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Abstract

In satellites, the energy required to supply the entire equipment is provided by the solar arrays. They
are in constant rotation with respect to the satellite platform in order to face the sun at all time and
maximize their efficiency. Therefore, the power is transferred through a rotating device which is called the
Solar Array Drive Mechanism. The current technology ensuring the power flow is the slip rings system.
However, it is limited by a low voltage operation because of electrostatic discharges.

In this master thesis, an alternative solution is explored with an inductive power transfer system. This
system is composed of a rotating transformer and a Dual Active Bridge allowing to connect the solar
array, the bus and the batteries in a single device. At first, models are defined in order to represent and
evaluate important design features of the rotating transformer such as losses and thermal management.
An optimization is then performed to reach the best efficiency for a maximal power density. Secondly,
the results are validated by finite elements simulations and a prototype is manufactured for further tests
and measurements.
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Introduction

Nowadays, satellites have a considerable impact on Earth-used technologies. The descendants of Sputnik
are used by humans to execute several different missions such as telecommunication, navigation, obser-
vation, meteorology, etc. A satellite is furnished with an equipment which is dedicated for a mission and
which requests more and more energy. Typically, the on-board power for a telecommunication mission
is around 20 kW. This power is provided by two solar arrays located around the platform. In order to
gather as much solar energy as possible, the solar arrays are continuously spinning and facing the sun.
However, this rotation complicates the power transfer from the energy source to the equipment. Indeed,
the constant rotation does not allow to make the electric connection with a simple wire. The device
ensuring this power transfer is called the Solar Array Drive Mechanism (SADM). The current technol-
ogy used for this system is the well-known slip rings. However, this technology has some limiting features.

In the frame work of this master thesis, an other system has been studied in order to replace the slip
rings. The project aims to achieve a 10 kW power transfer, by means of a rotating transformer. This
corresponds to the power provided by a single solar array. The system has to be able to compete with the
current technology. The entire project has been undertaken in collaboration with Thales Alenia Space
Belgium which is a leader company in power electronics on satellites. Moreover, this work falls under the
continuity of a first master thesis executed in 2015 by Patrick Duvivier [1]. In his study, he has established
the state of the art of inductive power transfer through rotating transformers. In the present work, the
project becomes more concrete. The main goal is to build a prototype of the rotating transformer. In
order to do that, the design of the system has to be optimized and validated by analytical and numerical
tools.

This document aims to give a description of the work that has been done during the project. It also
explains the reasoning that has been followed. The results from analytical and numerical simulations are
presented and analysed.

Chapter 1 aims at providing a general background and overview of the issue. The satellite power
system is introduced in order to identify the components interacting with the SADM. The different tech-
nologies for Wireless Power Transfer (WPT) are then presented and compared to the current slip ring
technology. After, the transformer geometry is discussed with respect to conclusions drawn in the previous
master thesis. Finally, the power electronics involved for the Inductive Power Transfer (IPT) is introduced.

The objective of Chapter 2 is to develop models for the important aspects of a transformer. Those
models are tools that will help for the design of an efficient and optimized transformer. It also allows to
have a better understanding of the losses in the transformer. The thermal management is a significant
point of design for spatial application. Therefore, a thermal model is also presented and applied on the
transformer.

An optimization is performed in Chapter 3 in order to make the transformer as efficient as possi-



ble. The different input variables and the objective functions for the optimization are introduced. The
characteristics of the optimal transformer are then analysed. This chapter is ended by the design of a
supplementary inductor.

Chapter 4 presents finite elements simulations that have been carried on in order to validate the re-
sults obtained in Chapter 3. Both 2D and 3D analysis of the flux density inside the transformer core are
performed. Likewise, the thermal management is also validated with a 2D simulation.

Finally, Chapter 5 presents the electric and mechanic assemblies of the prototype. No measurement
or performance validations are provided in this chapter due to manufacturing issues discussed in this
section. However, a visual prototype is presented.



Context

This chapter aims to give an overall idea of the context within which the rotating transformer is used.
The transformer is part of the Solar Array Drive Mechanism (SADM) which is the interface between the
solar array and the platform of a satellite.

First, an overview of a typical satellite is presented. The principal constraints of the satellite envi-
ronment are expressed. The satellite power system which includes the SADM is described. Afterwards,
the dedicated device is deeply presented and a comparison between different SADM technologies is made
in order to highlight the issues of the current technology and the potential of a rotating transformer to
ensure the power flow function. Then, the transformer geometry is discussed. This discussion is based
on the state of the art of rotating transformers and the previous work done in the project [1]. After that,
the Dual Active Bridge (DAB), the power electronics associated to the transformer is introduced and
the main equations associated to this converter are derived. Finally, the specifications of the rotating
transformer are defined..

1.1 Overview of satellites

Satellites are man made systems placed into orbit. This orbit can be around a planet as the Earth,
around a star as the sun or even around natural satellites as the moon. Those are used by different
entities (Defense, Civil and Science) and for different purposes (navigation, telecommunication, obser-
vation, meteorology, etc.). The first satellite, Sputnik, was sent in orbit of Earth in 1957 by the Soviet
Union. After that, more than 6600 satellites have been launched in space and the space launch market
has become a real competition.

Earth satellites are classified with respect to their orbit radius (Figure 1.1) : Low Earth Orbit (LEO),
Medium Earth Orbit (MEO), Geosynchronous Orbit (GSO) and High Earth Orbit (HEO). A GSO satel-
lite completes one full orbit around Earth in one day. It can be named as geostationary (GEO) when the
satellite stands exactly above the equator. The satellites considered in this document are geosynchronous.

In this section, an overview on the satellites is made. First, the satellite environment is analysed.
Then, the main devices composing the satellite power system are described.



Apogee: < 50 000 km

HEO

GEO: ~36 000 km,
fixed lat./long.

Perigee: ~500 k

Figure 1.1 — Earth orbits representation

1.1.1 Satellite environment

A satellite operates in a constrained environment. The constraints need to be considered for the design
of any device of a satellite. The major constraints in space are :

Vacuum : that implies the impossibility to cool a satellite with convection as there is no gas.
Cooling of the systems is done by conduction only. This also implies an important temperature
gradient in the satellite : the side facing the sun is heated while the side facing the space darkness
is cooled by radiation. This temperature gradient can reach 320°C [2]. The satellite temperature
also decreases to —70°C when an eclipse occurs. Therefore, the device to design has to be able to
face cold and warm temperatures.

No gravity : This makes it impossible to use convection in a sealed system. However, zero gravity
allows to decrease weight forces and frictions.

Radiation exposure: The radiations that might be encountered in space are protons, electrons
or cosmic rays. Those can cause important damages. Therefore, the different technologies on board
have to be robust to those radiations. The technology which is the most vulnerable to radiations is
the semiconductor electronics (transistors, photovoltaic panels, IGBT, etc.).

Plasmas: A plasma is a ionised gas produced by ionisation of atmosphere molecules due to solar
radiations. Those are located around Earth and can cause different problems in a satellite. For
example, it promotes the electric discharge (ESD) phenomenon between conductors. This can lead
to the destruction of a system. This specific point will be explained more in a next section.

Maintenance: No maintenance is available in space. A satellite mission lasts up to 15 years.
Therefore, the systems on board have to be highly robust and fault-tolerant.

Heavy vibrations: During its launch, the satellite undergoes heavy vibrations. The systems com-
posing the satellite have to be able to withstand vibrations that can reach an amplitude of 10 g.

Finally, an important point when designing a satellite device is to minimize the weight. On the orbit,
this change nothing. However, weight has an impact on the satellite launch cost. Indeed, the cost per
kilogram of a satellite launch is around 16 k€ /kg.

1.1.2 Satellite power system

Regarding electric management, a satellite is composed of different systems which can be divided into
three categories : avionic systems related to the satellite behaviour such as the on-board computer and
the ion thrusters; instrumentation systems related to the satellite mission such as antennas for commu-
nication; and the power system which is in charge of the electric power management inside the satellite.



This last category is described in this section.

Figure 1.2 presents the main devices involved in the satellite power system. They are :

e Solar Array (SA) which is the power source in a satellite;
o Batteries which are used to store energy and to supply the entire satellite when an eclipse occurs;

e Solar Array Drive Mechanism (SADM) which is in charge of the solar array orientation and
of power transmission from the solar array to the satellite platform. This is the system which is
studied in this document and a more deepen overview will be given in next section;

o Power Conditioning and Distribution Unit (PCDU) which is in charge of controlling the
power flow exchange between the solar array, the batteries and the different satellite systems. It
can also regulate the bus voltage (Vpus)-

Satellite platform
Solar Array Solar Array Drive Mechanism v Power Conditioning & Distribution Unit
— sa & Vous [Instrumentations
o | o
Voat

Avionic systems
Batteries
E= S
) I

Figure 1.2 — Schematic of the satellite power system

Solar Array

The solar array (SA) is the principal energy source in a satellite. Its role is to convert light energy coming
from the sun into electric current by photovoltaic effect. A first part of this current is directly used by the
satellite equipment while a second part is used to charge the batteries. In a geosynchronous satellite, the
total power needed can reach 20 kW. Usually, that power is provided by two SA, meaning a production
of 10 kW per array.

