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Abstract

The Zebro is a six legged autonomous robot, designed to be deployed in swarms. Charging the battery
is still done manually. To further increase the autonomous abilities of the Zebro, a wireless charging
station and module is designed. The charging station is fully modular and interconnected by charging
pads. This opens the possibility of charging multiple Zebro’s simultaneously. The charging module
consists of a receiver and Battery Management System inside the Zebro.

In this thesis, both the transmitter and receiver side of the Wireless Power Transfer (WPT) system is
designed. The transmitter and receiver must be perfectly aligned for high efficiency in a wireless charg-
ing setup. The positioning of the Zebro is not highly accurate, therefore the design of an inductive WPT
system using SS-topology compensation is presented. Also, possible solutions improving the efficiency
of the power transfer and the WPT system is proposed in this thesis. These improvements include coil
optimization, object detection, circuit damage protection and implementation into the overall system.
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Introduction

The ZEBRO project is an initiative of the TU Delft to research swarm-related behaviour of simple and
straight-forward robots (ZEBRQO’s). The purpose of a ZEBRO is to cooperate with its colleagues to
perform tasks which are not suitable for bigger robots and would be time consuming for humans. An
example of such a task is the mapping of a disaster area.

The ZEBRO’s come in different sizes. The emphasis of the design for autonomous charging will be
laid on the deci-ZEBRO, where an expansion to the kilo-ZEBRO may be possible.

The ZEBRQO'’s are completely autonomous robots. In the current design state, the battery has to
be manually disconnected, recharged, and reconnected. This defeats the purpose of the autonomous
behaviour of the robot. A goal set by the ZEBRO team is to have a swarm of 100 robots by the end of
June 2017. In such an expanded swarm, the manual connection method is very time consuming. For
this reason, an autonomous charging station and charger module are needed.

The global charging scheme is as follows. The charger module will sense when the battery is run-
ning low, and send a signal to the top-level that the ZEBRO needs to recharge. The ZEBRO will then
check if there is a charging station nearby and if there is a charging spot available. If so, the ZEBRO
can go to this charging station where the charging will be done autonomously. Being fully charged, the
ZEBRO can continue with its tasks.

The design of the charging station and the charging module can be split up in three sub components.
First, the charging station itself, converting power from a wall socket to the ideal voltage to transfer
by means of inductance. The second component is about transferring the received power. The final
sub component is the internal battery management system in the ZEBRO. An overview of the whole
charging system is shown in fig. 1.1 The emphasis of this particular thesis is laid on the design of a
wireless power transfer (WPT) system.

Wireless charging has its advantages when compared with wired charging. These advantages include,
spatial freedom and preventing bad connections which could result in high losses. However, wireless
power transfer introduces a new set of problems. The challenges regarding the WPT system can be
split up in multiple parts.

Firstly, efficiency of the wireless system has to be optimized. For the wireless system as a whole,
it competes with the wired solution with similar efficiencies [1]. For the whole system a high efficiency
can be achieved when all the parts of the system are designed optimally. In the scope of this project
this can not be achieved. However, a decision is made in the following sections which part of the system
can be improved for the given application.

Secondly, the vertical distance and horizontal misalignment cause a less efficient power transfer. Ver-
tical distance is to be optimized by minimizing the distance between the robot and the charging pad.

1



2 1. Introduction

Horizontal misalignment is a bigger issue since the robot has to align itself perfectly for optimal power
transfer. State-of-the-art technology offers solutions for this problem.

Thirdly, detecting a robot and switching from standby mode to active mode has to be achieved to
guarantee safety of the system. This part also includes feedback theory. Also, over voltage and current
protections of the system have to be implemented to guarantee the safety of the system.

Thesis structure

The design requirements of the system are described in chapter 2. This is followed by the theory behind
WPT and is discussed in chapter 3, this chapter also deals with the safety standard and state of the art.
After the design requirements are stated, the design is explained in chapter 4. Prototypes were build
and tested to verify the design choices, this is documented in chapter 5. The final chapter, chapter 6,
is a conclusion of the whole project, the test results and the design process, it also contains possible
improvements.
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Design requirements

The WPT system is designed for the ZEBRO robot. In this section, design restrictions and requirements
are formulated. Restrictions and requirements include the physical dimensions of the robot, protection
of the circuits and legal safety measures. The system can be split into several parts. This section starts
with general requirements given by the Zebro team. Then requirements are given for the interfaces.
The interface is defined as the connection to the charging pad and the Battery Management System
(BMS) of the robot. Then requirements are set for the primary and secondary side located inside the
charging pad and on the ZEBRO, respectively. Lastly, an overview is given in table 2.1 of the complete
system.

2.1. General requirements

The ZEBRO team formulated general requirements for the charging station and module. An overview
will be presented in this section.

« Charging Station Requirements

1. The system should be expandable for multiple ZEBRO’s
2. The system should charge wireless using the QI standard
3. Charge ZEBRO within 15 minutes

4. Well-defined interface to the outside world

o Charging Module Requirements

1. The module should be self-contained

2. Charge 2 ZEBRO'’s using the QI standard
3. Damage Protection System
4.

Measure current and power flow, internal temperature, alignment to station.
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2.2. System requirements
Physical dimensions pose restrictions on the overall system. The charging pad is chosen to be a square
with sides of 27cm. This is equal to the length of the ZEBRO robot. The thickness of the pad depends

on the hardware that will be implemented and as of yet unknown. The ZEBRO robot physical dimen-
sions can be found in the ZEBRO Git.

To make sure the WPT system and the rest of the charging system work together, agreements are
made on the interfaces of the WPT. The WPT is situated at the core of the charging system. There-
fore, the input and output voltage has been agreed upon. For an input voltage 48 volts has been chosen
and for the output a range from 6-32 volts. This design choice will be discussed in the design section.

Furthermore, to charge the battery within a certain amount of time the system has to deliver enough
power. The amount of time to fully charge is chosen to be approximately 30 minutes. This is specified
by the battery management group. Because of this requirement a 100W power transfer is needed, for
the battery that is to be used. This will also be the maximum power since 100 percent efficiency can
not be guaranteed.

