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Abstract

Satellites launched into orbit generate the necessary power for their operation from the sunlight
using solar panels. To ensure that the power generation is maximum, these solar panels rotate in
order to have their surface always facing the sun. The power is then transferred from the solar
panels to the satellite via a rotating system called Solar Array Drive System. Nowadays Solar
Array Drive Systems use slip rings technology to transfer power from the rotating solar panels
to the static satellite. However, slip rings technology suffers from limitations in the harsh spatial
environement such as voltage limitation and wear. In this work, a complete satellite power system
using a contactless rotating transformer for the power transfer is studied and simulated using
LTSpice, in order to chose the best topology for all the parts of the studied system, namely the
solar panel, the rotating transformer and the power electronic converter used to transfer power
from the solar panel to the satellite without contact. At first, a state of the art on contactless
power transfer is presented to help in choosing topologies for the elements making up the entire
system. Then, the different parts of the system are modeled and the models are confirmed using
LTSpice. Finally, the entire system is modeled and simulated, and three different power electronic
converters are compared in order to chose the most suitable for this work.
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Introduction

Since the start of the spatial conquest, mankind has sent many artificial satellites into the Earth
orbit. Their usages and purposes are multiple, ranging from telecommunications to meteorology,
and including spying and other observation activities. The common point of all these activities
is that they require energy to be accomplished. As a satellite has no direct link to Earth, its
energy must be auto-generated, and it comes from an inexhaustible energy source, the Sun. Since
Vanguard 1 launched in 1958, nearly all launched satellites come accompanied with solar panels,
harnessing energy from the Sun’s rays to power them. These solar panels are usually split up
across two solar arrays, set up on both wings of the satellite. To maximize the harnessing of
energy, these wings have to able to rotate or pivot around an axis in order to have their surface
always oriented towards the sun, effectively maximizing the power harnessing. However, a system
with moving parts has more chances of failures than a completely static system, explaining why
not every satellite use rotating/pivoting solar arrays. Also, a problem arises from the transfer
of power from the solar panel to the main body of the satellite, as rotating parts do not allow
simple wires to be used to transfer the power. To remedy this difficulty, satellite nowadays have
an internal system called solar array drive system which is responsible for the transfer of power.
These solar array drive systems use slip rings to transfer power, but this technology suffers from
drawbacks, particularly in the harsh spatial environment.

Chapter [I| introduces the problem of power transfer in spatial conditions, and lays down the
need of contactless power transfer as well as the objectives of this thesis.

Chapter [2| summarizes various solutions and technologies used in contactless power transfer
that are useful for the resolution of the objectives set in chapter 1. Different topologies are pre-
sented for different elements of the system, and help to find the best solution for this thesis.

A complete solar panel is modelled and simulated in Chapter [3] To do so, theoretical back-
ground on solar energy and photovoltaic modules modeling is presented. A single solar cell is
designed from its datasheet and a solar panel is designed from this solar cell using various simula-
tion techniques.

Chapter {4] chooses the best topology for the magnetic coupling element, and uses different
models to design it. The resulting magnetic coupling element is incorporated in the system.

Finally, the complete system is assembled in Chapter [5| to be simulated. A theoretical back-
ground on the chosen power electronic converter is presented, and three different topologies of this
converter are simulated and compared, in order to chose the topology that best fits the system.






Chapter 1

Context

This chapter gives context has to why a contactless power transfer is needed between the solar
panels and the satellite. First, the spatial constraints are presented, and their impact on the actual
slip rings systems are explained. The objectives of this work and the specifications of the system
are then introduced.

1.1 Spatial Context

Satellites are launched into orbit, which is an environment with several constraints. Indeed, satel-
lites are launched outside of the Earth protective atmosphere and must face the following con-
straints:

e Maintenance : As satellites sit far away from the Earth surface, maintenance is nearly im-
possible, except for some rare software maintenance. As satellites are launched into orbit to
accomplish their task for years (even decades), satellite systems are designed to have great
robustness and to be fault-tolerant.

e Gravity : The gravity in the Earth orbit is zero. This makes it possible to decrease weight
forces and frictions but it also removes the possibility to use convection in sealed systems.

e Vacuum : As there is no gas, convection can not be used to cool down satellites in orbit.
Conduction is the only way to cool down satellite systems. This also suggests that the satel-
lite has a significant temperature gradient: the side facing the sun is heated, whilst the side
facing the darkness of space is cooled. The satellite systems therefore have to be able to cope
with high and low temperatures.

e Radiations & Plasmas : Spatial radiations are made up of particles that are harmful to the
satellite systems, and in particular to any part of the satellite that contains semiconduc-
tor electronics. Solar radiations also cause plasmas to appear by ionisation of atmospheric
molecules. Plasmas encourage the electric discharge phenomenon between conductors. The
different technologies found on a satellite have to be robust to those radiations and plasmas.



e Electric Discharge Phenomenon : Electrostatic discharges are caused by a dielectric break-
down that occurs when the voltage difference between two conductors is superior than a
voltage threshold called the breakdown voltage. In a gaseous environment, this threshold
voltage depends on the outside pressure and distance between the conductors, according to
Paschen’s law. From this law, curves called Paschen’s curves can be obtained. These curves,
shown in figure [1.1.1] indicate the maximum voltage difference between two conductors that
will not induce a dielectric breakdown.
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Figure 1.1.1: Paschen’s curves for different gases [27]

As shown on figure[L.1.1], the maximum voltage difference in space should be infinite, as there
is no pressure in spatial environment. However, as stated earlier, the presence of plasmas,
with a non-zero pressure, can lead to dielectric breakdowns happening anyways. Because
of this and because of past events, space designers have decided to keep the voltage of bare
conductors below the minimum breakdown voltage. The voltage of bare conductors is thus
limited to 110 V.

1.2 The Need of Contactless Power Transfer

Slip rings use metallic brushes or collectors which make contact with a rotating metallic ring to
conduct current from a rotating body to a static body or inversely. Different slip rings technology
exist but all of them have limiting features in spatial applications. Figure shows a slip ring
system used for spatial power transfer.
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As stated in the spatial constraints above, maintenance can not be achieved in space, and the
wear induced by the rubbing of the brush on the rotating metallic ring is therefore problematic
for long-term uses. The limitation in voltage imposed by the presence of plasmas and the risk of
electric discharges happening is also a limiting constraint set upon slip rings uses, especially when
high power transfer is needed.

Figure [1.2.2| shows the power system present inside a satellite. The energy of the Sun is
harnessed by the solar arrays, and is then transferred to the power conditioning and distribution
unit by the solar array drive system. The power is stored in batteries or used directly by the satellite
to accomplish its various tasks. Figure shows a solar array drive system made with a slip
ring technology, but as seen previously, this technology presents drawbacks in spatial applications.
A new system studied by Thales Alenia Space to replace the slip rings technology is the center of
this work. This new system uses a contactless magnetic coupling rotating element to replace the
slip ring and effectively transfer power from the solar arrays to the satellite, without any kind of
wires or contacts between the two.
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1.3 Objectives and Specifications

The objective of this thesis is to design an effective contactless power transfer system able to replace
the slip rings technology to transfer power from a solar array to a satellite. To do so, it is necessary
to have a good understanding of the already existing contactless power transfer technologies, as
well as power electronics converters and solar arrays systems. For this purpose, a complete system
has been modelled and simulated using LTSpice, in order to understand how the system behaves,
and to compare different topologies of power transfer. In this regard, the following elements of the
system have been modelled analytically and simulated with LTSpice:

e Solar panels : In order to understand the nature of the source of energy of the satellite, a
complete simulation of the solar panels has been made, from the simulation of a single solar
cell.

e Magnetic Coupling Element : To transfer the power from the solar panels to the satellite,
a magnetic coupling element has been studied and modelled to be fitted into the simulation
of the whole system.

e Power Electronics : As the magnetic coupling element introduces magnetizing currents, a
power electronic converter is needed to avoid a saturation of the material making up the core
of the magnetic coupling element. Three different topologies of power electronic converters
are studied, simulated and compared, namely a current-driven converter, a voltage-driven
converter, and a resonant converter.

All these elements were modelled using realistic, existing materials such as semiconductors,
circuit elements and solar cells. The final objective of this thesis is to obtain a power-voltage curve
at the output of the system that is similar to the power-voltage curve of the solar panel feeding en-
ergy into the satellite. The system has to be able to transfer 5 kW of power at a maximum of 150 V.



Chapter 2

State of the Art on Contactless Power
Transfer

This chapter aims to present the vast knowledge existing on contactless energy transfer and used
throughout this thesis. It begins by delving into the history and the different types of contactless
energy transfer. Afterwards, an overview of the different power electronics used in the literature
will be presented, as well as the different magnetic coupling elements used in different applications.

2.1 Types of contactless power transfer

Contactless, or wireless, power transfer is the transmission of electrical energy without contact,
or without wires, between a transmitter, which is connected to an energy source, and a receiver,
which can be connected to a load. The energy transfer relies on the principles of electromagnetism.
The receiver extracts power from a time-varying electromagnetic field created by the transmitter.
Contactless power transfer is useful for applications where mobility is one of the predominant man-
ufacturing factor, and also in applications where connecting wires is impractical, or not possible.

Contactless power transfer can be divided into two main categories, and each of them can again
be divided into different technologies of power transfer. The two main categories are near-field
and far-field (or non-radiative and radiative) energy transfers. Far-field (or radiative) techniques
use beams of electromagnetic radiations. They can be used to transfer energy over long distances
but the beams must be aimed at the receiver. These techniques are not used in this thesis.

Near-field (or non-radiative) techniques use fields to transmit energy over small distances. The
two main technologies are capacitive coupling, which uses an electric field to transfer energy be-
tween metal electrodes, and inductive coupling, which uses a magnetic field to transfer energy
between coils of wire. Both technologies can be improved efficiency-wise by using resonant cir-
cuits. In this thesis, inductive coupling as well as its resonant counterpart will be used.

A small comparison of the different techniques and technologies with their advantages and
drawbacks, as well as an application example, is shown in table 2.1]



Technology Type Advantages Drawbacks Possible application
Simple
Inductive Coupling Safe
Near-field | High efficiency

Short distance Transfer of energy between PV panel and
Expensive load in a satellite

Decreases low frequency gain of system
Capacitive Coupling Low cost Can introduce distortions at low frequencies | Charging portable devices
Smaller frequency range

Resonant Inductive

. Efficiency Complex Electric vehicles
Coupling
Microwaves ) Long distances | Low efficiency Solar power satellites
Far-field Ultra-high frequenc
Light waves Long distances ' g1 frequency Charging portable devices

Low efficiency

Table 2.1: Comparison of the different contactless power transfer technologies

2.1.1 Inductive Coupling

In inductive coupling, coils of wires on the transmitter side create an electromagnetic field, which
will be intercepted by coils of wire on the receiver side. The coils on the transmitter and receiver
sides form together a magnetic coupling element, which most of the time is a transformer. The
source, often via a power electronic circuit, feeds an alternating current to the transmitter coil.
By Ampere’s law, this creates an electromagnetic field which oscillates and passes through the
receiver’s coil. As an oscillating electromagnetic field passing through a coil creates an EMF by
Faraday’s law of induction, an alternating current is created in the receiving coil, and fed to the
load. This alternating current can either be fed directly to the load, or be rectified and transformed
into a direct current to feed the load.

The transferred power is dependant on several parameters. The frequency of the alternating
current, the mutual inductance between the coils and the distance between them all influence the
efficiency of the inductive power transfer. The coupling coefficient % is often used to characterize
such efficiency. Its value is k£ = \/%, with M being the mutual inductance between the coils
and Ly and Ls being the inductances of the transmitter coil and the receiver coil, respectively. k
can be seen as the fraction of magnetic flux through the transmitter coil Ly that passes through the

receiver coil Lo when Ly is open circuited.

The closer together the coils are, the closer k& will be to 1 and the efficiency will be close to
100%. So to achieve high efficiency, the coils must be very close to each other, usually a few
centimeters. A scheme representing inductive coupling can be seen in figure 2.1.1

As explained above, inductive power transfer can only achieve high efficiency at very short
distances. However, using resonant inductive coupling can help achieve the same efficiency for
greater distances.

2.1.2 Resonant Inductive Coupling

When using an inductive coupling, a large part of the magnetic flux generated by the transmitter
coil will be transformed into energy by the receiver coil, but a part of this magnetic flux will not be
coupled and will therefore be lost. This part of the flux is called the leakage flux. The open-circuit
voltage appearing on the receiver coil will be smaller than expected, because of this leakage flux.
This leakage flux is modelled by a leakage inductance, L,. By adding a capacitance of the right
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Figure 2.1.1: Inductive Power Transfer [33]

value, this leakage inductance L, can be used to create a resonant circuit. This technique is called
leakage inductance compensation. The resonant circuit will help the system to exchange energy
faster than it loses it, and therefore cut losses and help with exchanging energy over a longer dis-
tance. Resonance will also prevent switching losses, by allowing the device to perform Zero-Current
Switching (ZCS) or Zero-Voltage Switching (ZVS), as it will be demonstrated further in this thesis.

