reduction, prediction and network processing. So-called “hot-spot han-
dling” is used to avoid sensor nodes collecting data from multiple surrounding nodes
to deplete their energy storages too fast and risk the loss of certain sensor nodes. Syn-
chronization and wake-up receivers are used to enable power saving sleep modes also

Coordinator — one required in every network
In charge of setting up the network
Can never sleep

Router — multiple may exist
Can relay signals from other routers/endpoints
Can never sleep/need synchronization/need wake-up-receivers

Endpoint — multiple may exist
Cannot relay signals

Can sleep to save power

Fig. 20: Typical roles of nodes in a WSN. Image adapted from [84].
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for routers or endpoints with receiving tasks. Typical optimized parameters are the
energy and power consumption, as well as the node and network lifetime or the per-
centage of active nodes over a set time span.

Spatially changing deployments with moving endpoints, routers or gateways is
discussed in a under the term mobility. Dynamic network forming, energy optimiza-
tion, routing, caching and load balancing offer possibilities to improve the networks
and wireless sensor nodes energy consumption and lifetime in mobile networks.

10 Conclusion

Energy management is an important part of the design and operation of wireless sen-
sor nodes. In comparison to classical energy management, which concentrates only
on the storage, the energy management in systems powered by harvested energies
contains several energy management subsystems interacting mutually. A holistic ap-
proach is needed to consolidate energy availability profiles, load usage profiles, ap-
plication constraints and unpredictable environmental influences. The final energy
management design comprises the system structure defining the subsystems used,
like MPPT active, passive or multi-level energy management, energy transducers and
their size, energy storage, the parametrization of the components and the control logic
being implemented in hardware and software. Scheduling based on measurements
and forecasts enable the efficient use of the available energy and energy buffers.

A good energy management enables long-lasting sensor nodes and WSNs driven
by energy harvesting. It facilitates the creation of totally maintenance free nodes,
which can be deployed in harsh environments, contaminated, dangerous or haz-
ardous areas. One example is the sensor network for power line monitoring [85]
operating on a high electric potential, communicating wirelessly and being inac-
cessible/maintenance free. Special applications like highly sensitive measurement
systems for electrical fields or fully floating or galvanic separated sensors become
possible, because such systems can be powered and communicate by light, vibration,
(ultra)sound and other non-electrical domains.

In some domains, like in space, energy harvesting and wireless communication
is the only possibility for long-lasting and cheap operation. For extraterrestrial sys-
tems, the power consumption, usually realized by solar energy with photo-voltaic har-
vesters, is not the main focus. The problem here is the waste heat, which can only be
radiated as there is no convection in space. This shows that there exist other limita-
tions demanding an intelligent energy management.

Sophisticated energy management concepts do not only deal with static applica-
tions. They are employed in environments with changing conditions and adapt auto-
matically. This ability is of special interest in mobile deployments. Further research
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is being carried out on passive solutions working in the start-up phase, the fusion
of measurement, prediction and external data, as well as the use of multiple energy
sources.
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Magnetoelectric vibration energy harvesting

Abstract: Magnetoelectricity, the relation between electrical and magnetic proper-
ties in a matter, is a promising conversion mechanism for kinetic energy harvesting.
Magnetoelectric (ME) converters take advantage of strong mechanical nonlineari-
ties of magnetostrictive and piezoelectric materials for conceptually novel vibration
harvesters.

This chapter presents the basics of magnetoelectricity in ME laminate composites
and discusses the choice of materials. The general physical concept of ME response
in conventional ME transducers and an overview of the recent developments in the
state of the art of magnetoelectric energy harvesting are presented. A finite element
model of magnetostriction is developed in order to investigate the ME response in the
transducer in two different magnetic circuit configurations aiming to develop a model-
based design method for ME converters.

Keywords: Magnetoelectric converter, magnetostriction, piezoelectric effect, vibration
energy harvesting

1 Introduction

The development of low-power electronic devices has reduced power requirements
for wireless sensor and communication node networks, which opens the possibility of
developing self-powered autonomous systems supplied from available environmental
resources. These resources are mainly solar and wind power, thermal gradients and
mechanical vibration [1]. Among these energy scavenging sources, kinetic energy is
interesting, since it is a potential power source that is available in indoor and outdoor
applications [2]. Mechanical vibration can be converted into electrical energy through
electromagnetic, magnetoelectric electrostatic and piezoelectric transducers [3]. Due
to their high ME response, the possibility of using laminate composites formed by mag-
netostrictive and piezoelectric layers to convert magnetic to electrical energy has re-
cently attracted attention when compared to other transduction mechanisms [4].

Magnetoelectric transducers combine piezoelectric and magnetostrictive materi-
als to form one composite able to convert magnetic fields into electrical energy, which
may improve the efficiency of the vibration energy harvesting system [5].
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Conventional ME laminate composites are generally formed by a thin rectangular
piezoelectric layer sandwiched between two magnetostrictive layers. In vibration con-
verters, the three-layer composite is placed in a time varying magnetic field that can
be induced from ambient vibration by an arrangement of neodymium magnets. The
strain induced in the outer magnetostrictive layers can exceed that in the traditional
d31 bending mode in the piezoelectric layer [6]. The optimum design of a vibration-
based ME converter depends mainly on the choice of materials, the magnetic field
configuration and the transmitted deformation to the piezoelectric layer. Therefore, a
model-based design method is required instead of using a trial-and-error approach.
To that end, a good understanding of the model of the ME effect in ME laminate com-
posite used in energy harvesting systems as well as a finite element (FE) model are
inevitable.

This chapter consists of four sections. An overview of the basic physical principles
behind ME energy harvesting is presented in Section 2. Section 3 discusses recent de-
velopment in the state of the art of ME converters. Finally, the ME effect for two types
of magnetic circuit used in ME energy harvesting is analyzed using the FE method in
Section 4. Results and a discussion are presented in Section 5.

2 Magnetoelectric composites

2.1 Magnetoelectric effect

The ME effect can be presented as a polarization P, response to an applied magnetic
field H or, conversely, a magnetization M response to an applied electric field E [7].
This effect was predicted in 1894 and observed for the first time in 1960 [8].

The coupling mechanism mentioned above can be written as given by equa-

tion (1):

_ electrical energy
magnetic energy

@

The different interacting couplings for the ME effect are presented in Figure 1.

Fig. 1: Schematic illustrating different types of
coupling for the ME effect. E, H, P, M, e and o
refer to electric field, magnetic field, polarization,
magnetization, strain and stress, respectively.
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The ME effect is characterized by the ME voltage coefficient, ayg, which relates the
induced polarization P, to the applied magnetic field H respecting equation (2) [9],

p, = JME Q)
E0€&y

where gy and ¢; are, respectively, the vacuum permittivity and the relative permittivity.
Furthermore, the ME voltage coefficient can be defined as the change of the elec-
tric field with the change of the applied magnetic field, as shown in equation (3),

dE

ad (3)

AME =

2.2 Magnetoelectric materials

In general, materials that exhibit the ME effect are classified into two categories:
single-phase materials and composites (Figure 2). Magnetoelectricity has been ob-
served as an intrinsic effect in some multiferroic materials, which possess simultane-
ously ferroelectric and ferromagnetic properties [10]. These single-phase ME materials
have been under intensive study in the past decades [11]. In this context, materials
such as Cr,03 [12, 13], ME boracites [14] and phosphates [15] have been studied.
However, the ME coupling in most of these materials is relatively too low to be used
in practical applications [8]. Furthermore, most single-phase ME materials exhibit
ME behavior only at low temperature, and they are not useful at room tempera-
ture [16].

Fig. 2: Magnetoelectric materials.

To overcome the limitations of single-phase ME materials, the ME behavior has also
been developed as a composite effect in multiphase systems by combining piezoelec-
tric and magnetostrictive components[17, 18]. Various piezielectric (PE) and magne-
tostriction (MS) materials commonly used in ME composites are listed in Table 1.
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Tab. 1: List of well-known piezoelectric and magnetostrictive materials used as constituents of
ME composites [19].

PE materials MS materials
Lead based: Metals:
Pb(Zr, Ti)03 (PZT) Fe, Co, Ni
Pb(Mg1/3Nb2/3)03-PbTi03 (PMNT) Alloys:
Pb(Zn1/3Nb2/3)03-PbTiO3 (PZN-PT) FeNi based
(PMN-PZT) Fecl base y
(PIN-PMN-PT) etobase
CoNi based
Lead-free: Ni,MnGa
BaTiO3 (BTO) based Terfenol-D
(K1/2Na1;2)NbO3 (KNN) based (Th1_xDyxFes)
Nai/2Bi1/2TiO3 (NBT) based Galfenol (FeGa), FeGaB

Samfenol (SmFe,)

2.3 Magnetoelectric laminate composites

It has been reported that the structure of laminate composites has higher ME voltage
coefficients than other interfacial bondings of piezoelectric (PE) and magnetostrictive
(MS) constituents [19]. These composites can be prepared with different dimensions,
number of layers and geometries, including discs [20], rectangles [21] and rings [22].
However, a well-known implementation of these structures used in vibration energy
harvesting is to bond one PE layer to two MS layers using an epoxy resin (Figure 3).

Fig. 3: Schematic of the operating principle of a
ME vibration converter.

3 Overview of magnetoelectric energy harvesters

Different ME converters have been developed by numerous researchers. The influence
of the arrangement of the magnets is a critical aspect for ME converters, since an op-
timal configuration can ensure high ME response and hence high output energy. Vari-
ous arrangements of magnets in ME converters are reported in the literature, including
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the use of rectangular, spherical and hollow magnets. In the following, the main de-
veloped ME harvesters are detailed and classified respecting the configuration of the
magnetic circuit acting on the ME transducer. Two main configurations are discussed:
the magnetic circuit formed by rectangular magnets and the magnetic circuit formed
by hollow magnets. ME converters based on a spherical magnet free to move on an
ME transducer are not included in this study because of the very low output voltage
that can be reached by using this configuration.

3.1 Rectangular magnets

In 2009, Dai et al. developed a ME converter based on cantilever beam. In this design,
three layers of Terfenol-D/PZT/Terfenol-D are placed in the air gap of a magnetic cir-
cuit fixed at the end of a cantilever beam, as shown in Figure 4(a). The results prove
that the converter can generate up to 1.055 mW across a 564.7 Q load for excitation of
about 51 Hz frequency with an acceleration of 1 g [23].

Another cantilever-based solution was published by Zhang et al. in 2012 [24]. With
a Terfenol-D/PMN-PT/Terfenol-D transducer, there was a maximum output power of

Fig. 4: Magnetoelectric energy harvesters based on a cantilever beam. (a) Single transducer re-
ported by Dai et al., (b) single transducer reported by Zhang et al. and (c) multiple transducers
reported by Dai et al. [23-25].
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1.9015 mW across a 3.585 MQ resistor at 1 g acceleration and a power of 0.7804 mW at
0.3 g acceleration at a resonant frequency of 30.6 Hz (Figure 4(b)).

For the ME converter-based cantilever beam, some research proposed multiple
ME transducers by connecting several in series or in parallel. Dai et al. assembled
a multiple transducer converter in 2011 [25]. As presented in Figure 4(c), up to four
Terfenol-D/PMNT/Terfenol-D laminate composites are used to harvest energy from
mechanical vibrations. Power outputs in the range of 1.44 mW to 713 mW can be gen-
erated for excitation frequencies from 26.2 to 34.8 Hz at 1 g acceleration.

3.2 Hollow magnets

Behind resonant ME converter-based rectangular magnets, researchers developed
harvesters using an ME transducer placed in the cavity of a hollow magnet. In this
context, Li et al. came up with a device-based cantilever beam vibration using the mag-
netic spring principle. A first prototype, developed in 2011, was based on a Terfenol-
D/PMNT/Terfenol-D laminate composite placed in a hollow magnet, as shown in
Figure 5(a). A cylindrical magnet is fixed to the end of a cantilever and placed below
the hollow magnet to create a magnetic spring. The configuration of the magnets
makes the resonant frequency of the harvester tunable based on the repulsive mag-
netic force. The prototype is capable of generating 68.8 pW under an acceleration of
0.2 g at a resonant frequency of 25.4 Hz. It is reported that the frequency tunable range
canreach 4.4 Hz [26].

The device was optimized in 2013 [27]. The designed harvester uses the same con-
cept but with twin ME transducers symmetrically separated by the cantilever beam.
The schematic of the converter formed by two transducers, two cylindrical magnets,
two hollow magnets, two brackets and a cantilever is given in Figure 5(b). For a rota-
tion frequency of a 9.8 Hz range, the nonlinear converter is able to generate 517 pW,
corresponding to a half-power bandwidth of 13.5 Hz when it is mounted on a wheel
driven by an AC servo-actuator.

Table 2 summarizes all presented ME harvesters. The devices reviewed are capable
of delivering energy outcomes from 0.0688 mW to 7.13 mW. These converters uses sin-
gle and multiple Terfenol-D/(PMNT or PZT) transducers placed in a magnetic circuit
formed by either rectangular or hollow magnets. In the next section, an FE model of
magnetoelectricity is developed in order to investigate the magnetic field distribution
for rectangular and hollow magnets’ magnetic circuit designs.
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Fig. 5: Magnetoelectric energy harvesters
based on a cantilever beam. (a) Single
transducer reported by Dai et al., (b) single
transducer reported by Zhang et al. and

(c) multiple transducers reported by Dai et

al. [26, 27].
Tab. 2: Summary of reviewed ME harvesters.
Magnetic circuit Ref.  Output power Type of excitation
configuration in mW Resonance frequency Acceleration
in Hz ing
[23] 1.055 51 1
[24] 1.9015 30.6 1
Rectangular magnets 251 1.44 262 !
& & [25] 4.07 37 1.5
[25] 3.95 29.4 2
[25] 7.13 34.8 2.5
[26] 0.0688 25.4 0.2
Hollow magnets
[27] 0.517 9.8 -
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4 Finite element model of magnetoelectricity

In order to investigate in detail the ME effect in the case of the two mentioned mag-
netic circuit designs, two models to predict the induced deformation in the ME trans-
ducer for different relative positions between the magnets and the transducer in the
two cases are developed by the FE method. The FE analyses presented in this section
were carried out using Comsol Multiphysics software. First, a complete model of mag-
netostriction in the two Terfenol-D layers needs to be defined.

4.1 Modeling of magnetostriction

Comsol uses the generalized Hooke’s law to describe the constitutive relationship be-
tween the stress and strain tensors in a solid mechanics problem. To simulate the elas-
tic behavior of a MS material, a combination of solid mechanics and magnetic field
modules is needed. To that end, a relation between MS strains and magnetization has
to be developed.

Magnetostriction is an anisotropic effect and depends on the stress direction, be-
cause it is strongly related to the crystal symmetry [28]. For the case of Terfenol-D, it
solidifies into the cubic C15 Laves phase structure [29]. In this case, the magnetostric-
tion along the direction of magnetization can be written as given by equation (4),

A= /1100 + 3(/(111 - Aloo)(a%a% + a%a% + a%a%) (4)

where Ajg0, A111 are the saturation magnetization along the directions (100) and
(111), and a; is the magnetization direction cosine.

By considering Terfenol-D as an isotropic material, equation (4) can be written as
given by equation (5),

_3 2y L
A= 2/ts(cos ) 3) (5)

where A is the saturation magnetization and 0 is the angle of magnetization.
Furthermore, the deformation due to magnetostriction along any direction can be
considered as a nonlinear function of the direction of the magnetization as given by

equation (6) [30], 3 Mi\ 1
1-3x((3)-3) ©

where M; and M, are the magnetization along direction i and the saturation magne-
tization of the material, respectively. The negative term (-1/3) takes into account the
magnetization required to align the individual domains within the MS material, and
for this model it is ignored.

Thus, the magnetic effect in Magnetistriction Materials (MsM) can be incorporated
by adding anisotropic initial strain, but the initial strain terms are proportional to the
magnetization of the material along the corresponding direction.
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Fig. 6: H-B-curve of Terfenol-D.

The nonlinear magnetic behavior of Terfenol-D is modeled by using an HB curve
to specify the magnetic constitutive relation in the MS layers. The curve used in the
simulation model is shown in Figure 6. It can provide a value of the magnetic field H
for a given magnetic flux density B in the material.

In the model under consideration, eddy currents are not taken into account. Thus,
the electric conductivity of Terfenol-D is assumed to be equal to 0.

4.2 Modeling of adhesively bonded joints

In order to estimate the deformation transmitted to the PElayer, the adhesively bonded
joints between the inner plate and the two outer MS layers have to be defined. Since
the aim is to compare the performance of the ME transducer when placed in two dif-
ferent configurations of the magnetic circuit, mechanical losses in the bonded joints
are neglected in the model under consideration, i.e., the bonding interface between
the three layers are assumed to be ideal.

4.3 Simulation model

The simulation model of the two configurations is presented in Figure 7. The ME trans-
ducer consists of one PE plate between two Terfenol-D plates. All layers are of 12mm
length, 6 mm width and 1mm thickness. In the case presented in Figure 7(a), the
magnetic circuit is formed by two rectangular magnets (10 mm x 6 mm x 5 mm). In
the second case, the ME transducer was placed inside the cavity of a hollow mag-
net (10 mm length, 10 mm outer diameter and 9 mm inner diameter), as shown in
Figure 7(b). All magnets used were defined by a relative permeability of 1.09 and
a remnant flux density parallel to z-axis. In both cases, an air domain is added to
the model in order to eliminate the effect of the boundary condition outside of the
modeling domain.
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Fig. 7: Simulation model. (@) Magnetic circuit formed by two rectangular magnets. (b) Magnetic
circuit formed by a hollow magnet.

5 Results and discussion

Figure 8 presents the simulation results. It can be seen in Figure 8(a) that the induced
deformations in the two Terfenol-D layers are not identically the same due to the posi-
tion of the magnets in the air gap of the two rectangular magnets. In this configuration,
placing the transducer initially 2 to 3 mm above the magnets will induce more varia-
tion of deformation and then voltage, compared to other relative positions between
the magnets and the laminate composite.

For the second case (Figure 8(b)), the deformation in the two Terfenol-D plates
are similar due the presence of a symmetry axis in the case of a hollow magnet. In this
case, the deformation transmitted to the PE layer also have similar variation. Since the
ME transducer is able to generate more energy outcome by increasing the variation of
the deformation in the PE layer, FE results prove that placing a part of the transducer
(ideally half) inside the cavity of the hollow magnet presents the optimal initial posi-
tion of transducer for this magnetic circuit configuration.

6 Conclusion

There is a continuing debate on the effective design for the magnetic circuit in ME con-
verters, which can generate more energy at low vibration excitations. In this chap-
ter, the basics of magnetoelectricity are described, and the main configurations for
ME converters in the literature are discussed. It is reported that magnetic circuits
formed by rectangular magnets can be more efficient than other magnetic circuit de-
signs. A FE model is developed to initiate a model-based design method for ME con-
verters to optimize their output power. Two magnetic circuit designs were investi-
gated, the case of rectangular magnets and the case of a hollow magnet. Simulation
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Fig. 8: Average deformation in the three layers versus the position of the transducer. (a) Magnetic
circuit formed by two rectangular magnets. (b) Magnetic circuit formed by a hollow magnet.

results prove that placing the ME transducer in the cavity of two rectangular magnets
with the same magnetization direction can induce more deformation to the trans-
ducer. However, the use of a hollow magnet has the advantage of generating a similar
deformation in the three layers of the transducer, and then it can be more easily
controlled and optimized in terms of the initial position of the transducer and other
parameters such as magnet outer and the inner diameter of the magnet.
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Nonlinear electromagnetic vibration converter
with bistable RMSHI for power harvesting from
ambient vibration

Abstract: Self powering for small electronic devices such as wearable sensors and
wireless sensor networks has been in high demand in recent years. Therefore, much
research has been conducted that aimed to harvest energy from ambient sources to
power such systems. Due to the presence of mechanical vibration in almost all places,
it is considered as the main interesting energy source. Dealing with vibration is also
challenging due to its changing behavior relative to the vibration source (machines,
human motions, trains, cars, etc.).

This work presents an overview on the importance and the challenges of nonlin-
ear vibration energy harvesting systems to scavenge and store energy from a real me-
chanical vibration source. A nonlinear electromagnetic vibration converter managed
through a nonlinear random mechanical switching harvesting on an inductor (RMSHI)
is presented. In particular, the proposed electromagnetic converter is based on the use
of the magnetic spring principle (a moving magnet), which ensures the ability of the
device to harvest energy for larger bandwidths from real ambient sources compared to
linear vibration converters. The system has been studied, realized and characterized.

Keywords: Nonlinear electromagnetic transducer, bistable RMSHI, mechanical
switches, wideband vibrations, zero voltage threshold, nonlinear energy harvesting

1 Introduction

Harvesting energy from a real vibration source is challenging due to the energy sources
available in the environment. As an example for an ambient variable vibration source,
we can take human motion, which is variable relative to the movement variation,
bridge vibration, train vibration, industrial machines, etc. Therefore, during the past

Carlo Trigona, Salvatore Baglio, D.I.E.E.I., Dipartimento di Ingegneria Elettrica Elettronica e Infor-
matica, University of Catania, Viale Andrea Doria 6, 95125 Catania, Italy

Sonia Bradai, Slim Naifar, Olfa Kanoun, Technische Universitat Chemnitz, Chair for Measurement
and Sensor Technology, Reichenhainer Strafle 70, 09126 Chemnitz, Germany

Sonia Bradai, Slim Naifar, Laboratory of Electromechanical Systems, National Engineering School of
Sfax, University of Sfax, Route de Soukra km 4, 3038 Sfax, Tunisia

https://doi.org/10.1515/9783110445053-006

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

118 — Carlo Trigona, Sonia Bradai, Slim Naifar, Olfa Kanoun, and Salvatore Baglio

few years, more attention has been focused on smart architectures [1], which are also
based on the nonlinear energy harvester being able to scavenge energy from random
vibration sources.

Several solutions have been proposed to introduce or increase the nonlinearity in
vibration transducers. In fact, nonlinearity can be introduced by the use of some ma-
terials that exhibit nonlinear behavior like the case of piezoelectric [2-5] or magne-
toelectric materials [6—8]. Further, vibration converters based on the electromagnetic
principle and the magnetic spring, where the magnet moves freely, are also promising
solutions [9-11]. Other research focuses on the use of hybrid systems, which is the case
of combining the piezoelectric and the electromagnetic principles [12-14]. In [14], the
authors propose a nonlinear hybrid piezoelectric electromagnetic converter. The aim
of this latter system is to reduce the resonant frequency and increase the frequency
bandwidth in order to be able to scavenge energy from ambient sources. The system
consists of the use of a cantilever beam within a pendulum architecture. The mag-
nets are placed as the tip mass and a coil is placed on the system. A repulsive magnet
is placed relative to the tip mass, which leads to the nonlinear behavior of the sys-
tem. Another method has been developed that proposes the use of a bistable energy
management [15] and the excitation of the converter in more than one direction [16],
aiming to store more energy outcome from the vibration converter for a real random
vibration source [17]. Some of the solutions treat only the nonlinearity of the device
and use an active energy management to store the generated energy. In this work, a
nonlinear electromagnetic converter with a low output voltage under the voltage of the
threshold diodes, using a passive bistable-RMSHI energy management solution able
to scavenge energy from real vibration sources is presented. For the nonlinear elec-
tromagnetic converter, the coil is fixed, and the magnetic spring principle is used to
realize the repulsive force instead of the usually used mechanical springs. This leads
to nonlinear behavior for the converter and reduces friction and aging effects and en-
sures a high reliability of the system.

The paper is organized as follows: Section 2 is devoted to the proposed nonlinear
system to harvest energy from a real vibration source and the experimental setup to
test the system. In Section 3, the results and the meteorological characterization of the
conceived system are presented.

2 The proposed nonlinear vibration converter

2.1 Principle

Due to the importance of the nonlinearity for the energy harvesting system, in the fol-
lowing, a nonlinear electromagnetic (EM) vibration converter with a nonlinear passive
energy management solution is proposed.
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The EM converter is based on the use of a moving magnet oscillating due to the
presence of two fixed magnets from both sides, placed in repulsive direction (see Fig-
ure 1(a)). A coil with a resistance of 22 Q is placed surrounding the moving magnet.
The total volume for the converter is 15.5 cm?>.

Fig. 1: (a) Proposed design for the EM converter, (b) schematic diagram of the energy management
circuit.

Because of the reduced size of the converter, the output voltage level is too low (less
than the bridge rectifier threshold 1.4 V), and a passive energy management solution
is needed to store the generated energy. The proposed energy management circuit is
based on the RMSHI [14] principle. A full bridge is used to rectify the output voltage.
The bistable behavior in this case is due to the mechanical switch geometry, which
consists of a brass beam where a permanent magnet is placed at the tip of the beam
and a fixed magnet is placed in front in the repulsive direction, as shown in Figure 1(b)
(details and modeling can be found in [18]).

The working principle of the mechanical switch is based on the use of two stoppers
as electrical contacts. For an applied vibration, the cantilever beam will move between
the two stable states defined by the stoppers, which leads to closing of the electrical
circuit (Figure 1(b)). In this case, it is not required to used a power supply to control
the stoppers. A capacitor with variable values of capacitance varying from 0.22 pF to
3.3 pF is used to store the rectified output. The energy management circuit has a size
of 14 x 4 x 3 cm?>.

2.2 Experimental setup

The system is tested using the presented experimental setup (see Figure 2). It consists
of an electrodynamic shaker to generate the applied excitation to the system, which
is controlled via a laser sensor (Opto NCDT 1800). The applied vibration is defined
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Fig. 2: Experimental setup.

via a shaker controller and a labVIEW program. A power supply and an oscilloscope
are used for the laser sensor and the evaluation of the output voltage of the system,
respectively (more details can be found in [19]).

3 Results

In this section, the converter behavior is characterized relative to different applied ex-
citations and relative to the used energy management circuit.