Prior to designing the operational frequency (wg) of the system, an agreement has been made on
the range of wy. Since the wy of the power transfer could interfere with the wg,ms of the BMS, the
agreement has been made that the wy of the WPT should be in the order of 10° Hz. The BMS will
operate at a frequency ten times higher.

2.2.1. Primary side

System requirements for the primary side are the following:

o Input DC voltage of 48 volts
o Overcurrent protection
o Optimizing power transfer

o Detecting the ZEBRO robot or detecting a foreign object (FOD)

Over-current protection has to be in place at the primary side, in case that the current through
the primary coil will be too high. A high current through the coil causes a magnetic field that could
damage the electronics or harm the environment. Also, the circuitry near the magnetic field will be
affected. The maximum current through the primary coil is set to be 2.5 amperes.

Next, the primary side has to determine whether a robot is to be charged or not. This requirement
is needed such that no power will be lost. Also, this detection method can determine whether or not a
foreign object is placed on the charging station. Will this be the case, high temperatures could occur,
which would damage the system.
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2.2.2. Secondary side

System requirements for the secondary side are the following:
o DC output, with a maximum ripple 0.5V
« Output voltage between 6V and 32V
o Over-voltage protection
o Optimizing power transfer to load
o Dimension of PCB: 6cm * 4cm

With the secondary side the coil is the power source, which delivers an AC signal to the system. For
the charging of the ZEBRO an DC signal is necessary. To achieve a DC output an the AC signal has
to be rectified. The charger that is connected to the rectifier starts working at a voltage of 6V. The
maximum ripple of 0.5V is specified by the BMS team. The charger can malfunction at voltages higher
than 32V. In a transformer voltage spikes can cause too high voltages. To protect the charger from
breaking down the rectifier output has to limited by an over-voltage protection. There is no need on
the secondary side for overcurrent protection because this is done on the primary side. To make sure
the secondary side fits inside the ZEBRO the dimensions of the PCB are 6cm*4cm.
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2.3. Programme of requirements

This section provides a brief overview of the requirements divided into functional, ecological and system
requirements.

A. Functional requirements

(A.1) The system should be able to deliver 100 Watt power to the ZEBRO.
(A.2) The system should have a well-defined interface to the outside world.
(A.3) The system should be expandable for multiple ZEBRO’s.

(A.4) The system should charge wireless.

B. Ecological embedding
(B.1) The module should be self-contained.

(B.2) The system may not exceed the limit for human exposure to electromagnetic radiation spec-
ified by the ICNIRP. [2].

C. System requirements

(C.1) A damage protection system must be implemented.

(C.2) Measure current and power flow, internal temperature, alignment to station.

(C.3) The system is at the core of the overall system and must be designed with the requirements
tabulated in table 2.1.

D. Development of manufacturing methodologies

(D.1) The schematics of the design must be drawn in KICAD or simulated in PSPICE.
(D.2) The final prototypes will be delivered as a PCB design.
(D.3) The design of the system, choice of the components have to be scalable.

E. Business strategies, timespan of the project.

(D.1) The design of the system must be implemented in 5 weeks.
(D.2) The implementation of the whole system must be presented after 11 weeks.

(D.3) A business plan of the whole system has to be presented after 11 weeks.

Overall System Primary side Secondary side

General physical dimensions | 48 volts input DC output, max ripple of 0.5V
Vi, = 48VDC Ipmax = 2.54 PCB dimension (6 cm * 4cm)
Vour = 6-32VDC ZEBRO/FOD detection | Over-voltage protection

wy < 1 MHz maximum output voltage of 32V
Prax = 100W

Table 2.1: Overview of requirements



Theoretical review

3.1. Wireless power transfer types

Wireless power transfer (WPT) is subdivided into radiative (far-field) and non-radiative (near-field).
Radiative power transfer is the propagation of EM-waves over long distances. By radiative power
transfer the receiver distance r is larger than the transmitted wavelength A usually where r > 2A4.
Radiative power transfer is subdivided into directive and non-directive. Applications for directive
power transmission are for example, a power transmitter (antenna) alongside the road to power electric
vehicles. An example of a non directive application is RF harvesting, in which low power devices convert
RF waves from the environment into DC. This technique provides a few milliwatts to microwatts [3].
Non radiative power transfer is divided into inductive and capacitive coupling. The capacitive coupling
technique is based on creating an electric field between the transmitter and receiver. The space between
the transmitter and receiver can be seen as a dielectric, in which the whole system acts as a capacitor.
The advantage of capacitive coupling is that it can transfer power through metal. A drawback from
capacitive coupling is that the electric field strongly interacts with materials and the human body.
Another drawback is that capacative coupling requires a large coupling area. The advantage of inductive
coupling is that it has an high efficiency up to 95%. An disadvantage of inductive coupling is that it
induces eddy currents though metal. Comparing inductive and capacitive coupling, the latter seems
efficient for smaller gap distances of 1 mm [4]. Also capacitive coupling depends on area of the device,
which is a design constraint for an optimal power transmission. With all this into consideration,
inductive power is the best solution for the WPT for the charging of the ZEBRO.
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Figure 3.1: Types of wireless power transfer

3.2. Theory

In this section the basic theory [5][6][7][8] of WPT is described. This theory is used to show how to
aligned coils affect each other, by the means of mutual inductance. Also the schematic circuit of an
inductive power transfer circuit is shown.

The Biot-savart law describes the strength of the magnetic field in a point P, generated by an cur-
rent. I dl is a infinite small current carrying segment of a wire, r is the distance from a segment dl to
the point P and pg is the contsant of magnetic permeability in a vacuum.

