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Abstract
Wireless Power Transfer (WPT) consists in transferring energy between circuits without
cables connecting them. Such transference can be of several kinds: inductive, capacitive and
radiated. Inductive is the most popular nowadays, and is being currently investigated and
developed in companies, universities... although its interest appeared about two decades
ago.
The transference of energy is carried out through the magnetic field between two coils
inductively coupled. As the distance between the coils increases the lower is the coupling
and so the energy transferred and the efficiency. To minimize this, working in resonance is
used by means of capacitance compensation of the inductances; this way the efficiency and
also the power transferred is increased, since the reactive elements of the circuits are
compensated.
This work performs an extensive study of the magnetic link, its optimization and
implementation, both through mathematical analysis, simulations and real assembly; namely
for low power (100mW to 10W) and distances of transmission larger than diameters of the
coils, which is commonly known as mid-range transmission. Its main purpose is the charge
of mobiles devices such as tablets, mobile phones... while being used without the need of
being very close to the charging device, as it occurs with Qi standard [1].
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Figure 0.1. Example of resonant magnetic link

The first part of this work is an introduction to wireless power transfer and its state of the
art, focused on low power and mid-range transmission. The second part focuses on the study
of the resonant magnetic link, e.g. the geometry of the coils, the magnetic coupling and other
factors whose understanding make possible the transmission of energy.
The third part develops the link optimization through analytical equations, and how it can
be tackled depending on the circuit constraints; other works from our investigation group
are quoted, but here will be focused on low power and higher distance between the coils, as
mentioned above.
The fourth part includes the optimization of the coils (both primary and secondary) to
achieve the best coupling and efficiency.
The fifth part shows the experimental results and how they validate the model proposed.
The last part is composed of the conclusions and the future work.
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Abstract
In addition, several appendices are included, which contain the practical issues related to the
implementation and software designed to do the simulations.
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1.1. INTRODUCTION
Wireless Power Transfer (WPT) consists in transferring energy between circuits without any
cables connecting them; it can be radiative or non-radiative depending on the mechanism
used to transfer energy. Radiative power can be emitted from an antenna and propagates
through a medium (such as vacuum or air) over long distance (many times larger than the
dimension of the antenna) in form of electromagnetic wave. However, due to the omnidirectional nature of the radiative power emission, the energy efficiency of power
transmission is very low; because of this, it is not appropriate for WPT, since the power
needed to charge energy storage elements is large [3].
Non-radiative wireless power transfer usually relies on the near field magnetic coupling of
conductive loops (coils) and can be classified into short-range and mid-range applications
[3]; WPT based on the magnetic resonance and near-field coupling of two loop resonators
(coils working in resonance) was reported by Nicola Tesla a century ago [4], and it is known
as inductive power transfer (IPT).
The operation of a resonant IPT system is comparable to that of an air core transformer with
the leakage inductance compensated by means of capacitances; compensation is applied to
both the primary and secondary of the transformer to boost power transfer as well as making
operation possible. Secondary capacitor is calculated to resonate with the secondary selfinductance at the operating frequency, while the primary capacitor is either designed to have
unity power factor at the input of the system, i.e. getting resistive input impedance [5], or to
resonate with the primary self-inductance.
The mutual coupling within IPT systems is generally weak. To deliver the required power
and ensure equipment sizes remain manageable, it is necessary to operate at high frequency.
It should be noted that wireless power transfer has been applied extensively in ac machines,
which were also pioneered by Tesla [6]. Using a cage induction machine as an example,
energy is transferred from the excited stator windings across the air gap to the rotor cage.
Energy transfer via coupled windings is the basic principle used in electric machines;
therefore, wireless power systems can be mathematically described by electric circuit theory
for magnetically coupled circuits. Also, [3] WPT has been an active research topic for
transcutaneous energy systems for medical implants since 1960’s [7]-[11] and induction
heaters [12] since 1970’s. For modern short-range applications, the inductive power transfer
(IPT) systems [13]-[17] and the wireless charging systems for portable equipment such as
mobile phones [10], [11], [20]-[23] have attracted much attention since 1990’s and 2000’s
respectively. Short-range wireless charging technology for portable electronic devices has
reached commercialization stage through the launch of the “Qi” Standard by the Wireless
Power Consortium [1], now comprising over 135 companies worldwide.
The combined use of magnetic induction, tuned circuits and resonance operating frequency
has been a common theme in wireless power and radio investigations. Some of these features
are referred to as “non-radiative”, “magneto-inductive” and “magnetic resonance” in recent
mid-range wireless power research.
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1.2. CLASSIFICATION OF WIRELESS POWER TRANSFER SYSTEMS
WPT systems can be classified depending on the parameter considered. According to the
distance from the radiating source, they can be divided into




Near field.
Mid field.
Far field.

Each one has its own electromagnetic properties and propagation characteristics; near field
takes place when the transmission distance is less than one wavelength, mid field between
one and two wavelengths and far field applies when the distance between the source and the
receiver is bigger than two wavelengths.
According to the coupling mode employed, WPT systems can be classified as:
electromagnetic radiation, electric induction or magnetic induction. Figure 1.1 shows a block
diagram using this classification method [24]:

Electromagnetic
Induction

Microwave
Laser

WPT

Electric
Induction

Capacitive
Resonant
Inductive

Magnetic
Induction

Resonant

Figure 1.1. Types of wireless transmission [24]
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1.2.1. Electromagnetic radiation
The WPT by electromagnetic radiation is commonly transmitted as microwaves or laser rays,
which are considered as far field since the inductive and magnetic field are orthogonal and
related through the impedance of the medium of propagation. It has promising applications
on satellites and others when the distance from the WPT emitter is large [25]. On the other
hand, both WPT by electric induction and WPT by magnetic induction work in near field.
WPT by using electromagnetic energy is not a new idea, and several experiments, even in
recent times, have proved its feasibility. The starting idea was the proposal concerning
transmission of energy from space down to the Earth, as suggested by Peter Glaser (1969) in
his project, namely Solar Power Satellite, along three steps. First, D.C. electric energy is
collected by solar cells displaced in space by a satellite on a geostationary orbit. Then, the
collected D.C. electric energy is converted to microwave field energy that is transmitted as a
wave beam down to the Earth. Finally, the microwave field energy is collected by a receiving
antenna array at the receiver site over the ground, and converted back to D.C. energy by
loading the elements of the array over a rectifying circuitry. For this reason the receiving
antenna is named rectenna.
This solar energy concept has been (theoretically) explored, mainly in the US and Japan,
essentially along the lines originally envisaged by Glaser. However, the subsequent steps,
i.e., going from the theoretical analysis at paper work level to executive projects, requires a
deep, convincing analysis of technological, as well as economical points. Construction,
localization, and long-term operation (tens of years) of huge complex space systems over
prescribed (not necessarily geo-stationary) orbits is the first issue. Collection of huge amount
of solar energy, and its subsequent transmission as a microwave beam to the ground station,
with stringent safety and efficiency requirements, is the second issue. Above two points
should comply with usually contrasting stringent cost requirements and environmental
safety rules. For instance, limitation of the density power levels in the accessible area around
the rectenna, to comply with the population safety exposure level to microwave radiation,
sets an upper bound to the total allowed transmitted power by the microwave beam. This is
just one example out of a large category of others.
Laser Power Transfer (LPT) systems are based on lasers as the energy transport media.
Lasers generate phase-coherent electromagnetic radiation by the principle of population
inversion and the most commonly used type of lasers is solid state lasers. Direct solar
pumping lasers involve the concentration of solar energy before being injected into the laser
medium.
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1.2.2. Electric induction
The WPT by electric induction is known as Capacitive Power Transfer (CPT) [26]; since it
causes more danger to the human body than WPT by magnetic induction, little research on
this topic has been done.
CPT is a novel technique used to transfer power wirelessly between the two electrodes of a
capacitor assembly [27]. It is based on the fact that when high frequency ac voltage source is
applied to the plates of the capacitor that are placed close to each other, electric fields are
formed and displacement current maintains the current continuity. Thus, in this case the
energy carrier media is the electric field and hence the dual of IPT. Some of the features that
CPT has compared to IPT are [27]:
1. Energy transfer can still continue even on the introduction of a metal barrier as it would
result in a structure consisting of two capacitors in series.
2. Most electric fields are confined within the gap between the capacitors and hence EMI
radiated and power losses are low.
3. The requirement for bulky and expensive coils doesn’t exist and hence, the circuit can be
made small.

1.2.3. Magnetic induction
The WPT by means of magnetic induction depending on the resonance and the way the field
is generated can be divided into: magnetically coupled inductive WPT and magnetically
coupled resonant WPT [24]. The first one is sometimes known as inductive coupling power
transfer (ICPT), which has become a focus point to applications from few microwatts up to
kilowatts, with efficiencies higher than 90% [29]-[31]. Usually, in this way of transmitting
energy the distance between coils is lower than their diameters. In figure 1.2, its working
principle is shown.