Different topologies of leakage inductance compensation exist, using series or parallel montages.
Namely:

e Series-Series (SS)

e Series-Parallel (SP)
e Parallel-Series (PS)
e Parallel-Parallel (PP)

The first letter stands for the topology of the primary side of the transformer, while the second
letter stands for the secondary side. Topologies with series compensation have been studied and
analysed extensively in various works [33]. Models of the four different topologies can be seen in
figures [2.1.2] and [2.1.3]

¢ €2 c! LF1 Lf2
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Lm. ’ Lm H c2——
(a) Series-Series (SS) (b) Series-Parallel (SP)

Figure 2.1.2: Models of leakage inductance compensation topologies with series compensation at the
primary side
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Figure 2.1.3: Models of leakage inductance compensation topologies with parallel compensation at the
primary side

2.2 Qi Standards

In 2008, the Wireless Power Consortium was created and introduced global interface standards for
contactless power transfer, and called it Qi. Qi standards use inductive power transfer to charge
Qi devices when set down on a Qi pad, bypassing the need to plug in a charging cable, as shown
on figure Companies like Asus, Samsung and Sony adhered to the standard and used it to
develop wireless charging in their products. In 2017, the Wireless Power Consortium introduced
the Power Class 0 specification, which enables the transfer of power from 5 to 30 W. Practically, the
charging pad and the device will exchange information on the power that needs to be exchanged
before the start of the charging phase.

Figure 2.2.1: Mobile phone charging on a Qi pad

The Power Class 0 specification sets a standard operating frequency range from 87 up to 205
kHz. The amount of power transferred can be controlled via the operating frequency used, but
it is not mandatory to do so. The amount of power transferred is inversely proportional to the
operating frequency, so a lower operating frequency will result in more power transferred. Hence

10



power transmitter using the operating frequency to control the amount of power transferred will
have a resonant frequency near the lower end of the operating frequency range [6]. In the same
fashion, the standard for the charging area specifies the outer diameter of the power transmitter
coil (50 mm) and the coil in the power receiver (40 mm). Maximum power transfer is obtained
when the coils are perfectly aligned, so charging pads usually feature a spot to place the device.
However, multiple coils in the power transmitter can be connected in an array or in a matrix, as
seen in triple coil charging stands shown on figure that allow multiple devices of different
sizes and coil locations to charge with the Qi pad.

Figure 2.2.2: Triple coil charging Qi stand

As inductive charging uses a magnetic field to transmit power from the Qi pad to the device,
it is important to protect the device from the magnetic field to avoid deterioration of the device or
the formation of Eddy current inside the device, which will lead to power dissipation which will in
turn lead to a temperature increase in the device. To prevent the magnetic field having an impact
on parts of the device where it should not, the device should be separated from the secondary coil
via shielding. The Shielding should be placed on the top face of the secondary coil and should
cover it completely.

Another safety parameter is over-voltage protection. If an user poorly places a device on the
charging pad and a large current in the primary coil is required to transfer the appropriate charging
power, and then suddenly the user improves the coupling by changing the position of the device,
it is possible that large voltages will be present in the secondary coil and will be harmful for the
device. To avoid this scenario, a 20 V limit is set on the output voltage and is implemented by
controlling on the current circulating in the primary coil. This limit is defined according to the
amount of power exchanged [6], in order to avoid being unable to meet the target power level when
a load is connected.

11



2.3 Power Electronics

The power electronics used in contactless power transfer can be divided in two categories. At the
transmitter side, an inverter is tasked to create an alternating current to feed the primary coil,
which will lead to the apparition of the time-varying magnetic field. At the receiver side, this
magnetic field will induce an alternating current, which if needed has to be transformed into a
direct current via a rectifier.

2.3.1 Inverter

The role of the inverter is to transform a DC signal into an AC, square signal. Multiple topologies
able to achieve this are found in the literature and presented below.

2.3.1.1 H-Bridge

The H-Bridge or Full-Bridge is the most commonly used inverter for contactless power transfer.
It consists of two branches, each having two switches. The switches can be implemented with
MOSFETSs or BJTs. The H-Bridge model can be seen in figure [2.3.1al

The switches SW1 and SW4 are controlled to open and close at the same time, opposite to the
switches SW2 and SW3. From ty to t;, SW1 and SW4 are closed, and SW2 and SW3 are open.
The voltage between V. and V_ is thus the source voltage V;,,. From t; to t5, no switches is closed,
to avoid over-voltages due to the saturation of the magnetic coupling element. More about that
will be seen later in this thesis. From t5 to t3, the switches SW2 and SW3 are closed, and the
switches SW1 and SW4 are open, so the voltages between V, and V_ is —V,. The voltage be-
tween V. and V_ is thus a square wave of amplitude V;,,. The waveforms can be seen in figure[2.3.1]

Vin®
V-V
o (o]
swi1 sSwW3
V+ V.
o] o
\5W2 \5W4
~Vin
to t, t, ts ty
SW1 and SW2 and
SW4 ON ALL OFF SW3 ON ALL OFF
(a) H-Bridge model (b) H-Bridge waveforms

Figure 2.3.1: Model and waveforms of the H-Bridge
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2.3.1.2 Half-Bridge

The Half-Bridge is used in some works on contactless power transfer [38] [I0]. It reassembles the
H-Bridge except that the switches SW3 and SW4 are replaced by capacitances of the same value
to absorb alternating current. From ¢y to t;, the switch SW1 is closed and the switch SW2 is
open. As the capacitances have the same value, they both have the same voltage across their
terminal, equal to V;,/2. So the voltage between V, and V_ is V;, — V;,,/2 = V},,/2. As with the
H-Bridge, no switch is open from ¢; to ¢ty to prevent the magnetic coupling element from saturat-
ing. From t, to t3, the switch SW2 is closed and SW1 is open. The voltage between V, and V_
is thus 0—V;, /2 = =V}, /2. The model and waveforms of the Half-Bridge can be seen in figure .

Vin
V-V,
° Vins2 I
\SW1 —C2
—Vin/2 |
—V+ V-—of
A
o
\SWZ ——C3
ty t, t, ts t
SW1ON ALL OFF SW2 ON ALL OFF
(a) Half-Bridge model (b) Half-Bridge waveforms

Figure 2.3.2: Model and waveforms of the Half-Bridge

An advantage of this topology is that the command of the electronics is simplified, as there
are only two switches instead of four. But as the power output stays the same and the voltage is
divided by two, there is two time more current circulating in the switches, so the use of silicium
stays the same. But practically, this topology has a drawback related to the parasitic resistances
of the capacitors used. The circuit can not be correctly polarized because of them. To prevent
this problem, smaller, parallel, resistances have to be added to have a smaller impedance and a
reference voltage of V;,, /2.

2.3.1.3 Boost-Converter

[22] combines the Half-Bridge with a Boost Converter in order to get a desired voltage at the
input of the bridge, which is higher than the source voltage. The model of the Boost-Converter,
combined with the Half-Bridge, can be seen in figure [2.3.3|
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Figure 2.3.3: Boost Converter and Half-Bridge

This Boost Converter is based on a high efficiency, lossless snubber. From ¢y to ¢;, the switch
SW3 is open and diode D, is conducting, so the voltage at the output of the boost converter is
Vi and the capacitor Cy charges itself. Between t; and t3, the switch S3 is closed. The mutual
inductor Ly discharges itself via the low impedance path created by the capacitors C5 and Cs.
The capacitor C} discharge itself to ensure that the output voltage is still at V;,. From t3 to t4,
the switch SW3 is still closed so there is no current flowing in the right part of the circuit. When
the switch SW3 opens again, from ¢4 to t5 the current flows trough the diode D5 and the capacitor
Cs and the output voltage goes back to V;,. From ¢;5 to ts current flows out of Ly, again to reach
the output via diode D3 and capacitor C5. Current flows and waveforms can be found in figure

[2.3.4a) and [2.3.4b| [22]

/-\
Is
to-ta ti-ts Vs |—
ta-ty t-ts ) t
Vo . /
Iest T £
L
iy Ies: EaS
ts-te te-t; ty titz t3 tyts tg t7

(a) Boost Converter current flows (b) Boost Converter waveforms

Figure 2.3.4: Current flows and waveforms of the Half-Bridge [22]
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2.3.2 Rectifier

The role of the rectifier is to transform the AC, square signal received in the secondary coil into
an DC signal to feed the load. Multiple topologies able to achieve this are found in the literature
and presented below.

2.3.2.1 Passive Rectifier

Passive rectifiers are widely used in contactless power transfer. The reason for their popularity is
their passive nature, which means that no control circuit must be implemented. Their principle
rely on passive diodes. When Vj is positive, diodes D; and D, are conducting, providing a way
for the positive voltage to the load, and a way to the ground. When V; is negative, diodes D,
and D3 are conducting, to rectify the negative voltage into a positive voltage for the load and still
providing a path to the ground.

In practice, a capacitor is added in parallel with the load to have a smoothing of the output
voltage. The output voltage increases when the diodes are conducting and decreases with the
discharging of the capacitor. The time constant 7 = R - C' must be high to have the smoothest
output voltage possible. However, an excessive capacitance value can be harmful to the diodes. If
T increases then the conduction time of the diodes tox decreases. As the mean current in the load
is constant, the diodes will have to provide that current in a shorter time span, leading to higher
current peaks in the diode. The drawbacks of passive rectifiers is that their harmonic content is
high, they also tend to have a low power factor and due to the voltage drop on the diodes they
have a low efficiency.

A model of a passive rectifier and its waveforms can be seen in figure [2.3.5]

D1 Ao Vour | A A
Vs —— oy I load
In,
D3 Ao
to ty ty tz ly
(a) Passive Rectifier Model (b) Passive Rectifier waveforms

Figure 2.3.5: Current flows and waveforms of the Passive Rectifier
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2.3.2.2 Active Rectifier

Active rectifiers solve most of the drawbacks of passive rectifiers. They do not generate harmonics,
their power factor is close to unity and they have a higher efficiency since the voltage drop across
MOSFETS is lower than the voltage drop across diodes. But this topology requires a command
circuit. The model is the same as with the passive rectifier, except that the diodes are replaced
with MOSFETSs or IGBTs. Diodes are added in parallel with the transistors to provide a path for
the current. When an active rectifier is used at the secondary and a H-Bridge at the primary, the
total circuit is called a Dual-Active Bridge.

The principle of rectification remains the same as the passive rectifier, except that the setting
ON and OFF of the transistors has to be done via a command circuit. One command technique is
to compare the DC current at the output with a reference DC current, then input the error into a
PI controller, which output will be multiplied with a cos(wt) created by a PLL fed with the input
voltage. This product, which represents the reference current, is compared to the actual input
current, and the current error is fed to a PR (proportional resonant) controller. The output of the
PR controller is added to the input voltage to get the reference voltage, which is fed to an unipolar
PWM generation block. Inside this block, the reference voltage is compared with a triangular
carrier wave, the output of each comparison (with positive and negative reference voltage) is sent
to each transistors. The model of the active rectifier and the proposed control technique can be
seen in figure [2.3.6|
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(a) Active Rectifier Model (b) Active Rectifier proposed control circuit

Figure 2.3.6: Model and proposed circuit of the Active Rectifier

2.3.2.3 Passive rectifier with two diodes

Another passive topology using only two diodes is presented in [36]. When Vg is positive, the
current in inductor L; increases, and when Vg is negative, the diode D; conducts, and so the
current in L; decreases. The opposite happens in inductor Ls. This topology uses less diodes,
but the output voltage is only half of the RMS value of V. The model and the waveforms of this
topology can be seen in figure [2.3.7]
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(a) Passive Rectifier with 2 diodes Model (b) Passive Rectifier with 2 diodes waveforms

Figure 2.3.7: Model and proposed circuit of a Passive Rectifier with 2 diodes

2.4 Magnetic Coupling Element

Between the inverter and the rectifier, a magnetic coupling element with inductive coupling factor
k transmits the energy from its primary coil to its secondary coil. As the secondary is not phys-
ically connected to the primary, it can be movable. This adds mobility, flexibility and safeness
to the design. The mobility of the secondary can be linear or rotating. The magnetic coupling
element is often a transformer and its core will be different depending on the air gap length and
the power range used. Applications with multiple primary or secondary coils can also be found in
the literature.

2.4.1 Qi Reference Designs

Qi Power Class 0, introduced in chapter sets standards for contactless power transfer for device
charging. The standards also include magnetic coupling elements reference designs.