As a first evaluation, the converter output is measured relative to an applied ran-
dom signal generated by Matlab, characterized by a frequency between 1 Hz and 30 Hz
and an applied sinusoidal signal characterized by a single frequency of 29 Hz. The
same applied amplitude is ensured for both signals. Figure 3 presents V¢, the volt-
age output through the capacitor, which has a capacitance of 3.3 pF. As can be seen,
the maximum voltage output is about 0.07 V, and it is reached in the case of a ran-
domly applied excitation that is almost nine times higher compared to the generated
voltage in the case of an applied excitation characterized by a single frequency (see
Figure 3). This confirms that a nonlinear harvester vibration source ensures a better
voltage output in the case of a random vibration source.
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Fig. 3: Voltage output for applied random
Matlab noise vibration and a sinusoidal
excitation with a characterized frequency
of 29 Hz.

Fig. 4: Voltage output using a bridge rectifier
with a mechanical switch for different applied
accelerations.

Further, the system is evaluated for a random applied excitation signal with vari-
able acceleration. The voltage output increases relative to the higher acceleration am-
plitude. V, (Figure 4) presents the peak to peak voltage output from the converter,
which varies from 0.04 V to 0.21V (the values are under the bridge threshold), which
corresponds to an applied root mean square (RMS) acceleration value varying from
8.18 m/s? to 12.25 m/s?, respectively (see Figure 4).
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Fig. 5: Comparison of the output voltage with
and without a mechanical switch.

In the following, the converter is evaluated for two different types of the energy
management circuit, which consist of the presence of the (bistable) mechanical switch
and without it (Figure 5). In this case, a capacitor value of 3.3 pF is used.

As it is shown in Figure 5, an improvement of the output voltage is reached only
for a few seconds. In this case, the mechanical switch just moves for one of the posi-
tions up (Sy) or down (Ss) and is not able to move correctly because of the low applied
excitation. This confirms that the use of a mechanical switch enables improving the
RMS voltage outcome from about 0.034 V to about 0.069 V, since in this case, the me-
chanical switch moves correctly between the two positions Sy and Sg (Figure 1(b)).

Figure 6 shows the calibration diagram of the proposed system. The output volt-
age and the mechanical power are characterized for six different vibrations applied
to the system. The mechanical power, in this case, varies from about 1.92 - 107> W to
about 6 5.96- 107> W.

For each point, five measurements have been realized, and the mean value for
the voltage output is calculated and presented in Figure 6. The red line presents the
linear interpolation for the six measured points. The blue lines define the maximum
uncertainty, which, in this case, is evaluated at one sigma that can be reached.

A maximum uncertainty of 0.0034V is reached for a mechanical power and a
mean voltage level of 5.96 - 107> W and 0.039 V respectively. The minimum level of
kinetic power able to overcome the energy barrier of the bistable system is about 1.92-
107> W, which represents the mechanical threshold.
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Fig. 6: Calibration diagram of the converter.

4 Conclusion

This work focuses on the nonlinear vibration energy harvesting systems. A nonlinear
EM converter, based on a bistable RMSHI principle energy management circuit is de-
veloped and characterized. The system generates low output voltage less than 100 mV
because of the low and random applied excitation, nevertheless, the system is able to
store a small amount of energy within a passive energy management circuit. Work is
in progress with a MEMS prototype of the bistable RMSHI to be integrated inside the
nonlinear EM converter.
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Energy harvesting from an oscillating vertical
piezoelectric cantilever with clearance

Abstract: Vibration energy harvesting is proposed for a nonlinear electromechanical
system. A mechanical resonator, which is realized as an inverted elastic pendulum
excited by kinematic excitation, is characterized for a broad frequency band due to
clearance and impact interactions. The moving frame induces pendulum beam de-
flection, and mechanical stress is converted into an electrical voltage by a piezoelec-
tric patch. Finally, the output power is dissipated on the load resistor. The results of
electric power and voltage outputs for various frequencies of kinematic excitations of
the frame are shown. In the assumed working conditions, the system described trans-
forms the input frame displacement frequency into the higher harmonics of beam de-
flection.

Keywords: Nonlinear vibration, impact, escape from the potential well, energy har-
vesting, piezoelectric, wavelets

1 Introduction

The energy harvesting research discipline focuses on building an alternative source for
powering small devices and to recharge batteries. Especially, sensors or modern elec-
tronic applications, like IoT (Internet of Things), can be designed to work on harvested
energy from ambient vibrations [1-3]. Preliminary results were obtained by using sim-
ple cantilever beams with piezoelectric, electrostatic, or electromagnetic coupling [4].
However, in such cases, to obtain the considerable power output, the excitation fre-
quency was fixed to the resonance region of an energy harvesting resonator [4, 5].
Consequently, parameters of energy harvesting devices need to be tuned to the am-
bient energy conditions, including the frequency of ambient vibrations. A number of
nonlinear devices have been proposed to overcome these limitations by broadening
the frequencies ranges [3, 6-9].

Nonlinear systems, with hardening or softening characteristics, provide the incli-
nations of the resonance curve to lower and higher frequencies. For a large enough am-
plitude of excitation, nonlinearities lead to the occurrence of super and subharmonic
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resonances. Multiple solutions that appear in the nonlinear system provide various
output amplitudes in the displacement of a mechanical resonator and, consequently,
different power outputs [10]. The most promising solution for powering small elec-
tronic devices is the piezoelectric beam converting mechanical vibration energy into
the electrical one, because of the relatively large factor of output power to volume [1].

In recent years, nonlinear mechanical resonators with double and single wells
have been discussed [9]. Therefore, various systems with a piezoelectric beam and a
double-well potential or similar systems with impacts have been studied in parallel.
Furthermore, systems similar to an inverted pendulum with clamping to the frame
have been discussed and tested [11-14]. On the other hand, systems with mechanical
or magnetic impact interactions have also been studied experimentally and theoreti-
cally [15-17]. Among these studies, a bistable system with impacts using the magnetic
field and mechanical stoppers was investigated [18]. This chapter presents a continua-
tion of this direction. The bistable system is based on a piezoelectric beam, which can
move as an inverted pendulum within the angle limits defined by mechanical stop-
pers.

2 Methods and experimental setup

An experimental stand is presented in Figure 1(a). Note that the bending inverted
pendulum, which has the amplitude limiters, is a highly nonlinear system with bi-
stability. The two stable positions (static, without excitation) are located at the edges
of the bumpers. During motion, the contact between pendulum and limiters generates
impacts. For better clarity, the beam contacted with an edge of one of the bumpers
is depicted in Figure 1(b). In the experiment, the following parameters were used:
mass of the elastic beam My = 10.56 g and the tip mass My = 1.29 g. The charac-
teristic lengths are: the beam length — I = 184 mm; the breadth and thickness of the
beam — b = 17 mm and a = 3.5 mm, respectively; the distance between the bumpers
h; = 7.8 mm; the distance between the axis of rotation of the beam and the bumpers
h, = 19.3 mm; the piezoelectric Macro Fiber Composite (MFC) M8514-P2 (with capac-
ity of electrodes on the piezoelectric element — C = 84.04nF).

The beam was a product of the 3D printer, made by SHS (selective heat sintering)
printing. The beam’s characteristic parameters are: material — SHS-COPA60 (mixture
of polyamide and polycarbonate); tensile strength 11 MPa; Young’s modulus 350 MPa;
elongation at break 3-5%, density 0.9 g/cm>. The anisotropy was relatively small.
However, damping of this material had a unique multiple scale character, which gave
an advantage of matching the mechanical and electrical impedance to broader a fre-
quency band.
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Fig. 1: Experimental setup. (a) The inverted elastic pendulum resonator with a piezoelectric stand:
1 - carriage of the inverted pendulum, 2 — DC servomotor, 3 — drive belt, 4 — guides, 5 — micro-con-
troller, 6 — servo controller, 7 — incremental encoder, 8 — beam, 9 — bumpers, 10 — data acquisition
card NI USB-6341, 11 — piezoelectric patch (No. MFC M-8514 P2), 12 — tip mass. (b) Characteristic di-
mensions of bending piezoelectric beam with angle limiters. Note that the piezoelectric was placed
just above the impact zone to maximize the stress. Its length was fairly short to work in various
modes shapes of the beam.
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3 Results on power output

The presented experimental setup (Figure 1) was used to perform measurements on
the electric power output with harmonic carriage excitation of the frequency fixed to
7 Hz and the amplitude at 9 mm, respectively. The aim was to consider the dynamical
response of the system at a relatively low frequency limit where the current system
can work successfully. The sampling frequency of voltage output was f = 100 kHz.
The loading resistor, R, was connected with electrical wires to electrodes of the piezo-
electric, varied to obtain the power output, P, and the efficiency curve. This curve
satisfies approximately the relation known from the linear system, called impedance
matching [4, 5], which in this case, would correspond to the maximum efficiency (see
experimental point (b) in Figure 2, R = 46.2 kQ). More generally, the optimum condi-
tion is realized at the point of equal mechanical and electrical damping. In this case,
the nonlinear mechanical damping is realized by impacts and material deformations.

Fig. 2: Measured electric power output, P, versus load resistance, R. Cases (a)-(d) correspond to
R = 4610, 46,200, 98,600, 218,000 Q, respectively.

The detailed studies for the four chosen cases (a)-(d) are presented in Figure 3. The
particular solutions and their evolution with a resistance load, R, in the transition
through the maximum power output were obtained using different techniques.

4 Solution identification

In Figure 3, one can see the results for the described system during fixed frequency
excitation and four different resistance load values R in increasing order. The main
effect is a large increase of voltage output amplitude from case (a) to case (b). Then,
further small increases are observed by going through the next cases (c) and (d).
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Fig. 3: Time series of the carriage excitation displacement, pendulum angle, and voltage output
for the cases (a)-(d) from Figure 2, corresponding to R = 4610, 46,200, 98,600, 218,000 Q,
respectively.

The Fourier transform of the time series allows us to find more features of the
results obtained. The results are presented in Figure 4. One can see that the carriage
displacement indicates a single assumed excitation frequency of the range f = 7 Hz,
while the beam angle has small contributions of odd higher harmonics (because of
the cutoffs on the stoppers). Interestingly, the voltage Fourier spectra show not only
considerable influence of odd higher harmonics but also the peak response shifted to
the third harmonic component f = 21 Hz.

This could be related to the location of a piezoelectric patch above the impact zone
(see Figure 1b). This tendency of the peak response frequency shift is stronger for small
loading resistance, while for larger R contributions of the first and the third harmonics
are of a similar level. On the other hand, for the case (a) of the lowest loading resis-
tance, the fifth superharmonic is comparable to the third one. To a small extent, this
is also true for the intermediate case (b).

Presumably, the higher harmonics appear as the response to impact interactions,
where the position of the impact zone and the excited mode shape of the beam are
important. Some more light can be shed by the voltage waveform with respect to the
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Fig. 4: Fourier transform of the carriage excitation displacement, pendulum angle and voltage out-
put for cases (a)-(d) from Figure 2, corresponding to R = 4610, 46,200, 98,600, 218,000 Q,
respectively.

carriage displacement and beam hinged angle courses presented in Figure 5. One can
see that the dominant period of the voltage course is three times smaller than the pe-
riods of excitation (displacement and angle) showing the third superharmonic solu-
tion. Apart from that, higher superharmonics are also visible from the Fourier spectra
(Figure 4). The evolution of the characteristic third superharmonic solution is clearly
visible in the phase diagrams (angle voltage) in Figure 6. One can see that the voltage
oscillates in some quasi-periodic or other complex way. Fortunately, one can distin-
guish different patterns of responses. For instance, at the smallest R, the fluctuations
(Figure 6(a)) of the voltage, V, are fairly small, and their magnitude increases only due
to impact (because of bending after impact), and then it relaxes immediately.

In later cases (Figure 6(b)—(d)) more readable responses of the third superhar-
monic nature were observed. The better performance and visibility of the third super-
harmonic pattern could be also related to the growing relaxation time 7 ~ RC, where C
is the capacity of the piezoelectric, with resistivity, R. Interestingly, in the later cases,
the voltage output evolves in its response from a relatively symmetric waveform (Fig-
ure 6(c)) to a clearly asymmetric form (Figure 6(d)).
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Fig. 5: Voltage output waveform with respect to the dis-
placement carriage excitation and the beam’s hinged
angle courses (magnification of the case in Figure 3(b).
Voltage is expressed in units [0.1V], displacement in
[mm], and the angle in [deg.], respectively.

Fig. 6: Pendulum angle versus voltage-output phase diagrams for the cases (a)-(d) from Figure 2,
corresponding to R = 4610, 46,200, 98,600, 218,000 Q, respectively.

5 Frequency sweep: Evolution of the solution

A series of experiments, with different system parameters including beam sizes and
piezoelectric types, were performed. Taking into account that the ambient frequency
can vary in time, a sweep of the frequency was performed. The commercial piezo-
electric No. MFC M-2814-P2, with dimensions 36 x 17 mm, was used. The results for
the angular displacement of the beam and the voltage output are presented in Fig-
ure 7(a). Additionally, in Figure 7(b) the power output is shown. As the power output
increases continuously with the rise of the excitation frequency, it is obvious that the
experimental working conditions are below the resonance frequency. In the limit of
the small amplitude of excitation, such a maximum would correspond to the natural
frequency of a hinged beam.
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Fig. 7: (@) Beam angle (upper panel) and voltage (bottom panel) response in the frequency sweep.
(b) Corresponding power output versus frequency. In this case, the excitation frequency was in-
creased quasi-statically at a ratio of 1Hz per 9.85 s while the frame (carriage) excitation amplitude
was 8.9 mm. The breadth and thickness of the beam made of the same material were b = 17 mm and
a = 4.2 mm, respectively. The load resistance was R = 1 MQ. The tip mass M; was the same as in the
last section. The sampling frequency was intentionally reduced to f = 100 Hz.

Interestingly, during the excitation frequency increase (Figure 7(a)), single poten-
tial well oscillations (angle) and cross potential barrier passes for the beam’s hinge an-
gle were observed. This indicates that with a lower frequency of excitation, the system
energy is not high enough to jump between the potential wells. In this region, some
single well oscillations of the beam angle occur. For slightly higher frequency, the sys-
tem jumps irregularly to the other potential well, showing a non-periodic response. Fi-
nally, the periodic response in the oscillation with a fairly large angular velocity was
observed for large frequencies. Simultaneously, the extrema of the beam angle dis-
placement are determined by the mechanical beam limiters. It should be noted that in
the presented experiment the left-to-right symmetry was broken by an imperfect geo-
metrical configuration. Presumably, the impacting limiters were not placed ideally. It
is also worth noting that the voltage output (bottom panel in Figure 7(a)) is less peri-
odic than the beam angle (upper panel in Figure 7(a)). This can be explained by the
presence of higher harmonics in the beam deflection and impact phenomena. Con-
sequently, an additional structure is visible in the voltage output. Note that a similar
level of voltage fluctuations was also observed for a fixed frequency (Figures 5 and 6).

The following wavelet analysis (Figure 7) gives a better perspective of the experi-
mental time series. The continuous wavelet transform (CWT) starts from the accelera-
tion time series x(t)(x = angle(t) or the voltage(t) [19-21]:

@

N —_—
it - 3 Ly (15) =),

where )(t) is the wavelet function, and (x) and o, are mean values and standard de-
viations of the measured value, respectively. The letters s and n denote the scale and
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Fig. 8: (a) Angular and voltage output results of wavelet analysis for the cases from Figure 6(a). The
colors red and blue represent the highest and lowest power levels, respectively, with the other
colors denoting intermediate power levels in the logarithmic scale. (b) Peak values of angle and
voltage, respectively.

the time indices. The square modulus of the CWT defines the wavelet power spectrum
(WPS), Py, of the corresponding time series x(t):

Pw = |Wsu|” - Q)

The specific mother wavelet {(t) of complex Morlet type, which was used for calcula-
tions, consists of a plane wave modulated by a Gaussian function:

lp(i’l) _ n—1/4e19071e—712/2 , (3)

where 6 is the center frequency, also referred to as the order of the wavelet, and 7
is a renormalized time variable. The balancing of the time/frequency resolutions al-
lows the parameter 8y = 6, which defines six oscillations in the mother wavelet. An
extended discussion on wavelets can be found in [19-22].

The corresponding beam angle and voltage time series were transformed by CWT
and are presented in Figure 8(a) as the corresponding wavelet power spectra. One can
easily distinguish the periodic and non-periodic intervals in the angular response. Fur-
thermore, characteristic superharmonics are visible in the voltage response in analogy
to the chosen excitation frequency cases studied by the Fourier transform (Figure 4).
In Figure 8(b) the peak values (local maxima) of the angle and voltage are presented.
For higher frequencies (later time), there is an additional lower angle branch (upper
panel), which appeared because of the more complex beam deflection (Figure 8(b)).
Simultaneously, the voltage output response splits.
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6 Conclusions

In the experiment, the power and voltage outputs of the system based on the harmonic
excitation of pendulum with limited angles were investigated. In the stationary case,
for the same mechanical input, the maximal power, of about 3.4 pW, was found for
46,200 Q. This corresponds to an optimum energy conversion efficiency for the fixed
geometrical and mechanical excitation conditions.

This system has a potential application for systems with variable and rather low
frequency. The results of Fourier and phase portrait analyses indicate that one inter-
esting feature of this system is transforming the excitation frequency applied to the
carriage into the third and fifth superharmonics (Figures 4 and 5). These results corre-
spond to the choice of the elastic and damping properties of the mechanical resonator.
Furthermore, they determine the maximal power output for the chosen excitation fre-
quency and amplitude. The experiment with frequency sweep revealed more features
of the system investigated. Especially, the appearance of the higher harmonics and
jumps thorough the potential well are clearly visible on the wavelets in Figure 8(a),
while the characteristic unperiodicity and bifurcations are presented in Figure 8(b)
via maximal values of angle and voltage outputs.

It is worth mentioning that this structure with double wells and impacts has bene-
fits from both types of nonlinear force characteristics: softening and hardening, lead-
ing to effective broadening of the transmission frequency band.

The above features can be very useful in energy harvesting applications to a mov-
ing train or a highway bridge, where the frequencies of ambient vibrational kinematic
excitation are relatively small.

Acknowledgment: GL gratefully acknowledges the support of the Polish National Sci-
ence Center under Grant No. 2012/05/B/ST8/00080.
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On hybridization of electromagnetic vibration
converters

Abstract: Nowadays, harvesting energy from vibration is more and more challenging
in terms of the maximum energy density that can be reached through the converter.
The maximum energy density depends strongly on the applied excitation properties
(frequency, acceleration), the principles used to convert the mechanical energy to elec-
trical energy and the system design itself.

In this chapter, we focus on possible vibration converters dedicated to low vibra-
tion frequencies. Electromagnetic and magnetoelectric energy harvesting techniques
deliver energy with relatively high efficiencies and are, therefore, the most promising
principles, compared to piezoelectric, electrostatic and magnetostrictive principles.
Furthermore, opting for hybrid solutions enables us to improve the limited energy
outcome of a single converter. In this chapter, hybrid vibration converters based on
the combination with the electromagnetic principle in macro scale are reviewed and
compared.

Keywords: Vibration converter, energy harvesting, electromagnetic converter, mag-
netoelectric converter, low frequency vibration sources, magnetostrictive materials,
composite, piezoelectric

1 Introduction

Powering systems from an ambient vibration source is challenging and interesting due
to the availability as a source in several environments; indoor and outdoor as well as in
different applications e.g., trains, cars, bridges, machines and also its energy density
level, which is higher compared to other ambient sources. This mechanical energy
is converted to an electrical energy using different principles, such as electrostatic,
electromagnetic, magnetoelectric and piezoelectric principles. Improving the power
density and the working frequency bandwidth of such devices can be realized only
by the appropriate selection of the principle and design for the converter, taking into
account the available vibration profiles.

Based on the state of the art, the use of classical electromagnetic, piezoelectric or
magnetoelectric principles is not enough to reach the needed energy. Therefore, dif-
ferent approaches aiming to improve the energy density have been developed. Some
of this research focuses on the improvement of the electronics for a better converter
performance [1].
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Another perspective is the improvement of the mechanical conversion to electri-
cal energy. In [2], harvesters based on the same principle are connected together to
increase their frequency bandwidth. This method is mostly used for the case of piezo-
electric converters using multi cantilever beams with different sizes and tip masses
to ensure a higher energy outcome and a converter working for a frequency band-
width [3, 4]. The design of these systems is complex, and these converters are limited
by a short lifetime because of the aging of the piezoelectric materials.

Another method is proposed to overcome some limitations of the use of multi-
harvesters, which consists of the design of a hybrid converter using the same vibration
source and using two principles to convert this mechanical energy to electrical energy.
In this case, the proposed solutions differ relative to the selected combined principles
and the design of the converter itself in order to combine both principles.

This chapter is organized in two main sections. First, the state of the art and a com-
parison of possible hybrid solutions using different principles is presented. Further,
the modeling and design of a hybrid solution based on electromagnetic and magne-
toelectric principles is developed.

2 Hybrid converters

Different combinations to harvest energy from vibration are being investigated in re-
search. Opting for hybrid solutions aims to improve the performance of the converter
according to the application needs. The main interest to combine two principles can
be summarized as the increase in energy outcome, the increase in energy density, the
decrease of the converter resonant working frequency, the improvement of the fre-
quency bandwidth, ensuring better robustness and a long lifetime for the system. In
the following, the main developed solutions are presented and compared.

Combined systems for vibration converters can be classified mainly into three
types, which consist of the combination of piezoelectric and electromagnetic (EM)
principles, EM combined with the magnetoelectric (ME) principle and EM com-
bined with the magnetostrictive (MS) principle. Only converters excited along one
direction for a frequency lower than 150Hz are considered throughout this re-
view.

2.1 Electromagnetic-piezoelectric vibration converter

The classical structure for a hybrid electromagnetic-piezoelectric is based on the use
of a cantilever beam where the piezoelectric layer is fixed and at its end a magnetic sys-
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Piezoelectric layer

Coil Magnet

Fig. 1: General architecture of a hybrid electromagnetic-piezoelectric-based cantilever vibration
converter.

tem ensuring the EM output is implemented (Figure 1). Mainly, the magnetic system is
used as a tip mass to reduce the working resonant frequency, and different architec-
tures for this part were investigated.

Various researchers investigated this design in order to reduce the resonant fre-
quency of the piezoelectric vibration converter or to improve the frequency band-
width of the system. The difference in the systems developed based on this structure
is mainly the used cantilever beam material and the magnetic system architecture.

Based on the classical design for an EM—piezoelectric converter, [5] developed
one based on the use of a piezoelectric layer placed along the cantilever beam and
a magnet fixed at its end on the bottom, which is moving due to an applied excitation
oscillating through a fixed coil (Figure 2). The converter is able to harvest 2.26 mW us-
ing a coil resistance of 1.5 Q for an applied excitation of 23.3 Hz and an acceleration
of 0.4 g.

Fig. 2: The EM-piezoelectric converter-based
cantilever beam proposed by [5].

Optimization of the magnetic system architecture has investigated by different re-
searcher. In [6], an outer fixed magnet is placed in parallel to the magnet used at the
end of the cantilever (Figure 3). In this case, the converter generates 0.127 mW/cm?
for an applied excitation of 1 g and 49 Hz as acceleration and frequency, respectively.
The authors proved that the proposed design enables an improvement of the working
frequency bandwidth by 60% compared to a single linear EM or a single piezoelectric
energy harvester due to the added magnet effect.
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Fig. 3: Combined EM-piezoelectric-based cantilever beam with improved frequency bandwidth
proposed by [6].

Fig. 4: Combined EM-piezoelectric bandwidth vibration converter-based cantilever beam developed
by [7].

Another architecture based on the cantilever beam is commonly used and aims to
widen the working frequency for the converter. It was developed by [7] and consists
of placing not only one magnet at the end as a mass but a different magnetic system,
which is based on the use of three magnets, one moving between the two others due
to the presence of an excitation (Figure 4). For an applied acceleration of 0.5 g, the
converter generates 8.46 mW and 19.9 mW for the two typical resonant frequencies
9 Hz and 16 Hz, respectively.

[8] proposed a nonlinear converter using the same EM architecture proposed
by [7], which in this case, is placed in the middle of two clamped beams (Figure 5).
This causes a decrease of the system’s equivalent stiffness, which, in turn, leads to
a decrease of the resonant frequency and an increase of the magnets displacement,
hence, the applied stress to the piezoelectric layer; 0.44 mW is generated at a reso-
nant frequency of 113.5 Hz, an applied acceleration of 0.2 g for a load resistance of
140kQ and 15.5 Q for PE and the EM, respectively.

As mentioned, previously presented electromagnetic-piezoelectric converters are
mainly based on the classical cantilever beam with different investigations. Another
structure based on the pendulum principle was investigated by [9] in order to combine
the EM and piezoelectric principles.
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Fig. 5: The EM-piezoelectric-based cantilever beam
with decreased equivalent stiffness for the converter
proposed by [8].

Fig. 6: The EM-piezoelectric-based pendulum
developed by [9].

The pendulum is formed with an oscillating cantilever beam and a magnet (Fig-
ure 6). A second magnet is fixed on the bottom, which leads to the nonlinearity of the
system and enabling one to increase the magnetic flux density passing through the
coil. The system generates a power output in the range of 1073 W and 10> W for the
piezoelectric and EM generator, respectively, for an applied frequency in the range of
10to 13 Hz[9]. Few investigations for such design are conducted because of the needed
volume and the complexity of the implementation of such a device.

Recently, a different architecture was proposed combining the two principles. It
consists of a spiral piezoelectric where a magnet is placed at its center (Figure 7). The
coil is fixed surrounding the magnet. For a volume of 1.66 cm?, 52 uW is generated
for an applied excitation of 21 Hz and 0.3 g of frequency and acceleration, respec-
tively [10].

Fig. 7: The EM-piezoelectric vibration converter-
based spiral piezoelectric geometry developed
by [10].
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2.2 Electromagnetic-magnetoelectric vibration converter

Recently, novel investigations for the combination of EM/ME principles have been de-
veloped. Only two designs are proposed for such combinations through the state of
the art, which are presented in the following.