_ po I dl sin(6)

dB
41 12

(3.1)

Consider the two aligned coils from fig. 3.2, whereby only current flows through coil 1. From eq. (3.1)
the magnetic flux density B, generated by the current through coil 1 at second coil, is:

. MK INa®
B=t5 s oyl (3.2)
b = f B - ds (3.3)
S

where a is the radius of the coil and z is the distance between the two coils, and N is the number of
turns the coil has. The generated magnetic field results in an flux ®@g, eq. (3.3). Faraday’s law states
that: magnetic flux which changes in time in an closed wire loop will produce an current in the closed
loop. The current in the closed loop is produced to create an magnetic field in the opposite direction, to
cancel out the change in flux, this is called Lenz’s law. The voltage induced by Faraday’s law is called
the electromotive force (emf). The voltage induced by a closed loop is given by:

Vo = =228 _ —ifB-ds (3.4)
emf at at Jg
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Figure 3.2: Magnetic field lines generated by current I; from coil 1 to coil 2 [§]

3.2.1. Self and mutual inductance
The voltage induced by an time-varying current in the same coil is called the self-inductance. The
self-inductance is defined as the ratio of magnetic flux to the current flowing to the closed loop:

N ®
L=—2 (3.5)
I
With eq. (3.4) this can be rewritten as:
=1 3.6
1= at ( N )

The flux originating from coil 1, ®; has two components: one component ®;; without the interference
of an other coil, and second component @4, that links coil 1 with coil 2 (the magnetic field lines coming
out of coil 2 back to coil to coil 1).

C; =Py + Py (3.7)

The induced voltage in the coil 2 is due to the second flux component, ®4,, created by coil 1. Similarly
to eq. (3.6) this can be written as:

ol
Vv, =M — .
=M (3.8)
Whereby M is the mutual inductance between the coils described by:
M=N .
257 (3.9)

The mutual inductance of two axially aligned planar coils can be approximated numerically [9][10]. The
filament method is used to calculate the mutual inductance. This method first calculates the mutual
inductance of two Maxwell loops, which are considered filaments.

2 2
M = uoVRiRs|(0) = 9K = <E] (3.10)

Where K and E are the complete elliptical integrals of the first kind and the second kind to the modulus
g, respectively, where

9= |®Ri+R) + 2 (3.11)

Then superposition is used to calculate the mutual inductance of two spiral coils. The current density
is assumed to be uniform in every filament. For coils with mulitple windings:

MN = N1N2M (312)
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The calculation is done in Matlab, the script can be found in the ZEBRO Git.

From the value of the mutual inductance, the grade of coupling between the two coils can be de-
termined. The coupling depends on multiple factors, such as alignment of coils, size and shape the gap
between coils. The coupling coeficient k can be calculated with:

M
k = (3.13)

VEIiL,
The coupling coefficient defines how much of the total flux is received at the second coil. The coupling
coefficient can have an value between 0 and 1, where 0 means no coupling between the coils and a 1
means that all flux generated by the transfer coil is received at the receiver coil. So a higher k means a
higher efficiency, another way of describing the efficiency is the quality factor, Q, of a coil. The quality
factor depends on the frequency that is applied, a higher frequency results in a higher Q factor. The
relation for the Q factor can be written as:

—wL 3.14
Q_T (3.14)

Where L and R are the inductance value and the resistance of the coil.

Ji L

N, <
L 4 > <<

M
Vi L] < Lg V)

Figure 3.3: schematic circuit of inductive power transfer

In fig. 3.3 a schematic electric network of two mutually coupled coils is shown. With eq. (3.6) and
eq. (3.8) the voltage and current characteristics of the two coils can be derived:

v] _ oL joM|[1
[Vz] = [fwM waz] H (8.15)
R, Bl L ®.
; ™YY ,'n v ™) A P
o AMAN——YYYY L Ao
A Ip ¢ Ty 1-3 ™
'
vP i/-: L_H vE
o \‘ 2

Figure 3.4: Equivalent T circuit of an transformer
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The model in fig. 3.3 requires complex calculations regarding the coupling factor. It is therefore
more convenient to replace the magnetically coupled circuit with an equivalent T model transformer
without magnetically coupling. The equivalent T circuit is depicted in fig. 3.5. Whereby Rp and Rg
are the parasitic resistances of the primary and secondary coil. Lp and Lg are the non-coupled leakage
inductance’s Ly — M and L, — M.

3.2.2. Compensation capacitors

There are two types of inductive power transfer: closely coupled systems and loosely coupled systems
[11]. An example of the closely coupled system is a transformer with a solid core. The efficiency improves
with a shared core between the coils, but the downside of this is that the coils can not be seperated
easily. A loosely coupled system provides a gap between the coils, which makes it practical for movable
coils. Because of the gap between the primary side and the secondary side the mutual inductance will
be smaller. A smaller mutual inductance leads to higher leakage inductance. The leakage inductance
affects the efficiency of the power transfer. To compensate for the leakage inductance, compensation
capacitors are needed such that the impedance at the secondary side will be purely resistive [12][13].
For a LC-tank the impedance seen from the source can be expressed as follows.

1
Z=—+jwl 3.16
joc T (3.16)
From the previous statement, the following relation holds: Z;maginary = 0. From this, the capacitance
at the secondary side can be derived.

1
w3l
Where wy is the operational resonant frequency. The primary capacitance is dependent on the topology
used. The four compensation topologies that are the most used are: series-series (SS), series-parallel
(SP), parallel-series (PS) and parallel-parallel (PP). The topologies differ in the series (S) or parallel
(P) placement of the capacitors. The primary compensation is independent of the load if the primary
compensation is series compensated [14] A general conclusion can be made that the SS-topology has the

C, = (3.17)

@ L-
Primary ‘ Secondary Primary Sceondary
Compensation Compensation Compensalion Compensation

rt-—————-—---—---

()

=

Figure 3.5: The four compensation topologies,(a) SS, (b)SP,(c)PS,(d) PP [15]

advantage that the primary capacitor value is independent of the mutual inductance and the load [15].
However, some studies argue that the SP topology is best suited for the battery charging application. In
[16][12] it is discussed that the SP compensation acts as a constant current source, whilst the SS variant
acts as a constant voltage source. In fig. A.1 the value for the primary capacitor is specified per topology.
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3.2.3. Power inverter topology

The conversion from DC to AC can be done with an H-bridge. H-bridges can be implemented as a full
or half bridge, the full bridge consists of four switches. For the half bridge, switching the upper and
lower transistor on and off the current changes direction through the load. For the full bridge switching
on a diagonal pair of switches also changes the direction of the current through the load. In fig. 3.6 an

implementation of the full and half bridge is shown.