The power transmitter reference designs include two different design groups. The first group,
called Type A, includes power transmitter designs with one or more primary coils, but with only
a single one activated at a time. The other group, called Type B, includes designs with an array
of primary coils. One or more primary coils from the array can be activated at the same time.
Several reference designs are presented in [7]. This document presents the mechanical (number
of coils, form, diameter, thickness, number of turns per layer, etc...) and the electrical (electrical
diagram of the power electronics circuits used, PID parameters for control, etc...) details used for
each primary and secondary coils reference designs. As the number of reference designs presented
is quite extensive, they will not be all covered in this thesis, but Power Transmitter Design A2 will
be presented as an example.

Power Transmitter design A2 uses a single circular shaped primary coil, as shown in figure
2.4.1] This primary coil consists of a Litz wire having an equivalent of 30 strands of 0.1 mm of
diameter. Litz wires are a type of wire made to carry current at high AC frequencies. These wires
reduce the skin and proximity effects, seen in chapters [4.6.1}and 4.6.2| Litz wires consist of multi-
ple strands of thin wire which are individually insulated and are then twisted together following a
pre-indicated pattern. Figure [2.4.2] shows the difference between a Litz wire and a stranded wire.
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The primary coil consists of multiple layers, which are all stacked with the same polarity.

Figure 2.4.1: Primary coil of power transmitter design A2 [7]

Litz stranded

Figure 2.4.2: Difference between a stranded and a Litz wire

Figure [2.4.3| shows the shielding used to protect the rest of the base station from the generated
magnetic field. The shielding consists of a combination of Zinc (either with Manganese or Nickel)
Ferrite and its thickness should be at least 2 mm.

Interface
Surface
5 mm min.
— |e J,dz
1.0°m X. :__ f ‘E - i \Iﬁs
Primary —> )&2 )
Coil mm min.
Base Shielding

Station

Figure 2.4.3: Shielding of power transmitter design A2 [7]
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2.4.2 Rotating Transformer

Rotating transformers are often used in contactless power transfer, typically with a rotating load.
Different transformer geometries can be used for a rotating transformer, namely the pot core and
axial rotating transformer topologies. Both are shown in figure [2.4.4 Both geometries are com-
pared in [26], which concludes that the pot core transformer geometry has less core and winding
losses, as seen in figure [2.4.5] and gives better performances for magnetic coupling and flux densi-
ties.

Figure 2.4.4: Axial rotating and pot core transformer geometry [26]
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Figure 2.4.5: Comparison of the losses in pot core and axial rotating transformer geometries [43]

Pot core rotating transformers are analysed in details in [45], [44] and [35]. Figure shows
an example of a pot core rotating transformer. Pot core rotating transformers have two different
winding topologies, namely adjacent winding and coaxial winding. A comparison between the two
different winding topologies is made in [43], showing that lower losses could be obtained with the
adjacent winding topology. Both topologies are shown in figure

Another transformer topology for space application is studied in [5]. The transformer is made
of multiple pairs of ferrite assembly around a core. The transformer design is shown in figure [2.4.8]
This designs has great flexibility given by the changeable size of the C ferrite pairs and by changing
their number. Two concepts have been studied, a symmetrical and an asymmetrical number of
C ferrites. The analysis shows that a solution with 20 ferrites on one side and 19 on the other
gives the best results, improving the whole system stability, reducing cogging torque and allowing
smoothing.
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Figure 2.4.6: Pot core transformer design [45]
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Figure 2.4.7: Adjacent and coaxial winding topologies in a pot core transformer

Figure 2.4.8: Proposed transformer from [5]

Rotating contactless power transfer systems can also be used to work with electrical excited
synchronous machines, as studied in [28]. In this application the contactless system has to be able
to transfer power but also to have an accurate control of the excitation current on the rotor side.

Multiple solutions are constructed and analysed.

Another use of Rotating contactless power transfer systems is in association with active vertical
maglev inductively coupled structure, notably for medical application. This application is studied

in [24] and [25].
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Industrial applications can also be found in the literature, notably for radar rotary joint sys-
tems [II] and for a commercial drilling tool, taking advantage of the removal of the rotational
speed limitation that was present with slip rings [18].

2.4.3 Multiple Secondary

The magnetic coupling element of the contactless power transfer system can feature multiple sec-
ondary windings as shown in figure|2.4.9, This configuration is useful when multiple movable loads
have to be supplied. It can also be used when the loads are not moving but have to be isolated
from the source or from each other. This configuration results in more losses and thus a drop
of the total efficiency. [12] took advantage of the flexibility of this topology to develop a new
communication system called WISA (wireless interface for sensors and actuators), to provide both
wireless communication and power supply to sensors and actuators. This solution has also been
studied for use in homes, with [I] and [48] proposing a novel approach to replace plugs and sockets
with contactless power transmission systems to increase safety of use. This solution was also used
in [37] to supply power to an airbone radar with a rotating transformer.

Magnetic
Coupling AC/DC converter
Element
DC/AC converter N
DC Source -
@
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j——
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Figure 2.4.9: Magnetic Coupling Element with multiple secondary windings

2.4.4 Multiple Primary

Solutions with multiple primary windings can be used in applications such as charging pads. Power
is transferred from multiple primary windings without magnetic cores to a single secondary wind-
ing using inductive power transfer across an air-gap. The multiple primary windings are set such
that they form a matrix of coils embedded in a flat surface. This arrangement is capable to supply
power to an electronic device with secondary windings mounted inside it. This solution is used in
[8] to supply an actuator using rectangular shape circular coils, while [46] and [4] use hexagonal
and rectangular shape circular coils (figure in matrices to supply power to charge a laptop
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and a drone respectively.
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Figure 2.4.10: Rectangular shaped circular coils on a flat surface used to charge a drone [4]

2.4.5 Cascaded Transformers

A system with cascaded transformers (ﬁgure can be used in applications to supply power to
different moving secondaries belonging to the same system. [13] uses this topology with rotatable
transformers to supply power for multiaxis robots. It transfers energy at a frequency of 25 kHz
at 650 V to loads which are electric motors. Another use of this topology is made in [15] for
a multi-layer optical disc used in data storage systems to supply electrical power to change the
optical reflectivity of an electro chromic layer for layer selection.
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DC Source AC/DC converter
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Figure 2.4.11: Cascaded Transformer
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2.4.6 Sliding Transformer

Sliding transformers can be used to transfer power over a longer range, while keeping the flexibility
advantage of a contactless power transfer. Multiple solutions and applications of sliding transform-
ers can be found in the literature. Practically, two different approaches are adopted. The first
one consists of elongating the primary winding to form a loop over the distance needed for the
movement of the secondary winding. This topology is used in [30], [23], [3], and [32]. Figure 2.4.12]
shows the principle of operation of this topology. Another implementation is studied in [I7], where
multiple secondary coils slide through the primary coil of a gapped transformer, constructing a
long stroke of power transfer, as shown on figure . [47] uses the same method, but with
planar coils. Another approach, presented in [49], make use of both primary and secondary cores.

secondary winding

Fange of movemeni

Figure 2.4.12: Sliding secondary coil over long-rage primary coil [23]

Figure 2.4.13: Sliding secondary coils through the primary coil of a gapped transformer [17]
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Chapter 3

PV Panel

The energy used to power the satellite comes from the sun, and more precisely from its light.
Light is transformed into electrical energy by a photovoltaic power generation system. The basic
element of a photovoltaic power generation system is the photovoltaic cell, an electronic device
with electrical characteristics varying when exposed to a light source. This device consists of a
junction between two semiconductor layers, or between a metal plate and a semiconductor layer.
Each layer is connected to an electrical conductor, to connect the solar cell to an external electrical
circuit. The cells are grouped into modules. As each cell provides only a very low voltage, they are
connected in series within the modules. Several modules set side by side in the same plane form a
photovoltaic panel, and several photovoltaic (PV) panels together form a photovoltaic array, which
is the complete power-generating unit.

This chapter will focus on the constitution, operation principles, modeling and design of the
photovoltaic array used in the system. This will lead to the design of a solar panel that can be
simulated in LTSpice, and that is part of the entire system. The P/V curve of this simulated solar
panel will be the point of comparison when simulating P/V curves at the output of the system,
and will be useful to visualize the losses present in the system.

3.1 Characterization of the resource

The resource used by PV is solar radiation. It consists of photons carrying energy. The energy
carried is given by:

E,p = hv = % (3.1.1)

with h = 6,626 x 10734[J-s| the Planck constant, and ¢ = 2,998 x 10%[m/s] the speed of light.
This expression is often given in eV (electronvolt, 1eV = 1,602 x 107! J) and reduces to

1.24
A(pm)

Epn(eV) = (3.1.2)
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Because he = 1.24[eV - ym]. The photon flux is given by ® = sphotons :ﬁtsm

or irradiance is given by

and so the power density

he

H = @T[W/mQ] (3.1.3)

To characterize a light source, the spectral irradiance as a function of a photon wavelength is
used. It is denoted by F. F gives the power density for a particular wavelength. F is given in
Wm™2m~!, with the Wm™2 term giving the irradiance at the wavelength A, given in pum.

Light sources, such as the sun, are modelled as black bodies. A black body is a body that
has zero reflectance, meaning that all incident radiations are allowed to pass into it, and zero
transmittance, meaning that all incident radiations are absorbed by it. A black body in thermal
equilibrium emits radiations according to Planck’s law, so the radiations spectrum is determined
by temperature alone. The spectral irradiance from a blackbody is therefore given by Planck’s
radiation law:

PO = — 2T 2y (3.1.4)

he

Ao (emT — 1)

With h the Planck constant and k = 1,38 - 1072*[JK~!] the Boltzmann constant. The total
power density from a black body is determined by integrating the spectral irradiance over all wave-
lengths:

H=oT* (3.1.5)

where T is the temperature of the black body (in K) and o is the Stefan-Boltzmann constant
(0 =5,67-10"8[Wm2K~1)).

The peak wavelength of the spectral irradiance is the wavelength at which the spectral irra-
diance is the highest, meaning that it is the wavelength at which the highest power is emitted.

This wavelength is determined by differentiating the spectral irradiance and solving the derivative
when it is equal to 0. The result is known as Wien’s law:

Ap(pm) = —— (3.1.6)
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In the case of a photovoltaic array powering a satellite, the resource is the sun. It has a tem-
perature of approximately 5800K, which gives a surface power density of Hy,, = 643:106[%]. So
the total power emitted by the sun is calculated by multiplying the emitted power density by the
surface area of the sun. It amounts to a total of 3.9 - 10%°[I¥]. The radiation emitted by the
sun is emitted according to Planck’s law, so the body’s shape or composition does not affect the
spectrum of radiation, only the temperature does. Black bodies in thermal equilibrium have two
important properties:

e [t is an ideal emitter: at every frequency, no other body emits as much energy at the same
temperature than the black body.

e [t is a diffuse emitter: the energy is radiated isotropically, independent of direction.

To find the solar irradiance on an object, the total power emitted from the sun has to be divided
by the surface area over which the sunlight falls. The total solar radiation emitted by the sun is
obtained by multiplying the total power density from the sun H = o7 by the surface area of the
sun (S = 47 R?, ). The surface area over which the power from the sun falls is 47 D?, where D is

the distance of the object from the sun. This distance is taken from the center of the sun. The
solar radiation intensity incident on an object, Hy in (W/m?), is given by

R?un
= 25" Huun (3.1.7)

Hy

The solar irradiance at the Earth’s atmosphere is about 1.37 [kWW/m?], as shown in figure
3.1.1. However, as the Earth moves in its elliptical orbit around the sun, and because the sun’s
emitted power is not constant, the actual power density varies slightly. The variation is, however,
approximately equal to 3.4%, and for spatial photovoltaic applications the solar irradiance can be
considered constant.

1370 W2

Diagram notto scale

Figure 3.1.1: Visualization of the solar irradiance at the Earth’s atmosphere
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3.2 PV cells constitution and basic operation principle

The basis of energy production by photovoltaic effect is the generation of charge carriers. A minor-
ity and a majority carrier are created when a photon is absorbed by the material. This happens
when the energy of a photon is sufficient, meaning that it is greater or equal to the band gap of
the material. Photons with an energy lower than the band gap of a material will not interact with
the material, or only weakly, and will pass through the material as if it were transparent. When
the energy of a photon is much greater than the band gap, then the photon is strongly absorbed.
But as the electron quickly thermalize back down to the conduction band edges, the energy of
the photon is wasted. When the energy of the photon is equal to the band gap of the material,
E,, = Eg, there is just enough energy to create an electron-hole pair and the photon is then
efficiently absorbed.