Figure 1.2. Magnetically coupled inductive WPT [32]
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Where D is the emitter diameter.
L1 is the emitter coil.
L2 is the receiver coil.
D2 is the receiver diameter.
z is the distance between coils.
B is the magnetic field.
The magnetic field generated by the emitter produces a magnetic flux going through the
receiver, this way the energy exchange is produced. This kind of energy transfer has a
number of advantages, e.g., it’s unaffected by dirt, dust, water, or other chemicals and is
thereby environmentally inert and maintenance free [33]-[36]. With such characteristics it has
found many applications, but the conditions under which such systems are stable are now of
prime importance, especially in critical applications with a multiplicity of receivers [13], [37][39].
As said before, magnetic induction WPT can be divided into “Magnetically Coupled WPT”
and “Magnetically Coupled Resonant WPT” considering either capacitive compensation is
carried out or not; and into “Short-range” or “Mid-range” depending on the distance
between the transmitter and the receiver.
1.2.3.1. Magnetically Coupled WPT
The ICPT systems have been studied in applications such as electric vehicles, which includes
movable inductors applications [40], [41], and fixed inductors applications [42], [43]. For
movable inductors, the receiver moves along the transmitter, and the energy transmission is
made by the horizontal component of the magnetic flux [44]. In the second case, both emitter
and receiver are fixed, in this case the energy transmission is made by the vertical
component of the magnetic flux [42].
In some papers, what are called ICPT systems are resonant but designed for high power
transfer; in order to design this type of systems, a compensation topology must be selected
(as later can be seen). The compensation topology helps to improve the energy transfer
between coils; to use a compensation topology the power ratio and the control technique
must be taken into account [45]-[48].
1.2.3.2. Magnetically Coupled Resonant WPT
Unlike ICPT, in resonant systems (IPT systems from now on) there is a resonance and the
distance between coils is usually higher than their diameters. It was introduced by
Massachusetts Institute of Technology (MIT) in 2007 [49]. Since then, there have been many
publications related to this topic.
Literature describes four basic topologies: Series-Series (SS), Series-Parallel (SP), ParallelSeries (PS) and Parallel-Parallel (PP) depending on the position of the compensation
capacitor with respect to the coils; each one has its advantages and drawbacks depending,
among other factors, on the efficiency, currents and voltage implied and tolerances to
deviation from the operating frequency [5]; in figure 1.3 these topologies are seen.
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Figure 1.3. Basic resonant IPT topologies

1.2.3.3. Short-range magnetic induction
The first step in near-field transmission involves short distances. Strongly coupled
contactless charging systems have been used for many years in devices such as electric
toothbrushes. These use ferrite cores and require precise alignment, via mechanical
constraints in the device such as projections or slots, to achieve strong coupling. The design
goal is increased safety, as opposed to additional freedom of movement. As a result, there is
no conductive path between the charger and the device and no additional freedom of
movement. The challenge for a device suitable for portable electronics is to maintain high
efficiency while allowing freedom of movement and reducing or eliminating the use of bulky
magnetic materials.
1.2.3.4. Mid-range magnetic induction
The same concepts which work in the contactless charging system can be extended so that
longer transfer distances are possible. Similar to using large antennas to improve the power
transfer efficiency in a far-field system, a large inductive coil can be used to efficiently
transfer energy over distances on the order of the size of the coil to a few times this size
(since the coupling factor depends on the area of the coils). Two factors will tend to limit the
maximum transmission distance for any magnetic-field-based near-field wireless power
transfer system (for a given minimum efficiency): the mutual inductance between the
transmitting coil and the receiving coil, and the parasitic resistance of the coils.
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1.3. STATE OF THE ART FOR MID-RANGE MAGNETICALLY COUPLED
RESONANT WPT
1.3.1. Introduction
For the two-coil system (just one transmitter and receiver), the resonant capacitor, along with
the inductance of the coils, determines the operating frequency, which can then be tuned via
mechanically or electrically adjustable capacitors. One disadvantage of this technique is that
the coils must be operated at a frequency well below their self resonant frequency (SRF),
which tends to decrease the maximum efficiency of a system with a fixed coil configuration,
as can be seen in [50]–[52].
For the ICPT applications of several kilowatts such as charge of electric vehicles, energy
efficiency higher than 90% is possible for small transmission distances and large coils. For the
low-power wireless charging of mobile phones (up to 5W), a typical system energy efficiency
exceeding 70% can be achieved. For these modern short-range domestic and industrial
applications, the operating frequency is usually in the range of 20 kHz to a few megahertz.
Such a frequency range is chosen because the power processing circuits (which are power
electronics based switched mode power converters) with this operating frequency range are
commercially available and economical. This frequency range is often neglected in recent
mid-range wireless power research, but is a very important factor affecting the overall
system energy efficiency and costs in both short-range and mid-range wireless power
transfer systems, particularly when the power level is high. For non-radiative mid-range
wireless power transfer, operating frequency ranging from 10 kHz in Tesla’s work [6] to
almost 200 MHz [53] has been reported. Using an operating frequency in excess of 10 MHz,
for example, would substantially increase the costs and switching losses of the driving
circuits, in addition to the radiation losses.
Although in this work a two coil system with small coils will be used, other configurations
from literature are below explained.

1.3.2. Four-coil configuration
Many coil configurations are possible for midrange transfer; Kurs et al. [49] used a four-coil
approach, utilizing two resonant structures, in this case cylindrical helices, both tuned to the
same resonant frequency, as well as two additional coils that each couples to a resonator,
serving the function of a matching network, as can be seen in figure 1.4.

Figure 1.4. Coil system proposed by [49]
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The following system has 4 coils, the primary (A), which is connected directly to an AC
source, the coupling coil (S), which transmits the energy to high distance, the other coupling
coil (D), which is the receiver of the energy, and the output coil (B), which supplies the load.
It is important to notice that the couplings between coils A and D, A and B, and S and B are
neglected because very weak coupling exists. In figures 1.5 and 1.6 this configuration and its
electric equivalent circuit are shown.

Figure 1.5. Another example of a 4-coil system [54]

Figure 1.6. Equivalent circuit of a 4-coil system [54]

The use of the power driving coil and the load coil offer two extra mutual coupling
coefficients for impedance matching (assuming that the mutual coupling of the driving loop
and the load loop is negligible). In addition to the mutual coupling coefficient between the
Sending resonator and the Receiver resonator (ϰSR), the two extra coefficients are the mutual
coupling coefficient between the Power driving coil and the Sending resonator ( ϰPS), and
that between the Receiving resonator and the loaD coil (ϰRD). Reference [54] contains a
detailed circuit analysis of this 4-coil system and step-by-step explanations on how to match
impedances in various stages in order to maximize power transfer. The 4-coil system
provides 3 mutual coupling coefficients ϰPS, ϰSR and ϰRD which can be utilized to maximize
the power transfer if the following condition is met:
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The 4-coil system provides a mechanism to extend the transmission distance compared with
the basic two-coil system since the two extra mutual coupling coefficients (ϰPS and

ϰRD) in

the 4-coil systems provide extra freedom by minimizing ϰSR through the use of the previous
equation. However, the impedance matching requirement also implies that such system has
its overall energy efficiency not higher than 50%, because it uses the maximum power
transfer principle, which is explained in section 1.3.3. This inherent limitation could form a
bottleneck of this 4-coil approach for mid- and high-power applications, unless energy
efficiency is not a primary concern. Due to this drawback, the difficulty of adjusting ϰPS and

ϰRD, and also its complexity (it adds two resonators), the 2-coil system has been adopted for
this work.

1.3.3. Transmission issues
The operating principles can be summarized as the maximum power transfer and maximum
energy efficiency principles: if the WPT system is simplified in a circuit like that of figure 1.7,
maximum power transfer will occur when ZL=ZS*; however maximum energy efficiency will
take place as the power of the load increases respect to that of the source impedance. This
work is oriented to achieve maximum energy efficiency and proposes a method for it.

Figure 1.7. Equivalent circuit of a WPT system

An interesting phenomenon affecting WPT is frequency splitting, as can be seen in figure 1.8.
When multiple receivers are powered, coupled mode frequency splitting occurs if two
receivers are in close enough proximity that their magnetic fields are relatively strongly
coupled, causing the peak frequency be divided into two peaks. Control circuitry to track the
resonant frequency shifts and retuning the receiving coil capacitances is a potentially viable
strategy for addressing this issue.
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Figure 1.8. Frequency splitting example [80]

Another interesting application of WPT seen in literature [3] is domino resonators like that
one shown in figure 1.9. By means of connecting several resonators between the transmitter
and the receiver, the efficiency achieved is higher and the distance of transmission boosted.
The demonstration of its better efficiency is done in appendix D of this document.

Figure 1.9. Domino resonator
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1.3.4. Safety issues
With increasing transmitted power level and transmission distance for mid-range wireless
power transfer, one obvious concern are the safety issues related to human exposure of
electric, magnetic and electromagnetic fields (EMF). Established adverse effects on health
depend on the frequency and intensity of the EMF. In general, 100 kHz is a crossover
frequency below which the electro stimulation effects dominate, and above which the
heating effects dominate [3]. For short-range and low-power applications such as wireless
charging pads for portable electronics (5W), the human exposure problems can be mitigated
by using localized charging principle together with the use of the EM shields [22]. For shortrange high-power applications such as wireless charging of electric vehicles (2kW), special
magnetic designs can be adopted to guide the magnetic flux in order to minimize the leakage
flux [56]. So as to comply with the human exposure regulations, an idea of detecting the
presence of humans and lowering the power level when humans are in the very close
vicinity has been suggested [57]. For short-range applications, only the leakage flux is of
concern and therefore the EMF issues are less severe.
For mid-range wireless power transfer, the two guiding regulatory documents are a) the
ICNIRP Guidelines for Limiting Exposure to Time-varying Electric, Magnetic and
Electromagnetic fields (1Hz to 100kHz) [58] and (up to 300GHz) [59] and b) IEEE Standard
for Safety Levels with Respect to Human Exposure to Radio Frequency Electromagnetic
Fields 3kHz to 300 GHz [60]. The typical human exposure limits of the ICNIRP and IEEE
standards are shown in figures 1.10 and 1.11, respectively. The ICNIRP regulations provide
two different sets of limits for occupational exposure and for general public exposure, while
the IEEE standard provides only one set of limits. For mid-range wireless power transfer, the
majority of the work is conducted at or below 13.56 MHz; within this frequency range, it can
be observed from figures 1.10 and 1.11 that the maximum EMF levels for both the electric
and magnetic fields become more stringent as the frequency increases.