It is to be concluded that the half bridge requires a negative and positive input voltage with respect
to the output neutral. In some applications this is not an issue. Design restrictions could imply less
use of transistors which would favor the implementation of a half bridge. The full bridge does not
need a positive and negative input voltage. The full bridge consists of two half bridges which increases
the amount of transistors. A design trade-off has to be made for choosing the implementation of the
inverter, this will be done in section 4.2.1.

+400v [T

-400v [T

Figure 3.6: H-bridge topologies (Infineon)

3.2.4. Primary side control

When the system is operating at a fixed frequency, changes in the load seen from the source will have an
effect on the power transfer [17]. Also a fixed frequency system would not always operate at zero phase
angle of the power supply, the phase difference between the power supply voltage and current will not
be zero. This decreases the efficiency of the power transfer. Variable frequency control minimizes the
required VA rating of the power supply. This can be accomplished by controlling the frequency such
that the phase difference between the power supply voltage and current is always zero.

Phase detection

The first step in controlling the frequency of the system is to measure the phase difference between
the voltage across the coil and the current through the coil. Current measurement is done by a shunt
resistor. Using an ADC can complicate the design process of measuring and controlling the system.
The high frequency AC signal would need a high sampling rate. Therefore, hardware can be used to
detect the phase difference between the voltage and current waveforms. The current is measured using
a shunt resistor. Shunt resistors are low resistance devices used for current sensing. Voltage sensing
is done by using a voltage divider circuit. A comparator compares the input signal with a specified
threshold. When the input signal is above the threshold the comparator outputs a high signal and when
the input signal is below the threshold the comparator will output a low signal. When both the voltage
and current measurements, are linked to a comparator the phase difference can be found when both
outputs of the comparators are linked to a exclusive-OR.

When the voltage and current waveforms are measured a controller has to be implemented for varying
the frequency. Several control methods are available for variable frequency control [18]. However, to
keep the implementation relatively simple a similar method described in [19] can be used for finding
the optimal frequency.
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3.3. Safety

As stated in requirement B.2 the WPT system has to meet the safety standards as defined by the
International Commission on Non-Ionizing Radiation Protection (ICNIRP). High frequency (HF) is
defined as the part of electromagnetic spectrum between 100kHz and 300GHz. The relevant safety
effect from HF fields to the human body is the heating of exposed tissue. When HF fields penetrate
the human body, vibrations of charged molecules causes friction and thereby creates heat. The human
body can handle a small increase of heat, but above a certain threshold the temperature rise can have
serious safety effects like a heatstroke or tissue damage. Nonetheless, when the guidelines for safety
according to the ICNIRP are followed the mentioned affects should not happen. In fig. 3.7 a graph of
the safety standard for the magnetic field is depicted. It is clear from this graph that the maximum
acceptable flux density decreases as the frequency increases. From the graph a good estimate is that
the frequency should be 100kHz, the maximum acceptable flux density will be 6.25 uB. To test if the
wireless charging pad satisfies the safety conditions, a EMC—scan should be made.
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Figure 3.7: Safety standard for the magnetic field by the ICNIRP [2]



16 3. Theoretical review

3.4. State of the art

Wireless power chargers are already used for a while in consumer goods. Probably one of the most
well know examples is the electronic toothbrush, the wireless charging advantage is that the system
can be waterproof. Lately, the market of wireless charging devices is growing rapidly, mainly because
of the integration of the technology in smartphones. A wireless power charging standard will help
the technology to be faster adapted. This is because it is easier for companies to integrate it in their
product. Standards are used in technology to ensure the safety and reliability of a product. Also,
standards are used to make sure products are compatible with other products from the same standard.
In the current market of wireless charging there are different wireless power transfer standards. The
two main alliances are: Wireless Power Consortium (WPC) with 'Qi’[20] and the Airfuel Alliance [21]
with ’Airfuel’. Those standards are not compatible with each other, but some devices support multiple
standards.

Qi

The WPC, which developed ’Qi’, was established in 2008. It is the largest alliance with 214 companies
supporting the qi standard. the Qi standard has open specifications for their newest low power appli-
cations, which support 5-15 Watt of power transfer. For communication between the charging pad and
receiver inbound communication is used, via Amplitude Shift keying.

Airfuel

Airfuel Alliance is created by the merger of the Alliance for Wireless Power (WP) and the Power
Matters Alliance. Airfuel is mainly based on the rezence standard from A4WP. The Rezence standard
[22] supports a power transfer of 50 watts and can charge multiple devices at once. To make the charging
pad communicate to the receiver, outbound communication is provided via an Bluetooth module.



Design

In this chapter the design of the system is discussed. In the first section an overview is given of the
total design, where the system is divided into subsystems. In the next section these subsystems will be
discussed in detail. In the last section the use of the subsystems are discussed.

4.1. Overview

The input of the WPT is a DC voltage. This has to be converted into AC to induce a voltage in the
secondary coil. The induced voltage has to be rectified at the secondary side to provide a DC voltage
to the battery. The coils, the inverter and rectifier are the essential parts of the WPT system. The
effiency is improved by implementing a compensation network. The compensation network improves
the efficiency by decreasing the reactance due to the inductance of the coil. The V/I-sense will measure
the current and voltage through and across the coil. This provides a framework for further improvement
of the design. In fig. 4.1 an overview is given of the subsystems.

Inwerter
oo oy

Rectifier

- Compensation
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i
ol Metwork
=
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Figure 4.1: Overview of the WPT subsystems
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4.2. Detailed design

In this section the design choices of the subsystems are explained. As explained above, the system
consists of four main parts. The inverter, coils and compensation, rectifier and voltage and current
sensing.

4.2.1. [nverter

The inverter is the first part of the system. The input is 48 volts DC and the output of the inverter has to
be high frequency 48 volts AC. The frequency of the inverter is chosen to be 100kHz. The following sec-
tion explains this design choice, since the resonant frequency is dependent on the coil and compensation
network. Other methods [10] exist to provide an AC signal to the transmitter coil. The full H-bridge is
chosen because it is often used and the amount or physical size of transistors is not limited in the design.