The SA is composed of photovoltaic panels which are connected either in parallel or in series. The
photovoltaic panels are themselves composed of a number of photovoltaic cells. All the cells are both
connected in parallel and in series in order to reach the rated voltage and rated current. The photovoltaic
effect is explained in more depth in [1].

A simplified model of a photovoltaic cell is depicted in figure 1.3a[4]. That model is represented by
a parallel connection of a current source standing for the photovoltaic current generation and a reversed
diode representing the semi-conductor effect. The parasitic resistances are not represented in order to
simplify the explanation and the equations. The photovoltaic cell equation related to the model of figure
1.3a is found with the diode characteristic equation ! :

e = Iy — I (e*V/VT - 1) (1.1)
Ipp, is the photovoltaic current related to light radiation and cell composition; Iy is the reverse bias
saturation current related to the cell material; Vi is the thermal voltage related to the cell tempera-
ture. Figure 1.3b represents the I-V characteristic curve corresponding to equation (1.1). The red dot

on the curve represents the maximal power available for a given photovoltaic current. This is at that
point that the cell is the most efficient. Therefore, this is interesting to reach this point at any moment.

IDiode equation : Ip = I (e*V/VT — 1)



This is done with a Mazimal Power Point Tracker (MPPT). This device is explained in the PCDU section.

The PV cell efficiency depends on the technology used for the materials. Currently, PV cells dedicated
to spatial applications can reach an efficiency up to 30%. For more information about the photovoltaic
technology in space sector, it is advised to read the state of the art of the project [1].

PV cell

| sl
Isc

on D \' -

>
Voc
(a) PV cell simplified model (b) PV cell IV curve

Figure 1.3 — Photovoltaic cell : model and characteristic curve

Batteries

Batteries have an important task in the satellite power system. They store energy coming from the solar
array before an eclipse occurs in order to provide this energy to the satellite equipment during this dark
interval of time. The battery is sized to be able to provide the necessary energy during an entire eclipse,
at end of life. For a geostationary satellite, eclipses occur during half time of the year, once a day and
with a maximal duration of 72 minutes. Therefore, the batteries can be charged during more than 22
hours. This means that the needed battery discharging flow rate is much larger than the charging flow
rate (Pdischarge > 20 - Pcharge)-

In all the industrial sectors, the most used battery type is the Lithium-ion battery. Indeed, it offers
a high specific energy for a relatively high specific power. Figure 1.4 is a comparison of the Ragone
plots of different energy storage devices. A high specific energy allows to reduce the battery weight and
volume inside the satellite. Lithium-ion batteries have also a good charge/discharge efficiency (up to
90%). A disadvantage of a battery is that its voltage, which is the voltage reference for the satellite bus,
is dependant on its state of charge (SOC). Therefore, a regulation of the bus voltage is needed.

o 1000
4 Fuel Cells
==
=
=
o 100
o)l
S
pd RS
LE Lead Acic ) Electrochemical
U 10 , Capacitors
= " ﬁ
(9]
<]
o i
ek 1
1 10 100 1000 10000

Specific Power, W/kg

Figure 1.4 — Ragone plots for different energy storage devices [5]

Power Conditioning and Distribution Unit

The Power Conditioning and Distribution Unit (PCDU) is divided in two parts : the Power Conditioning
Unit (PCU) which controls the power flowing from/to the energy sources (solar array and batteries)



and the Power Distribution Unit which is in charge of distributing power to the satellite systems. It is
important to understand the tasks of the PCU because this device has a high interaction with the SADM.

Power Conditioning Unit

v
v S3R | bus
sa or |_|_|
MPPT | |BCR|  |BDR]
I
BCDR
Voat

Figure 1.5 — Power Conditioning Unit schematic

Figure 1.5 is a schematic of the PCU. This device has two fundamental tasks : the solar array power
regulation and the batteries power regulation. The solar array power regulation is needed to regulate the
power flow that the SA delivers to the batteries and the other systems. Indeed, all the energy that the
SA can provide is not always needed by the satellite equipment. This power regulation is done either
with a Sequential Switching Shunt Regulator (S3R) or with a Maximum Power Point Tracker (MPPT).
Both method schematics are represented in figure 1.6 and are explained in the following:

¢ Sequential Switch Shunt Regulator

With the S3R method, the SA is directly connected to the bus (Vs = Vius). Then, a switch
is connected in parallel of each PV section (Figure 1.6a). The output current is modulated by
short-circuiting some PV sections with activation of the associated switches. In order to avoid a
short-circuit on the bus, diodes are connected between the bus and each PV section.

As for all electric devices, losses are generated in the S3R. The major part of losses is generated by
the conducting diodes (D;) :
Pp=Vino+Rsp - L) " I, (1.2)

where V4, p is the diode threshold voltage, R, p is the diode series resistance and I, is the output
current.

« Maximal Power Point Tracker

The MPPT method consists of tracking a given power point with a regulation of the solar array
voltage on the I-V characteristic curve. The SA voltage is regulated by a DC/DC converter (Figure
1.6b). When the batteries are not fully charged or when the satellite needs full power, a maximal
power point is tracked on the I-V curve. Therefore, the SA efficiency is maximal. That is a major
advantage of MPPT compared to S3R where Vj, is fixed.

Unfortunately, DC/DC converters generate conducting and switching losses. The total losses gener-
ated in the MPPT DC/DC converter are higher than the losses generated in the S3R diodes. That
is why the MPPT is less popular even if it can extract maximal power from the SA.
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Figure 1.6 — Power Conditioning Unit : solar array power control schematic circuits

The second PCU task is to regulate the power flowing from/to the batteries. This is achieved by a
Battery Charge and Discharge Regulator (BCDR) presented in figure 1.5. This device is composed of two
unidirectional DC/DC converters between the batteries and the bus. In the Battery Charge Regulator,
the current flows from the bus to the battery while charging. In the Battery Discharge Regulator, the cur-
rent flows from battery to the bus while discharging. Those two regulators are Buck or Boost converters
depending on the battery to bus voltage ratio. The BCDR is also used to regulate the bus voltage and
cancel its dependency on the battery state of charge. Once again, the use of DC/DC converters implies
conducting and switching losses. Sometimes, the PCU does not have a BCDR and the bus is directly
connected to the battery. In this case, the bus is called unregulated.

In order to give an idea on a typical PCU specifications, the Power Conditioning Unit Next Generation

developed by Thales Alenia Space is available in Appendix B.2. The S3R efficiency is higher than 99%
and the BCDR efficiency is higher than 96%. The weight of this device is 50 kg.

1.2 Solar Array Drive Mechanism

During a complete revolution, the solar array needs to face the sun with a 90° angle in order to maximize
the photovoltaic efficiency. However, the satellite turns around the Earth and is always facing it with
the same side. Therefore, the solar arrays need to rotate around the satellite axis. For a geosynchronous
satellite, the rotation speed is 1 turn/day. The interface between the SA and the satellite platform
is provided by a Solar Array Drive Mechanism (SADM) (Figure 1.5). The SADM has three tasks to
complete :

e Perform the rotation of the SA with respect to the satellite platform. This is done by a stepper
motor;

o Transfer power from the SA to the satellite platform;
o Transfer signals between the SA and the satellite platform.

From those tasks, the one that is involved in this document is the power transfer. The SADM can
be seen as composed of a rotor on the SA side and a stator on the platform side. The rotor rotates with
respect to the stator. In this document, it is assumed that the rotor is the inner part of the machine.
The issue with the SADM is that high power has to be transferred from the rotor to the stator and wire
connection is impossible because the rotation is multi-turn. Currently, the best technology for the SADM
power transfer is the slip rings system.

1.2.1 Slip rings system

A slip ring is a device used to create an electric connection between a rotor and a stator. This kind
of connector is used in many electrical machines such as DC-excited synchronous motors. Figure 1.7a
represents the composition of a slip ring. The slip ring system is composed of conducting rings on the
rotor surface and flexible conducting brushes on the stator. The electric connection is made by the gliding
of brushes on the rings. In order to have a good mechanical contact, a high pressure is applied between
brushes and rings. This allows to decrease the electric resistance of the contact.



BRUSH BLOCK
MOUNTING _//
BRACKET [
(customer
supplied)

STATOR
BRUSH

/ BLOCK

| STATOR
SOLDER
TERMINAL

BRUSH
CONTACT

\\‘ CERcs
ADHESIVE\ A/‘ ADHESIVE
SHAFT \
ROTOR RINGS
a 1p ring composition 1 depta
Slip ri ition [6 b) RUAG : S 24® [7

Figure 1.7 — Solar Array Drive Mechanism : slip ring technology

RUAG space is a company providing SADM with slip rings. Figure 1.7b depicted the RUAG space
product Septa 24/® and table 1.1 contains its power specifications. The system is composed of several
lines in parallel in order to reduce the current passing through a line. Each line is connected to one PV
section and one switch of the S3R (Figure fig : review : S3R). If a problem happens for one line, the
corresponding PV section is lost. As it consists of a simple electric contact, slip rings is an interesting
technology because it provides low power losses and high efficiency : 99.6%.