Figure 1.10. ICNIRP Reference levels for exposure to time-varying electric and magnetic fields
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Figure 1.11. IEEE Reference levels for exposure to time-varying electric and magnetic fields

Several tests have been reported to evaluate the EMF issues of mid-range wireless power
transfer for the 4-coil systems. The report in [61] in fact sheds some light on the EMF issues
of the 4-coil system reported in [49]. When 60W is transferred over 2m between the sending
resonator and the receiving resonator under an operating frequency of 10MHz, the electric
field in the position halfway between the two resonators is Erms=210V/m, and the magnetic
field is Hrms=1A/m; at the point of 20 cm from the resonator coil surface the electric field and
magnetic field increase to Erms=1400V/m and Hrms=8A/m, respectively. Under the 10 MHz
operation, the electric and magnetic field exposure levels are higher than their respective
limits shown in figure 1.11. In order to comply with the IEEE regulations, the author of [58]
replaces the self-resonant coils with capacitively-load loops to confine the electric field in the
capacitors and lowers the operating frequency to 1MHz (which further reduces the
transmission efficiency).

1.3.5. Recent applications
Two examples of recent applications are shown below. Unlike this work, whose goal is
making an efficient transmission using small coils for the receiver that can be embedded in a
mobile device, the following employ large coils.
In [62], transmission efficiencies as high as 76% for an output power of 40W are achieved
over a gap of 1m, with the set-up of figure 1.12.
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Figure 1.12. Set-up used in [62]

Besides, it is shown that the coupling coefficient k is almost constant when the angular
misalignment is below 60º, as exposed in figure 1.13.

Figure 1.13. Coupling coefficient with respect to misalignment angle between coils [62]
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In [63] 5m-off-distance inductive power transfer systems that have optimally shaped cores in
the primary and secondary coils are proposed, and schematized in figure 1.14. Instead of
conventional-loop-type coils for magnetic resonance scheme, magnetic dipole type coils with
cores are used for drastic reduction in deployment space and quite long wireless power
transfer. Experimentally obtained maximum output powers and primary-coil-to-load-power
efficiencies for 3m, 4m, and 5m at 20 kHz were 1403W, 471W, 209W, and 29%, 16%, 8%,
respectively.

Figure 1.14. Configuration scheme used in [63]

1.4. OBJECTIVES AND PROPOSED SOLUTION
Many studies have appeared the last years about WPT, however, only a few of them tackle
its real implementation and optimization. The main goal of this work is the study and
implementation of an optimized resonant inductive power transfer system, particularly for a
low power application in which the transmission distance is about the coil diameter (midrange transmission). To reach this goal, the following steps will be carried out:


Understanding the influence of the geometric and physical parameters of the coil on
the performance of the WPT:
With the purpose of having a primary and a secondary which improve the energy
transmission and also considering practical issues like size, cost, shape..., physical and
electrical simulations will be done, besides using analytical models from literature and
a specially designed tool (appendix C). Real effects like parasitic resistances, deviation
from the operating frequency, misalignment, etc, will be taken into account for the
better comprehension of the energy transmission mechanism and to identify the
sources of power losses.
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Optimization of the wireless link:
Several methods to optimize the magnetic link depending on the circuit constraints
will be proposed. This will allow improving the efficiency of the transmission reducing
the losses, making this way possible to solve partially one of the main drawbacks of the
WPT due to its low coupling.
Optimization of the coils and transmission parameters:
Thanks to the knowledge of the coils and with the aid of a software to extract their RLC
parameters, a special software will be developed to select the geometrical parameters
of the coils and the operating frequency which allows maximizing the mutual
inductance and so the power transferred to the load and the efficiency.
Validation with experimental results:
The method proposed in chapter 3.3 will be validated with a novel mid-range
configuration in chapter 5, unlike chapter 3.3.1 where it will be validated for a shortrange transmission. So, the versatility of this optimization method is proven.

The future deployment of WPT systems for low power mobiles devices can be closer and the
knowledge from this work may help it to occur.
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2.1. INTRODUCTION
In this chapter, with the help of the tool explained in appendix C, many tests are carried out
in order to deeply understand all the parameters involved in the resonant WPT between two
coils.
The conclusions for each test will be also explained and taken into account to improve the
geometrical design of the coils.

2.2. MAGNETIC DIPOLE APPROXIMATION
In this section, it will be evaluated if the mutual inductance between two coils can be
obtained by means of the magnetic dipole [78] approximation (2.1):

In the following figures, the curves for the mutual reactance Xm = 2*π*f*M, will be plotted for
several configurations depending on the distance between the coils, calculated through (2.1)
and using FastHenry (with the tool explained in Appendix C). This way, it can be seen when
complex and time-consuming simulations could be substituted by the simpler formula (2.1).
The results for 2 coaxial square coils of 1m2, one turn each one, and at 500kHz are shown in
figure 2.1; its visual representation is presented in figure 2.0:

Figure 2.0. Visual representation of the coils in FastHenry
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Figure 2.1. Two equal square coils of 1 turn and 1m2

Also, for two coaxial square coils of 6 turns and 1m2 in figure 2.2; for two coaxial square coils
of one turn with different areas of 1m2 and 25cm2 in figure 2.3; and for two coaxial square
coils of one turn with areas of 1m2 and 1cm2 in figure 2.4:

Figure 2.2. Two equal square coils of 6 turns and 1m2
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Figure 2.3. Two square coils of 1 turn with different areas, 1m2 and 25cm2

Figure 2.4. Two square coils of 1 turn with different areas, 1m2 and 1cm2

From the above figures, comparing the mutual reactance using (2.1) and the extremely
accurate simulation software FastHenry, it can be determined that when the separation
distance is larger than three times the side of the larger coil, the error produced using (2.1) is
less than 10%, and both curves seem overlapped.
The linear appearance of the curve which represents the magnetic dipole approximation is
because in (2.1) M is proportional to (1/d3) and in the previous figures, both Xm and distance
d are represented logarithmically.
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In figures 2.5 and 2.6 it is shown how Xm varies depending on the area of the transmitter and
on the receiver (both have 1 turn), respectively, using FastHenry software:

Figure 2.5. Calculation of Xm for different transmitter areas, with a receiver area fixed to 25cm 2

Figure 2.6. Calculation of Xm for different receiver areas, with a transmitter area fixed to 1m 2

From the last two figures, it would be easy to choose the area of the coils needed to have a
particular Xm value. If Xm value were negative would mean that the electromotive force (emf)
induced in one coil by a change of current in the other coil is in the opposite direction than
the emf resulting from the same change in current when the loops are arranged in a coaxial
position [79].
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Other analytical accurate ways of calculating the mutual inductance between coils with
different shapes apart from magnetic dipole approximation are introduced in [78] and [79],
and they are valid for every distance between coils, unlike magnetic dipole approximation.
[79] is more accurate and doesn’t need very large tables like [78]; however, it is more
complicated since it involves the resolution of elliptic integrals of the first and second kind to
solve the following formula:

Nevertheless, all magnetic dipole, [78] and [79] become quite inaccurate when the area
occupied by the turns is significant compared to the total area of the coil; for that reason, the
calculation of the mutual inductance from simulation through FastHenry will be preferably
used.

2.3. EQUIVALENT WIDTH
It has been proven, by means of the tool described in appendix C, that it is equivalent, from
the efficiency point of view, whether the turns are located on the primary, or in the
secondary or shared among them: for a 1mx1m primary, 5cmx5cm secondary, at 500kHz,
both separated 1m, the result is equivalent in the following three cases: a primary of 49 turns
and a secondary of 1 turn, a primary of 1 turn and secondary of 49 turns, or a primary and a
secondary with 7 turns each one.
Since the magnetic field created by a coil with N turns and current I is equivalent to that of a
coil with 1 turn and current N*I, it is studied which of both configurations is preferable:
Two 1mx1m coils, with 10 turns each one, 0.1mm width, separation between turns 0.1mm,
and separated 1m, have an efficiency of 4.78%; while if these coils have an equivalent width
of 1.9mm (10*0.1+9*0.1) and just one turn, its efficiency is 9.11%. So, it is better, as for the
efficiency, having 1 turn with a current of value N*I than N turns with a circulating current I.
This test has been also carried out in other scenarios and the results show that there is not
noticeable difference, as Ampere’s law predicts
, in terms
of efficiency, between both configurations. However, these tests were made without
considering the power stage, whose losses are bigger as the current it manages is increased.
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2.4. INFLUENCE OF THE AREA, THE NUMBER OF TURNS AND THE
FREQUENCY ON THE EFFICIENCY
In this section, several analysis are carried out (using the tool described in appendix C)
depending on some factors and in each case the voltages, currents and efficiencies will be
shown; these values were calculated using the formulas from section 3.3 for a series-series
configuration, which cause the optimum case to take place. In all cases, the coil is
implemented with just one turn and an equivalent width (explained in section 2.3) as it had n
number of turns, where n will be said for each test; for this reason, the voltage values at the
source (V1rms) and at the load (V2rms) are quite small.