The MOSFETs need to switch at a certain frequency. This is done by a Pulse Width Modulator
(PWM) which generates a signal at the desired frequency and a duty cycle. The MOSFETs will not
switch with a small gain current. Therefore, gate drivers are needed to switch the MOSFETs. Also,
components such as MOSFETs and resistors are chosen such that the currents and voltages do not
damage the components.

LM5054

The LM5045 [23] is used as gate driver and frequency generator. The chip contains a PWM generator
and gate drivers. Also, dedicated pins are able to detect under and over-voltage at the input of the
inverter. The LM5054 uses pin 1 and 2 to detect if the input voltage exceeds or is under a certain
threshold value. The threshold is fixed by dividing the voltage over the pins. When pin 1 (UVLO)
exceeds 1.25 volts the devices is turned on. When pin 2 (OVP) exceeds 1.25 volts the device is turned
off. The under-voltage limit is chosen to be 16 volts, the over-voltage limit 52 volts. The Current Sense
(CS) pin terminates the PWM cycle when the voltage across the pin exceeds 750 millivolts. A shunt
resistor is connected at the low side of the H-bridge. When the voltage across the resistor exceeds 750
millivolts the device is shutdown. For filtering out unwanted frequencies a RC-filter is used between the
CS pin and the resistor. The cut-off frequency of the RC filter is chosen to be f = 10kHz. This is the
maximum cut-off frequency since the first order filter has a -20dB/decade slope. For the PCB design,
the filter components should be located close to the chip since radiated noise could affect the measured
current. Another feature of the LMb5045 is the possibility to vary the frequency and the duty cycle
of the PWM signal. This is done through an external clock source into the RT pin or by varying the
current into COMP pin, respectively. These pins will be available on the PCB for further improvement
of control on the primary side of the system.

The under and over voltage protection, voltage dividers for the chip are Ry, Ryyro and Ryyp. Val-
ues for these resistors are determined by the following equations:

_ Vhys

"= S0 (4.1)
UVLO = Y — 1.25 + (20uA - R,) :
1.25 - R, (43)

R =
O Vowrgsr — 1.25 — (20uA - Ry)

Where V¢ is chosen to be 2 volts to prevent the device switching on and off at the threshold voltage.

A 100 kQ resistor is connected to the RT pin to produce a frequency of 100 kHz. For the gate
drivers, bootstrap capacitors and diodes are connected to pins BST and HS1 and HS2. The bootstrap
configuration ensures a correct gate-source voltage across the MOSFETS [24]. The HS pins are connected
between the high and low side of the H-bridge. When the HS pin is pulled to ground, the bootstrap
capacitor is charged from the VCC supply. The BST pin will thus be supplied. When the HS pin is
pulled up to a higher voltage, the diode is in reverse bias and the BST pin will float, thus blocking
the rail voltage from the supply. For the MOSFETs the 530N15N NMOS transistors are used. Which
are capable of a drain-source voltage of 150 volts and allow a 21 A drain current. For over-current
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protection, a shunt resistor is used to measure the current through the low side of the H-bridge. In
appendix B.1 an overview is presented of the used components for the inverter. Also in appendix B.2
the schematic is to be found of the topology of the inverter.

Current and Voltage Sensing

Current sensing allows the possibility of load detection. The current through the primary coil changes
when an inductive load is present near the primary coil. For control applications at the primary side,
current and voltage sensing is implemented. The basic idea is that the current through and the voltage
across the coil will be measured. This is done by a shunt resistor in series with the load for measuring
the current. A shunt resistor is of low resistance and minimizes the influence it has on the load. The
signal has to be amplified, a choice has to be made whether the current sensing will be done inline or
at the high or low side [25]. For the over current protection, the low side of the H-bridge is measured,
because of simplicity the sensing method. For the control application, inline current sensing will be
used. The voltage measurement is done by voltage dividing the voltage across the coil. The signal has
to be amplified before it is processed. It is important to note that inline current sensing requires an
amplifier with a wide common mode voltage range. This is because of the over and undershoot of the
PWM. For the design of the PCB, the pins are made available to measure the current and voltage and
alter the frequency and duty cycle of the PWM. This makes it possible to improve the efficiency of the
system and detecting the presence of a Zebro.

4.2.2. Coils and compensation network

The design of the coils can be optimized with help of simulation software. The process of designing
optimal coils for the given application is an iterative process and requires an extensive study in itself.
Design guidelines for coils exist that optimizes the power transfer [26]. The outer shape of the coil, the
diameter of the wire, the separation of the windings and the number of turns do not have a significant
influence on the coupling factor k. However, other parameters do have a significant influence on the
coupling factor which are listed below.

e The outer shape of the receiver coil should be maximized to the receiver’s area.
o The inner radius of the transmitter coil should be minimized.

e The transmitter coil radius should be greater than the receiver coil radius.

e Minimizing the diameter of the wire decreases the quality factor of the coil.

These design rules helps for optimizing the coupling factor k between the two coils. The quality factor
Q can be optimized by varying the diameter of the wire, the spacing between the turns can affect the
operating frequency of the system. Litz wire is used to minimize the effect of the high frequency AC
through the coil. The phenomena ’skin effect’ causes an increase in resistance of the wire at higher
frequencies. Optimizing the design of the coil, also affects the design of the whole system. For the scope
of this project, the design of the coils is kept to a minimum.

Coil design

For the sake of simplicity the coil is chosen with respect to the form factor and the availability. The
winding ratio of the coils is 3:1 to guarantee that the 48V at the primary side is 16V at the secondary
side. The mutual inductance of the coil can be calculated via numerical methods. In the Zebro GIT a
Matlab script can be found that numerically calculates the mutual inductance, knowing the inner and
outer radius of the spiral coils. The charging pad and the ZEBRO limit the area the coils can cover.
Therefore, the following dimensions are chosen with respect to the inner and outer radius of the coils.

Table 4.1: Coil dimensions

Primary coil | Secondary coil
Inner radius (mm) | 250 500
Outer radius (mm) | 750 650

The inductances of the coils depend on the geometry and the physical parameters of the coil. The coil
is wound with Litz wire with a diameter of 1.8mm. These values result in an inductance of Ly = 97uH
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and L, = 20puH and a mutual inductance of M = 30uH For an optimal design of the coils, the design
guidelines in the previous section and the method in this section should be used to obtain the mutual
inductance of the coils.