The first design developed by [11] is based on the cantilever beam architecture. At
the cantilever’s free end, an ME transducer is placed, which is formed with two mag-
netostrictive layers and one Lead zirconate titanate (PZT) layer bonded in between and
surrounded by a fixed coil (Figure 8). The magnetic field variation is created due to the
presence of a magnetic circuit placed surrounding the ME transducer. Optimization of
the ME transducer and the magnetic circuit is taken into account for the converter.

Fig. 8: The EM-ME vibration converter-based cantilever
beam developed by [11].

For a resonant frequency equal to 25.7 Hz and an applied acceleration of 0.75 g, the
system generates 40.84 mW within a total volume of 80 cm?31. [11] confirmed a good
improvement of the power output compared to a single EM or ME, but no quantita-
tive comparison is mentioned. In this case, it is possible to tune the system resonant
frequency through the coil and cantilever characteristics’ change (size, mass, mate-
rial,...).

The second architecture for an EM-ME principle combination was proposed
by [12]. The system is formed mainly with a magnetic circuit, a magnetoelectric trans-
ducer and a coil. In this case, applied excitation is transferred to the converter using
the magnetic spring principle (Figure 9). The authors proposed a compact system with
a size of 20 cm>.

In this case, the converter works for a frequency bandwidth due to the nonlinearity
of the magnetic spring. The magnetic circuit, its position and the effect of combining
both principles are investigated in this work. An improvement relative to a single EM
converter is proved, but no details about energy outcome are presented.

1 The value is estimated based on the data mentioned in [11].
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Fig. 9: The EM-ME vibration converter-based magnetic spring principle proposed by [12].

2.3 Electromagnetic-magnetostrictive vibration converter

Recent research has been devoted to the combination of MS and EM principles. [13]
proposed one with the size of an AA battery (11 cm?), oriented to railways, bridges
and other applications characterized by an excitation frequency less than 20 Hz. The
architecture is based on a moving magnet through a cylindrical tube surrounded by a
fixed coil. For the MS principles, it is ensured by the placement of two rods on the top
and bottom of the cylindrical tube, which are also surrounded by a coil (Figure 10).
Due to the Villari effect, an energy outcome is generated through the coil in this case.

Fig. 10: The EM-MS vibration converter-based oscillating
magnet proposed by [13].
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For the MS principle, 0.0055 pW is generated for an excitation frequency equal to
14 Hz. For the EM principle, for an excitation frequency of 12.5 Hz, 11.5 Hzand 10 Hz
and an acceleration of 0.9 g, 0.7 g and 0.4 g, an energy outcome equal to 5.3 mW,
2.57 mW and 0.27 mW is generated, respectively.

2.4 Comparison of hybrid systems

Different solutions for hybrid vibration converters are presented. In Table 1, the re-
viewed prototypes are compared relative to the important criterion for any vibration
converter, which can be summarized on the used principles, the architecture, the en-
ergy outcome of the converter relative to the applied frequency and acceleration. As is
shown, among all devices presented, the highest power output was achieved by [11],
which is based on the EM-ME combined system-based cantilever beam as presented
in Figure 9.

Tab. 1: Reviewed hybrid vibration converters.

Ref  Type Architecture Frequency  Acceleration Energy outcome
H2) (® (mw)

[5] EM/piezo  Cantilever 23.3 0.4 2.26
[6] EM/piezo  Cantilever 49 1 1.63
[71 EM/piezo  Cantilever 9 0.5 8.46

16 0.5 19.9
[8] EM/piezo  Two clamped beams 113.5 0.2 0.44
[10] EM/piezo Spiral piezoelectric 21 0.3 52.1073
[11] EM/ME Cantilever 25.7 0.75 40.84
[13] EM/MS Moving magnet 12.5 0.9 5.3

11.5 0.7 2.57

10 0.4 0.27

To sum up, the main advantages for the EM-piezoelectric combination are principally
the following: a decrease of the working frequency of the piezoelectric converter, an in-
crease of the energy outcome of a single EM converter due to the possibility of a higher
velocity for the system, which means higher magnet movement, and to broadband the
working frequency range of a piezoelectric converter as well as the EM one. The main
limitations of such EM-piezoelectric hybrid systems is the complexity to implement it,
because of its size and the use of the cantilever beam architecture in most cases.

The EM-ME combination has the advantages of improving the energy density of
the system, in this case compared to a single EM converter. This is due to the possi-
bility of profiting form the effect of the magnetic field in both principles. In fact, for
the same size, the ME principle can be implemented to a single EM converter through
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the placement of the ME transducer within the coil, which is the case for both existing
EM-ME converters in the state of the art [11, 12]. In this case, the energy outcome can be
generated for the same excitation and using twice the magnetic field variation with-
out significantly increasing the system complexity. Such systems are more flexible for
improving the working frequency bandwidth and have a better reliability.

For the EM-MS combination, through the MS principle, only a few microwatts are
generated, which can be considered as a limited energy outcome. In this case, com-
pared to a single EM, the converter improvement is limited to only the increase of the
power output in the range of microwatts.

More important for the evaluation of vibration converters is to compare the en-
ergy density of the converters relative to the applied excitation. Figure 11 presents the
energy density reached by the presented hybrid systems relative to the applied exci-
tation, which, in this case, is limited to a working frequency and an acceleration less
than 50 Hz and 1 g, respectively.

Fig. 11: Reviewed hybrid vibration converters for acceleration and frequency limited to 1 g and 50 Hz,
respectively.

As has been shown, the energy outcome for EM-piezoelectric converters and EM-MS
is limited to 0.2 mW/cm?/g as the maximum. For the case of the EM-ME converter, it
is 0.68 mW/cm3 /g, which can be considered as a relevant energy density level com-
pared to other hybrid or single converters. The main reason leading to a higher energy
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density for the combination of the EM and ME principles compared to other hybrid
systems is that for both principles, the energy outcome depends on the magnetic flux
density variation, which is not the case of other combinations of principles. Based on
the presented comparison, in the following, we propose focusing on the EM-ME com-
bined converter design and properties.

3 Hybrid magnetoelectric-electromagnetic
converters

For the EM-ME converter, due to the presence of magnetic field variation, electrical en-
ergy is generated through the coil due to the magnetic flux density passing through it,
based on the principle of Faraday’s law. Also, through the piezoelectric layer, a stress
is applied due to the deformation of the MS layers, and energy is generated through
the PZT layer (Figure 12).

Faraday’s law

Electrical
ener
MS layer|él>| PZT layer |— &y
Joule effect Piezoelectric effect Fig. 12: EM and ME principles.

For the ME principle, MS material is used, which has a specific behavior relative to
different effects characterizing this material. For a better converter design, two main
effects should be taken into account in this case, which consist of the Villari and Joule
effects.

The Villari effect consists of a change of the material magnetization due to the
presence of an applied stress. It is characterized by the following equation (1):

B=ds+u° @

where B, d, 0 and u? are the magnetic induction, the magnetostrictive constant, the
stress change and the permeability at constant mechanical stress.

The Joule effect is the inverse of the Villari effect. In this case, due to the presence
of a magnetic field, a change of the ferromagnetic material will occur. This change
presents the magnetostriction of the material. It can be positive or negative relative to
the material used and its behavior, and in both cases the sample volume remains con-
stant. The main difference is that in the case of negative magnetostriction, the sample
length decreases, and for positive magnetostriction, the sample thickness decreases.
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The Joule effect is defined using the following equation (2):
S=cl+d,H )

where S, ¢ and d,, are the mechanical strain, the compliance coefficient at constant
field strength H and the magnetostrictive constant at constant stress.

3.1 Design of an EM/ME vibration converter

Different parameters should be taken into account for the optimal design for an
EM-ME converter. In this case, two differently generated outputs can be calculated.

First, the energy generated from the EM principle, which can be determined rela-
tive to Faraday’s law by equation (3):

Vim = —N((ii—(f = —Nc(li—f% 3)
where N, @ and z are the number of coil windings, the magnetic field through the coil
and the displacement of the magnet.

In this case, the output reached depends principally on the magnetic field varia-
tion passing through the coil and also the velocity of the moving part, which can be
affected by the mass of the moving part and the excitation applied to the system.

For the energy generated through the ME principle, it is defined by equation (4):

VMg = ayAH (4)

where AH is the variation of the magnetic field through the MS layers; ay, is the ME volt-
age coefficient and is defined by equation (5) [14]:

n(1 - n)t.dss mds1,p

€33 [n(l —I3 sk + (1 - n)s%]

®)

ay

where n, t¢, d33m, d31,p, €33, sfl, k31, and s% are the thickness ratio of the compos-
ite, the total thickness of the composite, the piezomagnetic constant, the piezoelectric
coefficient, the permittivity tensor, the piezoelectric elastic compliance at constant D,
the piezoelectric electromechanical coupling coefficient and the longitudinal piezo-
magnetic elastic compliance at constant H, respectively.

3.2 Effect of combined EM-ME on the energy outcome
In this section, the effect of the combination of the EM-ME principles is studied by

finite element analysis for a proposed combined model. The model is composed of
a magnetic circuit (MC) presented by MC magnets (Figure 13). Between them, the
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MSp Magnets

Air Domain MS Layers

MC Magnets
PZT Layer

Fig. 13: Defined finite element for the combined converter.

ME transducer made of one PZT layer bonded by two MS layers is placed. To ensure
the EM principle, a coil between the MC and the ME transducer is added. The magnetic
spring (MSp) magnets as seen in Figure 14 are used to ensure the converter operation.
An air domain enclosing all the components is added in order to reduce the time
calculation.

In this case, NdFeB N42, copper and PZT-5H are defined from the data software for
the magnets, coil and piezoelectric layer, respectively. For the MS material, Terfenol-D
is used, and it is defined relative to its data sheet [15], since it is not available thorough
the FEM software used. Based on the Villari effect, the MS layers are able to generate a
magnetic flux density due to an applied stress. Therefore, it is very important to inves-
tigate the position of the coil, the magnetic circuit and the ME transducer relative to
each other for an optimal converter output. In the following, the magnetic field varia-
tion relative to different parameters for a single and a combined system is evaluated.
Figure 14 presents a comparison of the magnetic field level through the coil for single
and combined EM.

Through this comparison, the same properties are maintained for the coil. As is
shown, an increase of 125 Oe for the magnetic field is reached due to the presence of
the ME transducer through the coil. This is due to the fact that once the MS layers are
strained, a magnetization change occurs through the MS layers based on the Villari
effect. This improvement will positively affect the voltage generated through the coil.
The magnetic field level through the MS layers is improved in this case, compared to
a single ME converter. This increase is not relevant, but it is proved that the presence
of the coil does not negatively affect the ME transducer behavior.
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Fig. 14: Magnetic field level through (a) the coil for a single EM and combined EM-ME converter,
(b) MS layers for a single ME and combined an EM-ME converter.

Fig. 15: Magnetic flux density for the longitudinal and transversal coil relative to its position along
the z-direction.

In the following, the effect of the position of the coil direction relative to the
ME transducer is studied. A comparison of transversal and longitudinal positions as
shown in Figure 15 is investigated. The magnetic flux density level is increased from
0.065 T to 0.135 T in the case of the transversal coil.
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4 Conclusion

Hybrid solutions are promising and have many challenges to improve the performance
of vibration converter in terms of energy density, working frequency bandwidth, the
reliability and the size of the converter. In this review, a comparison of hybrid solu-
tions based on combining more than one of the principles used to convert mechanical
energy to electrical energy using the same vibration source is conducted. Combina-
tion of the PE and EM principles is the most investigated solution in the state of the
art due to its flexibility to adapt to the needed energy outcome or the needed working
frequency. Nevertheless, the performance of these systems is still limited because of
the use of the cantilever beam for the design, which is not reliable enough and has a
limited lifetime in the case of powering wireless sensors.

For EM-ME converters, the positive effect of the ME transducer on the energy gen-
erated through the EM principle, which is not the case for the piezoelectric/EM con-
verter, makes this solution more meaningful. Also, in this case, the lifetime of the con-
verter is improved; the effect that one of the principles is not working will not lead to
a defect of the complete system. Further, the two principles can work independently,
as well as affecting each other positively. This is not the case for piezoelectric EM de-
vices, where once the cantilever beam has been destroyed, neither principle works
any longer, and no energy can be generated in this case.

To conclude, a combination of each of the principles together leads to some ad-
vantages and disadvantages, which can be optimized relative to the existing applied
excitation, the available volume and the needed energy outcome.
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Andrzej Rysak, Marek Borowiec, Arkadiusz Syta, and Grzegorz Litak
Hybrid vibrational energy harvesting using
piezoelectric and magnetostrictive transducers

Abstract: We study vibration energy harvesting in an electro-mechanical system with
piezoelectric and magnetostrictive coil transducers. The mechanical resonator excited
by harmonic excitation moves in two degrees of freedom. The output power is dissi-
pated on a resistor load. We show the results of power output in two channels, piezo-
electric and coil, for various frequencies. We observe a broadening of the total fre-
quency transduction due to the hybrid structure of our harvester, which is sensitive to
different modes.

Keywords: Vibration energy harvesting, piezoelectric, magnetostrictive

1 Introduction

Vibration energy harvesting is a fast developing branch of applications of electro-me-
chanical systems. The main idea is to provide powering to autonomous sensors and
small portable devices [1-4]. Piezoelectrics and/or transducers are proposed because
of the higher energy density. Beeby et al. [5] studied applications of piezoelectric ma-
terials for piezoelectric systems, while Yoo and Flatau [6] suggested a magnetostric-
tive galfenol beam, working in a bending mode high-efficiency energy harvester. The
traditional approach used a single degree of freedom linear resonator, which limited
the working conditions to a single frequency of ambient vibrations from the resonance
region. To overcome fixed frequency working conditions, non-linear devices were pro-
posed [7, 8]. In such cases, a number of non-linear effects were introduced, including
inclination of the resonance curve, multiple solutions, sub and superharmonics. Al-
ternative approaches were based on increasing the degrees of freedom by increasing
the harvester feasibility to more frequencies [9], or hybrid systems sensitive to different
coordinates such as the displacement and velocity of the mechanical resonator [10, 11].

In this chapter, we discuss a hybrid two degrees of freedom system based on the
L-shaped beam. Such a beam was discussed earlier by Erturk at al. [12]. The degrees of
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freedom are related to the L-shape, which is based on the two coupled beams with a
minimum of two degrees of freedom in the lowest modes that are in-phase and out-of-
phase modes with respect to the bending direction. An additional degree of freedom
introduces an anti-resonance phenomenon into the power output.

2 Experimental setup and measurement results

The schematic picture of the experiment is presented in Figure 1(a). The system con-
sists of the mechanical resonator (Figure 1(b)) with the piezoelectric and magnetostric-
tive transducers and electrical circuits with the resistance loads. Further parameters
are shown in Table 1.

Laser
contro| [I] R,

Fig. 1: (a) Schematics of the experimental setup consisting of the piezoelectric-magnetostrictive
beam, electrical circuits, shaker, and excitation system with laser control and data acquisition sys-
tem. (b) The resonating resonator excited vertically with an aluminium beam (1), a magnetostrictive
layer (2), Galfenol — Feg3Gay7, a clamping system with the frame excited vertically (3), a piezoelec-
tric element (4), an electrical coil with 320 turns (5) and a mass of the cylindrical shape (6) placed
asymmetrically. Note that, effectively, our mechanical resonator based on glued beam and cylinder
resembles an L-shaped system with two degrees of freedom. Optionally, there is an accelerometer at
the end of the beam.
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Tab. 1: Summary of parameters of the mechanical resonator and electrical circuit.

Description Symbol and value
Aluminum beam:

length 163 mm
width 20 mm
thickness 1.55mm
Young’s modulus 69 GPa
density of beam material p=2.7g/cm?
Piezoceramic layer:

length 20 mm

width 6 mm

number of parallel fibers in the N=10

piezoceramic layer
dimensions of the piezoceramic
fibers (PZT)

11.5mm x 0.24 mm x 0.26 mm

capacity of the piezoceramic layer  4.9nF
Magnetostrictive layer (Galfenol):

length 163 mm
width 20 mm
thickness 1.75mm
Tip mass (steel tube):

outer radius 20.2mm
wall thickness 1.7mm
height 15mm
mass 9.78
Measurement:

internal impedance of DAQ 1GQ
load of the piezoelectric circuitR, ~ 550kQ
load of the coil circuit R, 48.3Q
acceleration amplitude 0.5g

— 155

In the presented results, we fixed the forcing amplitude to a = 0.5 g and per-
formed sweeps of increasing frequencies. In Figure 2, we present the non-stationary
time series and the corresponding input and output signals for the frame and beam
acceleration and the voltage outputs and, consequently, the power outputs. Both
of the voltage outputs (U, and Uc in Figure 2) show not only the peaks associated
with the resonance, at about fy ~ 27.2 Hz, but also lows identified as anti-resonance
associated with the multi-degree of freedom or multi-modal characteristics of the

system.
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Fig. 2: Measured excitation frequency dependencies, f. Starting from the upper panel: Sweep time
response of the excitation acceleration, a, then the time response of piezoelectric voltage, Up, and
the time response of the magnetostrictive coil voltage, U.. Note that the time responses are pre-
sented in the frequency domain; there is a linear dependency for both the time and the frequency
scales; U1 and U2 represent piezoelectric voltage U, and coil voltage U..

Interestingly, the magnetostrictive output P, (Figure 3(a)) dominates, showing the
reflection of the beam amplitude in the resonance curve (Figure 3(b)). Its maximum
value is ten times higher than the piezoelectric power output, P. This is partially due
to the sizes of magnetostrictive and piezoelectric elements and different resistance
loads Ry, and R, (see Table 1). Consequently, the anti-resonance, visible more clearly
for P, (for f > fo) in Figure 3(a), is created by the phase change in the modal beam re-
sponse. In the single degree of freedom system, amplitudes A. and U, change the sign
of the response with respect to the driving acceleration. In our case, there is a more
complex phase change of the cylinder (leading elongation contraction of the beam)
and the beam (bending motion) relative motions, resulting in disturbance in a larger
decrease in the piezoelectric power output. The smaller low on the magnetostrictive
output is also visible. Note that the red curve is lowered drastically on the left-hand
side of the resonance point (f < f,). However, there is a fairly large difference between
piezoelectric P. and P}, (P.), which is larger by one order of magnitude with respect
to Pp.
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Fig. 3: (a) Power outputs versus frequency lines: ‘1’ (black) and ‘2’ (red) for Uy and U, respectively,
(b) acceleration of the tip point A. The resonance frequency was estimated as fo ~ 27.2 Hz.

3 Conclusions

We have studied a hybrid piezoelectric-magnetostrictive energy harvester with two de-
grees of freedom. The results obtained show that the two transducers are sensitive to
different modes of motion. We identified the influence of two different modes of the
mechanical resonator leading to anti-resonance in the piezoelectric output. This is
the main advantage of a hybrid system response where power outputs of the two ap-
proaches complete each other and increase the efficiency of energy harvesting. In our
case, the magnetostrictive output was ten times higher compared to the piezoelectric
one. In fact, this disturbance presumably had two sources. Firstly, the mode frequency
dependence on the relative motion of beam and mass. The second, much weaker one,
was related to the mechanical coupling of the piezoelectric and magnetostrictive lay-
ers. Obviously, the piezoelectric and magnetostrictive transducers can complement
each other; however, to conclude that more precisely, we are preparing more system-
atic studies and system optimization with resistance loads. It is also worth adding that
in our laboratory case study, the load factor at the end of the beam was very large at
the resonance point (A = 15 g in Figure 3(b)). For any practical application it should
be reduced.
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Derrick Wing Kwan Ng, and Robert Schober

Beamforming design for secure SWIPT systems
under a non-linear energy harvesting model

Abstract: Simultaneous wireless information and power transfer (SWIPT) is an ap-
pealing solution to extend the lifetime of wireless nodes and, hence, alleviate the
energy bottleneck of energy-constrained wireless communication networks. SWIPT
advocates the dual use of radio frequency signals for conveying information and en-
ergy concurrently, which introduces a paradigm shift in system design. This chapter
focuses on the use of multiple antennas to improve the efficiency of wireless power
transfer (WPT) and secure information transmission. In particular, our objective is to
maximize the secrecy rate of a SWIPT system via beamforming. To this end, we formu-
late a non-convex optimization problem based on a practical nonlinear energy har-
vesting model. The problem formulation allows for the use of an energy signal to im-
prove WPT efficiency and to provide communication security. The globally optimal
solution of the design problem is obtained via a one-dimensional search and semi-
definite programming (SDP) relaxation. Numerical results demonstrate that the pro-
posed design can achieve a significant gain in secrecy rate compared to two baseline
schemes.

Keywords: Beamforming, nonlinear energy harvesting, wireless information and
power transfer, secure communication

1 Introduction

Wireless sensor networks serve as a key enabler of the Internet-of-Things (IoT) [1],
which connects a tremendous number of sensors to computing systems to provide in-
telligent daily life services such as e-health, automated control, energy management
(Smart City and Smart Grid), logistics, security control and safety management, etc.
The European Commission has predicted that by 2020, there will be 50 to 100 billion
devices connected to the Internet. In general, wireless sensors are small devices pow-
ered by batteries with limited energy storage capacity. Hence, the resulting limited
lifetime of wireless sensor networks is foreseen to be a fundamental system perfor-
mance bottleneck for the deployment of IoT. Conventionally, battery replacement pro-
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vides an intermediate solution to energy depletion, which is suitable for networks with
small numbers of devices. However, frequent replacement of batteries in IoT networks
with massive numbers of sensors is costly and cumbersome. Besides, in some appli-
cations such as biomedical implant senors, it is almost impossible to replace sensor
batteries once they are deployed. More importantly, battery replacement may create
temporary service suspension, which is not possible in systems requiring stable com-
munication services. Therefore, different promising approaches/technologies, such as
energy efficiency optimization [2, 3], energy harvesting technology [4-7] and coop-
erative communications [8, 9] have been proposed to extend the lifetime of wireless
communication networks. Energy harvesting is particularly appealing as it provides
self-sustainability to wireless communication networks. Thereby, wireless communi-
cation devices are equipped with energy harvesting technology to collect energy from
the environment. Solar, wind, tidal, biomass and geothermal are the major candidate
renewable energy sources for generating electricity [4, 5]. Yet, these conventional nat-
ural energy sources are usually only available at specific locations, which limits the
mobility of the devices. Besides, these sources are also climate dependent. Hence, the
intermittent and uncontrollable nature of these natural energy sources makes it dif-
ficult to integrate conventional energy harvesting technology into wireless communi-
cation devices.

WPT has attracted much attention from both academia and industry [10-26],
recently, as a building block for the IoT. The existing WPT technologies can be cate-
gorized into three classes: inductive coupling, magnetic resonant coupling and radio
frequency (RF)-based WPT. In general, compared to the aforementioned conventional
energy sources, WPT can provide regular and controllable energy supply. Also, if the
locations of the energy harvesting nodes are fixed, the amounts of average harvested
wireless power at the receivers are predictable, since the WPT efficiency depends
mainly on distance. Inductive coupling and magnetic resonant coupling technologies
rely on near-field electromagnetic (EM) waves. Hence, they cannot support the mobil-
ity of energy harvesting devices, due to the limited wireless charging distances and
the required alignment of the EM-field with energy harvesting circuits. In contrast,
RF-based WPT [10-15, 17-24, 26] exploits the far-field properties of EM waves to con-
vey wireless energy. The use of RF for WPT in communication systems enables the
possibility of simultaneous wireless information and power transfer (SWIPT), leading
to a paradigm shift in system architectures and designs. In particular, SWIPT systems
can exploit the broadcast nature of the wireless medium to facilitate one-to-many
wireless charging and wireless communication, which may not be possible when
near-field EM waves are employed.

In practice, RF-based wireless energy has to be transferred via a signal with high
carrier frequency such that antennas with small size can be used for harvesting the
power in portable devices. However, the associated path loss severely attenuates the
signal, leading to a small amount of harvested energy at the receiver. For instance,
for the short distance of 10 meters in free space, the attenuation of a wireless sig-
nal can be up to 50dB for a carrier frequency of 915 MHz in the industrial, scientific
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and medical radio (ISM) frequency band. Hence, multiple antenna beamforming has
been proposed to improve the efficiency of WPT [11-14]. With the spatial degrees of
freedom offered by multiple antennas, one can focus information and energy beams,
which improves the beamforming efficiency for information transfer and WPT. On the
other hand, with the existing RF-based hardware circuit technology, the minimum
required received power at an information receiver is —60 dBm, while that of an RF-
based energy harvesting receiver (ER) is —10 dBm. In order to satisfy the sensitivity
requirements, an RF-based ER has to be located closer to the transmitter than an the
information receiver. Also, the transmitters can increase the energy of the information-
carrying signal to facilitate RF energy harvesting at the receivers. However, these two
common remedies may also increase the possibility of information leakage to eaves-
droppers due to the associated higher signal power. Therefore, new quality of service
(QoS) concerns regarding communication security and efficient WPT naturally arise
in systems providing SWIPT services [21-26].

In fact, security is a crucial problem in wireless communication systems in general
due to the broadcast nature of the wireless medium. Traditionally, communication
security relies on cryptographic encryption algorithms employed at the application
layer. Yet, these algorithms assume perfect secret key management and distribution,
which may not be possible in future wireless IoT networks with a massive number of
wireless sensor nodes. Alternatively, information-theoretic physical layer (PHY) secu-
rity offers a complementary technology to cryptographic encryption [27-33]. The prin-
ciple of PHY security is to exploit the physical characteristics of the wireless fading
channel to ensure perfect secrecy of communication. In particular, it has been shown
that in a wire-tap channel, a source and a destination can exchange perfectly secure
information if the source-destination channel offers better conditions compared to the
source-eavesdropper channel [27]. Hence, multiple-antenna technology has been pro-
posed to ensure secure communication. Specifically, by exploiting the extra degrees
of freedom introduced by multiple antennas, artificial noise is injected into the com-
munication channel intentionally to impair the received signals at the eavesdropper.
The notion of communication security for SWIPT systems has recently been pursued
in [21, 22]. In particular, the dual use of energy signals for facilitating efficient WPT
and providing communication security was proposed. However, the beamforming de-
sign for secure SWIPT systems in [21, 22] was based on a linear energy harvesting (EH)
model, which does not capture the highly nonlinear characteristics of practical end-
to-end WPT. In particular, existing beamforming schemes designed for a linear EH
model may lead to severe resource allocation mismatches resulting in performance
degradation in WPT and secure communications. Hence, in this chapter, we study
beamforming designs enabling secure SWIPT based on a nonlinear EH model.

