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Abstract

This thesis describes the design and prototyping results of a low power wireless power transfer (WPT)
system. In particular the design and testing of a transmitter.

Firstly, existing research is discussed and it is found that a significant part of this discusses higher
power transfer systems. Here lies the challenge for this thesis: to find an efficient way of transferring
a low amount of power wirelessly, with a significant distance between the transmitter and the receiver.
Also, existing WPT standards were investigated and their shortcomings are discussed.

Secondly, the design of the transmitter is discussed. It starts out with the fundamental and circuit
theory behind wireless power transfer. With this, it is found that tuning capacitors can greatly increase
the efficiency of the system. Next, the design of the components in the coupled coils system is dis-
cussed, with calculations on equivalent series resistance for different frequencies. Furthermore, the
functional block diagram consists of an oscillator, gate driver and inverter circuit and its design choices
are discussed. The design concludes with a frequency optimization and simulation results.

Lastly, the design has been built and tested. A transmitter efficiency of 93.4% has been reached
at a coupling of around 0.1. This is at a distance of 20 millimeters. Further improvements may be done
with the gate-driver. Control techniques may also prove beneficial for future work.
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Introduction

Recently, wireless power transfer (WPT), and in particular wireless charging, has become more popular.
Since the first idea by Nicola Tesla [1] and the first modern solution [2], wireless power transfer has
made big leaps. A common example seen today is the wireless charging of smart-phones or smart-
watches. Wireless charging works on the principle of creating a time varying electromagnetic field
to transfer electrical energy over a distance. The aim is to design a WPT-transmitter-system for low
power systems (5W). To find a starting point for the design, the current state-of-the-art technology is
investigated.

1.1. State-of-the-art analysis

Two approaches stem from using a time varying electromagnetic field to transfer power. The first
approach is radiative power transfer [3]. Microwaves are beamed over a long distance. The second
is a non-radiative technique. A resonating magnetic field transfers power over an air gap [4]. In this
thesis, the focus will be on the second approach.

Non-radiative transfer has several applications, the automotive industry would like to use the tech-
nology for high power wireless charging of cars [5][6]. Low power systems already are common, and
have been for quite some time [7]. Two standards exist for wireless power transfer: Qi [8] and Airfuel
[9]. The efficiency and distance is limited however. WPT-systems in lab conditions show results with
efficiencies almost or as high as wired systems, or with greater distances, but these systems are not
practical for consumer electronics. The coils/systems are too big and are not scalable [10][11].

1.1.1. Fundamental principals

Before the design of the circuit can be realized, first the fundamental principals of power transfer
through coupled coils needs to be studied. Various aspects of basic coupled coil circuits are described
in [12][13]. [14] and [15] show different ways to optimize a coupled circuit. [16] shows an application
of the circuit for wireless power transfer in biomedical implants.

1.1.2. Design considerations

From the basic concept of wireless power transfer to the final design, the literature offers several meth-
ods and considerations in the design [17]. Alignment of the coils is of critical value to the efficiency of
the system [18]. Solutions exist to minimize the misalignment losses [19]. More general, the variation
of the coupling and of the power delivered to the load give rise to problems. The efficiency decreases
rapidly with a mismatched load, or a coupling too high or too low. Both are related, and are hard to
control or counteract [20][21].

Lastly, inverter circuits are widely used to power oscillating circuits. From high power systems and low
switching times, to high frequency RF inverters. The main goal to achieve in inverters is minimizing
losses [22]. Several techniques do exist in reducing losses [23][24]. Examples are zero voltage switch-
ing, soft switching or using different topologies [25][26][27]. Main factors in calculating losses are the
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2 1. Introduction

switching times, internal resistances of the MOSFETs and gate capacitance of the MOSFETs. Note that
with low power, not all principles discussed in the literature are applicable to this setup.

1.2. Problem definition

Wireless charging is commonplace in many hand-held mobile devices. Simple design, universality and
convenience are the drivers behind this technology. It enables devices to be sealed, wireless systems
have a better longevity compared to wires and the system is universal in all devices. Nevertheless,
conventional charging methods still have the edge when it comes to power transfer efficiency, distance
for delivering power and, in general, the maturity of conventional charging methods make it an attrac-
tive alternative.

The WPT-standard for most smart-devices is the Qi standard, but the implementation requires sophis-
ticated protocols and hardware. The efficiency of such systems lies around 60-70% and the maximum
transfer distance is 1cm. In this thesis we aim to achieve a solution for a WPT-system with up to 80%
efficiency and a transfer distance of several centimeters. The transfer distance will be around the same
dimension as the intended coil size.

1.2.1. Synopsis

The task discussed in this thesis is the design of the transmitter. Considering the minimum requirements
mentioned above, and the losses of the airgap and receiver. The aim is to have a transmitter efficiency
of 90%.

The efficiency is measured from a DC source to the transmitter coil. A certain loss is to be expected
trough the airgap and is not considered part of the efficiency. The system is implemented by using
an inverter that powers the coils in an oscillating manner and the necessary control for doing so. The
formal constraints of the system are set in Chapter 2.



Programme of requirements

To formally state the bounds of this thesis, a programme of requirements (PoR) is given. The product
is intended for the consumer market, this will imply several standards, mainly health and safety.

2.1. Functional requirements
1. The system shall deliver 5 watts to a 5 ohm load

2. The system shall be powered by a DC source
3. The system must generate a frequency internally
4. The system must deliver >5 watts to a coil used for wireless power transfer at the chosen fre-

quency

2.2, System requirements
. The physical distance between the transmitter and receiver must exceed two centimeters

. The frequency must be between 80 and 300 kHz

1
2
3. The efficiency over the system from source to load should at least exceed 70%
4. The efficiency of the transmitter should at least exceed 90%

5

. The device should be able to fit into 5x10x4 cm box

2.3. Ecological requirements

1. The system must adhere to the dutch health and safety standards, in particular adhere to mag-
netic exposure requirements [28]






Design

In this chapter, the reasoning for the design of the transmitter is given, constrained by the Programme of
Requirements (PoR). Firstly, the theoretical background is given and an equivalent circuit for wireless
power transfer is derived. After that a functional design is presented. The parts consisting of the
functional design are elaborated upon and the choices for the design are stated. The design is validated
with equations and simulations. Lastly the final design is presented.

3.1. Theory of wireless power transfer

The whole basis on which wireless power transfer works is because of magnetic fields generated by the
coils in the transmitter can be captured by coils in the receiver. These fields carry energy, this energy
is captured by the receiver coils. A more formal definition of this phenomenon is given by Faraday’s law.

