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Abstract

With the integration of solar panels in urban areas, where shading is a common issue, it is desired to
realize more shade-resilient designs. A DC-DC boost converter is an electronic device that can be used
for maximum power point tracking (MPPT). When implementing MPPT at sub-module level, the shade
resilience of the module can be increased. This thesis aims to investigate the feasibility of implementing
planar inductors into c-Si solar cells using the numerical simulation software COMSOL Multiphysics®.

Through simulations, the inductance and resistance values for various planar coil geometries were
obtained. Subsequently, the feasibility of using these coils in a sub-module DC-DC boost converter was
investigated. For this study, a specific case was assumed where a Gen 2 Cell - 160 mm c-Si cell is
used with a DC-DC boost converter with a duty cycle of 0.5 and a current ripple of 20%. Given the
parameters from these devices, the minimum required inductance of 1.20 uH for a frequency of 200
kHz and 2.40 pH for a frequency of 100 kHz were obtained. The series resistances that can be added
to the solar cell while still maintaining high efficiency, range from 1.0 m$Q to 4.8 mQ, for a 1% to a 5%
power loss, respectively. This is all for single-cell power conversion.

Two different approaches have been examined; the screen-printed coil(s) approach and the screen
printing thickness exceeding coil(s) approach. The former studies coils that do not exceed the maximum
thickness achievable with screen printing. As such, these coils could be simpler to implement into a
solar cell production line than coils with a higher thickness. In this research, for thicknesses below 300
pm a best-case scenario is studied where the skin effect is neglected. The latter studies a larger range
of thicknesses, not taking any specific production method into account, but the skin and proximity
effect is taken into account. The screen-printed approach is limited to a thickness range of 10 um
to 200 um, thus simulated by the 2D model. For the air-core single-cell inductors for DC-DC boost
converter applications, the inductance and resistance values were either below the 1.20 uH threshold
or above the 4.8 m{) threshold, respectively. These thresholds change depending on the number of
series-connected cells. The inductance of a planar inductor can be boosted up to 200% when adding a
magnetic material in a sandwich structure, however, this will also increase the costs of the application.
In a boosted-inductance case, the 3-turn coil with a thickness of 200 um, and a 5% power loss is the only
configuration that is feasible for a 200 kHz DC-DC boost converter application, with an inductance of
1.569 pH and a resistance of 3.45 m{2. By increasing the number of coils per cell, the power dissipation
in the coils can be reduced. Using this approach, six feasible topologies can be created. One of those
is the nine parallel-connected 8-turn coils with a thickness of 200 um, reaching an inductance of 1.210
wH and a resistance of 3.186 mf(2, allowing for a 200 kHz DC-DC boost converter application without
any magnetic inductance increase. All six options are feasible for integration on a single cell using
screen printing, however, the actual resistances will be higher due to the skin and proximity effect,
and single-cell integration will be too expensive for industrial applications. When studying thicknesses
above the screen printing limit, only the 4-turn coil with a thickness of 300 um, a magnetically increased
inductance of 2.718 pH, and a resistance of 4.01 mf}, is feasible for the 100 and 200 kHz frequencies.
This case however does neglect the skin effect. For the 3D model and thicknesses above 400 um, the
skin effect significantly impacts the resistance. When series connecting multiple cells to a single coil,
the only feasible option is the eight-cell connected 8-turn coil for a thickness of 200 um and 300 um,
both reaching a magnetically increased inductance of 10.431 uH and resistance of 23.33 m{2 and 15.56
mf2, respectively.
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Introduction

This chapter provides some background on the relevance of this thesis, and describes the project in
detail. Several of the theory mentioned in this chapter will be further explained in Chapter 2 Theoretical
background

1.1. Human influence on the environment

Greenhouse gasses are essential to life on Earth, trapping heat from the Sun in the atmosphere, resulting
in a livable temperature. As can be seen in Figure 1.1, the greenhouse gas concentration on Earth has
been fluctuating over the past hundreds of thousands of years, resulting in both warmer (interglacial)
and colder (glacial) periods. Since the start of the Industrial Revolution in 1750, the CO2 concentration
has been rising at a historically high pace. The last time the atmospheric CO5 levels were this high
was over 3 million years ago, with temperatures 2°- 3°C higher than pre-industrial times, and sea levels
15-25 meters higher than today [1].

CARBON DIOXIDE OVER 800,000 YEARS
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Figure 1.1: Carbon dioxide concentration over the past 800,000 years [1].

Since the 1980s, each decade has been warmer than the previous one, according to the World
Meteorological Organization, and 2021 is one of the seven warmest years on record, with an average of
1.11 (£ 0.13) °C above pre-industrial era levels [2]. Carbon dioxide levels are mostly rising because of
the burning of fossil fuels, which contain carbon pulled out of the atmosphere through photosynthesis
by plants over many millions of years. With our energy mainly coming from fossil fuels, like coal, oil,
and gas, we currently emit around 50 billion tonnes of COse each year, which is more than 40% higher
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than the emissions in 1990 [3]. The largest single source of greenhouse gas emissions is the electricity
and heat production sector, which contributes to 25% of the total amount of global emissions in 2010
[4]. With more economic sectors electrifying, it is expected that this number will only increase if we
keep producing electricity by burning fossil fuels. For that reason, we must look for more sustainable
ways of producing energy.

1.2. Solar energy

One such sustainable energy source is solar energy. With The Sun being the largest energy source at our
disposal, carrying sun rays to the planet Earth with an immense amount of energy, it delivers around
89,300 TWh of energy every hour [5]. Photovoltaic (PV) solar systems transform the energy of sunlight
into electricity using solar cells. Photovoltaic systems have become one of the leading technologies
among the sustainable energy sources, reaching a total gross electricity production of 821 TWh globally
in 2020, accounting for 3.1% of the global energy generation. This makes it the third-largest renewable
energy source behind hydropower and onshore wind [6]. The installed global power capacity from
solar energy has increased exponentially from 0.65 GW in 2000 to 707.50 GW in 2020, see Figure 1.2.
However, the PV market is still rather small in comparison to well-established conventional energy
sources, such as coal.

Installed solar energy capacity
Cumulative installed solar capacity, measured in gigawatts (GW)
700 GW World
600 GW
500 GW
400 GW
300 GW
200 GW
100 GW

W

2000 2005 2010 2015 2020

urce: Statistical Review of World Energy - BP (2021) OurWorldInData.of

Figure 1.2: Installed solar PV capacity from 2000 to 2020 worldwide [7]

Part of this growth is due to the decrease in the Levelized Cost of Electricity (LCOE) of PV modules
over the past decade [8]. Decreasing solar PV module prices, Balance of System (BoS) costs, and an
increasing capacity factor, have already led to solar electricity costs through power purchase agreements
below US$0.02/kWh in sunny countries and US$0.047/kWh in Germany [9]. Around 95% of this capac-
ity is based on crystalline silicon (c-Si) solar cells [10].

There are two main types of configurations for solar cells; the front-back contacted (FBC) and
interdigitated back contacted (IBC) solar cell, as presented in Figure 1.3. The FBC has the metal
contacts for charge carrier collection on both sides of the wafer, as is most common for the commercial
c-Si solar cells used today. The newer IBC structure has all the contacts located on the back of the cell,
eliminating the shading losses that take place with the FBC structure. The metal finger pattern on the
front side of an FBC cell is already highly optimized for minimal shading and resistive losses, but there
might be room to create spiral-like patterns on the backside since no shading losses are taking place
there [11].
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FBC IBC
n-type silicon n-type silicon

- — — &
I .
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[] p+c-Si B Al

Figure 1.3: The front-back contacted (FBC) solar cell is shown on the left, with the metal contacts on
both sides of the wafer, and the interdigitated back contacted (IBC) solar cell is shown on the right, with
the metal contacts on the backside of the wafer [12].

1.3. Power electronics

Though there are different types of PV systems, like stand-alone, grid-connected, or hybrid systems, they
all need power electronics to operate properly. Some of the electronics are DC-DC converters, inverters,
and charge controllers. They are used for Maximum Power Point Tracking (MPPT), conversion from
DC to DC and DC to AC power, and to control the charge that is flowing to and from the battery
system, if there is one present in the system. The configuration of the different PV systems does differ
from one another. In grid-connected systems, the inverter is directly connected from the PV array
to the grid and converts the DC electricity from the PV array into AC electricity needed by the grid.
Sometimes the inverter also contains a DC-DC converter, to convert the variable panel voltage into a
constant voltage used by the inverter. In stand-alone systems, the inverter is usually connected to a
charge controller and the battery system. As the solar system needs to generate the absolute maximum
amount of energy to the load or the grid, the inverters should be highly efficient. A distinguishment can
be made between single-phase and three-phase inverters, where the first is mainly used for low-power
PV systems, and the latter for higher-power PV systems. In Figure 1.4, a set of four different topologies
of inverters can be seen. These are not all the topologies, but the most widely used ones in practice
[13].

(a) (b) (c) (d)

PV module
/

————

= n
‘ 1
t—— - — -
& eutagege:
5 I
—\ 1l {
C

LML L]N

e |

Central inverter Micro inverter String inverter Inverter with optimisers

Figure 1.4: Different inverter topologies [13]

The four topologies are the central inverter, micro-inverter, string inverter, and inverter with optimiz-
ers. The central inverter has the simplest architecture as seen in Figure 1.4 (a), where series-connected
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PV modules are connected in parallel creating a PV array, which in turn is connected to the inverter.
Due to its low specific cost and few components, the central inverter is a very reliable topology and is
mostly used for large-scale PV power plants. Here also arises the disadvantage of the central inverter
being less flexible and having high losses during current mismatching between different PV modules.

The micro inverter is presented in Figure 1.4 (b), where each inverter is directly connected to one or
several PV modules. This allows for module optimal MPPT and minimizes the mismatch losses from
non-optimal MPPT, present in the central inverter. The inverter first boosts the DC voltage to the
required value, since the PV module has a low voltage rating. Then the voltage is converted from DC
to AC, allowing for grid connection or AC loads. These micro-inverters are closely placed to the PV
panels, sometimes even directly integrated into the panels (AC PV panels) [13]. This wide range of
advantages does come at a certain cost. Due to their placement, the environment of the inverters is
the same as that of a PV module. These environments are all but generous for inverters, with strongly
varying temperatures and high-temperature peaks [14]. The micro inverter has the highest specific cost
of the four inverter topologies and the inverter efficiency is also lower, due to the low PV module voltage
which has to be boosted a lot to reach the desired AC voltage.

For smaller PV systems, like households or office buildings, the string inverter (Figure 1.4 (c)) is
used, where there is more need for accurate MPPT. It combines the advantages of both the central and
micro-inverters, with a high power-rating and more controllable MPPT. One disadvantage is that due
to the high open-circuit voltages (up to 1 kV), the protection of the system requires extra consideration,
especially since string inverters are mainly installed in households or offices [13].

Lastly, there is the inverter with optimizers topology, shown in Figure 1.4 (d), which is a combi-
nation of a central inverter with module-level power optimizers, where every module can operate at
its oPP. This is possible since every optimizer contains both an MPP tracker and DC-DC converter,
allowing a wider range of input voltages for the system to operate without losing power.

One of the big issues that can occur at both the central and string inverter, is the formation of
hotspots. This generally occurs when (partial) shading takes place or the cell is damaged or connected
incorrectly. Hotspot heating can occur when a large number of series-connected cells cause a reverse
bias across the shaded cell, leading to the dissipation of power in the shaded or faulty cell. All the
generating capacity of the good cells is dissipated as heat in the faulty cell. When this enormous power
dissipation occurs in a small area in the faulty cell, it can lead to local overheating, or ’hot-spots’, which
in turn can lead to destructive effects [15].

With the increase of urban PV applications, partial shading of solar cells is becoming more and
more present. There are several ways to overcome the problems that arise when (partial) shading takes
place. Apart from the micro inverter, another solution is the integration of a bypass diode. Modern PV
modules often contain 60 or 72 solar cells and are usually connected in series. In a series connection,
however, the overall current is limited by the lowest current-producing cell, as opposed to a parallel
connection where the overall current is the sum of all parallel-connected current-producing cells. By
connecting a bypass diode parallel to a set of series-connected cells, the string of cells is bypassed in
case of a mismatch. If no mismatch takes place, the bypass diode will be in the off-state and blocks
the flow of current, allowing the current to flow through the string of solar cells. If a mismatch does
occur, due to for instance shading, the bypass diode will be in the on-state, allowing the current to flow
through the bypass diode and not through the string of solar cells. By increasing the number of bypass
diodes, the effects of current mismatching can be reduced. This does come at the cost of increased
losses from the diode, since there is a (slight) voltage drop when the diode is active, but also leakage
currents will be present when the diode is inactive. An example of a typical industrial module with 60
cells and three bypass diodes can be seen if Figure 1.5.
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Figure 1.5: The left figure shows the current flow when no shading takes place, whereas the right figure shows a panel
with shading, eliminating a string of cells.

1.4. Cell-integrated electronics

To extend the different PV applications and maximize the harvest of the available solar energy, the next
generation of intelligent PV-based devices has to be developed. These PV devices will not only generate
electricity but include many functionalities. The research field that focuses on this combination of intel-
ligent PV and digital technologies is called photovoltatronics, which aims at maximizing the generation
of electricity and its utilization. To continuously deliver optimal useful energy from PV generators,
they have to be equipped with intelligence that can adapt to the changing conditions of operation. One
way of adding intelligence is by integrating electronics and sensors onto a PV cell [16]. The integration
of power electronics could lead to a more controlled MPPT of a set of PV cells, or even a single cell,
which in turn could reduce for instance the losses from shading, thus creating shade-resilient solar panels.