] Specification \ ‘
Number of power lines 12 or 24 lines
Current on a line 6.2 Aryms
Voltage up to 110 V
Power transfer up to 16.3 kW
Connector-to-Connector resistance < 40 mQ?
Power losses < 62W

Table 1.1 — Septa 24® power transfer specifications [7]

The main disadvantage of this device is that the maximal voltage is limited to 110 V. This is due to
electrostatic discharge (ESD) phenomenon. An ESD is caused by a dielectric breakdown occurring when
the voltage difference between two conductors is above the dielectric breakdown voltage. In a gas, this
breakdown voltage is function of the product of the pressure (p) and the distance between the conduc-
tors (d) (Vereakdown = f(pd)). This function is known as the Paschen’s law and a representation of the
function curve can be seen in figure 1.8. This function has a minimum which is the limit below which it
is certain that no ESD can occur. More explanation about this Paschen curve is available in Appendix A.1.

In vacuum, there is a zero pressure. The breakdown voltage for zero pressure is infinite (Figure 1.8).
However, around the atmosphere there exist plasmas which are gases composed of electrons and positive
ions. Those come from atmospheric molecules ionized by solar radiation. A plasma has a low but non null
pressure. Indeed, for relatively long gap length (d), the product (pd) can reach the minimal breakdown
voltage point on the Paschen curve (Figure 1.8). Because of historical events, space designers decided to
keep voltage below the minimum breakdown voltage for bare conductor systems in order to avoid bad
surprises. With a security factor, the voltage cannot be above 110 V.

However, the increase of the bus voltage is highly interesting. Indeed, for a given load power, an
increase of the voltage allows a reduction of the current. If the current is decreased, the conductive losses
would be as well. A way to overcome the breakdown voltage issue is to drop out the slip rings system
and to use Wireless Power Transfer (WPT) for the SADM. There exist two kinds of WPT : Inductive
Power Transfer (IPT) and Capacitive Power Transfer (CPT).
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1.2.2 Inductive Power Transfer

The Inductive Power Transfer (IPT) is the most used WPT system. This technology is used in devices for
low to high power transfer (0.1W to 30kW) in different sectors such as biomedical, automotive recharge,
etc [9]. For example, this is the system used to charge electric toothbrushes. As it can be understood
by its name, an IPT uses magnetic induction to transfer power from a primary side to a secondary side.
The principle is that a primary winding is carrying an alternating current that generates an alternating
magnetic flux in a magnetic core. This magnetic flux, in turn, induces an alternating current in the
secondary winding. This device is known as the so-called transformer.

The first problem for a IPT is that currents and magnetic flux involved in a transformer are alternating
(AC). However, the current provided by the SA is a DC current as well as the bus current. Therefore, a
DC/AC power conversion before transformer and a AC/DC power conversion after it are both necessary
(Figure 1.9).

Frequency is an issue when designing a transformer. Indeed, for a same power transferred, the trans-
former volume is inversely proportional to the frequency. Therefore, it is important to use high frequency
to reduce the transformer volume and weight. The system composed of a DC/AC converter, a transformer
and an AC/DC converter can be gathered in a Switched-Mode Power Supply (SMPS) which is a DC/DC
converter. A SMPS works in the range of frequency from 10 kHz to 1 MHz. That converter controls the
power flow with a Pulse Width Modulation (PWM). A major advantage of the SMPS for the SADM is
that it can be used for the MPPT power regulation of the SA. A maximal efficiency of the SA can then
be reached. However, the disadvantage is that the power electronics used in the SMPS produces switch-
ing and conducting losses which are added to the losses generated by the transformer. The switching
and conducting losses of power electronics are explained in section 1.4. The transformer losses are gen-
erated by the magnetic core and the windings. The transformer losses modelling is presented in chapter 2.

An other advantage of the IPT is that a transformer can be multi-port [8]. Several different windings
can be wound around the magnetic core and the same flux is seen by each winding. The use of a
multi-port transformer is interesting to replace the BCDR. Indeed, a tri-port transformer would allow to
connect the SA, the battery and the bus in a single device. The only constraint is that the associated
power electronics needs to be bidirectional for the batteries. In that case, the transformer with its power
electronics can be used for the SADM and the PCU at the same time. Therefore, cost and volume can be
reduced due to less amount of devices and associated electronics. The system reliability is also increased
with a decreasing number of devices.

10
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Figure 1.9 — Inductive Power Transfer

1.2.3 Capacitive Power Transfer

The Capacitive Power Transfer (CPT) is usually used in devices for very-low to medium power (0.01W to
1kW)[9]. The component used for this power transfer is a capacitor composed of two conductive plates.
The power is transferred by an electric field produced with a voltage difference across the plates (Figure
1.10). Two capacitors are needed in order to close the circuit between primary and secondary sides. The
capacitance of a capacitor is : 0

C=5 (1.3)

where @ is the charge on the plates and V' is the voltage difference between the plates. As the current is
a charge flow (i = %), the relation between current and voltage in a capacitor is :

: dve
ie=C 7 (1.4)
Likewise the IPT, the voltage of the CPT needs to be alternating. Otherwise, no current would cross
the capacitor. Therefore, DC/AC and AC/DC converters are also needed around the capacitors. These
capacitors can also be used in a SMPS. As for transformers, the capacitor volume is inversely propor-
tional to the frequency for a given power transferred. However, for a same power and a same volume, a
CPT requires generally a frequency five times higher than a IPT [9]. This high frequency generates high

switching losses in the electronics associated.

Two kind of losses are generated in a capacitor : series resistance losses and dielectric losses. The first
ones correspond to resistive losses in the conductive plates. The second ones are due to two phenomena:
molecular polarization and interfacial polarization. According to [11], at high frequency, conductive losses
are the dominant part of the losses.

For CPT, it is not possible to use a multi-port capacitor. However, the MPPT functionality is available

like for an IPT.
E
— &
3

S

DC/AC AC/DC

NS

Figure 1.10 — Capacitive Power Transfer

1.2.4 Comparison

Finally, a comparison is done between the three SADM topologies introduced in this section : slip rings,
IPT and CPT (Table 1.2).

On the one hand, the slip rings maximal voltage is limited to 110V where the IPT and CPT are both

able to withstand a high voltage. This limitation has an impact on all the conductive losses generated in
the satellite.

11



On the other hand, both WPT are used in a SMPS which generates high losses. For a same power
density, the IPT works at high frequency (10-100 kHz) while the CPT works at very high frequency (100
kHz -1 MHz). Therefore, switching losses in the CPT electronics might reach high values. The use of
SMPS allows to regulate the solar array power with a MPPT and operate at maximal efficiency. For slip
rings, solar array power regulation is achieved with a S3R where losses are also generated.

For the device efficiency itself, slip rings are really better because they only generate DC conductive
losses. For the IPT, losses are generated in the core and the windings which are really long. For the
CPT, conductive alternating losses are generated in the capacitor plates. Finally, IPT system provides in-
teresting functionalities such as a tri-port access which allows to use the transformer for the BCDR system.

To conclude the SADM section, the Inductive Power Transfer has the potential to compete with the
currently used slip rings system. The principal advantages are high voltage and the possibility to merge
the SADM with the entire PCU in a single transformer with its power electronics.

] \ Slip rings \ IPT \ CPT ‘
High Voltage (V > 300V) b4 v v
MPPT Functionality X v v
Galvanic isolation X v X
BCDR Functionality X v X
Tri-port Functionality X 4 X
Device efficiency + — —
Electronics efficiency + + - =

Table 1.2 — SADM comparison : Slip rings, Inductive Power Transfer and Capacitive Power Transfer

1.3 Transformer geometry topologies

In this section, the transformer geometry is discussed. This discussion is based on the state of the art of
IPT rotating systems made by different references [1], [12], [13], [14].

The important point for the geometry is that the transformer has to be rotating. This means that
the magnetic circuit has to be divided in two parts corresponding to the rotor and the stator. Moreover,
it could be interesting if the performances are not too dependent on the rotor-to-stator position. Indeed,
a good symmetry of the transformer geometry can provide a limitation of the performance fluctuation
with respect to the position. Therefore, an axisymmetric transformer (symmetry around the transformer
axis) seems to be the perfect solution.

Figure 1.11 presents the four main topologies for a rotating transformer. For now, only one section of
the transformer is represented. Readers can imagine the 3D representation as a revolution of this section
around the axis. Each topology consists of the combination of a winding and a magnetic core placement.
The winding placement is either adjacent (1.11a and 1.11b) or coaxial (1.11c and 1.11d). The magnetic
core placement is either a pot-core (1.11a and 1.11c) or axial (1.11b and 1.11d).

