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ABSTRACT

In recent years the field of wireless charging has seen remarkable developments. More and more devices like
mobile phones and laptops can be charged wirelessly, and larger equipment like electric vehicles are likely
to follow the same path. The air gaps over which the power can be transferred keeps increasing, as do the
amount of power that can be transferred and the power transfer efficiency. Though combining these three
key requirements has turned out to be a problem, since there always seems to be a trade off. This thesis will
focus on the design process and the result of a wireless charger for hand held devices like mobile phones.
This thesis will only describe the receiver side of the wireless power transfer system. The requirements were
an output of 5V at 5W, over an as large as possible air gap with an efficiency of at least 60%. After the complete
circuit had been designed and assembled an efficiency of 67.8% at a distance of 2.5cm had been obtained,
which satisfies the requirements.
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INTRODUCTION

Wireless power transfer (WPT) is slowly taking over charging of hand-held mobile devices, even larger equip-
ment like electric cars are following. Attributes like power transfer distance and power efficiency have kept
increasing the past decade. The number of possibilities are endless and still in the first phase of development.
WPT uses an electromagnetic field created by a transmitter device to transfer electrical energy over a certain
distance to the receiver, which is capable of extracting power from this field and supplying it to a load. The
goal is to design a high efficiency WPT-system with an 5 watt output.

1.1. STATE-OF-THE-ART ANALYSIS

There are two main techniques used in WPT-systems, far-field (radiative) power transfer and near-field (non-
radiative) power transfer [2].

Far field power transfer uses visible light or microwaves to transfer power from the transmitter to the receiver.
Radiative power transfer often achieves power transfer over larger distances than non-radiative power trans-
fer, but obtains a poorer efficiency.

Non-radiative resonant inductive coupling has multiple current and/or possible future applications, they
differ from high to low power wireless charging. The automotive industry is putting a lot of effort in high
power wireless charging. The first cars that use wireless charging are already available. The medical industry
is also investing in low power systems to charge bio medical implants[3]. However hand-held mobile devices
provide by far the biggest market and have been common for quite some time now. With wireless charg-
ing a device can be fully sealed, allowing it to be fully water proof. The lack of cables also promises a better
longevity[2].

The most efficient way to transfer power wirelessly is to do it via a standard, so that the transmitter and re-
ceiver can communicate properly. A widely adopted wireless power transfer standard is the Qi standard[4]
[5], developed by the Wireless Power Consortium (WPC) in 2009. This standard uses a back and forth com-
munication between the receiver and the transmitter, so that the right amount of power is transmitted at the
right frequency at all times. The number of products that are currently compatible with Qi is over 1600. Qi
operates in a frequency range between 80 and 200 kHz and can deliver between 2W and 2000W depending
on the device. The efficiencies of such systems lies around 60-70% at a transfer distance of around 1 to 3cm.
Another lesser known and adopted wireless power transfer standard is Airfuel Resonant [6] developed by the
Airfuel alliance in 2015. This standard can achieve higher distances than Qi and operates at a larger frequency
in the range of MHz.

1.2. PROBLEM DEFINITION

Wireless charging is nowadays conventional in many hand-held mobile devices. But the charging methods
used in systems today are far from perfect. Some disadvantages like the power transfer efficiency and distance
for delivering power still need to be improved [7]. Efficiency’s almost as high as wired charging is achievable,
however the major drawback of this technique is the size of the coils. The size is not scalable and will never
fit on the back of a mobile phone. With regular sized coils the power efficiency and transfer distance are
limited. Other phenomena like misalignment of the coils [8] in combination with the variation of the coupling
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and power delivered form huge problems for efficiency and steady output power. A small difference in coil
alignment, a mismatched load or a different coupling results in a large drop in efficiency. Wireless power
charging systems are therefore still not completely ideal to use.

1.2.1. THE BASIC PRINCIPLE

The basic principle on which a wireless power transfer system relies is given by Faraday’s law. Faraday’s law
states that a changing magnetic field within a wire loop (the magnetic flux) will induce voltage called the
electromotive force (EMF), as can be seen in formula 1.1. [9].

dgu

EMF = -
dt

(1.1)
A primary coil turns the electric AC power of the transmitter into a time-varying magnetic field. The flux of
this magnetic field flows through the secondary coil in the receiver, which turns the magnetic field back into
electric AC power. In order to transfer enough power, the EMF must be high enough. Therefore, the change
of the magnetic flux variation must be high or the amplitude of the flux captured must be greater. In formula
1.1 it can be seen that the magnetic field gets larger as the variation in flux over time gets larger. This works
the other way around as well. In order to get the flux variation in time as large as possible, the frequency
should be high (lowering d ) or by enlarging the EME A way that the EMF can be made larger, is by letting the
voltage oscillate in a resonant circuit containing a capacitor in series with the coil [10]. This principal will be
explained further later in this thesis.

The circuit implementing this basic principle is as follows. An inverter produces the AC voltage that pow-
ers the primary coil. How much flux of the propagated magnetic field is absorbed by the secondary coil is
determined by the coupling coefficient. This coupling coefficient is determined by the distance between the
coils and by how well the coils are aligned [11]. The receiver converts the delivered AC power into DC power
and ensures a constant power over the load of the desired magnitude [12][13]. A schematic of this basic circuit
is shown in the figure below.

Transmitter Receiver

— -

L'l

]

R1

Figure 1.1: Basic resonating circuit for wireless power transfer

In this circuit, V;, is the transmitter, R; is the receiver, and the components in between are the coupled
LC-circuits with their internal resistances R; and R. This basic circuit already addresses a limitations that
the system must adhere to. The receiver coil must be in the range of the transmitting field and the coils
must be properly aligned. Together with the frequency- and high voltage requirement caused by the basic
principle described in Equation 1.1, these form the constraints of the system. Within these constraints the
main objective is to reduce losses[14].

1.3. SYNOPSIS

The outline of the thesis is as follows. To design the receiver of a wireless power transfer system. The system
should at least be 60% efficient and deliver 5W at 5V. The system is meant for hand-held mobile devices.
Furthermore, possible ways of increasing the distance between the coils should be examined.



PROGRAMME OF REQUIREMENTS

The main goal of this bachelor project is to implement a wireless charger circuit. As stated before, this project
is separated into two main parts: The transmitting side and the receiving side. The receiving side combined
with the air coupled coils will be discussed in this report. The requirements follow from the full system re-
quirements:

1.

2.

3.

4.

5.

Wireless power transfer protocol: preferably Qi, the frequency of operation need to be around 80-300
kHz;

Transfer efficiency: as high as possible, but at least around 60%;
Transmitting side (TX) output power: around 5-10W;
Receiving side (RX) output power: around 5W;

Physical distance between TX and RX as high as possible;

The complete system requirements provide a guidance for the requirements of each separate part of this
wireless power transfer circuit.

2.1. FUNCTIONAL REQUIREMENTS

1.

2.

3.

4.

The system should convert the AC input signal delivered by the receiver coil into a DC signal;
The system will have a fixed output voltage and power;
The output values should be achieved at an as large as possible range of distances;

The power efficiency should be as high as possible;

2.2. ENVIRONMENTAL REQUIREMENTS

1.

2.

The transmitter frequency, bandwidth and output power must fall within Dutch regulations;

The product must function indoor and outdoor;

2.3. SYSTEM REQUIREMENTS

1.

A proper magnetically coupled inductor to collect the transmitted electromagnetic signal must be de-
signed;

The oscillation frequencies of the transmitter and the receiver need to be the same;
The oscillation frequency received by the receiver coil should be between 80 and 300 kHz;

A low loss rectifier must be designed;
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5. Avoltage control unit must be designed to deliver a fixed 5W at 5V output;

6. The efficiency of the entire system containing transmitter, coils must exceed 60%;
7. The efficiency of the receiver must exceed 85%;

8. The ripple in the output may not exceed 2%;

9. The product’s width should not exceed 5cm, the length and height must be as small as possible;

2.4. INSTALLATION REQUIREMENTS
1. The product should be easily implementable to hand-held devices



DESIGN

The full system consists of two main elements: The transmitter and the receiver. These two elements are
connected through two air coupled coils. Figure 3.1 shows a simple block diagram with the elements that
will be discussed in this chapter. The transmitter, which is part of another project [1], delivers a square wave
to coil L1. The next step is a full-bridge rectifier to convert the received alternative time-varying signal to a
constant voltage. Because the physical distance between coil L1 and L2 will vary, the magnitude of the output
voltage will be variable. A voltage regulator is designed to keep a constant 5V output suitable for hand-held
mobile devices.

Gate 5V

driver

G Full-
L bridge
rectifier

Transmittar

oad

Figure 3.1: Functional block diagram of the receiver

A detailed description of the design choices and the final full circuit will be discussed in this chapter.

3.1. RESONANT CIRCUIT

As stated in the introduction, wireless power transfer relies on the fact that two coupled coils can transfer
energy, more formally described by Faraday’s law. Faraday’s law states that a changing magnetic flux through
a surface bounded by a wire will induce an electromotive force. The magnitude and difference in time of this
flux determine how much energy can be transferred.

3.1.1. RESONANT CIRCUIT REQUIREMENTS
The resonant circuit has to meet the following requirements:

1. The voltages have to be as large as possible in order to create an as large as possible flux.
2. The components must be able to handle the induced voltages.

3. The circuit losses should be as small as possible

3.1.2. CIRCUIT THEORY
Calculating the flux the two coils share requires sophisticated modelling of the fields. A more practical ap-
proach comes from circuit theory. In circuit theory, two coupled coils are shown as a two-port. Figure 3.2
shows a two-port with coils L; and L.

The relations between the phasor voltages and currents for the coils in Figure 3.2 are given as follows:
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Figure 3.2: Two-port network of coupled coils

Vi :ij1 Iy +ja)M'Ig

. . (3.1
Vo = ]u)M-Il + ]ng -Ia
Where the mutual inductance M is defined as:
M = k\/Lle, 0<k=<l 3.2)

The mutual inductance M is a measure for how much electromotive force & is induced at a certain cou-
pling factor k. k therefore defines the amount of the induced field that the coils can capture. For example,
imagine that coil L, is connected to an open terminal, then Equation 3.1 is simplified to the following:

Vl = ]‘le 'Il (3.3)
Vz = ]wM . I]

These formulas show the induced voltage V5 at the second coil directly relates to the current through the
first coil I; using the mutual inductance M. When k equals 1, the coupling M is at a maximum. At k is 0, there
is no coupling and no power can be transferred.

The term omega () is the angular frequency and is also a factor for the induced voltage. At a higher frequency
the change in the magnetic field is increased, from Faraday’s law follows that the induced voltage increases.

3.1.3. POWER TRANSFER

In a wireless power transfer system the coils can be placed relatively far apart. Therefore, the coupling is low
(k = 0.1). However, the power transfer should still be more than 5 watts. As seen in the section above, the
coupling between the coils and the angular frequency are both directly related to the induced voltage. The
induced voltage powers the load. Thus, to increase power transfer the angular frequency and the coupling
need to be maximized within the bounds of the system.