The current generated in a solar cell is known as the light-generated current. Two important
processes are involved in this current generation. The first process is the aforementioned absorp-
tion of photons by the photovoltaic material. Electron-hole pairs are generated in the cell when
the energy of the incident photon is greater to or equal to the band gap of the material. But since
they are meta-stable, electrons in p-type materials and holes in n-type materials can only persist
for about as long as the minority carrier lifetime before recombining. If the carrier recombines, the
electron-hole pair produced by the incident photon is lost, and no current or power is produced.
The second important process is the collection of these electron-hole pairs by a P-N junction. This
process use an electric field present in the P-N junction to separate the majority and minority
carriers spatially, to prevent any recombination. When the minority carrier produced by the in-
cident photon reaches the P-N junction, the electric field at the P-N junction sweeps it across
the junction, where it becomes a majority carrier. If the solar cell is short-circuited, the carriers
generated by the incident photons flow, generating current and voltage. Figure shows that
solar have a spectral response in A/W that is dependent on the wavelength of the incident photon,
and that cells are not ideal, and are subject to losses.
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Figure 3.2.1: Spectral response [19]
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The choice of semiconductor used determines £,. It is a compromise between the desire to use
the energy from photons at wavelengths in the broadest range possible and the wish to keep an
efficiency that is sufficient at wavelengths below the cutoff wavelength.

Crystalline silicon (with E, ~ 1.12eV) is widely used due to its interesting properties at a wide
range of wavelengths. But crystalline silicon cells have an efficiency limit at 33% due to losses.
It is also worth noting that the band gap £, depends on the temperature because the spectral
sensitivity varies along with it. So the current and power generated by a solar cell vary with the
temperature, as shown in figure [3.2.2] For a crystalline silicon cell, the equation linking the band

gap to temperature is E, = 1.16 — 7.02107* - =17
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Figure 3.2.2: I/V and P/V curves of a solar cell for various temperatures [41]

3.2.1 PV cells modeling

The characteristic curves of an Si-diode and an Si solar cell can be seen in figure [3.2.31 When
the solar cell is in the dark, it has the characteristics of a diode. When illuminated, the electrical
characteristics of the cell shift downwards, with a shift proportional to the illumination level. A
negative current is created by the diode, but the electrical characteristics are flipped for convention.
I, is the short-circuit current and V,. the open circuit voltage. The largest product of current
and voltage is the point of interest where the largest power is generated, it is called the Maximum
Power Point or MPP and MPPT or Maximum Power Point Tracking techniques are used to get it.
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Figure 3.2.3: Electrical characteristics of a solar cell

The electrical equivalent circuit of a photovoltaic cell can be seen in figure [3.2.4] It is in the
generator sign convention. The equation giving the current I is

. I
W 1) _ VBRI (3.2.1)

I=1Ip—1 (
P po (€ KT R

Rs and Ry, are the parasitic resistances of the diode. k is the Boltzmann constant (=
1.38 - 10723) and q is the charge of an electron (= 1.62 - 107'9).

Rs

NN—>1

Figure 3.2.4: Electrical model of a solar cell

LGraph issued from the slide of the course LENVI2007 - Renewable Energy Sources given at UCLouvain by P.
Gerin, E. De Jaeger and H. Jeanmart
2See footnote 1
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The I/V characteristic of a PV cell is used to show its current properties in function of the
voltage. It can be seen in figure(3.2.5l The MPP, or Maximum Power Point, is the point of interest

(Pypp = Vigpp - Iypp). The MPP is reached when the load matches with the dynamic impedance
of the source.
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Figure 3.2.5: V-I characteristic of a PV cell

The Fill-Factor (FF) is a measure of quality of the solar cell. It is calculated by comparing the

maximum power to the theoretical power that would be output at both the open circuit voltage
and short circuit current together.

VuppIvpp
FF =" """ 2.
‘/OCISC (3 3>

Both the open circuit voltage V,. and the short circuit current /. depend on the band-gap (V.
increases while I, decreases when the band gap increases). The theoretical maximum V, [, is
obtained for a 1,1 eV band-gap [39]. However, the efficiency of the solar cell is still limited by the
Shocley-Queisser limit, which states the maximal theoretical efficiency of a solar cell using only
one P-N junction, depending on the band gap. This limit is obtained by combining the different

negative effects that can happen in a solar cell such as light reflection and recombination. The
Shocley-Queisser limit is shown in figure [3.2.6]

3See footnote 1
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Figure 3.2.6: Maximum efficiency of a solar cell for various band gaps [50]

The 1/V characteristic of a solar cell changes alongside the irradiance on the solar cell. The
shift on the I/V characteristic is almost vertical, as seen in figure . When the illumination
is not high, the power output is not proportional to the illumination and the module efficiency
decreases. When the irradiance is equal to 0, the solar cell characteristics are the same as one
of a diode. As there is a link between irradiance and temperature, it could be used to control

the system to work at the Maximum Power Point. However, this is difficult because the relation
between irradiance and temperature is non-linear.

+F ‘\_

500 Wim?

——

\rradiance scale

u
\ Characteristic in A \k
darkness
\ (dark solar cell)

\

Figure 3.2.7: V-I characteristic of a PV cell for different irradiance levels [29)

The solar cells in a solar panel can be connected in series or in parallel. When similar cells are
connected in series, the voltage is multiplied by the number of cells for each value of the current.
Contrarily, when similar cells are connected in parallel, it is the current that is multiplied by the
number of cells for each values of the voltage. In both cases, the number of cells multiplies the
maximum power. A common method is to connect the cells in parallel branches of series-connected

cells. The loss of a cell induces the loss of a branch. It is best used when each branch has its own
MPPT.
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3.3 PV modules advanced modeling

Two connected aspects have to be taken into account when modeling a photovoltaic cell or module.
A complete model incorporates a photovoltaic- or light-model and an electrical model.

3.3.1 Light model

This model illustrates the conversion of the energy in the sunlight to photovoltaic current. It is
possible to consider that the current generated from the absorption of photons by the material
and the irradiance are proportional, if the spectral content remains unchanged

IL_N[

I, = . (3.3.1)

]rN

with I,y a standard irradiance level of 1000 W/ m?2, I, the photo-generated current and I, the
irradiance on the module (in W/m?). But, as seen in figure , the spectral response is not
constant below the cut-off wavelength A = ethg Therefore, the actual sensitivity of a solar module
is lower than the ideal spectral sensitivity, and it also depends on the temperature, as seen in figure
3.2.2 But the current is only slightly affected by temperature changes. A linear approximation

can therefore be used:

I
I = L[4 T — Trep)] (33.2)
rN

With p a parameter depending on the material used for the solar cell and the spectrum, given

in %/°C.

3.3.2 Electrical model

The general equivalent circuit contains a non-linear element that models a number of phenom-
ena that redirect some part of the current generated by the absorption of photons. One or more
non-ideal diodes can be used to represent these phenomena, as seen in figure This induces
exponentials in the model equation [3.3.3]

The first diode, and therefore the first exponential, has a factor v, accounts for carrier recom-
binations, as stated in the Shockley ideal diode equation [39]. Without particular solar concentra-
tion, the recombination is limited by the minority carrier and the diode can be considered ideal,
so 71 = 1. The two different types of carriers restrict recombination under conditions of high light
concentration, and v; = 2. The second diode represents the presence of defects. Defects create
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intermediate energy levels in the forbidden band, and as a result carriers recombine in the deple-
tion zone. 7, is usually comprised between 1 and 4, and is equal to 2 if the defects are uniformly
distributed. When the injection of photon is very large, Auger recombinations can happen. An
Auger recombination happens when a majority carrier and a minority carrier are combined by
sending the energy generated by the recombination to another majority carrier. An additional
exponential term is added to the model with ~3 = 2/3. The general equivalent circuit equation is

L v iR (3.3.3)

sh

e(V+RsI) e(V+RsI)
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Figure 3.3.1: General equivalent circuit

The general equivalent circuit is however quite complicated and needs a great number of ex-
perimental results to be fully characterized. If these results are not available, a simpler model, the
standard model, can be used to model the solar cell.

The standard model for PV cells is made of one diode and two resistances. The coefficient v of
the diode is an intermediate value related to the various coefficients 7; of the complete reference
model seen previously. The standard electrical model can be seen in figure [3.3.2]

Rs I
[LT I i \/\/\/\ A

LORS S /

Figure 3.3.2: Standard solar cell model
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To characterize a solar cell, the values of I, I1,~, Rg,and R, have to be identified. For crys-
talline silicon cells, it is possible to start by choosing an upper bound for a realistic value for R,.
It can be chosen such that

‘/oc - V
0< Ry <~ “MPP (3.3.4)
Ivpp

With V. the open circuit voltage, and Vjy;pp and Iy;pp the voltage and current at the Max-
imum Power Point, respectively. Still, four parameters remain to be found to solve the model

equation [3.3.5]

! (V + RI) (3.3.5)

sh

e(V+RsI)
:]L_Il<€ kT —].)—

The standard data given by the manufacturers of the solar cell for reference irradiance and
temperature are usually the open-circuit voltage V,., the maximum power point Vy,pp and Iy pp
and the short-circuit current I,..

A fourth value is necessary to solve the system to obtain the parameters of the solar cell. It is
obtained by expressing the fact that the power is maximum at the MPP. This leads to equation|3.3.6

dP dl
W\MPP = Iupp + VMPPW‘MPP =0 (3.3.6)

So, Iy, Iy, v and Ry, can then be calculated for different values of Rg. An appropriate value
of Rg has to be chosen with the four remaining parameter all positives.

3.4 MPPT

As explained earlier, the MPP is the point on the I/V curve where a maximal power output is
reached. This point is characterized by a maximal power point current I;pp and a maximal power
point voltage Vyrpp. MPPT or Maximum Power Point Tracking is a set of different techniques
used to locate the MPP in variable conditions, and set the load characteristic so that the output is
at this MPP. In the case of a contactless power transfer, the load characteristic is found only after
the contactless part of the system. So the power electronics and the contactless power transfer
influence the I/V curve of the transformer, and the MPP is moved because of the losses generated
by the power electronics and the contactless coupling element. These losses might not be the
same for every load characteristics, so the new MPP’s voltage and current can not be predicted
in advance. So the MPPT technique has to be implemented on the static part of the system, in
the satellite, where the load is. Actually, the MPPT does not realize that there is a whole system
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connecting the solar panel to the load, as the I/V curve is transposed from the solar panel to the
load via the power electronics and the contactless power transfer element. The new [/V curve at
the load is compatible with MPPT techniques, and is therefore used. In a sense, the I/V curve
at the load might be interpreted as characterizing a "new” solar panel, similar to the actual solar
panel.

Multiple MPPT techniques have been compared in [40]. From this comparison, it results that
Perturb & Observe techniques have the smallest response time. Perturb & Observe techniques
(P&O) use perturbations (increase or decrease) of the voltage of the solar panel and comparisons
of the new obtained power with previous power points to reach the MPP. In the case of a contactless
power transfer, it is the voltage of the load that will be perturbed. The direction of the perturbation
is made in accordance with the direction of change in power output. If the power increases after
the perturbation, then the next perturbation will go in the same direction. And if the power
decreases, then the next perturbation will go in the opposite direction. These techniques have a
great advantage in the case of wireless power transfer that the characteristics of the solar panel do
not have to be known in advance [39]. Since the characteristic of the equivalent solar panel made
from the transposition of the characteristic of the actual solar panel to the load via the system
can not be determined in advance, these P&O techniques suit the system. However, the operating
point will oscillate around the MPP in steady-state due to the nature of the perturbations, and
that will cause losses. This drawback can be removed by using a variable perturbation [14] or
by using the Three-Point Weighted technique, which compares the obtained power points with 3
other points obtained on the P/V curve [20].

3.5 Design of the solar panels

3.5.1 Solar cell model

The solar cells used for this application are Triple-Junction Solar Cell for Space Applications
(CTJ30) from CESI S.p.A. The datasheet of the solar cells can be found in appendix [A] Triple-
Junction solar cells are multi-junction solar cells, which are cells with multiple P-N junctions each
made of different materials. The different materials will react to photons of different wavelength,
allowing for an absorption of photons in a wider range of wavelengths. The CTJ30 solar cells are
made of InGaP, GaAs and Ge P-N junctions, which allows an absorption of light with wavelengths
going from 300 to 1700nm.

The datasheet gives a typical current-voltage curves for the cells and the following parameters:
the short-circuit current I, the open-circuit voltage V,., and the current and voltage at the MPP
Iy pp and Vypp, as well as the power at the MPP Py;pp. The values of these parameters can be
seen in table 3.1

Parameters | I, (A) | Voe (V) | Inpp (A) | Viepp (V) | Pupp (W)
Values 0.473 2.6 0.455 2.32 1.05

Table 3.1: Parameters of the solar cell given by the datasheet

To model the solar cell in LTSpice, the parameters of the electrical model of the cell have to
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be found. These are the light current I, the saturation current of the diode I, the ideality factor
or emission coefficient of the diode v, the parasitic series and parallel resistances Ry and Rgy,. All
these parameters are computed for a temperature 7" = 25°C'.