The remainder of this chapter is organized as follows. In Section 2, we introduce
the adopted channel model and the RF EH model. Section 3 studies the beamforming
design for guaranteeing secure communication in SWIPT systems and simulation re-
sults are provided in Section 4. In Section 5, we conclude with a brief summary of the
chapter.
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Notation

We use boldface capital and lower case letters to denote matrices and vectors, respec-
tively. AY, Tr(A), Rank(A), and det(A) represent the Hermitian transpose, trace, rank
and determinant of matrix A, respectively; A > 0 and A > 0 indicate that A is a posi-
tive definite and a positive semidefinite matrix, respectively; Amax(A) denotes the max-
imum eigenvalue of matrix A; Iy is the N x N identity matrix; C¥*™ denotes the set of
all N x M matrices with complex entries; HY denotes the set of all N x N Hermitian
matrices. The circularly symmetric complex Gaussian (CSCG) distribution is denoted
by CN(m, X¥) with mean vector m and covariance matrix ¥; ~ indicates “distributed
as”; &{-} denotes statistical expectation; |-| represents the absolute value of a complex
scalar; [x]* stands for max{0, x}.

2 Channel model

A downlink frequency flat fading channel is considered. We assume that the SWIPT
system comprises a transmitter, an information receiver (IR) and J ER, cf. Figure 1.
The transmitter is equipped with Nt > 1 antennas. The IR is a single-antenna device,
and each ER is equipped with Nr > 1 receiver antennas to facilitate energy harvest-
ing. In SWIPT systems, the signals intended for the IR are overheard by the ERs, since
all receivers are in the range of service coverage. If the ERs are malicious, they may
eavesdrop the information signal intended for IR. Hence, the ERs are potential eaves-
droppers, which should be taken into account to provide secure communication. We
assume that Nt > Np for the study of beamforming design. In each time slot, the re-

L1

Energy harvesting receiver 2
(potential eavesdropper)

Transmitter Energy harvesting receiver 1
(potential eavesdropper)

Fig. 1: A multiuser SWIPT model with an IR and / = 2 ERs. The transmitter emits both an information
signal and an energy signal to facilitate secure communication for the IR and efficient WPT.
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ceived signals at IR and ERj € {1, ..., J} are given by
y =hf(ws +wg) +n and )
Ver; = GJ'(Ws + W) + ngg; , Vje{l,...,]}, ®)

respectively, where s € C and w € CN™*! are the data symbol and the informa-
tion beamforming vector, respectively. Without loss of generality, we assume that
&{|s|?} = 1. wg € C"™1 is an energy signal vector, which is a Gaussian pseudo-ran-
dom sequence generated by the transmitter to facilitate efficient WPT and to guarantee
communication security. In particular, wg is modeled as a complex Gaussian random
vector with

wg ~ CN(0, Wg) , 3
where Wy € HYT, Wg > 0 denotes the covariance matrix of the pseudo-random en-
ergy signal. The channel vector between the transmitter and the IR is denoted by
h € CV! and the channel matrix between the transmitter and ER; is denoted by
Gj € CNPNr n ~ EN(0, 02) and ngg, ~ CN(0, 021y, ) are the additive white Gaussian
noises (AWGN) at the IR and ER;, respectively, where 62 denotes the noise power at
the receiver.

2.1 Nonlinear energy harvesting model

Figure 2 depicts the block diagram of an ER for SWIPT systems. In general, the RF-
energy harvesting circuit consists of a bandpass filter and a rectifying circuit that con-
verts the received RF power to direct current (DC) power. The total received RF power
at ER; is given by

Pry, = Tr ((ww"' + We)G;G') . @)
In the SWIPT literature [35-43], for simplicity, the total harvested power at ER; is typ-
ically modeled by the linear equation:

D™ = 1;Pew; , ()

where 0 < 57; < 1 is the constant power conversion efficiency of ER;. In other words,
the total harvested power at the ER is linearly and directly proportional to the received

RF wave RF energy harvesting receiver

|
\i | > :—» Output to load

RF-to-DC power conversion

Fig. 2: Block diagram of an ER.
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RF power. Although the linear model leads to simple beamforming designs, it has been
shown in recent experiments that practical RF-based energy harvesting circuits [34,
44, 45] introduce various nonlinearities into the end-to-end WPT. In order to design a
beamformer for practical secure SWIPT systems, we adopt the nonlinear parametric
energy harvesting model from [26, 46]. Thus, the total harvested power at ER;, Drg;,
is modeled as:
[PER; — M;Qj] o 1

l—Q]’ ’ ;- 1+exp(a,~b,~) ’

M;

1+ exp (—aj(PER]. - b]‘))
is a logistic function that has the received RF power, Pgg;, as its input; M;j is a con-
stant denoting the maximum harvested power at ER; when the EH circuit is saturated
because of exceedingly large input power. Parameters a; and b; are constants that
capture the joint effects of resistance, capacitance and circuit sensitivity. Specifically,
a;j reflects the nonlinear charging rate with respect to the input power, Pgg;, and bj is
related to the minimum turn-on voltage of the EH circuit. In practice, the parameters
aj, bj and M; of the model in (6) can be easily obtained using standard curve fitting
algorithms for a given energy harvesting hardware circuit. In fact, it has been veri-
fied by experimental results that the proposed parametric nonlinear model is able to
accurately capture the dynamics of the RF energy conversion efficiency and the joint
effects of the nonlinear phenomena caused by hardware imperfections at different in-
put power levels. In Figure 3, we show an example for the curve fitting for the nonlinear

(6)

Dpg; =

@)

where Vg, =

30

20

15

Parametric non-linear model

Total harvested power (mW)

10 O Measurement data .
y —#— Traditional linear model
q
5 . . . . .
10 20 30 40 50 60 70

Received RF power (mW)

Fig. 3: A comparison between experimental data from [34], the harvested power for the nonlinear
modelin (6) and the linear energy harvesting model with r7; = 0.8 in (5).
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EH model in (6) with parameters M; = 0.024, b; = 0.014 and a; = 150 for ER;. It can
be observed that the parametric nonlinear model shows an excellent agreement with
the experimental results provided in [34] for the wireless power harvested by a practi-
cal EH circuit. Figure 3 also illustrates the inability of the linear model in (5) to capture
the nonlinear characteristics of practical EH circuits, especially in the high received
RF power regime.

2.2 Achievable secrecy rate

Assuming perfect channel state information (CSI) at the IR for coherent signal detec-
tion, the achievable data rate (bit/s/Hz) between the transmitter and the IR is given

by

wHHw> ’ ®

R:log2<1+ 5
o

S

where H = hhl. We note that since the energy signal is known to both the transmitter
and the IR, the interference caused by the energy signal, i.e., Tr(HWg) can be removed
at the IR via successive interference cancellation (SIC) to improve the data rate.

In order to provide secure communication to the IR, all the ERs are treated as po-
tential eavesdroppers and are taken into account for beamforming design. Besides, we
focus on the worst case scenario. In particular, we assume noiseless ERs. Therefore,
the capacity between the transmitter and ER; for decoding the signal of the IR can be
expressed as

Ry, = log, det(Iy, + Q].‘lG]HWWHGj) , ©)

Q) = G/'WG; > 0,
where Qj is the interference covariance matrix for ER; assuming the worst case for com-
munication secrecy. We note that in contrast to the IR, the energy signal is not known
to the ERs and appears random to them. Hence, the energy signal cannot be removed

via interference cancellation techniques at the ERs. Thus, the achievable secrecy rate
of the IR is given by [30, 33]

Rgec = [R —max {RER;}]+ . (10)
vj
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3 Problem formulation and solution

The considered system design objective is to maximize the secrecy rate at the IR while
guaranteeing a minimum harvested power at each ER. The beamforming design is
formulated as the following optimization problem:

Problem 1. Resource allocation for secrecy rate maximization

H
w-Hw
maximize lo 1+ — max {Rgg. 11
maximize gz( e ) 1a { ER,} (11)

subjectto Cl: w3 + Tr(WE) < Prax
C2: Qpg, > P, Vje{l,...,]},

req; »

C3: Wg>0.

Constants Pp,x and P’r“e‘g} in constraints C1 and C2 are the maximum transmit power
allowance and the minimum required harvested power at ER;, respectively. Con-
straint C3 and Wg € HM" constrain matrix W to be a positive semidefinite Hermitian
matrix. We note that the objective function in (11) is equivalent to the achievable se-
crecy rate of the IR defined in (10), even though the [-]* operator has been removed.
This is because if the problem is feasible, the optimal beamforming design can always
set w = 0 to ensure a non-negative secrecy rate.

The objective function in (11) is a non-convex function due to the difference of two
logarithmic functions. In particular, the log-det function in Rgg; of the subtrahend of
the objective function is non-convex. In order to obtain a globally optimal solution,

we introduce several transformations in (11) in the following.
Optimization problem solution
In order to handle the non-convex objective function, we first introduce an auxiliary

optimization variable T and rewrite optimization problem (11) in the following equiv-
alent form®:

1 In this chapter, “equivalent” means that both problem formulations lead to the same beamforming
design.
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Problem 2. Equivalent optimization problem

H
w 'Hw

maximize log, (1 + 5 ) -T (12)
WeeHMT ,w, T o3

subjectto C1,C2,C3,
C4: T > log, det(Iy, + Q].-l(;?wwHGj) , Vj.

We note that the objective function of the transformed problem is now jointly concave
with respect to the optimization variables. Nevertheless, the new constraint C4 is non-
convex. Hence, we solve the optimization problem in (12) for a fixed T and obtain the
corresponding beamforming design. Then, by adopting a one-dimensional search, we
find the optimal value of the optimization problem and the corresponding 72.

Therefore, in the sequel, we focus on solving Problem 2 for a given 7. First, we
further transform the considered problem into the following equivalent form:

Problem 3. Rank-constrained optimization problem

maximize log, (1 + i) -T (13)
WEE]HNT,W,ﬂj,(S O‘g
subjectto Cl: Tr(W) + Tr(Wg) < Ppax »
M; .
c2: ! > PRi(1- Q) + M;Q;, V),
1+ exp( - aj(ﬁ,- - bj))
C3: Wg>0,

C4: T 2 log, det(ly, + Q;'G]'WG;), Vj,
C5: 8 < Tr(HW) ,

Cé: Bj <Tr((W+We)GiG}'), vj,

C7: Rank(W) <1,

C8: W=xo0,

where W = ww'! is a new optimization variable matrix. Auxiliary optimization vari-

ables ; and 6 are introduced to simplify the analysis of the solution in the following.
It can be observed that the non-convexity of the transformed problem arises from the

2 We note that the range of Tis 0 < T < Tmax, Where Tyax can be found by solving (13) with the
right-hand side of constraint C4 set as zero.
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log-det function in C4 and the combinatorial rank constraint C7. To circumvent the
non-convexity, we first introduce the following proposition to handle constraint C4.
Then, we handle the rank constraint C7 by recasting the considered problem as a con-
vex optimization problem via SDP relaxation.

Proposition 1. For T > 0, the following implication holds for constraint C4:
C4 = C4: G'WG; < agrQ; , Vj, (14)

where agg = 27 — 1 is an auxiliary constant and C4 is an linear matrix inequality (LMI)
constraint. We note that constraints C4 and C4 are equivalent, i.e., C4 < C4, when
Rank(W) < 1.

Proof. Please refer to Appendix 6.1 for the proof. O

Now, we apply Proposition 1 to Problem 3 by replacing constraint C4 with constraint
C4. Then, we adopt SDP relaxation [47] by removing constraint C7 which yields

Problem 4. Semidefinite relaxation of Problem 3

maximize log, (1 + i) -T (15)
WEEHNT,W,ﬂj,(S O‘g
subjectto Cl: Tr(W) + Tr(Wg) < Pmax »
M; :
C2: 4 > P (1 - Q) + M;Q;, Vi,
1+ eXp( - a;(Bj - bi))
C3: Wg=>0,

C4: G]'WG; < agrG}'W:G; , Vj,
C5: & < Tr(HW),

C6: By <Tr((W+WpG;G!'), vj
C7: R <1,

C8: Wxo0.

As aresult, the relaxed problem becomes a standard convex optimization problem and
can be solved efficiently by numerical solvers such as CVX [48] via the interior point
method. However, the relaxation may not be tight if Rank(W) > 1 occurs. Therefore,
we reveal the tightness of the adopted SDP relaxation in (11) in the following theorem.
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Theorem 1. Let the optimal beamforming matrix and energy covariance matrix of (15)
be W* and W, respectively. Assuming the considered problem is feasible for Ppax > 0,
then Rank(W*) < 1, Vk, and Rank(Wg) < 1.

Proof. Please refer to Appendix 6.2. O

In other words, (11) can be solved optimally. Hence, information beamforming and
energy beamforming are optimal for the maximization of the secrecy rate, despite the
nonlinearity of the EH circuit.

4 Results

In this section, we evaluate the system performance of the proposed optimal resource
allocation algorithm via simulations. We summarize the relevant simulation param-
eters in Table 1. We assume that the IR and the ERs are located 100 m and 5 m from
the transmitter, respectively. For the nonlinear EH circuits, we set M; = 24 mW, which
corresponds to the maximum harvested power per ER. Besides, we adopt a; = 150
and b; = 0.0014. For the optimal beamforming design, we use 100 equally spaced
intervals for quantizing the range of 7 for facilitating the one-dimensional search. We
solve the optimization problem in (2) and obtain the average system performance by
averaging over different channel realizations. We note that the considered problem
may be infeasible when the QoS requirements are stringent and/or the channels are
in unfavorable conditions. In the simulation, we set the secrecy rate of the correspond-
ing channel realizations to zero to account for the penalty incurred by an infeasible
problem.

Tab. 1: Simulation parameters.

Carrier center frequency 915 MHz
Bandwidth 200 kHz
Transceiver antenna gain 10dBi
Noise power g2 -95dBm

Min. harvested power at each ER PL‘;L”I 3dBm
Transmitter-to-ER fading distribution Rician with Rician factor 3 dB
Transmitter-to-IR fading distribution Rayleigh

In Figure 4, we study the average secrecy rate versus the maximum transmit power
at the transmitter, Pnax, for different numbers of transmit antennas and beamform-
ing schemes. As can be observed, the average secrecy rate increases with Ppax. In-
deed, with more transmit power available, the transmitter is able to increase the sig-
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Performance gain

—©— Optimal scheme, N =12
D‘ Baseline scheme 1, N1 =12

Average secrecy rate (bit/s/Hz)

Baseline scheme 2, NT: 12

—J— Optimal scheme, N1 = 8
Baseline scheme 1, N-|-= 8

Baseline scheme 2, NT =8

1 1 1 1 1 1 1
24 26 28 30 32 34 36 38
Maximum transmit power, P, (dBm)

Fig. 4: Average secrecy rate (bit/s/Hz) versus the maximum available transmit power (dBm). There
are Ng = 3 antennas equipped at each ER. The double sided arrows represent the performance gains
due to the proposed optimization.

nal strength of the information signal. Besides, a higher power can also be allocated
to the energy signal to degrade the channel quality of the ERs for information decod-
ing. On the other hand, it can be seen that the achievable secrecy rate improves with
the number of transmit antennas. In fact, the spatial degrees of freedom offered by ex-
tra transmit antennas facilitate a more flexible beamforming. In particular, the trans-
mitter can steer the energy signal and the information signal towards the ERs more
accurately to improve the efficiency of WPT. For comparison, we also show the perfor-
mance of two baseline schemes. For baseline scheme 1, the beamforming is designed
for the nonlinear EH model in (6). However, the power of the energy signal is set to
zero and we solve the corresponding beamforming design problem in (15). For base-
line 2, the existing linear EH model with n; = 1, cf. (5), is adopted for beamforming
design. Based on the linear EH model and assuming that at most half of the power is
allocated to the information signal, we optimize w and Wg to maximize the secrecy
rate subject to the constraints in (11). It can be observed that the proposed optimal
algorithm designed for the nonlinear energy harvesting model provides a substantial
performance gain compared to the two baseline schemes. In particular, baseline 1 ob-
tains the worst system performance among all the schemes. In fact, transmitting an
energy signal is necessary for achieving a high secrecy rate in SWIPT. On the other
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Fig. 5: Average system secrecy rate (bit/s/Hz) versus the number of ERs. There are Nt = 8 antennas
equipped at the transmitter.

hand, although baseline scheme 2 also employs an energy signal, it may suffer from
severe mismatches in resource allocation since it does not account for the nonlinear
nature of the energy harvesting circuits.

Figure 5 shows the average secrecy rate versus the number of ERs for different
beamforming schemes and different numbers of receive antennas equipped at each
ER. The maximum transmit power at the transmitter is Ppax = 33 dBm. It can be ob-
served that the average system secrecy rate, i.e., Rsec, iS @ non-increasing function
with respect to the number of ERs for the following two reasons. First, the minimum
required harvested power constraint in C2 becomes more stringent when more ERs
are in the system. In particular, the transmitter is forced to focus some of the energy
of the information signal towards the ERs in order to satisfy the constraints. Second,
there are more potential eavesdroppers present in the system resulting in a higher
potential for information leakage. Thus, a higher amount of transmit power has to
be allocated to the energy signal for interfering the ERs to guarantee communication
secrecy. Hence, less power can be allocated to the desired signal. Also, it can be ob-
served that the average secrecy rate decreases with the number of antennas equipped
ateach ER, Ng. In fact, the signal reception capability of the ERs improves with Ng. On
the one hand, the ERs can harvest the wireless energy more efficiently, which makes
constraint C2 less stringent. However, on the other hand, it also makes the considered
system more vulnerable to eavesdropping. Therefore, there is a non-trivial tradeoff
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between the secrecy rate and the number of receive antennas equipped at ERs in the
considered system. We also compare the performance of the proposed optimal beam-
forming scheme with the two baseline schemes. As expected, the optimal scheme out-
performs the baseline schemes. This is because the proposed optimal scheme is able
to fully exploit the available degrees of freedom for efficient beamforming design.

5 Conclusions

In this chapter, beamforming design for secure SWIPT was studied, which is of funda-
mental importance for wireless sensor networks facilitating IoT. The design was for-
mulated as a non-convex optimization problem for the maximization of the secrecy
rate of the IR. The problem formulation took into account a minimum required power
transfer to practical nonlinear ERs. The optimization problem was solved by a one-
dimensional search and SDP relaxation. Numerical results showed the potential gains
in secrecy rate enabled by the proposed optimization.

Acknowledgment: This work was supported in part by the AvH Professorship Pro-
gram of the Alexander von Humboldt Foundation. D. W. K. Ng is supported under
the Australian Research Council’s Discovery Early Career Researcher Award funding
scheme (project number DE170100137).

6 Appendix

6.1 Proof of proposition 1

We start the proof by rewriting constraint C4 as

C4: log, det(ly, + Q;'G'WG;) < 7 (16)
= det(ly, + Q; "/’ GI'WG;Q; /%) < 1+ ag . 17

Then, we propose a lower bound on the left-hand side of (17) by introducing the fol-
lowing lemma.

Lemma 1. For any square matrix A > 0, we have the following inequality [49]:
detdI+A)>1+Tr(A), (18)

where the equality holds if and only if Rank(A) < 1.
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Exploiting Lemma 1, the left-hand side of (17) is bounded below by
det(y, +Q; *GI'WG;qQ; /?)
> 1+Tr(Q;*Gl'WG;Q; %) . (19)

Subsequently, by combining Equations (16), (17) and (19), we have the following im-
plications:

(16) = (17)
= Tr(Q; *GIWG;Q; /) < ax (20a)
= Anax(Q;?GIWG;Q; %) < ax (20b)
= Q'’GI'WG;Q; " < agly, (200)
— G}'WG; < agrQ; . (20d)

We note that Equations (16) and (20d) are equivalent, i.e., C4 ¢« C4, when
Rank(W) < 1. O

6.2 Proof of theorem 1

We follow a similar approach as in [47] to prove Theorem 1. We note that Problem 4
is jointly convex with respect to the optimization variables. Besides, it can be verified
that the problem satisfies Slater’s constraint qualification and thus has zero duality
gap. Therefore, to reveal the structure of W and Wg, we consider the Lagrangian of
Problem 4, which is given by:

L = ~A( Tr(W) + T{(W) — Prmay ) — (8 — Tr(HW)) 1)

i(.Bi -Tr ((W + WE)G,’G}{)) + Tr(WY)

J

- Z 0
j=1

! H
+ ]; Tr (G]. (aerWE — W)G,Dcai) +Tr(WgZ) + A,
whereA > 0,Z > 0, DE,- >0,vjefl,...,J},i>0,6; >0,and Y > Oare the dual vari-
ables for constraints C1, C3, C4, C5, C6, and C8, respectively. Besides, A is a collection
of variables and constants that are not relevant to the proof. For notational conve-
nience, we denote the optimal primal and dual variables of the SDP relaxed version
in (13) by the corresponding variables with an asterisk superscript in the following.
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Now, we focus on those Karush—Kuhn-Tucker (KKT) conditions, which are needed for
the proof:

Y',Z°,DL >0, A", y*,0;>0, (22a)
C4; j
Y'W* =0, Z'W;=0, (22b)
Y ="y, -E, (22¢)
J J
E=yH+) 6;GG]'- ) GD G (22d)
j=1 j=1 !
! H 4 H
Z =y, - 29]. G;G}' - Z;GjDC_A’_G]. QR - (22e)
J= J=

From (22b), we know that the columns of W* lie in the null space of Y*. In order to re-
veal the rank of W*, we investigate the structure of Y*. First, it can be shown that
A* > 0, since constraint C1 is active for the optimal solution. Then, we show that
Rank(W) < 1 in the following two cases. For the first case, if E is a negative definite
matrix, then from (22c), Y* becomes a full-rank and positive definite matrix. By (22b),
W* is forced to be the zero matrix with Rank(W*) = 0. For the second case, we focus
on E > 0. Since matrix Y* = A*Iy, — E is positive semidefinite, the following inequality
holds:

A" =g >0, 23)

where AZ%* is the maximum eigenvalue of matrix Z. From (22c), if A* > Ag®*, matrix Y*
will become a positive definite matrix with full rank. This will again yield the zero
solution, W* = 0, with Rank(W*) = 0. On the other hand, if A* = A%, then, in
order to have a bounded optimal dual solution, it follows that the null space of Y* is
spanned by vector Uz max € €M1 which is the unit-norm eigenvector of E associated
with eigenvalue AZ®*. As a result, the optimal beamforming matrix W* has to be a
rank-one matrix and is given by

W* = vug maxul (24)

,max ?

where v is a parameter such that the power consumption satisfies constraint C1.

On the other hand, for revealing the structure of Z*, we focus on (22e). Define an
auxiliary variable matrix B = Z][=1 0; GjG]?I + Z][ﬂ GJ‘D@ G}{aER > 0 and the correspond-
ing maximum eigenvalue as Ag®*. Since Z* > 0, we have A* > Ag®* > 0. If 1* = Ag**,
then Rank(Z*) = Nt - 1 and Rank(W5) = 1. If A* > Ag®, then Rank(Z*) = Nr and
Rank(Wg) = 0. Therefore, Rank(Wg) < 1, and at most one energy beam is required to
achieve optimality. O
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Radio frequency power transfer for wireless
sensors in indoor applications

Abstract: Radio frequency (RF) energy transmission and harvesting techniques have
recently become interesting alternative methods to support the new generation of
wireless sensor network (WSN). This developing technology enables proactive energy
replenishment for wireless control and monitoring applications. With RF power trans-
fer long distances can be overbridged. It is possible to harvest energy from ambient
RF energy sources and to convert it into usable electrical form. This chapter presents
an investigation of the feasibility of the use of RF energy transfer to overcome the lack
of different power sources.

Keywords: Radio frequency energy transmission, RF-DC converter, rectifier, power ef-
ficiency, voltage multiplier, Villard topology, Dickson topology

1 Introduction

Listen and control systems with a wireless access point build the main foundation
for the improvement of wireless sensor node (WSN) architectures. In addition to the
energy management system optimization, WSN needs to increase life cycle duration
of the battery and reduce the maintenance intervals [1]. Limited energy supply and
subsequent battery replacement are common issues, especially in industrial plants.
One solution is energy harvesting, where the ambient energy is converted into usable
direct current (DC) form to charge WSN batteries or to run free battery sensors [2].
The main function of energy management is to provide the available energy to the
operating node and reduce conversion losses. Using energy harvesting enables en-
ergy autonomy. [3]. In some applications, energy harvesting is not able to provide a
reliable and efficient energy supply because of the lack of ambient energy such as
solar, wind and vibration [4]. To overcome the lack of different energy sources, RF
power transmission helps to transfer energy for relatively long distances. In addi-
tion, energy harvesting from available RF sources, operating at different frequency
bands, enables the supply of low-power systems. RF energy transfer techniques have
recently become interesting alternative methods to power the next generation of wire-
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less networks. This chapter investigates the feasibility of recharging WSNs by RF
power transmission and harvesting energy from RF ambient sources.

2 RF to DC conversion and storage

RF energy harvesting from dedicated transmitters or from ambient RF sources presents
an effective alternative to supply WSNs. Demands of low power consumption WSN
maintains the ability to use RF power transfer for microwatt power levels. RF energy
harvesting allows the handover of the necessary power to the interrogated WSN lo-
cated far from the transmitter base station. As presented in Figure 1, the transmitted
RF energy is collected by a receiver antenna. The rectifier transforms the RF wave to
a DC power useful for charging typical storage elements for low power or running
battery-free devices. The main goal of an RF harvester is to load high overall power
conversion efficiency. This can be attributed to the interface optimization between the
antenna and the rectifier circuit (rectenna). The passive RF harvester needs a good
reactive matching circuit, in order to minimize signal reflections and losses [5].

Fig. 1: System architecture of a WSN supplied by RF energy.