Firstly, the theoretical power transfer possible over the airgap should be defined. Starting from Equation 3.1,
the phasor currents and voltages are defined. The power transferred is the real part of the apparent power
through the system.

P = —Re(VaI}) = Re(Vy1}) (3.4)

This results in the real power defined as:

P=-Re(joM-1;-13) (3.5)

For maximum positive power transfer, there should be no reactance, i.e. the phase of the apparent power
should be 0°. The minus in Equation 3.5 for the receiving side (due to current convention of a two-port)
makes that the multiplication of I; and I should have a phase of 180°.

The imaginary unit j adds a 90° shift to the multiplication of I and the complex conjugate I3, so the result
of the multiplication should be 90°. The result is that I} leads I, with 90°. The power transfer now can be
represented by a sine function of a, where a is the angle between I and I;.

P=wM-I,-I,-sina [W] (3.6)
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I, and I, are the RMS values of the currents through the coils L, and L, respectively. The mutual induc-
tance M and angular frequency w are defined as previously stated. The requirement for a = 90° is satisfied in
Section 3.1.4 using capacitors. Let us assume for now that this requirement has been met.

The system requirements state that the system should deliver 5 watts. The worst case within the specifications
would be 60% efficiency at the load with 85% efficiency of the transmitter [1]. Assumed is that the transfer-
ring coils are loss-less and all power is transferred according to Equation 3.6. The minimal efficiency of the
receiver must be 60%/85% = 71%. The power that is delivered through the air gap is therefore 5/71% = 7.1
watts.

3.1.4. TUNING CIRCUIT

In the previous section, @ was determined to be 90° for maximum power transfer, with all other factors con-
stant. To change the phase of I, an impedance is required. The following constraint is added to Equation 3.1
for shifting the phase:

Vo=-2-1y (3.7)

The minus is due to the current defined as going in the two-port, and not through the load. Z is defined
as Z = R+ X. Adding Equation 3.7 to Equation 3.1 results in the following formula:

joM
Ihb=——— 1 (3.8)
—Z-jwl,
For I to be 90° lagging, the reactance in the denominator must be cancelled. The term jwM in combina-
tion with — R will exactly shift the phase by 90°, this leaves us with the following constraint:
X=—jwL, 3.9)

Let us use a capacitance for X; to try to satisfy this formula.

1
— = —jwlL 3.10
iwCs JoL ( )
This leaves us with the constraint:
! (3.11)
wo = .
VLCo

This constraint is the same formula as for a resonant LC-circuit. The tuning capacitor C, must be chosen
in such a way that the system is in resonance at the desired frequency. This will achieve maximum theoretical
power transfer. The frequency behaviour of an LC circuit is shown in figure 3.3b.

LC Filter Tranfer Response

60 T
C1

o—|

N
o
T

L1

Magnitde [dB]
S
T

o
T

e, * O

-20 !
102 10°

(a) LC resonant circuit Frequency [kHz]

two-port diagram
(b) Transfer function of the LC resonant circuit as seen in Figure 3.3a

Whether the tuning capacitor is in series or in parallel with the coil, will influence the behaviour of the
circuit. In parallel the load resistance has influence on the oscillation frequency and the achieved frequency
is poorer as can be seen in table I-IV in [15] however. For this reason, a series-series capacitor topology was
chosen, as can be seen in figure 3.4.
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Figure 3.4: Series-series resonant circuit configuration

3.1.5. CoIL DESIGN CONSIDERATIONS
Two important factors in the coil design are the coil inductance and the coil AC resistance. These two param-
eters are related by the quality factor (Q-factor) as stated in Equation 3.12.

=2t (3.12)
- -

The quality factor describes how under-damped a resonator or oscillator is. Resonators with a high quality
factor have a larger amplitude at the resonant frequency, but they have a smaller range around that frequency
for which they resonate [16]. A simple definition for the quality factor is the ratio between the energy stored
in the resonator and the energy dissipated by the damping process. Which for electrical systems means: The
ratio between the energy stored in inductors-and capacitors and the energy dissipated in resistors.

A bigger coil with a higher inductance is able to generate a stronger magnetic field. Thus a high inductance is
desired. Also, a low resistance is desired as this will ensure that less power is lost when current flows through
the coil. Therefore, the coil will have to have a high Q-factor. As assembling a coil requires very precise
engineering, due to the possibility of gaps between the windings and pitch variation, it was decided to buy
the coils from an external company. There are multiple options available, but it was found that only the coils
of ‘Wiirth Electronics’ had an extensive amount of data in the datasheets, where mainly the Q-factor as a
function of the frequency applied was very useful. Figure 3.5 shows this relationship.

F Typical Q-factor vs. Frequency Characteristics:

240

200

160 r/

o~

Q-factor
™.

P
>

120 /f \
80 / \

"l

10 100 1000
Frequency [kHz]

Figure 3.5: Q-factor as a function of the frequency applied [17]

This relationship is caused by two phenomena. The incline in Q-factor as the frequency rises (to 100 kHz)
is caused by the linear relationship between Q and w. The decline in Q-factor as the frequency rises (from 200
kHz) is caused by the skin effect in the Litz wire, which increases the AC resistance. As Q and R are inversely
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proportional, the Q-factor will decrease as this skin effect begins to play a role. The frequency at which this
happens is dependent on the diameter of the Litz wire that is used. These effects show that there will be an
optimal operating frequency for the coil. However, the capacitor also has to be considered.

Skin Effect In conductors, the penetration of high-frequency signals is governed by the skin effect. This
penetration is weaker within the conducting wire, thus the resistance in the inner part of the wire is larger,
that of the outer part of the wire. The depth at which the penetration of the signal is significant is called the
skin depth (6) and is among other things dependent on the frequency. As the frequency rises, the skin depth
becomes smaller, thus the total resistance of a piece of wire increases, as Equation 3.13 shows. [18]
RIR e ith 6=+ =L andr>s (3.13)
= wi =4/——andr .
b= T2 r=6)-06 WU
This is why, for high-frequency coils, Litz wire is used. This Litz wire has lots of small strands of wires
instead of one solid wire. These smaller strands have a much larger surface area and will thus have less
resistance at high frequencies compared to normal wire. This is shown in Figure 3.6.

Figure 3.6: Illustration of the skin effect in Litz Wire

However, also in Litz Wire skin effect plays a role. This is seen in Figure 3.5. For a copper wire with a radius
of 0.2mm this phenomena starts to effect the resistance around 150 kHz. This is shown in Figure 3.7

Skin Effect and Resistance

3
g 2 I
o
@ 151 .
(8]
c
8
o
g 1 1
@
2
Zo5f 1
[}
o
0 | | |
10° 10t 102 108

Frequency [kHz]

Figure 3.7: The resistance in Litz wire

Anumber of coils were considered, with the coil inductance and Q-factor in mind. The highestinductance
and Q-factor was found in coil ‘760308110’ from ‘Wiirth Electronics’ [17]. These coils have an inductance of
25.3 uH, measured using a LCR Meter HC8018.

3.1.6. CAPACITOR DESIGN CONSIDERATIONS

As efficiency is an important requirement, this also has to be considered when choosing one or multiple
tuning capacitors. Ceramic capacitors will be used, because these can withstand both positive and negative
voltages as opposed to electrolytic capacitors. The three most common type of dielectric material in ceramic
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capacitors are X7R, Z5U and NP0. The difference in equivalent series resistance (ESR) between these two
materials is significant. The dissipation factor (DF) of X7R and Z5U capacitors are generally above 1.5%,
while NPO capacitors generally have a dissipation factor below 0.1%. This is directly related to the ESR as seen
in Equation 3.14. Also, X7R capacitors have a strong dependency of their voltage, causing the capacitance to
drop at higher voltages. Furthermore, for NPO materials the dielectric constant remains constant up to about
1 GHz. Thus NPO-type dielectric ceramic capacitors will be used. [19]

DF

ESR=—— (3.14)
w-C

3.1.7. OPERATING FREQUENCY OPTIMIZATION

There are several different frequency dependent elements in the design that make for a frequency dependent
power loss and thus a frequency dependent efficiency. These are the amount of power that is transferred, the
resistance of the coil and tuning capacitor and the losses in the control circuit. Therefore, an analysis has
been done to optimize the operating frequency:.

3.1.8. POWER TRANSFER INFLUENCES

< —40
sassmHH p20|H |_

RESONANT CIRCUIT

RECEIVER
CIRUIT

Figure 3.8: Power transfer in the resonant circuit

Firstly, the effect of the frequency on the transferred power in the circuit is discussed. The relationship be-
tween the power transferred and the frequency is described in Equation 3.15, where «a is the phase angle
between I; and I, which should be 90° (Section 3.1.3) [20].

P=w-M-I-I,-sin(a) [W] (3.15)

Important to note are the currents through the resonant circuits as these are related to the power loss in
the equivalent series resistances of the components. In order to determine these losses, the currents through
the components have to be known. The ratio between the current in the transmitter coil and the receiver coil
is given in Equation 3.16. This has been derived from Equation 3.8 when Equation 3.11 holds.

oM oM .
2| = T ‘Ml = L= ? Iy [Al with R=Rjpadq+ Riosses+ Rseries [Q] (3.16)

Rjoaq is the load that will be placed in the receiver circuit. This has a value of 5Q. Rj,sses are the losses
present in the receiver circuit, modelled as a resistance. As the efficiency of the receiver is assumed to be 90%,
this resistance has a value of ﬁ —5=10.555Q. The losses in the components of the receiving resonant circuit
are modelled as an equivalent series resistance. For now this is given a resistive value of 0.1Q2, making up a

total resistance of 5.655€).

With Equation 4.6 and Equation 3.16, a formula for the current through the transmitter resonant circuit
can be obtained:
P 1 P R P-R

I = — = —. =
'"oM L oM L-oM I (wM)?

[A] (3.17)
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p=LE L VPR (3.18)
(wM)? oM

Also, the current through the receiver can be obtained:

M M VP-R p
L= =21, =/= 4] (3.19)
R R oM R

From this the power dissipated in the transmitter resonant circuit can be calculated:

P-R

Plass—l = 112 'Rseries = m 'Rseries (W] (3.20)
2 P
Pioss—2 =15 - Rserjes = E ‘Rseries (W] (3.21)
1 R
Pioss = Pross—1+ Pioss—2 =P E + W ‘Rseries [W] (3.22)

The amount of power transferred should be the amount of power used by the load, the losses in the re-
ceiver and the losses in the receiving resonant circuit. Equation 3.23 shows that the RMS current through the
receiving loop should be 1A. This means that the power consumed by the load and losses is equal to their
resistive values: P = 5.655W. w is the operating and resonant frequency, M is the mutual inductance between
both coils. This results in a power loss and efficiency as seen in Figure 3.9

Pioad 5
Pioad = I2ms Rioad = Irms =1 —= =\ﬁ =1[A] (3.23)
Rload 5
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Figure 3.9: Power loss and efficiency of the resonant circuit (1)

Calculations with these formulas can be found in Section A.1.1 in Appendix A.1.