1.5. Equivalent models
1.5.1. Solar cell

The operation of a PV cell can be described using an equivalent circuit model, as can be seen in
Figure 1.6. An ideal current source delivers current proportional to the photocurrent that is generated
in the cell. Two conditions are of interest for the equivalent circuit, which is the short-circuit current
(Isc) and the open-circuit voltage (Vo). These two conditions are further explained in Section 2.3. In
Figure 1.6 a PV equivalent circuit with resistive elements, that would account for power losses, is shown.
The resistive elements are made up of a parallel shunt resistance Ry, and a series resistance Rg. The
former is mainly due to manufacturing defects, resulting in a low shunt resistance which causes losses
in the solar cell by providing an alternate current path for the current generated by the light [17, 18].
The series resistance is mainly formed due to three causes: the movement of current through the solar
cell, the resistance between the metal contact and the silicon, and the resistance due to the connection
to the metal contacts [19, 20].
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Figure 1.6: Equivalent model of a PV cell

1.5.2. DC-DC boost converter

Since the output voltage of the PV modules is not always constant, a DC-DC converter can be placed
between the PV module and the inverter, transforming the variable module voltage into a constant
voltage. It is a medium of power transmission to perform energy absorption and injection from a solar
panel to a grid-tied inverter. Furthermore, a DC-DC converter can be used to perform maximum power
point tracking (MPPT), which controls the operating point of the modules. The energy absorption and
injection are performed by a combination of four components, which are the inductor, the transistor, the
diode, and the capacitor. Two important topologies of DC-DC converters are the buck (or Step-down),
and the boost (or Step-up) [21]. A circuit model of a DC-DC boost converter can be seen in Figure 1.7,
where the inductor is the first component in the model. When connecting a PV module to a boost
converter, the inductor will be series connected to the PV module, allowing for a shift in the placement
of the inductor to the module.
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Figure 1.7: Circuit of a DC-DC boost converter

1.5.3. Combined circuit models

Most of the time the PV power electronics are housed in the junction box, which is situated on the back
side of the solar panel. Integrating parts of the power electronic components into the design of a c-Si
solar cell opens up new ways of designing PV modules. Most DC-DC boost converters are placed in
the junction box, where the inductor is most of the time the most expensive and bulky component [22].
Inductors are one of the basic components of power electronics relevant to PV modules. It is usually
a coil of wire that sets up an alternating magnetic field when an alternating current passes through
it, and the inductance is the property of an inductor that opposes the change in current. It would
be beneficial to create solar cells with a high self-inductance to replace the inductor from the DC-DC
boost converter. One way of measuring the performance of an inductor is by studying the quality factor,
which is a measure of inductance over resistance for a given frequency. There is however a trade-off
for finding the highest quality factor, as most of the time with an increasing number of turns, the
inductance increases, but so will the resistance. This trade-off will be further discussed in this research.
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When examining the equivalent model of both the PV cell and the DC-DC boost converter, there
is a possibility to create smaller, simpler, and cheaper designs [12]. When connecting a DC-DC boost
converter to a solar cell, the inductor will be series connected to the series resistance. A new proposed
model will be discussed in this report, which can be seen in Figure 1.8, where the blue dotted part
indicates the PV sub-module with increased self-inductance, and the green dotted part indicates the
new boost converter without an inductor. In this research, it is assumed that the PV capacitor has a
high enough capacitance to create a low voltage ripple.

DC-DC boost converter

Solar PV Submodule | I
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Figure 1.8: The new proposed model, where the inductor (red) is shifted from the DC-DC boost converter to the PV
cell, increasing the self-inductance of the PV cell.

1.6. Project description and outline

This thesis project aims to research the possibility of integrating a planar inductor on the back side of
a ¢-Si solar cell, where the main question is:

What is the feasibility of implementing a square planar inductor onto the backside of a
c-Si solar cell for application in a DC-DC boost converter?

To answer this question, a multitude of sub-questions have been formulated:

1. What is the required inductance for DC-DC boost converter applications in PV modules?

2. What is the maximum allowed series resistance caused by adding a square planar inductor to a
¢-Si solar cell?

3. What inductance and resistance values can be achieved by implementing a square planar inductor
into the fabrication process of a c-Si solar cell?

4. How does the performance of a square planar inductor depend on the number of turns and
conductor thickness for varying frequencies?

5. How is a rectangular cross-sectional wire with varying dimensions affected by skin effect?

With the introduction to the subject given, the chapters are ordered as follows. The theoretical
basics of PV technology, power electronics, (planar) inductors, and their integration onto PV cells will
be discussed in Chapter 2. In Chapter 3 the different ways of achieving planar inductor integration are
discussed, after which in Chapter 4 the created model is shown. Chapter 5 and Chapter 6 show the
screen printed coil(s) method and the screen printing thickness exceeding coil(s) method, respectively.
Lastly, the conclusions of this thesis work are presented in Chapter 7.






Theoretical background

This chapter covers some theoretical background of photovoltaic solar technology, inductors, and power
electronics that are relevant for this thesis project.

2.1. Solar radiation

For the coming five billion years the Sun is a constant form of energy that emits enough sunlight on the
Earth to handle the world’s entire energy consumption for a year [23, 24]. With nuclear fusion taking
place inside the Sun, we can approximate the surface, where the emission takes place, as a black body at
a temperature of around 5800 K. The electromagnetic radiation that radiates from the Sun reaches the
Earth in approximately 8 minutes in packets called photons of varying wavelengths [25]. These photons
contain energy which is determined by their wavelength A, and can be calculated with the following
formula:

Where c is the speed of light and h the Planck’s constant.

Over 1.7 - 10'® W of energy reaches the outer atmosphere of the Earth, in the so-called AMO
spectrum, where the irradiance is 1,361 W/m?2. Since parts of the light are scattered and absorbed in
the Earth’s atmosphere, and not everywhere on Earth the surface irradiance is equal, it is of utmost
importance that there is a uniform way of comparing all the different solar cells and PV modules. These
conditions are called the standard test conditions (STC), characterized by an irradiance of 1,000 W /m?,
a cell temperature of 25°C, and an AM1.5 spectrum. This AM1.5 spectrum is a reference to the solar
irradiance on the Sun-facing plane on a surface tilt of 37°to the horizontal, corresponding to the 1,000
W /m? stated earlier. The spectral irradiances of a 6,000 K black body, the AMO spectrum, and the
AM1.5 spectrum are shown in Figure 2.1.
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Figure 2.1: Spectral irradiance at different solar spectra [13].

2.2. Photovoltaic Fundamentals

The working principle of a solar cell is based on a potential difference at the junction of two different
materials (p- and n-type materials) due to electromagnetic radiation (i.e. sunlight), also known as the
photovoltaic effect. Charge carriers are created when an electron is excited from the valence band to
the conduction band. The incoming light, with energy F = hv, excites an electron from the valence
band to the conduction band, leaving behind a hole. When an electron is excited, it creates both a
free electron in the conduction band and a free hole in the valance band. These are called free charge
carriers. This happens in semiconductor materials when the photon energy is higher than the band
gap energy. The electric field created in the p-n junction allows for the electrons and holes to flow in
opposite directions, to the n-type and p-type doped layers, respectively. The charge carriers are then
extracted at the electrical contacts and can be used to power an external circuit [20].

In practice, there are two main types of solar cells used: crystalline silicon (c-Si), and thin-film solar
cells. Both types are suitable for the integration of a planar inductor, however, for this research, the
focus will be only on c-Si solar cells, since they have the largest market share [26].

2.3. Solar cell parameters

In the following section, the main parameters that are used to quantify the results of a solar cell are
explained.

2.3.1. Short circuit current

The short circuit current Iy, of a solar cell is the current that flows through the external circuit when the
electrodes of the solar cell are short-circuited. The short circuit current is standardized to the AM1.5
spectrum since it is dependent on the photon flux incident on the cell. The short circuit current is
dependent on the area of the solar cell. To remove the dependency on the area, the short circuit current
density Js. is often used to describe the maximum current delivered by a solar cell. Under the AM1.5
spectrum, the maximum possible current density for c-Si solar cells is 46 mA /cm?, with commercial
cells having a short circuit current density ranging from 28 mA /cm? to 40 mA /cm? [13, 27, 28].

2.3.2. Open circuit voltage
The open-circuit voltage V,. is the voltage when the net current through the external circuit is zero
and is the maximum voltage that a solar cell can deliver. It corresponds to the amount of forward bias
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in the solar cell, at which the diode current density compensates for the photocurrent density. The
open-circuit voltage can be calculated with the following equation:

kBT Jh k'BT Jh
Voe = —1 LT [ P Oy | b 2.2
) q n<J0 * > q n<J0> 22)

In Equation (2.2), kp is the Boltzmann constant, T the temperature, and ¢ the elementary charge
constant, where the approximation is made when J,, » Jy. The equation shows that the open-circuit
voltage is dependent on the photocurrent density J,, and the dark current density (also known as
the saturation current density) Jy. The photocurrent density is the current resulting from the flux of
photogenerated carriers, and the dark current density depends on the recombination in the solar cell.
For this reason, the V. is seen as a measure of the amount of recombination. Under AM1.5 conditions,
c-Si solar cells in the laboratory have reached a V. of 754 mV [29], while most commercial solar cells
typically have a V,. around 690 mV[30].

2.4. Inductor

An inductor is a passive two-terminal electrical component that stores energy in the form of a magnetic
field and typically consists of a conductor wound into a coil. It plays a critical role in power systems,
filtering, and isolation. An inductor generates a magnetic field when a current passes through it or
generates an electrical current in the presence of a changing magnetic field. In the case of a changing
current, the time-varying magnetic field induces an electromotive force (emf) in the conductor. This
induced voltage has, according to Lenz’s law, a polarity opposing the change in current by which it is
created. This means that if for instance the current through an inductor increases, the induced voltage
will be negative at the end of the inductor and positive at the beginning of the inductor, tending to
oppose the increase in current. When a direct current (DC) is applied to the inductor, it acts like a piece
of wire which can conduct electricity. When an alternating current (AC) is applied to the inductor, it
will oppose the change in current and convert the electrical current into a magnetic field. The two main
categories under which a fixed inductor is classified are ferrite core inductors and air-core inductors.
For the ferrite core inductor, the conductor is wound around a ferromagnetic core, as can be seen in
Figure 2.2. The core is not electrically connected to the inductor and increases the magnetic field lines,
thus increasing the inductance of the inductor. The air core inductor does not have a ferromagnetic
core, but an air core instead. The advantage of an air-core over a ferrite core inductor is that no core
and energy losses take place at high frequencies.

Figure 2.2: Three different inductors, where each wire is wound around a certain type of core [31].

Microchips, also known as integrated circuits (ICs), are a collection of both active (e.g. transistors)
and passive (e.g. inductors) components formed on a single crystal semiconductor substrate which are
connected by a metallization pattern. Since the area of the ICs is very small, ranging from a few square
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millimeters to around 600 mm?, there is little room for a bulky inductor [32]. This is where the planar
spiral inductor is integrated, as can be seen in Figure 2.3, also known as thin-film inductors. With
the increased speed of silicon devices, IC inductors have increased in popularity for silicon-based radio
frequency (rf) and high-frequency applications [33]. Though the topology of the planar inductor differs
from that of the normal inductor shown in Figure 2.2, the working principles are the same. It has been
experimentally demonstrated that thin-film inductors can be used for DC-DC power conversion, even
though they yield a smaller inductance than a conventional inductor [34]. Most thin-film inductors are
made of copper and they can be fabricated in different shapes spiral shapes, like circular, hexagonal, or
square.

Figure 2.3: Planar inductor (hexagonal spiral on the top) on an integrated circuit (IC) [35].

An inductor is characterized by its inductance, which is measured in Henry (H), which usually has
a quadratic dependency to the number of turns [36]. The inductance is the ratio of voltage to the rate
of change of current. The inductance of a square coil as derived in [37] is given in Equation (2.3):

1.27pgN?dy, 2.07
quuare = MOQ g (hl( A

) +0.18A + 0.13A2> (2.3)

Where pi9 is the absolute magnetic permeability, N the number of turns, dovg = (douter + dinner)/2
the average diameter of the coil, and A = (douter — dinner)/(douter + dinner) the fill ratio.

Under a sinusoidal steady-state condition, the current of an inductor lags the voltage by 90°, with
the correlation shown in the following equation [21]:

_ VL _ Vi —jm/2
IL_ij_<wL)e (24)

Where I, is the inductor current, V, is the inductor voltage, L is the inductance, and w = 2xf is
the angular frequency. In an inductor

dip,
Vi(t) =Lk (2.5)
and therefore,
1 t
iL(t):iL(tl)“FE/ v, d€ t>1t (2.6)
t1
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Where ir,(t1) is the inductor current at time ¢; and £ the variable of integration. Figure 2.4 shows
an inductor with current 4r,(¢1) up to t;, which changes at ¢; when a voltage of vy, is applied. Though
the voltage changes instantaneously, the inductor current cannot change instantaneously.

i (t))
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4

Figure 2.4: Relation between an induced voltage and the current in an inductor [21].

When considering a steady-state condition, the voltage waveform of the inductor repeats with a
time period T, like v(t +T') = v(t). When substituting ¢ = ¢; + 7" in Equation (2.6), and acknowledging
that iy, (t1 + 1) = i, (T1), the inductor operating under steady-state conditions results in

1 t14T

T) e =0 (2.7)

Where € is again the variable of integration and vy, the inductor voltage. Equation (2.7) implies that
in steady-state conditions, the average inductor voltage is equal to zero. This is illustrated in Figure 2.5,
where area A equals area B. The integral of the inductor voltage is equal to the change in the inductor
flux linkage, as is implied by Equation (2.7). It states that the net change of flux linkage over one time
period is equal to zero, which is a necessary condition for a steady-state operation.

v,

Figure 2.5: Inductor voltage and current response in steady-state conditions [21].