Multiple factors can influence the received power Py, such as the RF source density,
the distance between transmitter and receiver antennas, antennas performances and
the operating frequency [6]. The radiated power on the receiver antenna placed at a
distance d from the transmitter antenna can be expressed by Friis’ theorem defined in

equation (1) [7]:
¢ 2 1\" —-aR

Po=p6i6(7o2) () 0
where P; is the transmitted power, G; and G, are, respectively, the gains of receiver
and transmitter antennas, c is the speed of light and f is the RF signal frequency; a
is the effective decay coefficient in air and is equal to 0.001; n denotes the path loss
exponent and is equal to 2 in free space. As shown in Figure 2, P; depends on multi-
ple factors, such as the transmitted power by the RF source, the performance of the
receiver and the transmitter antennas, the operating frequency and the distance be-
tween the transmitter and the receiver antennas [8].
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Fig. 2: Far-field RF power transmission for free space propagation.

The path loss Py, which is expressed in dB, represents the signal strength losses
for a propagated RF wave in free space along line of sight direct path [9]. It is expressed
in dB and is given by equation (2). Figure 3 shows the effect of the distance on free
space path loss for different frequencies:

P = 10log, <¥) )

The available power at the receiver node is attenuated by 6.02dB path loss for
every doubled distance from the transmitter source. For example, at 915 MHz, the free

space path loss for 2m distance is equal to 37.69 dB, for 4 m distance is equal to 43.71dB
and for 8 m distance is equal to 49.73 dB. It is clear that the path loss increases as much

Fig. 3: Distance and frequency influence on the free space path losses.
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as the distance increases. Thus, the path loss in free space increases from 2 to 4 m and
from 4 to 8 m by 6.02dB when the distance is double.

The power density S defines the distribution of the transmitted power over a free
space propagation. The power density S at the receiving side is calculated from the
effective isotropic radiated power EIRP. The RF signal power density S [11], over the
transmitter antenna surrounding sphere, is given by equation (3). The sphere area of
the antenna radiation is 4md?,

_ PGy EIRP

 4md?  4nd? G)
Many rules specify RF power transmission limits in terms of effective radiated power
ERP or EIRP. ERP and EIRP are defined in linear terms as the product of the antenna

gain and the input power to the antenna. The antenna gain for ERP is relative to a half-

Tab. 1: Frequency ranges of RFID systems [10].

Frequency range Description Transmission power
865.0-865.6 MHz  Ultra-high frequency 100 mW ERP
(UHF) RFID, Europe
listen before talk,
backscatter coupling,
channel spacing: 200 kHz
865.6-867.6 MHz  UHF RFID, 2 W ERP
listen before talk, Europe
backscatter coupling,
channel spacing: 200 kHz
867.6-868 MHz UHF SRD, 500 mW ERP
backscatter coupling, Europe
channel spacing: 200 kHz
902-928 MHz UHF SRD, 4'W EIRP
backscatter coupling spread spectrum,
USA/Canada
2.400-2.483 GHz  Super-high frequency (SHF), 4W
backscatter coupling spread spectrum,
USA/Canada
2.446-2.454GHz  SHF RFID <0.5W EIRP

automatic vehicle
identification

outdoor Europe

2.446-2.454GHz  less then 15% duty cycle, >500 mW
FHSS techniques, 4W EIRP
should be used indoor Europe
5.725-5.875GHz  SHF, 4W
backscatter coupling USA/Canada,
500 mW
Europe
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wave dipole antenna, whereas the EIRP is expressed relative to the isotropic antenna
gain. ERP is related mathematically to EIRP as expressed in equation (4),

ERP = EIRP - 2.15dB (4)

Since special regulations exist for RF power transmission, it makes sense to use the
free license frequency bands or industrial, scientific and medical bands (ISM). They
should be classified as either non-specific short-range devices (SRD), wideband data
transmission systems or radio frequency identification (RFID) applications [11, 12]. For
example, the 867.6-868 MHz band is one of the RFID frequency ranges used in ultra-
high frequency SRD applications. For this band, it is allowed to transfer until 500 mW
ERP in Europe with 200 kHz of coupling channel spacing. Table 1 shows the standard
RF ranges used for RFID and the maximum transmission power.

A lot of calculations and analyses are required to study the efficiency and perfor-
mance of the RF power transmission. After this approximate study, it is necessary to
note that with increase of the frequency, the received power decreases and, thus, the
yield power decreases.

3 Reflection coefficient and matching circuit

RF power transfer requires sophisticated circuits for conversion and storage of the
available RF ambient energy on the receiver side [4]. This can be reached by the inter-
face optimization between the antenna, and typical RF-DC rectifier circuit. The main
aim is to reach a high overall efficiency by minimizing discontinuities and signal re-
flections [5]. The reflection coefficient is defined by the scattering parameter S;; and
can be used to evaluate the reflected power from the rectifier to the receiver antenna.
When the antenna is coupled to the rectifier circuit, as shown in Figure 4, S1; is given
by equation (5) [13]. Zantenna and Zyectifier are the internal impedances of the receiver

antenna and the rectifier,
Siy = Zrectifier — Zantenna (5)

- Zxectifier + Zantenna
where S;; is a complex quantity. It also determines the return loss L; expressed in dB
and given by equation (6):
Ly =-201log(|S111) (6)

The return loss is a metric of the reflected power, which is not transmitted to the
rectifier and, therefore, returned to the antenna. For that, a reactive matching circuit
connects the antenna to the rectifier circuit under optimized operating conditions [6].
The matching network ensures the transfer of the maximum captured power by the
receiver antenna to the rectifier and reduces the reflected power at the operating fre-
quency. It is formed by different connection configurations of inductors and capaci-
tors [14].
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Fig. 4: Return loss and impedance transformation
network.

4 RF-DC rectifier circuits for RF power transfer

For RF power transfer applications, the main task to be fulfilled after the RF to DC
conversion, is to maximize the amount of DC power and to reduce the power losses
caused by the rectifier circuit. Many literature references show that when the inci-
dent RF power is low, the rectifier circuit efficiency is also low. So, it is recommended
to improve the rectifier circuit for low RF incident power [15]. Power conversion effi-
ciency (PCE) or RF to DC conversion efficiency, is an important rectification metric for
RF power transfer [16] and is given by equation (7):

DC output power

PCE =
incident RF power — reflected power

@)

Many RF-DC rectifier structures, suitable for RF power transfer, are mentioned in the
state of the art [17-21]. The basic element for an RF-DC rectifier circuit is the Schottky
diode, which is characterized by a low drop voltage and a high operating frequency.

4.1 Schottky diode

A Schottky diode is based on a contact between a metal and a semiconductor, which
is doped n or p. The use of the metal with the doped semiconductor increases the
switching frequency. Electrons flow across the metal and the semiconductor junction.
The potential difference created between the semiconductor and the metal, defines the
zero bias Schottky barrier. Schottky diodes are generally used for small signal detector
applications because of their low turn on voltage [22].

Schottky diodes are modeled according to the non-linear property of the curve
behavior Ip(Vp), shown in Figure 5 [18]; Ip denotes the diode current and Vp denotes
the diode forward voltage. The Ip(Vp) characteristic of a Schottky diode defines three
main regions. The Schottky diode conducts in the reverse condition for an input volt-
age V less than the reverse breakdown voltage V},y,. Between the reverse breakdown
voltage Vv and the turn on threshold voltage Vy, the Schottky diode is blocked, and
a low level leakage current flows across the diode. For an input voltage V higher than
the turn on threshold voltage Vy, the Schottky diode is supposed to forward current
that is proportional to the voltage.
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Fig. 5: A typical Schottky diode current voltage characteristic [23].

Fig. 6: Input power, reverse breakdown voltage V, and turn on threshold voltage Vy influences on
the Schottky diode power conversion efficiency [24].

Figure 6 presents the influence of the input power, the reverse breakdown voltage
Viy and the turn on threshold voltage Vy on the Schottky diode power conversion ef-
ficiency PCE. For a low input power, the turn on voltage Vy limits the Schottky diode
PCE. This limitation is caused by the non-sufficient incident power to overcome the
barrier Vy. The Schottky diode PCE increases as the input power increases, until a re-
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striction level generated by the higher-order harmonics. The higher-order harmonics
is caused by the diode non-linearity. The diode PCE gradually decreases when the volt-
age across the Schottky diode surpasses the half reverse breakdown voltage Vyy [24].
The reverse breakdown influence becomes leading when the input power is higher
than a critical power level P., which is expressed in equation (8). Riaq denotes the
DC resistance connected to the Schottky diode. At the end, when the input power in-
creases, the Schottky diode provides a constant DC output power and, therefore, the
diode PCE decreases. The optimal Schottky diode PCE is related to the turn on the
threshold voltage Vy, the high-order harmonics and the reverse breakdown Vyy,

2
va

P. =
¢ 4Ry0ad

(8)

Figure 7 illustrates the non-linear model for a Schottky diode. A packaged Schot-
tky diode is modeled as a non-linear junction resistance R; in parallel with a non-
linear junction capacitance Cj; Rs is the bulk resistance, Ls and Cp are, respectively,
the packaging inductance and capacitance [25]. The non-linear current characteristic
is defined by the Richardson expression [26—29] in equation (9),

I=1Ig [exp(q—Vi> -1

noKT
Is denotes the reverse saturation current of the Schottky diode; Vj is the voltage losses
of the Schottky diode rectifying junction; K is the Boltzmann constant; T denotes the
temperature and g is the electron charge; no denotes the ideality factor of a Schottky

diode. Schottky diodes are mostly used in common rectifier topologies for RF energy
harvesting.

9)

Fig. 7: Equivalent model of the Schottky diode [25].

4.2 Topologies for RF to DC rectifiers

A rectenna, based on one Schottky diode connected to the receiver antenna, reaches
higher efficiency. However, the output DC voltage achieved is not enough to drive the
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WSN or to charge its battery [30-32]. For RF energy transfer, charge pump topologies
are used most. Charge pumps topologies not only convert the RF wave to DC voltage,
but also boost the output voltage. The following sections present an overview on typ-
ical used rectifier topologies.

4.2.1 Single Schottky diode half-wave rectifier

The half-wave rectifier circuit for RF energy harvesting is based on one single Schot-
tky diode. It rectifies the RF wave from the positive half cycle and blocks the negative
one. A smoothing capacitance C; is connected in series to the diode in order to fil-
ter the output voltage across the resistive load Ryoaq. Generally, the half-wave rectifier
circuit produces low voltage and high conversion efficiency [30]. Figure 8 presents the
topology of a half-wave rectifier circuit for RF energy harvesting [31-33].

Fig. 8: Half-wave rectifier circuit for RF energy
harvesting.

4.2.2 Single-shunt rectifier circuit

As presented in Figure 9, a single-shunt rectifier circuit is a simple topology of a
Schottky diode followed by a quarter-wave transformer. The rectifier output voltage
is filtered by the capacitance C;. The single-shunt rectifier circuit reaches high ef-
ficiency [31, 34, 35]. It is characterized by low parasitic series losses. Moreover, the
use of a quarter-wave transformer reduces the reflected wave and improves the con-
verted power. In general, the output voltage of single-shunt rectifier circuits is low.
Nevertheless, other topologies are used to boost the output voltage.

Fig. 9: Single shunt-rectifier circuit.
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4.2.3 Voltage multiplier circuit

The voltage multiplier structure is a full-wave RF to DC rectifier circuit. Two configu-
rations are arranged in a cascade using Schottky diodes to provide a passive voltage
offset before rectification [36]. The conventional voltage multiplier rectifier forms a
peak rectified by D, and C,, while a voltage clamp is formed by C; and D;.

Figure 10 shows the voltage multiplier circuit. The circuit can be also called a
voltage doubler. The RF input signal is rectified during the positive phase. The stored
charge on the input capacitor C; during the negative phase is transmitted to the out-
put capacitor C, during the live phase of the RF input signal. Thus, the voltage on C,
is roughly two times the peak voltages of the RF source minus two times the turn on
voltage of the diodes [37].

Fig. 10: One-stage voltage multiplier circuit.

4.2.4 Multiple-stage voltage multiplier circuit

The one-stage voltage multiplier can be extended to n stages in cascade to achieve
a higher DC output voltage level. Succeeding stages in cascade provides more volt-
age than using only one stage. The rectifier output voltage V, is expressed by equa-
tion (10), where Vj is the one-stage open-circuit voltage, Ry denotes the internal re-
sistance of the circuit and Ry 44 is a resistance load,

nVoRioad

Vout = ———5—
nRo + Ryoad

(10)

In Villard topology, stages are connected in series and behave similarly to many bat-
teries in cascade. The output voltage of Villard topology is multiplied by the number of
stages. Figure 11 illustrates a two-stage Villard voltage multiplier circuit. Each Villard
stage acts as a passive voltage booster and provides a DC offset voltage for the next
stage.

The number of stages used in the rectifier has a major influence on the output volt-
age circuit. One rectifier stage may yield to an unused output voltage, and too many
Villard stages increase the series’ reactive impedance and reduce the PCE of the circuit.
Practical constraints limit the optimal number of stages due to the parasitic capaci-
tance effect of each stage. To overcome these problems, Dickson proposed the circuit
presented in Figure 12 [38]. It is characterized by an effective voltage multiplication
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Fig. 11: Two-stage Villard voltage multiplier circuit.

Fig. 12: Two-stage Dickson voltage multiplier circuit.

with relatively low parasitic effects [39]. Diode nodes in Dickson topology are coupled
via parallel capacitors, which reduces the parasitic capacitance of the circuit. A com-
parison between the two architecture topologies was made in [40]. For low voltages,
the two topologies offer similar performances.

Figure 13 illustrates a modified Greinacher charge pump topology for a multi-stage
voltage multiplier circuit. The architecture of the modified Greinacher circuit is a sym-
metric, which limits the reflected harmonic. Furthermore, the circuit is based on par-
allel capacitors to reduce the input impedance of the circuit and losses [41, 42].

During the positive wave, the couples (C;, D) forward the voltage up to the rec-
tifier elements (C,, D,), which rectify the half-wave to DC voltage. The capacitor C3
charges through Ds. During the negative wave, the couples (C3, D3) forward the volt-
age up to the rectifier elements (C4, D4), which rectify the half-wave to DC voltage.
The capacitor C; charges through D;. When the circuit reaches the equilibrium state,
it provides a constant output power that is useful for the load.
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Fig. 13: Modified Greinacher rectifier.

4.3 RF to DC rectifier based on a diode-connected CMOS transistor

Another rectifier element that can be used for an RF to DC conversion, is the diode
connected transistor. It offers a solution to reduce the threshold voltage based on
a standard complementary metal oxide semiconductor (CMOS) process. The diode-
connected CMOS transistor offers a solution for Schottky diode limitations by imple-
menting integrated circuit (IC) rectifiers. The high costs and the complex processing
are the main disadvantages of the RF to DC rectifier circuit based on a diode-connected
CMOS transistor. As presented in Figure 14, the diode behavior can be achieved by con-
necting a P-type (PMOS) or a N-type (NMOS) transistor drain and gate together, which
maintains the saturation of the transistor in the forward bias condition [43].

When Vs, the potential between the transistor gate and source is lower than the
transistor’s threshold voltage V,; the transistor is blocked and a low leakage current
flows through the transistor. When Vg is higher than V,, a current flows through the
diode-connected transistor from the drain to the source terminal.

Fig. 14: Diode-connected (@) NMOS transistor and
(b) PMOS transistor.
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Fig. 15: Half-wave rectifier circuit based on a diode-
connected PMOS.

Fig. 16: Voltage multiplier circuit based on a diode-connected PMOS.

During the forward bias, the transistor losses are caused by its internal on-
resistance, whereas the losses are mainly generated by the leakage current over the
reverse-bias process [44].

For a typical process of CMOS transistor design, the PMOS transistor is named for
its lower threshold voltage compared to the NMOS transistor [45]. Therefore, the diode-
connected PMOS is frequently used for low-power consumption circuit and RF wave-
rectifying applications [45]. Figure 15 presents a design for half-wave rectifier based on
a diode-connected PMOS transistor. Figure 16 presents the voltage multiplier circuit
design based on a diode-connected PMOS transistor [46].

The diode-connected CMOS transistor generates a voltage drop caused by the tran-
sistor threshold voltage V. Many solutions and techniques have been developed to
reduce the transistor drop voltage. One solution is the PMOS floating gate drop volt-
age compensation of Figure 17 [47]. The idea of this technique consists of connecting

Fig. 17: Voltage multiplier circuit based on a diode-connected floating gate PMOS.
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the transistor drain and gate terminals via a capacitor. First, the capacitor charges
until a voltage level closed to Vy, is achieved. The charged capacitor represents a se-
ries voltage source, which limits the drop voltage generated by the diode-connected
PMOS transistor. The use of capacitance can produce losses due to the leakage current.
The evolution of the technology used and the IC design process has encouraged many
research groups to investigate and propose solutions for CMOS transistor threshold
cancellation and reduce losses [17, 44, 48-50].

5 Conclusion

With RF energy transfer, it is possible to provide an output power in the level of some
microwatts useful to supply low-power WSN. The main challenge of RF energy transfer
is the low level of the received power and the RF-DC power conversion efficiency. In
this chapter, we reported on methods to improve the efficiency at the receiver side. In
order to be able to convert RF energy even from low-density ambient RF sources, it is
necessary to optimize the system design. An overview on the RF energy transfer and its
important metrics is presented in this chapter. The structure of the RF-DC conversion
and storage is detailed. Different rectifier topologies for a low-input power to improve
the voltage multiplication are discussed. The techniques proposed for enhancing the
PCE and minimizing the rectifying losses are detailed.
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Mohammad Haerinia
Modeling and simulation of inductive-based
wireless power transmission systems

Abstract: This chapter studies an inductive-based wireless power transfer system for
low-power applications at short distances. The transferring power system has been
modeled, simulated and analyzed via finite element method. A wireless power trans-
fer system includes important parts such as coil, core and driver. In this chapter, the
important parts of an inductive power transfer system have been analyzed. Receiving
and transmitting printed spiral coils are designed in an optimized procedure. The ex-
perimental results were in a good agreement with the simulation results. Moreover,
based on the performed modulation and simulation the use of the pot core as the re-
ceiving core is proposed. It is concluded that this type of core can improve magnetic
flux density in the receiving side. Different geometries of coils for transmitting side
have been modeled and simulated. An electromagnetic analysis has been done; the
experimental result was in a good agreement with the simulation result. This work
presents an efficient perspective to coil design.

Keywords: Inductive power transfer, finite element method, modeled, simulated, ex-
perimental result

1 Introduction

Wireless power transfer systems have attracted great attention recently [1]. Power
transfer has been electrified for environmental, energy-related and other reasons for
many years [2]. There are several schemes for wireless power transmission as induc-
tive, capacitive, laser, microwave, lighting applications, etc. Induction power transfer
(IPT) is the most popular and has been widely studied in the last decades [3, 4]. Induc-
tive power transfer is the wireless transformation of electrical power over distances.
Some applications of wireless power transfer include wireless charging and powering
implanted electronic devices, medical devices, mobile electronics, implantable med-
ical devices and powered radio way electric vehicles [5-8]. Inductive power transfer
(IPT) systems have been widely used over the past decade for transmitting tens to
hundreds of watts [9]. This technology has proved to be essential [10]. This method
has been known as a technique for delivering small amounts of energy to remote de-
vices, however, there are other power transfer methods including infrared and radio
frequency (RF) methods, which all have their own limitations. The restriction regard-

Mohammad Haerinia, College of Engineering and Mines, University of North Dakota, Grand Forks,
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ing infrared technology is requiring a direct line of sight between the receiver and
the transmitter, and RF technology has a low power limitation. A safe and wireless
method for transferring energy is inductive coupling [11, 12]. The main drawbacks of
IPT systems include the difficult mechanical coupling process between the primary
and the secondary side, and also the fact that the air gap is less than 60 mm, and its
typical high power density [13]. Another disadvantage of this technology is the fact
that the transmitter and receiver need to be aligned [14]. The advantages of inductive-
based wireless power transfer are its safety and high efficiency at short distances.
According to the features and drawbacks of other technologies, inductive coupling is
preferred for the wireless transformation of power [11].

2 Fundamental principles of the inductive coupling
approach

Figure 1illustrates an inductive coupling-based WPT. This is a near-field transmission
technique. The transmitting side generates an alternating magnetic field that leads to
inducing a voltage across the receiving side. Power transmission efficiency is higher
when the transmitter (Tx) and the receiver (Rx) are nearby and aligned.

Fig. 1: Near-field transmission technique.

Inductive power transfer depends on a number of parameters, such as the distance
between the coils, frequency, current excitation and the geometry of the coils [15]. The
basis of inductive coupling includes the use of the fundamental laws of physics. The
calculation of the magnetic field, generated by current distribution throughout the
coils, can be completed by using Biot-Savart’s law [14],

_ Mo Id, xr
B‘zm(f) I3 W

where p is the permeability of free space, I is the current in the transmitter coil, d; is
the length of the differential element of the wire and r is the full displacement vector
from the wire element.
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By assuming a homogeneous flux density distribution in the air gap and neglect-
ing fringing flux, the air gap reluctance can be calculated as:

lg
Rg = HoAy 2
where I, Ag and g are the air gap length, air gap cross-section and the permeability
of free space, respectively. The relation (2) is only accurate when the distance between
the coils is very small compared to the dimension of the air gap cross-section [16].
The loss of a ferrite core is a function of three components: temperature T, fre-
quency f and flux density B. This loss is dependent on the ferrite material and core
shape. The temperature dependence may be approximated by means of a third-order
polynomial, as below approximation applies for the frequency dependence,

PH~f(1+a) O<a<i B3)
Below approximation applies for the flux density dependence,
P(B)~B((2+b)) O<b<1 (4)

Core shape and the type of material influence the coefficients a and b. Also, the coeffi-
cients of the defined quantity and the relevant parameter have a mutual dependence
on another [17].

The induced voltage over the receiver coil can be computed by using Faraday’s
law [14]. The relation can be written as:

0
Vig = -2 )
Ind atéB ds 5)

An inductive power transfer system is comparable to that of a transformer [18]. An
alternating current in a transmitting coil generates a varying magnetic field that in-
duces a voltage across the terminals of a receiving coil. Power transmission efficiency
is higher when the transmitter coil and the receiver coil are close and aligned. In-
ductive coupling is a popular and widely utilized technology, with numerous appli-
cations, ranging from everything to electric toothbrushes, cell charging and medical
implants [19].
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3 Modeling and simulation of inductive power
transfer (IPT) systems

3.1 Resonant inductive coupling as a potential means for WPT to
printed spiral coils

This section proposes an inductive coupled wireless power transfer system in order
to analyze the relationship between the induced voltage and the distance of resonat-
ing inductance in printed circuit spiral coils. The resonant frequency produced by the
circuit model of the proposed receiving and transmitting coils is analyzed by simu-
lation and laboratory experiments. The outcome of the two results is compared to
verify the validity of the proposed inductive coupling system. Experimental measure-
ments are consistent with simulations over a range of frequencies spanning the res-
onance. By optimizing the coil design, the quality factor can be improved [6, 20]. In
this work, we design the shape of a spiral coil presented in [6] so that it is efficient for
transferring high powers. The approximate expressions for the inductance of circular
planar inductors have been obtained using accurate expressions for planar spiral in-
ductances, which were partially verified by approximately 60 measurements reported
in [21]. By analyzing the mathematical expression regarding determining the circuit
capacitors and inductors, the resonant coupling in [22] was obtained. The inductively
coupled system was obtained by modifying this procedure for our aims, and it was
verified with simulation results. The proposed diameters for the coils are 45.2 mm and
36.4mm, and the air gap is considered to vary from 5mm to 15mm. The experimen-
tal results were compared with simulations, and the design procedure was verified.
This work provides the fundamental concept of resonant near-field power transmis-
sion and the relation of induced electromotive force and the air gap along the trans-
ceiver.

3.1.1 Design procedure of spiral coils

The proposed coil shown in Figure 2 was optimized by evolving the shape of the spiral
coils. In this section, the design of the spiral coil is described, and coil specifications
for the effective permeability are presented [23]. The variables that parameterize the
shape of the coil are the wire thickness (t), inner diameter (dj, ), outer diameter (doyt),
number of turns (N) and the space between turns (s). Transmitting and receiving coil
specifications can be seen in Table 1.
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Fig. 2: Printed spiral coil.

Tab. 1: Specifications of transmitter and receiver.

Parameter Transmitter Receiver
Inner diameter (di,) (mm) 10 10
Outer diameter (doyt) (mm)  45.2 36.4
Number of turns (N) 8 6
Trace width (f) (mm) 0.8 0.8
Spacing (s) (mm) 1.4 1.4

Several equations have been proposed for approximating L [20]. To design the
method mentioned, we adopted equation (6) from [21],

2d
[ = Kol dav [ln<2'46) + 0.20y2] 6)
2 y
dout - din
- Zout” Fin @
dout + din

where n is the number of turns, and dy,: and dj, are the outer and inner diameters
of the coil, respectively; dayg = (dout + din)/2 and y is a parameter defined as fill fac-
tor [20].

3.1.2 Circuit analysis of a resonant coupled system

The operation of an inductive power transfer system can be compared to an air core
transformer. The resonant coupling will boost power transfer efficiency, and then ca-
pacitors, which have been connected to both sides, make a resonant inductive cou-
pling system [18]. The circuit can be classified according to the mode of connection of
the capacitor to the coil: series-series, series-parallel, parallel-series and parallel-par-
allel [18, 24]; here the series-parallel mode is proposed. A simplified schematic of wire-
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Fig. 3: Equivalent circuit of an inductive coupling system.

less power transfer system using Series-Parallel transformation network is illustrated
in Figure 3. This figure is the equivalent circuit of inductive coupling-based wireless
power transfer where resistors Ry and R, are resistive parts of transmitter and receiver.
The resistor Rmeasurement iS considered as the measurement resistance; Cs, Cp, and Ry,
are the capacitance of the transmitter, the capacitance of the receiver and resistive
load, respectively.

In this work, capacitances are chosen such that identical resonant frequency is
yielded. As a result, the simple means in (8) are represented so as to achieve resonant
coupling along both sides [22, 25],

1 1

vLsCs - VLpCp

To express the circuit equations, the following parameters are defined. Component
values are shown in Table 2.