First, the core placement is discussed with respect to the airgap position. Indeed, the airgap between
the magnetic core parts has an important impact on the transformer efficiency. It is shown in [1] that the
efficiency is higher for a shorter airgap. Therefore, it is important to minimize the airgap length. How-
ever, this airgap length is limited by the manufacturing and assembly possibilities. Indeed, machining has
a certain degree of precision that is reduced for fragile materials as magnetic cores. An axial placement
requires to deal with an airgap in the radial direction. It is complicated to reduce the length below 0.5
mm for radial airgaps. Actually, it is mechanically easier to deal with an airgap in the axial direction such
as for pot-cores. Indeed, it is possible to use two pot-cores and to let those slip on each other. In this
case, a short airgap length can be reached (< 0.1 mm). Regarding thermodynamic effects, the pot-core
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is also better. Indeed, if the core heats up, it expands. For a too low radial airgap, an expansion of the
rotor can cause a mechanical blocking.

The winding placement is also important. The best placement for a high frequency transformer is the
coaxial one. This is due to the effect of high frequencies on the winding losses. This will be explained in the
winding losses modelling section (section 2.3). For now, it is asked to the readers to trust this assumption.

(a) (b) () (d)

Figure 1.11 — Transformer topologies - Winding placement/Core placement : a) Adjacent/Pot Core; b)
Adjacent/Axial; ¢) Coaxial/Pot Core; d) Coaxial/Axial

Finally, the best topology is the combination of the coaxial windings and the pot-core placement
(Figure 1.11c). However, the airgap position is not fixed. Indeed, the two airgaps do not need to be
in the same horizontal plan as in figure 1.11c. Considering the thermal management, it is necessary to
maximize the conducting surface between each winding and its associated magnetic core. Indeed, the
heat generated in the windings is drained by the magnetic core. A larger exchanging surface allows a
more efficient cooling of the windings.

The best topology geometry for the rotating transformer is depicted in figure 1.12. Each airgap is
located at the top of a winding. This maximizes the interface area between each winding and its associated
magnetic core. The transformer core is composed of two coaxial tubes stuck between two plates. The
rotor core is composed of a plate and the inner tube while the stator core is composed of the other plate
and the outer tube. As it can be seen, eight dimensions characterize the transformer geometry. Amongst
those, R is the shaft radius and e is the airgap length. The transformer outer radius (R,) and height (H)
expressions are :

Ro=R+L3+2x«Ly+ L5+ Lg

(1.5)
H:2*L1+L2+6

Relations can be made to link the different dimensions. First, it is supposed that both windings have the
same cross section area (Syind):
Swind
Lo = 1.6
2= 7 (1.6)
More relations can be found for the core dimensions. The idea is to keep constant the minimal core cross
section along the magnetic flux path. Therefore, the cross section of the inner and outer tubes are equal

to Score- In the plates, the cross section is growing with the radius. In order to respect the rule, the plate
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cross section is equal to Seore at radius (r = R+ Lg). The following relations are then found :

SCOTC

L¢=4/—+R?>-—R
™
Ly =R, —\/R2 — Seore (1.7)
™
SCOT@
Ly = —core
' 27(L¢ + R)

Those relations will be used for the optimization of the transformer in chapter 3.
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Figure 1.12 — Transformer geometry : representation and dimensions

1.4 Power Electronics for Inductive Power Transfer

An Inductive Power Transfer requires to operate with alternating currents. This implies to use a DC/AC
converter and an AC/DC converter. Both of those can be gathered into a Switching-Mode Power Sup-
ply which is a DC/DC converter. The transformer of the IPT is located in this converter. Moreover,
the converter has to be bidirectional for the BCDR functionality. A bidirectional DC/DC converter is
introduced in this section. This topology is called the Dual Active Bridge (DAB) and consists in two
Full-bridges disposed around the transformer. First, an introduction is done on the electronic switches
and the full-bridge. And then, the DAB principle is briefly explained and the main equations involved
are expressed.

1.4.1 Electronic switches

Electronic switches are the principal components of a SMPS. Those give the opportunity to control the
power flows with a PWM control. However, those switches generate a major part of the converter losses.
Electronic switches are either active or passive [15] [16].

Active switch

An active switch is controlled by an input terminal. The on-state or off-state of the switch are controlled
by the signal on this terminal. There are several active switches such as MOSFET, IGBT, etc. The most

14



adapted active switch for spatial application is the MOSFET transistor. Indeed, it allows to use high
frequency without generating high losses and those transistors can manage the power requested.

An active switch conducts current in both direction during on-state. In the ideal case, there is no
voltage drop across the active switch during on-state (Figure 1.13b). However, in reality there always
exists an internal resistance in the active switch. In a MOSFET, that resistance is called Rgs on and it
generates a voltage drop during on-state mode (Figure 1.13c). It is possible to reduce the conduction
resistance by connecting several transistors in parallel?>. The voltage drop during on-state is :

Von,MOS = Rds,on “Ion (18)

During the off-state, no current can flow through the switch. This switch can withstand an off-state
voltage until the voltage rating. The internal structure of the switch breaks down beyond this maximum
voltage causing irreversible damage.

In this project, the technology used for the active switches are SiC MOSFET (Datasheet available in
Appendix B.3)

T

(a) Symbol ) Ideal characteristic ) Real characteristic

Figure 1.13 — Active switch : symbol, ideal characteristic and real characteristic

Passive switch

A passive switch has no input terminal. Therefore, that is the external circuit that controls the conducting
or blocking states of the switch. The typical passive switch component is the diode.

A diode can drive the current in one direction only. In the ideal case, a current flows through the
switch when the voltage across it is zero (Figure 1.14b). However, in reality, the voltage difference needs
to be higher than the threshold voltage (Vi) of the diode which is around 1-3V. Moreover, diodes have
an internal resistance as for transistors. (Figure 1.14c). The voltage drop in conducting mode of the
diode is :

Von,D =Vin+ Ron * Ion (19)
Al Al .
1 conducting conducting
v blocking Vv blocking Vv
(a) Symbol (b) Ideal characteristic (c) Real characteristic

Figure 1.14 — Passive switch : symbol, ideal characteristic and real characteristic

Conduction and Switching Losses of Power Switches

In all kind of electronic switches, losses are generated. In a diode, most part of the losses are conduction
losses which correspond to the losses generated at steady-state when the switch is conducting. A current
is flowing while a voltage drop is carried. The power losses of a diode is :

Piiode = Vondon = D (110)

2However, parallel transistors have a higher parasitic capacitance and implies a higher cost and higher volume
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where D = tC%"d is the duty-cycle, the time ratio during which the diode conducts current.

The major losses happening in a transistor are conduction losses and switching losses. Switching losses
happen when the transistor is turned-on and turned-off. Because of parasitic capacitances, the switching
time is not null and can last nano to microseconds. During these transitions, the switch conducts the
entire load current and meanwhile carry a voltage drop corresponding to the off-state voltage (Figure
1.15). Therefore, a small amount of energy is lost during each transition. This can result in huge losses
for high frequencies. The total losses generated in a MOSFET used in a switch mode is :

ton +to
Pyosrer = Vonlon - D+ (Voff-[on : #ff : f) (111)

where t,, and t,¢s are respectively the turn-on and turn-off delays and f is the operating frequency.

A
v
fi —
V( t) Ion /
V
i(t) = 2 A—
ton T toff

Figure 1.15 — MOSFET losses : switching and conducting losses

1.4.2 Half-bridge and Full-bridge converters

A half-bridge converter is a device composed of two active switches connected in series and supplied by a
DC source (Figure 1.16a). The working principle of the half-bridge is to generate an AC voltage output
by activating the switches one-by-one. The output is a square wave voltage with frequency and duty-cycle
fixed by the switches control. The output signal varies from 0V (when Sy is activated) to V. (when S is
activated)(Figure 1.16a). It is important to not activate both switches simultaneously in order to avoid
a short circuit of the DC supply.

A full-bridge converter is similar to the half-bridge but it has a second leg in order to increase the
output signal amplitude (Figure 1.16b). In this case, the switches are activated two-by-two. The output
signal varies from V. (when S; and Sy are activated) to —Vy. (when Sy and S5 are activated). It is also
possible to reach 0V by activating either S; and S3 or Sy and S;. However, this mode is not used in this
document. The mode depicted in figure 1.16b is called full wave mode.

For this document, the duty-cycle of a full-bridge is considered to be 0.5. That means that the average
output voltage of each full-bridge is equal to zero.

VUC
| | ulsSs s,

S, S Ss
‘41: C) Vv Vc CD 74 j 0 t
- ‘Z: 51 51 d _ ac
S, Vee S, S, -V S,Ss L
. Sz ¢ dc

(a) Symbol (b) Ideal characteristic

Figure 1.16 — Power Electronics : Half-bridge and Full-bridge
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1.4.3 Inductive Transformer Model

A transformer can be modelled by an equivalent circuit. For the explanation of the Dual Active Bridge
principle, a first model of the transformer is introduced. This is called the inductive transformer model
because it considers the inductive components only and the transformer is supposed to be loss free (Fig-
ure 1.17a)3. Indeed, for high frequencies, resistances are not significant with respect to reactances. The
transformer consists of a quadripole with the leakage inductance in series (Ly) and the magnetizing in-
ductance in parallel (L,). However, the magnetizing inductance is often much larger than the leakage
inductance and the load because of the magnetic core permeability. A simplification can be made by
neglecting the magnetizing inductance. Therefore, the inductive model of the transformer consists of a
simple series inductance corresponding to the leakage inductance (Figure 1.17b).