Compensation topology

Compensation is needed such that the reactive power consumed by the circuit will decrease. This is
done by adding capacitors at primary and secondary side of the coils. Different topologies are possible.
For the application to charge a battery, the SS-topology is chosen. The SS-topology is optimal for bat-
tery charging applications where misalignment is an issue[15]. The WPT acts as a constant voltage or
constant current source which is preferred when charging a battery. Also, the compensation capacitors
will be independent of the mutual inductance and the load. For this topology, the capacitor values only
rely on the self-inductances of the primary and secondary coils. This is desirable when misalignment is
an issue, in which the mutual inductance varies with respect to the position of the coils.

For the SS topology the power delivered and the efficiency of power transmission to the load can
be defined as [27]:

Pyt = Vin MR, 44

Ut ™ (Ry(Ry + Ry) + w?2M?)?2 (4.4)
w?M?R,,

n (4.5)

T Ry(Ry + R,)2 + w?M2(R, + R,)

Where R; and R, are the resistances of the coils. These AC resistances can be calculated [28] or
measured. The compensation capacitor at the secondary side can be calculated with the following
equation:

1
Csecondary = W (4'6)

ots

Where w, is the operational frequency that will be determined in the next section. The primary
capacitor can be calculated with the following equation:

1
Corimary = Wl‘p (4.7)

Operational frequency and capacitor values

The compensation network determines the self-resonant frequencies of the primary and secondary side.
The circuits can be analyzed as LC-tanks. The system has to switch at the self-resonant frequency of
the secondary side. This is to reduce the reactive power seen from the source. For design purposes,
first an operational frequency is chosen. Based on this choice, the components are chosen to fit the
operational frequency.

The operational frequency is chosen, by considering the efficiency of the system. In the previous section
the efficiency is mathematically derived. For the design process, a mutual inductance of M = 30uH is
used. A logarithmic graph is plotted with varying values of Rjyqq in ohms.
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Figure 4.2: Efficiency as a function of the frequency. Rjoqq is displayed in ohms.

The figure shows that an optimal frequency for a varying load between 2.5Q and 75 € is 180 kHz.
For safety reasons specified in the requirements (B.2) and discussion in section 3.3 the system should not
exceed a frequency of 150 kHz. Also, according to the BMS requirement (C.3) the operating frequency
should be < 1 MHz. Therefore, the operating frequency is chosen to be 100 kHz. Further analysis is
done in appendix D, where the coupling factor of the coils is compared with respect to the frequency.

4.2.3. Rectifier

A full bridge diode rectifier is used to rectify the sinusoidal signal induced by the secondary coil.
The diode bridge is a form of passive rectification. The alternative was active rectification, with a
synchronized rectifier which has a higher efficiency. In the synchronized rectifier the diodes from the
passive rectification are changed with active controlled switches. The diode bridge has a lower efficiency,
because of the voltage drop over the diodes. The advantage of the diode bridge is that it does not need
a controller to control switches as in an active rectifier, which also saves space. From the requirements
the output voltage should not be able to go above 32 volts, to achieve this, over voltage protection
limits the output of the rectifier.

Diode Bridge and smoothing capacitor

A diode is a component that lets current only flow in one direction. In the H-bridge configuration the
diodes flip the negative side of the sinusoidal signal to the positive side, creating a full ripple DC signal.
For the rectifier to be efficient it is important that the diodes have a low voltage drop and a low internal
resistance. Schottky diodes are a type of diode that have a low voltage drop and have a high switching
speed in comparison to pnjunction diode. The disadvantage of a Schottky diode is that the breakdown
voltage is limited [29], to overcome this issue Silicon Carbide Schottky diodes can be used[30].
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Figure 4.3: Full bridge rectifier with smoothing capacitor [31]
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To keep the output voltage as constant as possible, a capacitor can be used. From the requirements in
section 2.2.2 is determined that the ripple should not be more than 0.5V. The capacitor smooths the
full ripple signal to a steady DC signal by discharging the capacitor when the rectified waveform goes
down. The ripple caused by the discharging of the capacitor is given in eq. (4.8)[31]. I, is the capacitor
current, C is the output capacitance of the capacitor, Z—'Z is the change in voltage over the time the
capacitor discharges. eq. (4.8) can be written as eq. (4.9), from this can be seen that the ripple not
only depends on the capacitor but also on the frequency.

When designing the capacitor compensation eq. (4.4) is used to check if the output power is the same
as the required 100W, which is the case. The simplified model used for the power output calculation
is too basic too say something about the actual power transfer circuit with rectifier. In the simplified
model the load of 16£ specified by the battery management system team looked good to achieve the
power transfer of 100W. But, when the input of the rectifier is seen as a sinusoidal 16V 100kHz source,
the output voltage is a steady 16V when the losses of the of the diodes are neglected. With a 16V
output and a desired output power of 100W the output impedance should be rated at 2.56(, instead
of 160, the current is then 6.25 Amps. Impedance matching can be performed to reach a higher power
transfer. For the design of the capacitor [;oad = 6.25A is used, because this will result in an 100W
output power at 16V. If the current is lower, but the capacitor is still designed for 6.25 Amps the ripple
will always reach the requirement of a ripple of 0.5V.

o625 o 110
T 105+05 M (4.10)

To decrease the equivalent series resistance (ESR) of the capacitors multiple capacitors should be placed
in parallel.
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Over voltage-protection

According to the requirements in section 2.2.2 the output of the WPT system has to limited to 32
volts. To achieve this the circuit has to automatically switch off the supply to the load when the limit
is reached. The transistor is an electrical component which can be used as electrical switch. The on/off
state of a transistor is determined by the gate voltage. To control the gate voltage another transistor
is used. This second transistor only conducts when there is a voltage difference over resistor R1, shown
in fig. 4.4. There will only be a voltage difference over the resistor when the input voltage of the over-
voltage protection is higher than the break down voltage of the Zener diode. The Zener diode is a diode
that operates like a normal diode until a specified voltage is reached, the breakdown voltage, then the
Zener diode also works in the reverse direction.