3.1.9. COIL RESISTANCE INFLUENCES

Not only the amount of power transferred is dependent on the frequency, but increasing the frequency also
leads to an increase in the resistance of the coils as described in Section 3.1.5. Finding an optimum between
these two is the next step of the analysis. The series resistance of the resonant circuit can be derived from
Equation 3.12 and Equation 3.14:

w-L+ DF
Q w-C

Replacing the equivalent series resistance of Equation 3.22 will lead to the following equation:

Q] (3.24)

Rseries =

1 R ) (w -L DF
f— + —_— | — + —
R (wM)? Q w-C

Lis the inductance of the coil used, the chosen coil has an inductance of 24 H [17]. Q is the quality factor
of the coil used (Figure 3.5). DF is the dissipation factor of the tuning capacitor uses, which is 0.1% or 0.001.

Pioss = Pross—1+ Pioss—2 =P ( ) (W] (3.25)
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C is the capacitance of the tuning capacitor, which has been chosen to satisfy Equation 3.11 for different
frequencies. This yields Figure 3.10 for the total power lost in the resonant circuit and its efficiency.

0 Power Loss in Resonant Circuit Efficiency in Resonant Circuit
107 1r
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2 gos —
=} Q
- K
e 5 o7
g k=0.08
k=01
0.6 k=0.12
k=0.14
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Frequency [kHz] Frequency [kHz]

Figure 3.10: Power loss and efficiency of the resonant circuit (2)

Calculations with these formulas can be found in Section A.1.1 in Appendix A.1.
Using these figures, an operating frequency of 150kHz was chosen. At this frequency, the coil has an in-
ductance of 25.3uH and a Q factor of 235. With formula 3.11, it can be calculated that with the resonance
frequency at 150000kHz, the value of the tuning capacitor needs to be 44.5nE Using formula 3.24 and the
fact that the dissipation factor (DF) of the capacitor is 0.001, an equivalent series resistance of 125.3mQ is
calculated.
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3.2. RECTIFIER

The receiving coil will deliver an AC signal at the resonance frequency determined by the combination of the
values of the coil and the tuning capacitor. One of the requirements of the system is that the output has to be
a DC signal. Because of this, an AC/DC converter will be necessary in the form of a rectifier. A rectifier uses
diodes to let the current flow in one direction only, and a smoothing capacitor parallel to the load in order to
approach a smooth DC signal. It is very important that the efficiency of this rectifier is as large as possible,
since a 5W output power has to be reached at a receiver input power of just over 5W.

3.2.1. RECTIFIER REQUIREMENTS
The rectifier has to meet the following requirements:

1. ADC output voltage with a ripple of 2% at most.
2. The power transfer efficiency has to be as high as possible.

3. The rectifier has to be able to handle up to 2A and 20V (safe assumption).

3.2.2. RECTIFIER DESIGN CHOICES
A number of things had to be considered in order to design an ideal rectifier for the system requirements
that were given. The most important requirement that the rectifier will influence is the total power efficiency.
This is because the several components that will be used will dissipate a considerable amount of power, es-
pecially because according to equation 3.26 the relatively large average current value of 1A will flow through
the rectifier circuit.

Paverage = Pout! Vour =5WI5V =1A (3.26)

Because of this the main goal of the design is to achieve an as large as possible efficiency.

FULL-BRIDGE VS. HALF-BRIDGE
The first thing that has to be considered when designing a rectifier is its configuration. The options are: half-
bridge, regular full-bridge and a full-bridge with a center tap. Because the coils that were used do not have

Rectifier

| | |
‘1 Full wave
Half wave S
rectifier J— rectifier ﬁ
Center Tapped Full Bridge
Wave Rectifier Rectifier

1% —‘—"—] i
.| bd
L]

Figure 3.11: Types of rectifiers [21]

center taps, the last configuration is not an option. The main difference between a half-bridge and full-bridge
rectifier is that a half-bridge rectifier will just use the positive voltage peaks for rectification, while a full-bridge
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rectifier will use the positive as well as the negative peaks. The current through a full-bridge rectifier is shown
in figure 3.13. It can be seen that no matter what side of the input source the current flows from, the current

>\

D1 D3
A
AC D4 D2
+ non | Load
— Y
Positive half cycle Negative half cycle

Figure 3.12: Current through a half-bridge rectifier [22]

will always flow through the load in the same direction.

It follows that the smoothing capacitor parallel to the load has to be larger for a half-bridge rectifier, since the
voltage peaks are farther apart. Because of this, the capacitor will have to deliver energy for a longer time,
which means that the capacitor will have to be able to store more energy.

Another effect is that the current peaks, and therefore the average current, flowing through the half-bridge
rectifier will be twice as large as the current peaks through a full-bridge rectifier.

12 b
——Positive current through full bridge (A)

14 - ——Negative current through full bridge (A)[]
Current through half bridge (A)
[ [

16 ! I !
8 8.01 8.02 8.03 8.04 8.05 8.06 8.07 8.08 8.09 8.1

Time (s) w10

Figure 3.13: Current comparison full-bridge vs half-bridge

Pgiode = Viorward * laverage (3.27)

Formula 3.27 gives the power dissipation in a diode. From this formula it can be deduced that the power
dissipated in a diode in a half-bridge rectifier will dissipate twice as much energy as a diode in a full-bridge
rectifier diode. The current through a full-bridge rectifier however, flows through two diodes instead of one,

so this effect is eliminated. p
half-bridge
Pruii-bridge =2+ — 3 - Phaif-pridge (3.28)

For resistive components however like wire/capacitor resistance or possible MOSFET on-resistance, the for-
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mula for power dissipation is the following:
P=I*+R (3.29)

Using formula 3.29 the formula for comparing the power dissipation in resistive components between a full-
and a half-bridge rectifier becomes:

I? R
Thaifvridge 5 ‘naifpriage’  Phalfbriage

)’R
2 2

Pfull—bridge = Ij%ullbridgeR =2 ( (3.30)
So resistive components in a half-bridge will dissipate twice as much energy as they will in a full-bridge con-
figuration. This effect was simulated and it was found that the RMS current in a half-bridge was around 1.4
times as large as in a full-bridge, which is still significant. Because of this and the fact that a full-bridge rectifier
can function with a smaller smoothing capacitor, the full-bridge setup was chosen.

RECTIFYING COMPOMENTS

Another design choice had to be made for what kind of component to use to make sure the current only flows
in one direction. The standard choice is regular diodes, but since these have a relatively large voltage drop of
0.7V on average, and an average current of around 1A will likely be flowing through them, P=V*[=0.7*1=700mW
would be dissipated per diode, which is an undesirable amount compared to the 5W output. Especially con-
sidering that two diodes will dissipate this amount of power constantly.

A substitute for normal diodes is shottky diodes. These can have a voltage drop as low as 0.3V, which means
they dissipate less than half the energy normal diodes dissipate. shottky diodes also have a faster recovery
time, which means that they can be used for higher frequency applications, which is very favorable for this
rectifier, since it will operate at a frequency of 150kHz. For this reason shottky diodes are preferred over nor-
mal diodes. The main drawback of shottky diodes is that they have a larger reverse current, meaning that they
can handle a smaller reverse voltage before breaking down. But since they will not have to deal with voltages
larger than 20V, this is not a problem.

A third option was using MOSFET transistors in order to rectify the current. For this to work, the gate signals
of the MOSFETs must turn the MOSFETs on and off at the appropriate times. If this is not done properly,
the current through the MOSFET will flow in both directions, and the current will not be rectified. The main
advantage of using a MOSFET instead of a (shottky) diode is that they do not have a voltage drop, but a gate
voltage-dependent ON-resistance, which can be as low as 10mQ. As can be seen in figure 3.14, At lower

1.0 T T T
08 1
less losses in the 20 mQ MOSFET , ess losses in the diode
> 06}
(5]
on
&
S 04} 1
02 t " ]
MOSFET Ry, =20 mQ ———
MOSFET Rpg =10 mQ ———
Diode
0.0 1 L A 1
0 10 20 30 40 50 60

Current [A]

Figure 3.14: Voltage drop over a diode vs. a MOSFET [23]

currents MOSFETs will have significantly lower power dissipation through conductance than diodes (even
shottky diodes as long as the voltage stays below 0.3V). Something to consider is that MOSFETs also have
gate charge losses, which occurs because the charge stored in the gate is discharged, meaning the energy of
this charge is lost. Because the gate discharges every period of the input voltage the following formula can be
derived:
qute
T

PZI*VZVcs* :VGS*ante*f (331)
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The last form of power loss that can occur in a MOSFET are body diode losses. MOSFETs have a diode con-
nected in parallel, through which the current will flow if the MOSFET is not turned on properly. An example
of this happening is when a high side and a low side MOSFET are both turned on for a short time. A lot of cur-
rent will flow in this situation, so the body diodes will take over., This is an unwanted effect, since a relatively
large amount of power will be dissipated in this diode. The following formula gives the power dissipation in
the body diode of a MOSFET: [24]

Pyodydiode = VFrdiode * lout * taelay * (3.32)

In this formula Vrg;oqe is the forward voltage of the diode and 4,4y is the amount of time for which both
the high- and low side MOSFET are turned on (this is generally caused by switching delays). It follows that
the total losses of a MOSFET are the sum of the conductive losses in formula 3.29, the body diode losses in
formula 3.32 and the gate losses in formula 3.31. When choosing a MOSFET over a (shottky) diode, one needs
to make sure that the sum of these losses are lower than than of the diode.

FINAL CONFIGURATION

Since MOSFETs have a significantly lower power loss than diodes if one with good specifications is chosen, it
would be ideal to replace every diode in the rectifier with MOSFETs, meaning that the rectifier would contain
4 transistors. A number of attempts were made at achieving this.

The main difficulty of designing a diode-less rectifier is that the MOSFETs have to be turned on for the exact
right amount of time at the exact right moment. Figure 3.15 shows the current through the diodes of a regular

8 T T T I I I
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—Current during a negative source peak (A)H
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Figure 3.15: Current through the diodes in a regular rectifier in steady state (Vs =5.5V, 150k Hz; Ry, = 5Q ; C=500uF)

diode rectifier. It can be seen that the current flows through the diode in pulses, only at the moments where
the source voltage is higher than the capacitor voltage. This only happens at the positive and negative peaks
of the source voltage. This means that when using MOSFETs, the gates need a voltage pulse at the peaks of
the source voltage. The main difficulty is that if the given pulse is too short, the capacitor will not be fully
charged, meaning that the load will not absorb the highest possible power. Though if the given pulse is too
long, the current will flow from the capacitor through the MOSFET in the direction of the source, since the
MOSFET will still be open while the capacitor voltage has become higher than the source voltage. This will
cause considerable losses.