As a reminder, the definition of an inductance is :

)
L=— (1.12)
i
The relation between voltage across the inductance and the current carried is :
di(t)
t)=1L 1.13
o(t) = 1% (113)
L
DA 1:N Ly
° —IYYY\__
(a) Inductive model (b) Simplified model

Figure 1.17 — Transformer inductive models

1.4.4 Dual Active Bridge

The Dual Active Bridge (DAB) is an isolated bidirectional DC-DC converter which consists of a trans-
former and two full-bridges [17][18]. A first full-bridge is connected to the primary side of the transformer
and the second is connected to the secondary side. The transformer provides the isolation. The working
principle is to store energy instantaneously in the transformer series inductance (L) which is, generally,
the transformer leakage inductance itself. Figure 1.18 represents the DAB schematic used between the
solar array which is a DC-current source and the load which is the bus (Vour = Vius)-

\/in Iout Ilaad
> >—
NS  \S
)
Isa <T> ‘/ZI Cz —_ [] ‘/out
NS  \ S

Figure 1.18 — Dual Active Bridge : circuit schematic

3A complete model considering winding and core losses will be introduced in chapter 2
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Signals and Power Transferred

In this part, the signals involved in the DAB are explained and the power transferred is calculated. The
currents waveform is important. Indeed, depending on the current waveform, the harmonics can have a
significant impact on the different losses generated in the transformer. The purpose of this section is not
to provide an advanced control of the DAB. This is why the equation derivation is made for a basic case
where V;,, = Vot and the transformer has a unity ratio. Figure 1.19 represents the voltages and currents
in the converter.

First, V1 (¢t) and Va(t) are defined as the output voltage of the two full-bridges. As explained before,
the two voltages have a 50% duty-cycle (D7 = Dy = 0.5) and those signals vary respectively between
[—Vin; Vin] and [=Vout; Vout]. As it can be seen in figure 1.19, there is a phase-shift between V;(t) and
Va(t) which is expressed as D = % The inductance voltage is equal to the difference between V;(t) and
Va(t) :

Vi(t) = Va(t) = Va(t) (1.14)

Because of the phase-shift, the inductance voltage is not null all the time (Figure 1.19). As Vi, = Vou,
Vi(t) is null during (1 — D)T of a period.

With the inductance voltage Vi, (t) and equation (1.13), the current flowing throught the inductance
I (t) can be calculated. The current corresponds to the integration of the voltage and is a trapezoidal
waveform with a duty-cycle equal to D*. The peak-to-peak value of the inductance current can be
expressed as :

‘/;n""vout . E _ V;n""vout ‘/z

Al = ——— D= - D 1.15
" L, 2 2L, fL; (115)
The maximal inductance current is equal to the half peak-to-peak current :
Al
Imaw = — (116)
2
The rms value of a trapezoidal waveform such as Iy, (t) is :
2D
IL,rms(t) = Imaz : 1-— ? (117)

Afterwards, the inductance current Iy (t) is rectified by the second full-bridge from which comes out
the output current I,,:(t). The alternating part of I,,:(t) flows through the capacitor Cy while the mean
value flows through the DC load. The mean current can be calculated :

7 (1-D)T Vi,
Tioad = Lout = Imax - - -D1-D 1.18
load ¢ T 271 ( ) (1.18)

Finally, the power transferred is evaluated. If no losses are considered in the different components, the
output power is equal to the input power :
Vi

P,..=PFP, = -D(1-D 1.1
out 3 QfLs ( ) ( 9)

The input and output capacitors (C7 and C3) are used to filter the alternating tension. The larger are the
capacitors, the more efficient is the filter. However, a large capacitor reduces the converter time response
for the control.

ramp
T

4The duty-cycle of a trapezoidal waveform corresponds to the time of ramp over the period : ¢

18



A4 DT vy A DT
mn 2 I —
| I<£>I
; ” 1 1 1 "
‘/in ! I -‘/in- %ut : : :
| 1 1
O | | N o
out| 1 ! I 1 Imax I ! I
1 1 I | ) I oA I I
| I l . ! AN WA N
| | | g T | | T T | | ”
: | L W N
- - T b : ! o .
| I
‘/L(tl’ ! ! P! ! ! f “Iout(t) o - [
oul \ 1 | 1 max i N Y _ )
| ST\ S i A o
> | ; >
| : ST
out| 1 1 max | | :
t, 't 't, t, 't, t, It it 1t 't,
Figure 1.19 — Dual Active Bridge : voltage and current signals for V;,, = V,,; and a unity transformer
ratio

Phase-shift analysis

For the DAB full wave mode, the phase-shift between the bridges (D) is the only degree of freedom for
the regulation of the transferred converter power. In this part, the impact of this variable on the DAB is
analysed and an efficient rated value is searched.

By equation (1.19), it is tempting to choose a phase-shift ¢ = 90° (D = 0.5) because it maximizes the
active power transferred. However, reactive power (Q) is also involved in the DAB. The apparent power
(S = +/P? + @Q?) is related to the total current flowing through the inductance (Ir, rms) while the active
power is related to the load current ([,44). The ratio between those currents is :

17 rms _ 1= % (1.20)
lioad 1-D '
This allows to calculate the apparent and reactive powers involved in the DAB :
S=p, - il (1.21)
B 1-D '
Q=/52- P2 (1.22)

The function of those different powers with respect to phase-shift (D) are depicted in figure 1.20. Each
curve is normalized with respect to the maximal active power (Pij, maz). As expected, the maximal ac-
tive power corresponds to a phase-shift D = 0.5. However, the apparent power is relatively high for this
point : % (D = 0.5) = 1.63. Too much current is flowing in the inductance (and transformer) for a given
load current. The system is not efficient because more conducting losses are generated in the transformer.

Regarding figure 1.20, it could be interesting to have a minimal phase-shift (D — 0) to minimize the
reactive power (@Q). However, when the phase-shift decreases, the trapezoidal waveform tends to a square
waveform and the harmonic content increases (Appendix A.4). The impact of harmonics on the losses
will be analysed in the transformer modelling (chapter 2). For now, it is just said that a larger harmonic
content generates more losses.
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Finally, a trade-off is made by choosing a phase-shift between the two extreme cases. The phase-shift
chosen is D = 0.25 (¢ = 45°). This is the value which is typically selected.

Note: the phase-shift which is calculated here is the rated phase-shift. During regulation, the phase-
shift is not constant and varies around the rated value.
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Figure 1.20 — Dual Active Bridge : apparent power, active power and reactive power with respect to
phase-shift (normalized)

Losses analysis

The losses generated by the two full-bridges are mostly generated by the active switches. As explained
before, there are two kind of switch losses : conducting and switching losses.

The conducting losses are generated when a current flows through the switch during on-state. At any
moment, two switches of each full-bridge conducts the same current that is flowing through the inductance
(I). Therefore, the total conducting losses are :

Peona = 4 % Rds,onl%,,rms (123)

where Rgs on is the on-state resistance of one switch.

The second losses are switching losses. Those losses happen while a switch turns on or turns off. In
reality, a transistor has a parasitic capacitance between the drain and the source (Cgs). This capacitance
implies that the voltage across the transistor cannot change instantaneously. Therefore, during a switch-
ing, both voltage and current are applied on the switch and a large amount of energy is lost. However, it
is possible to cancel those losses by the use of a Zero Voltage Switching (ZVS) control. The ZVS principle
consists of waiting a short time so that those parasitic capacitances get discharged. During this time
called dead-time all the switches are off. The ZVS principle is explained more in appendix A.2. As a
consequence, the total losses generated in the DAB are conducting losses only (1.23).
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1.5 Specifications of the rotating transformer

In this chapter, the context within which the rotating transformer is involved was introduced. Now, the
objectives of the project can be defined.

The project objective is to design an Inductive Power Transfer (IPT) for the Solar Array Drive Mech-
anism (SADM) of a satellite. The project aims to replace the current slip rings technology which is
limited to a medium voltage use because of electric discharge (ESD). The IPT is composed of a rotating
transformer and a Dual Active Bridge for the power control. The transformer topology and geometry are
defined in order to allow a rotation of the rotor with respect to the stator and to optimize the transformer
efficiency.

The specifications for the IPT are the following : the IPT-SADM has to be able to transfer a rated
power of 10 kW under 300V with a total efficiency of 98%. 10 kW corresponds to the power delivered by
one solar array. The efficiency represents an allowed total loss of 200W for the transformer and the Dual
Active Bridge.