O m - ] -

Zener

R2

i

Figure 4.4: Circuit design of Over-voltage circuit

Simulation

All the images of the models and simulation are in appendix C. To assess whether the selected design
would work as expected, models were made of the circuits of the rectifier and overvoltage protection in
LTspice XVII, as seen in fig. C.1 and fig. C.2. After both parts worked as expected an model was made
of the rectifier with overvoltage protection, shown in fig. C.3.

To test the model of the overvoltage protection, an impulse signal is given as input. The input signal
starts at 25V and after 5ms the input signal rises to 35V. From the output signal, shown in fig. C.4, it
is clearly seen that as the voltage after 5ms at the input goes up, the output voltage drops down to 0V.
This illustrates that the overvoltage protection works.

The diode bridge rectifier is simulated by providing a sinusoidal voltage source of 16V at the input, in
fig. C.5 the simulated output is shown. The load resistance is 16€), and the ripple is 0.5V. According
to the calculated smoothing capacitor the ripple should be lower than 0.5V, because the current is ap-
proximately 1A. With this knowledge, that the ripple is not as expected by the calculation in eq. (4.10),
more value must be attached to simulations than to the calculation.

In the simulation of the whole rectifier, the diode bridge and overvoltage protection, the capacitor
value is higher than calculated which results in an ripple of 0.4V. In fig. C.7 input and output signals
of the whole system are shown, when a 16V 100kHz signal is delivered at the input. To test the over-
voltage protection of the rectifier a 35V 100kHz signal is delivered at the input. In fig. C.8 it is seen
that the overvoltage protection starts working as expected at an output voltage of approximated 32V.
To also test if the overvoltage protection protects the system of voltage spikes, a DC input signal with
an impulse is simulated for the whole rectifier. The input signal is changed from an steady 16V input
to an steady 35V input. As seen in fig. C.9 voltage spikes will not go above 32V. When the voltage
increases to larger values than 35V the peak of the voltage spike will not go above the 32V, the only
thing that happens is that the spike becomes narrower.






Prototype implementation

In this chapter the design is implemented into hardware. In the following sections the prototypes are
discussed, the test plan is executed and results are discussed. Further on, conclusions are drawn on the
entire project and possible future work is treated.

For testing purposes, the system is again divided into three parts. Each subsystem is tested with
the proper inputs and measured at the output. The inverter has to be tested to verify if the require-
ments are met, such as the DC to AC inversion, the overcurrent protection, the shutdown and turn
on voltage levels. The coil design is verified by measuring the inductances of the wounded coils and
by measuring the mutual inductance of the coils. The verification will be done by comparing the mea-
sured values with the calculated values. The rectifier is tested for the requirements set in the previous
chapter. These include rectifying the signal, over-voltage protection and the percentage of ripple in the
rectified signal. The prototypes are built to verify the functionality of the designs, a further design
iteration is needed to get production-ready hardware. Form factors of the prototypes are not suitable
for implementing in the rest of the system.

25
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5.1. Prototype

5.1.1. Inverter
The prototype is built on an experiment board with through hole connections with relatively small
diameter wires. This prototype would not be optimal for the required power transfer. However, the
prototype is built to test the behaviour of the IC. The LM5054 is bought in a 28TSSOP package since
this was readily available. An adapter is used for the 28TSSOP package. The prototype board is
depicted in fig. 5.1.

Figure 5.1: Inverter prototype

5.1.2. Coils and compensation

The coil dimensions specified in the design are wound and the inductances are measured with an LCR-
meter. The measured inductances, mutual inductance of the coils are to be found in table table 5.1. The
mutual inductance is measured with the coils axially aligned and with a vertical distance of 5 mm. The
capacitor values are dependent on the availability of the components. Therefore the following values
are chosen. The calculated mutual inductance M., = 26uF corresponds with the measured mutual
inductance with an error of 13.3 percent.

| Component | value |
Ly 97 uH
L 20 uH
Cp 12.7 uF
C, 270 uF
M 30 uH

Table 5.1: Values coils and compensation capacitors

5.1.3. Rectifier

After the simulations verified the designed circuit, a prototype was implemented on an experiment
board, fig. 5.2. For the prototype of the experiment board, off the shelf components were used that
were available at the lab. One main difference of the simulated model and the one on the experiment
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board is that the Zener diode on the experiment board is 5.6V instead of 30V, when the input signal
is above the 5.6V +the Vipresnora of the PMOS transistor the overvoltage protection will start working.
The PMOS that is used on the board is a IRF9530 Power MOSFET [32]. The threshold of the IRF9530
is between the 2V and 4V. It was possible to get the Zener voltage to 30V by putting them in series,
but the used function generator can only deliver small power signals so there was only one Zener used.
Also because the function generator can only output small power AC signals the ripple is not tested
with this prototype.

Figure 5.2: Rectifier prototype
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5.2. Testing and results

This section presents the testing of the prototypes and results obtained by measuring the output of the
prototypes. Also, test setups are presented and discussed.

5.2.1. [nverter

For testing purposes the inverter is connected to the Agilent E3611A DC Power Supply with a limited
output voltage of 35 volts. A resistor is connected at the output of the inverter to measure the output
characteristics of the inverter. The resistor chosen for this test is 250 Q. The over voltage and under
voltage lockout is tested by changing the input voltage of the power supply. The signal at the load is
measured with a Tektronix TDS 2022C digital oscilloscope.
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Figure 5.3: Oscilloscope output of the inverter

The figure shows an output waveform of 20V when the input voltage was set to 20V. The expected
frequency with the R; resistor was 100 kHz. The scope measures a frequency of 123 kHz. This could be
due to the resistance or to the build of the prototype. The problem persisted when changing resistors.
A solution to this problem could be a robust PCB design or connecting an oscillator to the RT pin.
The output waveform shows noteworthy unstable switching. The overshoot is about 60 percent of the
amplitude of the signal. This could be due to the load which is purely resistive or because of the hard
switching of the chip. Soft switching is not enabled in the chip and could be used as an improvement.
Also, the start up of the inverter is not as expected. A solution to this problem would be a pi filter,
which is also recommended in the data sheet.
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5.2.2. Rectifier