2.4.1. Influence of the secondary coil size
In table 2.1 it can be seen how the efficiency increases as the secondary coil area gets larger.

Table 2.1. Different results depending on the secondary coil geometry

2.4.2. Influence of the primary coil size
In table 2.2 the test is similar to the previous one, but varying the primary coil area. It is
noticeable that from 1500x1500mm on, the efficiency remains practically the same.

Table 2.2. Different results depending on the primary coil geometry

2.4.3. Influence of the number of turns
In table 2.3 it can be seen how the efficiency increases as the number of turns grows; also,
from 300 turns on, the efficiency is almost the same.

Table 2.3. Different results depending on the number of turns in both coils
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2.4.4. Influence of the frequency
In table 2.4, the effect of incrementing the resonance frequency is seen in terms of efficiency
and circuit parameters. Such effect is always positive in terms of frequency.

Table 2.4. Different results depending on the resonance frequency

2.5. SKIN AND PROXIMITY EFFECTS
In this section, both high frequency effects are evaluated to know their influence.
If the number of turns is big but the conductor radius is smaller than the skin depth,
, then proximity effect is negligible since the total resistance of the coil is equal to
the resistance of one turn multiplied by the number of turns.
As the conductor radius increases, proximity effect becomes more important, and the error
obtained calculating the total resistance through the resistance of one turn considering skin
effect times the number of turns will not be negligible. For example, at 500kHz, with 5 turns,
for radius r>δ, for a particular design, the calculated resistance is 3Ω while the result of
multiplying the resistance of one turn times the number of turns is 1.25Ω.
Also, it has been said many times that it’s not very advisable to use a conductor radius
greater than the skin depth; however, as the conductor radius increases, always its resistance
is slower (for example, for a conductor with a skin depth of 0.165mm at 500kHz, its
resistance is 35Ω when it is 0.1mmx0.1mm, while 3Ω for 1mmx1mm); such reduction
depends on the square root of the frequency.
It is also relevant to note that as the conductor radius makes bigger, the coil inductance gets
reduced: for the last example resistance changed from 35Ω to 3Ω, but the inductance from
161.42µH to 113.95µH.
As will be seen in section 2.9 and according to the tests made above, proximity effect must be
considered in the calculation of the coil resistance; therefore, the most accurate way of
obtaining such resistances is by means of simulation (in this case using FastHenry).
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2.6. ANALYSIS FOR DIFFERENT PCB COPPER THICKNESSES
Although it is obvious that, for a coil implemented in a PCB, the efficiency will be higher as
the copper layer thickness increases (because it reduces the self resistance), such efficiency
will be simulated for common PCB layer thicknesses (105µm, 70µm and 35µm) in two
scenarios (figures 2.7 and 2.8, using the tool described in appendix C). This test has been
done bearing in mind that currently low cost PCB manufacturing requires 70µm and 35µm
for layer thickness (and sometimes only the last one); in addition to this, the thicker the
copper the higher the cost, so it’s better using 35µm layers if the efficiency doesn’t penalize
too much.

Figure 2.7. First configuration (using 105µm thickness)

Figure 2.8. Second configuration (using 105µm thickness)
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In both scenarios the operating frequency is 1MHz, the coils are coaxial and separated 1m,
and the power received by the load is 1W.
For the first one, figure 2.7, the efficiency is 6.13% for 105µm layer, 4.64% for 70µm and
2.69% when 35µm technology is used. For the second one, figure 2.8, the efficiency is 53%,
48% and 38.1% for 105µm, 70µm and 35µm, respectively. With these results, it seems
obvious that it is better a thicker layer, but if there is no alternative, smaller thickness can be
used at the expense of the efficiency.

2.7. EQUIVALENCE BETWEEN THICKNESS AND WIDTH
The primary is intended to be implemented in a 1mx1m large structure; to do that, copper
foil tapes can be utilised. Doing so, it will imply that the layer thickness (th1 in figure 2.9) is
greater than the trace width (w1 in figure 2.9) of the turns, unlike how it is done for the
secondary. The meaning of width and thickness can be also seen in figure 4.4.
So, to validate this method of construction for the primary, some simulations are used with
the structure defined in figure 2.9, for an operating frequency of 1MHz, coaxial coils
separated 1m and 1W received by the load.

Figure 2.9. Example of primary and secondary coils used to do the simulations

If the thickness is 105µm and the widths 19.9mm, 39.9mm and 79.9mm, the efficiencies are
0.293%, 0.53% and 5.174%, respectively. However, if the width is always 105µm and the
thicknesses 19.9mm, 39.9mm and 79.9% the efficiencies are 0.3%, 0.55% and 5.146%.
From the above results, almost the same when the width value is substituted by the
thickness, it is concluded that a primary with a thickness higher than its width could be
carried out, without affecting the efficiency of the system.
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2.8. ORIGIN OF THE LOSSES
If the efficiency η is equal to Pout/Pin and given that Pin=Pout+Plosses, it results (2.2), with η
expressed in %:

Plosses include the resistive losses, i.e., the power dissipated in the primary coil resistance and
in the secondary coil resistance. Since the current on the primary coil must compensate the
low coupling between coils, the losses of the primary will be in principle greater than the
losses of the secondary; for this reason, the optimization of the primary has a bigger priority
(as done in 2.9).
For example, for the scenario of figure D.2 in appendix D, the power dissipated in the
primary coil is 0.311W but in the secondary coil is 0.2W, despite being the same geometrical
structure for both. This difference will be incremented as the coupling factor k is reduced.

2.9. INFLUENCE OF THE PRIMARY INTERWINDING DISTANCE ON
EFFICIENCY
As seen in section 2.8, the majority of the losses come from the primary coil; thus, optimizing
the primary has a greater influence on efficiency than optimizing the secondary.
For a fixed secondary coil and operating at 1MHz, the interwinding distance of the primary
is evaluated in order to measure its influence on the efficiency and on the primary losses; the
primary is a 1x1m coil with 25 turns, with a thickness of 15mm and 0.105mm width; the
power received by the load in every case is 1W. The primary resistances and inductances are
also shown (R1 and L1, respectively):









0.15mm: η 13.5%, primary losses 5.67W, R1 15Ω, L1 2.185mH.
0.3mm: η 13.5%, primary losses 5.67W, R1 14.8Ω, L1 2.1mH.
1mm: η 15.44%, primary losses 4.74W, R1 11.81Ω, L1 1.82mH.
1.5mm: η 16.87%, primary losses 4.215W, R1 10.11Ω, L1 1.68mH.
2.5mm: η 19.27%, primary losses 3.51W, R1 7.8Ω, L1 1.47mH.
5mm: η 23.21%, primary losses 2.685W, R1 4.88Ω, L1 1.12mH.
8mm: η 25.39%, primary losses 2.3433W, R1 3.3Ω, L1 0.836mH.
12mm: η 25.47%, primary losses 2.33W, R1 2.26Ω, L1 0.58mH.

Using distances larger than 12mm the efficiency gets reduced.
From the previous results, since the resistance decreases as the interwinding distance
increases, it can be said that the majority of the losses come from the proximity effect, as skin
effect would make greater the primary resistance for a bigger interwinding distance.
Therefore, a special care has to be paid to the interwinding distance at the operating
frequency due to its great influence on the efficiency, especially for the primary.
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2.10. INFLUENCE OF THE DESIGN PARAMETERS ON THE COIL
VOLTAGES
2.10.1. Introduction
The quality factor Q is shown in (2.3)

Therefore I2RMS *X is equal to Q *I2RMS *R. For a series resonant circuit the power factor is equal
to one, so cos(α)=1 and thus I2RMS *R=VRMS *IRMS => I2RMS *X=Q *VRMS *IRMS => VLRMS = Q *VRMS,
and since Q is high to get high values of efficiency, VLRMS will be very high, what is not
desired in terms of safety.
In the following sections, the analysis is focused on the reduction of the coil voltages without
affecting the efficiency, since it is not recommended to have a very high voltage in a mobile
device such as a mobile phone for the matter of safety.

2.10.2. Effect of the number of turns
When two different primary coils are used, one of 25 turns and the other of 5 turns with an
equivalent width, i.e. only one turn with the width corresponding to the number of turns
stated, (as seen in 2.3 they should have an equivalent efficiency) the following results are
obtained (the subscript 1 refers to primary and 2 to secondary). The structure in figure 2.10
has been used with the following conditions:




Operating frequency of 1MHz.
Distance between the coaxial coils of 1m.
Power received at the load of 1W.