The first attempt at a diode-less rectifier made the gate signals by comparing the AC coil voltage to a DC
voltage slightly lower than the amplitude of the coil voltage. The result of this is shown in figure 3.16. The
created pulses occur during the peak of the input voltage, which is the desired result. The length of the pulses
can be determined by adjusting the reference voltage. If one would want shorter pulses, one would have
to make sure the reference voltage is closer to the peak value of the coil voltage. Two comparators would be
necessary in order to create pulses at both the positive and negative peaks of the coil voltage. The positive and
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Figure 3.16: Plot showing how timed pulses can be produced using a comparator

negative supply voltages of the comparators could be created using two simple half-bridge rectifiers creating
a positive and a negative DC voltage.
Since gates could only be directly driven by a push-pull comparator, which are generally slow, and since the
gate voltage of the high side of the comparators would need to be higher than their supply voltage, a high side
gate driver is needed between the comparator and the gates. Another advantage of using gate drivers is that
they can deliver high current surges, which are necessary to quickly supply the gate charge necessary in the
gate of a MOSFET since:

Q=1Ixt (3.33)

This gate driver gives a lower voltage output for the MOSFET with the ground as its source, and a higher
voltage output for the MOSFET with its source connected to the +-side of the load. Two gate drivers would be
needed in order to make sure that only two of the four MOSFETs are turned on at all times. The created gate
signals would be 180° out of phase. The proposed circuit is shown in figure 3.17. In this circuit, the current
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Figure 3.17: Full schematic of an attempted diodeless rectifier

will flow from the top-right to the bottom-left MOSFET when the source voltage is negative, and from the
bottom-right to the top left MOSFET when the source voltage is negative.

The first problem with this design is that, because of the voltage drop over the two rectifying diodes at the
start of the circuit, the reference voltage could not be large enough in order to get the produced pulses short
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enough. This means that the MOSFETs are turned on for a too large period, causing the current to flow in the
wrong directions as shown in figure 3.18 It would be possible to fix this problem by enlarging the reference
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Figure 3.18: A figure showing the current through a MOSFET in schematic 3.17

voltage somehow, but the biggest problem will remain: The length of the pulses is dependent on the voltage
over the diodes, the amplitude of the AC input voltage and the stability of the input voltage. The reference
voltage would have to be the perfect amount at all times, or the system would become highly inefficient. For
this reason this circuit was not used in the final implementation of the rectifier.

After this another implementation was tried. This made use of the idea that current should only flow through
the MOSFETs when the coil voltage is higher than the voltage over theload. Ifa comparator is used to compare
the coil voltage to the load voltage, perfectly timed and sized pulses should be created which would drive the
MOSFET gates so that the current will only flow in the desired direction. This implementation can be seen
in figure 3.19. The problem with this design is that the comparators do not correctly detect when current
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Figure 3.19: Full schematic of an attempted diodeless rectifier

needs to flow. In the simulation of the circuit, it was observed that the comparators only gave pulses every
three or four periods, causing the power transfer to the load to be minimal, as can be seen in figure 3.20.
Because of complexity, unreliability and time constraint, it was decided that a full MOSFET rectifier would
not be implemented.
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Figure 3.20: A figure showing the current through a MOSFET in schematic 3.19

A simpler rectifier has been implemented that uses two shottky diodes and two MOSFETs. Because of the
diodes, the current will not flow in the wrong direction, even if the MOSFETs are turned on for a relatively
long time. The system is not as efficient as the diode-less rectifier would have been, but because two out
of four diodes are replaced with MOSFETS, it is still more efficient than the standard full-bridge rectifier. The
gates are driven by the opposite side of the coil. Because of the gate-source voltage of the MOSFETs will be the
amplitude of the coil voltage at the time the current conducts (during the peaks of the coil voltage). The final
rectifier design can be seen in figure 3.21. NMOS transistors were chosen over PMOS transistors, since NMOS
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Figure 3.21: Full schematic of the implemented rectifier

generally have a lower on-resistance and/or gate charge. Body diode losses will not occur, since this design
only has low-side MOSFETs. A high side gate driver could have been used to enlarge the gate-source voltages
of the MOSFETs, which would lower the on-resistance of the MOSFETs. But some calculations have been
done considering the difference in conductance loss, gate charge loss, and gate driver power consumption,
which showed that this was not profitable. These calculations will be given later in this thesis.

COMPONENT SELECTION
In order to finalize a maximally efficient rectifier, the used components have to be selected so that they are
ideal for the specifications. Another important thing to consider is that the components have to be able to
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handle the currents and voltages as described in the requirements for the rectifier.

For the shottky diodes, the only aspect that influences the efficiency is its forward voltage. The selection of
the used shottky diodes was done by searching for the diode that can handle at least 2A/20V with the lowest
forward voltage, that the manufacturer (Farnell[25]) could deliver. With this process, the STPS20L25CT shot-
tky diodes [26] were chosen. It can handle a repetitive voltage of 25V, an average forward current of 10A and
has a low voltage drop of 300-350 mV. This means that with an average current of 1A (which is required for
a system output of 5V/5W) both diodes combined will dissipate P=0.35*1=350mW, which is acceptable. This
is a dual common cathode diode, and because the cathodes of the diodes in the setup are connected (to the
positive side of the load) only one STPS20L25CT is needed.

Next, the NMOS had to be chosen. There are a number of things that have to be considered: the maxi-
mum gate-source voltage, the drain-source breakdown voltage and drain current should be high enough, the
threshold voltage should not be too large, or the transistor will not be turned on correctly, and a good com-
bination of low gate charge and low on-resistance has to be found. Rise and fall times are less important in
this situation, since the MOSFETSs will have been turned on some time before the current will flow as can be
seen in figure 3.22, so no fast on and off switching is necessary. The threshold voltage of most MOSFETs is
between 1V and 2V, and since the gate-source voltage will have the same value as the coil voltage, the thresh
hold voltage will likely not be the most important factor. Low gate charge and low on-resistance is a trade
off in MOSFETs. The best balance between the two for the specifications has to be found. The losses of a
MOSEFET (that has no body diode losses) is given in formula 3.35 [24].

Paissipated = I« Ron+ Qgare * Vs * f (3.34)

In order to select the optimal transistor, the RMS current through the transistors needed to be known. The
formula to calculate the RMS value for a signal is given below.

1 —\/ 1 ’ 1(1)%d 3.35
— t t .
RMS T, Tzfl (I(1) ( )

I(t) being the current signal over time. The circuit was simulated in LTspice in order to see the behaviour of
the MOSFET current. The results of this simulation can be seen in figure 3.22. A source voltage of 5.5V was
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Figure 3.22: Simulation of the MOSFET current (Vsource : 5.5V,150k Hz; Ry 44 : 5Q2;C=500uF)

chosen so that the voltage over the load would be 5V (voltage drop of approximately 0.5V), so that with a load
resistance of 5Q a 5W/5V output is achieved. The current has triangular shaped peaks when the coil voltage
surpasses the load voltage (or when the coil voltage drops under 0V for the other MOSFET). The calculation
for the current signal is non-linear and difficult to do by hand, so LTspice’s calculated RMS current of the
signal will be used. LTspice gave an RMS value for the steady state current of 1.624A.



3.2. RECTIFIER 21

The chosen transistor is the Si4128DY [27]. It can handle a drain-source voltage of 30V, a gate-source voltage
of 20V and 10A drain current. At 4.5V it has a gate capacitance of 3.8nF and an on-resistance of 24mQ. If
a current of 1.624A, a gate-source voltage of 5.5V and a frequency of 150 kHz are used, formula 3.35 gives a
power dissipation of 66.4 mW per MOSFET. This gives a total MOSFET dissipation of around 133 mW, which
is significantly less than the 350 mW of the diodes. Attaching a high side gate driver to the MOSFET gates
could possibly have lowered the total power dissipation. If the gate voltage would have been driven up to
10V, the datasheet [27] tells that the on-resistance would become 20m( and the total gate capacitance would
become 8nE From formula 3.35 a power dissipation of 64,7mW per MOSFET can be calculated. The difference
in power would be 66.4-64.6=1.8mW, since a typical high speed, high side gate driver like the UCC27714 by
Texas Instruments [28] uses up to a few mW, it was decided that it is not profitable to implement gate drivers
in the rectifier.

Normally a value for the smoothing capacitor has to be decided, but as mentioned later in this thesis, the
final design of the receiver lets the necessary value for the capacitor be dependent on factors that are not
dependent on the rectifier. The capacitor selection will be mentioned later.

Further in this thesis will be shown that the smoothing capacitor losses are minimal, but a prediction can be
made of the power efficiency of the system. This can be calculated with the following formula:

Poutput

n (3.36)

Poutput + Pgiodes + PMOSFETs

Inserting the calculated values into formula 3.36 gives an efficiency of 91.2%.

3.2.3. SIMULATIONS

Figure 3.21 was simulated in LTspice with SL43 shottky diodes and IRFHS8284PbF MOSFETs, since the no
LTspice models for the selected components were available. The specifications of the simulated components
are comparable to those of the selected components. The ground was placed at the negative side of the load.
The voltage source delivers 5.5V at 150kHz, the capacitor value was 500 uF (safe value since the capacitor
size has not been decided yet) and the load was 5Q. Figure 3.23 shows the simulated input and output of the
rectifier. The figure shows that the voltage is properly rectified and that the total voltage drop is around 0.5V,
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Figure 3.23: The simulated input and output of the rectifier circuit

which is acceptable.

The average power delivered by the source in steady state is 5.3076W and the average power delivered in the
load is 4.8785W. This gives an efficiency of 92.6%, which is very close to the earlier calculated efficiency. If
a schematic with the same source and load is simulated using only shottky diodes to rectify the current an
efficiency of 86.7% is simulated. The same schematic with the shottky diodes replaced by normal diodes gives
an efficiency of 66.5%. Figure 3.17 gives an efficiency of 88.6%, but it needs a very high input voltage in order
to deliver 5W to the load. Figure 3.19 shows an efficiency of 90.7%. It is clear that the schematic in figure 3.21
is the most efficient configuration.
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3.3. DC-DC CONVERTER

3.3.1. DC-DC CONVERTER REQUIREMENTS
The DC-DC converter has to meet the following requirements:

1. The converter has to convert the DC input signal into a 5V/5W output signal.
2. The output voltage ripple can not be larger than 2%.
3. The power loss should be as low as possible.

4. The circuit has to be designed in a way so that it is compatible with the rectifier and the resonant circuit.

3.3.2. DESIGN CHOICES

An output power of around 5W is required, this can be obtained by putting 5V over a 5Q load resistance.
The output voltage is known, so the input voltage will determine which DC-DC converter will be imple-
mented. Linear voltage regulation dissipates the unwanted power as heat. These losses are unacceptable
due to the strict efficiency requirements. Switching conversion seems to be a better solution, as it is more
power efficient. Step-down Buck switching converters are mostly more efficient, but step-up boost switch-
ing converters are sometimes unavoidable. The DC-DC converter is the last component before the load and
therefore depends on the rest of the system. The expected input parameters were predicted while making
the first design choices of the DC-DC converter. More than one possible solution were hence suggested and
implemented in the complete system in a later stage.