By replacing the parameters given in the datasheet in equation [3.3.5] we obtain the following
system of three equations

( [ 1 1
Isc = IL _IO © | EXTD <M> - 1:| - _RsIsc

’}/k?T Rsh
[ qVoe 1
=1 — I, -1 — — 0.1
0=t~ 1y feon (L) 1] - v (35.)
[ q(RsInvpp + Varpp) 1
I =1, —1Iy- — 1| — — (Rl Vi
| farpp =1L = o _69029 ( KT Rsh< mpp + Varpp)

However, the system only has 3 equations for 4 unknowns. A fourth equation is obtained by
expressing the fact the the power is maximum at the MPP as in equation [3.3.6] The system is still
very difficult to resolve, as it is composed of 4 non-linear equations. A way to resolve the system
easily with simplifications is presented in [2I]. The first simplification consists of neglecting the

impact of Ry and Rg,. So, by setting R, ~ 0 and RLh ~ 0, the first equation becomes

q-0
Io.=1,— 1y lezp| —= ) — 1| =0
P { p(v”) } (3.5.2)

:>IL%ISC

Using equations [3.3.5| and [3.3.6 the ideality factor can be obtained with the equation

q- (2Vapp — Voe)
v [ ()

Isc—InpP

V= (3.5.3)

Which yields v = 3.604. The saturation current is obtained with the second equation of the
system, simplified to neglect the impact of the parallel resistance Ry,

_q‘/;)c
I, =1 - b4
=1y (T8 (3.5.)

And its value is I, = 3.1 - 1073A. Now, equation can be expressed as
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(3.5.5)

— 1
I=1, [1—e:cp(qv Vo + RS)]

YkT

And by replacing I and V by the values of the current and the voltage at the MPP this equation
becomes

Viepp — Voo + Inpp R
I =1.|1- 3.5.6
MPP [ exrp (q ~kT ( )
The series resistance R, can now be computed thanks to this last equation. It gives
%TTM <1 - —IAfPP) + Voe — Vurp
R, = - (3.5.7)

Ivpp

Which gives Ry = 0.0504€2. The last parameter to be computed is the parallel resistance Ry,
which is obtained with the third equation of the system in|3.5.1

1 Iypp — I, — I - [exp (q(RSIAff;;;VAIPP)) . 1}

= 3.5.8
Rgp R Iypp + Vurp ( )

This final equation gives Ry, = 203.72€2. The five parameters of the electrical model of the PV
cell that have been computed are summarized in table [3.2]

Parameters | I, (A) | Ip (A) 0% Rs () | Ren ()
Values 0.473 | 3.1-1071 | 3.604 | 0.0504 | 203.72

Table 3.2: Computed parameters of the electrical model of the CTJ30 solar cell

The solar cell with these parameter is simulated in LT'Spice from the model shown in figure
3.5.1] The diode parameters I, and N correspond to the saturation current and the ideality factor,
respectively. The current-voltage and power-voltage curves of the simulated solar cell are shown
in figure and compared with the curves provided by the CTJ30 datasheet in figure [3.5.2D]
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.model D_cell D(Is=3.1e-13, N=3.604)
.param Rs=0.0504

.param Rsh=203.72

param|_L =0.473

Figure 3.5.1: LTSpice model of the CTJ30 solar cell

The simulated solar cell I/V and P/V curves are similar, although not exactly the same. The
simulated solar cell has a maximum power of 1.013 W, for 1.05 W for the actual cell. The Maximum
Power Point is not at the same voltage level, 2.29 V for the simulated cell and 2.32 V for the actual
cell. The differences are not enormous, and so the simulated cell can be considered as behaving
like the actual cell. These cells now have to be put together in series inside parallel branches to
form a solar panel capable of outputting the desired power for the application at the MPP.

1200
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= 100 //\ 1000
BN 1. 300 600
200 / 400
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\ 200
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0 0.5 1 15 2 2.5 3
VOLTAGE (V)

(a) I/V and P/V curves of the simulated solar cell (b) Curves of the solar cell provided in the
(at 25°C) datasheet

Figure 3.5.2: Comparison of the I/V and P/V curves of the simulated and actual solar cells
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3.5.2 Solar panel model

As the magnetic coupling element needs to transfer 5 kW of power at a maximum of 150 V| the
power at the MPP of the solar array needs to be greater than 5 kW to account for the losses in the
magnetic coupling element and in the power electronics converters. The solar panels are simulated
using LTSpice, and are composed of solar cells CTJ30 simulated with the electrical parameters
presented previously and with the model shown in figure [3.5.1]

Starting from the open-circuit voltage of a single cell V,., the number of cells to be put in
series is obtained. As putting cells in series multiplies the voltage for any value of the current, and
knowing that the maximum voltage, or the open-circuit voltage, of the panel must be 150 V| the
number of cells to be put in series is obtained by dividing the open-circuit voltage of the panel by

the open-circuit voltage of one cell, which gives %‘”ﬁ’ = % ~ 58 cells in series. Now, the number
oc,ce .

of parallel branches is obtained with the MPP. The desired MPP will be found at a voltage which
is obtained by multiplying the MPP voltage of one single cell by the number of cells in series, so
58 - Virpp = 134.56V. As the desired power at the MPP is superior to 5 kW, it can be set to 5.5
kW to account for a 90% efficiency of the power electronics and the transformer. The current at
the MPP will be 2% — 40.87A, and by dividing this current by the current at the MPP for one

134.56

single cell, the number of parallel branches is obtained % ~ 90.

The model used and its symbol are shown in figure [3.5.3] The parameter n multiplies the
output voltage of the cell for any given current. As seen earlier, this is equivalent to setting a
number n of solar cells in series inside each parallel branches of the PV panel. The parameter p
multiplies the current of the cell for any given voltage, which is equivalent to setting a number p
of parallel branches of n series connected solar cells. The parameters n and p are set to 58 and
90 respectively.

X1

Rs cell @ V p v + :
{Rs} Fcell H I I n =
E Z[)1 ?::h) {p} Epv - V p v_ -
D

I

11
==

(a) Model of the PV panel (b) Symbol modelling the solar panel
Figure 3.5.3: Model and symbol of the PV panel
The obtained I/V and P/V curves of the resulting solar panel can be seen in figure [3.5.4] The
simulated solar panel issues 5.5 kW of power at the MPP, which is situated at 134V, as expected.

The total number of solar cells is 5220, and as each CTJ30 solar cell has an area of 26.5¢cm? as per
the datasheet, the total area of a solar panel is 13.8m?.
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Chapter 4

Magnetic Coupling Element :
Transformer

This chapter aims at presenting and explaining the theory and the design process behind the
magnetic coupling element used in the system. First, a comparison of the different topologies
presented in section is made in order to chose the most adequate topology for the magnetic
coupling element. Then, each different characteristics of the chosen magnetic coupling element are
explained with different models. All these model will be used to optimize the resulting magnetic
coupling element, so that it has minimal losses and a maximal power density. The electrical model
of the resulting magnetic element is used in the simulation of the complete system.

4.1 Selection of the topology

As multiple topologies have been presented in chapter [ it is important to chose the topology
that will best suit the system. The Qi reference with only a primary coil is not suited for the
system, as the primary and the secondary need to be aligned to have a maximum transfer out-
put. The geometry of the system requires that the transferred power is the same, not matter
the position of the primary with regards to the secondary. Multiple primaries, secondaries, or
a cascaded transformer are not needed. The solar panel needs to always be perpendicular to
the irradiation coming from the sun, so the magnetic coupling element needs to be a rotating
transformer. As a large shaft diameter is not needed and as a high power transfer is required,
the rotating transformer presented in [5] is not retained. The pot core geometry is interesting as
it has less core and winding losses [43] than the axial rotating geometry, and as it can be used
to make a rotating transformer. A pot core geometry will be used for the transformer used in
the system to transfer power from the solar panel to the satellite without contact. This rotating
transformer will replace the systems with slip rings that are victim to wear and are voltage limited.

4.2 Geometry of the Transformer
The magnetic coupling element used is a transformer designed in [9] by T. Deceuleneer. It is

a transformer with a pot core geometry, capable of transferring up to 10 kW of power. The
transformer used for the system has a pot core geometry, with coaxial windings. This geometry
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and winding direction have been chosen to minimize the air gap length and the winding losses
(chapter . The air gaps are located on top of the windings, to maximize the interface area
between each winding and its associated magnetic core [9]. Figure shows the complete
geometry and dimensions of the transformer.

13 14 14 16| R

L1

'y [ ye——

L2 21 1

shaft

Figure 4.2.1: Geometry and dimensions of the transformer

4.3 Equivalent Electrical Circuit

The equivalent electrical circuit of a transformer is shown in figure [£.3.1] The inductances Ly,
Lso and L, represent the primary and secondary leakage inductances (which are used to model
the leakage flux) and the magnetizing inductance, respectively. The resistances Ry, Ry and R,
represent the losses in the primary and secondary windings, and the losses in the magnetic core,
respectively. my; and ng are the number of turns that the primary and secondary windings have.
The transformer turn ratio is expressed as

ni . ‘/1 o Iout

N=—= - = """
%) ‘/2 Iz —IIJ

(4.3.1)

It is worth noting that the current in the very large resistance R,,; is not taken into account
in equation as it is very small. Equation shows that the magnetizing current I, is
generating losses, and so it is important to reduce it. The losses in the transformer are generated
in the windings and in the core. These are explained in and [£.6] The effects of the leakage and
magnetizing inductances are explained in [4.4]

4.4 Magnetic Circuit Modelling

The transformer used in the system has a core made of a magnetic material. This core is used
to focus the magnetic flux, direct it through the windings, and lower leakage flux. The use of a
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Figure 4.3.1: Equivalent electrical circuit of a real transformer

magnetic core impacts the values of the leakage and magnetizing inductances, and this impact is

studied in 4.4.1] and 4.4.2]

4.4.1 B-H Curve

When considering winding induction, the voltage that induces a magnetic flux ¢ is called the in-
duction voltage and has an amplitude given by

p = ) (4.4.1)

As the windings are composed of N turns in series, a factor N multiplies the second part of
equation As the magnetic flux links the windings with their surface area, it can be expressed
as

¢ = /ABdA (4.4.2)

Where A is the surface area of the windings and B is the magnetic flux density. From equations
4.4.1] and [4.4.2] with windings made of N turns and considering the cross section’s magnetic flux
distribution to be uniform, the magnetic flux density can be expressed as

B(t) - % / v dt (4.4.3)
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To characterize a magnetic material, the magnetic flux density can be associated with the mag-
netizing field H. This magnetizing field can be determined with Ampere’s law. It states that the
total magnetomotive force around a closed path is equal to the current passing through its inner
area

Hdl = / J dA (4.4.4)
S,

Ip P

With [, the length of the path, S, the inner area, and J the current density. If this current
density is assumed constant, and the path assumed separated from the outer region by a material,
equation [£.4.4] can be simplified into

> Hj-lj=n-i (4.4.5)
J

So the magnetizing field is related to the magnetic flux density with

B = pop.H (4.4.6)

Where o and p, are the permeability of the vacuum and the relative permeability of the
material. The B-H curves of air and of a magnetic material can be seen in figure 4.4.1} The
magnetizing energy needed to transfer power from the primary windings of the transformer to the
secondary windings needs to be minimum. It can not be 0 otherwise there would be no voltage.
The magnetizing energy is minimized when a material with a high relative permeability is used.

§ B(~)

magnetic core

saturation

magnetic energy air

Figure 4.4.1: B-H curves of transformers with a magnetic core and with air
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4.4.2 Reluctance Model

The reluctance model permits to do an analogy between the equivalent magnetic circuit of the
transformer and an electric circuit. The idea is to make an equivalence between the magnetic flux
density and the current density, and between the magnetizing field with the electric field. Other
equivalences are then obtained from these equivalences and the equations governing electrical sys-
tems. The voltage, which is a difference of potential between 2 points in an electric field, is obtained
withV = [ If; * Edl and has as equivalent value the magnetomotive force (MMF), which is thus given

by MMF = | If * Hdl, as H is equivalent to E as stated earlier. The current has as equivalent value
the magnetic flux, as stated in equation|4.4.2 as B and J are equivalent. Finally, Hopkinson’s law is
used to compute the MMF in a magnetic circuit. It is equivalent to Ohm’s law in an electric circuit

F=R ¢ (4.4.7)

Where R is the reluctance, which represents the opposition to magnetic flux. It is equivalent
to the electrical resistance and it depends on the geometry and structure of a material. The ex-
pression of the reluctance depends on the direction of the magnetic flux, which is either axial or
radial

l
al = —— 4.4.
Ramal ,UA ( 8)

With [ then length of the magnetic circuit, u = pop, and A the cross-sectional area of the
circuit. For a radial flux

pad a

With a and b the inner and outer radii of the air gap, and « the angular opening, equal to 2.
These expressions stand for an uniform flux.