T+t

A way of measuring the performance of an inductor is with the quality factor, ¢). The quality factor
is defined as Q = Lw/R, where L and R are the inductance and resistance, respectively, and w = 27 f,
where f is the frequency, respectively. It is wanted to have a high quality factor since this would imply
a low resistance in comparison to the inductance. As stated earlier, increasing the number of turns
usually increases the inductance. The drawback of this approach however is that with an increasing
number of turns, the series resistance of the conductor increases as well, since the conductor will both
increase in length and, if the total area of the inductor stays the same, the conductor width will decrease.
The inductance does add up when series-connected, meaning that multiple solar cells could be series
connected to increase the inductance up to the desired value.
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The equivalent circuit model of an integrated inductor is shown in Figure 2.6. The resistivity of
the metal conductors is indicated with Ry, the coupling capacitances between the conductors and the
substrate with Cp; and Cjpa, and the resistances associated with the substrate and the metal conductors
with Rsup1 and Rgyupe. With increasing frequency, the quality factor initially increases linearly, after
which it drops at higher frequencies due to parasitic resistances and capacitances, and the skin and
proximity effect [33].
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Figure 2.6: The equivalent circuit model for an integrated inductor [33].

In [12] several inductance values for different planar coil structures have been highlighted, like 3.13
wH for a 10 cm outer diameter inductor and 12.52 puH for a 13 cm outer diameter inductor.

2.5. DC-DC Boost converter

In DC-DC converters, the average output voltage can be controlled so that it equals the desired level.
The input voltage and the output load may fluctuate. The boost converter, or step-up converter, is a
power converter that increases the DC input voltage V;, to a higher output voltage V,,¢. The energy
absorption and injection processes will make up a switching cycle, where the average output voltage
is controlled by the switching on and off-time duration. Pulse-width modulation (PWM) is a method
used to control the switching behavior, by chopping up the average power delivered by an electrical
signal into discrete parts [38]. When the time integral of the voltage across the inductor (vy) is zero,
we are in a steady-state operation. The following volt-second balance is obtained [21]:

Ts ton T
/ v, dt:/ U, dt—l—/ v, dt =0 (28)
0 0 t

on

The following equation is obtained when applying Equation (2.8) to the boost converter,

Vvin ton + (V;n - ‘/out) toff =0 (29)

with the given that the switching duty cycle, D, is defined as

D= Lo (2.10)

_ (2.11)
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The boost converter will operate in two different modes, known as the continuous conduction mode
(CCM) and the discontinuous conduction mode (DCM). The inductance is calculated to maintain the
boost converter in a CCM, to maintain a stable output current. When the inductance is too small,
the converter will operate in DCM, whereas if the inductance is too large, the converter becomes bulky
and has a slow transient response. Since it is most of the time unwanted to operate a boost con-
verter in DCM, due to high peak currents and RMS losses, this system is designed for CCM operation
[39]. Such a CCM can be seen in Figure 2.7, where it is seen that the inductor current never reaches zero.

| | |
On | Off | On 1 Off
PWM
t
|
Vin
VL
t
Vin'voul
| | |
| | |
ILW‘/\l/‘i\
| | |
Imin | I
| | | t
0 KT T

—ton—F——ton——

Figure 2.7: The PWM, the inductor voltage, and the inductor current from top to bottom [38].

For grid-connected PV systems, most of the time the boost converter is used for MPPT and con-
nected to an inverter, which feeds into the low-voltage grid, where it is coupled to the medium-voltage
grid using large 50 Hz transformers [40]. Fraunhofer has developed a high frequency (HF) SiC transistor
power module with a switching frequency of 16 kHz, which can directly feed into the medium-voltage
grid. They state that they can reach 10 times higher switching frequencies than other state-of-the-art
silicon transistors [41]. By increasing the switching frequency of a power converter, the inductor can
be decreased in size. The increase of frequency does however also increase the switching losses, thus
reducing the converter efficiency [40]. In literature ([38, 39, 42]), a common switching frequency is
found to be 20 kHz, though for this research higher frequencies are investigated. To find a matching
inductance, the following equation is used [43]:

Vin D
L =
Aip f

(2.12)

Where V;,, is the input voltage of the boost converter, D the duty cycle calculated from Equa-
tion (2.11), Aiy, the current ripple, and f the switching frequency of the converter.

To acquire a minimum desired inductance value, the following two assumptions have been made; 1)
the duty cycle is set to 0.5, and 2) the current ripple is 20% of the output current. The value for the
duty cycle is chosen so that the output voltage of the DC-DC boost converter is twice the input voltage.
The average range of the current ripple is between 10 — 30%, thus an average of 20% is chosen [43, 44].
Though these values are not ideal, this thesis investigates this specific case, after which in the future
the assumptions can be altered.

The following data has been extracted from the datasheet of the SunPower Gen 2 Cell - 160 mm,
which can be seen in Appendix A:
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Table 2.1: Parameters SunPower Gen 2 Cell - 160 mm

Parameters ‘ Symbol ‘ Value
Open-circuit voltage Voe 0.677 V
Short-circuit current I 6.33 A

MPP voltage Vinpp 0.575 V

MPP current Lrnpp 5.98 A

For this case, the input voltage and current of the DC-DC boost converter is set to the MPP voltage
(Vinpp = 0.575V) and the MPP current (I,,,, = 5.984 ), respectively. As stated above, the output volt-
age of the boost converter is twice the input voltage, thus resulting in an output voltage of V,,,; = 1.15V.
A 20% input current ripple results in a value of Aipy = 1.196A.

When calculating the different inductance values needed for varying frequencies using Equation (2.12)
and the data from the tables above, the following data is obtained:

Table 2.2: Inductance values for varying switching frequencies.

Frequency (kHz) | Inductance (uH)

10 24.04
20 12.02
100 2.40
200 1.20

2.6. Loss mechanisms

2.6.1. Resistive losses

When integrating planar inductors into c-Si cell designs, the conductor thickness has little influence
on the value of the inductance, but it has a significant effect on the value of the series resistance of
the coil[45]. Since the resistance through a conductor is inversely proportional to the cross-sectional
area of the conductor, when decreasing the conductor thickness, the width needs to be increased to
maintain the same resistance value. However, when decreasing the conductor thickness, with the in-
crease in width, eddy currents can form and increase the winding losses at high frequencies [46]. These
eddy currents occur because of the relative motion between the magnetic core of the inductor and the
magnetic flux, as is presented in Figure 2.8 (a). Since air-core coils do not have a magnetic core, they
are free of magnetic losses, like hysteresis. Hysteresis losses occur due to the reversal of the magnetic
field and the retention property of the ferromagnetic core [47].

2.6.2. Skin effect

In the case of an increasing frequency in an AC system, due to the induced eddy currents, the current
tends to become more distributed along the surface of the conductor. This means that the current
density of a conductor in a high-frequency system is higher near the edge of the conductor and decreases
exponentially with greater depths towards the center of the conductor. This phenomenon is called the
skin effect since the current mainly flows on the ’skin’ of the conductor. The phenomenon is shown in
Figure 2.8 (a) and (b). The thickness of the layer on which the current flows is called the skin depth, o,
which is calculated with Equation (2.13).

2p
§=4/"F% 2.1
o (2.13)

Where p is the resistivity of the conductor, w is the angular frequency (= 27 f), and p is the per-
meability of the conductor, which consists of the relative magnetic permeability of the conductor ()
and the permeability of free space (p).
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Figure 2.8: Illustration of the eddy currents induced in a conductor in (a) [48], and the cross-section of a conductor in
(b), where § indicates the skin depth.

A metal is a material that both has a non-zero conductivity, and has a relatively small skin depth.
When examining the skin depth for copper at varying frequencies, where a maximum operating frequency
of 200 kHz is taken from literature, the following depths are calculated [49].

Table 2.3: Skin depth at varying frequencies

Frequency (kHz) | Skin depth (um)

10 650
20 460
100 206
200 145

Looking at Equation (2.13), when increasing the frequency of the system, the skin depth decreases,
meaning that the same amount of current has to flow through a smaller cross-sectional area than at a
lower frequency. This means that the resistance in the conductor also increases.

2.6.3. Proximity effect

Another loss mechanism in conductors is the proximity effect, which is an electromagnetic phenomenon
that causes non-uniform current distribution in multi-turn windings or nearby conductors. It can lead
to a significant increase in resistance, and thus power loss, like the skin effect. Due to the proximity
effect, the currents that flow in the same direction seem to 'repel’ each other (direct prozimity effect),
and the currents that flow in the opposite direction seem to ’attract’ each other (reverse proximity
effect). These two cases can be seen in Figure 2.9. Both the skin and proximity effect have a similar
underlying cause, the induced eddy currents in the body of the current-carrying conductor, however,
for the proximity effect these are induced because of the magnetic field from the nearby conductor
penetrating the conductor perpendicular to the axis of the conductor. As can be seen from the top
conductors in Figure 2.9, at the outer edges the direction of the eddy currents is the same as the main
current, thus adding up to a higher local current density (indicated in reg). On the other edge, the
direction of the eddy currents opposes the direction of the main current, therefore resulting in a lower
local current density (indicated in green). Since the local power loss is proportional to the square of
the local current density, even though the overall current density in the conductor stays the same, there
will be an increase in power loss in the conductors experiencing the proximity effect [48].
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Figure 2.9: Proximity effect in two round wires, where the current in the top conductors flow in the same direction
(equal phase), and the currents in the bottom conductors flow in the opposite direction (opposite phase).




Approach

In this chapter, the way that a planar inductor can be integrated into a c-Si solar cell is discussed. In
Section 3.1 the so-called coupled approach method is explained, after which in Section 3.2 the decoupled
approach is discussed.

3.1. Coupled approach

The integration of the planar coil onto the solar cell can be done in a couple of ways. Since the metal
finger pattern on the front side of the FBC solar cell is carefully optimized for the shading and resistive
losses, there is limited room for the integration of a planar inductor [13]. The backside of the FBC solar
cell however has no shading losses (in case we are working with non-bifacial solar cells). In Figure 3.1
we can see two FBC cells, with the left image showing the backside of a normal n-type solar cell with
a full metal back contact. The right image shows the so-called coupled approach, where the metal back
contact is redesigned into a spiral-like pattern. By creating a back contact with a spiral-like shape, there
is a possibility of increasing the self-inductance of the solar cell. This approach offers ease of integration,
as there is a possibility that this can be done with little to no additional fabrication steps with respect
to the standard production of ¢-Si cells. It should be noted that Equation (2.6) is not directly suitable
for this solar integrated inductor, since the current through the metal conductor will increase towards
the outer side of the coil, meaning a non-uniform current distribution across the inductor [12].
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Figure 3.1: Sketch of a normal FBC cell on the left and an FBC with a possible re-designed back surface on the right.

3.2. Decoupled approach

The second method is the so-called decoupled approach, in which an insulator is placed between the
charge carrier collection layer of the solar cell and the planar inductor. Depending on the type of con-
verter that the inductor is applied in (buck, boost, or buck-boost), it will be either directly or indirectly
connected to the solar cell. In case of a direct connection, as is the case in this thesis research, the
insulator and the solar cell will have a direct point of contact through the hole in the insulating layer,
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as can be seen in Figure 3.2. This direct connection represents the series connection of the solar cell to
the boost converter.

I
1

n+ n+t n+ n+ Nt
n-c-Si

[ n-typec-Si [ Sio,
B n+ c-Si B Metal

Figure 3.2: Sketch of an FBC cell with the decoupled approach.

The direct connected decoupled approach would still have the point contacts on the solar cell in
order to reduce the defects of the metal-semiconductor interface [13]. This eliminates the property of
the coupled approach in which the current is non-uniform and increases with each turn. It also allows
both the charge carrier collection layer and the planar coil to be optimized separately, making it easier
to increase the self-inductance of the cell. Since a planar inductor is added in series to the solar cell,
the series resistance of the cell will increase, thus affecting the fill factor with respect to standard c-Si
solar cells. Due to the insulating layer, the effect of the magnetic field on the solar cell is reduced in
comparison to the previous method.

The decoupled approach will require extra fabrication steps in comparison to a regular solar cell,
thus the cost-effectiveness will be affected. It is therefore desired to create a planar inductor that could
be easily integrated into the production line of industrial c-Si solar cells.

By adding a magnetic material on one side of the planar coil, the inductance of the thin film inductor
can increase by up to 200% [50]. This would mean that the air core inductor is made into a ferromag-
netic core inductor, with the core on the outside of the inductor. This would most likely increase the
manufacturing costs and the effects of the magnetic material on the solar cell are not yet clear and would
have to be studied [12]. The insulator might even allow for a sandwich structure, where the inductor is
encapsulated on both sides by a magnetic material [51]. Also for both approaches, the effect of parasitic
resistances would need to be investigated, since parasitic resistances can lead to power dissipation re-
sulting in possible temperature increases in the PV cell. This is however out of the scope of this research.



Models

This chapter explains the basics and in-depth computation behind the different models that have been
created to simulate a planar inductor. The simulations were done in COMSOL Multiphysics®, which
is a 3D simulation software used to create physics-based models and simulation applications. The soft-
ware is based on the finite element method (FEM), which discretizes the partial differential equations
(PDEs) into smaller, discrete parts.