After the rectifier was soldered onto the experiment board it could be tested on its functionality. To
supply an AC signal of 100 kHz to the prototype an AFG3021C function generator was connected to the
input. The output was measured via a Tektronix TDS 2022C digital oscilloscope. At fig. 5.4 the test
setup is shown. The output voltage of the function generator was also measured on the oscilloscope to
make sure that the expected output came from the function generator. In fig. 5.5 is seen that when an
input voltage of 7.5V is applied to the circuit that a steady output is generated that is around the 6.5V.
The next figure, fig. 5.6 shows that the output voltage reaches an estimated value of 8V. This is still
reasonable because the maximum threshold voltage of the PMOS is 4V and the breakdown voltage of
the Zener is 5.6V, which results in a maximum allowable voltage of 9.6V. In fig. 5.7 it is seen that when
the input voltage exceeds 10V the output goes down, because the overvoltage protection is activated.
The test results show that the overvoltage protection works as expected and the output gets rectified.

Figure 5.4: Test setup for the Rectifier
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Figure 5.5: Rectifier prototype test, CHl:input, CH2:output, the overvoltage protection is not active
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Figure 5.6: Rectifier prototype test, CHl:input, CH2:output, the overvoltage protection is not active
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Figure 5.7: Rectifier prototype test, CHl:input, CH2:output, the overvoltage protection is active






Conclusion and Recommendations

The design process and the evaluation of the prototypes will be discussed in this section. Further on,
recommendations and future work will be treated for improvement of the system.

Design Process

The WPT system design is an iterative design process, since all the subsystems influence the parameters
of the other. Therefore, a lot of time was spent searching for an optimal design method for the given
application. Several articles exists that provide a guideline for designing a WPT system, which are
included in writing this thesis. The focus of the thesis was set on improving the primary and secondary
side of the system to meet the requirements. The result of the design process is a functioning inverter,
topology of compensation and a rectifier that meets the system requirements. Implementation of the
basic design needed a lot of debugging. Improvement of the basic system is not implemented. Therefore,
the design proposed in the thesis is to be used as framework for improvement of the WPT system.
Improvement is done by the theory provided in the thesis and the expandable design of the PCB.

Evaluation of the prototypes

The prototypes presented in the thesis are tested on the functionality of the designs. These function-
alities are validated and will be built upon. The actual PCB designs will have to consider the area of
the traces to allow the required power transfer. Also, placement of the components and heat sinks for
transistors have to be taken into account for designing the circuit. The prototypes need an iterative
design process to be production-ready for the overall system. The overall system will be tested when
the PCB designs are implemented.

Future Work

The system is open for improvement as was discussed in the design process. The PCB is designed for
improvement of the system. Possible improvements are variable frequency control at the primary side.
This solves the problem of a varying load for the battery charging application. Another improvement
is the design of the coils. In the coil design, design guidelines are given for an optimal design for the
system. Optimizing the coils affect the parameters of the compensation and the operating frequency,
therefore the frequency will be adjustable on the PCB of the inverter.
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B.1. Inverter components

Inverter

Component Value  Comments Availability /Ordercode
Rovp1 20K

Rovp2 46K

Ryvro1 20K

Ryvio2 172K

RT 100K

Cvcc 10 pF

C 0.1 uF

Res 0.3

Rfilter 1.1 K

Criter 15 nF

Cgst 0.1 uF

NMOS NA IPB530N15N3 Available at the Tellegen Hall
IC Adapter NA LCQT-TSSOP28 Farnell: 2476044
LM5045 NA Farnell: 2064692

Table B.1: Inverter component overview

The components without a specified availability are available in the Tellegen Hall. Also, ceramic
capacitors are preferred because of the low ESR.
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B.2. Inverter schematic
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Figure B.1: KICAD schematic of the inverter design



Rectifier simulations

Figure C.1: Design of Over-voltage circuit

Figure C.2: Design of diode bridge with smoothing
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Figure C.3: Design of the whole rectifier, diode bridge with overvoltage protection
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Figure C.4: Simulation of overvoltage circuit, input:25V after 5ms 35V

3.796ms 3.800ms 3.80dms 3.808ms 3.812ms 3.816ms 3.820ms 3.82dms 3.828ms 3.832ms 3.836ms 3.840ms

Figure C.5: Simulation of diode bridge with smoothing capacitance, input: 16V 100kHz

Figure C.6: output of diode bridge with smoothing capacitance, input: 16V 100kHz
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V(out)

2.396ms 2.400ms 2.404ms 2.408ms 2.412ms 2.416ms 2.420ms 2.424ms 2.428ms 2.432ms

Figure C.7: The complete rectifier simulation: input:16V 100kHz

Figure C.8: The complete rectifier simulation: input:35V 100kHz

V(out)

Figure C.9: The complete rectifier simulation: input:16V after 5ms 35V



In this section the coupling factor is analyzed with respect to the operating frequency of the WPT
system. The values of the coils and capacitors in the Design section chapter 4 are used for this analysis.

PARAMETERS
COUPLING 1

G R1 f) c2 R2
X1
F {F

va 126656~ 0:1974 26114e-8  0.0329/7R
{CGUPLING}
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R3

bW,

Figure D.1: Pspice simulation with varying coupling factor.

100KHzZ 118KHz 120KHz 130KHz 140KHz  158KHZ

Figure D.2: The current through the primary coil vs the frequency with a varying coupling factor.
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44 D. PSPICE simulation

When varying the coupling factor in PSPICE the curve plotted in fig. D.2 can be extracted. The
current through the primary coil versus the operating frequency is displayed in the graph. From this
is it can be concluded that the frequency should be > 60kHz such that the system won’t exceed the
current limit. The green line is for a coupling factor of zero (k = 0) and the blue line is for a perfect
coupling of one (k = 1). The maximum coupling that could be achieved was a coupling factor of
k = 0.7 Choosing an operating frequency depends on considering the maximum primary current and
the efficiency of the whole system and other requirements of the system. For the design in this thesis
an optimum was chosen at 100 kHz.
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