1 b
Rradi(zl = —In (_) (449)

As the inductance is linked to the magnetic flux with L = %, the inductance can be expressed

with the reluctance because ® =n - ¢ and 1 = % SO

n2
=% (4.4.10)

The value of the inductances used to model the transformer can then be obtained by computing
the reluctance of the transformer, which can be obtained from the transformer’s geometry and
material.
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4.4.3 Magnetizing inductance

When transferring energy with a transformer, a part of this energy is stored in the core of the
transformer, and magnetizes it. This is the magnetizing energy, or magnetizing current. This
magnetizing energy is represented in the transformer equivalent electrical circuit by a magnetizing
inductance. It was stated earlier that the magnetizing energy had to be low, among other things
because the magnetizing current contributes to losses. So the magnetizing inductance needs to be
high. The magnetizing inductance can be sized thanks to the reluctance model and the geometry
of the transformer. The reluctance network is composed of 6 reluctances, 4 corresponding to the
horizontal and vertical plates of the transformer, and 2 corresponding to the air gaps. The MMF
sources correspond to the windings. The reluctance circuit can be seen in figure 4.4.2]

R3
R
(R4 211 (R]
5
Re

Figure 4.4.2: Reluctance network for the magnetizing inductance

The total reluctance corresponds to the sum of each reluctance. They can be computed with
the dimensions of the transformer, and equations for reluctances 1, 2, 4 and 5 and for
reluctances 3 and 6, which gives

Ly
Ri=Rs=
C L+ R - B
e
Ro=Rs5=
1 R,/2
= = [
Rs =R u27rL1n< R )
And so, from equation comes
2
n
L, = == 4.4.12

With R; the reluctances from 1 to 6, and n the number of turn. For the magnetizing inductance
to be large, the number of turn needs to be high and the total reluctance needs to be minimal.
The equivalent reluctances of the air gaps R, and R5 do not depend on the relative permeability
of the material p,, so they are the dominant reluctances. The air gaps need then to be as small as
possible in order to have a large magnetizing inductance and small magnetizing energy.
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4.4.4 Leakage inductance

The reluctance model can also be used to evaluate the leakage inductance, which is an inductance
representing the leakage flux. The leakage flux is a part of the flux generated by the windings
which is flowing through the window of the transformer. The leakage flux generates no voltage at
the secondary and is thus only responsible of losses. However, whereas the MMF was considered
uniform for the evaluation of the magnetizing inductance, the MMF is now varying with radial
position. Figure shows the equivalent reluctance network linked with the leakage flux.

\

Rgap

Figure 4.4.3: Reluctance network for the leakage inductance

The expression of the reluctance in the air gap Ry, is simply derived from equation and
the geometry of the transformer as the MMF in the air gap is uniform
Ly
po m[(R+ Ly + Ls + L¢)? — (R+ Ly + Lg)?]

Regap = (4.4.13)

But the reluctances of the windings R,,; and R,2 can not be computed this way as the MMF
is not uniform, but is linear over the windings. It increases linearly from left to right across the
primary winding, and decreases linearly from left to right across the secondary winding. The
reluctances with linear MMF are the same as the reluctance with uniform MMF multiplied by a
factor 3. The winding reluctances are therefore given by

3L,
po m[(R + Ly + Lg)* — (R + Lg)?]
B 3L,
 pom[(R+ 2Ly + Ls + Lg)? — (R+ Ly + Ls + Lg)?]

Rwl -
(4.4.14)
RwQ

Computing the parallel connection of reluctances Ry, Ry and R gives the total leakage
inductance
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Ly=

(4.4.15)

-1
1 1 1
<Rgap + Rwl + Rw2 )

And the leakage inductances corresponding to the primary and the secondary side of the trans-
former are

n2 (4.4.16)

4.5 Core Losses Modelling

Adding a magnetic core to the transformer increases and concentrates the magnetic flux linking
the primary winding to the secondary windings, but it is also a source of losses. These losses result
from the Eddy currents in the core material and the hysteresis effect. Eddy currents are currents
appearing in the material to oppose the change of flux density in the material. These currents
generate losses according to

d_¢ 2

Plosses,E'ddy = %1;) = kEddy : f2 : B2 -V (451)

The hysteresis effect states that the magnetization of a ferromagnetic material, resulting from
a varying magnetic field, lags behind the field. This implies that the B-H curve of a material is
not the same for an increasing and a decreasing flux density. This can be seen in figure

Figure 4.5.1: Hysteresis effect

The losses generated from the hysteresis effect can be expressed as

-Plosses,hysteresis - khysteresis : f : Bm -V (452>
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In equations {4.5.1) and [4.5.2] V is the volume of the core, B is the peak value of the flux density,
f is the frequency and Keqay, knysteresis and m are constants specific to the magnetic material used.
Equations £.5.1] and [£.5.2] can be combined to obtain the total power losses induced by the core

Plosses,core =k- fa : Bﬁ (453)

Where k, o and [ are material specific constants. Equation [4.5.3| is called the Steinmetz
equation. However, this equation is only valid for a sinusoidal waveform in the transformer. In the
case of the studied system, the waveform in the transformer is trapezoidal. An improved equation
is made in [34]. For a trapezoidal waveform, it gives

Plosses,core =k fa : B/j -0.915 - lea (454)

Where D is the trapezoid duty cycle. The chosen core material is ferrite, because of its low
losses generation. The values of the coefficient « for ferrite is 1.5, so equation becomes

Plosses,core =k- f1'5 : Bﬁ -0.915 - l)_o'5 (455)

The losses are then lower for a high duty-cycle. Finally, the resulting equivalent resistance is
given by

oo VE v
i Plosses,core k- f1'5 : Eﬂ -0.915 - D—05

(4.5.6)

4.6 Winding Losses Modelling

The windings are another source of loss that needs to be taken into account. The losses generated
in the windings are copper losses. These losses have to be minimized because they are a great
source of heat. To model these losses, the equivalent resistances of the windings are used. The DC-
resistances of the primary and secondary windings are computed from the geometry of the windings

2m-n*- (R+0.5L4 + Lg)
OCu * L2L4 : kf,wz’nding

2m-n?- (R4 1.5Ly + L5 + Lg)
Rpca = =
OCcu - L2L4 ' kf,winding

Rpcy =
(4.6.1)

Where kfyindging 15 the fill-factor of the winding and o¢, is the electric conductivity of the
copper (in Q71 -m™1), which is itself dependant on the temperature with

pou = 17-107%(1 + 0.004(T — 20)) (4.6.2)

Where T is the temperature in °C'. The windings also have an equivalent AC-resistance, which
is dependant on the frequency.
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4.6.1 Skin Effect

The varying flux density inside of the conductor induce Eddy currents that change the distribution
of the current. The current density is greater at the surface of the conductor than at the center
of it. This is called the skin effect, it is characterized by the skin depth, which is the equivalent
depth through which all of the current flows

5= /762} (4.6.3)

Equation [4.6.3] shows that the skin depth depends on the frequency of variation of the flux. It
is smaller at high frequencies. The skin depth also depends on the resistivity of the copper pc,
and the permeability of the copper u = pou,. The skin effect decreases the section of the wire
in which the current flows, and thus increases the value of the equivalent AC-resistance and the
losses. To avoid the skin effect, one might think about using wires made of strands with a cross sec-
tion smaller than the skin depth multiplied by two, but the increase of strands negatively impacts
the AC-resistance due to the proximity effect. Figurel4.6.1shows the skin effect inside a conductor.

\\
Higher current
density

Figure 4.6.1: Skin effect inside a conductor

4.6.2 Proximity Effect

The proximity effect is an extension of the skin effect when wires with multiple layers or multiple
strands are used. The varying flux density produces Eddy current in the strand, which is the
cause of the skin effect. But similarly, the varying flux density will also induce Eddy current in
the adjacent strands, with the current density in the adjacent strands pushed away from the initial
strand. This reduces again the section of the strand in which the current flows, and once again
increases the value of the equivalent AC-resistance. The Proximity effect is shown in figure [4.6.2]
The proximity effect is amplified over each strand because of the smaller effective section of each
strand. The proximity effect can be expressed with the Proximity factor, which is the ratio of the
equivalent AC-resistance over the equivalent DC-resistance. The proximity factor is obtained with
the Dowell’s equation [42]

F, = A v +2/3(m* — 1)v,] (4.6.4)

With A the skin factor or penetration ratio equal to A = \/§ % with d the diameter of the
conductor and ¢ the skin depth. m is the number of layers and v; and v, are given by
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_ sinhA — sinA
coshA + cosA
_ sinh2A + sin2A (4.6.5)
"~ cosh2A — cos2A
So, the proximity factor decreases with the skin factor, which is itself inversely proportional
with the frequency. Decreasing the the diameter d will also decrease the proximity effect, but for
a same winding thickness the number of strands m will increase.
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Figure 4.6.2: Proximity effect

4.7 Resulting Transformer

Thanks to the different models presented earlier, [9] has designed a transformer that will be used in
the system. The design was made via a numerical optimization of 5 variables of the transformer, kg,
J n, f, and B. These variables were chosen because they can represent the 8 physical dimensions
of the geometry of the transformer, L to Lg, R and e. For each variable, 10 values were considered
in a predetermined range. The wires used for the transformer are composed of 840 strands with
a diameter of 71um (appendix [C| [9]), the core used is a ferrite 3C90 core made by Ferroxcube
(appendix [B| [9]). The optimization results were compared for various frequencies on the losses
that each resulting transformers produce and the power density (in W/kg) that they have. The
dimension and electric properties of the resulting optimal transformer are shown in table[d.1] This
transformer has been designed for a switching frequency of 40 kHz.

The corresponding equivalent electrical circuit of this transformer is obtained by applying the
values of the electrical properties of the transformer on the circuit shown in figure [£.3.1] This is
the circuit that will be used to model the transformer when simulating the system.
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Transformer Dimensions

Outer diameter D, (mm) | 90
Height H (mm) | 86
Air gap length e (mm) 0.1
Weight M (kg) 2.2
Number of turns N 9
Transformer electrical properties

Magnetizing inductance L, (nH) | 450
Primary leakage inductance Ly (pH) | 0.47
Secondary leakage inductance Lo (nH) | 0.56
Core losses resistance Ry (EQ) | 3
Primary winding resistance Ry (mQ) | 5.18
Secondary winding resistance Ry (m)) | 6.84

Table 4.1: Dimensions and equivalent electrical properties of the transformer
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Chapter 5

Power Electronics

The power electronic circuit used in the system is a Dual Active Bridge, or DAB. It is composed
of a H-bridge before the primary coils of the transformer (figure , and an active rectifier after
the secondary coil of the transformer (figure , presented in Chapter . The output signal is
a DC signal with small oscillations. The DAB is a bidirectional device, meaning that it is able
to transfer power both ways. But this characteristic of the circuit is not needed, as the goal is to
send energy in one direction only, from the PV panel to the satellite. So a small change is made
in order to reduce costs and the necessity of having two command systems. The active rectifier
is replaced by a passive rectifier, diodes are used in place of controlled switches. The resulting
schematic, showing the whole system, including the rotating and static part, can be seen in figure
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Figure 5.0.1: Schematic of the whole system

In this chapter, a small explanation will be made on the electronic switches. Then, three
approaches for the DAB will be compared, namely a current-driven DAB, a voltage-driven DAB,
and a voltage-driven Resonant DAB. The advantages and drawbacks of each topologies will be
presented. The comparison will be motivated with the help of simulation results.
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5.1 Switches

The characteristics of the switches in the H-bridge is to let current flow in both direction and no
voltage difference at its terminals when it is closed (ON), and let close to no current flow and
have a positive voltage difference at its terminal when it is open (OFF). This can be obtained
with using a NMOS transistor as the switch. The NMOS lets current flow in both directions when
it receives a voltage high enough at its Gate (ON), and lets no current flow when it is OFF. A
4-quadrant representation of the NMOS transistor is shown in figure [5.1.1 But as the load has
inductive characteristics (from the transformer), a negative current might want to flow through
the switch when it is open. This leads to over-current and can be harmful to the system if not
taken care of. The solution is to add a diode in parallel with the NMOS transistor, to provide a
path for the current to flow through. The resulting switch can be seen in figure |5.1.2]

ON

Figure 5.1.1: 4 quadrant representation of the NMOS switch

M1
D1

L
CTTT

Figure 5.1.2: Switch used in the H-Bridge

The NMOS used to realize the switch has to be able to handle large values of current and
voltage. The PV panel of the system outputs, at its MPP, more than 5 kW of power, at a
current close to 45A, and for a maximum voltage of 150 V. The chosen transistors are IRFP260N
HEXFET®) Power MOSFET’s from International Rectifier. They are capable of withstanding
continuous drain current up to 50 A and drain-source voltages up to 200 V. These characteristics
fit the requirements of the system, with a 5 A and 50 V margin. The characteristics of the
IRFP260N are shown in table and the complete datasheet can be found in annex
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NMOS characteristics units | value
Maximum drain-source voltage VbSsmaz Vv 200
Maximum continuous drain current  Ip ;44 A 50
Maximum power dissipation Pp W 300
Gate threshold voltage Vasn) \Y 2-4
Turn-ON delay + rise time ti(on) +tr | 1S 60 + 17
Turn-OFF delay + fall time La(ofs) + Ly | 1S 55 + 48

Table 5.1: IRFP260N characteristics

5.2 Circuit Analysis

The circuit in figure [5.0.1] shows the system with an ideal, lossless transformer between the H-
bridge and the passive rectifier. The actual transformer has a circuit with added equivalent core
and winding resistances, as well as added leakage and magnetizing inductances. The complete
circuit with the real transformer can be seen in figure |5.2.1} The magnetizing inductance repre-
sents the magnetizing current, which is a part of the total current that is not transferred from
the primary to the secondary windings, but that magnetizes the core instead. However, the core
can not be magnetized forever, as it would reach magnetic saturation if that was the case. To
avoid reaching magnetic saturation, the core has to be demagnetized, and the magnetizing current
has to be returned to the circuit. This explains why we have an H-bridge before the primary, so
that the magnetizing current has a triangular waveform, which represents the magnetizing and
demagnetizing of the core.