Faraday’s law is stated as follows:

ddy
dt
A changing magnetic field flux (¢®z) though the surface of the receiver coil with N turns will induce
a voltage (the electromotive force (£)) at the terminals of the receiver. € will be opposite to the change
in the magnetic flux. When a load is connected, a current will flow due to the voltage € over the load.
The result is power delivered to a load.

E=N-—

V] (3.1)

A coil, or an inductor is defined as follows:

L= % [H] (3.2)

Where L is the inductance of a coil, I is the current through the coil and @ is the magnetic flux
induced due to that current. Given these two theoretical bases, two coupled coils can be used, powered
with a changing current and have shared flux between the coils.

3.1.1. Circuit theory
Calculating the flux the two coils share requires sophisticated modeling of the fields. A more practical
approach comes from circuit theory. In circuit theory, two coupled coils are shown as a two-port.
Figure 3.1 shows a two port with coils L, and L,.

The relations between the phasor voltages and currents for the coils in Figure 3.1 are given as
follows:

Vl :j(L)Ll'Il +](UM'I2

3.3
V2=](UMI]_+]C()L2]:2 ( )

Where the mutual inductance M is defined as:



6 3. Design

Figure 3.1: Two-port network of coupled coils

The mutual inductance M is a measure for how much electromotive force € is induced at a certain
coupling 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 3.3 is simplified to the
following:

Vi =J'.CUL1 Iy (3.5)
Vo =jwM- -1,

The induced voltage V;, 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 O, there is no
coupling and no power can be transferred.

The term omega (w) is the angular frequency at which the two-port operates 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 it follows that the induced voltage is increased.

3.1.2. Power transfer

In our wireless power transfer system the coils are placed relatively far apart, i.e. 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 volt-
age. 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 our system.

Firstly, the theoretical power transfer possible over the airgap should be defined. Starting from Equa-
tion 3.3, the phasor currents and voltages are defined. The power transferred is the real part of the
apparent power S through the system.

S=V,I; [W] (3.6)

P =Re(V;I}) = —Re(VoI;) [W] (3.7)
This results in the real power defined as:

P = —Re(jwM -1y - 1) [W] (3.8)

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 3.8 for the receiving side (due to current convention of a
two-port, see Figure 3.1) makes that the term  jwM -I; - I, should have a phase of 180°, in order
to have this maximum positive power transfer.
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The imaginary unit j adds a 90° shift to the multiplication of I, and the complex conjugate I, so
the result of the multiplication should be 90°. I; should lead I, with 90° to get a 180° phase in the full
term. For an arbitrary current angle, the power transfer can be represented by a sine function of «,
where « is the angle between I, and 1.

P=wM-1; I, -sina [W] (3.9)

I; and I, are the RMS values of the currents trough the coils L, and L, respectively. The mutual
inductance M and angular frequency w are defined as previously stated. The requirement for « = 90°
is satisfied in Section 3.1.3 using capacitors. Let us assume for now that this requirement has been met.

The PoR states that the system should deliver 5 watts. The worst case within our specifications would
be 70% efficiency at the load with 90% efficiency of the transmitter. Assumed is that the transferring
coils are loss-less and all power is transferred according to Equation 3.9. The minimal efficiency of
the receiver must be 70%/90% = 78%. The power that is delivered through the airgap is therefore
5/78% =~ 6.4 watts.

3.1.3. Tuning circuit

In the previous section, a was determined to be 90° for maximum power transfer, with all other factors
constant. To achieve this, the phase of I, needs to lag I; with 90°. To change the phase of I, an
impedance is required. The following constraint is added to Equation 3.3 for shifting the phase:

Vo=27 -1 [V] (3.10)

The minus is due to the current defined as going in the two-port. To deliver positive power, the
current must be negative. Z; is defined as Z, = R+X;, where Z, is the total additive impedance, R is the
equivalent series resistance (Section 3.2) and X, is the added tuning reactance. Adding Equation 3.10
to Equation 3.3 results in the following formula for the relationship between I; and I,:

joM

Iz = I]_ [V] (3.11)

_Zt _j(l)Lz ‘

For I, to be 90° lagging, the reactance in the denominator must be cancelled. The term joM
in combination with (—1) - R will exactly shift the phase by 90°. This leaves us with the following
constraint:

Xt = _ijZ (3.12)
Let us use a capacitance for X, to try to satisfy this formula.

1
jwC,

- oL, (3.13)

This leaves the constraint:

1

This constraint is the same formula as for a resonant LC-circuit. The tuning capacitor ¢, must be
chosen in such a way that the system is in resonance at the desired frequency. This will achieve max-
imum theoretical power transfer.

[rad] (3.14)

Wy =

In a similar manner the input sees a reactance of the coil it powers, as can be seen in Equation 3.15.
For the input we can also simply compensate this reactance L, with a capacitor ¢;. The constraint of
Equation 3.14 must hold for the input as well, so the frequency must be the same.

MZ
V.= ((wR)

+jwl)-I; [V] (3.15)
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3.2. Tuned resonant circuit design considerations

The equivalent circuit can be extended with the tuning capacitors mentioned above. Considering real
components are used, equivalent resistances are added as well. The equivalent series resistances
(ESR) are the modelled losses of the wire or dielectric used. Figure 3.2 shows the tuned theoretical
wireless power transfer system.

Ve

Figure 3.2: Wireless power transfer circuit with tuning capacitors and the equivalent series resistances R; and R,

The equivalent resistances are the only sources of losses in the equivalent tuned circuit. The
transferred power in the equivalent circuit is given by Equation 3.9 with @ = 90°. The total losses at
the transmitter and receiver can be captured in the following formulas:

P,=P+ 112R1 [W] (3.16)
P =P —I2R, [W] (3.17)
N = Pout/Pn - 100% (3.18)

The resistive losses stem from the equivalent series resistances of the coil and capacitor. To min-
imize losses and increase efficiency high quality components must be used. The two subsections will
elaborate on the choices made for the coil and the capacitor.

3.2.1. Coil Design Considerations

Two important factors in the coil design are the coil inductance and the coil AC resistance. These two
parameters are related by the quality factor (Q-factor) as stated in Equation 3.19.

Q=— (3.19)

A bigger coil with a higher inductance is able to generate a stronger magnetic field, increasing mu-
tual inductance. 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 must 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 ‘Wirth 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 3.3 shows this relationship.
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F Typical Q-factor vs. Frequency Characteristics:

/

160 r/ \
5 / \
a 120 / \\\

/ '
80 ’/ \h
/
BT
/

Frequency [kHz]

Figure 3.3: Q-factor as a function of the frequency applied [29]

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 proportional, the Q-factor will decrease as this skin effect begins to play a role.