Figure 2.10. Configuration used with a 25-turns primary

40

2. Study and analysis of the wireless link
For a 25-turns primary: V1rms = 11.4V, V2rms = 9.55V, VL1 = 4kV, VL2 = 2.6kV, η = 28.18%.
For a 5-turns primary: V1rms = 2.179V, V2rms = 9.67V, VL1 = 800V, VL2 = 2.6kV, η = 29.35%.
Looking at the results, the efficiency of both structures is very similar but the voltage across
the primary coil is 5 times less when the number of turns is also 5-times less. This is of course
preferable, however, V1rms is also reduced and considering the voltage drop across the
MOSFETS of the power stage, the efficiency could be penalized. For this reason, it is
recommended to find a reasonable relation between the applied voltage and the voltage
across the coil.

2.10.3. Dependence on the frequency
Now, the effect of changing the operating frequency will be analyzed based on its influence
on the voltage coils. The compensation capacitances are changed, in such a way that the
operating frequency is the resonant frequency.
Two different configurations are used to carry this test out (the power received and the
relative position between coils will be the same than in section 2.10.2). The first one includes
a 10x10cm secondary coil while the second one has a 20x20cm secondary coil.




For the 10cmx10cm coil:
o Operating frequency of 500kHz: VL1 8.6kV, VL2 4.35kV, η 3.6%.
o Operating frequency of 1MHz: VL1 8.6kV, VL2 8.05kV, η 8.91%.
For the 20cmx20cm coil:
o Operating frequency of 500kHz: VL1 3.15kV, VL2 3.57kV, η 19%.
o Operating frequency of 1MHz: VL1 3.4kV, VL2 5.8kV, η 34.36%.

Apart from the effect that the higher the frequency the higher the efficiency, due to the fact
that the increase on mutual inductance is larger than that of the increase on the parasitic
resistance, it can be seen that elevating the frequency causes the secondary coil voltage to go
up considerably. As for V1rms and V2rms (voltage source and voltage at the load, respectively),
their values hardly change with the frequency, for that reason they were not included in the
previous results.

2.11. IMPACT OF THE QUALITY FACTOR Q
For a 1x1m primary and a 20x20cm secondary, like that of figure 2.11, the quality factor of
the primary Qp is 191.5, while that of the secondary Qs is 259.825.

Figure 2.11. Electrical circuit representing the 2-coil scenario

41

2. Study and analysis of the wireless link
In figures 2.12 and 2.13 such quality factors can be seen by means of Iprimary and Isecondary with
respect to frequency. Their shapes are quite narrow due to the high Q:

Figure 2.12. Iprimary in mA with respect to frequency

Figure 2.13. Isecondary in mA with respect to frequency
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In figures 2.14 and 2.15 Iprimary is represented as a function of the compensation capacitances
of primary and secondary respectively:

Figure 2.14. Iprimary in mA with respect to primary compensation
capacitance

Figure 2.15. Iprimary in mA with respect to secondary compensation
capacitance

43

2. Study and analysis of the wireless link
In figures 2.16 and 2.17, Isecondary is shown as a function of, again, the compensation
capacitances:

Figure 2.16. Isecondary in mA with respect to primary compensation
capacitance

Figure 2.17. Isecondary in mA with respect to secondary compensation
capacitance

If, e.g., the primary compensation capacitance is 17pF instead of the optimum 17.33190pF,
the power received at the load is 300mW instead of 1W; therefore, when the coils are
designed with such a great values of Q, compensation capacitances must be carefully chosen
to accomplish maximum efficiency principle or designing a control mechanism becomes
fundamental to tune properly such capacitances. This is due to the high sensitivity of the
coils to small variations in the compensation capacitances, what produces large variations in
the power received.
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2.12. IMPACT OF THE TYPE OF WINDING: LAYERS IN PARALLEL OR IN
SERIES
Since designing stacked PCB layers is easy thanks to CAD programs like Altium [19] and
available multilayer PCB technology, the effect on the efficiency of placing printed
multilayer coils in series or in parallel will be evaluated.
If the layers from a PCB are connected in series (connecting the end of the coil on one layer to
the beginning of the coil on the next layer, figure 2.18) or in parallel (connecting both ends of
the coils belonging to different layers through shared vias) produce an improvement in the
efficiency, better as the coupling factor between layers increases, and also as the number of
layers is bigger.

Figure 2.18. Example of four layers connected in series [28]

Connecting the layers in series fundamentally provokes an increment in the parasitic
resistance but also in the self inductance; connecting them in parallel has as primary
consequence the reduction of the coil parasitic resistance. Also, the addition of layers in
series or parallel produces the optimum voltages and currents in the circuit to change their
values. In (2.4) to (2.7) these effects are formulated assuming a perfect coupling between
layers:
It has been proven analytically that, using (2.4) to (2.7), connecting the layers in series or in
parallel implies a very similar increment of the efficiency, using (3.25); however, the
adoption of one or the other will be taken depending on the voltages and currents expected.
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2.13. INFLUENCE OF THE FORM FACTOR ON EFFICIENCY
Since one of the goals of this work is the implementation of mid-range charging on mobile
phones, the influence of the form factor on the efficiency is studied, taking into account that
mobile phones have a rectangular shape instead of square, for a fixed 1x1m primary and an
operating frequency of 1MHz:
For a square coil in the secondary of 141x141mm (200cm2), the efficiency obtained is 24.68%.
If the coil shape of the secondary is rectangular with dimensions 200x100mm (same
equivalent area 200cm2), the efficiency is 21.426%, while if it is 100x200mm its efficiency is
21.35% (almost the same).
As for the value of the resistances and inductances, the 20x10cm coil has an inductance of
1.40867mH and an equivalent parasitic resistance of 194.76Ω. On the other hand, for the
square coil, the inductance is 1.41948mH and the resistance 176.54Ω. The larger inductance
and slower resistance of the square coil explain its slightly superior efficiency.
Thus, implementing a rectangular coil has very little influence on the efficiency and so it is
perfectly valid. E.g., Google nexus 5 is 69.17x137.84mm and Lg G2 70.9x138.5mm, both very
close to 100m2.

2.14. RADIATION RESISTANCE
According to [77], the radiation resistance Rr of a coil with N turns and radius α, at source
frequency f and corresponding free space wavelength λ=c/f is

At 1MHz, in vacuum, the planned coils:
For an expected 1mx1m primary, its radiation resistance for 25 turns is 2.4mΩ.
For a 10x10cm secondary with 400 turns, Rr is 0.0615mΩ.
For a 20x20cm secondary with 200 turns, Rr is 0.246mΩ.
In every case, the radiation resistance of the coil is far too small in comparison with its ohmic
resistance; therefore radiation losses are negligible with respect to the ohmic ones, but they
should be considered if the frequency is incremented since it is raised to the fourth in (2.8).
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3.1. INTRODUCTION
Depending on the constraints of the circuits involved, different kinds of optimization
methods can be done; in our university working group, the following presented in sections
3.2 and 3.3 have been carried out, and already included in another master thesis [64] and end
of degree project [65], both proved experimentally for short-range transmission.
The first one, commented in 3.2, allows optimizing the efficiency of the system thanks to the
control of the load impedance when the input voltage is fixed. To achieve different power
levels at the load, this impedance is changed, but the optimization relies on the values of the
resistive and reactive parts of the load to get that power.
The second one, explained in 3.3, allows optimizing the efficiency of the system by means of
controlling the module and phase of the currents travelling through the transmitter and
receiver coils. The optimum load impedance remains constant and the required power at the
load is obtained by means of the variation of the input voltage exciting the primary.
Below, these methods will be explained; and the last one will be experimentally tested in
chapter 5 for mid-range transmission using the test circuit described in appendix A and the
coils included in appendix B.

3.2. OPTIMIZATION THROUGH CHANGES ON THE LOAD IMPEDANCE
The basic resonant WPT system is shown in figure 3.1

Figure 3.1. Basic resonant WPT system

In figure 3.2, figure 0.1 is repeated, which separates coil inductances into leakage and
mutual.

I1

I2

Figure 3.2. Basic resonant WPT system mutual inductance model
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So, mutual inductance Lm can be calculated if coupling constant k is known, since
. Apart from Lm, it is necessary to find mutual impedance Xm, primary
impedance Z1 and secondary impedance Z2.

is the operating frequency. The load can be seen as the addition of a resistive and a
reactive part:

If the currents through the primary and secondary go out from the source and load,
respectively, as seen in figure 3.1:

Being the admittance matrix the inverse of the impedance matrix.

Where α is the phase angle between secondary voltage and current. In order to calculate the
powers, the following equations are used:
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With the previous equations the efficiency can be determined, and also the power required
as a function of the load:

3.2.1. Experimental validation
The validation of this method proposed was done in [64], although the following results are
included here for clarity.
This optimization method supposes a technique that allows improving both the efficiency
and the maximum power delivered to the load. This technique consists in controlling the
active rectifier (figure 3.6) with a phase shift in the control signals compared to the control
signals of the inverter, and also controlling the output voltage set by the output load.
The following figures summarize how the efficiency and the load impedance in different
circumstances are:

W
Figure 3.3. Optimum efficiency as a function of the load power
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W
Figure 3.4. Optimum efficiency when the load has reactive part vs when is purely resistive

Ω

W

Figure 3.5. Optimum load (resistive and reactive part) for each output (load) power

In figure 3.5, the red curve corresponds to the resistive part and the blue one to the reactive
part.
So as to control this wished impedance, Polytechnic University of Madrid (UPM), in
collaboration with Infineon, has proposed an idea recently patented. Such proposal suggests
carrying out a control of the value of the load impedance by coupling a rectifier at the
secondary in such a way that for each output voltage, the α which optimizes the efficiency is
obtained, since changing it the reactive part of the impedance is modified; its resistive part is
changed by modifying the output voltage. With this method, a precise control over the
impedance is achieved, making possible the optimization of the efficiency.
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In figure 3.6 appears the simplified scheme of the set up used; it corresponds to one of those
proposed in Qi standard [1].