Iin

[(')HI'

—— Cout I o2t |\ Vout

Figure 5.2.1: Complete equivalent of the DAB with the real transformer and passive rectifier

The flow inside the DAB when transistors M; 4 and M, 3 are ON is shown in figure [5.2.2] The
waveforms of the voltages and currents across the DAB are shown in figure [5.2.3] The load re-
quires a constant voltage, which is provided thanks to the diodes in the passive rectifiers and the
smoothing output capacitance C,,;. The amount of current exchanged is also dependent on the
phase-shift of the command signals of the transistors making up the H-bridge. This phase-shift
represents the portion of the switching period of the transistors M; and M, after which the tran-
sistors M, and Mz will be set ON. The most current is exchanged when this phase-shift equals
50%, or ¢ = 180°. Figure shows different phase-shifts for the DAB.

o7



[y I xo %
i k. it k. : ‘ Ryl
P )
— <

(a) Flow when transistors M1 and M4 are ON (b) Flow when transistors M2 and M3 are ON

Figure 5.2.2: Flow in the DAB

Figure 5.2.3: Important waveforms of the DAB

Now that the functioning of the DAB has been shown, it will be used in 3 different cases. The
first case is when current is driving the DAB, which is equivalent to adding a current source as
the input. The second case is when the DAB is driven by voltage. The final case is when the
DAB is voltage driven but a capacitor is added at the output of the H-bridge to create a resonant
circuit with the leakage and magnetizing inductances of the transformer. The 3 cases will then be
compared, and the final system will be based on this comparison.

5.3 Current driven

Using the current characteristic of the solar array, it is possible to feed the DAB with a DC-current.
For that it is necessary to add an inductance in series with the source, to force the source to the
current characteristic of the solar array. The triple junctions solar cells constituting the array have
an inside parasitic capacitance [16] [31], so the series inductance helps to smooth the current out
of the solar panel, to keep a constant current, because the overlap presented in figure |5.3.1| means
that the parasitic capacitance will not empty itself during commutation. The goal of the inverter
is to create an oscillating current with an amplitude equal to the source current and a squared
waveform. To do so, the switches 1 and 4 close and open at the same time, in alternance with
the opening and the closing of the switches 2 and 3. This will feed the primary of the transformer
with an alternating current, half of the time positive and half of the time negative.
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Figure 5.2.4: Phase-shift of the command signals

It is important to keep in mind that the current must always have a path to flow in, otherwise
it will stagnate and over-voltages happen. To prevent this from happening, the command signals
must overlap, like in figure 5.3.1. Having the command signals overlapping ensures that both
switches S1 and S3 and both switches S2 and S4 can not be open at the same time and thus that
there is always a path for the current to flow in.

Vin,M 1&M4
Vi.n,MZ&MS

overlap
Figure 5.3.1: Overlapping command signals

However, additional losses occur when the two control signals overlap due to the turn OFF
delay of the transistors. The turn OFF delay is the time between when the control signal goes to
0 and when the value of the current passing through the transistor reaches 90% of its maximum
value. The turn OFF delay is part of the turn OFF time of the transistors. Voltage-driven DAB’s
use a parallel capacitance at the input of the H-Bridge and a deadband between the two control
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signals instead of an overlap, and these two characteristics of the voltage-driven DAB will be
helpful to reduce the losses induced by the storage time.

5.4 Voltage driven

To force the solar array onto its voltage characteristic, it is needed to add a capacitance in parallel
with the solar array. This capacitance will act a voltage source at the scale of the commutation.
The current exiting the bridge is no longer a square wave so there are no over-voltages to damp

anymore. The parallel capacitance is a factor of additional losses, so it is important to size it well.
Its value has been computed from the equation of a capacitance

dt ov (5.4.1)
The output capacitance has an impact on the size of the ripples of the output voltage. A

capacitance of C,,; = 500 F has been chosen, to have maximum ripples of 160mV, as shown in

figure [5.4.1
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Figure 5.4.1: Output voltage ripples

The voltage driven DAB has an advantage over the current-driven topology, as it does not
require an extra capacitance to damp over-voltages. Another change from the current-driven

topology is that the control signals need a dead-band between them, to avoid to create a short-
circuit to the ground and current spikes.

The transistors in the H-bridge used in the DAB are generators of two kind of losses, commu-
tation losses and conduction losses. The conduction losses are present because when the transistor
is ON and current flows through it, a small voltage difference is present at the terminals of the
transistor, due to the transistor internal resistance. Switching losses are present because the turn
ON and turn OFF of the transistor are not instantaneous. There is a small period of time during
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the switching ON and the switching OFF of the transistor where there is both a positive current
in the transistor and a positive voltage difference between its source and its drain. Theses two
kind of losses are shown in figure [5.4.2

v Conduction losses

Commutation losses

Figure 5.4.2: Conduction and Commutation Losses

The commutation losses can rise, although for a short moment, to very high values, which could
be damaging for the transistor. Figure [5.4.3| shows the commutation losses for the voltage-driven
DAB. The power dissipated in the transistor reaches 7 kW, albeit for a very short time (70ns).
This is very damaging to the transistor as this power is dissipated in the form of heat. A solution
exists to mitigate these losses, by adding a resonant tank.

7000 T -
6000 — ‘ ‘ -
5000 (— |
4000 — —

3000 - —

Losses on transistor M1 (W)

2000 — —

/
1000 — / —

4.8945 4.895 4.8955 4.896 4.8965 4.897

Figure 5.4.3: Commutation Losses on transistor M1
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5.5 Resonant voltage driven

By adding a series capacitance at the exit of the H-bridge, it is possible to use the leakage induc-
tance of the transformer as well as its magnetizing inductance to create an LLC resonant circuit.
The advantage of such a circuit is to take advantage of the resonance such that at the commuta-
tion, the current is very low and thus the commutation losses are lowered. The method to size the
capacitance to add is based on the method presented in [2]. Figure shows the transformer
circuit with an added capacitance to form an LLC resonant tank with the magnetizing and the
leakage inductances. The voltage V, is a square voltage and the current /,.s is the current that
needs to be at low values when the voltage commutes.

Figure 5.5.1: LLC resonant tank

By fixing a resonant frequency thanks to the value of C..s, 3 modes of operation can be used
for the resonant DAB. These modes of operation are operation at, above, or below the resonant
frequency. The operations mode above resonant frequency induces more losses because the first
resonant half cycle of the DAB is not completed entirely (figure , as it is interrupted by the
start of the other switching cycle. This leads to larger turn OFF losses, and hard commutation of
the diodes in the rectifier part of the system. These phenomenons are shown in figure shown in
figure[5.5.3] Operating below the resonant frequency allows to finish the resonant cycles, but adds
an idle time called freewheeling operation, where the magnetizing inductance resonates with the
leakage inductance and the resonant capacitance. No current flows through the transformer during
this period, causing the secondary to ”disconnect” from the primary. The current flows directly in
the magnetizing inductance, and this causes increased conduction losses, because of the circulating
energy. Working at the resonant frequency allows each resonant cycle to finish properly, and so
the current in the leakage inductance is nearly zero when the switching occurs, which reduces the
commutation losses. This is called Zero-Current Switching (ZCS).
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Figure 5.5.3: Increased turn OFF losses and hard commutation of the diodes when f, < f,

This resonant tank has a voltage gain given by the magnitude of the transfer function, given
in equation [5.5.]]
Vi
Viq

= F?-(m—1)
T F_ 1P R (P12 (m 1P (5.5.1)

K—‘

Where:

o ['= ;— is the normalized switching frequency,

_ 1 . . . .
o f.= Py is the ratio of switching frequency and the resonant frequency,
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e m= # is the ratio of total primary inductance to resonant inductance,
[Lra
o Q=L s the quality factor,

Rac

e IR, is the reflected load resistance and is equal to 8&% for a transformer turn ratio equal
to unity.

Figure [5.5.4] shows the gain of the resonant tank for a value m=3. It shows that the value of Q
will depend on the load, with low Q corresponding to lower loads, while higher Q will correspond
to higher loads. All the curves cross at F, = 1, or when the resonant frequency is equal to the
switching frequency. One can also trace a line linking the peaks of all the curves. The left side
of this line is the capacitive region, and the right side is the inductive region. This is important,
because the capacitive region is where Zero-Current Switching (ZCS) can be achieved, while the
inductive region is where Zero-Voltage Switching (ZVS) can be achieved.

4.5

T T
—Q=02

Q=5

[
35— [ —
[

25 \ 7

K@mF,)

Figure 5.5.4: LLC resonant tank gain for m=3

In the case of the studied system, no extra inductor is added. As the value of the leakage
inductance Ly, is very small compared to the value of the magnetizing inductance, the value of m
is high

o Liy+ Ly, _ 0.47p + 4504
Lf71 047,U
The resulting curves of the resonant tank gain are shown in figure [5.5.5] All the curves meet

again when F) equals 1. But none of them surpass a resonant tank gain of 1. The ratio F} is thus
set to 1, to have a resonant tank gain of 1, and to work at the resonant frequency and thus reduce

= 958.44 (5.5.2)
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the commutation losses. As the value of the resonant frequency is now known, the value of the
resonant capacitance can be computed

1 1
= = Cles = ————— = H4uF 5.5.3
27[_\/ Lf,lcres 47T2fr2Lf71 : ( )
For practical uses, this value is rounded to the closest standard capacitor value, which is 4.7uF'.
With this value, the actual resonant frequency is f,. = 107k H z instead of 100k H z. The operating
mode in which the circuit operates is thus the mode where f, < f,, so ZCS will be achieved, but
the conduction losses will be greater than if the system operated at f; = f,.

fr

The value of Q can then finally be computed for an equivalent value of Rj,.q at the MPP
Rload = 30

Q= 1p s =013 (5.5.4)

The curve resonant tank gain for a quality factor ¢ = 0.13 and a ratio of total primary
inductance to resonant inductance m = 958.44 is similar to the curve for Q = 0.2 on figure [5.5.5]

T —
—Q=02
—Q=03

—Q=07
——a-=1

K@mF)

02 = " S~ -

107 10° 10!

Figure 5.5.5: LLC resonant tank gain for m=958.44

The waveforms of the current /,., and the voltage Vs, shown in figure show that, as the
actual resonant frequency f, is greater than the switching frequency fs, near-ZCS is achieved, but
an idle time causing greater conduction losses is also added.
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Figure 5.5.6: Near-ZCS of the resonant DAB

The conduction losses can be seen in figure with the command signals of the transistor
as a visual help to determine conduction from commutation losses. This figure also shows that the

high commutation losses of the voltage-driven DAB have been effectively damped from 7 kW to
less than 50W.
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Figure 5.5.7: Losses in transistor M1
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5.6 Comparison

The final system has been simulated using LTSpice. To reproduce the I/V and P/V curves of the
solar panel after the power electronics circuit and the equivalent transformer circuit, a variable
resistance going from very high values (to emulate an open-circuit) to very low values (to emulate
a short-circuit) has to be used as the load. The resulting files are very large, because the values of
the resistance have to be kept for some time in order to have a smooth curve. A small Python code
has been written to reduce the size of the files, by keeping only increasing values for the output
voltage. This code can be seen in appendix [E]

The resulting P/V curves for the solar panel, a current-driven, a voltage-driven, and a resonant
DAB can be seen in figure 5.6.1 As expected, the current-driven DAB has more losses than the
other topologies because of the losses added during the overlap. The voltage-driven DAB issues
more power at the MPP than the resonant DAB, which has additional conduction losses because of
the idle time created by the fact that the resonant frequency is lower than the switching frequency.
However, the voltage-driven DAB has commutation losses that go up to 7 kW, and that are harmful
to the transistors. To increase the robustness of the system, a resonant DAB is chosen to link the
satellite to the solar panel.