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 that
of the outer part of the wire. The depth at which the penetration of the signal is significant is called the
skin depth (&) and is among other things dependent on the frequency. As the frequency rises, the skin
depth is smaller, thus the total resistance of a piece of wire increases, as Equation 3.20 shows. [30]

m-r? ] 2:p
R/RDc—m with 6 = w—” [m] andr>§ (3.20)

In this approximation r is the radius of the wire, p is the resistivity , w is the angular frequency and
u is the permeability. This skin effect phenomena is why, for high frequency coils, Litz wire is used.
This Litz wire has lots of small strands of wire instead of one solid wire. These smaller strands have a
much larger surface area relative to their size and will thus have a lower resistance at high frequencies
compared to normal wire. This is shown in Figure 3.4.

Figure 3.4: Illustration of the skin effect in Litz Wire. Green shows a low AC resistance
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However, also in Litz Wire skin effect plays a role. This is seen in Figure 3.3. For example, 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 3.5

Skin Effect and Resistance

N
T

=
o
T

[any

Relative Resistance: R / Rdc
o
o

0
10° 10t 102 108
Frequency [kHz]

Figure 3.5: The resistance in Litz wire

A number of coils were considered, with the coil inductance and Q-factor in mind. The highest in-
ductance and Q-factor within the size limitations was found in coil *760308110’ from ‘Wiirth Electronics’.
[29]

3.2.2. 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 capacitors are X7R, Z5U and NPO. These names are the industry standards for
referring to the materials and manufacturing. The difference in equivalent series resistance (ESR)
between these three materials is significant. The dissipation factor (DF) is a measure for the losses
in a capacitor. The dissipation factor 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 3.21. Incidentally, for NPO materials the dielectric constant remains constant up to about
1 GHz. Thus NPO-type dielectric ceramic capacitors with the correct size are used. [31]

DF

ESR = ——
w-C

(] (3.21)

3.2.3. Equivalent circuit resistances

The real coils and capacitors have been chosen in the sections above. The ESR of the real components
can be calculated. For these calculations, the frequency of 150 kHz is assumed. The choice for this
frequency is stated in Section 3.7.

For a frequency of 150 kHz the Q-factor of the coils is 235. The coils an inductance of 24 uH. The
capacitors have a dissipation factor of 0.1%. With the frequency set, the constraint described by Equa-
tion 3.14 can be used to set the size of the capacitor. At 150 kHz the capacitor size is 46.9 nF. Using
the Equation 3.19 and 3.21 the real resistances are calculated:

w-L 150-103-2m-24-107°
7 = = =96 [mQ] (3.22)

Reoir =

. _ DF 0.001
capacitor — w-C 150-103-27-46.8-10-9

=22 [mQ] (3.23)
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3.3. Functional block diagram

The transmitter is responsible for powering the coil L, to create a magnetic field to transfer power. As
stated in the previous section, the maximum power transfer is achieved when the receiver is powered
in resonance. The additional task of the transmitter is creating the right frequency to power the
transmitter coil.

The design consists of an oscillator, capable of generating the oscillating signal for the transmitter. An
inverting circuit is responsible for connecting the load to the resonant circuit. This inverter is powered
by a gate-driver that uses the signal of the oscillator to switch correctly. A functional block diagram of
the transmitter is given in Figure 3.6.

Air coupled coils

+ | |

Vs Pulse Gate nrr
Generator Driver

Inverter

Figure 3.6: The functional block diagram of the transmitter

3.4. Oscillator

The oscillator needs to generate an oscillating signal. As the LC-circuit must be powered with a high
enough frequency to transfer enough power, our oscillator must be well within our operating range. In
the PoR the range for operation is defined between 80 kHz and 300 kHz. Therefore the oscillator must
be able to generate at least a frequency of 300 kHz and the oscillation frequency must be tuneable. The
tuning is needed to precisely set the frequency to the resonant frequency of the LC-circuit. Properly
tuning the circuit will improve the efficiency immensely. In short, the oscillator must be able to satisfy
the constraints given in Section 2.2.

The LTC6992-1 [32] meets the above mentioned specifications. The oscillation frequency can be up
to 1 MHz. The oscillation is set using a resistor. A schematic of the inner workings can be seen in
Figure 3.7.

At pin 3 the Rsgr is connected. A control circuit using a comparator keeps the voltage at 1 V over
the resistor. The current through the resistor determines the oscillation frequency. The higher the
resistance, the lower the oscillation. The oscillation is fed to a divider, which will not be used. On pin
1 Vmop is given. This is set to roughly 0.5 volt. The voltage determines the duty cycle of the oscillator
and a 50% duty cycle is needed. Lowering the duty cycle will input less power into the system, but for
most cases the power in the LC-circuit should be maximum. The output is a square wave with 50%
duty cycle at our desired frequency.

The losses in the LTC6992-1 are low. The current consumption at 5 volts is around 130 pA. The
power consumption is 0.65 milliwatts. This low power consumption is very well suited for the low
power system.

The LTC6992-1 needs to be powered with a 5 volt supply. Since the source is not fixed, a voltage
regulator is needed. The MCP1702 [33] is a voltage regulator with high efficiency (2.5u4 used by
regulator). For this reason the regulator was chosen.
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Figure 3.7: Functional block diagram of the LTC6992CS6-1 oscillator

3.5. Gate-driver

The oscillator does not have enough output power to drive the gates of the MOSFETs. Furthermore,
proper control of dead-time is needed to eliminate the possibility of shoot-through currents. As will be
determined in Subsection 3.6, the topology is a half-bridge configuration. To power the half bridge two
gate-drivers are needed, a high-side driver and a low-side driver. The drivers must be able to operate
at the resonant frequency of the LC-circuit. This gives one fast switching times while still being able to
deliver the power needed for the gates. The high-side driver must also be able to create a voltage well
above the source voltage of the source of the high-side MOSFET, thus high enough to properly turn on
the MOSFET.

3.5.1. Bootstrap circuit

To achieve a high enough voltage a bootstrap circuit is used. This circuits drives the gate voltage above
the output voltage (and thus above the source voltage of the high-side MOSFET) and ensures that the
MOSFET is turned on properly. This is done using a diode and a capacitor. The schematic (without
diode voltage drop) is given in Figure 3.8. The capacitor is connected to the floating source of the
high-side MOSFET. When the low-side MOSFET is turned on this node is connected to ground. The
capacitor is charged to (almost) the supply voltage through the diode. When the high-side is switched
the source node becomes floating. The capacitor cannot discharge through the diode and the voltage
over the capacitor stays the same. The floating side lifts the total voltage over the capacitor to ground
to above the supply voltage. The gate-source voltage is high enough to get the MOSFET fully on.
Using the bootstrap circuit both MOSFETSs turn on similarly and properly (saturation mode), decreasing
possible resistance that they may cause.
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3.5.2. Dead-time

The second objective of the gate-driver is control over the dead-time. When both MOSFETs are on, the
resistance between the supply voltage and ground is very low. This causes a high current that could
possibly destroy the MOSFETs. Furthermore, all this energy is lost. To account for this, a dead-time
is used. This means that the control signal is adjusted in such a way that the high-side turn-on is a
little later than the low-side turn-off and vice versa. This has been visualized in Figure 3.9. A drawback
of implementing dead-time is that the load will see an open terminal for a short period of time. This
disrupts the oscillation and introduces harmonics. These harmonics will translate into losses and that
is undesirable. To minimize these losses, the dead-time should be as short as possible, meaning that
the other side must turn on exactly when one side is closed. A tunable dead-time is therefore desirable.