(8)

Wo =

Tab. 2: Design values of proposed coils.

Element Value
Cs (nf) 1.8
Cp (nf) 3.6
Lt (uH) 1.589
Ly (uH) 0.802
Input voltage amplitude (p—p) (V) 19.6
Resistive load R, (Q) 10

3.1.3 Modeling of transceivers for finite element analysis and simulation results

The finite element method is a useful analysis tool that generates a mesh. The differ-
ent types of elements produced by the mesh generator can be converted to another
type. The size of the elements varies from region to region [26]. In this work, the two-
dimensional finite element method (2-D FEM) COMSOL software is employed to sim-
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Fig. 4: Transceiver.

Fig. 5: Simulation results. (@) Magnetic flux density norm of proposed transceiver at 3 MHz (uT);
(b) magnetic field norm of proposed transceiver at 3 MHz (A/m); (c) electric field norm of proposed
transceiver at 3 MHz (V/m); (d) power density of the proposed transceivers, y-component at 3 MHz
(W/cm?).

ulate the system. The geometry of the transceiver and the corresponding windings as
in Figure 4 are used to simulate the various configurations possible.

Figure 5 illustrates a set of simulated results of magnetic flux density, magnetic
field norm, electric field norm and power flow for the proposed model.
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Fig. 6: Assessment of the effect of the air gap on power density. (a) Selected boundary; (b) power
density of the proposed transceiver, y-component at 3 MHz (W/m?).

In this section, a boundary condition has been selected, as Figure 6(a), for assess-
ment of the effect of the air gap on the power density. Figure 6(b) illustrates that the
air gap changes from 5 mm to 25 mm. As the air gap reluctance increases, the power
density decreases. The power density will have different magnitudes on different parts
of the transceiver.

3.1.4 Investigation of experimental measurements

The voltage source to the transceiver is provided by function generator with 3MHz
frequency and 19.6 of V},_;, (AC). To record the exact waveform of an electrical signal,
in this study we used an oscilloscope connected to software on a PC. Figure 7 shows a
photograph of the system implemented.

The voltage waveform on the receiver coil was measured at distances from 5 mm to
15 mm while increasing the distance between the coils. Figure 8(a) represents voltage
waveform on the transmitter coil. Figure 8(b) through 8(d) illustrates a set of mea-

Fig. 7: Experimental setup showing the transmitting and receiving coils.
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Fig. 8: Voltage waveform. (a) On the transmitter coil; (b) on the receiver coil, at a distance of 5 mm;
(c) on the receiver coil, at a distance of 10 mm; (d) on the receiver coil, at a distance of 15 mm.

sured voltage waveforms through the secondary coil changes with distance between
the transceiver. Figure 9 represents measured and simulated results for the case that
the two coils are separated by different distances.

From the figures, it is obvious that the wireless power transmission is higher
when the distance is nearer. This point was demonstrated by drawing the RMS volt-
age through investigated distances, both from experiments and theory as Figure 9(a).

The simulation model demonstrates the experiments. The voltages were sampled
and transferred to MATLAB in order to carry out a curve fitting process. Most of the
measured values closely follow the calculated value from MATLAB.

Figure 9(b) shows measured and simulated results for the case that the two coils
are separated by 5 mm. It is apparent from the operating frequency displayed in Fig-
ure 9(b) that the measured response matches the situational response of the circuit. Fi-
nally, the power transmission efficiency through the proposed distance was analyzed.
The calculation of efficiency can be completed by assuming that the input current and
the input voltage generate active power. The maximum measured efficiency is 38.79%
at a distance of 5 mm. The measured output power is 772.8 mW. The measured power
transmission efficiency for the case that the two coils are separated by (5-15mm) is
shown in Figure 9(c).
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Fig. 9: Experimental results. (a) Root means square (RMS) voltage on secondary coil were mea-
sured and simulated at distances ranging from 5 mm to 15 mm.; (b) comparison of transfer func-
tion |Vout/Vin| calculated experimentally, as well as through simulation, near the resonant peak
(d = 5mm); (c) power transfer efficiency measured at distances ranging from 5 mm to 15 mm while
increasing the distance between the coils.

3.2 Investigation of the receiving pot core effect on the
magnetic flux density in inductive coupling-based wireless
power transfer

An inductive-based wireless power transfer system for low-power applications is
studied in this section. The transferring power system was modeled, simulated and
analyzed via the finite element method. An inductive power transmission (IPT) sys-
tem can consist of a transmission line, mutually coupled coils, tuning capacitors and
cores [27]. This work studies the magnetic flux density of inductive coupling-based
WPT systems with discussions on the effect of the air gap and the shape of the re-
ceiving core. Based on the simulation performed the use of the pot core as a receiving
core is proposed. It is concluded that this type of core can reduce the dependency
of the magnetic flux density on the air gap in the receiving side. The operation of an
IPT system can be compared to an air core transformer. To compensate the leakage,
capacitance was applied to both sides of the transformer. This increases the power
transmission efficiency [18]. The circuit can be classified according to the mode of
connection of the capacitor to the coil: series—series, series—parallel, parallel-series
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and parallel-parallel [18, 24]. In this work, the parallel-parallel mode was proposed.
Inductive power transfer depends on many parameters, such as the distance between
coils, frequency, current excitation, the geometry of the coils [15] and the shape of the
cores for different applicants. A great variety of applications in the field of power elec-
tronics has led to the use of different core shapes and materials. Due to the geometry
of the cores, a magnetic ferrite core, such as a coil, can change the magnetic flux [17].
The shape of the circular core was designed as presented in [12]. The outer diameter of
the cores (210 mm) and the air gap determined for proposed system (10-210 mm) is of
the order of the diameters of the cores. The shape of the pot core was designed in this
research. This work presents the whole process of designing cores and building an
inductive power transfer system with COMSOL Multiphysics 5.1 software in detail. To
determine the flux magnetic density, the magnetic field and the electric field between
sets of coils, we used a finite element method partially based on the magnetic and
electric field tool contained in the software. We expect this work to form a basis for
understanding the effect of the air gap and the behavior of different cores on the flux
magnetic density without using wires through inductive coupling.

3.2.1 Modeling of core for FEM analysis

The finite element method (FEM) was employed in a number of physical problems
where the governing differential equations are obtainable. The fundamental princi-
ple in the physical interpretation of FEM is the subdivision of the mathematical model.
The manner comprises supposing the continuous function for the solution. Then, this
method obtains the parameters of the functions in a manner that reduces the error in
the solution procedure [28]. FEM studies electromagnetic results for misaligned and
aligned transceivers. The two-dimensional FEM (2-D FEM) COMSOL software is em-
ployed to simulate the various possible configurations. In this work, the shape of the
circular core was designed as presented in [12]. The geometry of the transceiver and
the corresponding windings as in Figure 10 were used to simulate the various possible
configurations [29]. Figure 11 shows the equivalent circuit of inductive coupling-based
wireless power transfer, where resistors R and R, are resistive parts of the transmitter
and the receiver; Cp,, Cs and Ry, are the capacitance of the transmitter and the capaci-
tance of the receiver and resistive load, respectively.

The variables that parameterize the shape of the coils and cores are the inner di-
ameter of the coil, the outer diameter of the coil, the diameter of the core, the outer
width of pot core, an outer wall, the coil thickness, the ferrite thickness and the air
gap. Transmitter and receiver specifications can be seen in Table 3.
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Fig. 10: (a) Receiving circular core; (b) receiving pot core.

Fig. 11: Equivalent circuit of inductive coupling-based WPT (parallel-parallel mode).

Tab. 3: Transmitter and receiver specifications.

Variable Value (mm)
Inner diameter of coil (din) 30

Outer diameter of coil (doyt) 160
Diameter of core (D) 210

Outer width of pot core (W) 15

Outer wall (Wp) 4.9

Coil thickness (tcoil) 4.9

Core thickness (tcore) 3.75

Air gap () (10-210)

3.2.2 Simulation results and discussion

Twelve turns of the coil for primary winding and secondary winding are considered,
the air gap is 10 mm; the capacitances were 100 nF and the load resistance 20 Q was
considered. Figures 12 and 13 show a set of simulated results of the magnetic flux den-
sity, the magnetic field norm and the electric field norm for the different shapes of the
receiver cores.
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Fig. 12: Magnetic flux density norm at 100 kHz (T). (a) Circular core receiver — misaligned; (b) circular
core receiver — aligned; (c) pot core receiver — misaligned; (d) pot core receiver — aligned.

Fig. 13: Electromagnetic results. (@) Magnetic field norm of the circular core receiver at 100 kHz
(A/mm); (b) magnetic field norm of the pot core receiver at 100 kHz (A/mm); (c) electric field norm of
the circular core receiver at 100 kHz (V/m); (d) electric field norm of the pot core receiver at 100 kHz
(Vm).

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

210 —— Mohammad Haerinia

Fig. 14: Assessment of the effect of the air gap on the magnetic flux density. (a) Receiver with circu-
lar core; (b) receiver with pot core; (c) magnetic flux density norm of the circular core by changing
the air gap (10-210 mm) at 100 kHz; (d) magnetic flux density norm of the pot core by changing the
air gap (10-210 mm) at 100 kHz.

The magnetic flux density norm for two positions of the receiver core against the
transmitter core was obtained.

In this section, a boundary condition has been selected, as Figure 14(a) and (b),
for assessment of the effect of the air gap on the magnetic flux density.

Due to the shape of the core, the flux density is not equal in all areas. These differ-
ences lead to core losses with various magnitudes on different parts of the core. This
is clearly visible in Figure 13(c) and (d). The type of material used in the core influ-
ences the hysteresis losses [30]. Figure 14(c) and (d) illustrate that § has changed from
10 mm to 210 mm for two types of cores to investigate the effect of air gap on magnetic
flux density. The air gap reluctance will increase, so the magnetic flux density will
decrease.

According to the Figures 12-14, it is obvious that by increasing the distance, the
magnetic flux density has decreased. This reduction is not equal for two types of core.
It is found that the rate of decreasing the magnetic flux density by increasing the air
gap in the selected boundary, is about 48% for the circular core receiver, while for the
pot core receiver it is about 10%. One advantage of the pot core shape is the wide flux
area; this feature of the pot core leads to low magnetic leakage [17].
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3.3 Electromagnetic analysis of different geometries of
transmitting coils for wireless power transmission
applications

An inductive system can include parts like coils, cores and coupling capacitances [27].
The operation of such a system can be compared to an air core transformer [18]. The
transmitting coil, which is excited by means of an alternating current, generates an
electromagnetic field that is dependent on the dimensions of the coil, the drive cur-
rent and the frequency [31]. There is an inductive coupling between the transmitting
and receiving coils [32]. Inductive-based wireless power transmission is dependent
on different parameters, such as the air gap between the transmitter and receiver, the
frequency and the current excitation [15]. The power quality is dependent on the ge-
ometry of coil [33]. Many of the coils are designed based on the classic theories, and
this method does not work for the complex shape of coils [34]. The objective of this
section is to present an obvious understanding of the various geometric forms coils
takes when being used as a transmitters. This objective is achieved by the analysis
and comparison of various coils via electromagnetic results.

This work can provide a useful perspective for designing innovative coils. The dif-
ferent geometries of coils are accessible and reasonable. The diameter of a wire is stan-
dard, as used in [35]. The design process of coils and its dimensions are presented in
detail. 2D-tools of COMSOL Multiphysics 5.1 software were used to simulate the prob-
lems [36]. The magnetic field, electric field, magnetic flux density and current den-
sity are presented and compared. The behavior of various geometries of coils versus
changing frequency is illustrated. The experimental results are added to verify the va-
lidity of simulation results. Inductive power transfer has recently become a common
method for transferring power. As the modern technologies need to become more ef-
ficient and updated, this technology is developing. The power transfer efficiency has
the potential to improve. There are different ways to achieve a desirable efficiency. In
this research, the suitable geometry of a coil for transferring power as a transmitting
coil is examined. Three type of geometries are designed. Frequency analysis at the fre-
quency range (10-50 kHz) is done to investigate the behavior of various geometries.
The magnetic field, electric field, magnetic flux density and current density for var-
ious geometries are presented and compared. Magnetic flux density is measured via
an experimental setup and is compared to a simulated one to verify the validity of the
simulation results.

3.3.1 Modeling of a different geometry of coils for finite element analysis
FEM can be used to solve different physical problems. This method makes differential

equations solvable. This method approaches the problem by reducing errors [28]. FEM
is used in different works for various purposes, such as modeling and parameter iden-
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Fig. 15: Geometry of coils. (a) Helical; (b) conical; (c) circular.

Tab. 4: Design values of the proposed coils.

Parameter Value
Diameter (d) 2 (mm)
Space (S) 5 (mm)
Turns 4

Voltage source (p—p) 20 (V)

tification [37-43]. An acceptable solution from Maxwell’s equations for most practical
cases is neither possible nor accurate. Thus, FEM is often used to calculate physics
quantities [44]. The 2D-tools of COMSOL Multiphysics 5.1 software was used to solve
problems via FEM. In this work, the diameter of a wire is considered as used in [35].
New geometries of coils are designed as presented in [45, 46]. These models are shown
in Figure 15. The design values of the proposed coils are presented in Table 4.

3.3.2 Assessment of simulation and experimental results

For all type of coils, four turns are considered. The coils are connected to a signal
generator as shown in Figure 16.

To analyze the behavior of the coils, a transmitting coil connected to a source is as-
sumed. Figures 17 through 20 illustrate the magnetic field, the electric field, the mag-
netic flux density and the current density at frequency 10 kHz, respectively. In most
models, the effect of high frequency is ignored, although this effect is an important
source of losses [47].
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Fig. 16: Inductive coupling system.

Fig. 17: Magnetic field norm at 10 kHz (A/mm). (a) Helical; (b) conical; (c) circular.

Fig. 18: Electric field norm at 10 kHz (V/m). (a) Helical; (b) conical; (c) circular.

Fig. 19: Magnetic flux density norm at 10 kHz (uT). (@) Helical; (b) conical; (c) circular.

Fig. 20: Current density norm at 10 kHz (mA/mm?). (a) Helical; (b) conical; (c) circular.
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The behavior of the coil changes at high frequencies. Skin and proximity effects
lead to the reduction of coil inductance. Parasitic capacitors are not negligible at high
frequencies [48]. The skin effect leads to an internal magnetic field in a conductive
wire. This internal field pushes electric current to the external surface of the conduc-
tor. There is an expression to calculate skin depth (8) [49]:

1
Vrouf

In the above equation, (o) is medium conductivity and (u) is permeability. The skin
effect is illustrated in Figure 21.

5= 9)

Fig. 21: Skin effect [49].

3.3.3 Verification of simulation results

To verify the validity of simulation results, the magnetic flux density is measured prac-
tically and compared to simulated values. The experimental setup is shown in Fig-
ure 22.

Figure 23 presents the comparison of magnetic flux density norm calculated ex-
perimentally, as well as through simulation. This figure illustrates magnetic flux den-
sity versus changing frequency from 5kHz to 15 kHz.

The error occurs when comparing the experimental results of magnetic flux den-
sity with simulations ones. It increases as the frequency increases, and this is due to
the measuring instrument. Figure 24 shows a comparison of the measured current and
voltage versus changing frequency from 10 kHz to 50 kHz for a different geometry of
coils.

To calculate the current density practically, it is assumed that the electric current
is distributed uniformly within the cross-section. The comparison of the simulation
via calculated values is presented in Table 5.
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Fig. 22: Experimental setup.

Fig. 23: Comparison of magnetic flux density calculated experimentally, as well as through
simulation.

Tab. 5: Comparison of simulation via calculated values.

Current density (J)
Type Maximum point-simulation (m'“—nf‘z) at 10kHz  Uniform-measured (mr”—n’l*z) at 10 kHz
Helical 108 103.95
Conical 107 105.61
Circular 108 105.73

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

216 —— Mohammad Haerinia

Fig. 24: Comparison of measured voltage and current.

About 3% error occurs at frequency 10 kHz when the experimental results of cur-
rent density are compared with the simulations. The design of inductive power trans-
fer systems is based on an accurate understanding of the spatial distribution of the
magnetic field produced by a certain coil geometry [44].

Magnetic and electric fields have been compared to evaluate the stored magnetic
and electric energies produced by the coils. Assuming an equal volume around each
coil, the one with higher magnetic and electric fields has the larger magnetic and elec-
tric energies [50]. According to the values presented in Table 6, the stored electric en-
ergy is negligible compare to the stored magnetic energy. Storing the most magnetic
energy is an important factor in all wireless transfer systems based on inductive tech-
nique because storing more magnetic energy leads to higher power transmission effi-
ciency. Table 6 shows that the helical coil can be recognized as an efficient geometry
among the proposed coils, based on storing magnetic energy.

Tab. 6: Comparison of maximum electromagnetic characteristics at 10 kHz.

Type Magnetic field Magnetic energy density  Electric field Electric energy density
(A/mm) (/m3) (V/m) (/m3)

Helical  3.05-1072 3.24-107% 6.18-1073 1.05-10716

Circular 2.92-1072 2.92-1074 5.17-1073 7.36-10717

Conical  2.88-1072 2.87-107* 4.92-1073 6.67-10°17

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



Modeling and simulation of inductive-based wireless power transmission systems = 217

4 Conclusion

This chapter studied an inductive-based wireless power transfer system for low-power
applications at short distances. The transferring power system has been modeled, sim-
ulated and analyzed via FEM. This chapter presented a resonant inductive coupling
system with printed spiral coils along with its design procedure. The comparison of
the experimental output voltage with the simulation ones shows an error of 20.14% at
5mm. This work has provided the fundamental concept of resonant near-field power
transmission, as well as the relationship between the induced voltage and the air gap
along the transceiver. Using a full-bridge rectifier at the receiver output, small devices
such as mobile phone can be charged easily. Moreover, based on the modulation and
simulation performed the use of the pot core as the receiving core is proposed. It is
concluded that this type of core can improve the magnetic flux density in the receiving
side. In this chapter, various geometries of coils for inductive power transfer applica-
tions are analyzed. A set of simulation results, the magnetic field, the electric field,
the magnetic flux density and the current density are presented. The COMSOL Mul-
tiphysics software was used to simulate results. The simulations were verified with
empirical results. This work has presented an efficient perspective to coil designers.
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Wireless power transmission via a multi-coil
inductive system

Abstract: Wireless power transmission via inductive links is widely used to power
wireless sensors, having power consumption in the range of micro to milliwatts. It
presents many advantages, such as independency of environmental effects (e.g., hu-
midity, temperature), easy accessibility (i.e., power can be sent to electronic devices
having micro and/or nano-geometry), and high flexibility (i.e., the system can operate
even at small lateral and/or axial misalignments). The idea behind the use of multi-
coil inductive systems, in which the sending and/or the receiving sides have multiple
coils connected in series or in parallel, is to increase the efficiency of the inductive
system in the case of lateral and/or misalignment, to provide energy to movable re-
ceivers and to increase their flexibility. In this chapter, we present, first, a general idea
about the different types and classification of multi-coil inductive systems, followed
by some examples from the literature. In the second section, we propose different an-
alytical expressions of the equivalent parameters, such as the equivalent inductance
of coupled coils, equivalent mutual inductance, induced voltage and induced current.
These parameters are needed and are important for the optimization of all the induc-
tive systems. In the last part, we propose the optimization of both transmitted power
to the load and transmission efficiency of an example of a multi-coil inductive system
by the study of its coil configuration and excitation, its compensation topologies, and
the receiver’s detection in the case of movable systems. To validate our propositions,
simulations and experimental results are explored and thoroughly discussed.

Keywords: Wireless power transmission, inductive link, multi-coil system, mutual in-
ductance, receiver detection

1 Introduction

The history of wireless power transmission began when Nicola Tesla started his first
experiment at the end of the nineteenth century. In the beginning, his idea did not
generate big interest because of its low efficiency and relatively high cost. Afterward,
and because of the increased need to send power to movable, micro and underwater
systems, wireless technology became more and more interesting. Researchers proved
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Tab. 1: Overview on wireless power transmission techniques [1].

Type of WPT Transmitted energy  Typical distance
Electromagnetic LF high quantity <50cm
waves and radio HF 30-40W upto2m
frequency UHF 1-3W 3.5-10m
Microwave 1-75W upto30m
Laser high quantity long distance
Capacitive link upto1-3W <lmm
Inductive link 1 mW-few KW <2m

that power can be transferred wirelessly through different technologies: via laser, via
electromagnetic induction (inductive), via electrostatic induction (capacitive) and via
microwaves (RF).

Wireless power transmission via inductive links is useful not only for systems
where energy transfer is to take place in hazardous, humid and wet areas, but also for
movable and small sized systems. Generally, these systems should be maintenance
free. In order to achieve a good power transfer efficiency and high transmitted power,
the sending and receiving sides should be perfectly aligned and close to each other.
Unfortunately, these conditions cannot be considered in all inductive systems. So, a
misalignment between the sender and the receiver is an unavoidable phenomenon,
especially for systems with movable parts. One solution that has been proposed is the
use of multi-coil inductive systems.

2 Effect of vertical and lateral distances on Inductive
Power Transfer (IPT) systems

Generally, inductive systems are dependent on the distance separating the sending
and receiving side d and the lateral distance A (Figure 1) [1, 2]. In the case of lateral mis-
alignment, not all the magnetics field issued by the sending coil pass through the re-
ceiving one, thereby causing high magnetic flux leakage. This phenomenon becomes
worse in the case of a large air gap between the two sides. In the aforementioned cases,
we have a weak coupling between the coils and low mutual inductance that cause low-
power transmission efficiency.

An example of a conventional two-coil inductive system is shown in Figure 1. The
diameter of the sending and receiving coils equals 60 mm. We remark that with an air
gap corresponding to 17% of the receiving coil’s diameter and in the case of lateral mis-
alignment corresponding to 83.33% of the sending coil’s diameter, the coupling coeffi-
cient decreases from 0.18 to 0.06 at 0 mm to 20 mm lateral misalignment, respectively.
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Fig. 1: Lateral misalignment 4 in the case of a two-coil inductive
system [2].

Fig. 2: () Coupling factor and (b) mutual inductance for different lateral and vertical distances.

With a larger air gap, corresponding to more than 160% of the sending coil’s diam-
eter, the coupling factor decreases also by 8% of its initial value in the same lateral
misalignment range. The mutual inductance is also affected by both lateral and verti-
cal distances. It shows a sharp decrease of more than 85% and 59% of its initial value
with a large air gap, and in the case of lateral misalignment, respectively.

The transmitted power is also affected by both vertical (air gap) [1] and lateral [2]
(misalignment) distances. It decreases by more than 64% of its initial value in the
case of a large air gap and by more than 80% of its initial value in the case of lateral
misalignment. Multi-coil systems, in which we use additional coils compared to con-
ventional two-coil systems, present an effective solution to the lateral misalignment
problem in the case of a large air gap separating the sending and receiving sides.

3 Classification of the multi-coil inductive systems

Multi-coil inductive systems can be categorized into three different types (Figure 4):
three-coil systems and four-coil systems, and the rest are just called multi-coil sys-
tems, themselves, are classified into three sub-categories: multiple senders and one

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



224 — BilelKallel, Ghada Bouattour, Olfa Kanoun, and Hafedh Trabelsi

Fig. 3: Transmitted power with respect to (a) vertical [1] and (b) lateral [2] distances.

Fig. 4: Classification of multi-coil inductive systems.

receiver known as multi input single output (MISO), one sender and multiple receivers
known as single input multi output (SIMO) and multiple senders and multiple re-
ceivers known as multi input multi output (MIMO).

Three-coil and four-coil systems are destined only for systems having a large ver-
tical distance (large air gap) or systems with small lateral misalignment, but they are
not suitable for applications with a movable receiver. However, multi-coil systems are
used to solve the problem of movable devices to enlarge the misalignment tolerance
and to increase, in several cases, the power transmission efficiency.

4 Examples of the use of multi-coil inductive
systems

In this section, we will give a short overview on the most interesting examples from
the state of the art dealing with multi-coil inductive systems.

4.1 Three-coil systems

The three-coil system is one kind of multi-coil system, in which we add a third coil to
the conventional two-coil system. This added coil resonates at the same resonance fre-
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Fig. 5: Examples of three-coil systems [4, 5].

quency of the system. Different examples have been investigated in the literature [3-5].
By adopting a system as described in [3], the power transmission efficiency is im-
proved twice. It was also improved in [4] by introducing the out-of-phase excitation
technique, in which the sending coils are excited in opposite directions. In [5], by
adopting two receiving coils placed orthogonally, the system becomes less sensitive
to lateral misalignment. Three-coil systems show an improvement of power transmis-
sion efficiency with both large air gap and lateral misalignment. However, they are
not suitable for systems dealing with a movable receiver. They not show only a strong
dependency on the position of the receiver and its orientation but also a high control-
ling complexity, high manufacturing difficulty and controlling complexity. Examples
of three-coil systems are shown in Figure 5.

4.2 Four-coil systems
Four-coil systems [6—8] also present a perfect solution to enlarge the misalignment tol-
erance and to increase the vertical distance between the sending and receiving sides.

Examples of four-coil systems are shown in Figure 6. They can be in different configu-
ration. The sending and receiving coil with the same size and two parallel intermediate

Fig. 6: Examples of four-coil systems [6, 7].
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Tab. 2: Efficiency comparison between two-coil and four-coil systems.

Load condition 1.1kWw 2.2kw 3.3kw

Conventional two-coil system efficiency  89.8 90.31 90.45
Asymmetric four-coil system efficiency 95.63 96.21 96.56
% of improvement 6% 6.13% 6.32%

coils with a larger size [6], two parallel sending coils with the same size and two par-
allel receiving coils with a bigger or a larger size [8], and the sending and receiving
coil have the same size and two parallel intermediate coils have a smaller size [7]. This
kind of inductive system is used to improve the coupling coefficient at large vertical
distances by adding a magnetic enhanced resonator and using intermediate coils with
a high quality factor (see Table 2).

Like three-coil systems, four-coil systems cannot be considered for systems with
a movable receiver, as they show a high dependency on the position of the receiver.
They present a high cost solution, because the manufacturing process of high quality
factor coils is expensive.