Figure 3.6. Electric scheme of the circuit used to test the optimization method

3.3. OPTIMIZATION THROUGH THE ESTABLISHMENT OF PRIMARY AND
SECONDARY CURRENTS
The following model proposed, since it has two degrees of freedom unlike the previous one,
gets an efficiency curve as function of the power with a flat shape. It means that the
efficiency doesn’t depend on the requested power and thereby there won’t be an optimum
operating power which maximizes the efficiency. Therefore, it is not necessary to establish a
control system at the secondary which modifies the impedance depending on the requested
power, since it is always the same under equivalent conditions of coupling and frequency.
The goal is trying to obtain an efficiency equation depending only on known parameters and
the currents. For this, it begins from known equations using figure 3.2, with I2 positive when
it goes towards the load:

Where VLm is the voltage drop in Lm, which represents the mutual inductance, i.e., the lines of
magnetic field which come out from the primary and link it with the secondary.
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Some parameters from the earlier equations are expanded:

ϕ21 is the angle which I2 is ahead with respect to I1.
If the efficiency is defined as equation 3.14 shows,

to optimize it, it is essential to obtain the values of the modules of I1 and I2, and the phase
between them.
If I1 and I2 are fixed, and partially differentiating with respect to ϕ21 and making it equal to 0:

To comply with the previous equation:

As a conclusion, for I2 to consume power, its phase must be ahead
way, the efficiency equation is simplified to:

with respect to I1. This

To keep on with this development, an optimization problem must be solved in which the
maximization of the efficiency is pursued, with the constraint of transferring a determined
power P2.
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This optimization problem can be solved through Lagrangians, defining the Lagrange
function L as:

Therefore, it results a system of 3 equations (3.18), (3.19) and (3.20) with 3 unknowns λ,
. Since such system is non-linear, it will be solved with MathCAD®, obtaining the
corresponding solutions as a function of the parameters R1, R2 and Xm:

Once the currents are expressed as functions of the output power and known parameters
from the circuit, the curve of how the efficiency evolves depending of such power can be
represented through MathCAD®. The result is surprising as the efficiency is a constant
which not depends on the output power, as seen in figure 3.8.
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Below, that constant efficiency is validated analytically. Doing a change of variable, and from
the last equations:

In the last step, the efficiency doesn’t depend on the output power. To finish, an
approximation of the efficiency equation is addressed to work with a simpler formula:

If r1<<1 and r2<<1, it can be assumed:

Values commonly obtained for r1 and r2 shows that this simplification is not valid many
times and it won’t be enough precise to be used in the efficiency calculation; however, it
serves to get an appropriate order of magnitude of that efficiency.
To conclude, I1 is controlled through a voltage source V1, and I2 by means of the load
impedance, as it is a good approximation of the prototype used for the experimental
validation.
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From figure 3.2, the following analysis is developed:

From (3.29)

From (3.30)

From these equations, the evolution of the following parameters (|V1|,|V2|,|ZL| and arg(ZL))
with respect to the requested power can be represented. Again, an interesting result is
achieved: the module and argument of the load impedance are constant for every power, i.e.,
they don’t depend on the output power.
The optimum load keeps constant, independently of the output power, due to the following:
Firstly, if the circuit is considered as a voltage source and an admittance dependent of the
load, as figure 3.7 shows,

Y1(ZL)

Figure 3.7. Representation of the circuit admittance
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the efficiency is independent of the power and thus, an optimum ZL which maximizes such
efficiency will exist, which depends on the operating frequency, and that ZL will be constant.

3.3.1. Experimental validation
The verification of this method was carried out in [65], but some results are copied here for a
better understanding.
If, e.g., an output power of 10W is used, and also the parameters from table 3.1, which
corresponds to Qi standard,

Table 3.1. Circuit element values

the following is found:
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94.08%

W
Figure 3.8. Efficiency curve as a function of P2 (P0 in the figures)

Also the following parameters are calculated:

As it was mentioned before, the previous results are represented with respect to the power at
the load in the following figures:
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Figure 3.10. Module of the voltage at the load

59

3. Optimization of the wireless link

10

Ω
8

6

 

Z 2 P0

4

2

0

0

2

4

6

8

10

W

P0

Figure 3.11. Module of the load impedance

 0.1696

rad
 0.1697

  

arg Z 2 P
0 0.1698

 0.1699

 0.17
0

2

4

6

8

10

W

P0

Figure 3.12. Phase of the load impedance

60

3. Optimization of the wireless link

Optimum load
95
94
93
92
91
η

90
89
88
87
86
0

5

10

15

20 W

Figure 3.13. Efficiency obtained experimentally with respect to the output power

In figure 3.13, it can be seen that for low power, the losses of the mosfets from the inverter
are more important, making the efficiency to decrease. In figure 3.14, the tests carried out in
[65] are shown together: green curve corresponds to figure 3.13, that of higher efficiency;
purple curve occurs when the reactive part of the optimum impedance is not considered; the
red one shows that the output power is achieved by varying the load resistance instead of
the input voltage; and the blue one is like the purple one, but mounting a resistance with a
value close to the optimum.

Figure 3.14. Dependency of the efficiency with the output power, comparing different tests
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4.1. PARASITIC CAPACITANCE ISSUE
The coils designed in appendix B to validate the optimization method from section 3.3 have a
problem since their self capacitance has an unexpected large value. This capacitor has been
studied in many papers [28], [55], [66] to [74], and the consequence is the reduction of the
self-resonant frequency (fSRF) of the coils, since according to (4.1) the increment in the
undesired capacitance (Cp in 4.1) provokes that the maximum available operating frequency
be reduced, as this one must be slower than fSRF.

In [28], [55], [68], [72], and [74] among others, PCB multilayer coils are characterized and
modelled, including more or less complex analytical methods to synthesize such coils as
lumped elements, with their inductance, parasitic resistances and capacitances. Also,
methods to mitigate the parasitic elements are studied and demonstrated experimentally in
[28] and [66]. Examples of these models are shown in figures 4.1, 4.2 and 4.3:

Figure 4.1. Coil model in [55]

Figure 4.2. Coil model in [67]
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Figure 4.3. Coil model in [28]

4.2. ANALYTICAL CAPACITANCE ESTIMATION
Although the coils designed and manufactured are sufficiently good to validate the
optimization method, a method to estimate the self (parasitic) capacitance of the coils is
needed. Many have been seen in literature [66], [67], [68] and [72], but that of [72] has been
adopted here for its simplicity and good results, and so included in the simulation tool
explained in 4.3, whose goal is choosing the best coil parameters (track width, layer copper
thickness, number of layers, separation between coil turns, operating frequency) in order to
achieve the highest efficiency and to have a model from simulation whose results matches
with the real ones obtained from a network analyzer.
The analytical method selected to estimate the self capacitance value corresponds to (4.2)
[72]:

Where Cpc is the capacitance between metal traces through coating, Cps is the capacitance
between metal traces through substrate, i is the number of layers, ε0 the dielectric constant of
the vacuum, lg is the length of the gap, εrc and εrs are the relative dielectric constants of the
coating and substrate materials respectively; typically values for air and FR-4 are α=0.9 and
β=0.1 [72]. From figure 4.4, tc is the copper track thickness, w is the track width and s is the
separation between parallel tracks for a planar and square coil, as those studied in this work.

Figure 4.4. Cross-sectional view of a PCB [72]
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4.3. SIMULATION TOOL
To foresee the elements of the coil model from figure 4.2, where Cs is Cpi in (4.2), a dedicated
tool has been developed; resistance and inductance are calculated through FastHenry and
the capacitor with the analytical model from (4.2). In this tool, presented in figure 4.5, the
following parameters are introduced by the user: layer (track) copper thickness, external
dimensions of the PCB, number of layers in series or in parallel, power desired at the output
load, primary coil dimensions, relative permittivity εr of the PCB dielectric, distance between
pcb layers and area dedicated to copper tracks in the pcb layer (equivalent width).

Figure 4.5. Screenshot of the optimization tool developed

As the primary is supposed to be a very large coil without restrictions, whose sides have an
order of magnitude of meters, it is introduced manually in the simulation tool and it is the
secondary the coil optimized.
With these parameters introduced by the user, the tool downloads in an excel sheet many
results for every combination of s, w and number of turns N, where must be complied that
Equivalent width = w*N + (N-1)*s. These results are: coil L, R and C; efficiency, Mutual
Inductance Xm, maximum available operating frequency, which depends on the selfresonant frequency, voltages and currents in the circuit. After, in the excel sheet, it is easy to
order the solutions depending on any parameter. A screenshot of an example of that excel
sheet is shown in figure 4.6:
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Figure 4.6. Screenshot of a resulting excel sheet from an optimization process

Also, the minimum width w and minimum s, since they are constraints in the PCB
manufacturing process, are taken into account; therefore, that solutions with w and s smaller
than min w and min s are automatically discarded.
[69] states that the operating frequency must be much lower than the self-resonant frequency
in order to neglect the parasitic capacitance; however, since these kinds of coils have a high
quality factor Q, for this work the maximum operating frequency given by the tool is the
self-resonant frequency of the secondary coil divided by two.