For this research two different models have been created, a so-called 2D and 3D model. These two
models have been used to compute two different approaches, which will be explained in Chapter 5 and
Chapter 6. First, the parameters for both models are explained, after which their respective geometries
and materials used are explained. Then the physics that form the backbone of the computation are
discussed and lastly, the meshing applied to each model is explained. Since several parts of both the
2D and 3D models are the same, it is assumed that what is explained is applied to both models, unless
explicitly stated otherwise.

4.1. Geometry
This section explains the model geometries, where first the coil geometry and later the air domain
geometry are explained. For both the 2D and 3D models, the basic coil and air domain geometry are
the same, thus will be explained once. However, the in-depth geometry is slightly different and will be
explained individually.

4.1.1. Coil domain

In [45], different analytical expressions are compared to see which spiral geometry gives the highest
inductance values. The geometries that are compared are square, circular, hexagonal, and octagonal.
Of all the geometries, the square geometry gives the highest value of inductance. With the high induc-
tance and the fact that the square coil is easy to model in COMSOL, this report only focuses on the
production of a square planar inductor.

The parameters that influence the geometry are the number of turns (N), coil diameter (L), spacing
(s), conductor thickness (t), and the conductor width (w), as can be seen in Figure 4.1.

-

Figure 4.1: Example of a planar coil with the given coil diameter (L), spacing (s), conductor width (w), and conductor
thickness (t).
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For each number of turns, an Excel file is created which parametrizes the geometry of the coil, using
just three parameters: L, s, and w. Both L and s are two parameters that can be set by the user, but
w is dependent on both L and s as follows:

L—-2-N-s
2-N+1

Since the w is dependent on both the diameter of the coil and the spacing, the model always creates
a coil that encloses the full given area for the given spacing and coil diameter. When comparing the
inductance of such an inductor to one with the same area and turns but a larger spacing in the middle,
the inductance of the latter is higher than the inductance of the former. However, one of the other
objectives was to create a planar inductor that has a low enough resistance. For this reason, it is not
only chosen to fully enclose the area of the cell but also the spacing is set at a constant value and as low
as possible, increasing the conductor width and thus reducing the resistance. The chosen spacing value
for both models was set at s = 500um since this is the lowest spacing value for which both models give
a high enough minimum element quality. This assumption is confirmed when examining the quality
factor of an arbitrarily chosen coil for a fixed frequency and thickness, but a varying spacing. The
quality factor significantly reduces with increasing spacing, as can be seen in Table 4.1:

spacing (mm) ‘ quality factor

0.1 4.4
0.5 2.6
0.9 0.6

Table 4.1: Quality factor as a result of varying spacing, for a coil of a fixed thickness (10pum) at 100 kHz.

The main reason for this decrease in quality factor with increasing spacing is that the resistance
increases percentage-wise more than the inductance, thus decreasing the quality factor.

Table B.1 shows the first three turns of the file which was created for the parametrization of the
coil geometry. Using an x- and y-coordinate, the coil is designed that with each increment, the data
points go inward to the middle, after which they go out again to the outer point, creating a closed-loop
coil. The starting height is indicated as L/2 — N xw — N * s. In the table, the yellow and orange parts
indicate the added parts for each extra turn, where the base equation for each increment is the same,
as can be seen in Table 4.2.

Table 4.2: Added data set for each turn increase, where N indicates the number of turns, w the width of the conductor
and s the spacing between the turns.

XW yw
-L/24N*w+(N-1)*s | -L/24+(N-1)*w+(N-2)*s
-L/24N*w+(N-1)*s L/2-N*w-(N-1)*s
L/2-N*w-(N-1)*s L/2-N*w-(N-1)*s
L/2-N*w-(N-1)*s -L/24+N*w+(N-1)*s
L/2-N*w-N*s -L/24+N*w+(N-1)*s
L/2-N*w-N*s L/2-N*w-N*s
-L/24N*w+N*s L/2-N*w-N*s
-L/24N*w+N*s -L/24(N-1)*w+(N-1)*s

Using these data sets for all the different turns, eight separate COMSOL files have been created
ranging from one to eight turns. To create a coil geometry in COMSOL, a Work Plane was added to
the Geometry node. A Polygon primitive was added to this Work Plane, and the data points from
Table B.1 and ?? were implemented into this Polygon as coordinates, creating a 2D coil, as can be seen
in Figure 4.2.
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U 1

(a) (b)

Figure 4.2: Top view of a 3-turn (a) and a 6-turn (b) coil.

Both models exist essentially out of 3 different layers: the Upper layer, the Lower layer, and the
Magnetic insulation layer, of which the use of the latter will be further explained in Section 4.4. For the
chosen physics interface in COMSOL, it is necessary to create a closed-looped system, as will be further
explained in Section 4.4. To create a closed-loop system, the ends of the loop have to be connected. In
the 2D model this is done by stacking the three different layers on top of each other in the Materials
branch (Section 4.3), thus creating a virtual 3D model, as can be seen in Figure 4.3.

(a) (b) (c)

Figure 4.3: Top view of a 6-turn coil, where (a) shows the Upper layer, (b) the Lower layer, and (c) the Magnetic
insulation layer for the 2D model.

For the 3D model a full 3D coil has to be modeled, with not just the Upper, Lower, and Magnetic
insulation layers, but also the vertical conductors to connect the different layers, as can be seen in
Figure 4.4.
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(a) (b) (c)

Figure 4.4: Top view of a 6-turn coil, where (a) shows the Upper layer with the vertical conductors, (b) with the added
Lower layer, and (c) with the added Magnetic insulation layer for the 3D model.

4.1.2. Air domain

To compute the magnetic field lines, an air domain has to be modeled around the coil. This air domain
is equal for both models. For the models, a spherical air domain shape was chosen, since this most
closely resembles the shape of the magnetic field lines, as can be seen in Figure 4.5 (a). A sphere domain
with given radius can be seen in Figure 4.5 (a).

Figure 4.5: Spherical air domain with no added layer (a), the magnetic field lines of a planar inductor in a spherical air
domain (b), and a spherical air domain with an added layer (c).

With increasing sphere size, the solution time will increase too. A too small sphere radius and the
solution will be inaccurate. For this reason, a parametric sweep has been applied over the radius of the
sphere, which can be seen in Table 4.4.

Table 4.3: Inductance and resistance values for varying sphere radii.

Radius (cm) | L (gH) | R (mf)
15 1.1418 1.9027
30 1.1780 1.9027
45 1.1816 1.9027
65 1.1826 1.9027
100 1.1829 1.9027

It can be seen in Table 4.4 that the biggest sphere gives the highest inductance. The resistance is
the same everywhere since this is only measured in the coil, which does not change. The inductance L
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in COMSOL is defined by the current flowing through the system (I) and the magnetic energy density
(Wy,), of which the latter is proportional to the magnetic field square (B?) [52]. The inductance can
be measured by integrating the magnetic energy density over the entire geometry and dividing this by
the current squared, as follows [53]:

2
L:ﬁ/ W, d92 (4.1)
Q

Where L is the inductance, I is the current in the coil, and W, is the magnetic energy density.
It is expected that with increasing air domain, the inductance will increase. To create a model which
closely represents real life, it is important to be able to model all the physics. If we were to create a
model that has a domain that would contain all the magnetic field lines, the model would become too
big, significantly increasing the solution time. According to the Biot-Savart law, the magnetic field is
inversely proportional to the distance, thus decreasing with increasing distance from the coil. Since
these magnetic field lines at very long distances are very small, they have a limited impact on the
outcome values of the model. For this reason, an Infinite Element Domain (IED) is introduced. The
IED is a property in COMSOL which is applied to the outer edges of the air domain, as can be seen in
Figure 4.5 (c).

The IED is applied in an outward radial direction from the edges of the air domain and resembles
an infinite domain. It does so by stretching the finite elements on the edge of the physical domain in
the radial direction to a very large distance from any region of interest. The default physical width of
the stretching is 1e3 * dGeomChar meter, where dGeomChar is the pole distance chosen by COMSOL.
This leads to an infinite element domain that is very large compared to the geometry dimensions with
nearly a 1/r stretching [54].

Table 4.4: Inductance and resistance values for varying sphere radii. The sphere without an IED is compared to a sphere
with an IED.

Radius [cm] Remark L [¢H] | R [mQ]
15 no IED 1.1418 | 1.9027
15 IED, 5cm layer | 1.1829 | 1.9027
30 no IED 1.1780 | 1.9027
30 IED, 5cm layer | 1.1832 | 1.9027
45 no IED 1.1816 | 1.9027
45 IED, 5cm layer | 1.1831 | 1.9027
100 no IED 1.1829 | 1.9027

The table shows that the IED has a significant effect on the inductance. For both the 2D and 3D
model, a sphere with a radius of 15 cm and a 5 cm IED layer is chosen, since it has an equal value as a
sphere radius of 100 cm, a very small difference (< 0.03%) from larger sphere radii with IED, and the
smallest solution time.

4.2. Parameters

Using parameters to create and control a model in COMSOL, is one of the "most powerful and easy-to-
use feature of the COMSOL Multiphysics® software”. With increasing model complexity, it is common
that there is an increase in parameters, giving the user more overview of their model. It also allows for
parametric sweeps, which is a feature in COMSOL that allows solving several variations of the model
without changing the variations manually [55]. Since this model also has a high complexity and a need
for parametric sweeps, the following set of parameters was introduced to both models, of which several
are already mentioned in Section 4.1.

o Number of turns (N): the total number of turns that the coil has.
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o Coil diameter (L): the total diameter of the coil, taken at its smallest point.

 Spacing (s): the space between two consecutive turns of the coil, where the spacing cannot be
greater than ﬁ, for else the inductor, will not fit on the given area.
o Conductor thickness (#): the thickness of the conductor.

o Conductor width (w): the width of the conductor.

o Input current (I): the excitation current of the coil.

o Sphere radius (R__sp): the radius of the sphere of the surrounding domain.
o Thickness radius sphere (¢_sp): the thickness of the layer of the sphere.

4.3. Materials

The Materials branch allows the user to define different materials for different sections of the model.
In this case, the model exists out of three different materials: a metallic material for the conductor, an
insulator for between the different layers of the conductor, and air for the surrounding domain. When
the model is extended with for instance a metallic plate for increasing the inductance, a material has to
be appointed to this domain as well. A large number of preset materials are available in COMSOL with
their respective properties. With the Material Library spanning a wide range of materials, like Elements,
Alloys, Semiconductors and Optic Materials, and many more, a total of 10,328 preset materials can be
chosen in COMSOL [56].

There are two different Materials branches in the COMSOL software, one under the Global Defini-
tions branch and the other under the Component branch. For the 2D model, a set of materials (copper,
FR4 (Circuit Board), and air in this case) were chosen in the Global Definitions branch. In the same
branch, a set of Layered Materials is created, named Upper metallization, Lower metallization, and Vias
metallization. Each layer is given the material property of copper in this case, with a certain thickness
t_cond.

In the Materials branch in the Component branch, the following four different 2D layered material
stacks are created: Upper metallization, Lower metallization, Intersections, and Vias.

The Upper metallization stack is made up of the Upper metallization layer with an insulator under-
neath it. The Lower metallization stack is just the Lower metallization layer. The Intersections stack
consists of the Upper metallization layer under which an insulator for the intersections is placed which
is on top of the Lower metallization layer. The Vias stack is also made out of three materials from the
Global Definitions branch, namely the Upper metallization layer, the Vias metallization layer, and the
Lower metallization. The four different stacks can be seen in Figure 4.6.

Cu_up - Upper metallization (stimat1) Cu_down - Lower metallization (stimat2)

Insulator - Backing under upper metallization (stimat1) Cu_down - Lower metallization (stimat2)
(a) (b)
Cu_up - Upper metallization (stimat3) Cu_up - Upper metallization (stimat4)
Cu_down - Lower metallization (stimat3) Cu_down - Lower metallization (stimat4)
(c) (d)

Figure 4.6: Side view of the four different stacks for the 2D model, where (a) shows the Upper metallization stack, (b)
the Lower metallization stack, (c) the Intersections stack, and (d) the Vias stack.
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For the 3D model, only the Materials branch in the Component branch is used, where the different
materials are manually assigned to the geometry of the coil. In this case, the coil was assigned the
material copper, the insulator FR4 (Circuit Board), and the air domain the material air.

4.4. Physics

This section sheds some light on the physics that have been used for the models. First, the Magnetic
Flields interface is discussed, which has been used for both models. Afterward, the Electric Currents in
Shells interface is discussed, which is only applied to the 2D model.

4.4.1. Magnetic Fields

For both models, the same generic physics interface was used. This physics interface is the Magnetic
Fields (mf) interface in COMSOL and it is used to compute magnetic fields and induced current distri-
butions in and around coils, conductors, and magnets” [57]. The governing equations are the Maxwell
equations. These equations are formulated using the magnetic vector potential in the air domain, and
the magnetic vector potential and scalar electric potential in the coil domain.

The first node of the mf interface is the Ampére’s Law node. The magnetic vector potential is added
to the air domain using this node, which is applied to the entire surrounding air domain. The second
node, the Magnetic Insulation node, is then applied to the outer domain (including the IED domain),
which is the default boundary condition for the mf interface. It sets the tangential component of the
magnetic potential at the boundary to zero.

The 2D model then has two nodes applied that are not present in the 3D model. These are the
Surface Current Density, which is a boundary condition applied on the coil which specifies a surface
current density. This surface current density is obtained from the other interface (FElectric Currents
in Shells interface) applied to the 2D model to connect both physics interfaces. The other node is the
second Magnetic Insulation node, which is now applied to the Magnetic insulation layer from Figure 4.3
(c). In this case, it specifies that at the edges of the chosen part of the coil, the magnetic potential is
zero, thus creating an insulator between the beginning and the end of the coil. The excitation of the
2D coil will be discussed in Section 4.4.2.