3.3.3. IMPLEMENTATION
Multiple buck-boost converter chips with adjustable in- and outputs are available on the market, some even
with a variable input and a fixed 5V 1A output.

ADP2504-5.0

The ADP2504-5.0 [29] is a high efficiency buck-boost converter that can operate with input voltages between
2.3V and 5.5V, it has an output voltage of 5.0V and a output current of 1000mA. Single device tests as is shown
in figure 3.24a resulted a steady 5W output in the range of 4-5.5V input, which seemed the right range for this
system, because rectifier output voltages lower than 5V were measured during the first system simulations.
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(a) Test circuit of the ADP2504-5.0 [29]

(b) Internal block diagram of the ADP2504-5.0 [29]

Figure 3.24b shows us an internal block diagram of the ADP2504-5.0. 4 Four internal MOSFETs are con-
trolled by a PWM controller, these four MOSFETs determine the rate of charge and discharge of the external
inductor between SW1 and SW2 [29]. Three different modes can be distinguished: Buck, Boost and Buck-
Boost. PMOS2 is always active, NMOS2 is always off and PMOS1-and NMOS] are both switching in antiphase
to maintain a constant output in Buck mode. For boost operation the exact opposite happens: PMOSI is al-
ways active, NMOSI is always off and PMOS2-and NMOS2 are both switching in anti-phase. Both operations
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combined results in the two MOSFETs on the left side are in anti-phase and the same accounts for the two on
the right side. The MOSFETs switch with a frequency of 2.5MHz for a minimal output ripple and to minimize
the size of the external inductor. Output voltage can be controlled with a voltage divider between V,,; and
FB (R1) and between FB and GND (R2):

R1+R2
Voutr = (T) * Vref 3.37)

The results from implementing the ADP2504-5.0 were unfortunately not as expected. The maximum in-
put voltage almost directly exceeded the 5.5V limit. This happens because the output of the converter is a
constant power, meaning that the input of the converter will also have a constant power. From formula 3.38
it follows that if the input voltage of the buck/boost converter rises, the current will become smaller.

P=V=xi (3.38)

Formula 3.39 shows that the input resistance of the buck boost converter will then increase when the input
voltage increases.
Riy = h
Iin
When the load resistance of the receiver increases, more power will be transmitted, meaning that the input
voltage will increase (the proof for this will be given later in this section). Fro this it follows that once 5V/5W
output is reached, the input voltage of the buck/boost converter will increase, after which more power is
transferred by the transmitter, after which the input voltage will increase even further. A positive feedback
loop exists that will make the input voltage of the converter rise to a very large value.

(3.39)

Even tough the device kept working in ltspice, it probably will break down when implemented in the
system. The internal components in combination with the external inductor are not suited to step-down
from such high voltages. The input voltage reached a maximum at 25V as shown in figure 3.25. This is likely
because the used LTspice model for the converter allows a maximum input voltage of 25V.
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Figure 3.25: Input and output voltage of the ADP2504-5.0

LTC3114-1.0
The LTC3114-1 [30] is a wide operating voltage range synchronous buck-boost converter that can operate with
input voltages between 2.2V and 40V. It has a wide output range of 2.7V up till 40V with an output current of 1A
in buck mode. Test with this single device as figure 3.26a showed that a fixed 5V 1A output can be generated
with inputs from 6V.

This Buck-Boost converter works by the same principle as the one mentioned in 3.3.3. The inductor be-
tween SW1 and SW2 in figure 3.26a will be charged and discharged by different switching rates of the internal
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MOSFETs of figure 3.26b. The gate driver of the MOSFETs is controlled by a 1.2MHz PWM signal [30]. Two
flying capacitors from SW1 to BST1 and from SW2 to BST2 are there to generate the gate driver rail for power
switch A and D respectively.

The input voltage of the buck-boost converter again raises up until 25V as can be seen in figure 3.27. In
reality this voltage will rise to larger values, causing also this chip to break down.

Input and output voltage of the LTC3114-1.0
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Figure 3.27: Input and output voltage of the LTC3114-1.0

Apart from the high voltages, the simulated efficiency of the receiver containing the resonant coupled
coils, the rectifier and one of the buck/boost converters were very poor: mostly less than 50%. This ineffi-
ciency grew worse as the transmitter voltage increases. This is because after the load voltage has reached
5V, the receiver needs less power to maintain this voltage. Because of this a power surplus is created. A way
needed to be found in order to regulate the power that is transmitted.

VOLTAGE REGULATOR

Unfortunately it was not possible to meet the requirements with the previous two solutions, so other options
without buck-boost converter chips needed to be considered. The 'around’ 5W output requirement gave

some room to implement a DC-DC converter with a small output ripple. A voltage regulator, as shown in
figure 3.29, makes this happen.
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Figure 3.28: Input and output voltage of the LTC3114-1.0
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Figure 3.29: Voltage regulator schematic

Square

The idea behind this voltage regulator is that the resonant circuit is only connected to the load if the
smoothing capacitor after the rectifier is not able to deliver enough power anymore. At any other moment
a short circuit will be created after the resonant circuit. The rectifier will charge the load capacitor until the
voltage over the load resistance rises above 5V. The 400mV reference comparator and the gate driver both have
a low output voltage during that time. The comparator is activated when the voltage over the load resistance
becomes larger than 5V and therefore the input voltage of the comparator becomes larger than 400mV as a
result of the voltage divider relative to the ground.

1.505k

Vin=
1.505k +17.5k

*5V =396mV = 400mV (3.40)
The comparator is supplied by the output voltage of the rectifier and has an internal reference voltage of
400mV. Once the input voltage of the comparator becomes larger than 400mV, its output signal will be high,
turning the gate driver on. This gate driver is necessary because otherwise, a push-pull comparator is needed
to properly drive MOSFETs gates, and push-pull comparators are generally not quick enough. The gate driver
will immediately turn on the coil-shorting MOSFETs. This causes the load capacitor to discharge and deliver
power to the load resistance until the voltage over the load resistance drops below 5V. The input voltage of
the comparator will then become smaller than 400mV and the comparator output turns low again. The gate
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driver will turn off, which causes the complete system to charge the load capacitor as before.
This means that the receiver has two modes: the rectifier mode and the short circuit mode. The schematic of
these modes is shown in figures 3.30 and 3.31. The main difference between these modes is the resistance in

[

X
STPS20L25CT
STPS200 25CT Rload
16.8n 16.8n

L1 12 | T im 5

| Cload
Si4128l Si4128l
24u
240 4 I
1 1

Square

—

Figure 3.30: Rectifier mode
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Figure 3.31: Short circuit mode

the circuit.

An equivalent circuit of the transmitter and receiver is shown in figure 3.32. E), is the induced voltage
created by the magnetic field through the receiving coil, it is added to the receiving side as a source and
generates power for the load. Zg on the transmitter side is the reflected impedance of the receiver.

+ L + Ca
Uin 6) Zin1 Em 6) Zin2 Uz 3. Rw
- _ Rz
VA——

Figure 3.32: Decoupled equivalent circuit

The equivalent impedance seen from the source Ej; can be determined with equation 3.41[20].

. 1 Ey  joM=x1h
Zine = jolp+ ——+ Ry + Ry = — = ——— (3.41)
G I I
The reflected impedance is then given by:
jwM * I jwM)?
zp=12MR UoM) (3.42)

h Zin2
When the LC circuit is shorted by the two MOSFETs the input impedance of the receiver changes to:

1
Zinz = jwLy + +Ro+2%Rys (3.43)
JoC,
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The equivalent working resistance Ryy is a lot larger compared to the equivalent resistances of the coil and
capacitor, so Z;, is primary determined by Ry . As can be seen in figure 3.30 and 3.31, Ry switches be-
tween the resistance of the load, the rectifier MOSFETs and the diode resistance, to just the resistance of the
shorting MOSFETs. Replacing Ry with combined Rpg resistances of the MOSFETs, which is small, results in
a large decrease of Z;,;». From equation 3.42 can derived that Zg becomes extremely large when the mutual
inductance stays the same. Because the AC voltage in the transmitter stays the same and reflected impedance
becomes very large, the current through the transmitter goes almost to zero. The power supply delivers less
power to the transmitter during that time, which increases the overall efficiency of this WPT-system. It can
be seen that with this solution the opposite happens from what happened with a buck boost converter: for a
buck/boost converter, the (input)resistance grew as the voltage grew, causing a positive feedback loop, while
with this solution, the resistance in the loop is greatly reduced, making sure there is a negative feedback loop.
Because of this, this is a stable system.

FREQUENCY BEHAVIOUR
Another way to look at the behaviour of the voltage regulator, is in the frequency domain. Figure 3.30 and
3.31 were simulated in the frequency domain to show this. Figure 3.33 and 3.34 show the current, and thus
the power, that the source delivers for different frequencies for both modes. In these plots it can be seen

H————————————
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1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (Hz) %108

Figure 3.33: Frequency plot of the transmitter source current during rectifier mode

that the rectifier mode has a clear peak at 150kHz, while the short circuit mode had two peaks which are
shifted to both sides of 150kHz, while at 150kHz a minimum can be observed. The frequency at which the
transmitter makes the resonant circuits oscillate is set at 150 kHz, which means that for rectifier mode the
transmitter current will be amplified, while in the short circuit mode the source current will be damped. This
is the required effect, because during short circuit mode the receiver current (which will be the same as the
transmitter current because the winding ratio is 1) has to be as low as possible, in order to minimize the losses.
The two peaks in the short circuit simulation can be explained by the effect of frequency splitting. Frequency
splitting is the phenomenon that the peak in a frequency domain of a resonant coupled circuit splits into two
peaks which are shifted to the left and right of the original peak, when the coils are over coupled.

In figure 3.35 it can be seen that while the coils are under coupled, a single peak remains which becomes
higher as the coupling increases. When the coils are over coupled, it can be seen that the peak splits, and that
the peaks are shifted further as the coupling increases further. The border between these two areas is called
the critical coupling coefficient. If the coupling surpasses the critical coupling coefficient, the frequency
peaks will split. The formula for this coefficient is as follows. [32]

1
ke= ——— (3.44)

V0Q1%Q2
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Figure 3.34: Frequency plot of the transmitter source current during short circuit mode mode

Q; will be the same for both modes, since nothing changes in the transmitter [1]. The value of Q, however,
will change, because it is dependent on the resistance in the RLC loop, which is different for both modes. The
Q factor of a series RLC circuit is the following:

Q==41/= (3.45)

When the receiver is in short circuit mode (figure 3.31), its resistance in the current loop is far smaller
than its resistance in rectifier mode (figure 3.30). Because of this, the Q factor will be much larger according
to 3.45. From formula 3.44 it then follows that the critical coupling coefficient will be much lower, causing the
frequency peaks to split at much lower coupling factors. This is observed in figure 3.33 and 3.34: at the same
coupling factor, the frequency peak splits for short circuit mode, but it does not split for rectifier mode.