4.4. CONCLUSIONS
In appendix E, the results for the simulation corresponding to figure 4.7 are shown.

Figure 4.7. Screenshot of the parameters introduced to run the simulation
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The geometrical dimensions from figure 4.7 are equivalent to that of 20x20cm designed coils
in appendix B, which are used in the experimental results in chapter 5. The goal of this
simulation test is to find the optimum geometrical design of the coils which would have
produced the best results in terms of efficiency and power transferred.
From results in appendix E, as the number of turns is increased, the maximum available
operating frequency is reduced since the self-capacitance is increased, what minimizes both
efficiency and mutual impedance. For this reason, the best option is to choose the highest
number of turns that allows selecting the maximum operating frequency, which is usually
determined from the power stage.
The same occurs for a fixed number of turns; the best is to use thinner copper tracks and
increasing the separation between them to minimize the self-capacitance; however, as the
maximum operating frequency is limited, the thicker width, of those that give a maximum
operating frequency, will be choose since it produces the reduction of the coil parasitic
resistance.
Therefore, the minimum number of turns, minimum track width and maximum separation
between tracks make the maximum operating frequency be higher, and so the mutual
impedance and the efficiency as seen in the results from appendix E.

4.5. FINAL CIRCUIT
In this section, the process between the original circuit and the final one to validate the
experiment is covered. This circuit, which includes the compensation capacitances to operate
in resonance, series-parallel transformations, and impedance matching among others, is used
in chapter 5 to perform the experimental validation.
Initially, the circuit planned considering elements given from simulation to transmit 1W with
an efficiency of 30.3% between two 20x20cm coaxial coils separated 11cm was that of figure
4.8:

Figure 4.8. Initial test circuit
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After, the self-capacitance of the coils was measured with the network analyzer, with a value
of 500pF, resulting the circuit of figure 4.9, where the compensation capacitances were
changed to resonate at 50kHz taking into account the self-capacitances:

Figure 4.9. Initial circuit considering parallel self-capacitances from the coils

Since the self capacitances are modeled as capacitors in parallel with the inductors, as stated
in [67], the resonant circuit becomes parallel parallel (PP) instead of series-series (SS)
provoking the voltage needed at the primary input increases from 55.8V to 415V. Also, the
load is converted, by means of series to parallel transformation at the resonant frequency,
from 471.942Ω to 26174.852Ω.
Since there wasn’t a RF amplifier in the lab able to supply 415V, a parallel to series
transformation at the resonant frequency was carried out, from which resulted the circuit of
figure 4.10:

Figure 4.10. Final circuit

This is the final circuit used to do the real experiments in chapter 5; where:
C4 is the self capacitance of the primary coil, R_Load4 its parasitic resistance, and L1 its
inductance. Self and parasitic words are used interchangeably because they mean the same.
C2 is the parasitic capacitance of the secondary coil, R_Load5 its parasitic resistance and L2 its
inductance.
C1 is the added primary compensation capacitance and C3 that of secondary. Both are
needed for the wireless resonant transmission to occur at the operating frequency.
The coupling factor k between the coils was obtained by the simulation tool of appendix C
and the voltage source V6 was implemented by means of the amplifier circuit described in
appendix A (it will be seen in the next chapter that this high voltage couldn’t be extracted,
and a lower one was used).
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5.1. INTRODUCTION
As seen in the previous chapter, the PCBs designed, described in appendix D, didn’t produce
the expected results due to the large value of the parasitic capacitance of the coils.
Since this value is quite bigger than the expected one, the self resonant frequency of the coils
is drastically reduced, causing the transmission distance between coils with a concrete
efficiency be lower, as the maximum operating frequency must be smaller than the selfresonant.
However, validation of the analytical optimization method described in section 3.3 can be
carried out, as it will be in the following section.

5.2. EXPERIMENTAL RESULTS
To perform the experiments, an operating frequency of 50kHz (the capacitors are chosen in
consequence to resonate with the coils at this frequency) and a distance between coaxial coils
(without misalignment) of 11 cm is used. Although this operating frequency is quite smaller
than the 1MHz planned, the distance is approximately the side of the coils (20cm) and
therefore it can be considered mid-range transmission. The test system explained in
appendix A, corresponding to figure 5.1, is employed to perform the experiments.

Figure 5.1. Experimental set-up: coils separated 11cm through a custom foam, scope and
signal generator
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5.2.1. Efficiency
By means of the software described in appendix C, the following theoretical results are
obtained for the test set-up in figure 5.2 for a transmission distance of 11cm and an operating
frequency of 50kHz: L = 11mH, R = 252.45Ω, efficiency = 30.3%.

Figure 5.2. Simulated coils corresponding to real coils in figure 5.1

However, measuring the coils with a 2-port network analyzer, gave the following results: R =
320Ω, L = 10mH, what will penalize the efficiency. This difference between the real results
and the simulated ones with FastHenry are due to the trace etch factor and other tolerances
by the PCB manufacturer.
The efficiency obtained is 10.85%, as shown in table 5.1, lower than the theoretical one due to
the reasons explained above. The Rload value of 27kΩ corresponds to the optimum one.

V1rms
3.38V

V2rms
4.18V

I1rms
1.77mA

Rload
27kΩ

P1
6mW

Po
0.647mW

η
10.85%

Table 5.1. Experimental values obtained for test set-up of figure 5.1

The low power value has its origin in the limitations in the amplifier used, since extracting
more power from it produced overheating of the devices. But it’s a minor problem, since
explained in section 3.3, the efficiency and optimum load doesn’t depend on the output
power.
To measure accurately the low order of magnitude of the current, a digital multimeter was
employed.

71

5. Experimental results

5.2.2. Efficiency depending on the operating frequency
The results from table 5.2 are obtained when the frequency from the signal generator is
varied, proving that the higher efficiency is achieved for the frequency at which the coils are
capacitively compensated, i.e., resonating.

fop
45 kHz
46 kHz
47 kHz
48 kHz
49 kHz
50 kHz
51 kHz
52 kHz
53 kHz
54 kHz
55 kHz

V1rms
3.42V
4V
4V
3.8V
3.55V
3.37V
3.33V
3.42V
3.62V
3.81V
3.94V

V2rms
1.87V
2.7V
3.4V
3.83V
4.1V
4.18V
4.05V
3.99V
3.9V
3.54V
3.09V

I1rms
1.272mA
1.647mA
1.825mA
1.876mA
1.848mA
1.77mA
1.704mA
1.639mA
1.56mA
1.432mA
1.267mA

Rload
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ

P1
4.35mW
6.59mW
7.30mW
7.13mW
6.56mW
5.96mW
5.67mW
5.61mW
5.65mW
5.46mW
4.99mW

Po
0.13mW
0.27mW
0.43mW
0.54mW
0.62mW
0.65mW
0.60mW
0.59mW
0.56mW
0.46mW
0.35mW

η
2.98%
4%
5.87%
7.62%
9.5%
10.85%
10.7%
10.51%
9.975%
8.5%
7%

Table 5.2. Experimental efficiency depending on the operating frequency

5.2.3. Efficiency depending on the input voltage
In table 5.3, the efficiency as a function of the input voltage (V1rms) is shown:
V1rms
1.5V
2V
2.5V
3V
3.5V

V2rms
1.8V
2.46V
3.1V
3.69V
4.33V

I1rms
0.759mA
1.038mA
1.306mA
1.558mA
1.845mA

Rload
27kΩ
27kΩ
27kΩ
27kΩ
27kΩ

P1
Po
1.1385mW 0.12mW
2.076mW 0.224mW
3.265mW 0.356mW
4.674mW 0.5043mW
6.458mW 0.6944mW

η
10.54%
10.79%
10.9%
10.79%
10.75%

Table 5.3. Experimental efficiency depending on the input voltage

As was predicted in section 3.3, the above results confirm the optimization method since the
efficiency is constant, with a minimum error due to the tolerance in the measurements,
independently of the input voltage.
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5.2.4. Efficiency depending on the load
In table 5.4, the efficiency for different loads is studied; this test was carried out employing a
commercial RF amplifier, instead of the described in appendix A. It corresponds to figure 5.3:

Figure 5.3. Set-up used to test the variations in the output load

V1rms
3.28V
3.34V
3.44V
3.42V
3.51V
3.57V
3.63V
3.65V

V2rms
3.26V
4.03V
4.64V
4.92V
5.7V
6.03V
6.42V
6.75V

I1rms
1.798mA
1.754mA
1.732mA
1.701mA
1.681mA
1.671mA
1.659mA
1.641mA

Rload
15kΩ
24kΩ
27kΩ
33kΩ
47kΩ
56kΩ
68kΩ
82kΩ

P1
5.90mW
5.86mW
5.96mW
5.82mW
5.90mW
5.97mW
6.02mW
5.99mW

Po
0.71mW
0.68mW
0.80mW
0.73mW
0.69mW
0.65mW
0.61mW
0.56mW

η
12%
11.55%
13.38%
12.6%
11.72%
10.9%
10%
9.27%

Table 5.4. Experimental efficiency depending on the output load

As demonstrated above and foreseen by the optimization method, the maximum efficiency is
achieved when Z=Zopt, which occurs for Rload=27kΩ. Such efficiency is calculated through:
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Also, in figure 5.4, appear the waveforms of V1 and V2 (purple and green curves
respectively), for Rload=27kΩ.