6000 T
PV panel

Current-driven DAB
Voltage-driven DAB —
Resonant DAB ) N

5000 — = ™ —
A N\, \
4000 (— g R\ I

3000 - . —
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2000 — /4", A \‘ =

\
1000 [~ A~ \\ B

Voltage (V)

Figure 5.6.1: P/V curves for various system topologies

The resulting I/V and P/V curves can be seen in figure [5.6.2| and |5.6.3] The red line in figure
5.6.3| indicates 5000 W, which is the requirements of the system. It is used as a visual help to
understand if the system meets the power requirement, which is the case. The vertical difference
between the solar panel P/V curve and the P/V curve at the output of the system represents
the total losses of the system. It can be observed that these losses increase when the voltage
approaches the MPP voltage. The MPP of the solar panel is not the same as the MPP at the
output, so it is important to use the output voltage when using MPPT methods.
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Figure 5.6.2: 1/V curve of the system with resonant DAB
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Figure 5.6.3: P/V curve of the system with resonant DAB

5.7 Effect of the phase-shift

The phase-shift between the command signals of transistors M, 4 and Ms 3 is the only degree of
freedom in the rotating part of the system. Indeed, the amount of current exchanged depends
on the phase-shift. It was already stated in section that the maximum amount of current is
exchanged when the phase-shift is 50% or ¢ = 180°. But it is interesting to see the relation between
the phase-shift ¢ and the I/V curve present at the output of the system. Figure shows the
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I/V curves at the output of the system for different phase-shifts, from 45° to 160°, compared to
the I/V curve for a maximum phase-shift of 180°. It can be observed that the resulting I/V curves
are equivalent to the 180° phase-shift I/V curve, but divided by a factor equal to the phase-shift in
degrees divided by 180. This result is expected as current only flows when one of the two command
signals is at Vi, and no current flows if both command signals are at V. or none of them are. So the
resulting current is the maximal current divided by the portion of time in a period where it flows,
which is obtained by dividing the phase-shift by 180 degrees. As the I/V curves are influenced
by the phase-shift ¢, the P/V curves are influenced in the same fashion, so the phase-shift is a
parameter that could be used to tweak the MPP of the system.
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Figure 5.7.1: I/V curves for different phase-shifts

69






Conclusion and further work

The objective of this thesis was to design a system including a contactless power transfer to replace
the slip rings technology currently used in satellites. The main study points were an approach to
the existing works done in contactless power transfer, the accurate design and simulation of an
authentic solar panel capable of delivering more than 5 kW of power, the geometrical and electri-
cal design and understanding of a contactless transformer, and the design of an authentic power
electronic converter, limiting the amount of losses and stress placed upon the entire system.

First, an introduction to the constraints found in a spatial environment aided the comprehen-
sion of why a contactless power transfer was needed to replace the current slip rings technology.
Then, the state of the art on contactless power transfer showed the many different approaches
and topologies available to realize this project. It helped to understand what topologies were best
suited for the different parts composing the entire system.

The designing process of the solar panel was then explained. A theoretical background was
used to model a single solar cell, and simulation tools were then used to simulate a whole panel
capable of generating more than 5 kW of power under 150 V. The modeling and simulation of this
panel was helpful to understand the effect of the contactless system on the I/V and P/V curves of
the solar panel.

The chosen geometry for the contactless magnetic coupling element was a pot core transformer,
and the actual transformer chosen was issued from a previous work realised by T. Deceuleneer [9].
Some models were introduced to understand how the pot core transformer was designed, and to
understand the different principles acting on the transformer and influencing how it functions.

Finally, three different topologies of power electronics converters have been simulated and stud-
ied, to understand their impact on the working of the entire system and study the generated losses.
The resulting power electronics converter is a resonant, voltage-driven DAB, which limits the high
commutation losses generated in the transistors and harmful to the system. The comparison of
the P/V curve of the solar panel previously simulated and the P/V curve at the output of the
system shows that the resonant voltage-driven DAB is able to transfer 5 kW of power under 150
V effectively.

The work on this project can still be improved, by studying the addition of batteries to the
system, after the solar array drive system and the power conditioning and distribution system of
the satellite. It is also possible to improve the simulation of the entire system by adding a real,
authentic alimentation system, taking into account the first moment when the solar panels of the
satellite catch the sun rays, and the impact of eclipses on the system. Another possible point of
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improvement can be made in adding an authentic command system, taking into account the diffi-
culty of commanding a system that is not physically linked, and adding sensors and measurement
methods to completely command the system and work at the MPP or at any point of the P/V
curve found at the output of the system.
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Appendix

A Solar cell datasheet

4Triple-Junction
Solar Cell for Space Applications
(CTJ30)

Features and characteristics
Efficency 295K

Trigle Junchion Solar Celks InCaPiCads/Ge /'_

for Space Applications = — /
Polarity N on P -

ey lovw solar cell mass (91-29mgiom) R

Thickness 150m + 20um e

Fully qualified according to standard

ECSS E ST20-08C jor LED and GEO orbit T

External By-pacs dicds for reverse biss protection
Weldable Comtacts, Front and Back, based on

gold coated siker laysrs ML AL

[y

Standard sizes & 9x3.%cm, area 26.5om”, dxlcm’
area 2015cm’ (alzo avalablbe: 76xE Jonr
area 3T Somd, dxldom®; area 68.6ormr)

High Radisticn Resistance

Good mechanical strengtih

High Aexibility to customization (sizes, ather)

w g
Typical Current-Voltage Characteristic External Guantum Efficency
{CELL SIZE 26 Scmé, EFFICIENCY 29 5% @ AMO, 25°C) (BOL AVERAGE EXTERNAL GUANTUM EFFICIENCY)
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Performance Data

ERAGE ELE HICAL CH HAME H* MO, 1 0 2500

"‘"rl:d_ |‘EE \'llll:: III' l'l'r- PI' i Eff

lem™) [Frid) Wl [mA) v (W1 (%)

26.5 473 2.6 155 232 105 29.0

3015 538 2.61 517 233 120 28.0
Temperature Coefficients
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Radiation Degradation

(Remaining Factors)
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B Ferrox datasheet

Fermoxcube
Material specification 3Ca0
ICE0 SPECIFICATIONS
A llow frequency power material for use in power and
genaral purpose transformers at frequencies up fo
0.2 MHz
CONDITIONS VALUE UNIT
W 25 *C; =10 kHz; 2300 £20%
025 mT
™ 100 °C; 25 kHz; 5500 +25%
200 mT
B 25 *C; 10 kHz, =470 mT
1200 Admi
100 =C; 10 kHz; =380 mT
1200 Admi
Py 100 °C: 25 kHz: < B0 kWim®
200 mT
100 =C; 100 kHz; < B0
100 mT
100 =C; 100 kHz; =450
200 mT
p OC, 25 °C =5 im
Tc =280 C Fig.1 Complex permeability as
density = 4800 kgfm?= a function of frequency.
5000 i 500 —
T : = T
'”Lz.c.-a-:u s —:w_- 3580
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Fig.2 Initial permeability as a
function of temperature. Fig.3 Typical B-H loops.
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Ferroxcube

Material specification 3C92
3CH92 SPECIFICATIONS
A low frequency, high Bsat power material for use in
power inductors at frequencies up to 0.2 MHz - S
Hfit 3caz
SYMBOL | CONDITIONS VALUE UNIT gy
I 25 °C; =10 kHz; | 1500 £20% - .
0.25 mT 102 - o
. 100 °C; 25 kHz; | =5000 I
200 mT Fby He
B 25 "C; 10 kHz; =540 mT
1200 Afm -
100 °C; 10 kHz; | =460 : |
1200 Afm
140 °C; 10 kHz; | =400
1200 Afm g
Py 100 °C; 100 kHz: | =50 KWim® o " 10 g 100
100 mT
100 °C; 100 kHz; | =350
200 mT
P DiC; 25 °C =5 m
Te : =280 'E_ - Fig.1 Complex permeability as
density = 4800 kg a function of frequency.
TS e
— acse M —=ec 3Caz
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Fig.2 |Initial permeability as a
function of temperature. Fig-3 Typical B-H loops.
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Ferroxcube

E cores and accessories E71/33/32
CORE SETS
Effective core parameters 705 41
SYMBOL PARAMETER VALUE | UNIT — 48 EE —_—
IilA)y core factor (C1) 0218 | mm? —— 22 g-, —-—
Wy affective volume 102000 | mm3 — i ¥ T
ls effective length 148 |mm | 20°37 |
A effective area 6&3 mim? i § 3|2 o
Amin minimum area 676 mim? : l
m maes of core half =260 |qg '
! i
0
! 2 pa
! i
CINOTT

Core halves

A, measured in combination with a non-gapped core half, clamping force for & measurements 60 =20 N, unless stated

DEMmans s in mm

Fig.1 ET1733732 core half.

othensise.
GRADE [:I:} Ug TBTMEPJ:IH? QAP TYPE HUMBER
3090 100 5% =17 = 17800 ET1/33/32-3C30-E100
160 £5%!1 = 28 = G20 ET1/33/32-3C30-E160
250 £5%!1 =43 = 5280 ET1/33/32-3C90-E250
315 £5%!1 =55 = 3000 ET1/33/32-3C90-E315
400 +8%:111 = B8 = 2860 ET1/33532-3C90-E400
B30 £10%") = 108 = 1620 ET1/33/32-3C30-E630
10800 +25% = 1880 =0 ET1/33/32-3C90
ce: EX BOO0 +25% = 13490 =0 ET1/33/32-3C92
A5 10800 +25% = 1880 =0 ET1/33/32-3C5
acss EX 13330 +25% = 2315 =0 ET1/33/32-3C95
aF3 100 £5%!1 =17 = 17800 ET1/33/32-3F3-E100
160 £5%!1 = 28 = G620 ET1/33/32-3F3-E160
250 +5%111 =43 = 5280 ET1/33/32-3F3-E250
315 £5%!1 = 55 = 3000 ET1/3382-3F3-E315
400 £8%:111 = B0 = ZBE0 ET1/33/32-3F3-E400
B30 £10%:41) = 108 = 1620 ET1/33/32-3F3-E&30
10000 +25% = 1740 =0 ET1/33532-3F3
Hote

1. Measured in combination with an egual gapped core half.
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C Litz wire datasheet
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D Transistor

Interna
IGR Re

Advanced

. 8" 8 R

Simple Dri
Description

Fifth Genaration HEXFETs from International Rectifier utilize advanced processing
lechnigues to achieve extremaly low on-resislance per silicon area. This benefit,
combined with the fast swilching speed and ruggedized device design that
HEXFET Power MOSFETs are well known for, provides the designer with an
axtramely efficient and reliable device for use in a wide variely of applications.

The TO-24T package is preferred for commerciakindustrial applications whare .
highar power lavels preclude the use of TO-220 devices. Tha TO-247 is similar .
butl supearior to the earlier TO-218 package becausea of its isolated mounting haole.

datasheet

tional
ctifier

Process Technology

Dynamic dvidt Rating

175°C Operating Temperature
Fast Switching

Fully Avalanche Rated

Ease of Paralleling

ve Requirements

PD - 840048
IRFP260N
HEXFET® Power MOSFET
D
| VDSS = 200V
a |
' Ip = 50A
=1

TO-24TAC
Absolute Maximum Ratings
Parameter Max. Units
Ig & Te = 25°C Continuous Drain Current, Vg @& 10V 50
Ip @ Tc =100%C | Continuous Drain Current, Vios @ 10V 35 A
[ Putsed Drain Curnent @ 200
Po@Te = 25°C Power Dissipation 300 W
Limear Derating Factor 20 wiC
Vias Gate-to-Source Voltage +20 W
Exs Sangle Pulse Avalanche EnergyD S50 md
lag Avalanche CumrentT 50 A
Esn Repettive Avalanche EnengyD 30 md
it Peak Diode Recovery dvidt @ 10 Wing
T, Ciperating Junction smd 5510 175
Tara Storage Temperature Range o0
Soddering Termnperature, for 10 seconds 300 (1 &mim from case )
Mourting torque, 6-32 or M3 srew 10 lofein {1.1N=m)
Thermal Resistance
Parameter Typ. Max. Units
Riuc Junction-to-Case -— 0.50
Rlacs Casa-to-Sink, Flat, Gressed Surface 0.24 -— oW
R Junction-to-Ambilent -— 40
wanwirf.com 1
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E Python code to reduce the size of the files issued by
LT Spice

This small code is used to resize large LTSpice output files. It reads every line of the file, and
rewrites in an other file only the lines where the voltage has increased. This is also useful to have
a monotonically increasing value for the voltage.

with open("large file path") as data:
with open("resized file path", "w") as f:
prev = 0
next(data)
for line in data:
split = line.split() # [time, v_out, Res]
val = float(split[2])
if val > prev:
T.write(line)
prev = val

Figure E.1: Python code to resize large LT'Spice files
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