For the 3D model, the Coil node is applied to the coil domain, giving COMSOL the notice that the
shape created in the Geometry node is a coil. All the options in COMSOL, like the material property
relationships (permeability, permittivity, conductivity, ..), are from the Materials branch. The preset
excitation value is a 1 Ampere current excitation, though this can be easily adjusted into a different
value or type of excitation. For the 3D model, the excitation was 1 Ampere, which was assigned to the
I 1 parameter. The Coil node has a drop-down sub-feature called Geometry Analysis, with additional
sub-features to it. One of those sub-features is the Input feature, which specifies where we want the
current to flow into the coil. Figure 4.7 shows the point of excitation of the coil for the 3D model.
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Figure 4.7: Coil geometry where the red arrow indicates the starting point of the current excitation.

4.4.2. Electric Currents in Shells

The Electric Currents in Shells (ecis) physics interface is only applied for the 2D and is used to compute
electric fields, currents, and potential distributions in thin layered materials, where the inductive effects
are negligible. This indicates that this interface is only applicable when the skin depth is larger than
the coil thickness [58]. For that reason, the skin effect is not taken into account for the 2D model. For
increasing frequencies, the skin depth decreases, thus limiting the range of this model, which will be
further explained in Section 4.8.

4.5. Mesh

As explained in the chapter introduction, COMSOL can be described by partial differential equations
(PDEs) and the solution to the mathematical model is approximated through the finite element method
(FEM), on which the COMSOL software is based on. The FEM is used to discretize the problem, thus
divide and conquer the model. Discretizing the problem means breaking it down into smaller, discrete
parts. These parts are called elements and the solution is obtained by stitching together lower-order
polynomials over each element to form a piece-wise global function. The quality of the mesh is expressed
in a value between 0 and 1, where 1 indicates the highest mesh quality and 0 the lowest. Though the
COMSOL meshing algorithm tries to avoid elements with low quality, it is not always possible to do
so. A rule of thumb, and also applied in this research, is to keep the minimum element quality higher
or around 0.1 [59].

There are two different meshing types available in COMSOL; Physics-controlled and User-controlled
mesh. The Physics-controlled mesh is the default meshing sequence in COMSOL and lets the software
determine the meshing sequence according to the physics. This means that with changing physics, there
will be a change in meshing too. The mesh element size can be globally adjusted using the Element size
drop-down menu from the Mesh node, giving a range of nine predefined sizes from Extremely coarse up
to Extremely fine. Finer mesh size elements will give a more accurate result, but will make the problem
more computationally expensive and will increase the solution time.

The User-controlled mesh sequence allows the control of the mesh using mesh nodes. This can be
done by changing the meshing sequences, like size and distribution, and the mesh elements. In 2D
models, the mesh elements can be divided into triangles or quadrilaterals, where the first is the default
element used. In 3D models, the mesh elements can be divided into tetrahedrons, hexahedrons, pyra-
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mids, and prisms, where the default are the tetrahedral elements.

For the 2D model, a Physics-controlled mesh is chosen since this gave a high enough mesh quality
without creating a too computationally expensive model. For the 3D model, a User-controlled mesh
sequence was created, since the Physics-controlled mesh failed to create a mesh fine enough to model
the skin effect and stay computationally light. The 3D meshing was divided into three parts: the coil,
the air domain, and the IED, as can be seen in Figure 4.8.

(a) (b) (c)

Figure 4.8: The meshing of (a) the coil, (b) the air domain, and (c) the IED.

For the 3D model COMSOL not just has to mesh the upper 2D plane, but also the spacing between
the conductor and the conductor below the coil. Since the spacing is very small, the meshing algorithm
has difficulty meshing these areas. To keep a minimum element quality of around or greater than 0.1,
two extra planes are added in the Geometry branch, fully enclosing the coil. These planes are then
extruded to the same width of the coil, initially creating one large square plane. In the Materials
branch, the two added planes are however given the material property of air, virtually creating the
spacing between the conductors. The meshing can be seen Figure 4.9.

(a) (b)

Figure 4.9: The meshing of the 3D coil from (a) the side, and (b) the top, with the extra planes indicated in blue.
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4.6. Study

For this research, two different studies have been conducted: the Stationary study and the Frequency
Domain study, where the first represents a steady-state DC system and the latter a steady-state AC
system. Both studies will be further explained in the following subsections.

4.6.1. Stationary

The Stationary study represents a steady-state DC condition of the system, where field variables do not
change over time. With the Stationary Solver node, the solution to linear and non-linear stationary
problems is found. It is also used for optimization problems that are constrained by a stationary PDE
[60].

4.6.2. Frequency Domain

The Frequency Domain study is used to create a model which is subjected to an excitation of a certain
set frequency. For the Frequency Domain study, the current consists of a conduction current and a
displacement current. The former scales with the conductivity and the latter scales with the frequency.
For low frequencies, as is the case in this research, the conduction will be dominant. As such, if
the conductivities in various domains differ by too many orders of magnitude, the linear problem
becomes numerically unstable. For that reason, for the Frequency Domain study, the conductivity of
the surrounding air domain is assigned an arbitrarily non-zero value of 1000 S/m, which is still far lower
than the conductivity of the copper coil [61].

4.7. Series resistance

Since we are connecting the planar inductor in series to the solar cell, we want to keep the added series
resistance (Rg) to a minimum while still adding a high enough inductance to the cell. To set boundaries
for the added series resistance, this research focuses on a specific solar cell. This solar cell is the Sun-
Power Gen 2 Cell - 160 mm for which the IV and PV curves have been plotted in a SPICE-based analog
electronic circuit simulator called LTSpice [62]. The parameters that were not on the datasheet of the

solar cell have been obtained using the estimation methods proposed [63], such as the series resistance
(4.3 m) and shunt resistance (132.27 Q) of the solar cell.

By plotting multiple PV curves for increasing series resistances with increments of 0.1 m{2 from the
original series resistance up to 10 mS$2, the following PV plot can be seen:
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Figure 4.10: PV curve of a solar cell, with the horizontal lines indicating the five different maximum power loss values.

The graph above shows the multiple PV curves for increasing series resistances indicated by the
colored lines. Going down each curve from above indicates an added series resistance of 0.1 mf2 to the
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original series resistance of the solar cell. The horizontal lines indicate the maximum power values for
varying percentage losses. Thus, the top horizontal line indicates a 1% power loss from the original
Pppp, the second a 2% power loss, and so on.

In the following table, the set of five different power losses is proposed and their respective allowable
added series resistance. The tolerance (A) shows the absolute difference between the maximum power
for the given percentage and the maximum power from the PV curve. The maximum power for the
given percentage is obtained by P4 - (1 — %), where P4, = 3.442 W [62].

Table 4.5: Added series resistance (Rqs) for varying power loss percentages with a 100% power of 3.442 W

[)loss (%) Pmaw,new (W) A Ras (mﬂ)
1 3.4072 0.0016 1.0
2 3.3728 0.0003 2.0
3 3.3384 0.0014 2.9
4 3.3040 0.0004 3.9
5 3.2695 0.0015 4.8

Depending on the allowed power loss, the added series resistance can be in the range of 1.0 to 4.8
m$). When series connecting multiple cells, a higher added series resistance is allowed. For instance,
if we would series connect 16 cells with a maximum power loss of 5%, we can have an added series
resistance of 16 times 4.8 mS2 which would be 76.8 mf).

When examining the current density inside the square planar coil for a Stationary study, as can
be seen in Figure 4.11, a uniform current density is seen at the straight parts of the coil. However,
the corners, and especially the most inner, first 90° corner, show a less uniform current density. This
increases the resistance of the coil, so to reduce the resistance of the coil, a different shape, like hexagonal
or circular, coil should be used. However, this is out of the scope of this thesis.
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Figure 4.11: Top view of the current density of a 4-turn square planar coil during a Stationary study.

4.8. 2D versus 3D model

Since the 2D model is only applicable when the inductive effects are negligible, thus for thicknesses
smaller than the skin depth, it is expected that with increasing frequency and coil thickness, the 2D
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model starts to show deviating results from what is expected, whereas the 3D model will show the
expected results. The advantage of the 2D model, however, is that the model allows for smaller thick-
nesses and a lower solution time. Due to the explained meshing in Section 4.5, the minimum conductor
thickness for the 3D model is 400 pm, since this is a thickness where there is still a mesh with a high
enough quality. Therefore, the 2D model is used up to a thickness of 300 x and the 3D model from
400 pm and up. The inductance and resistance values for a range of thicknesses and frequencies can be
seen in Appendix C.

4.9. Magnetic material

The decoupled approach allows for the addition of a magnetic material, where it is known that with the
addition of a magnetic material, the inductance will increase [64]. The addition of a magnetic material
can be done in a single or sandwich structure, see Figure 4.12, where the single structure implies adding
a magnetic material to one side of the coil, and the sandwich structure to both sides of the coil. To
validate the assumption of a 200% increase in inductance, a 3-turn coil with a gap of 0.5 cm between a
Soft Iron (Without Losses) magnetic material is simulated.

(a) (b)

Figure 4.12: Planar coil with (a) a single magnetic material, and (b) a sandwich of a magnetic material.

The inductance and resistance values for a 3D model with 3 turns and a thickness of 500um are
0.524pH and 1.411mf2, respectively. When comparing this to the inductance value when adding a
magnetic material, there is an inductance increase of 47% for the single structure and even a 203%
increase for the sandwich structure in a Stationary study. When only examining the sandwich structure
for the Frequency Domain study, the inductance has a percentage increase ranging from 203% for a 1 Hz
frequency up to a 12% increase for the 100 kHz frequency. This shows that even though the percentage
increase decreases with increasing frequency, there is still a lot to gain from adding a magnetic material
and shows a promising direction for further research. The results show that the 200% inductance
increase is valid, and will therefore be used in this research too, though further research into the effects
on the solar cell and the actual achievable inductance increase is needed.
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This chapter will investigate the feasibility of implementing a planar inductor into the fabrication pro-
cess of a c-Si cell using a screen printing method. After a set of assumptions that gave the research
some boundaries, the results are shown for a single coil application, and afterwards for multiple coils
per cell.

5.1. Assumptions

5.1.1. Production process of a c-Si cell

When comparing traditional coil-forming methods to screen-printed coils, the latter enables rapid fab-
rication of lighter, durable, and flexible coils [65]. The decoupled approach, where the coil is separated
from the cell, requires additional processing steps compared to the regular fabrication processes of PV
cells. As such, it is most likely not cost-effective to implement planar coils on too many cells in the
module. A cost-benefit analysis would shed more light on this, but this is out of the scope of this
research. However, for the coupled approach, the planar inductor is directly integrated into the c-Si
solar cell and could be integrated into the fabrication process of the cells. The current distribution in
the coupled approach coil is non-uniform, possibly increasing the difficulty of the simulation, though
this is out of the scope of this research. However, it would be an advantage if we can still make use
of the tools that are common in solar cell production lines, thus the achievability of the screen-printed
coils is investigated.

As stated, for this method the production of the special cells (PV cells with integrated planar coil)
is integrated into the fabrication process of normal PV cells using the screen printing method. This
will limit the maximum thickness of the coil. In literature, several thicknesses are found, in the range
of 5 to 9 pum for single and 35 to 225 pm for multiple screen printed layers [66-70]. For this approach,
a minimum thickness of 10 ym and a maximum thickness of 200 pum is used.

The added series resistance depends on the desired power loss percentage, but as shown in Table 4.5
ranges between 1.0 m$) for a 1% power loss and 4.8 m€ for a 5% power loss.

5.1.2. Only 2D model

As stated in Section 4.8, the 2D model is used for thicknesses lower than 300 pm. Therefore, this
approach will solely be examined using the 2D model, with a thickness ranging from 10 to 200 pm. At
the maximum frequency of 200 kHz, the skin depth is 145 pum, which would imply that the thickness
of the conductor is still smaller than twice the skin depth, and thus the skin effect would not play
a role. To check whether the assumption is correct, a 3D model of a straight wire in an air domain
is created, where the current density distribution and resistance are obtained for varying thicknesses
and frequencies, with a fixed width of 4 cm, which is the maximum width for all the number of turns.
A straight wire is used, and not a single circular planar coil for instance, since this will discard the
proximity effect of any nearby wire (or the same wire on ’the opposite side’).
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Figure 5.1: View of the 3D model of the straight conductor indicated in blue (¢ = 200um, s = 500um, and w = 4em)
in an air domain with an IED.

In a DC system, it is expected that with an increase from 200 pm to 1000 pm, the resistance will
increase five times, since the resistance scales linearly with the thickness. When inspecting Table 5.1,
it can be seen that this is indeed the case for the DC system, but that with increasing thickness
the difference between the 200 pum and 1000 pum resistance decreases significantly, indicating a higher
increase in resistance for the 1000 um conductor than for the 200 pm conductor. The different frequency
phases can also be seen in Appendix D. From the data in Table 5.1 and Appendix D, it is visible that
the first assumption that no skin effect would take place at low thicknesses is incorrect. The table shows
a slight increase in resistance for lower frequencies (up to 10 kHz) and even a 68% increase of resistance
for a frequency of 200 kHz. The figures in Appendix D show an increase of current density towards
the outer edges of the conductor and a decrease in the center, indicating that the skin effect does take
place at lower frequencies.