Figure 5.4. V1 and V2 waveforms for Rload=27kΩ (optimum)
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6.1. CONCLUSIONS
Wireless power transfer will see a rapid boost these days due to the increment of mobile
devices in the market and the need of charging them continuously. It is being currently
standardized for short-distances [1], however, its drawbacks for mid- and far distances must
be solved yet.
During the execution of this work, the goals pursued have been satisfied. In the following
lines, a summary appears covering the work developed:
Firstly, the wireless power transfer mechanisms are studied and analysed, choosing the
resonant inductive coupling as the means to transfer considerable energy when relatively
long distances are present. Next, the parameters affecting the transmission and the coils are
studied and considered, although the appearance of a large parasitic capacitance will limit
the operating frequency in the experiments.
Several optimization methods in chapter 3 are exposed and that of section 3.3 has been
validated in chapter 5 for mid-range distances, whereof it can be concluded than if the input
voltage can be varied, the maximum efficiency can be achieved independently of the output
power if the optimum load is used.
To conclude, an optimization program has been developed to build the coils that, for a
determined geometry, produce the highest efficiency and power transfer.
In summary, a better understanding from wireless power transfer by means of resonant
inductive coupling has been carried out, apart from developing optimization methods for the
efficiency and the geometrical design of the coils, validating experimentally the theory with
success.

6.2. FUTURE WORK
From the studied in this work, many open investigations arise in this research topic:








The influence of numerous receivers should be studied for an application where many
of them must be charged simultaneously in, e.g., a room.
Establishing a control algorithm to tune automatically the compensation capacitances,
to operate always in resonance and for the optimum load.
Building an inverter with minimum losses able to work at different frequencies to
supply the voltage to the primary inductance and whose range of output voltages
allows obtaining bigger power at the load, instead of the miliwatts from this work.
Studying the effects of high frequency magnetic fields for the health, in order to limit
the power transfer in presence of people.
Implementing the receiver coil in a mobile device, to study if exist undesired couplings
between the phone and the coil.
Constructing a large primary, like those theoretically studied in chapter 2 of, e.g.,
1mx1m, since this primary allows obtaining higher levels of coupling factors, what
implies more power transferred to the secondary and efficiency.
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6. Conclusions and future work



Studying all the compensation topologies, choosing the appropriate depending on the
application.
Designing new geometrically optimized coils according to the results from chapter 4.
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Appendix A – Test circuit
As different levels of current, voltage and frequency are needed to test the boards and
proving the simulations and theory, some circuits between the signal generator and the
primary coil are necessary to give some versatility, and also since the power that can be
obtained from a signal generator is low.
The circuits used belong to the scheme in figure A.1:

RF Signal
generator

Secondary coil
with
compensation
capacitors and
load

Non-inverting
operational amplifier
stage

Air link

Class AB
Amplifier

Primary coil with
compensation
capacitors

Coupling and
matching circuit

1:5 Transformer

Figure A.1. Diagram of the electrical circuits used

Firstly, the RF signal generator is used to provide a low voltage and power signal with a
variable RF frequency; then a non-inverting operational amplifier stage has a voltage gain
such that the signal voltage at its output is several times higher than that of its input.
To avoid the complexity of triggering the mosfets in a full-bridge class D amplifier [18],
despite its higher efficiency, a class AB amplifier is implemented, like that of figure A.2.
Afterwards, a coupling circuit to eliminate the DC level and prevent this to reach the
transformer, and a matching circuit are mounted; since the transformer is an inductive load,
this matching circuit is essential to eliminate the reactive part near the operating frequency
because its absence would imply very high losses in the transistors of the class AB amplifier.
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Appendix A. Test circuit

Figure A.2. Class AB amplifier, coupling and matching circuit and transformer

Then, a transformer is used to elevate the voltage of the output signal due to the voltage at
the input in the primary coil must be over 100 volts. Finally, it is connected to the primary
coil which is magnetically coupled with the secondary through the air.
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Appendix B – PCBs designed
In order to validate the model proposed in chapter 3.3 and so as to make other tests and
experiments, two printed circuit boards (PCB) were designed using Altium Designer [19].
The first one, used in the experiment described in chapter 5, corresponding to figures B.1 and
B.2, is a two layer 20x20cm PCB, with 100 turns in each layer, both connected in series
through vias. The width of the tracks is 0.25mm, their separation 0.15mm and the layer
thickness 35um (1oz).

Figure B.1. 20x20cm top and bottom layers

Figure B.2. TOP layer zoom
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Appendix B. PCBs designed
The second one, corresponding to figures B.3 and B.4, is a four layer 10x10cm PCB, with 100
turns in each layer, all connected in series through vias. The width of the tracks is 0.25mm,
their separation 0.15mm and the layer thickness 35um (1oz).

Figure B.3. 10x10cm external layers

Figure B.4. 10x10cm internal layers
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Appendix C – Software
implemented for automated
simulations
To perform the simulation tests presented in chapter two and appendix D, a Matlab®
program with GUI (graphic user interface) was carried out. This software, figure C.1, once
introduced some parameters of the desired scenario, is able to make up a script, figure C.2,
compatible with a field solver software, containing the geometrical data about the coils,
operating frequency, discretization step (a more precise step implies a slower simulation but
better results), misalignment between the coils...

Figure C.1. Screenshot of the matlab program GUI
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Appendix C. Software implemented for automated simulations

Figure C.2. Part of a FastHenry script

That field solver software is free unlike other commonly used FEA (finite element analysis)
programs and faster, it is called FastHenry [2], and it solves the self- and mutual resistances
and inductances of the 2-coil scenario described by the script; it also permits to see the spatial
distribution of the coils for clarity (figure C.3).

Figure C.3. Example of spatial distribution of two coils

Besides, the matlab program launches FastHenry with the script created through an
automation object provided by FastHenry and receives the results calculated, to show the
most interesting results after, in an excel sheet, as seen in figure C.4; these results are
achieved after some mathematical processing, using equations from chapter 3, including
currents, voltages, inductances, resistances and the necessary compensation capacitances to
build the circuit which gets the maximum efficiency using the coils introduced.
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Appendix C. Software implemented for automated simulations

Figure C.4. Screenshot of an example of an excel sheet with its results

The results from the excel sheet can be used then to construct an Orcad® schematic circuit in
order to run electric simulations like that on figure C.5.

Figure C.5. Orcad circuit to simulate a 2-coil resonant WPT system
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Appendix D – Intermediate
resonators
In spite of not being part of the main research, the influence of intermediate resonators
between the primary (transmitter) and the secondary (receiver) is simulated and proved,
with the purpose of validating what is stated in many papers [3]. Two scenarios are
considered, the first one is based on coils with the same dimensions, while the second one is
formed by different coils; in both cases the power transferred to the load is 1W.

D.1. Equal coils
When two coaxial coils of 25 turns, 1mx1m at a resonant frequency of 1MHz are separated
1m, the calculated theoretical efficiency by means of the software described in appendix C is
65.9% (figures D.2 and D.3); however, when another resonator is set at an intermediate
distance of that of the ends (figures D.1 and D.4), the efficiency is 82.75%.
Therefore, the intermediate resonator acts like a repeater, increasing the coupling and so the
mutual inductance.

Figure D.2. Two equal resonators in FastHenry

Figure D.1. Three equal resonators in FastHenry
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Appendix D. Intermediate resonators

Figure D.3. Two equal resonators electrical circuit

Figure D.4. Three equal resonators electrical circuit

D.2. Different coils
Now, one resonator of 25 turns, 1mx1m is separated 1m from other with 100 turns and
0.2mx0.2m (figure D.6); the efficiency turns to be 28.18% when the operating (resonant)
frequency is 1MHz. If in the middle of both a coil with the dimensions of the smaller one is
placed (figures D.5 and D.7), the efficiency results to be very similar or even worse; thus, in
this case the intermediate resonator isn´t very useful due to its reduced dimensions
compared to that of the primary (the larger coil), therefore hampering part of the magnetic
flux; this wouldn’t occur if the intermediate resonator had the primary size, in which case the
efficiency would be greater than the original one.
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Figure D.6. Two different resonators in FastHenry

Figure D.5. Three different resonators in FastHenry

Figure D.7. Three different resonators electrical circuit
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Appendix E – Simulation results
Here, the results from the simulation mentioned in section 4.4 are shown to demonstrate the
conclusions explained there. They appear in figure E.1; the columns, from left to right,
corresponds to: distance between coils, maximum frequency, L1, L2, M, R1, R2, efficiency, I1ef,
I1arg, I2ef, I2arg, V1ef, V1arg, V2ef, V2arg, Cp, Cs, w2, N2, e2, and Cauto (secondary self-capacitance).
Subscripts 1 and p refer to the primary, while 2 and s to the secondary. Cp and Cs are the
compensation capacitances needed to make the coil resonate at operating frequency.

Figure E.1. Screenshot of the excel sheet from figure 4.7
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