Rising edge behaviour Falling edge behaviour
147 147
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Figure 3.9: Simulation of the 200 ns dead-time in the inverter

3.5.3. LM5104

The LM5104 [34] meets the above mentioned specifications. The LM5104 is an integrated high-side
and low-side driver. The chip has a built in dead-time control, with a resistor to tune the dead-time. It
only requires a single input, as it internally inverts the signal. An internal bootstrap diode is included,
but an optional fast recovery bootstrap diode can be placed in parallel to decrease losses.

The main choice of the LM5104 over other drivers is first of all that an internal inverter is included.
This eliminates the need to add an extra component that does this. Furthermore, both the high-side
and low-side drivers are included in one package. This makes it easier to assemble but also allows the
chip to control the dead-time accurately. With distinct drivers further effects such as inductive loops
and parasitic capacitance are harder to eliminate.

A drawback is that the losses due to control will be concentrated on and around the driver package.
The package could heat up significantly. The charging and discharging of the gates of the MOSFETs
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pass through the driver and cause dissipation as can be seen in Figure 3.10a. Further losses are found
in the bootstrap diode as can be seen in Figure 3.10b.

The capacitance of the MOSFETs together will be 6600 pF. The specs of the MOSFETs are discussed in
Subsection 3.6.2. From the figure the power dissipation comes down to 1.5 times the power dissipated
at €, = 4400 pF as our capacitance is 1.5 times higher. This leaves one with a total estimated power
consumption of around 435 milliwatt. This is a significant power loss at a 5 watt load, but these losses
are unavoidable, as this is the energy required for turning on and of the inverter. Alternatives would
have similar losses.

The LM5104 requires a 8 V to 14 V supply to operate. To be sure not to exceed these limits, a voltage
regulator will power the LM5104. The voltage regulator used is the TL750L10 [35]. This regulator is a
low dropout voltage (330 mV) regulator with high efficiency power delivery. The efficiency is high (1
mA average used by regulator) and it can deliver 10V, thus it fits the requirements.
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Figure 3.10: Losses in the gate-driver for different frequencies

3.6. Inverter Circuit

A typical inverter transforms a DC voltage into an AC voltage. This is done by switching the voltage from
positive to negative on the terminals of the output. Modern inverters achieve this by using MOSFETSs,
an electrical switch that can be controlled using an electric signal. Due to the need to control the
frequency over the coil and having a high operating frequency, as stated in the PoR, using MOSFETSs is
an obvious choice. In Subsection 3.6.2 the design choices concerning the MOSFETs are described in
detail.

3.6.1. Topology

Multiple topologies of MOSFETs will achieve the goal of an AC at the output. The output of the inverter,
the resonant circuit, determines mainly what types of topologies are useful. As shown in Subsec-
tion 3.6.3, only the resonant peak draws significant power. Therefore, the inverter topology must be
chosen such that it powers the resonant circuit at its resonance frequency. Doing otherwise would only
increase losses, which is undesirable.

Two widely used topologies are considered. The full-bridge inverter, and the half-bridge inverter.
These topologies can power the resonant circuit at resonance and these simple topologies do not re-
quire complex control to achieve this. Figure 3.11 shows the topologies and their switching modes.
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Figure 3.11: Full-bridge and half-bridge inverter topologies

The two topologies work differently in creating an inverting signal. The full-bridge inverter inverts
the signal fully, by reversing the poles at a fixed frequency. This is shown in Figure 3.11a and 3.11b.
The red color indicates that the system is powered by the source.

The half-bridge inverter uses the resonance of the LC-circuit to have an inverting signal. Similarly
to pushing a swing, the half-bridge inverter excites the resonant circuit in phase to add energy to the
system. With each cycle the inverter keeps adding energy, continually keeping the system in resonance.
Figure 3.11c and 3.11d show this cycle. The blue color indicates that the system is oscillating on itself.

Source voltage

For the half-bridge inverter to deliver the same power to the resonant circuit, it must operate at twice
the voltage. The full-bridge output voltage will have a maximum amplitude of double that of the source
voltage. Considering that both half-bridge and full-bridge oscillation circuits will reach a steady state,
they will have the same impedance. For the source to deliver the same power in both cases the voltage
over this impedance must be the same.

To achieve the same voltage, the filtering of the oscillation circuit must be taken into account. As
Subsection 3.6.3 describes, the resonant circuit acts as a filter. Considering the voltage switches from
maximum to zero, one can conclude that a DC offset is included at half the supply voltage. With the
filter of the LC-circuit, this DC offset is removed and the LC circuit is given an oscillation between +
half the supply voltage.

The requirement is to power a 5 watt load. The equivalent load seen by the source is a few tens
of ohms (simplified to only resistive impedance as the system is in resonance). The power delivered
to the load is given by P = V?/R. V? will be in the order of 102 and V will be between 10 - 20 volts.
Therefore, the voltage over the half-bridge inverter will not exceed what a normal power outlet could
deliver. The PoR does not state a fixed voltage, so this voltage is chosen as desired by the receiver.

Damped oscillation
As can be seen in Figure 3.11d and as is mentioned above, the LC-circuit oscillates by itself for some
time. The blue color indicates this. If the oscillation did not lose any energy, the oscillation would not
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dampen, but the LC-circuit uses real components and wires and these have internal resistances. The
oscillation is damped and loses energy consistently. The formula for a damped LC system (2nd order
system) is given in Equation 3.24 and Figure 3.12 is an example of a waveform caused by a damped
system.

I(t) + 2wl (t) + wZI(t) =0 (3.24)
The undamped natural frequency is w, = \/% and the damping ratio ¢ = g\/g R is the equivalent

series resistance of all the wires, the capacitor and the coil in the oscillation circuit. The damped
frequency is given in Equation 3.25.

wq = woy/1— 7% [rad] (3.25)
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Figure 3.12: An exaple of a damped wave with different damping ratios

With our oscillating circuit the equivalent series resistance adds up as follows. R = ESR. + ESR, +
Ryire + Ryosrer- The exact combined value for the wire and MOSFET resistances is unknown but is
estimated to be around a few tens of milliohms. Using the ESR of the coil given in Section 3.2.1
and the ESR of the capacitor given in Section 3.2.2 the total resistance (in milliohm) adds up to
R = 22+ 96 + 30 = 148mQ (Equation 3.22 and 3.23). The 30 milliohm is an estimation of the
extra resistance added by the wires and MOSFET combined.