With equations from (1.15) to (1.23), and the specifications of the transformer, the main results of
the Dual Active Bridge can be calculated. Those are presented in table 1.3. The switch resistance value
(Rds,on) is taken from a DAB prototype using two SiC MOSFETS in parallel (Appendix B.3). The conduc-
tive losses are evaluated to be 83 W. However, this value does not consider other losses such as gate drive
losses. The total losses of the DAB can be estimated to 100 W. This corresponds to a 99% efficiency for
the DAB only. The inductive reactance of the DAB is relatively high. Indeed, for a frequency of 100 kHz,
the series inductance needed is L, = 8.5uH. This value cannot be reached with the leakage inductance
(Ly) of a transformer only. Therefore, an external inductor is connected in series of the transformer. To
respect the total efficiency, the total power that can be lost in the transformer and the external inductor
is 100W.

Characteristic

Nominal power Pyt 10 kW
Input voltage Vi 300 V
Output voltage Vout 300 V
Load current Livad 333 A
Phase-shift D 0.25
Inductive reactance Xy, 5.3 Q
Inductive current Irrms | 405 A
Maximal current Iax 446 A
Switch resistance Ras,on | 125 m&Q
Conductive losses P.ona | 83 w

Table 1.3 — Dual Active Bridge main characteristics

Now, the transformer is ready to be designed. This transformer has to be able to transfer 10 kW
under 300V with a 99% efficiency. But, before the design, an advanced modelling of the transformer has
to be done in order to get the "tools" that will help to evaluate the transformer losses and characteristics.
Moreover, the transformer has to survive in the hostile environment that space is. Therefore, the thermal
management needs to be investigated carefully.

21



Transformer Modelling

The objective of this chapter is to develop models for the important aspects of a transformer. Those
models are tools that will help for the design of an efficient and optimized transformer. But, before going
further, let us begin with a reminder of the transformer principle.

The main goal of a transformer is to transfer power from a primary side to a secondary side. This
is achieved by the magnetic coupling of the primary and secondary windings. Figure 2.la represents
the equivalent electric circuit of a standard transformer [19]. Resistors Ry and Ry are respectively the
primary and the secondary winding resistance. Inductors Ly and Ly > represent the leakage inductance
of the primary and secondary winding respectively. L, is the magnetizing inductance of the transformer
and R,,; is the equivalent resistance representing the magnetic losses taking place in the magnetic core.
The transformer turns ratio N is the characteristic that defines the induction relation in the transformer!:

ni Vi D

N:—_—_
ng Vo I1—1,

(2.1)

In the specifications, it is expressed that the transformer has a unity turns ratio (N = 1). The magne-
tizing current I, corresponds to the current flowing in the magnetizing inductance. In this application,
this current is not important and it generates losses in the primary winding resistance. Therefore, a first
objective is to reduce this current by increasing the magnetizing inductance. However, the magnetizing
current can help for the Zero Voltage Switching mode at low power (Appendix A.2.

Two kinds of losses are generated in a transformer : winding losses related to R; and Rg, and core
losses related to R,,;. In order to design a transformer as efficient as possible, both loss components have
to be minimized. To do so, the best way is to understand their origin and to study what factors influence
them.

I, R, Ly n,: n, Ly R, I,
—M—"M VW
ImI IH Rp,ext
) A "ol
s, ext
@ ® Lext
(a) Transformer model (b) Inductor model

Figure 2.1 — Representation of the equivalent circuit models for a standard transformer and an external
inductor

Previously, it was said that the Dual Active Bridge is a switch-mode power supply where energy is
stored in the series inductance. However, the inductance energy needed is too important and the leakage

1The resistance R,,; is really high and the current flowing in it can be neglected

22



inductance of the transformer is not enough. The solution is to add an external inductor in series with
the transformer. In that case, a small part of the energy is stored in the transformer leakage inductance
and most of the energy is stored in the additional inductor. However, the use of an external inductor has
the disadvantage to bring more copper and core losses in the system. Figure 2.1b depicts the equivalent
model of such an inductor. In this case, winding losses are represented by an equivalent series resistance
R ot and the core losses are represented by equivalent parallel resistance R, ¢z¢. The equivalent model
of the transformer and the external inductor can be gathered in one single equivalent model (Figure
2.2). The resistances related to the core losses are connected in parallel and the other components of the
external inductor are connected in series to the transformer.

1, R, L;, n;:n, L, R: Lo R ext I,

Iy YL
V,-,, RP,EXt//RmI Lu ‘/1( 7\/2 Vaut

Figure 2.2 — Equivalent circuit model of combination of the transformer and the external inductor

In this chapter, each component of the transformer and inductor models are analysed and calculated.
First, the magnetic components are represented with the magnetic circuit model. With this model, the
equations of each inductance involved in the transformer circuit are derived. Afterwards, the core losses
are explained and an adaptation of the Steinmetz equation is applied for the trapezoidal and triangular
waveforms involved in the magnetic cores. A comparison of different core materials is also made. After,
the winding losses are analysed with a special focus on the high frequency effect. The Litz wire is then
introduced to face the problems generated by high frequency on the winding losses. And last but not
least, a model is proposed for the thermal management of the transformer. Figure 2.3 has already been
introduced in chapter 1 and is repeated here as a reminder of the transformer geometry and dimensions.
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Figure 2.3 — Transformer modelling : main dimensions
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2.1 Magnetic circuit modelling

The design of a transformer or an inductor often requires a core made of a magnetic material. Those are
used in order to concentrate the magnetic flux, lead it through the windings and reduce the leakage flux.
Each core material has its own characteristics depending on its constitution.

2.1.1 B-H curve

An important relation in a magnetic material is the B-H curve. It summarizes the main characteristics
of a core and is really useful to see its behaviour. But first, a definition of each variable B and H in the
case of winding induction needs to be done [20] [21].

o The magnetic flux density (B) is determined by the induction voltage (v) that induces a magnetic
flux (¢) linking the n-loop windings and the surface area of the winding (A.).

v(t)=mn - %ﬁt) = %}Et) (2.2)

gb_/ACB-dA (2.3)

Considering a uniform distribution of the magnetic flux over the cross section, the flux density can
be expressed as :

B(t) = A%/” dt (2.4)

o The magnetizing field (H) is determined with the Ampere’s law stating that the total MMF (mag-
netomotive force) around a close path is equal to the current passing through the inner area of this

path :
?{ H-dl:/ J - dA (2.5)
lpath Spath

Assuming that the current density (J) is constant over the surface and separating the path by
material, the previous equation can be simplified as :

> H; lj=ni (2.6)
J

The relationship between both the flux density (B) and the magnetizing field (H) varies from one
material to the other. This relation can be expressed as follows :

B = pop(H)H (2.7)

where po is the vacuum permeability and p, is the relative permeability of the material. The relative
permeability is non-linear because of saturation but it can be seen as a composition of two linear curves :
before and after saturation. Figure 2.4 depicts the B-H curves of air and a magnetic material. It can be
seen that a magnetic material has a stiffer B-H curve than the air 2. This is due to the high permeability
of the magnetic material. In order to keep the relation linear and avoid signal distortion, the maximum
flux density (Bnas) allowed in the core is limited to 75% of the saturation :

Brar <0.75 - Bsat (28)

The surface area located below the B-H curve corresponds to the magnetizing energy density:

Umag = /BdH (29)

2The curves represented in figure 2.4 are not scaled in order to have a good visibility. Indeed, in reality, there is a 1000
factor between the curves slop.
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In the linear part of the B-H curve, the energy density can be expressed as :

_ LB (2.10)
e =9 oy '
A B(~v)
magnetic core

saturation

max

magnetic energy air

H(~ i)
»
Figure 2.4 — B-H curve for a magnetic material and air

The goal of the transformer is to transfer power from the primary winding to the secondary wind-
ing. In the ideal case, no magnetizing energy would be necessary for this operation. However, this is
impossible because it would imply a zero flux density (2.10) and a zero voltage (2.2). Therefore, the best
is to minimize the magnetizing energy by using a material with a high relative permeability (). This
corresponds to the case of the magnetic core in figure 2.4.

2.1.2 Reluctance model

Another way to deal with the different magnetic variables B and H and their relation inside a transformer
or an inductor is to use the reluctance model. The idea is to make an analogy between electric circuits
and the transformer/inductor equivalent magnetic circuit [21].

This analogy begins early in the electromagnetic concepts where the magnetizing field (H) is equivalent
to the electric field (E) and the magnetic fluxz density (B) is equivalent to the electric current density
(J). From those fundamental equivalences, other equivalences between electric and magnetic relations
can be made. This finally leads to equivalences between electric and magnetic circuits (Table 2.1). In
the magnetic circuit, the MMF is equivalent to a voltage supply in the electric circuit. Similarly, the
magnetic flux is equivalent to the electric current. The Hopkinson’s law is a relation between MMF and
magnetic flux which corresponds to the Ohm’s law in electricity.

Magnetic Electric

Magnetizing field : H Electric field : E
Magnetic flux density : B Current density : J
MMF : F = [, Hdl=n - i Voltage : V = [}, Edl
Magnetic flux : ¢ = & = [, BdA | Current : I = [, JdA
Hopkinson’s law : F = R¢ Ohm’s law : V = RI

Table 2.1 — Hopkinson equivalences

The Hopkinson’s law introduces the concept of reluctance (R) which can be described as the ability
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of a material to oppose a magnetic field :

F _JH-d

¢ [B-dA

Likewise the resistance, the reluctance only depends on geometry and material properties.