BUILT-IN REFERENCE COMPARATOR SELECTION

The comparator has to have a built-in reference that is achievable through a voltage division from 5V, needs
to be quick and accurate enough, and its output needs to be able to turn a gate driver on and off. If the com-
parator is not accurate enough, the output signal could turn on too late or too early, causing the MOSFETs to
turn on too late or too early, which would cause a larger ripple on the output. If the comparator’s propagation
delay is too small, the MOSFETs will turn on too late, having the same effect as the previously mentioned
problem.

For this the ADCMP361YR]J comparator from Analog Devices [33] was chosen. It has a 400mV reference volt-
age with a threshold voltage accuracy of 0.275%. The maximum voltage ripple that could be caused by this
inaccuracy is 2*0.275%=0.55%, which is a small enough amount if a maximum ripple of 2% may be achieved.
The chip has a typical supply current of 7uA at 5.5V, which gives a power dissipation of 38.5uW, which is an
insignificant amount compared to the output power. The ADCMP361YR]J has a response time of 5 us and a
rise time/fall time of around 0.3us. The effect of delays in the voltage regulator can be seen in figure 3.36 In
this figure it can be seen that the comparator’s output turns on some time after the load voltage has surpassed
the 5V threshold. During this time, the voltage will continue rising or falling with its initial slope. With the
delay time and the current through the smoothing capacitor the voltage ripple caused by delays can be calcu-
lated. The RMS current through the capacitor is dependent on a lot of factors, but the later explained LTspice
simulation shows that it is generally around 1.5A (combination of the RMS current while rising and falling)
for a capacitor of ImE The formula 3.46 shows the current through a capacitor.

Ic=C— 3.46
c ar (3.46)
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Figure 3.35: Frequency splitting [31]

The voltage ripple caused by delay can be calculated with formula 3.47.

I
dv = EC * Laelay (3.47)

Inserting the values into this formula gives a voltage ripple of around 8mV, which is a ripple of 0.16%. This is
small enough compared to the required 2%.

The downfall of this particular comparator, is that it can handle a maximum supply voltage of 6V. The supply
is fed by the voltage over the load, which oscillates around 5V. If something goes wrong, or the delays by the
voltage regulator are too large, the load voltage could reach 6V, destroying the comparator. Because of this a
voltage regulator is needed between the load voltage and the supply voltage.

In order for the ADCMP361YR] to perform properly, an appropriately sized pull up resistor, because is has
an open collector output, (between Vcc and Vout) and hysteresis resistor (between Vin and Vout) should be
connected. A typical value for a pull up resistor is between 1 and 10kQ. Since this is a higher speed cicuit, a
1kQ pull up resistor was chosen. A hysteresis resistor of 9.81 kQ) was chosen.

LDO REGULATOR SELECTION

The main specification for the LDO regulator is that its dropout voltage should be as low as possible, in order
to keep the power dissipation as low as possible. The MCP1702-5002E/TO from Microchip Technology [34]
was chosen for this purpose. It has a maximum voltage drop of 650 mV. The later mentioned gate driver
will have an input current, which is the output current of the LDO regulator, of 0.2uA. With formula 3.27 a
maximum power dissipation of 0.13 yW is calculated.

GATE DRIVER SELECTION

The only requirements for the gate driver are that its response time is low and that it should be able to make
the MOSFETs gate voltage high enough. With these considerations in mind the TPS2829 [35] from Texas In-
struments was chosen. This gate driver can handle supply voltages up to 42V, so this supply does not have
to be connected to the output of the LDO. The positive-going input threshold voltage at VCC=5 is 4V at max-
imum. This 4V will always be reached by the output of the comparator, because the LDO regulator has a
maximum voltage drop of 0.65V, meaning that the minimum supply voltage of the comparator, and thus out-
put of the comparator will be 5-0.65=4.35V. The input current + the supply+input current of this gate driver is
0.1+0.2=0.3uA, which gives a low power dissipation of 1.5uW. At Vcc=5, it has a delay (propagation time and
rise/fall time) of 85ns, for which formula 3.47 gives a caused ripple of 0.13mv, which is sufficiently low.
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Figure 3.36: Decoupled equivalent circuit

MOSFET SELECTION

The formula for power dissipation in MOSFETs can be found in formula 3.35. The difference in behaviour be-
tween these MOSFETs and the MOSFETs used in the rectifier is that these MOSFETs will be turned on and of
at a much lower frequency than the ones used in the rectifier. This means that the focus should mainly be on
searching for an as low as possible on-resistance. Once again LTspice was used to calculate the approximate
RMS current through the MOSFETs. In this case also the switching frequency of the gate driver is calculated
by LTspice. The simulated RMS current in steady state is 1.7A and the simulated frequency was around 6kHz.
These values are approximations, but they are good enough to select proper components. The simulation
used to get these values will be shown in a later section.

The transistors that were chosen are the IRF7842PBF NMOS transistors from Infineon Technologies [36].
Their on-resistance is 5.0mQ and they have a total gate charge of 33 nC. Their gate-source voltage will be
around 5V, since this is what the gate driver is supplied. With these values formula 3.35 gives a power dissipa-
tion of 154mW per MOSFET. Energy is only dissipated while the MOSFETs are turned on. Its total delay time
is 26 ns, for which formula 3.47 gives a caused ripple of 0.13mV, which is sufficiently low.

SMOOTHING CAPACITOR SELECTION
Lastly the smoothing capacitor parallel to the load has to be selected. Normally this can be done right after
the rectifier design. This is done using the formula for current through a capacitor:

Using this formula, the capacitance can be calculated by determining what voltage drop is allowed during
the discharge time of the capacitor. During discharge, the capacitor delivers current to the load, so I¢ is the
load current in this formula. dt Can be determined by calculating the half period of the input wave, since
discharge takes place for half a period. This is done with formula 3.48.

1
" 2f

This gives a dt of about 3.33us. In the specifications it is mentioned that the maximum allowed ripple voltage
is 2%, which is 100mV for a 5V output voltage. With these values formula 3.46 gives a capacitance of 0.333mE
However the ripple voltage of the output is not only determined by the ripple from the rectifier, but mainly
by the delays of the voltage regulator. The rectifier ripple can be seen as a ripple on the regulator ripple. This
effect is displayed in figure 3.37. In this figure it can be seen that the capacitor size has two effects on the
output: The ripple while the capacitor is charging (because this is when the rectifier operates) and the overall
ripple voltage. As can be seen in the figure, the ripple while charging the capacitor is very small. Because of
this, the most important effect of these two is the latter, since there is a specification for this effect. In formula
3.47 it can be seen that when the capacitance gets larger, the ripple voltage will become lower. Because the
charging currents through the capacitor are larger than the discharge currents, % while charging is larger

dt (3.48)
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Figure 3.37: Illustration of the total ripple on the output (C=1mF)

than % while discharging. The discharging current is the load current which is 1A, while in simulation of the
whole circuit is can be seen that the charging current is mostly between 1.4A and 1.8A. 2A will be assumed, in
order to make a safe calculation.

The ripple voltage is determined by the overshoot and undershoot of the load voltage. The total ripple voltage
can be calculated with formula 3.49, which is deduced form formula 3.47.

1A% tgelay + 2A* tgeiay _ 3 * tgelay

(3.49)
C C C

[AViotall = |1AVgischargel +1AVenargel =
The calculated total delay of the voltage regulator was around 6us, but for safety 15us was assumed. For
safety a 1% ripple was selected, which gives a AV of 5*0.01=50mV. With these values, formula 3.49 gives a
capacitance of 0.9mE This capacitance was made by connecting two 0.47mF capacitors in parallel, giving a
capacitance of 0.47*2=0.94mFE which should suffice. Choosing a larger cap is possible, but this would increase
the size and cost of the device. The rectifier ripple will be sufficiently small, because this value is significantly
larger than the 0.333mF calculated for the rectifier earlier.
The smoothing capacitor’s capacitance will influence the value of the resonance frequency. The 0.94mF ca-
pacitor is in series with the 44.5 nF tuning capacitor, for which formula 3.50 gives an equivalent capacitance
of 44.498 nE With formula 3.11 the new oscillation frequency becomes 149.9996kHz, which is such a minor

change that it can be neglected.
1 1 1
—_— =+ (3.50)
Cn C G
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3.4. FULL CIRCUIT

After the separate sub circuits had been designed and simulated the full receiver circuit could be designed.
The schematic of the full circuit and its components are shown in figure 3.38.
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Figure 3.38: Schematic of the receiver

As can be seen, the current from the oscillation circuit either flows through the rectifier and the load or
through the shorting MOSFETs.

SIMULATIONS

The full receiving circuit was simulated together with the coupled coils including the transmitter tuning ca-
pacitor and a pulse voltage source as transmitter. The coil ESR of 101.5m( and the capacitor ESR of 23.8mQ
are inserted in LTspice. Since not every component used has an LTspice model, the IRF7842PBF and Si4128DY
MOSFETs were replaced with the IRFHS8242pbf, the STPS20L25CT shottky diodes were replaced with the
SL43 and the ADCMP361YR] comparator was replaced with the LT1716 with a 400mV voltage source con-
nected to its inverting input (this source delivered power in the magnitude of pW, so its contribution to the
efficiency can be neglected). While these components have comparable specifications, this will influence the
simulated circuit. Mainly the values for the efficiency (because of differences in power dissipation) and the
ripple voltage (because of difference in delays, formula 3.47) will be affected. In figure 3.39 the load voltage
of the entire receiver is shown.
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Figure 3.39: Output of the receiver for the first 4.5ms
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It can be seen for the first 3.5ms the capacitor is charged up to 5V, after which the output voltage ap-
proximates 5V. In figure 3.40 the effect of switching between short circuit mode and rectifier mode on the
transmitter current, and thus the needed power. When the gate driver voltage is high, the receiver is in short
circuit mode, if it is low, the receiver is in rectifier mode. It can be observed that during short circuit mode,
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Figure 3.40: The gate driver voltage next to the transmitter current

the transmitter has to deliver less current, which is the sought after effect, since during short circuit mode as
little as possible current should be delivered.
Figure 3.41 gives a closer look on the ripple voltage next to the gate voltage of the shorting MOSFETs. This
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Figure 3.41: Ripple voltage on the output next to the gate voltage of the shorting MOSFETs

figure shows that when the gate signals turn low, meaning when the current will continue flowing through
the rectifier, the load voltage does not immediately rise: it first takes another dip before it starts rising. This
causes the ripple voltage to be larger than the expected 50mV (1%). This is caused by an effect that can be
seen in figure 3.42.