The following frequency follows from accounting for the resistance: the damping ratio ¢ is given above.
filling in the values for R, L and C gives us a damping factor of 0.0026. The damped frequency is given
by Equation 3.25. The damped frequency will be changed by a factor of \/1 — {? and this value is
0.99999, which is very close to 1. Realistically, the damping does not have effect on the frequency.

Resistive losses

The resistive losses in the MOSFETs differ for the two topologies, regardless of what MOSFETs are
used. For the full bridge configuration the current delivered by the source to the resonant circuit also
passes through two MOSFETSs, in the half-bridge case it is only one MOSFET. This can clearly be seen
in Figure 3.11. The current drawn is equal for both resonant circuits, because the LC-circuits are equal
and they draw the same amount of power. Therefore, the resistive losses trough the MOSFETs are
twice as high in the full bridge configuration.

Furthermore, less drivers are required for the half bridge inverter and losses could further be reduced.
From an efficiency perspective, the half bridge topology would outperform the full-bridge configuration
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in terms of resistive losses.

Weighing up all the benefits and shortcomings of the half-bridge and full-bridge inverter and consider-
ing our demands stated in the PoR, the choice for the inverter topology will be a half-bridge inverter.
The half-bridge inverter has lower losses than the full-bridge inverter. The source voltage is not fixed
and is not a constraint. Less control circuitry is required for the half bridge inverter.

3.6.2. MOSFETs

As made clear by the previous section, the MOSFETs could potentially have a huge impact on the
efficiency of the system. To prevent this, high quality, low loss MOSFETs must be chosen. In this
section the parameters concerning the MOSFETs are elaborated upon and a MOSFET for the inverter
is chosen.

Doping type

First of all the doping type is discussed. MOSFETs can both be n-type and p-type. The type refers to
the channel and the doping applied. An n-type MOSFET has positively doped silicium as the channel.
The drain and source are negatively doped. The opposite is true for a p-type MOSFET. For the channel
to conduct, the n-type needs a positive gate-to-source voltage (V,;) and the p-type needs a negative
voltage.

Using both n-type and p-type may be desirable, because one could use the same signal to both MOS-
FETs and they would switch alternately. Furthermore, if a p-type MOSFET was used, the high-side
MOSFET would not need a complex driver to boost the gate voltage high enough to properly turn on
the MOSFET. A negative voltage could simply be applied.

There are some mayor drawbacks to using p-type MOSFETs however. Firstly, the doping makes it
so that so-called ‘holes” must move through the substrate to create the channel for conduction. Com-
paring with the n-type the electrons move to create the channel. The ’holes’ have a worse mobility
than the electrons (about 1/3 of the mobility in silicon [36]), meaning that more effort is required to
reach the desired functionality, or to fully turn on. Practically, this means that the switching times are
worse and/or the on-resistance is higher.

Using both types in the half-bridge inverter with different switching times could cause both MOSFETs
to be on for a certain amount of time. The source could short and the high current destroys the MOS-
FETs. This could be prevented by creating a dead time, in which both MOSFETs are off. But that would
require more control and add distortion to the resonating circuit and result in losses.

In conclusion, the n-type MOSFETs best suite the design.

Criteria

With the type of MOSFET determined, a specific MOSFET must be chosen. Several high-end MOSFETs
are listed in Table 3.1. The MOSFETs have been selected from the Farnell (nl.farnell.com) website.
Most MOSFETs in the table operate in the range of 40-80 V. This is well within our needs and not too
high to effect the characteristics which are most important: the on resistance (Rys(on)) and the gate

charge (Qy).

Ras(on) is the resistance that the MOSFETs inhibit when in saturation mode. The RMS current trough
the MOSFETSs in the inverter is around 1.3 amperes. The power dissipation due to the resistive losses
lie within the range of 8.5 milliwatts to 37 milliwatts.

As is mentioned in Section 3.5 the charging and discharging of the MOSFETs causes losses in the
gate-driver. To minimize losses on this front, the gate charge needs to be as minimal as possible. Pre-
cisely describing the losses for each MOSFET and accompanying driver is hard, but a simple formula
exist to quantify the gate losses.

Pgate = Qg : Vgs f W] (3.26)
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Table 3.1: MOSFETs considered for the inverter

Mosfet Rds(on) Vds Ids Vgs(th) Qg ton toff trise tfall Ploss
[mQ] | [V] | [A] | [V] [nF] | [ns] | [ns] | [ns] | [ns] | [mW]
STD30NFO6LT4 | 22 60 | 35 | 2.5 23 30 |65 105 | 25 54.4
BUK964R-40E 3.4 40 |75 |21 521 | 34 | 88 | 64 60 38.6
NTMS5838NL 20 40 | 5.8 | 3.0 17 11 17 23 4 49.1
NTMS5835NL 10 40 (9.2 3.0 40 15 22 | 45 9 52.9
IRF7842PBF 5 40 | 18 | 2.25 33 14 |21 12 5 30.7
PSMN017-80PS 15.2 80 (50 |4 22 14 | 27 12 8 52.1
IPD70N10S3L-12 | 11.5 100 | 70 | 2.4 59 12 |35 |6 7 61.9
STD36P4LLF6 20.5 400 | 36 | 2.5 22 43 148 | 47 19 51.1

Using the two most important characteristics, a ranking can be determined to choose the best
MOSFET. The result of the power dissipation can be seen in the last column of Table 3.1. The best
MOSFET is the IRF7842 [37]. This MOSFET will be used in the inverter.

Poss = Pgate + 1% Rds(on) (W] (3.27)

3.6.3. Harmonics

The inverter has a square wave, these contain a lot of higher order frequencies, harmonics. When
Equation 3.14 is satisfied, the LC resonant circuit is in resonance. Other frequencies supplied to this
circuit will be damped heavily with respect to the resonant frequency. This can be seen in Figure 3.13b.
Having this filter applied means that this resonant circuit can be fed with a square wave oscillating at
the resonant frequency. The harmonics of this square wave that are at 3, 5, 7, etc. times the base
frequency will not be amplified, while the resonant frequency will be amplified significantly.
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Figure 3.13: The LC resonant circuit

3.7. 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.