Reluctance can be easily calculated for a uniform magnetic flux distribution over a cross section. The
reluctance expression depends on the magnetic flux direction® :

R = (2.11)

o For uniform axial flux :

l
Rcst,awial = e A (212)
where [ is the axial length and A is the cross section.
e For uniform radial flux : In(ry /r1)
n(r,/r;
Rcst,radial = ﬁ (213)
where r; and r, are respectively the inner and outer radius and h is the axial length.
Finally, there is a link between reluctance and inductance expressions :
o . 2
_%_n-¢_nm (2.14)

~ i F/n R
This relation explains why the concept of reluctance was introduced. In order to get the inductance

value, the method is to calculate the total reluctance of a magnetic circuit and to compute the inductance
associated with equation (2.14).

2.1.3 Magnetizing inductance (L)

The magnetizing inductance represents the magnetizing energy stored in the core of the transformer.
As said previously, this magnetizing energy has to be minimized. Moreover, the magnetizing current
contributes to winding losses in the primary winding. Thus, it is important to limit this current by
having a large magnetizing inductance. Figure 2.5a depicts the magnetic circuit of the transformer with
the reluctance network and the MMF sources corresponding to the primary and secondary windings.
For this magnetic circuit, it is assumed that all the magnetic flux generated is contained in the core
and airgaps. The leakage flux located in the winding window and the fringing effect* of the airgaps are
neglected. The Hopkinson’s law provides the expression of the magnetizing current i, :

F=n-(i1—i2)=n"1i,=Ru " deore (2.15)

Rs

n(i- r;)+ =2
R4 21 1 Rl g) (R'tot j R

ni; 2
P '
E ni
ol
Rs — - &
R
(a) Magnetic core circuit (b) Equivalent electric circuit

Figure 2.5 — Transformer magnetic core circuit and the equivalent circuit

3Those expression are calculated in Appendix A.5.
4This concept is explained in section 3.5.1
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Reluctances calculation

Figure 2.5b represents the electric circuit that is equivalent to the magnetic circuit of figure 2.5a. The
equivalent reluctance corresponds to the sum of the series reluctance of figure 2.5a. In the magnetic
circuit, the flux flows in axial direction for Ry, Ro, R4 and R5 and it flows in radial direction for Rz and
Rs. As said previously, the cross section area of the inner and outer tubes of the transformer are equal
and both plates are identical. Using (2.12) and (2.13), the reluctances expressions are 5 :

1 Ly
Ri=Ry= :
P wope 7l(L + R)2 - R
1 e
Ro=Rs=— -
2 7 1y ey Py ) (2.16)
1 In(22/R
Ry =R  n(/B)

7 wopr  27Ly

The magnetizing inductance can then be expressed with the number of loops and the reluctances with
(2.14) :
d n? n?

ot — — = (2.17)
iy RH 2 x [R1 +Ro + 'Rg}
In order to minimize the magnetizing current, the magnetizing inductance needs to be high which means
as many turns as possible and a total reluctance as low as possible. As the total reluctance is dominated

by the airgap reluctance, it is important to decrease it by taking an airgap as thin as possible.

L, =

2.1.4 Leakage inductances (Ly; and Ly>)

The leakage inductance is associated to the leakage flux generated by the windings. Indeed, the entire
flux generated is not only composed of the magnetizing flux located in the core. As it can be seen in figure
2.6a, a small amount of flux called leakage flux is passing through the transformer window where the
windings are located. This flux is much lower than the magnetizing flux because of the low permeability
of air and copper (Uair = feopper = po). This leakage inductance can be evaluated with the reluctance
model as well. For this, the reluctance of the transformer window needs to be defined. However, this is
not as simple as for the magnetizing reluctance where the MMF is considered as uniform over the core
section. In the case of the window, the MMF is varying with radial position (Figure 2.6a). Actually,
the window MMF is composed of three different parts : primary winding, secondary winding and the
winding-gap.
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(a) Leakage flux and MMF (b) Complete magnetic circuit

Figure 2.6 — Representation of the window leakage flux and the equivalent reluctances

5All the dimensions are represented in figure 2.3
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Reluctance calculation

As the MMF is constant in the winding-gap, its associated reluctance can be expressed with the standard
reluctance formula :

1 Ly

Roap = — -
9%y w(R+ Le + Ly + Ls)2 — (R+ Lg + Ly)?

(2.18)

For the leakage reluctance of windings, the MMF is not uniform. It increases/decreases linearly with
radial position (Figure 2.6a). Therefore, equation (2.12) cannot be used for the reluctance calculation.
The expression of reluctance with linear MMF is derived in Appendix A.5. The result is that a reluctance
with linear MMF is three times the reluctance with uniform MMF:

Riin,azial = 3 * A = 3 * Rest,azial (2.19)
The winding reluctances can then be expressed as:
R b Ly
po  m[(R+ L¢+ L4)? — (R+ L¢)?] (2.20)
Ruz = - L

fo w(R+Le+2 Lai+Ls)?— (R+ Lo+ La+ Ls)?]

Finally, the leakage inductance can be computed by connecting the reluctances in parallel :

n? 1 1 1
Ly=Ls1+Lgs= =n? - ( + + ) 2.21
/ U 12 Rwl//RwQ//Rgap Rwl Rw2 Rgap ( )

Individual winding leakage inductances are :

Lip=—
(2.22)

I n? 5 < 1 N 1 )
= — =N . —_
12 Rw2//Rgap Ruw2 Rgap

From those equations, it can be seen that the leakage inductance increases with the window width
(2% Ly + Ls) and even more with the winding-gap width (Ls). However, it decreases with an increasing
window height (Lg).

2.1.5 External inductor (L..)

In opposition to transformers, inductors are used to store magnetic energy. By looking at equation (2.10),
the best way to store a high amount of energy is to use air for the core material (u,, = 1). However, as it
can be seen in figure 2.7, an air core requires an important magnetizing current (H) for a high amount of
energy. That implies a large number of turns (n) for a given current (i). An increasing number of turns
will proportionally increase the winding resistance and the losses associated.

On the one hand, the use of magnetic material implies a small amount of energy. On the other hand,
the use of air implies high copper losses. A trade-off can be found either by using a magnetic material
with low permeability as powders or by inserting an airgap in a high permeability material (Figure 2.1b).
These two methods are equivalent. Indeed, an equivalent permeability of an airgapped core can be
expressed by using the reluctance model. For an airgapped core design, the easiest way is to use two E
cores (Fig 2.9¢) facing each other (Figure 2.1b). In this kind of geometry, the rectangular core section
(Acore) is kept constant over the entire flux path. From the reluctance network of the E core inductor,
an equivalent reluctance can be expressed :

Re =2% (Reore + Ry)
le o 2% lcore + 2% lg (223)
Helto - Acore Krlo - Acore Ho - Acore
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where l.ore and I, are respectively the flux path length in the core and the airgap, l. is the entire path
(le = lcore +1g), py is the core magnetic permeability and g, is the equivalent magnetic permeability of

the magnetic circuit such as :
fhr

- 1+ ,urlg/le

This solution gives the opportunity to tune the equivalent permeability by acting only on the airgap
length. Figure 2.7b is a comparison of B-H curves for a magnetic core, an air-core and an airgapped core.
It can be seen that the airgapped core curve is located between the two others and a higher amount of
energy can be stored for a reasonable magnetizing field.

I RCOI’E A B(N V)

fte (2.24)

ICD’
— |7 f magnetic core
|
Lol v | Ly | R 5 saturation airgapped-core
27 air o — = — = — - — - Z -
: + u magnetic energy
r
|| | <2 air
7] | .
r | Hair H ( ~ | )
' Rcore >
(a) E-core inductor magnetic circuit (b) BH curve of airgapped-core

Figure 2.7 — Airgapped core equivalent permeability

Key points

In this section, the reluctance model was introduced. It helps to evaluate the different inductances involved
in the transformer :

o For transformers, the magnetizing energy needs to be as low as possible meaning a magnetizing
inductance (L,) as high as possible. However, a minimal value for the magnetizing current I, is
interesting for the ZVS mode at low power transfer.

e An airgap has a high reluctance because of low permeability. Therefore, it decreases the magnetizing
inductance and increases the magnetizing energy.

e For a transformer, it is important to have an airgap as thin as possible in order to minimize this
magnetizing energy.

o Leakage inductance can also be computed with the reluctance model. It increases with the window
width (2 Ly + Ls) and decrease with the window height (Ls).

e For low frequency, the leakage inductance is not enough. Then, an external inductor needs to be
designed to store energy. The most efficient way is to use an airgapped-core such as F-cores.
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2.2 Core loss modelling (R,; and R, ..:)

The disadvantage of using a magnetic core for a transformer or an inductor is that it generates losses.
Those losses are generated by two phenomenons :

o Hysteresis effect: in reality the B-H curve of a magnetic material has hysteresis. This effect
happens for an alternating flux density (sinusoidal or trapezoidal waveform) and implies that the
B-H curve followed for an increasing flux density is not the same as for a decreasing flux density
(Figure 2.8a). With equation (2.9), it can be concluded that surface area between the curves
corresponds to the energy lost per cycle. The power dissipated by hysteresis is linearly proportional
to frequency. Its dependency to the flux density is difficult to evaluate but an estimation of the
power dissipated by hysteresis can be expressed as follows [22] :

Physt =knyst * f - B™ -V (2.25)

where kpys: and m are constants specific for each magnetic material, B is the peak value of flux
density and V is the core volume.

e Eddy currents: when the flux density changes inside an electric conductor, currents appear in
order to oppose to this change (Figure 2.8b). Unfortunately, magnetic materials have not an infinite
resistivity and eddy currents are generated inside the material. Losses are then generated by Joule’s
law. Tt is still possible to limit the effect with lamination of the magnetic material. The equation
of eddy currents power loss is [20] :

@2
dt

RCD’I"S
This means that high resistance material generates less eddy losses.