This figure shows that when the receiver has just turned back to rectifier mode (when the gate driver volt-
age turns low), the amplitude of the receiver coil current needs some time to increase back to its maximum
value. Because of this, for a short period after rectifier mode has begun, the smoothing capacitor still isn't
receiving any charge, meaning that the load voltage (and thus smoothing capacitor voltage) will continue to
drop for this period of time.

This phenomenon occurs because the circuit needs some time before it has adjusted to its new configuration.
The amount of time that this takes is dependent on the time constant 7 of the circuit. The relation between
time constant and the percentage of the steady state voltage is shown in figure 3.43. The figure shows that
after about 57 the circuit will have reached steady state. 7 is dependent on the quality factor Q of the sys-
tem. Formula 3.45 is the formula for the Q factor of a series RLC circuit. To make an estimation for the time
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Figure 3.42: The gate driver voltage next to the receiver coil current current
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Figure 3.43: Relation between time constant and voltage amplitude [37]

constant of the receiver in rectifier mode, a resistance of 5.5 is assumed. 3.45 then gives a Q factor of 4.34.
Formula 3.51 gives the time constant as a function of the Q factor.[38]

T= 2Q
271 fosc

From this formula it follows that 7 is around 9.2us. This mean that after 5*9.2=46us (57) the circuit should be
in steady state. This estimation somewhat resembles figure 3.42.

The simulation gives a receiver efficiency (resonant circuit power/load power) of 89.9% once it has reached
steady state. The efficiency of the receiver + the coils (transmitter power/load power) with a coupling of 0.1
(around 3cm) is 70.1%. A ripple voltage of 87.43 mV is measured, which is 1.75%.

(3.51)

3.5. SAFETY

There are certain safety standards that a wireless power transfer device has to adhere to. The main factor
of importance is human safety: the magnetic field and electric components should not be harmful to the
human body.

In the standards NPR-IEC/TR 62869 ’activities and considerations related to wireless power transfer (WPT)
for audio, video and multimeadia systems and equipment’ [39], IEC TR 62905:2018 '"Exposure assessment
methods for wireless power transfer systems’ [40] and several EMC standards, it was found that at frequencies
up to 150kHz, and at the power this device operates at, there are no safety or other concerns that have to be
accounted for.



PROTOTYPE AND RESULTS

A prototype is created to validate the circuit simulations done in Itspice and to evaluate the final efficiency of
this WPT-system. This chapter will explain how testing of the single blocks and the complete system is done.
It will first introduce the final prototype in section 4.1. The efficiency and power losses in the air coupled
coils, the rectifier and the voltage regulator will be described in section 4.3. Then section 4.4 will explain and
show the combined efficiency of the air-coupled coils and the receiver. Finally, section 4.5 will describe the
performance of this complete WPT-system, the combined efficiency of the transmitter, air coupled coils and
the receiver.

The measurements were done with the Tektronix PWS4205 Programmable DC Power Supply, Fluke 177 True
RMS Multimeter and Tektronix TDS2022C two channel digital storage oscilloscope.

4.1. PROTOTYPE

Figure 4.1 shows the top and bottom side of the complete prototype of the receiver side. The tuning capacitor
is placed close to the coil, there are six capacitors in parallel to create a capacitance of 45.9nE which results
in a resonance frequency of 147.6kHz.

The other AC components are also placed near the coil, to keep the losses due to the AC resistance of the
connecting wires as low as possible. This includes the two MOSFETs and the diodes of the rectifier, which are
placed between the coil and the large load capacitor. Next to the load capacitance the load resistance can be
found. The voltage regulator is placed just as in the schematics in figure 3.38 above the load, with again the
MOSFETs close to the other AC components. Placing them further away from the coil will result in a larger AC
resistance in the wires, something that needs to be prevented as mentioned in 3.3.3. The other side of figure
4.1 shows the connections between the components with the coil attached.

Figure 4.1: Top and bottom view of the receiver side

4.1.1. COMPLETE SYSTEM OVERVIEW

Figure 4.2 shows both prototypes combined forming a wireless power transfer system, with the receiver on
the right side, the transmitter on the left side and the air-coupled coils between them. The air-coupled coils
are 20mm separated by expanded polystyrene, a non-conducting material.
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Figure 4.2: Combined system of the transmitter and the receiver

4.2, MEASUREMENT METHODOLOGY

Measurements are done using a probe and the TDS2022C oscillator. The wave forms are exported to Matlab.
Matlab is then used to plot the signals and to derive current or power in different blocks. The coils and
capacitors have been measured with a LCR Meter HC8018, to make sure that the capacitance and inductance
variance was accounted for in both the receiver and the transmitter.
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Figure 4.3: Combined system of the transmitter and the receiver

Seven dots in figure 4.3 are the places were the probes are attached to do the measurements which are
included in this report. There will be referred back to this figure in this section to give a better view of the
measurements done on this WPT-system.
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4.3. SINGLE BLOCK RESULTS

4.3.1. AIR COUPLED COILS

The measured inductance value of the coils was 25.3uH. The coupling between the coils over the distance
is shown in figure 4.4a. The coupling is calculated by leaving the receiving coils as an open terminal. The
mutual inductance can then be calculated with equation 3.3. The data that was used to make this figure can
be found in Appendix A.2.1. The coupling is around 0.1 at a distance of 25mm, as can be seen in figure 4.4a.
Sheets of paper are used to determine the spacing between the coils as shown in figure 4.4b. Five sheets
of paper result in a distance of about 0.5 mm, a light press on the top coil ensures that no air is trapped in
between the paper sheets. The signals form both coils can be seen in the oscilloscope, while the transmitting
coil is powered using an amplifier at a fixed frequency.

Coupling coefficient as a function of separation distance
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(a) Coupling between two coils over the separation distance

Figure 4.5 shows the input voltage of the resonant circuit and the voltage over the tuning capacitor on the
transmitter side. The voltage over the resonance circuit approaches a square wave, because of the smoothing
capacitor of the rectifier. The input voltage of the resonant circuit is measured with 1. to the ground and the
voltage over the tuning capacitor is measured with 1. and 2. in figure 4.3. The voltage over the capacitor is
used to calculate the current through the resonance circuit of the transmitter by:

I—V—V(' Q) (4.1)
_E_ ]w .

Both figures 4.5 and 4.6 are generated with the Matlab code from Appendix A.2.

2 T i resonance circuit
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T
—Tunning capacitor voltage/4|
I~ Resonance circuit voltage
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Figure 4.5: Transmitter input voltage of the resonance circuit and voltage over the tuning capacitor
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The power that goes into the transmitting coil can be determined by:

P =Vrys- Irms (4.2)

Vrus is the voltage over the resonance circuit in the transmitter and Iryss can be calculated with equation
3.35. The power that is delivered to the resonant circuit is then 6.69 W. The calculated peak current was 1.66A.

Figure 4.6 shows the input voltage of the resonant circuit and the voltage over the tuning capacitor on
the receiver side, which is used to calculate the current through the resonance circuit of the receiver with
equation 4.1. The voltage over the resonant circuit is measured with 3. to the ground and the voltage over the
tuning capacitor is measured with 3. and 4. in figure 4.3.

s Receiver resonance circuit
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—Resonance circuit voltage
— Tunning capacitor voltage/10|

6 B

o Ve

Voltage [V]

_4 \ /

o
6 | L 1 L
-1 -0.5 0 0.5 1
Time [s] x10°
Figure 4.6: Receiver output voltage of the resonance circuit and voltage over the tuning capacitor
The power delivered by the air coupled coils can be calculated with:
P =Vgyps-Irms 4.3)

Vrus is the voltage over the resonance circuit in the receiver and Izss can be calculated with equation 3.35.
The power that is delivered by the resonant circuit is then 6.17 W. The calculated peak current through the
receiving resonant circuit was 1.99A. The efficiency of the resonant circuit with a coil distance of 2cm can be
calculated by:

Poutput 6.17
Nmaximum = P 100% =

input

w
*100% = 92.2% 4.4)
w

In figure 4.6 it can also be seen that the resonant circuit voltage is a square wave form instead of a sinus.
This is caused by the smoothing capacitor parallel to the load: the voltage over this capacitor can not change
rapidly, which is seen by the receiver coil.

4.3.2. RECTIFIER

Figure 4.7 shows the output voltage of the rectifier, which is measured with a probe on 6. in figure 4.3. The
voltage "spikes" that could be caused by probe errors. The measured voltage ripple was surprisingly large:
around 200 mV or 4%.

4.3.3. VOLTAGE REGULATOR

Figure 4.8 shows the gate voltage of both MOSFETs used to short circuit the resonant circuit. The gate voltage
is measured with 5. and the load voltage with 7., both in figure 4.3. The gate voltage of the MOSFETs becomes
high when the load voltage exceeds 5V until the load voltage drops below 5V again. The load voltage could
now be fixed at 5V, with a ripple of about 6 — 7%. Unfortunately the size of the ripple exceeds the requirement
of 2%. This is caused by a longer propagation delay by the comparator than expected, and by the rectifier
ripple being larger than expected. Sadly no comparator with built in voltage reference could be found that
was faster than the one that is used.
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Figure 4.7: Rectifier output voltage
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Figure 4.8: Load voltage and gate voltage

4.4, RECEIVER AND RESONANT CIRCUIT EFFICIENCY’S

Some the losses in the resonant circuit are from the equivalent series resistances in both resonant circuits.
These losses are calculated with equation 4.5.

IZ

pP= Ifms “Rseries = peak, Rseries
=
Ptransmitter = 1.66° -0.1163 = 160mW (4.5)
1.99°

Preceiver = T -0.1163 =230mW
Prseries = 160 +230 = 390mW

The losses in the magnetic field are then approximately (6690mW —6170mW) —390mW = 520mW —
390mW = 130mW. The output power is also known, 5W, the losses in the rectifier can be found by: 6.17W —
5W=1.17W.
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4.5, COMPLETE WPT-SYSTEM RESULTS

This subsection combines the product of this thesis with the other thesis about wireless power transfer as
mentioned in the preface. Figure 4.9a shows the input power of the transmitter for different distances and
different frequencies around the resonance frequency. The input power is calculated with the input current
and voltage from the DC power supply with equation 4.6, while a steady 5V output is measured with a multi-
meter.

P=U=x*I (4.6)
84 Input power WPT-system 7 Efficiency WPT-system
8.2 70
8
—68
§'7 8 IS
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074 g,
7.2
62
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15 20 25 30 15 20 25 30
Distance [mm] Distance [mm]
(a) Supply power transmitter over distance (b) Total efficiency over distance

The smallest input power needed for an 5W output is 6.99W, the maximum efficiency is given by:

I output
mum = — P % 100% =
nmammum Pmput o 6.99W

*100% = 71.5% 4.7)

The efficiency’s over multiple distances are shown in figure 4.9b. The maximum efficiency is obtained with
the resonance frequency on a distance of 17.5 mm. The efficiency drops below the limit from a distance larger
than 30 mm, no result could be obtained on a distance lower than 15 mm.