3.7.1. Power Transfer Influences

Firstly, the effect of the frequency on the the transferred power in the circuit is discussed. The rela-
tionship between the power transferred and the frequency is described in Equation 3.28, where a is
the phase angle between I, and I,, which should be 90° (Section 3.1.2) [12].
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P=w-M-I; I, sin(a) [W] (3.28)

Important to notice are the currents through the resonant circuits as these are related to the power
lost 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 3.29. This has been derived from Equation 3.11 when
Equation 3.14 holds.

oM wM
|Iz| = T ALl = L= T Iy [A] with R =Rjaqq + Riosses + Rseries [ (3.29)
As the power consumed by the load is 5 W and the voltage over the load is 5 V, an RMS current of 1
A will flow. Assuming 6.4 W has to be delivered to the load (Section 3.1.2) and an RMS current of 1 A
will flow, the equivalent resistance of the losses (R;,sses) Can be modeled as a 1.4 Q series resistance.
With this model, 6.4 W will be consumed by the receiver when delivering 5 W to the load. For now, an
equivalent series resistance (R,.,i0s) in the resonant circuit of 100 mQ is assumed.
With Equation 3.28 and Equation 3.29, a formula for the current through the transmitter resonant
circuit can be obtained:

I—P 1 P R PR A (3.30)
YT oM L, T oM L -oM I - (wM)? [A] :
P-R VPR
2 = —— =
12 = (@ll)? > I " [A] (3.31)
Also, the current through the receiver can be obtained:
wM wM +P-R P
b= h=% g =g W (3.32)

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

PR
Poss—1 = I% ‘Rseries = W “Rseries  [W] (3.33)
2 P
Poss—2 = I3 * Rseries = E ‘Rseries  [W] (334)
1 R
Boss = Pioss—1 + Poss—2 =P - (E + W) ‘Rseries  [W] (335)

This results in a power loss and efficiency as seen in Figure 3.15.
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’ Pload 5
Poaa = Izms ‘Rioaa = Lms = R& = 5 =1 [A] (3.36)
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Figure 3.15: 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.

3.7.2. 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 3.2.1. 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 3.19 and Equation 3.21:
w-L DF
Rseries = T + ﬁ [2] (337)
Replacing the equivalent series resistance of Equation 3.35 will lead to the following equation:

R L DF
o) Cg tae) W (338)

L is the inductance of the coil used, the chosen coil has an inductance of 24uH [29]. Q is the
quality factor of the coil used (Figure 3.3). DF is the dissipation factor of the tuning capacitor uses,
which is 0.1% or 0.001. C is the capacitance of the tuning capacitor, which has been chosen to satisfy
Equation 3.14 for different frequencies. This yields Figure 3.16 for the total power lost in the resonant
circuit and its efficiency.

1
Boss = Pioss—1 + Poss—2 = P - (E +
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Figure 3.16: 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.
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3.7.3. Control Circuit Influences

Not only the components of the resonant circuit , but also the gate-driver has a frequency dependent
power loss (Figure 3.10). This power loss is added to the power loss inside the resonant circuit, to
construct Figure 3.17.
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Figure 3.17: 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.
This figure shows that the highest efficiency for a coupling of k =~ 0.1 is reached with an oscillation
frequency of 150 kHz. This will be the operating frequency of the system.

3.8. Final design

This section will discuss the final design. A clear block diagram of the full system is given. Simulations
are included of this system to validate our design choices, within the context of the whole system.

3.8.1. Finalized design

The finalized design is shown in Figure 3.18. The final design consists of: A high frequency oscillator, to
precisely set the frequency; The gate-driver, powering the MOSFETs with high speed, and preventing
shoot-through; And the half bridge inverter with low-loss specifications. This all powers our resonant
circuit to generate the desired magnetic field. Two voltage regulators are included to properly power
the oscillator and the gate-driver.
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Figure 3.18: Full circuit schematic of the transmitter

To confirm the validity of the design, simulations are run demonstrating the desired functionality.
The simulations give an indication of the efficiency of the system.

3.8.2. Simulations
The circuit has been simulated with the use of LTSpice. Some simulation results have been selected
to best visualize the simulated workings. Figure 3.19 shows the control signals powering the inverter.
The oscillator waveform and the accompanying gate-driver outputs.

Figure 3.20 shows how the resonant circuit is powered, the switching working of the inverter is
visible in the half-bridge output and the oscillating working is seen in the oscillating current. With
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Transmitter steady state behaviour
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Figure 3.19: Oscillator and gate-driver simulation (1)

these waveforms the power can be calculated that goes into the oscillator. The multiplication of the
voltage and current lead to an average half-bridge output power of 7.3 W. With the simulation, the
output power of the equivalent circuit can be measured and the load power is estimated to be 6.4 W
(The load being the full rectifier circuit and load). Thus from the simulations, it can be seen that the
transfer efficiency over the airgap is 87.6%.

Transmitter steady state behaviour
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Figure 3.20: Resonant circuit simulation
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Figure 3.21: Resonant circuit input and output power






Results and Discussion

The results from the prototype are discussed. They are validated against the simulations and the final
efficiencies are stated. The shortcomings and possible improvements and surprising results are listed
in the discussion. Possible flaws in the initial design are addressed as well. In Figure 4.1 a picture of
the transmitter can be seen.

Figure 4.1: Picture of the transmitter prototype

4.1. Measurements

4.1.1. Methodology
The measurements are done of all relevant signals to verify the workings and to calculate the effi-
ciencies. The waveform measurements are obtained using the TDS2022C oscillator waveform export
function. Different points in the circuit were measured with a probe as seen in Figure 4.2: the oscillator
output (1), the bootstrap output (2), the high-side gate signal (3), the low-side gate signal (4), the
inverter output or resonant circuit input (5), the tuning capacitor voltages (6 & 7) and the resonant
circuit output (8). Also the load output voltage was measured with a multimeter. All measurements
were recorded separately, but are all aligned in time. This was done by setting the trigger on one
channel of the oscilloscope which was connected at all times.

These exported waveforms are plotted using Matlab. The waveform data allows one to do compu-
tations as well, such as current and power derivation, and take time variant behaviour into account.
Figure 4.3 shows the setup in which the measurements were taken.

25
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Figure 4.2: Measurement points in the circuit

Figure 4.3: Photo of the measurement setup

The capacitors and coils have been measured using a LCR Meter HC8018. This was done to make
sure the capacitance variance was accounted for in both the receiver and transmitter also considering
the variance in inductance of the coils.

4.1.2. Component Validation

Coils

To validate the coils, a few things must be measured. The inductance is the obvious to be measured.
This can simply be done using the LCR Meter. The real value of both coils is 25.3 uH. A little higher
than the specs of the datasheet.

The second measurement is the coupling between the coils. It is useful to know what the coupling is
between the coils to know what distances of operation to expect. To measure the coupling, Equation 3.3
is used. When ones leaves the receiving coils an open terminal, the equation reduces to Equation 3.5.
If the voltage induced at the receiver is measured and the frequency is known, the coupling factor
can be deduced through the mutual inductance. Doing this for several distances gives an idea of the
coupling between the coils.