Table 5.1: Resistance values for the 3D straight wire model for the Frequency Domain study for a thickness of 200 and
1000 pm. A indicates the difference between R2ooum and Rioooum-

f (kHz) | Raooum (m€) | Rigooum (M) | A
DC 104.75 20.951 5.00
1 104.84 21.323 4.92
10 110.97 29.048 3.82
100 153.95 71.978 2.14
200 176.17 102.51 1.72

In the 2D model, the skin effect is however not taken into account by the COMSOL software due to
the ecis physics interface. Despite the deviating results from reality, the screen printed approach is still
examined using the 2D model to see if the screen printing method would be feasible in the best-case
scenario. If that is not the case, then it will not be feasible in a real-life situation either.

5.2. Results

The resistance and inductance values for the varying conductor thicknesses are shown in the following
tables.
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Table 5.2: Resistance values for the 2D model during Stationary study. The thickness ranges from 10 to 200 um, for
all number of turns with a spacing of 500um on a 12.5 cm cell.

t(um) [ NJR@mQ) IN|[R@mQ) IN|RmM) [N|RmMY) N|RmQ [N|R@m2 [N|R@m2 |N|R (mQ)
10 1 7.06 2 31.23 3 68.86 4 120.17 5 185.63 6 265.02 7 358.59 8 466.51
20 1 3.53 2 15.61 3 34.43 4 60.14 5 92.81 6 132.51 7 179.3 8 233.26
30 1 2.36 2 10.41 3 22.96 4 40.10 5 61.88 6 88.34 7 119.54 8 155.51
40 1 1.77 2 7.81 3 17.22 4 30.07 5 46.41 6 66.26 7 89.65 8 116.63
50 1 1.14 2 6.25 3 13.77 4 24.06 5 37.13 6 53.01 7 71.72 8 93.31
100 1 0.71 2 3.12 3 6.89 4 12.03 5 18.57 6 26.51 7 35.87 8 46.66
200 1 0.35 2 1.56 3 3.45 4 6.02 5 9.29 6 13.26 7 17.94 8 23.33

Table 5.3: Inductance values for the 2D model during Stationary study. The thickness ranges from 10 to 300 pum, for

all number of turns with a spacing of 500um on a 12.5 cm cell.

6 (um) | N | L (uH) | N | L (ui) | N [ L (uH) | N |L () | N | L (uH) | N | L (uH) | N | L (uH) | N | L (uH)
10 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
20 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
30 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
40 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
50 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
100 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
200 1 0.057 2 0.236 3 0.523 4 0.916 5 1.415 6 2.017 7 2.725 8 3.537
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Figure 5.2: Both the resistance and inductance values were plotted against the conductor thickness for (a) 3 turns and
(b) 6 turns. The dashed line shows the constant values of the inductance.

When investigating the results from Figure 5.2, a constant inductance, but a decreasing resistance
is seen per increasing conductor thickness for both turns. This is also the case for all the other turn
values, as can be seen in Table 5.3 and Table 5.2. For that reason, it is desired to choose the largest
thickness for the integration of a planar inductor onto a c¢-Si cell, which is 200 pm. The following plots
show the inductance and resistance values for different turns with a fixed conductor thickness of 200um.
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Figure 5.3: Plots of the inductance (a) and resistance (b) for varying turns with a fixed thickness of 200 um. Plot (a)
shows the coil inductance and the threshold values for 100 kHz and 200 kHz. Plot (b) shows the coil resistance and the
maximum allowed added series resistance for varying power loss percentages.

Examining Figure 5.3 (a), it can be seen that for an operating frequency of 100 kHz, the needed
inductance for the system is too high for all but the 7 and 8-turn coils. When increasing the frequency
to 200 kHz, this increases up to four inductors, showing that for this frequency a coil of 5 turns could
still be used. When comparing the inductance analysis to the maximum allowed resistance values shown
in Figure 5.3 (b), the 5-turn coil resistance value does not fall below the threshold value for the 5%
power loss. These two plots show that a single coil does not create a high enough inductance or a low
enough resistance for c-Si solar cell integration for a 5% power loss and a thickness up to 200 pum. There
is the possibility of adding a magnetic material, which can boost the inductance by 200% [50]. If the
inductance of all the coils are boosted, coils above the 3-turn for a 100 kHz and all coils above the 2-turn
for a 200 kHz frequency will exceed the inductance threshold of 2.40 pH and 1.20 pH, respectively.
When comparing this to the resistance values, only the 3-turn coil for a 200 kHz frequency and a 5%
power loss is feasible, with an inductance of 1.569 pH and a resistance of 3.45 m{). Though adding a
magnetic material increases the inductance, it also increases the costs of the integration. In the future
the operating frequencies of PV boost converters is expected to increase, allowing for lower desired
inductance values [71].

One way of decreasing the resistance of the coil would be by using a Litz wire. A Litz wire is a
multi-strand wire which is designed to reduce both the skin and proximity effect losses in conductors up
to frequencies of hundreds of kHz [72]. This implies that the resistance in a Litz wire will be lower than
the simulated copper wire used in this research. Further analysis on Litz wires for the integration onto
¢-Si solar cells would have to be done, to see if this type of wire is possible for solar cell integration, by
for instance screen printing. However, as stated earlier, this research focuses on a specific case where a
copper wire is used.

5.3. Multiple coils per cell

As stated in Section 3.2, increasing the series resistance of a solar cell decreases the fill factor, and thus
we want to create a planar inductor with an as low as possible series resistance. However, from the
previous section, it became clear that there are just three (M = 1,2,3) coils that have a resistance
below the threshold. One possible way to lower high resistance values would be by integrating multiple
coils on a single cell, as can be seen in Figure 5.4.
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Figure 5.4: Decoupled approach with 4 coils on a single FBC solar cell.

The case shown above indicates a parallel connection between all the coils on the cell, which would
result in a decrease in resistance, thus a decrease in power loss [73]. The decrease in power loss comes
from Equation (5.1) [74]:

L
P’loss:R'IQZPZ'I2 (51)

With the current I through the coil, and where the resistance R is calculated with the resistivity
p, the length L, and cross-sectional area A of the conductor. When increasing the number of turns
on a cell M times, the resistance also increases M times. However, the current gets divided M times,
and since the power loss depends on the current squared, the power loss decreases with the increasing
number of turns. This can be seen for a 4, 6, and 8-turn coil in Table 5.4, where with the increasing
number of coils, the resistance decreases.

Table 5.4: The resistance for a 4, 6, and 8-turn coil (s = 500um, t = 200um) and the power loss for an entire cell with
varying numbers of coils per cell (M).

M 4 turns 6 turns 8 turns
Rcoil (mQ) Ploss,cell (mW) Rcoil (mQ) Ploss,cell (mW) Rcoil (mQ) Ploss,cell (mW)
1 6.171 6.171 13.715 13.715 24.406 24.406
4 6.436 1.609 14.538 3.635 26.380 6.595
9 6.717 0.746 15.437 1.715 28.675 3.186
16 7.020 0.439 16.469 1.029 31.325 1.958

The table shows that increasing the number of coils per cell M times results in a power loss decrease
of ~ M. Though it was expected that this would occur given Equation (5.1), the model confirms
the method, thus allowing for further research of this approach. One setback of this approach however
would be the decrease in inductance as well due to the parallel connection, as is shown in Equation (5.2)
[75]:
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The inductance values for the coil and the cell for varying turns (4, 6, and 8) are shown in Table 5.5:

Table 5.5: The inductance for a 4, 6, and 8 turn coil (s = 500um, t = 200um) and a cell with M coils.

4 turns 6 turns 8 turns
M Lcoil (/j,H) Lcell (/~LH) Lcoil (/~LH) Lcell (/LH) Lcoil (/JH) Lcell (MH)
1 0.923 0.923 2,029 2,029 3.558 3.558
4 0.467 0.117 1,024 0,256 1.796 0.449
9 0.315 0.035 0,689 0,077 1.210 0.134
16 0.239 0.015 0,521 0,033 0.916 0.057

When looking at both Table 5.4 and Table 5.5, a trade-off has to be made between the power loss
and the inductance, since both decrease with an increasing number of coils per cell. The following
graphs can be extracted, where in Figure 5.5 the inductance is plotted for the different coils per cell
with the different thresholds for the varying frequencies. In Figure 5.6 the resistance values for the
different coils per cell are shown, with the maximum allowed added series resistance for a 1%, 3%, and

5% power loss.
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Figure 5.5: Inductance versus the number of coils on a cell for 4, 6, and 8-turn coils.
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Figure 5.6: Resistance versus the number of coils on a cell for 4, 6, and 8-turn coils.

For the 4-turn coil, there is no number of coils that fit within the range of inductance and resistance.
This is mainly due to the low inductance values obtained by the 4-turn coil. However, when adding
a magnetic material, as discussed in Section 4.9, the inductance could be increased by 200% in the
sandwich structure. With an inductance value of 0.467uH for the 4 coil topology, in case of an added
magnetic material, this could be increased up to 1.401uH, reaching the inductance threshold for a 200
kHz frequency. The resistance for this topology is already below both the 5% and 3% thresholds. The

9 and 16 coils per cell topologies will not reach high enough inductance values, even when adding a
magnetic material.

For the 6-turn coil, the same problem arises as for the 4-turn coil, where there is no number of coils
per cell that are in the inductance and resistance range. For this case, the 4 coils per cell are much closer
to the inductance threshold, while maintaining a resistance value below the 5% threshold. The same
would apply here as for the 4-turn coil, where adding a magnetic material can increase the inductance,
thus creating a feasible option for the integration onto a c-Si solar cell. Studying the 9 and 16 coils
per cell topologies, both are below the 3% threshold for the resistance but do not reach high enough
inductance values. In the case where adding a sandwich structure magnetic material would increase the
inductance by 200%, both the 9 and 16 coils topologies will exceed the inductance threshold, creating
feasible options. Their resistance values are 1.70 m$) and 1.03 mf2, and inductance values 2.067 uH
and 1.563 uH, respectively.

Lastly, the 8-turn coil is inspected, where there are just two topologies below the 5% resistance
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threshold, the 9 and 16 coils per cell. The inductance values for all but the 16 coils per cell are above
the 200 kHz threshold, which indicates that the 9 coils per cell topology are already a feasible option
for reaching a high enough inductance of 1.210 pH and a low enough resistance of 3.19 m€ for c¢-Si
solar cell integration. With the addition of a 200% inductance increasing magnetic material, the 16
coils topology will also exceed the 200 kHz inductance threshold with 2.748 pH and even falls below
the 3% power loss threshold with a resistance of 1.96 mf.

5.4. Conclusion

Initially for a single-coil onto a single cell, only the 3-turn coil with a boosted inductance falls in the
region of high enough inductance and low enough resistance. The rest of the turns have either too high
resistance or too lower inductance values. One way of overcoming the former is by adding more coils
to a single cell, thus 4, 9, and 16 coils per cell were investigated. This increases the number of feasible
options. For the 4-turn coil, when parallel connection 4 coils on a single cell, in case the inductance is
boosted by 200%, this option is feasible and even falls below the 3% threshold for power loss. For the
6-turn coil, the 4, 9, and 16 coils per cell design are feasible when boosted, for which the latter two
can even have a 3% power loss. Lastly, the 8-turn coil shows some promising results as well, whereas,
for the 9 coils per cell, the integration would be feasible without boosting the inductance and a 5%
power loss. The 16 coils per cell would only be feasible when boosting the inductance by 200%. The
bottleneck of this approach is however the assumption that no inductive effects, such as skin effect,
take place. It seems that this is the case, thus increasing the resistance at thicknesses lower than the
skin depth. Further research into this specific model has to be done using a 3D model which takes
any inductive effects into account. Also the integration of a coil or multiple coils on every cell in a
module, will increase the production costs, making this option most likely not feasible for industrial
implementation.



Screen printing thickness exceeding coil(s)

This chapter focuses on the second approach that has been looked at, which is the screen printing
thickness exceeding coil(s) approach. This approach looks into finding an optimal planar coil design
without taking the fabrication process of a c-Si solar cell into account. First, a set of assumptions for
this approach is highlighted, after which the results for a single-cell and multiple-cell connections are
discussed.

6.1. Assumptions
6.1.1. Thickness

For this decoupled approach, a single planar inductor is designed for a sub-module of 16 series-connected
PV cells. This research assumes that the planar coil is free of the thickness limitations proposed in the
screen-printed approach from Chapter 5. Hence the coil diameter and spacing are fixed like the screen-
printed approach, but the thickness ranges from 10 up to 3500 pum. With a screen printing process, it is
not possible to reach thicknesses of 3500 um. For conductors with a thickness above the screen printing
limit (£225um), a different approach is needed for the implementation of such thick conductors. This
would make the implementation process more complex, minimizing the possibility of integrating the
planar inductor into the fabrication process of a c-Si solar cell.

6.1.2. Both models

For the modeling of this approach, both the 2D and 3D models have been used. The 2D model has
been used up to a thickness of 300 pum in the Stationary Study, and the 3D model has been used from
a thickness of 300 um up to 3500 pum using the Frequency Domain study, for which the reasons have
been discussed in Section 4.8.

6.2. Results

The tables for the resistance and inductance values for varying thicknesses and frequencies can be seen
in Appendix C. In the following graphs, the resistance versus the number of turns for both a 400um
and a 2000pum conductor is shown.
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Figure 6.1: Resistance values for the different turns for varying frequencies and a fixed thickness of (a) 400 um and (b)
2000 pm.

Both graphs indicate an increase in resistance with an increasing number of turns, as is expected
since the total conductor length increases and the conductor width decreases. At first glance, for both
thicknesses in the Frequency Domain, the resistance is too high given the maximum threshold value
of 4.8mf) for a single coil on a single cell. However, when we make a single special cell in a series
connection of multiple cells, we can increase the threshold of the series resistance, as can be seen in the

table below:

Table 6.1: Resistance and inductance values for series-connected cells with one special cell.