The rectifier efficiency can then be calculated by:

Pout

put

Nmaximum = ——— * 100% =
input

574
*100% = 81.0% (4.8)
w

The previous results are obtained given the fact that the output voltage is always 5V with a coil distance
of 2cm. Adjusting the output voltage, and thereby the output power, could result in a higher efficiency, for
example due to the diode voltage drops that become less significant. This can be seen in figure 4.10.
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Figure 4.10: Efficiency with different output values



CONCLUSION

The purpose of this project was to design a wireless power transfer system for hand-held mobile devices, with
an overall efficiency of at least 60% at a maximum possible distance. The air coupled coils and the receiver
side of this system are examined in this thesis.

5.0.1. CONCLUSION

First the air coupled coils needed to be chosen or designed. Designing a coil for this special purpose could
improve the overall performance, but it became clear that building the exact model as simulated was too
difficult and the consequences of small changes are impossible to predict. Therefore two coils from Wiirth
Elektronik (760308110)[17] were ordered form an external company. Their large self-inductance and high
quality factor were decisive.

The AC signal from the resonance circuit needed to be rectified to get a DC output voltage over the load.
Multiple implementations were considered, starting with the choice between a half bridge rectifier or a full
bridge rectifier. Resistive components in a half bridge will dissipate twice as much energy as they will in a full
bridge configuration. Because of this and the fact that a full bridge can function with a smaller smoothing
capacitor, the full bridge setup was chosen. Since MOSFETs have a lower power loss than diodes it would
be ideal to replace every diode in the full bridge rectifier with MOSFETs. A number of attempts were made
at achieving this setup, but did not succeed. A much simpler rectifier design has been implemented, a full
bridge which uses two schottky diodes and two MOSFETs. This implementation is not as efficient as the diode
less rectifier, but it is still a big improvement compared to the standard full bridge rectifier with 4 diodes. Two
schottky diodes from STMicroelectronics (TPS20L25CT) and two MOSFETs from VISHAY (Si4128DY) were
chosen.

And finally a DC-DC converter needed to be implemented to maintain a steady 5W output. Because of
the variable output, two buck-boost converters were considered. The ADP2504-5.0 and the LTC3114-1.0 are
both high efficiency step-up/step-down converters. Even though single simulations were promising, com-
plete system simulations did not fulfill the expectations. The input capacitor would burn in both cases when
this system was built without feedback to control the input power. Therefore a voltage regulator, which shorts
the resonance circuit when the output power exceeds 5W, has been designed. A gate driver (TPS2829_TRANS)
increases the output signal of a comparator (ADCMP361YR]) with an internal 400mV reference voltage to con-
trol two MOSFETs (IRF7824PbF), which shorts the resonance circuit. This implementation controls the input
power of the transmitter, it resulted in a higher simulated efficiency. Unfortunately it did not work properly in
the prototype before the deadline of this thesis. Measurements taken with the voltage regulator deactivated,
result in a varying output voltage as a function of distance and alignment as is to be expected.

The combined system of transmitter and receiver achieved the main goals of the project, a 5W output
with an overall efficiency of at least 60%. The maximum efficiency reached at a distance of 17.5 mm is 71.5%.

The requirements are still achieved at a distance of 30 mm.
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5.0.2. RECOMMENDATIONS

First the voltage regulator must be improved or replaced to remove or decrease the large ripple. More re-
search in a DC-DC converter and in the rectifier could make it even more efficient. Future work could also
be done to improve the maximum charging distance at the same efficiency, by for example improving the
air coupled coils and design them for this purpose only. Also communication between the transmitter and
receiver could be used to make sure the device always operates at the perfect resonant frequency, like is done
in Qi[5] charging. At last, a better combination of components might result in a stronger power transfer.



DISCUSSION

Even though the specifications were mostly achieved, there are some lessons that were learned. A frequently
occurring situation was that a certain value or component was chosen, on which the rest of the circuit was
based. When this component or value is later changed however, other parts of the system have to change
with it. This caused some subcircuits and components not maximally compatible, causing the final result not
completely ideal.

For example the operating frequency. It was found out that the 150kHz value was calculated for a coupling of
0.1, but since the system has to work at different levels of coupling, it is likely that this 150kHz is not the ideal
value.

Another example are the MOSFETs used in the rectifier. Due to some design changes since the MOSFETs were
ordered, they do not have the ideal specifications in order to have an as high as possible efficiency.

During the design process there were some goals that were not achieved. The main example of this was the
design of a diode less rectifier. The designed circuits were deemed to complex and unreliable to be imple-
mented in the circuit. Maybe if more time had been available, this goal would have been achieved, but for
now the current rectifier design operates sufficiently.

A buck/boost converter could also be added at the output (in combination with the custom voltage regulator)
to reduce the ripple voltage, but this would also reduce the total efficiency. Also the measured ripple voltage
was higher than expected. Because no faster comparator with built in reference was found, this could be
solved by using a low drop-out voltage regulator in order to create a built in reference voltage. When this is
done, a normal, faster comparator could be used, significantly reducing the ripple voltage. Because barely
any current flows into the input of comparators, the LDO regulator would dissipate very little power.
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A.1. MATLAB CODE
A.1.1. EFFICIENCY CALCULATIONS

PowerResonantCircuit.m

clear all
close all

Ploss = zeros(10,4);

%Starting values

f = 50e3:50e3:500e3;

omega = f.x2.xpi;

L = 24e-6;

C = round(1 ./ (omega.A2 .x L), 12);
eff = 0.9; %receiver efficiency

%Rectifier resitance and power calculations
Rrect_load = 5;

Rrect_loss = 5 / eff — 5;

Prect = 5 / eff;

%% Stage 1: Frequency dependent power transfer

%Coil & Tuning Capacitor ESR
Rseries = 0.1;

for i = 1:4
%Multiple itterations for different couplings
k = 0.06 + 0.02 * i;
legendStrings{i} = num2str(k, 'k _= %g’);
M=k = L;

%Total receiver resistance calculation
R = Rrect_load + Rrect_loss + Rseries;
P = R;

%Power loss

Ploss(:,i) = Rseries .x P .x (1./R + R./(omega.?2.xM.A2));

end

figure (1)

subplot(121)

grid on

hold on

plot(f/1000, Ploss)

axis ([50 500 0 10])

title ('Power_Loss_in,_Resonant_Circuit’)
xlabel (' Frequency_[kHz] ")

ylabel (' Power_Loss_ W] ")

legend (legendStrings)

subplot(122)

grid on

hold on

plot(f’/1000, Prect./(Prect+Ploss))
axis ([50 500 0.5 1])

title ('Efficiency_in_Resonant_Circuit’)

45

APPENDIX



46 A. APPENDIX

xlabel (' Frequency,_[kHz] ")
ylabel (' Efficiency’)
legend (legendStrings, ’Location’, ’southeast’)

printpdf2 (’effl.pdf’);
%% Stage 2: Including a frequency dependent equivalent series resistance

% factors and Dissipation Factor as found in the datasheet
Q = [115 200 235 230 200 180 160 150 135 125 115 110 105 100 95 90 88 85 80 78];
DF = 0.001;

%ESR calculation
Rseries = ( omega .* L ./ Q(1:10) ) + ( DF ./ (omega .* C) );

for i = 1:4
%Multiple itterations for different couplings
k = 0.06 + 0.02 = i;
legendStrings{i} = num2str(k, 'k _= %g’);
M=k = L;

%Total receiver resistance calculation
R = Rrect_load + Rrect_loss + Rseries;
P = R;

%Power loss
Ploss(:,i) = Rseries .* P .x (1./R + R./(omega. 2.xM.A2));
end

figure (2)

subplot(121)

grid on

hold on

plot(£/1000, Ploss)

axis ([50 500 0 10])

title ('Power_Loss_in_Resonant_Circuit’)
xlabel (' Frequency,_ [kHz] ")

ylabel ('Power_Loss_ W] ")

legend (legendStrings)

subplot (122)

grid on

hold on

plot(f’/1000, Prect./(Prect+Ploss))

axis ([50 500 0.5 1])

title ('Efficiency_in_Resonant_Circuit’)
xlabel (' Frequency,_ [kHz] ")

ylabel (' Efficiency’)

legend (legendStrings, ’'Location’, ’southeast’)

printpdf2 (' eff2.pdf’);
A.2. MEASUREMENTS

finalresults;.m

clear all;
close all;
clc;

Fs = 100e6;

f = 146.7e3;

quarter = Fs/f/4;

omega = f = 2 = pi;

L = 24e-6;

C = round(1 ./ (omega.A2 .x L), 12);

load receiverl.mat
load receiver2.mat
load receivertime.mat

t = ReceiverCH3;
Vout = ReceiverCH1;
Vc = ReceiverCH2./10;

plot (t,Vout)

hold on

plot(t,Vc)

grid on

axis([-1.224e-5 1.247e-5 -6 8])
xlabel ('Time_[s]’)

ylabel (' Voltage_[V] )

title ('Receiver_resonance_circuit’)
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legend ('Resonance_circuit_voltage’, Tunning_capacitor_voltage/10’)

set(findall(gca, 'Type’, 'Line’),’LineWidth’,2);
set (gca, 'fontsize’, 20);

A.2.1. COIL MEASUREMENTS

Table A.1: Measurements of the coupling between two coils

distance (mm) | Vin | Vout
0 1,1 1,02
0,5 1,1 0,992
1 1,1 0,952
1,5 1,1 0,92
2 1,1 0,896
2,5 1,09 0,864
3 1,09 | 0,824
3,5 1,09 | 0,792
4 1,09 0,76
4,5 1,08 0,728
5 1,08 0,696
5,5 1,07 0,664
6 1,07 0,64
6,5 1,07 0,608
7 1,07 0,584
7,5 1,07 0,56
8 1,06 | 0,536
8,5 1,06 | 0,512
9 1,06 0,488
9,5 1,06 0,464
10 1,06 0,44
10,5 1,06 0,408
11 1,06 0,392
11,5 1,06 0,376
12 1,06 0,352
12,5 1,06 0,336
13 1,06 0,32
13,5 1,06 | 0,304
14 1,06 | 0,296
14,5 1,06 0,288
15 1,06 0,272
15,5 1,06 0,264
16 1,06 0,256
16,5 1,06 0,248
17 1,06 0,24
17,5 1,06 0,224
18 1,06 0,216
18,5 1,06 | 0,2
19 1,06 | 0,192
19,5 1,05 0,184
20 1,06 0,176
20,5 1,05 0,17
21 1,06 0,164
21,5 1,06 0,158
22 1,05 0,152
22,5 1,05 0,146
23 1,05 0,14
23,5 1,06 | 0,132
24 1,06 0,12
25 1,06 0,115
26 1,06 0,107
27 1,06 0,0984
28 1,06 0,0904
29 1,06 0,0864
30 1,06 0,084
31 1,06 0,0736
32 1,06 0,0688
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