4.3 Multi-coil systems

Different solutions have been proposed for inductive power transmission systems with
large air gap, lateral misalignment and movable receivers. However, there is no recent
investigation dealing with all these problems at the same time. The majority of multi-
coil systems [9-14] is suitable for systems with a movable receiver. They even provide
free positioning [9, 10, 12, 15-17] or position detection of the receiver [16, 17]. Some in-
vestigations deal with the large air gap using air-core coils, and others do not because
they use printed coils. All these proprieties are candidates for increasing both the con-
trol’s complexity and the manufacturing cost of the systems. Examples of multi-coil
systems are shown in Figure 7.

Fig. 7: Examples of multi-coil systems [9, 11].
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5 Modeling of multi-coil inductive systems

5.1 Basic laws
5.1.1 Faraday’s law

Faraday’s law [18] states that a changing magnetic flux through a surface A induces a
voltage (emf) in any boundary path of that surface, and a changing magnetic field B
induces a circulating electric field E s

emf:IEdT:—ijﬁdﬁ o)
dt
c A

where C is a conductor loop, di is an incremental segment of path C and dA is the
differential of the surface area. In other words, if a conducting material is present
along that boundary, the induced electric field provides an (emf) that drives a current
through the material. The differential form of Faraday’s law is given by:

0B

VXEZ—E (2)

It states that a circulating electric field is produced by a magnetic field that changes
with time.

5.1.2 The Ampere-Maxwell law

The Ampere—Maxwell law [18] states that a magnetic field is produced along a path if
any current is enclosed by the path, or if the electric flux through any surface bounded
by the path changes over time,

{i;§d7=p0<1+€0%ji—fdﬁ> 3)

A

where o is the vacuum permeability, I is the enclosed electric current and ¢ is the
electric permittivity of the vacuum. The differential form of the Ampere—Maxwell law
is: .
o " dE
VxB= +€0— 4
Ho <] 0qr ) (4)
where J is the total electric current density. Equation (4) states that by an electric cur-
rent and an electric field that changes with time, we produce a circulating magnetic
field.
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5.1.3 The Biot-Savart law

The Biot-Savart law [18] allows the calculation of B due to wire-shaped conductors of
arbitrary geometry. Referring to Figure 8, the contribution at a specific point P from a
small element of electric current is given by:

o Idix?

dB = o = 5)

where I is the current, di is a vector with the length of the current element and pointing
in the direction of the current, 7 is a unit vector pointing from the current element to
the point P at which the field is calculated and r is the distance between the current
element and P.

Fig. 8: Geometry for the Biot—Savart law [18].

Considering a circular loop of radius r and with a circulating current I (see Figure 9),
from equation (5), we obtain the magnetic field across x-axis as follows:

pOIrdl
PN e

where x is the distance along the x-axis

dB, = (6)

Fig. 9: Circular loop with radius r and current /.
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5.2 Analytical modeling

In order to extract the critical parameters of inductive systems and to optimize the
transmitted power and the transmission efficiency, an accurate analytical model is
needed. For this, in Figure 10, we consider an equivalent circuit of a multi-coil induc-
tive system consisting of four sending coils and one receiving one [19]; L1, L,, L3 and
L, represent the inductance of sending coils, and L, represents the inductance of the
receiving coil; Req is the equivalent resistance of the sending coils, which can be con-
nected in parallel or in series, and R; is the receiving coil resistance. The capacitor C;
and C; are added in parallel or in series at the primary and secondary sides, respec-
tively, to work in resonance. The load is modeled as a resistor Ry ; V; and Ry are the
source voltage and its resistance; Meq represents the equivalent mutual inductance
between the sending and receiving coils.

Fig. 10: Equivalent circuit of a multi-coil inductive system with a resistive load.

5.3 Analytical expression for equivalent inductance L4

The sending coils can be powered in the same or in the opposite direction. They can
be in parallel or in series. The equivalent inductance Leq of the sending coils, which
are connected in series and in the same direction, is given by:

Ig= ) Li+ ) My @)
i i#f
where L; is the coil self-inductance of coil i and M;; is the mutual inductance between
coil i and coil j. In the case of coils that are connected in series but in opposite direc-
tion, the expression of equivalent inductance is given by the following:
Leg = ZLi—zMij (€]
i i#j
By powering the sending coils in parallel in the same direction, the expression of the
equivalent inductance is:
B Zi# %(LiLi - Mizj)

Lgg=————c—— )
A YL Y My
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In the case of coils that are connected in parallel but in opposite direction, the equiv-
alent inductance expression becomes as follows:

2itj %(LiLi - Mizj)

e .
T YiLi+ Yoy My

(10)

5.4 Analytic expression for equivalent mutual inductance M,

The equivalent mutual inductance Meq can be defined as the sum of all mutual in-
ductances between the sending and the receiving coils M;,. Its expression is given as
follows: .
Meq =) M 11
i=1

The equivalent mutual inductance is equal to:

n
Nir
Mm=mMnZ————&M (12)
i=1 l( 1’ l)
where
2 4ri(ry + Aj) 2
G(h;) = - K(h;) - ——————E(h;) (13
(hi) 4ri(ri+4y) \j(ri +1+4;)% +d? (hi) 4ri(re+4;) (i) (13)
(ri+r+4;)2+d? (ri+r+A;)2+d?
N number of turns
r radius of the coil
d coil to coil vertical distance (the air gap)
A lateral distance between coils (lateral misalignment)

The subscripts r and i refer to the receiving coil r and the sending coil number i, re-
spectively. Referring to equation (6), we can conclude the analytical expression of the
coupling coefficient k between the sending and receiving sides is:

_ Mo By i Gh)
VLeqL:
where Leq is the equivalent inductance defined in Section 5.1. For example, in the case

of four sending coils connected in parallel and in the same direction, the expression
of the coupling factor equals:

(14)

MoNeTy Y1y + e G(hy)

Zm 5 (LiLj=(poNrre i 1 Y(I’Vr_ylﬂ) (hi))?)
Z L; Z,# HoNyry 21 1 rl(ﬁlrilﬂ)G(h)

k= (15)
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5.5 Analytical expression for induced voltage and current

The expression of the induced voltage and the induced current are derived from Fara-
day’s law. The induced voltage Vi,q in the receiving coil is given by equation (10):

dI; dI;
Ving = —Lra + EM“E (16)
M;; mutual inductance between the receiving coil r and the sending coil number i

n  number of sending coils

I; sending coil current

L, self-inductance of the receiving coil

The expression of the induced current Iiq in the receiving coil is given as follows:
jw Y Mirl;

Z
where Z, is the impedance of the receiving side that depends on the topology of the
inductive system.

Iing = (17)

6 Optimization of multi-coil inductive systems

The received power at the load and the system efficiency of multi-coil inductive sys-
tems can be optimized in different ways. In this section, we propose the optimization
of a multi-coil inductive system by the study of the excitation and arrangement of its
coils, the choice of the appropriate topology and also by the implementation of a de-
tection circuit for movable receivers in which only the sending coils that are in the
proximity of the receiver will be activated and the others will be kept switched off.

6.1 Received power optimization

One of the solutions proposed to increase the received power at the load was inves-
tigated in [1, 2, 20]. It is based on the orientation of the magnetic field lines, issued
by the active sending coils, directly to the receiving coil. This is performed by the use
of the two nearest neighbor coils. These two coils are excited with less current and in
the opposite direction, which is known by the out-of-phase excitation (see Figure 11).
Experimental (dashed lines) and simulation (solid lines) results are illustrated in Fig-
ure 12. Here, the received power at the load is determined as a function of different
levels of lateral misalignment (varying from O mm to 20 mm) and at a 5 cm coil-to-coil
distance (at this large air gap, we expect high magnetic field losses).

Both experimental and simulation results show that the received power at the
load is increased by 18% by using a multi-coil system with oriented magnetic field
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Fig. 11: Multi-coil inductive system.

Fig. 12: Simulation (solid lines) and experimental (dashed lines) results of the received power at the
load at 50 mm coil-to-coil vertical distance [20].

(MISO + orientation) instead of the conventional two-coil system single input single
output (SISO). It can be seen that, even at bigger levels of misalignment, correspond-
ing to 50% of the sending coil diameter, the system is capable of transmitting sufficient
power to meet the power consumption requirement of most sensor systems (usually
this varies from some microwatts to few milliwatts). In this case, the transmission effi-
ciency equals 15%. According to these results, we can conclude that the multi-coil sys-
tem with oriented magnetic field is, first, a tolerable system because of its smaller sen-
sitivity to the lateral misalignment between the sending and receiving coils and, sec-
ondly, an efficient system because it gives sufficient power to the load at large air gaps.
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6.2 Topology optimization

Similarly to the conventional two-coil system, multi-coil inductive systems are also
optimized by the study of their topologies. So, in this section, we will show the impact
of the system topology on the performance of multi-coil IPT systems. Figure 13 depicts
the four topologies studied: series-series SS, series-parallel SP, parallel-series PS and
parallel-parallel PP. The choice of the appropriate capacitance is dependent on the in-
ductance (Leq and L) and resistance (Req and Ry,) of the sending and receiving coils,
their mutual inductance (Meq), the angular frequency (w), the distance separating the
two sides (d), the lateral misalignment (A) and the load (Ry). The idea behind the use
of these topologies is to work at resonance to nullify the reflected impedance. It can be
seen that systems with parallel-parallel ‘PP’ compensation topology, followed by the
SP topology, offer the highest power at the load in both perfect and lateral misalign-

Fig. 13: SS, SP, PS and PP topologies of the multi-coil inductive system.

Fig. 14: Experimental results of the power at the load for different system topologies.
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ment cases. The same investigation was demonstrated for the case of the conventional
two-coil system in [21, 22] and [23], which demonstrate that the highest performance
is given by SP and PP topologies, respectively.

6.3 Detection of the receiver

A method proposed to reduce the energy consumption and increase the system effi-
ciency of multi-coil inductive systems is to implement a detection circuit for the re-
ceiver, in which we power only the sending coils that are under the receiving coil and
we switch off the other ones. Only a few detection methods have been proposed in lit-
erature, e.g., in [24—-26]. In [24], the authors proposed the use of additional sensor coils
in each sending coil. However, this method shows some drawbacks due to the neces-
sity of using ferrite materials and the low detection height. In [26], a sensing principle
is based on the measurement of the impedance change of the sending coils. However,
this solution requires extra estimation circuits and other electronic components that
increase the system complexity and cost. A detection method using the sending coils
themselves as detectors was proposed in [27]. It is based on the measurement of the
peak of the AC current of the sending coils. It first converts the AC current of the send-
ing coils to a DC voltage and then compares it to a reference voltage. The reference
voltage is chosen within the gap between the voltage thresholds corresponding to the
case of a valid and an invalid load. Figure 14 shows that the current amplitude de-
creases only in the case of the presence of a valid receiver (receiving coil) in the prox-
imity. Based on these results, a detection threshold can be chosen between 0.61 A and
0.73 A. For a threshold current of 0.67 A, a detection voltage threshold of 2.7V can be
chosen.

7 Conclusion

Inductive systems are used for different industrial, medical and smart home applica-
tions. Conventional two-coil systems show some limitations for systems with a mov-
able receiver, a large coil to coil distance and unavoidable lateral misalignment be-
tween the sender and the receiver. With multi-coil systems, the field is concentrated
and better directed to the receiver by activating only the sending coils that are under-
neath the receiver and by powering the neighboring coils of the active ones with less
current and in the opposite direction, respectively. The use of multi-coil systems en-
hances most system parameters, including the coupling factor, mutual inductance,
transmitted power and, consequently, it improves the system efficiency. The received
power at the load and the system efficiency of multi-coil inductive systems can be op-
timized by the right choice of coil arrangement and how to excite them, by the choice
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of the appropriate topology (PP, PS, SP or SS) and also by the implementation of a
detection circuit for movable receivers. The idea behind the detection of the receiver
comes as an attempt to save more energy, during which only the sending coils in the
proximity of the receiver will be activated and all the others will be kept switched off.

Bibliography

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

91

[10]

[11]

[12]

(13]

[14]

B. Kallel, T. Keutel, and O. Kanoun. MISO Configuration Efficiency in Inductive Power Transmis-
sion for Supplying Wireless Sensors. In [EEE 11th International Multi-Conference on Systems,
Signals and Devices (S5D’14), Barcelona, Spain, March 2014, 2014.

B. Kallel, O. Kanoun, T. Keutel, and C. Viehweger. Improvement of the efficiency of MISO con-
figuration in inductive power transmission in case of coils misalignment. In 2014 IEEE Interna-
tional Instrumentation and Measurement Technology Conference. I2MTC, Montevideo, Uruguay,
May 2014, 2014.

R. E. Hamam, A. Karalis, and J. Joannopoulos. Efficient weakly-radiative wireless energy trans-
fer: An EIT-like approach. Annals of Physics, 324(8):1783-1795, 2009.

N. Oodachi, K. Ogawa, H. Kudo, et al. Efficiency improvement of wireless power transfer via
magnetic resonance using transmission coil array. In /EEE International Symposium on Anten-
nas and Propagation, Spokane, Washington, USA, July 2011, pages 1707-1710, 2011.

J. P.W. Chow, N. Chen, H. S. H. Chung, et al. Misalignment tolerable coil structure for biomedi-
cal applications with wireless power transfer. In IEEE International Conference of the Engineer-
ing in Medicine and Biology Society, Osaka, July 2013, pages 775-778, 2013.

S. M. A. K. RamRakhyani and M. Chiao. Design and optimization of resonance-based efficient
wireless power delivery systems for biomedical implants. IEEE Transaction on Biomedical Cir-
cuits and Systems, 5(1):48-63, 2011.

S. C. Moon and G.-W. Moon. Wireless Power Transfer System with an asymmetric four-coil
resonator for electric vehicle battery chargers. IEEE Transactions on Power Electronics,
31(10):6844-6854, 2016.

X. Li, H. Zhang, F. Peng, et al. Wireless magnetic resonance energy transfer system for micro
implantable medical sensors. Sensors, 12:10292-10308, 2012.

S.Y.R. Hui. Inductive battery charger system with primary transformer windings formed in a
multi-layer structure. U.S. Patent 7 164255, Jan. 16 2007.

S.Y.R. Hui, W. C. Ho, X. Liu, and W. C. Chan. Localized charging, load identification and
bi-directional communication methods for a planar inductive battery charging pad. U.S.
Patent 7915858, Mar. 29 2011.

C. Joffe, A. RoB3kopf, S. Ehrlich, C. Dobmeier, and M. Marz. Design and Optimization of a Multi-
Coil System for Inductive Charging with Small Air Gap. In IEEE Applied Power Electronics Con-
ference and Exposition, Tampa, Florida, March 2016, pages 1741-1747, 2016.

Z.Zhang and K. T. Chau. Homogeneous Wireless Power Transfer for Move-and-Charge. |EEE
Transactions on Power Electronics, 30(11):6213-6220, 2015.

B. Kallel, K. Sasmal, O. Kanoun, and H. Trabelsi. Analytical modeling of multi-coil system for
inductive powering of movable wireless low-power devices. In [EEE 12th International Multi-
Conference on Systems, Signals and Devices (SSD’15), Mahdia, Tunisia, March 2015, 2015.

K. Sasmal. Energy management for an inductive coil system with detection of the receiving
coil. In Master thesis, Chemnitz University of Technology, October 2015, 2015.

EBSCChost - printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

236 —— Bilel Kallel, Ghada Bouattour, Olfa Kanoun, and Hafedh Trabelsi

[15]

[16]

(17]

(18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

H.R. Ahn, M. S. Kim, and Z. ). Kim. Inductor array for minimising transfer efficiency decrease of
wireless power transmission components at misalignment. Electronics Letters, 50(5):393-394,
2014.

C.L.W. Sonntag, J. L. Duarte, and A. ). M. Pemen. Load Position Detection and Validation on
Variable-Phase Contactless Energy Transfer Desktops. In IEEE Energy Conversion Congress and
Exposition, San Jose, USA, pages 1818-1825, 2009.

C.L.W. Sonntag, E. A. Lomonova, and ). L. Duarte. Variable-Phase Contactless Energy Trans-
fer Desktop Part I: Design. In International Conference on Electrical Machines and Systems,
Hankou Wuhan, China, pages 4460-4465, 2008.

D. Fleisch. A Student’s Guide to Maxwell’s Equations. Cambridge, 2008.

B. Kallel, K. Sasmal, O. Kanoun, and H. Trabelsi. Analytical modeling of a multi-coil system

for inductive powering of movable low-power wireless devices. In 12th International Multi-
Conference on Systems, Signals & Devices. SSD’15, Mahdia, Tunisia, March 2015, 2015.

B. Kallel, O. Kanoun, and H. Trabelsi. Large air gap misalignment tolerable multi-coil inductive
power transfer for wireless sensors. IET Power Electronics, 9(8):1768-1774, 2016.

N.Jamal, S. Saat, Y. Yusmarnita, et al. Investigations on capacitor compensation topologies
effects of different inductive coupling links configurations. International Journal of Power Elec-
tronics and Drive Systems, 6(2):274-281, 2015.

M. E. Halpern and D. C. Ng. Optimal tuning of inductive wireless power Links: limits of perfor-
mance. IEEE Transactions on Circuits and Systems I, Reg. Papers, 62(3):725-732, 2015.

T. Campi, S. Cruciani, F. Palandrani, et al. Wireless power transfer charging system for AIMDs
and pacemakers. IEEE Transaction on Microwave Theory and Techniques, 64(2):633-642,
2016.

Z.N. Low, J.). Casanova, P. H. Maier, ). A. Taylor, R. A. Chinga, et al. Method of load/fault detec-
tion for loosely coupled planar wireless power transfer system with power delivery tracking.
IEEE Trans. Ind. Electron., 57:1478-1486, 2010.

E. Waffenschmidt and T. Staring. Limitation of inductive power transfer for consumer applica-
tions. In European Conference on Power Electronics and Applications,Barcelona, Spain, Sep-
tember 2009, pages 1-10, 2009.

C.L.W. Sonntag, J. L. Duarte, and A. . M. Pemen. Load position detection and validation on
variable-phase contactless energy transfer desktops. IEEE Energy Conversion Congress and
Exposition, 15-27, 2009.

B. Kallel, O. Kanoun, H. Trabelsi, and M. Roes. Sensing Movable Receiving Coils by Detec-

tion of AC Current Changes on the Primary Side of a Multi-Coil System. Procedia engineering,
168:991-994, 2017.

printed on 2/13/2023 5:38 AMvia . All use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

Ghada Bouattour, Bilel Kallel, Olfa Kanoun, and Houda Derbel
Energy management for inductive power
transmission

Abstract: Energy management circuits are indispensable for wireless power transmis-
sion via inductive links to realize high efficiency in spite of the electronic losses and
coil position perturbations. This chapter examines the most popular energy manage-
ment circuits applied to the sending and the receiving side of inductive power trans-
mission systems. First of all, we examine coil shape and orientation. Then, the energy
management design of the sending side and receiving side are illustrated, and the
system topology is presented in detail, including resonance circuits and the neces-
sary transformations. Finally, different approaches for control systems in the inductive
power transmission are summarized.

Keywords: Wireless power transmission, inductive power transmission, DC to AC in-
verter, rectifier, control

1 Introduction

In the last decades, researchers gave more importance to wireless systems that present
a powerful solution to applications where the use of a wired connection is dangerous
or not possible or critical using different methods: capacitive links, inductive links and
via laser and microwaves. The choice of power transmission method is dependent on
the transmission distance, power range and other environmental factors. Inductive
power transmission presents several advantages in middle-range applications, such
as safety, flexibility of rotation on the same plane, low maintenance, etc. Therefore,
it can be used in a harsh environment, but it presents some limitations in terms of
power consumption, efficiency, emitted radiation and also high costs caused by the
complexity of the necessary electronic circuits [1]. Many applications with different
power levels use inductive links for charging systems that can be started from the low-
est power in the order of microwatts for implementable devices [2], micro-electronics
applications in milliwatts [3], in watts for charging mobiles and electronics [4] and,
finally, for high-power applications around kilo-watts, e.g., for charging electric ve-
hicles [5]. Despite the difference of power ranges and the frequency chosen, all these
applications, generally, have a similar system design with a difference concerning the
energy management circuits to reach the highest output power and efficiency. Figure 1
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Fig. 1: General structure of the inductive power transmission system.

shows a typical inductive power transmission system. An AC signal with defined am-
plitude and frequency is generated by different AC/DC and DC/AC converters [6]. The
coils are coupled by the magnetic field and have a coupling factor k. In the secondary
side and in order to obtain smooth DC power to the load, AC/DC and DC/DC converters
are used. To achieve a resonant system, compensation capacitors in both primary and
secondary sides are included.

There are many factors that cause energy and magnetic field losses; so that the
coupling factor between the coils will be very weak. This affects the efficiency of in-
ductive power transfer systems. Among these factors we find the following [7]:

- the geometry and the parameters of the coil including shape, number of turns,
winding thickness, core material and dimension;

— the quality factor of the coil, which has a direct relation to the working frequency;

— both vertical and lateral distances between the coils;

— the use of additional material; ferrite core in the proximity [7].

In this chapter, energy management for both primary and secondary circuits is pre-
sented, which is important for improving the power transmission efficiency of an IPT
system. The first part is dedicated to the energy management of the sending side (pri-
mary circuit) where different inverter circuits are evaluated. Different techniques to
achieve a resonant system with a good performance, by adding compensation capac-
itors on both the primary and the secondary side, are discussed. In the second part,
we present different rectifier circuits followed by DC/DC converters to provide smooth
DC power for the load. Finally, an overview of charge storage elements and control
algorithms is presented.
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2 Coil shape and orientation

2.1 Coil shape

The efficiency of an inductive power transmission system depends on different pa-
rameters of the coil system, such self-inductance, quality factor, alignment and orien-
tation of the coils, size and coil material. For this, the coil characteristics, including
geometry, thickness of windings, number of turns, dimensions, etc., present the key
parameters of the inductive system. Selection of the coil shape depends, in general,
on the system requirements. In the literature, various coil geometries are presented,
which include:

- single circular pad (SCP)

- circular rectangular pad (CRP)

- multiple circular pad (MCP)

— double-D (DDP)

- double-D quadrature pad (DDQP)

- bipolar pad (BPP)

All these coil geometries are presented and compared in Table 1 according to the fea-
tures: basic structure, operating principles, advantages and drawbacks [8, 9].

Tab. 1: Comparison between different coil architectures [8, 9].

CRP SCP MCP DDP DDQP BPP

Size *x *% *kx * * *
Weight * * Hkk * sk ok
Cost * * Hkk *oke Hokeke *k
Transmission distance * * i ** E *kk
Transferrable power *k *k * *kk Kk *kk
Misalignment immunity  * * Xk *k *x

Legend: *: low or small **: medium ***: high or large

2.2 Coil orientation

In practice, the ideal coil position is difficult to reached because of coil movements

and manufacturing errors. Thus, different misalignment cases may occur during the

power transmission process, as shown in Figure 2:

— Angular misalignment by a planar variation with an angle 6 presented in Fig-
ure 2(b), which conserves the alignment of coil centers.

- Lateral misalignment by a horizontal variation d between sending and receiving
coils (Figure 2(c))
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Fig. 2: Examples of misalignment cases [10].

Even combinations between two or three kinds of basic misalignments can occur. For
example, a planar and horizontal variation (Figure 2(d)), a combination of angular
misalignment and vertical variation (Figure 2(e)) and a combination of angular mis-
alignment, horizontal and vertical variation (Figure 2(f)).

3 Energy management at the sending side

As signal generator in inductive power transmission systems, different DC power sup-
plies can be used, such as battery or rectified grid power. For an adjusted voltage am-
plitude of the system, an elevator, step-down transformer or boost-buck converters
can be associated to the power supply [6, 11]. In this part, a description of the energy
management circuit used on the sending side of inductive power transmission systems
is presented. First of all, a DC to AC inverter is needed to convert the DC input to an
adequate AC output with a suitable frequency. Then, the main system topologies are
presented. They realize resonance between sending and receiving coils by associating
compensation capacitors and/or inductors to the coil system to form an LC resonant
circuit.

3.1 DC/AC inverters

The inverter circuits built into inductive power transmission systems are presented.
They realize resonance between sending and receiving coils by the selection of the
circuit frequency and the system control. To this end, many studies focus on the re-
duction of losses due to the conversion of current from DC to AC. The inverter circuits
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Fig. 3: Full-wave inverter [12].

that are used most frequently are the bridge inverter, the half-wave inverter and the
class E inverter. Those circuits are different concerning the system architecture, con-
trol strategy, frequency range, efficiency, cost and complexity of implementation. The
control of the inverter circuit uses mostly a square wave signal, which turns the switch
on and off. The switch generates a pulse-width modulation (square wave, a modified
sine wave, etc.) The full-wave inverter presented in Figure 3 is composed of four Mos-
fet switches connected as a bridge and controlled by a micro-controller, which gen-
erates a square wave or a modified sine wave pulse width modulated signal (PWM).
The bridge can generate a high efficiency for low-range and medium-range frequen-
cies; the four switches make it a low current stress on the switch, but this solution
is relatively complex in its structure and control requirements. The bridge inverter as
presented in Figure 4 is controlled by a synchronization of “on” and “off” of a Mosfet
switch:
— In the first half period, the Mosfet switches “S;” and “S;” on but the other
switches are off.
— In the second half period, the Mosfet switches “S1,” and “S,” are off, the others
are on.

Fig. 4: Output voltage generation from the full-wave inverter. (a) Positive period; (b) negative
period [13].
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Fig. 5: Half-wave inverter [14].

Fig. 6: Output voltage generation of the half-wave inverter (a) Q; on, (b) Q on [14].

The half-wave inverter presented in Figure 5 is composed of a couple of Mosfet switches
associated to a couple of capacitors in a bridge form. This architecture is balanced con-
cerning efficiency, complexity of implementation and system control and costs. Never-
theless, it presents more voltage stress in the Mosfet switch compared to the bridge rec-
tifier generally used for low and medium ranges of frequency applications. The square
wave signals of the half-wave Mosfet inverter are synchronized as shown in Figure 6
— In the positive half period, the switch Q; turns on and the switch Q, turns off. In
this case, two loops are formed. In the first one, a resonant circuit discharges the
capacitor Cy1, and in the second one, a DC power supply charges the capacitor C;,
(see (I) in Figure 6).