Cells per coil | Series resistance, 5% P, (m2) | Inductance, 200 kHz (uH)

1 4.8 1.20
8 38.4 9.60
16 76.8 19.20

When for instance series connecting 16 cells with one special cell, the series resistance is increased
up to an allowed value of 76.8 mf). This would however also mean that the inductance would have to
be increased up to 19.2 uH since it has to support not one, but 16 cells. For a 4, 6, and 8-turn coil the
resistance and inductance values with their respective thresholds are plotted below.
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Figure 6.2: Resistance versus conductor thickness for a 4-turn coil, where (a) uses the 2D model, and (b) the 3D
model. The thresholds are for a 5% power loss.
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Figure 6.3: Resistance versus conductor thickness for a 6-turn coil, where (a) uses the 2D model, and (b) the 3D
model. The thresholds are for a 5% power loss.
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Figure 6.4: Resistance versus conductor thickness for an 8-turn coil, where (a) uses the 2D model, and (b) the 3D
model. The thresholds are for a 5% power loss.

Next are the inductance values for the 4, 6,

and 8-turn coil shown in the range from 10 to 3500 pum.

3571 35¢
e DC ® 1Hz
3 threshold at 100 kHz 3t ® 100 kHz
threshold at 200 kHz 200 kHz
—threshold at 100 kHz
’f 251 f 25¢h threshold at 200 kHz
= 3
© 27 o 2
. :
]
o 15¢ o 15F
=} >
© e
£ 1L £
° ° ° ° ° 60 o o o o o o ° °
0.5 0560 .~ .
0 . . . ‘ ‘ | o L . . . . . ,
50 100 150 200 250 300 500 1000 1500 2000 2500 3000 3500
thickness conductor (m) thickness conductor (um)
(a) (b)

Figure 6.5: Inductance versus conductor thickness for a 4-turn coil, where (a) uses the 2D model, and (b) the 3D

model.
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Figure 6.7: Inductance versus conductor thickness for an 8-turn coil, where (a) uses the 2D model, and (b) the 3D
model.

One of the first things that we notice when examining at the graphs above, is the decrease in in-
ductance between the DC mode and the AC modes. One explanation for this behavior might be due
to the distribution of magnetic flux creating currents in the conductor. Since the inductive reactance,
which is the electrical resistance of an inductor in an AC system, increases with increasing frequency,
Equation (6.1) shows that the inductance decreases with increasing frequency.

X, =2nfL (6.1)

As can be seen between the 2D and 3D plots above, the DC inductance has less than a 0.01% per-
centage difference, meaning that the drop in inductance is due to the increasing frequency. What is also
visible in the graphs is the decrease in inductance with increasing conductor thickness. The exception is
for the DC mode, which ranges from 10 to 300 pm. An explanation could be that COMSOL calculates
the inductance according to the magnetic flux in the surrounding air, and this surrounding air domain
decreases with increasing conductor thickness. However, since in this model an IED is used, it is highly
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unlikely that an increase of the conductor from 500 um to 3500 um, will result in a decrease of almost
1 pH since the change in conductor thickness is negligible in comparison to the virtual infinite domain.
A physical explanation is yet to be found.

An analysis of the graphs and the data from appendix C is done for a 'normal’ planar coil and a
'boosted’ planar coil. The boosted planar coil means a coil that has a magnetic material in a sandwich
structure attached to it, which increases the inductance by 200%. This is a best-case scenario used to
see what the possibilities are for solar cell integration, without taking the effects on the solar cell and
the skin effect into account for a thickness up to 300um. The quality factor for a 1 Hz, 100 kHz, and
200 kHz frequency can be seen in Appendix E.

Examining the 2D models for the 4-turn coils, the inductances are too low for both the 100 and 200
kHz thresholds for all thicknesses. However, when boosted, the inductance for a single cell for both 100
and 200 kHz is adequate, reaching values above the threshold. This is not the case for the 8 cells or the
16 cells connection, thus eliminating this option. As for the single-cell connection, for a thickness of 300
um, the boosted inductance exceeds the thresholds (for both the 100 and 200 kHz), and the resistance
falls below the thresholds, making this a solid option.

The 3D model of the 4-turn coil shows that the resistance values are below the threshold for 8 series-
connected cells for both the 100 and 200 kHz from a thickness of 1250pum. When series connecting 16
cells, all the thicknesses for the 100 kHz are below the threshold and above the 500um for the 200 kHz.
However, comparing this to the inductance values, only the boosted inductance for a thickness of 400
and 500 pum are adequate for a single-cell connection. Since there is no overlapping thickness for the
3D model where the resistance and inductance values are adequate, the 4-turn coil above 300 pum is not
feasible.

The 6-turn coil for a thickness of 10 to 3500 um, only has a high enough inductance for a single-cell
connection for both the 100 and 200 kHz frequency. Since the resistance values are above the threshold
for a single-cell connection for any thickness, with the lowest value being 8.84 mf2 for the 2D and 53.44
mS) for the 100 kHz 3D models, not a single combination is feasible.

As for the 8-turn coil, all thicknesses for both the 100 and 200 kHz case with the boosted inductance
reach high enough inductance values for a single-cell connection. All the resistance values fall above the
threshold for a single-cell connection. Only the 2D model (10 - 300 wm) has a high enough inductance,
when boosted, for the 200 kHz frequency for an 8-cell connection. For thicknesses of 200 and 300 pum,
the resistance falls below the threshold, giving two more feasible options.

With the statements from above, the conclusion is drawn that with the given designs, so the 4, 6, or
8-turn coil for a thickness ranging from 10 to 3500 pm for either single or multiple connected cells, just
three feasible options arise: the 4-turn, single-cell connection with a thickness of 300 um, the 8-turn,
8 cell connection with a thickness of 200 pum and the 8-turn, 8 cell connection with a thickness of 300
wm.

6.3. Conclusion

This chapter sheds light on the possibilities of implementing a coil onto a solar cell without taking the
production process into account. This allows for all ranging thicknesses, and in this research, the range
from 10 to 3500 um is studied. By comparing the inductance and resistance values for a 4, 6, and
8-turn coil for either a single or multiple cell connection, several feasible values have been found. For
the 4-turn coil, a single-cell connection with a thickness of 300 um is feasible and for the 8-turn coil,
when series connecting eight cells, the planar inductor reaches for the 200 and 300 pm thickness high

enough inductance and low enough resistance values. For all three options, the inductance will have to
be boosted by 200 %.



Conclusions and Discussion

In this thesis work, a model has been created using COMSOL Multiphysics® in order to investigate the
feasibility of integrating a square planar inductor onto a c¢-Si solar cell. In this chapter the main findings
of the research are summarized and used to answer the research questions stated in Section 1.6, followed
by recommendations regarding future research on the integration of a planar inductor in Section 7.2.

7.1. Conclusions

The first research objective was to find the required inductance values needed for a solar cell in a
DC-DC boost converter connection. For this research the Gen 2 Cell - 160 mm c-Si solar cell has
been used, which has a Vi, of 0.575V and an I, of 5.98A. Using these two values and a virtual
DC-DC boost converter with a duty cycle of 0.5 and a current ripple of 20%, for varying frequencies
the needed inductance values are calculated. For 100 and 200 kHz, where the 200 kHz is an operating
frequency commonly used in PV power converters, the required inductance values are 2.40 pH, and
1.20 pH, respectively. When series connecting multiple cells, the required inductance will scale linearly.

The second objective was to find the maximum allowed added series resistance when series connec-
tion a planar inductor onto a specific c-Si solar cell. Using the datasheet from the Gen 2 Cell - 160
mm solar cell, the IV curve has been obtained using the LT'Spice software. Multiple IV curves have
been plotted, each with an added series resistance to the already present series resistance of 4.3 mf2
of the solar cell. Five different power loss values have been appointed (1 to 5 % of the maximum),
which corresponded to a given PV curve with a certain added series resistance. The resistance values
are 1.0, 2.0, 2.9, 3.9, and 4.8 mf) for a power loss percentage of 1, 2, 3, 4, and 5%, respectively. So all
resistance values for a single cell connection should be lower than these values for the respective power
loss percentages. The allowed series resistance also increases linearly with the number of increased
series-connected cells.

The third objective was to research the feasibility of integrating a square planar inductor into a
c-Si solar cell production process. Using COMSOL Multiphysics®, two different square planar coil
models have been created; a 2D and a 3D model. The 2D model has been used to investigate conductor
thicknesses ranging from 10 to 300 um, while for higher thicknesses the 3D model has been used.
A way of integrating the planar inductor is by using the screen printing technique. The advantage
of this technique is the ability of implementing the integration into the production process of a c-Si
solar cell, but the limitation is the achievable thickness, which ranges from 10 to 200 pm, thus only
allowing for the use of the 2D model. In the best-case scenario, where skin effect is not taken into
account for the 2D model, the inductance values for varying thicknesses stay equal with increasing
conductor thickness. Therefore a thickness of 200 pm is chosen for this approach since this will result in
the lowest resistance. For the air-core single-cell inductors for DC-DC boost converter applications, the
inductance and resistance values were either below the 1.20 uH threshold or above the 4.8 mf2 threshold,
respectively. However, the inductance can be increased up to 200% using a sandwich structure magnetic
material. In a boosted-inductance case, the 3-turn coil with a thickness of 200 pum, and a 5% power
loss is the only configuration that is feasible for a 200 kHz DC-DC boost converter application, with a
reached inductance of 1.569 pH and a resistance of 3.45 mf.

Even though the inductance can be increased using a magnetic material, for many coil configurations
the resistance is still above the highest threshold value of 4.8 m£). The series resistance can be decreased
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in two ways: by increasing the number of coils per cell or increasing the number of connected cells to a
single coil. For the former method, there are six options that allow for solar cell integration for DC-DC
boost converter applications. Nine parallel-connected 8-turn coils with a thickness of 200 ym reach an
inductance of 1.210 uH and a resistance of 3.19 mf2, allowing for a 200 kHz DC-DC boost converter
application without any magnetic inductance increase. The other five are only applicable for either
the 100 or 200 kHz boost converter application in case of an inductance increase by adding a magnetic
material. The four parallel-connected 4 and 6-turn coils with a thickness of 200 pm, reach a boosted
inductance of 1.401 puH, and 3.072 pH, and a resistance of 1.61 m{2 and 3.64 mS(2, respectively. The
6-turn coils in a nine and sixteen parallel connection also reach high enough inductances of 2.067 uH
and 1.563 uH, and low enough resistances of 1.70 m$) and 1.03 mf2, respectively. Lastly, the sixteen
parallel-connected 8-turn coils with a thickness of 200 um reach an inductance of 2.748 pH and a
resistance of 1.96 m{), meaning that this configuration can even operate at a frequency of 100 kHz. All
of the above options would however be implemented on every single cell in a panel, making it a very
expensive approach.

For the screen printing thickness exceeding coil(s) approach, a thickness range from 10 to 3500 pum
is examined for frequencies of 100 and 200 kHz. At a frequency of 200 kHz, the skin effect is quite
noticeable for higher thicknesses since the resistance values decrease more slowly with increasing thick-
ness. As a result, only the 4-turn coil with a thickness of 300 pm, a magnetically increased inductance
of 2.718 pH, and a resistance of 4.01 mS2, is feasible for the 100 and 200 kHz DC-DC boost converter
applications. By connecting a single coil to multiple series-connected cells, the series resistance can
be increased. Since a higher inductance would be needed too, the only feasible option for this ap-
proach is the eight-cell connected 8-turn coil for a thickness of 200 pm and 300 pm, both reaching a
magnetically increased inductance of 10.431 pH and resistance of 23.33 m{2 and 15.56 mf2, respectively.

The last research objective was to see how the skin effect affects the rectangular wire for varying
dimensions. By creating a straight wire in a cylindrical air domain with an TED, the skin effect was
measured. By setting the thickness to 200 and 1000 pm for a width of 4 cm each, the skin effect is
measured for both instances at varying frequencies. The 200 um has been chosen, since this thickness is
still smaller than twice the skin depth for a frequency of 200 kHz, and no skin effect is expected to occur.
However, for both the 200 and 1000 pum conductors, there seems to be an increase in resistance at much
lower frequencies than expected, where the 200 pm increases from 104.75mf) in DC to 176.17m$ at 200
kHz, and the 1000 um increases from 20.951mS2 in DC to 102.51mf2 at 200 kHz. Though the percentage
increase in resistance of the 1000 pm conductor is higher than that for the 200 um conductor, the initial
assumption of no skin effect at thicknesses smaller than the skin depth is incorrect, and should therefore
be taken into account for the simulation.

7.2. Future Research

In this section, the recommendations for further research are presented. These recommendations are
done since these options could not be explored within the time frame of this thesis project.

Firstly, the geometrical shape of the planar coil has to be further investigated. In this research, a
square shape has been used, since literature showed that several square planar inductors have higher
inductance values than other shapes, and due to the possible ease of integration onto a c-Si solar cell.
However, it is shown that a large bottleneck of the results is the resistance, which could be decreased
by changing the shape into for instance hexagonal, or circular.

Secondly, the filling of the area might have some impact on the inductance. In this research, the
entire area of the solar cell is filled with the planar coil in order to minimize resistive losses. However,
when increasing the inner diameter of the planar coil, the inductance can be increased. This would
however mean that the model will have to be redesigned, which was not possible with the current pa-
rameterized model. Though this would increase the resistance for the same number of turns, it could
be possible to achieve a coil with a better quality factor.

Thirdly, the copper wire used for this research shows rather high resistance values for high frequen-
cies due to the skin effect. This resistance could be minimized using a Litz wire, though the integration
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of the Litz wire has to be investigated.
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Geometry table

Table B.1: Parameterization of the coil geometry for 1, 2, and 3 turns.