To measure the coupling at different distances, sheets of paper are used to accurately determine
the spacing between the coils. The transmitting coil is powered using an amplifier at a fixed frequency.
both signals can be seen in the oscilloscope. Paper does not have a significant effect on the magnetic
field. After each measurement 5 sheets of paper are added, resulting in a 0.5 mm step size. A light
press on the top coil ensures that no air is trapped in between the paper sheets. The setup can be
seen in Figure 4.4.

The measured coupling can be seen in Figure 4.5. the data for this figure can be found in Ap-
pendix A.2.1. As can be seen in the figure, around a coupling of 0.1, the distance is around 2.5 cm.
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Figure 4.4: Setup used for measuring the coupling between the coils

This is well within our requirement of a minimum of two centimeters.

Capacitors
Also, the values of the capacitors were evaluated. Several capacitors were placed in series and small
capacitances were added to account for the variance of the larger capacitors.

Resonant Frequency

Furthermore, it has been found that with the discussed coil and capacitance, the resonance frequency
of the resonant circuit was not exactly 150 kHz. As discussed in Section 3.1.3, I (the current through
the receiver resonant circuit) should lag I; (the current through the transmitter resonant circuit) by
90°. Therefore, the voltage over the tuning capacitance on the receiver side should lag the tuning
capacitor voltage on the transmitter side by 90°. This is the case at a frequency of 147.6 kHz for a
coil separation distance of 20 mm. In order to get maximum power transfer, all test were ran at this
resonant frequency.

4.1.3. Control
This section will validate the performance of the control: the oscillator and the gate-driver.

Oscillator
Firstly, the oscillator will be discussed. Its goal was to create a ~150 kHz signal with a 50% duty cycle.
With the help of a potentiometer, the value of Rgzr could be set to different values in order to create
the slight variation needed to create a 147.6 kHz signal. Figure 4.6 shows the measured output of the
oscillator. As expected, this is a 146.7 kHz signal with a 50% duty cycle.

The waveform has sharp edges, showing the oscillator is capable to generate the desired frequency,
furthermore, the waveform oscillates between 0 and 5 volts. Thus, it behaves as expected.
The power consumption of the oscillator was measured. Only the oscillator was connected to a power
supply, it consumed 20 mW.
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Figure 4.5: Coupling between two coils versus the separation distance

Gate-driver

Next, the gate-driver will be discussed. The goal of the gate-driver is to create a signal to drive the
high-side MOSFET of the inverter and an inverted low-side gate-source signal to drive the low-side
MOSFET of the inverter. The most important characteristics of the gate-driver are the deadtime and
the gate-source voltage of the high-side MOSFET. Figure 4.7 shows the high and low-side outputs of
the gate-driver. CH1 shows the high-side gate signal. cH2 shows the low-side gate signal.

The gate-driver signals are also shown in Figure 4.8 and Figure 4.9. The first of these shows the
146.7 kHz input signal of the gate-driver and both output signals as gate-source voltages of the respec-
tive MOSFETs. The second figure gives a zoomed in view on the delays between the signals. The delay
between the oscillator output and the gate signal response is around 100 ns. The deadtime between
the falling of one gate signal and the rising of the other is around 200 ns. Comparing these values with
the calculated and simulated results, they are as expected.

The highest losses of the transmitter come from the gate-driver. The direct power consumption cannot
be measured but the stated power consumption in the datasheet (and shown in Figure 3.10) does
match the results in Section 4.2.

A certain artifact did catch our attention when performing these measurements. The artifact can
best be seen on the low-side signal. The maximum voltage when the signal is high is not consistent
for the different signals. It oscillates chaotically within a certain range. It has been determined that
the cause of this is the voltage regulator for the gate-driver.

4.1.4. Inverter

The final part of the transmitter is the inverter. This uses the two gate signals to switch the source
voltage to create a oscillating signal at the output. Figure 4.10 shows the gate-source signals of the
high-side and low-side MOSFETs and the output signal of the inverter. It behaves as expected. The
losses are small in the MOSFETs and hard to measure and are derived from the other losses in the
system.
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4.1.5. Resonant circuit
The resonant circuit must be tuned correctly to oscillate at its resonance peak, this will lead to maxi-
mum power transfer. This section will validate the power transfer over the airgap.

In order to obtain the amount of power transferred between the systems the amount of input and
output power has to be known. For this the input/output voltage and current will be needed. As
measuring this high frequency current is not possible with a regular multimeter, another method has
to be found. One way to obtain the current through the resonant circuit is by measuring the voltage
over the tuning capacitor. The impedance of capacitor gives a relation between the voltage over the
capacitor and the current through the capacitor as shown in Equation 4.1.

I=%=V-(i-w-C) [A] (4.1)

As the current through the capacitor is equal to the current through the resonant circuit, the in-
stantaneous power can be calculated:

P=V-I [W] (4.2)

Figure 4.11 and Figure 4.12 show the respective input and output voltages of the resonant circuit
(cH2) and the voltages over both tuning capacitors which have been used to derive the current through
the transmitter and receiver side of the resonant circuit.
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Figure 4.11: Transmitter Resonant Circuit signals from the osilloscope

Figure 4.13 shows the input voltage, current and power at the transmitter. Figure 4.14 shows the
output voltage, current and power at the receiver.
The efficiency of the airgap can be seen from these figures. The input power is 6.69 W, the output
power is 6.17 W. The efficiency is 92.2% over the airgap.

4.2, Efficiency Evaluation

Several of the before-mentioned results will be used to evaluate the transmitter efficiency. Operating
at a coil separation distance of 20mm, the power consumption at the power supply is 7.15W as the 13V
supply delivers 0.554. As Figure 4.13 shows, the average power outputted by the inverter is 6.69W.
This means that the inverter and its control circuit have an efficiency of 6.69/7.15 = 93.4%.

Transmitter Circuit Losses
The total power lost in this circuit is 7.15 — 6.69 = 460 mW. Of this, the power dissipation in the
LTC6992 oscillator has been measured to be 20 mW. The gate-driver dissipation losses in the LM5104
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are 190 mW for a 4.4 nC load at 150 kHz. The load of the two 33 nC at a gates of the MOSFETs at
10 V is equivalent to one 6.6 nF load. The power dissipation can thus be estimated 1.5 times of that
of the 4.4 nF load in the datasheet and will therefore be 285 mW. Furthermore, the LM5014 has diode
dissipation losses. These are 110 mW at a 4.4 nC load and can be estimated to be 165 mW at the load
constructed by the two MOSFETs. The losses in the MOSFETS are estimated to be the on resistance (5
mQ) multiplied by half of the RMS current through the resonant circuit (0.7 A). [34]

Resonant Circuit Losses

The average output power of the resonant circuit at the receiver is 6.17 W, which means the resonant
circuit has an efficiency of 6.69/6.17 = 92.2%. Some of these power losses are due to the equivalent
series resistances in the transmitter and receiver circuit. With the help of Equation 3.22 and 3.23,
Equation 4.3 shows that these equivalent resistances contribute to a 390 mW power loss. As the total
losses in the resonant circuit are equal to 520 mW, the losses in the magnetic field are estimated to be
130 mW.