— Inthe negative half period, the switch Q, turns on, and the switch Q; turns off. In
this case, two other loops are formed. In the first one, the capacitor C;; is charged
from the DC power supply. However, in the second loop, the capacitance C;, is
discharged by the resonant circuit (see (II) in Figure 6).

For high frequency applications, which can reach MHz, the class E inverter is preferred
(Figure 7). It is composed of only one Mosfet switch in order to reduce noise due to
the high frequencies on the switches This leads to a drawback concerning the voltage
stress across the Mosfet switch [15].
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Fig. 7: Class E inverter applied to the inductive power transmission system [15].

To reach a high efficiency for inverters circuits, diodes are connected in parallel to
the Mosfet switches to form a free-wheel loop in the dead time, and also a capacitance
is added to filter the square wave inverter output.

3.2 Resonance topologies

The basic inductive power transmission system has properties of reactive power that
reduce the transmission efficiency. To reach a high load power an LC resonance is
realized. The basic method uses an additional compensation capacitor at the send-
ing and receiving sides of the inductive power transmission system. In the literature,
many system topologies have been presented for different positions, such as in series
or in parallel and selection of the compensation capacitors values. The most common
topologies are presented in Figure 8. They use only one capacitance at the sending
and/or receiving sides. The first method of compensation aims to reduce the reactive
power at the sending side by fixing the second compensation capacitor Cs and realiz-

Fig. 8: Configurations of compensation capacitors. (a) Serial-serial; (b) serial-parallel; (c) parallel-
serial; (d) parallel-parallel.
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Tab. 2: Primary equivalent capacitance for different system topologies [16].

Topology  Primary compensation capacitance (C,)

w2l
L
sp . ;’ R
WM
212
<Rp+ Rl+Rs) +wily
1
SP . [L - wM2L, ]
P RZ+ w2(Ls + CsRoRL)?
[L w?M?Lg ]
-
bp RZ + w2(Ls + CsRsRL)?
@?M2(Rs + RL + w2 C2R2R) ZM)Z [L B W M2Ls 2
P R+ w2(Ls + CsRLRs)? P RZ+ w2(Ls + CsRsRL)?

ing the resonance with the receiving coil, as presented by Equation(1) [16]. The primary
compensation capacitance Cp, value is presented in Table 2 [16], with

1
Lo oy

The second method of calculation the compensation capacitors aims to eliminate
the reactive power on both sides [17, 18]. The equations of the compensation capacitors
and also the equivalent resistance expressions on the primary and the secondary sides
are presented in Tables 3 and 4.

In this case, the equations of the SP and PP topologies need to fulfill the condition
given in equation (2),

Cs

Ry > 2wL, )

Other topologies have been presented in the literature, which filter the inverter output
with additional capacitances and inductances in the system to reach resonance on
the both sides [19]. The structure of this topology is by associating an inductor in se-
ries with the input voltage connected to a parallel and series capacitances to form the
LCC topology (inductance with two capacitances), which can be implemented on the
sending side, receiving side or on both sides. This system design combines the advan-
tages of series and parallel topologies in terms of voltage and current compensations.
The equivalent circuit of the inductive power transmission system corresponding to
this system topology is presented in Figure 8, where L¢;, L, are the primary and the
secondary compensation inductors, C;, Cr; are the primary compensation capacitors,
C', Ci, are the secondary compensation capacitors, Lsi, L.,, Ly are the equivalent
inductance model of the coil system and Ly, L, are the self-inductances of the coil
system.
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Tab. 3: Primary and secondary equivalent capacitances for different system topologies.

Topology  Primary capacitance Cs Secondary capacitance C;
1 1
SS — —
w2Lg w2Ly
op 1 R? + +/Re(Zp)
w2l 2L(wR)?
Zp = R - (2wRLRs)?
PS ———— with 3
(Lsw)? + R w2,
Ro =R+ Ry,
(Mw)?
R, =
r R,
R? + \Re(Z
PP —— with RL+ VRe(Zp) zp ),
(Lsw)? + R 2L (wR))
Ro = Re + Ry, Zp = R - (2wRLRs)?
_ (Mw)?
Ry = >

Tab. 4: Primary and secondary equivalent resistances for different system topologies.

Topology Primary resistance R;  Secondary resistance R;
SS Rs + Ry, R +RL
Ru
SP Rs + R R, + ———
3 Ls Ly 1+ (RLCrpw)z
R .
PS Rs + ,W%Z with R, +RL
A=1-LCsw?,
B = RoCssw,
Ro =Rr+ Ry
Ro . RL
PP Rs + ——— with R, + ———
*T A2+ B2 SR (RLc,pw)Z
A=1-LsCssw?,
B = RoCssw,
Ro = Rr + RLS
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The equations of the LCC topology are presented by the following equations [19]:

1
LpiCh = — €)
Wo
1
LpCr = — (4)
Wo
1
Li-Lp=— )
C1(U0
1
Ly-Lp=— (6)
C2w0

Different system topologies have been presented in this part. The selection of the
optimum system topologies depend on the system and application requirements.

4 Energy management on the receiving side

In the first part of this section, we will present different rectifier circuits used for in-
ductive systems. The choice of the appropriate circuit is decisive for system efficiency.
The load or the storage element can, in general, be a battery or a supercapacitor. In
the second part, the DC/DC converter providing smooth DC power to the load or the
storage element is studied. We focus here on maximum power point tracking (MPPT)
and voltage regulator systems.

4.1 Rectification stage

Generally, to charge systems, a DC output is required. Many types of AC to DC con-
verters have been studied, such as bridge rectifiers, diode voltage multipliers, active
bridge rectifiers and active voltage multipliers.

Passive rectifiers

There are two common passive rectifiers:

— The passive bridge rectifier (Figure 9) composed by four Schottky diodes con-
nected as a bridge and a smoothing capacitor in parallel to the load in order to
eliminate the ripple of rectifications. To generate the DC output using the bridge
rectifier, the diode works with an AC input, as shown in Figure 10.
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Fig. 9: Equivalent circuit of the IPT system with LCC topologies on both sides [19].

Fig. 10: Passive bridge rectifier circuit [20].

This circuit works as follows:

— During the positive half cycle, the current passes through the diodes D
and Ds.

— During the negative half cycle, the current passes through the diodes D,
and D 2.

The bridge rectifier is often used in inductive power transmission systems due to

the simplicity of implementation, the efficiency caused by the low drop-out volt-

age and the low cost, despite its high leakage current compared to other rectifier

circuits [21].

The voltage multiplier is a circuit that amplifies the output voltage of the system.

Generally, it is applied for low voltage applications. The voltage multiplier circuit

is composed by cascades of voltage doubler stages. In the voltage doubler circuit

in Figure 11, the input peak voltage passes through Cry and Dy to give a sine wave

output with a doubled voltage value. Then, it passes directly to D, and Cy, to trans-

form the AC input to a doubled DC output.

Fig. 11: Passive voltage multiplier circuit on the receiving side of the inductive power transmission
system [21].
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Active rectifier

In order act against the disadvantages of the passive bridge, such as diode threshold
voltage, power losses and high forward voltage drop, in [22], the authors present an
active rectifier as shown in Figure 12, in which the passive diodes are replaced by Mos-
fet switches in the bridge and the voltage multiplier circuit. Mosfet switches offer a
high power conversion efficiency and a reduction of the drop-out voltage caused by
the diode effect [21, 22].

Fig. 12: Full-wave active bridge rectifier [22].

4.2 DC to DC converter

To improve system performance, with a high efficiency and stable output voltage even

under movements of the receiving coil, load value variation or other parameter varia-

tions, a control system is required, such as passive voltage regulator and an active DC
to DC (boost) converter.

— Passive voltage regulators: The passive voltage regulator circuit keeps a constant
output voltage without to possibility to control the system behavior. It is placed
just before the load on the receiving side of the system. Many voltage regulators
have been proposed in [23], such as the linear shunt regulator and series regula-
tors.

— Active DC-DC converters: The power achieved from the rectifier stage can be regu-
lated and stabilized through active DC-DC converters, such as the buck converter,
boost converter, buck-boost converter, Cuk converter and zeta converter [24]. The
most used active DC-DC converter in inductive power transmission systems is
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the boost converter, which can achieve MPPT. This converter is used in order to

achieve a constant voltage or current output that can be controlled under load

and coupling factor variation:

— The coupling factor changes caused by lateral, angular and longitudinal
movement between coils.

- Theload varies when the number of receivers changes [25, 26].

The boost converter is generally applied for inductive charging applications (Fig-

ure 13). It is composed of a coil, a capacitor, a Mosfet switch and a diode. It is

connected between the load and the rectifier output.

Fig. 13: Boost converter circuit [24].

4.3 Charge storage

Various storage elements can be used, such as batteries, double-layer capacitors or

other storage elements [27].

— A simple battery equivalent circuit model is illustrated in Figure 14. It is com-
posed of a constant source Eq connected to a capacitance with a series resistance
and a parallel resistance. The typical battery charging profile is presented in Fig-
ure 15. It contains a constant current (cc) mode and a constant voltage (cv) mode.
When the battery is totally discharged, charging with a constant current I}, is used
until the voltage reaches its nominal value V4. Then, constant voltage charging
starts, and the battery current decreases exponentially until the end of the charg-
ing process [28].

Fig. 14: Equivalent model of a battery [29].
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Fig. 15: Typical charging process of a lithium-ion battery [28].

Fig. 16: Equivalent model of a supercapacitor [30].

Fig. 17: Supercapacitor charging process.[30].

Double-layer capacitance/supercapacitor: The equivalent model of the superca-
pacitor presented in Figure 16 has the same characteristics as a classic capacitor,
which is composed of an equivalent capacitor C connected in parallel and in series
to the equivalent resistance R s and R [30]. The charging process of the superca-
pacitor (Figure 17) begins with a constant current (cc) equal to Is. charging mode,
until reaching the related voltage. Then it is implemented to a constant power (cp)
equal to the Py charging mode. The supercapacitor is generally applied in appli-
cations that require faster charging compared to the battery.

Hybrid storage elements contain a combination of a double-layer capacitor and a
battery. This combines the advantages of both of the elements, such as high energy
and high power density [31]. The charging process is controlled by Mosfet switches
connected to the rectifier stage, which selects the storage element according to the
load demand [31].
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Fig. 18: Receiving side inductive power transmission system with a hybrid storage element [31].

5 Control system on inductive power transmission
systems

Generally, the controller is connected to the Mosfet switch of the boost converter in
the inductive power transmission system in order to achieve a power transfer to the
load with controlled frequencies and currents [32]:

— Control by a fixed frequency: This is a simple control of the secondary side of the
inductive power transfer system. The frequency is selected after the construction
of the coil system and is applied for a fixed coupling factor system where the coil is
fixed in an optimal position. This method presents drawbacks of increasing volt-
age/ampere of the power supply and difficulties of soft switching [32].

—  Control by detection of a zero phase angle between the primary current and the
voltage: This method is applied to the sending side of the inductive power trans-
mission system, but it presents many drawbacks with respect to system bifurca-
tion instability and also unsafe low coupling conditions [32, 33].

- Control by the use of the perturb and observe method applied on the MPPT sys-
tem, which compares the output power to a previous value and a result system fre-
quency perturbation to reach the maximum power. This method requires a longer
response time then it is not practical for high-speed movable systems, but it can
be used in applications with contains two power peaks [32].
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6 Conclusion

In this chapter, common energy management circuits applied to the sending and re-
ceiving sides of inductive power transmission systems have been presented. In gen-
eral, many stages need to be developed and optimized to realize a high system effi-
ciency, including DC to AC inverters, system topologies, rectifiers, DC to DC converters
and the energy storage element. The sending side of the inductive power transmission
system is composed first of a DC to AC inverter, which can have many architectures,
such as full-wave inverters, half-wave inverters and class E inverters. Then, the reso-
nance system is used by adding compensation capacitors and/or inductors connected
to the coil system to form variable topologies with different forms.

The receiving part is composed of a rectifier stage and a DC to DC converter. For
the rectifier stage, many structures of circuits are available, such as: passive bridges,
voltage multipliers and active circuits. In addition, a DC to DC converter can be used
to regulate the output voltage and generate the adequate output voltage and power to
charge the system load.
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Towards energy-efficient power management
for wireless sensors networks

Abstract: The wireless sensor network (WSN) sets a very real benchmark for the In-
ternet of Things (IoT) by utilizing the latest technology to optimize communication
and safety systems in hazardous environments. Indeed, WSN is the key technology
for IoT. Thanks to the advantages offered by these technologies, in particular, collect-
ing data in real time at low cost, WSNs are gaining popularity in a multitude of fields
of application. However, the energy challenge remains persistent, as WSNs suffer from
energy scarcity. In this paper, we present an energy-saving design for WSN monitoring
systems known as HEEPS (hybrid energy-efficient power manager scheduling). DVFS
(dynamic voltage and frequency scaling) and DPM (dynamic power management) are
jointly leveraged to reduce the total energy consumption, as well as a scheduling pol-
icy that exploits effectively the resources at the global level. The experiments were
conducted with real network traces and hardware models.

Keywords: Wireless sensor networks, modeling, simulation, energy saving, power
consumption, DVFS, DPM, EDF, scheduling, QoS, Internet of Things

1 Introduction

Nowadays, there are more and more sensors have reached a priority status in our ev-
eryday lives and, in particular, connected sensors. These connected devices form the
IoT and should reach 50 billion by 2020 [1]. They have invaded several fields of ap-
plication, including home automation, smart cities, smart grids and many others. As
a result, they contribute to analyzing the information collected in real time of both
the surrounding context and environment. Besides, they make rapid responses to ab-
normal status and guarantee system security [2]. However, relying on WSNs that are
configured to access the Internet raises new challenges, which need to be addressed
before taking advantage of the many benefits of such integration, such as improving
energy efficiency, contributing to environmental monitoring and enhancing social ser-
vices [3].
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The first challenge of a WSN is to save as much as possible the energy consumed by
sensor nodes and to ensure optimum performance for users [4]. A sensor node would
drain its battery faster in the absence of efficient energy optimization techniques [5].
Indeed, the energy consumption has a major impact on all levels: application soft-
ware, motes (software and hardware) routing and communication channels. This fact
has motivated researchers to design protocols and mechanisms to reduce its use in all
layers of the protocol stack [6]. In the physical layer, the energy of the nodes can be
minimized by reducing the data size, an efficient throughput and through an optimal
energy model. In the media access control (MAC) layer, an energy-efficient duty cycle
design and packet scheduling undoubtedly reduces power consumption. On the other
hand, relying on routing protocols would also reduce the energy consumption in the
network layer [7]. However, sensor nodes are increasingly equipped with advanced ca-
pabilities, as well as additional services, such as the use of a global positioning system
(GPS) [8], multimedia or ultrasound sensors, etc. These features allow them to invade
complex and energy-intensive applications, such as cryptography [9]. In this case, and
due to heavy processing power and energy supply constraints, it becomes difficult to
apply the algorithms of data security in some applications because the process of en-
cryption and decryption consume a lot of time and energy [10]. These enhanced fea-
tures of the WSN have their setbacks. Indeed, the applications of WSNs harden their
energy requirements because the ever-increasing performance requires a significant
amount of energy that becomes rare due to the reduced capacity of the battery, which
does not keep up with the growth pace of the applications. As a result, the large com-
puting capabilities can quickly exhaust the capacity of the battery, which could make
the node inoperable and disrupt the communication within the network.

This paper proposes an heterogeneous resource management mechanism to man-
age task scheduling in a processor. Besides, it explores intertask DVFS and time-out
two DPM energy saving techniques for CPU by considering the processor time for each
task without violating performance requirements. In our case, we will use the “Global
Earliest Deadline First” (GEDF) strategy. In the evaluation phase, we will rely on the
STORM simulator.

The use of simulation rather than hardware prototyping is marked by many ad-
vantages like significant cost savings, compressed validation time, and improved com-
ponent analysis [11]. Moreover, the choice of a typical simulator is not trivial and is
influenced by which aspect and application of the WSN is selected to simulate among
the physical layer issues, the mobility, the IP layer, etc.

The remainder of the paper is organized as follows. In Section 2, we will give a
brief summary of the related work. It includes an overview and a comparison of the
existing techniques to save WSN energy and to improve the efficacy of networks. In
the next section, will describe the HEEPS power manager. Section 4 will give some
energy-saving performance results. Finally, a conclusion and future work are given.
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2 Energy saving techniques in wireless sensor
networks

WSNs have become an equipment key in many industrial applications [12]. Indeed,
they have proved their efficiency in monitoring, tracking, or controlling phenomena
where wiring is difficult or cost prohibitive. The future applications of WSN will gradu-
ally invade our day to day lives, going from smart home to smart textiles [13]. The use of
advanced strategies decreases the energy consumption of the WSN, but it significantly
increases the complexity related to the methodology impact, such as the design, the
architecture, the verification and the implementation [5].

The slack time (the amount of time that a task can be delayed without increasing
the total) of the timing penalties and delays can be managed by the scheduler. Table 1
illustrates the tradeoff associated with various power management techniques such as
clock and power gating, and the performance metrics such as timing penalties, power
benefit and the impact of those technologies. For instance, even when a low duty cycle
increases the network’s lifetime, it has a negative impact on the reactivity of the nodes,
which can increase the communication delay. So, energy conservation becomes more
complex when the application has other constraints, which can be as critical as the
lifetime of the nodes.

Tab. 1: Trade-offs among power minimization techniques.

Power minimization = Power  Timing Methodology impact
techniques benefit  penalties Architecture Design Verification Implementation
Clock gating Medium Little Low Low None Low
Activity based Medium Little Low Low Low Low
Clock Gating

Power gating High Some High High High High
Multi-vdd High Some High Medium Low Medium
Multi-threshold Medium Little Low Low None Low
voltages optimization

DVFS High Some High High High High
DPM High Some High High High High

As a result, the comparison established in Table 1 showing different techniques al-
lowed us to choose DPM and DVFS for their high impact on energy savings. Our contri-
bution is the combination of several strategies usually used individually, which apply
time-out2 DPM and the intertask DVFS that are appropriate to WSN and on a global
EDF (earliest deadline first) scheduler.
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Fig. 1: Power management taxonomy.

The energy-efficiency and the scheduling correctness of real-time multiprocessor
systems are, therefore, tightly connected issues, which should be tackled in conjunc-
tion for the best results [14]. So, to achieve better energy savings, we based our work
on scheduling. In Figure 1, we have established a taxonomy of the different types of
energy management techniques, like DPM, DVFS, scheduling and energy harvesting,
and the purpose of their use.

To provide performance enhancement as well as energy efficiency in WSNs we
made a comparison of the most relevant contributions in the area of energy optimiza-
tion. Recent studies have moved towards the employment of energy harvesting tech-
niques as a solution to improve energy efficiency [15]. The energy-scavenge, in partic-
ular that coming from intermittent and variable sources (e.g., implantable batteries
and capacitive methods), poses additional challenges like the availability. Moreover,
most methods are still under investigation and provide low energy savings. They may
also cause hazards and skin infections when deployed in healthcare monitoring [16].

In [17], the authors present an implementation of DPM and DVFS techniques. How-
ever, these techniques alone are not sufficient to ensure sustainable operation [11]. The
contributions of Le et al. [18] deal with the use of energy harvesting coupled with an
energy manager. They propose a global power management (PM) that incorporates su-
percapacitors and stores energy via a light source. With a periodic energy source, this
PM reduces the variation due to waking up nodes. However, it provides low energy
savings.

In [19], the authors focus on application changes over time, on the one hand, and
environmental conditions, on the other hand, to provide a new optimal policy based
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on MDP (Markov decision process). This technique is based on adjustable parameters
other than voltage and frequency, namely frequency and transmission power. [20] pro-
poses to reduce the power consumption of the processing unit by “undervolting” by
supplying the electrical circuits by a voltage below the specified voltage levels. Nev-
ertheless, it is limited by the environment in which it is deployed and by a threshold
value of the voltage beyond which a malfunction appears. [21] describes a stochastic
modeling or an MDP scheme for DPM, which dynamically manages wireless sensor
node operations in order to minimize power consumption. It was implemented at the
operating system (0OS) level. This paper shows that the energy efficiency is indepen-
dent of any specific power management hardware.

The solution proposed in the work [22] takes advantage of an ideal battery model
to save energy. However, this model overestimates lifetime due to its constant voltage
and its inability to model the non-linear properties of real batteries very different from
those found in sensor nodes.

The next section gives an overview of proposed solution HEEPS and describes how
the design goals can be achieved.

3 HEEPS: Hybrid energy-efficient power manager
scheduling

Energy efficiency is a crucial issue to be pursued at both the node and the network
level. Over time, a single energy reduction strategy cannot always change the pro-
file of power consumption of a processor (often because of the costs of transition)
as demonstrated previously. To achieve these goals, we propose an online power
manager, HEEPS, which will be described in detail in this section. However, our PM
switches from one policy to another, and eventually through an interplay between
the DPM, DVFS and GEDF results in better energy savings. It must be able to decide
which algorithm to use. The power model implemented relies on power states as a
methodology for power consumption modeling. The scheduling algorithm carries out
the tasks, so that the duration of idle periods is optimized to activate low-consumption
states through time-out2 DPM. As a result, during periods of activity, the voltage and
frequency couple is modified while taking into account the deadlines of the tasks. The
energy accounting starts from the allocation of the first task on the first node to the
end of the last task. It is deployed as a mid layer at the application level, as shown in
Figure 2. This hybrid and multi-objective infrastructure is portable to other platforms.

When combining DPM and DVFS, the compromise between the two techniques
should be considered. Indeed, it should be noted that in the context of WSNs, studies
that focused on this concept are rare. When DVFS is used, the frequency is decreased
in order to reduce the power consumption while performing the tasks, while the exe-
cution time increases, and the idle time decreases [23]. Decreasing the frequency may
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Fig. 2: General architecture of HEEPS.

Fig. 3: Optimal combination of DPM and DVFS.

reduce the duration of a period of inactivity to such an extent that its length is less than
the time beyond which we switch to the low-power mode of the DPM technique, as il-
lustrated in Figure 3. Therefore, there is an interaction between DVFS and DPM, which
should be examined carefully to minimize energy consumption using both these tech-
niques together.

The architecture of the power manager model is made up of four basic compo-
nents. Figure 4 illustrates the different phases to elaborate the HEEPS power model.
The first phase is to assign tasks to the nodes through the extensible markup language
(XML) file. The inputs of the model are the data related to the parameters of time, num-
ber of tasks, type of processor, etc. The tasks are scheduled with the GEDF policy in the
next phase. We consider n independent, periodic real-time tasks T;. . .T, allocated to
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Fig. 4: Model of the HEEPS Technique.

m identical processors P;. . .P,, with possible migration of tasks between the proces-
sors in a centralized way and with an overall view of the state of the system.

Applied at the global level, the GEDF scheduler uses a model of Liu and Layland,
which is preemptive with deadlines on request (the period is equal to the deadline).
For more optimality, we invest in a new condition to bypass the Dhall effect [24]. The
Dhall effect shows the limitation of global EDF scheduling, stipulating that some low
utilization task sets can be unscheduable regardless of how many processors are used.
So, in order to efficiently reduce the energy without violating temporal constraints,
our scheduler is distinguished by the combination of the Goossens, Funk and Baruah
(GFB) conditions and those of Srinivasan and Belkadi.

At the local level (node or processor), the energy management component tries to
control the resource usage by selecting between DPM and DVFS. DPM becomes inac-
tive when the CPU is executing a task. DVFS becomes active during the periods of inac-
tivity of the processor. Ideally, a power manager component with more than two power
down states and its switching to deep sleep state can reduce more power consumption,
which is known as the time-out 2 technique [11]. Finally, the power evaluation compo-
nent aims to give feedback about the performance criteria, such as the energy gain or
with respect to time constraints during the design phase of the application to improve
the overall energy efficiency. The local power management (energy monitoring and
performance evaluation) and the global power management(task allocation and task
scheduling) can achieve an efficient power consumption in a wireless sensor node.

The evaluation will be done and validated by the STORM simulator. The simu-
lation technique aims to describe the behavior of the node [25]. It also impacts the
development of the WSN, as it simulates several tens of thousands of nodes where
only the simulation is effective. In addition, it provides a basis for constructing sensor
network models in other formalisms. Selecting a simulator for experimentation is not
an easy task. The investigation of more than 25 simulation environments that we con-
ducted in [26], led us to the STORM simulator. Its multiple benefits meet our need to
model temporal execution of tasks where each CPU emulates the functioning of a real
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Tab. 2: Simulation parameters.

Parameters Values

Duration of simulation 1000 ms

Precision 1079%s

Number of tasks (n) 2,5,10,20
Number of processors (m) 2,3,5,10

% 70, 75, 80, 85, 90, 95, 97.5, 100
Model of execution time WCET and AET

Behavior in case of exceeding  Task abortion

of deadlines

Scheduler GEDF

Distribution of periods [2,100] ms

Time penalties None for DVFS but taken into account for DPM

node. In our case, a processor is the equivalent of one node. The objective is that all
the tasks check their deadlines during the simulation. We assume that the overhead
of a preemption is zero.

The frequency and voltage are linearly related. The frequency change directly in-
fluences the execution time. So, scaling the frequency by x, the execution time be-
comes 1/x.

4 Performance evaluation

The various simulations and measurements make it possible to highlight several met-
rics, which will help us to evaluate the power consumption generated by the processor.
The simulation measurements were conducted with MICA2 to determine the improve-
ment in the WSN lifetime. MICA2 is better suited to our experiments for enabling low
power, WSN and for allowing us to manage a much larger number of variables with
even more flexibility. The simulation parameters are chosen in order to satisfy the con-
dition of scheduability of both, which, as mentioned above, is the combination of both
the GFB and the Srinivasan and Belkadi conditions.

During the simulation, we changed the size of the network (number of nodes)