Row number 1 turn 2 turns 3 turns

0 XW YW XW yW XW VW

1| -L/2+w  height+s -L/24w height+s -L/24w height+s

2| L/2+w  L/2w L/24w L/2-w L/24w L/2-w

3 L/2-w L/2-w L/2-w L/2-w L/2-w L/2-w

4 L/2-w -L/2+w L/2-w -L/2+w L/2-w -L/2+w

5| L/2-w-s -L/24w | -L/242*w+s -L/24w -L/242%w+s -L/24w

6| L/2-w-s L/2-w-s -L/242%w+s L/2-2%w-s -L/242%w+s L/2-2%w-s

7| -L/24w+s  L/2-w-s L/2-2%w-s L/2-2%w-s L/2-2%w-s L/2-2%w-s

8 | -L/2+w+s -L/2 L/2-2%w-s -L/2+2%w+s L/2-2*w-s -L/24+2%w+s
9 L/2 L/2 L/2-2%w-2%s  -L/24+2%w+s | -L/243*w+2%s  -L/2+2%w+s
10 L/2 L/2 L/2-2%w-2%s  L/2-2%w-2%s | -L/243%w+2%s  L/2-3*w-2*s
11 -L/2 L/2 -L/242%w+2*%s  L/2-2%w-2*s L/2-3*w-2*s L/2-3*w-2*s
12| L/2  height+s | -L/242%w+2%s  -L/2+w+s | L/2-3%w-2%s  -L/2+3%w+2%s
13 L/2-w-s -L/2+w+s L/2-3*w-3*s  -L/2+3%*w+2*s
14 L/2-w-s L/2-w-s L/2-3*w-3*s L/2-3*w-3*s
15 -L/2+w+s L/2-w-s -L/243*w+3*s  L/2-3*w-3*s
16 -L/24+w+s -L/2 -L/243*w+3*s  -L/2+2%w+2*s
17 L/2 L2 L/2-2%w-2%s  -L/2+2%w+2*s
18 L/2 L/2 L/2-2%w-2%s  L/2-2%w-2%s
19 L/2 L/2 L/242%w+2%s  L/2-2%w-2%s
20 -L/2 height+s -L/242%w+2%s -L/24w+s
21 L/2-w-s -L/2+w+s
22 L/2-w-s L/2-w-s
23 -L/24+w+s L/2-w-s
24 L/24w+s L/2
25 L/2 L/2
26 L/2 L/2
27 L/2 L/2
28 -L/2 height+s
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Resistance and inductance values

Table C.1: 1 Hz resistance values for a thickness from 10 to 2000 um, for all number of turns with a spacing of 500um

on a 12.5 cm cell. The 2D model is used for a thickness up to 300 pum, after which the 3D model is used.

t(um) I[N/ RMmQ) IN|RMmQ IN|RMQ IN|RmMQ) IN|RMQ) IN|RmMQ |N|RmM2 | N|R(mQ)
10 1 7.06 2 31.23 3 68.86 4 120.17 5 185.63 6 265.02 7 358.59 8 466.51
50 1 1.14 2 6.25 3 13.77 4 24.06 5 37.13 6 53.01 7 71.72 8 93.31
100 1 0.71 2 3.12 3 6.89 4 12.03 5 18.57 6 26.51 7 35.87 8 46.66
200 1 0.35 2 1.56 3 3.45 4 6.02 5 9.29 6 13.26 7 17.94 8 23.33
300 1 0.24 2 1.04 3 2.30 4 4.01 5 6.19 6 8.84 7 11.96 8 15.56
400 1 0.19 2 0.80 3 1.76 4 3.08 5 4.78 6 6.84 7 9.32 8 12.14
500 1 0.15 2 0.64 3 1.41 4 2.46 5 3.82 6 5.47 7 7.45 8 9.71
750 1 0.10 2 0.43 3 0.94 4 1.64 5 2.55 6 3.65 7 4.97 8 6.47
1000 1 0.07 2 0.32 3 0.70 4 1.23 5 1.91 6 2.74 7 3.73 8 4.86
1250 1 0.06 2 0.26 3 0.56 4 0.99 5 1.53 6 2.19 7 2.98 8 3.89
1500 1 0.05 2 0.21 3 0.47 4 0.82 5 1.28 6 1.83 7 2.49 8 3.24
1750 1 0.04 2 0.18 3 0.40 4 0.71 5 1.09 6 1.57 7 2.13 8 2.78
2000 1 0.04 2 0.16 3 0.35 4 0.62 5 0.96 6 1.37 7 1.87 8 2.43

Table C.2: 1 Hz inductance values for a thickness from 10 to 2000 pum, for all number of turns with a spacing of 500um

on a 12.5 cm cell. The 2D model is used for a thickness up to 300 pum, after which the 3D model is used.

t(um) | N|L@H) ] N|L @H) JN|LwH) JN|L@H) | N|LEH) | N|L @H) | N|L (H) | N|LuH)
10 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
50 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
100 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
200 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
300 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
400 1 0.056 2 0.233 3 0.512 4 0.899 5 1.388 6 1.975 7 2.672 8 3.460
500 1 0.056 2 0.232 3 0.511 4 0.897 5 1.384 6 1.971 7 2.666 8 3.452
750 1 0.055 2 0.231 3 0.508 4 0.892 5 1.376 6 1.960 7 2.651 8 3.433
1000 1 0.055 2 0.230 3 0.505 4 0.887 5 1.369 6 1.949 7 2.636 8 3.414
1250 1 0.055 2 0.228 3 0.502 4 0.882 5 1.361 6 1.938 7 2.622 8 3.395
1500 1 0.055 2 0.227 3 0.500 4 0.878 5 1.354 6 1.928 7 2.607 8 3.378
1750 1 0.054 2 0.226 3 0.497 4 0.873 5 1.346 6 1.917 7 2.593 8 3.360
2000 1 0.054 2 0.225 3 0.494 4 0.868 5 1.339 6 1.908 7 2.580 8 3.342

Table C.3: 100 kHz resistance values for a thickness from 10 to 2000 pum, for all number of turns with a spacing of
500um on a 12.5 cm cell. The 2D model is used for a thickness up to 300 um, after which the 3D model is used.

t(um) [IN|RmMQY) IN|RmMY) IN|RmMQ) IN|RMQ) IN|RmMQ) IN|RmMYD IN|RmMY | N|R(mQ
10 1 7.06 2 31.23 3 68.86 4 120.17 5 185.63 6 265.02 7 358.59 8 466.51
50 1 1.14 2 6.25 3 13.77 4 24.06 5 37.13 6 53.01 7 71.72 8 93.31
100 1 0.71 2 3.12 3 6.89 4 12.03 5 18.57 6 26.51 7 35.87 8 46.66
200 1 0.35 2 1.56 3 3.45 4 6.02 5 9.29 6 13.26 7 17.94 8 23.33
300 1 0.24 2 1.04 3 2.30 4 4.01 5 6.19 6 8.84 7 11.96 8 15.56
400 1 2.75 2 14.55 3 36.50 4 75.18 5 114.46 6 167.72 7 209.35 8 263.69
500 1 2.44 2 12.73 3 3147 4 64.85 5 104.23 6 151.08 7 196.43 8 244.17
750 1 1.88 2 9.49 3 23.50 4 49.66 5 86.16 6 122.24 7 172.94 8 209.47
1000 1 1.52 2 7.64 3 18.98 4 40.97 5 74.24 6 103.69 7 154.65 8 187.28
1250 1 1.30 2 6.48 3 16.27 4 35.37 5 66.14 6 91.62 7 141.96 8 169.67
1500 1 1.15 2 5.67 3 14.38 4 31.32 5 60.10 6 83.30 7 131.76 8 157.44
1750 1 1.03 2 5.03 3 13.02 4 28.24 5 55.69 6 76.87 7 125.23 8 148.58
2000 1 0.94 2 4.53 3 11.86 4 25.92 5 52.11 6 71.59 7 119.01 8 140.93
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Table C.4: 100 kHz inductance values for a thickness from 10 to 2000 pm, for all number of turns with a spacing of
500um on a 12.5 cm cell. The 2D model is used for a thickness up to 300 um, after which the 3D model is used.

t(un) | N|L@H) JN|L@H) | N|L@H) | N|L@H) I N|L@H) JN|L@H) | N|L@H)||N|L(uH)
10 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
50 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
100 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
200 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
300 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
400 1 0.017 2 0.078 3 0.222 4 0.453 5 0.856 6 1.262 7 1.928 8 2.559
500 1 0.016 2 0.073 3 0.213 4 0.435 5 0.820 6 1.210 7 1.858 8 2.473
750 1 0.015 2 0.068 3 0.199 4 0.403 5 0.756 6 1.123 7 1.728 8 2.314
1000 1 0.013 2 0.064 3 0.188 4 0.379 5 0.712 6 1.063 7 1.636 8 2.196
1250 1 0.012 2 0.061 3 0.178 4 0.361 5 0.677 6 1.015 7 1.561 8 2.107
1500 1 0.012 2 0.058 3 0.170 4 0.346 5 0.647 6 0.972 7 1.498 8 2.027
1750 1 0.011 2 0.055 3 0.162 4 0.332 5 0.620 6 0.934 7 1.438 8 1.953
2000 1 0.010 2 0.053 3 0.156 4 0.320 5 0.596 6 0.901 7 1.387 8 1.889

Table C.5: 200 kHz resistance values for a thickness from 10 to 2000 pm, for all number of turns with a spacing of
500um on a 12.5 cm cell. The 2D model is used for a thickness up to 300 um, after which the 3D model is used.

t(um) I[N/ RMmQ) I N|RMmQ IN|RmMQ IN|RmMQ) IN|RMQ)IN|RmMQ [N|RmM2 | N|R(mQ)
10 1 7.06 2 31.23 3 68.86 4 120.17 5 185.63 6 265.02 7 358.59 8 466.51
50 1 1.14 2 6.25 3 13.77 4 24.06 5 37.13 6 53.01 7 71.72 8 93.31
100 1 0.71 2 3.12 3 6.89 4 12.03 5 18.57 6 26.51 7 35.87 8 46.66
200 1 0.35 2 1.56 3 3.45 4 6.02 5 9.29 6 13.26 7 17.94 8 23.33
300 1 0.24 2 1.04 3 2.30 4 4.01 5 6.19 6 8.84 7 11.96 8 15.56
400 1 3.21 2 16.31 3 40.81 4 86.53 5 142.38 6 203.66 7 286.03 8 344.15
500 1 2.76 2 14.07 3 34.21 4 71.83 5 123.18 6 174.61 7 250.51 8 299.19
750 1 2.02 2 10.13 3 24.63 4 52.61 5 94.91 6 132.77 7 201.14 8 236.82
1000 1 1.60 2 8.00 3 19.53 4 42.49 5 79.26 6 109.51 7 172.00 8 204.10
1250 1 1.35 2 6.72 3 16.58 4 36.34 5 69.42 6 95.39 7 154.12 8 181.08
1500 1 1.17 2 5.83 3 14.57 4 31.99 5 62.43 6 85.94 7 140.84 8 165.95
1750 1 1.05 2 5.14 3 13.16 4 28.70 5 57.49 6 78.85 7 132.46 8 155.27
2000 1 0.96 2 4.62 3 11.97 4 26.27 5 53.51 6 73.15 7 124.94 8 146.40

Table C.6: 200 kHz inductance values for a thickness from 10 to 2000 pum, for all number of turns with a spacing of
500pum on a 12.5 cm cell. The 2D model is used for a thickness up to 300 pm, after which the 3D model is used.

t(um) | N|L@H) ] N|L @H) JN|L@H) JN|L@H) | N|L@H) | N|L @H) | N|L (H) | N|LuH)
10 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
50 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
100 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
200 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
300 1 0.056 2 0.236 3 0.523 4 0.916 5 1.414 6 2.017 7 2.725 8 3.537
400 1 0.016 2 0.073 3 0.209 4 0.419 5 0.790 6 1.168 7 1.782 8 2.387
500 1 0.015 2 0.070 3 0.203 4 0.410 5 0.767 6 1.137 7 1.736 8 2.332
750 1 0.014 2 0.066 3 0.193 4 0.389 5 0.722 6 1.078 7 1.642 8 2.220
1000 1 0.013 2 0.062 3 0.185 4 0.370 5 0.688 6 1.032 7 1.571 8 2.126
1250 1 0.012 2 0.060 3 0.176 4 0.354 5 0.658 6 0.992 7 1.509 8 2.051
1500 1 0.011 2 0.057 3 0.168 4 0.341 5 0.632 6 0.953 7 1.455 8 1.981
1750 1 0.011 2 0.055 3 0.161 4 0.328 5 0.608 6 0.919 7 1.400 8 1.913
2000 1 0.010 2 0.053 3 0.155 4 0.316 5 0.586 6 0.888 7 1.353 8 1.854




Current density

(a) 200 pm at 1 Hz (b) 1000 pm at 1 Hz
TS —
(c) 200 wm at 100 kHz (d) 1000 pm at 100 kHz

(e) 200 wm at 200 kHz (f) 1000 pwm at 200 kHz

v

Figure D.1: Current density figures of the 3D straight wire for a thickness of 200 um on the left ((a), (¢), (e)) and
1000 pm on the right ((b), (d), (f)). The color legend shows the normalized current density in A/m? where the first row
is for a 1Hz system, the second row a frequency of 100 kHz, and the third row a frequency of 200 kHz.
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Figure E.1: Quality factor versus conductor thickness for (a) 4, (b) 6, and (c) 8-turn coils.
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