12

P = Ifys - Rseries = %ak “Rseries
=
Prransmitter = 1.6262 -(0.22 4+ 0.96) =160 [mW] (4.3)
1.992

Preceiyer = T . (022 + 096) = 230 [mW]
Prseries = 160 + 230 =390 [mW]

Table 4.1 shows an overview of the losses and efficiencies in the whole system.

Table 4.1: Power Evaluation Table

| Power Input Power Dissipation  Block Efficiency  Total Efficiency

Transmitter Circuit | 7.15 W 460 mW 93.4 % 93.4 %
Oscillator 20 mwW

Gate Driver Losses 270 mW

Diode Losses 165 mw

Ron MOSFETs 4 mw

Resonant Circuit 6.69 W 520 mW 92.2 % 86.2 %
Rseries 390 mW

Magnetic Field 130 mW

Receiver 6.17 W 1.17W 81.0 % 69.9 %
Load 5W 5W

Output Power Behaviour

Lastly, the behaviour of the system is analyzed for different loads and supply voltages. For this, the
measurement setup is altered slightly. Figure 4.15 shows the measurement setup. The variable supply
voltage input is known through the power supply and the supply current, load voltage and load current
are measured. With these measurements, the total input and output power can be calculated. Further-
more, the 5 Q load is replaced by a variable load and the voltage regulator in the rectifier is disabled.
This way different output voltages can be reached to get a higher power transfer. Figure 4.16 shows
the efficiency as a function of the output power. It can be seen that a higher supply voltages enables
a higher output power, but also that a lower supply voltage is more efficient for the same load.

Figure 4.17 shows that the total power loss in the system has a nearly linear correlation with the sup-
ply voltage. This is caused by the linear voltage regulators in the transmitter, as their loss is linearly
dependent on the voltage drop over the voltage regulators.
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4.3. Discussion

In this discussion, the unexpected results are presented, possible flaws that have caught our attention
are addressed and future work is proposed.

The most prominent surprising result that was the instability of the voltage regulator. Too little
thought may have gone into choosing the voltage regulators and high frequency differential consump-
tion through the regulator should have been investigated.

A second surprising result has been the frequency that has followed from our design optimization.
With the theory stating that a higher frequency is more desirable for transferring more power, it was
expected that the operation frequency would have been higher. Higher frequencies would lead to
smaller components making it even more useful for hand-held devices. The Airfuel Alliance standard
is an interesting option to look into, as their operating frequency is above 6 MHz.

A possible flaw in the design is found at the gate-driver. The gate-driver is powered using a 10 V
voltage regulator. The gate-driver is also responsible of making sure that the high-side is turned on
properly. With the variable DC supply the situation could arise that the boost of 10 volts may not be
sufficient when a higher supply voltage is used. The situation is fairly robust for the power ranges that
the device is currently operating in, but this could be a problem.

One of the main losses stems from the gate-charge dissipating through the gate-driver. This loss
can be reduced with a technique called zero voltage switching (ZVS), with this technique the switching
of the inverter MOSFETs is delayed in such a way that the gate switches at an effective zero voltage
between source and gate. The capacitance of the gate is lower and will result in less losses.

Lastly, the optimum frequency for power transfer shifts due to mutual inductance at high coupling.
A maximum efficiency point tracking system that tunes the frequency would be useful in making the
system more robust to coupling changes while maintaining high efficiency.






Conclusion

The goal of this project was creating a highly efficient transmitter for a wireless power transfer sys-
tem. Considering the requirements that have been stated in the PoR have been met, the project can
be considered a succes. The transmitter has an efficiency of 93.4% and the resonant circuit has an
efficiency of 92.2% at a distance of 2 centimeters. The system is small enough to fit in a hand-held
container.

Several specific challenges have been tackled for a low power WPT system. An efficiency analysis
has been done on the coupled coils to choose the best key parameters such as frequency and what
tuning to apply. The inverter topology has contributed to a small control footprint and therefore re-
duced losses in the control. The MOSFETs have been chosen for their low on-resistance. The design
has greatly contributed to the efficiency of the system.

Our measurement confirm the efficiency of the transmitter. The improvements of the system mainly
lie with the gate-drivers. It has been the biggest source of losses in our system. Lower gate-charge
MOSFETs would help achieving this or other gate-drivers may hold the solution.

Putting the transmitter in the scope of the whole project, the transmitter has done its job. It de-

livers power highly efficient. The load at the receiving end is able to receive 5 watts at 5 volts at a
reasonable distance between the coils.
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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.”2 .x L), 12);
eff = 0.9; %receiver efficiency

%Rectifier resitance and power calculations
Rrect_load
Rrect_loss
Prect = 5 / eff;

5;
5 eff — 5;

%6 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,=%9");
M=k x 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."2));

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

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

9%Q 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
DF = 0.001;

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

for i = 1:4
%Multiple itterations for different couplings
k = 0.06 + 0.02 % i;
legendStrings{i} = num2str(k, 'k,=2%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.~2));
end

figure(2)

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’)
xlabel ( 'Frequency[kHz] ")

ylabel( "Efficiency ")

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

printpdf2 ("eff2.pdf’);
%6 Stage 3: Frequency dependent control circuit losses

%Losses as found in the datahseet (for 4.4 nF)

Pdriver = [0.08 0.14 0.18 0.25 0.33 0.39 0.48 0.55 0.63 0.70];
Pdriver = [Pdriver; Pdriver; Pdriver; Pdriver]’;

Pdiode [0.045 0.075 0.11 0.15 0.19 0.23 0.265 0.3 0.335 0.37];
Pdiode [Pdiode; Pdiode; Pdiode; Pdiode]’;

%Added to the total loss (for 6.6 nF)
%the losses are at least 1.5x larger following P=2xf+CxV"2
Ploss = Ploss + Pdriver .x 1.5 + Pdiode .x 1.5;

figure(3)

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’)
xlabel ( 'Frequency [kHz] ")

ylabel( 'Efficiency ")

legend(legendStrings, ‘Location’, ’‘southeast’)
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printpdf2 ('eff3");

A.2. Measurements
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
15 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
55 1,07 | 0,664
6 1,07 | 0,64
6,5 1,07 | 0,608
7 1,07 | 0,584
75 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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