P.gay = = keagy - f? - BV (2.26)

For a zero-offset sinusoidal flux density, these two sources of losses can be gathered into a single equivalent
volumetric power loss equation called the Steinmetz equation [23]:

Pv,core =k fa : BB (227)

k, o and [ are constants specific to each magnetic material and are determined by experimentation.

B
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(a) Hysteresis effect (b) Eddy current effect

Figure 2.8 — Core loss effects [20]

2.2.1 Core selection

In the industry, different kind of magnetic materials are used. Each material has its own properties which
are more adapted for a task or an other. It is really important to choose the most suitable core material
for the transformer in order to optimize the performances. The main requirements are high permeability,
low losses, high Curie temperature and low cost. Of course, the perfect material for transformers does
not exist. For each material, there are pros and cons. Here is a short summary of three of the most used
magnetic materials : Metal Alloy Tape-Wound core, Powder Metal core and Ferrite core [22], [24], [25].
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e Metal Alloy Tape-Wound core : this material consists of alloys such as Permalloy which has good
magnetic properties : high permeability (. > 60000), high saturation flux density (Bsq: > 0.97)
and low hysteresis. Unfortunately, alloys have a really low electric resistivity ( p = 50—150u$2 - cm)
that implies high losses by eddy currents. A way to decrease eddy currents is to laminate the alloy
with an electric insulation. The material is then a tape composed of thin alloy layers (up to 12.5
um thickness) separated by insulation layers. This tape is wound in order to create a composite
material (Figure 2.9a). However, the tape resistivity is still too low. This material is then used for
low frequency tasks (0 - 400 Hz).

o Powder Metal core: this material is a composite powdered-metal core (Figure 2.9b). The properties
of the material are defined by the powder structure. The idea is to spread a uniform airgap between
powder elements. The equivalent permeability is then decreased (u, = 14 — 500) and a high
amount of energy can be stored. So, this kind of material is not suitable for transformers where the
magnetizing energy needs to be low. The powder metal core has a high electric resistivity because
of the small airgaps in the powder.

o Ferrite core: this material is a ceramic made by a composition of iron oxide such as the hematite
(Fe203) mixed with other materials such as nickel, manganese or zinc (Figure 2.9¢). It has good
magnetic and electric properties : high permeability (u, > 2000), low hysteresis effect and high
resistivity (200 - 2000 2 - ¢m). This material is a trade-off between the two others and it generates
a low amount of losses. However, ferrite cores have some weakness. First, the saturation flux density
is low (Bgsat < 0.57). The maximal flux density is then limited and it needs to be compensated
with an increase in the frequency and/or core section (2.4). Secondly, its Curie temperature is low
(T, = 220°C'). However, it will be seen later that this temperature is not critical. Finally, a ferrite
is extremely fragile. The machining process needs to be chosen wisely.

Cross sectional view

Metal alloy powder

Ceramic insulation layer
(a) Metal Alloy Tape-Wound [25] (b) Powder Metal (c) Ferrite [26]

Figure 2.9 — Magnetic core materials

Table 2.2 contains a comparison of these three core materials. Finally, the ferrite core is chosen
because of its low losses generation and it has no major weakness.

] Material \ Metal Alloy Tape-Wound \ Powder Metal \ Ferrite
Permeability (i) + - +
Saturation (Bgg:) + + -
Hysteresis + - - +
Resistivity (p) - + +
Curie temperature (7.) + + -

Table 2.2 — Magnetic cores comparison

2.2.2 Core loss for trapezoidal waveforms

In the case of a Dual Active Bridge converter, the magnetic flux density involved are either trapezoidal
or triangular waveforms®. In literature, an adaptation of the Steinmetz equation for non-sinusoidal wave-
forms was made [23]. It is called the improved Generalized Steinmetz Equation (iGSE) and is expressed

6For more explanation about the flux density waveforms, see Appendix A.3
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as follows :

1 (T dB Y
Pv,core = T/O kz E (AB)ﬂ dt (228)
where AB is the peak-to-peak flux density and
k
ki = (2.29)

(2m)>—1 f02ﬂ|cosﬁ\0‘2ﬁ*ad9
The case of a zero-offset trapezoidal waveform is developed in Appendix A.6. The resulting equation is :
Pycore =k - f* - B - 0.915 - D7 (2.30)

where k, a and 8 are the same coefficients as for the original Steinmetz equation. D is the trapezoid duty
cycle (D = t”%) It can be seen that equation (2.30) is composed of the original Steinmetz equation
multiplied by a term depending on the trapezoid duty-cycle. For a ferrite, the coefficient « is equal to
1.5. Therefore, the losses for a ferrite are expressed as :

Pyeore(@=15)=k - f1° - B - 0915 - D70° (2.31)

For a triangular waveform (D = 1), the core losses generated are lower than for a sinusoidal waveform
with same frequency and same peak flux density (P, s = 0.915P, 4y,). This is the case of the core losses
generated in the transformer magnetic core.

However, for the trapezoidal waveform involved in the inductor magnetic core (D = 0.25), the losses
are higher than for a sinusoidal waveform with same characteristics (P, trap = 1.83P, sin). Actually, the
stiffer is the waveform slope, the higher is the correction factor due to the flux density waveform. This
also explains why a low phase-shift is not chosen for the DAB in section 1.4. For a phase-shift that tends
to 0 (D — 0), equation (2.31) tends to infinity.

Finally, the expression of the core loss equivalent resistances (R,,; and R, cz¢) can be evaluated thanks
to the primary voltage and the core losses of both the transformer and the external inductor :

V2
le = Pil
co"r/‘:tfo (232)
Rp,emt = !

Pcore,ewt

Key points
In this section, the impact of the core losses was explained. Here is a summary of the important points :
e The magnetic losses are generated by two different effects : hysteresis and eddy currents.

e There are several magnetic materials with different properties. Ferrite was selected as the most
suitable magnetic core because it generates reasonable amount of eddy losses and hysteresis losses.

e The expression of core losses for a non-sinusoidal flux density was obtained by the improved Gen-
eralized Steinmetz FEquation. It showed that the core losses are increased by 83% for a trapezoidal
waveform such as in the external inductor. For a triangular waveform such as in the transformer,
the losses are reduced by 8.5% with respect to a sinusoidal waveform.
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2.3 Winding loss modelling (R;, R and Rg..:)

The winding resistances of a transformer are an important point to take care about during the design.
Indeed, for a fixed current, the copper losses are directly proportional to this resistance. Moreover, it
is harder to cool windings in space because of lack of convection. Therefore, it is important to reduce
winding losses as much as possible.

The dc-resistances of the windings are easily calculated :

2r - (R4 Le + 1 Ls)

Ocu * LoLy * kg wind

21 - (R4 Lg + Ls + 3Ly)
Ocu * LaLa - k¢ wind

Rl,dc = TLQ
(2.33)

R2,dc = n2

where kf wing is the winding fill factor and o, is the copper electric conductivity depending on the
winding temperature :

Ocu = 0 (T) = 1751075 - (1 +0.004  (T[°C] — 20)[Q " 'm ™! (2.34)

The operating frequency of a transformer used for DC/DC conversion is usually in the range from 10 kHz
to 1 MHz. The pros and cons of high frequency in transformers will be discussed for the optimization
in chapter 3. However, high frequencies have a bad influence on the wire resistance. Indeed, for a high
operating frequency, the leakage flux interacts with the current. The consequence is that the equivalent
wire ac-resistance is increased [20]. The frequency influence on the wire resistance is analysed in this
section.

2.3.1 Skin effect

The skin effect appears first at high frequencies. When a varying current flows through a conductor,
it generates a varying flux density. This varying flux, in turn, generates eddy-currents that change the
current distribution inside the conductor (Figure 2.10). The current density is reduced in the center of
the conductor and increased on its surface. Finally, it can be said that the net current is "pushed" to the
conductor surface. The skin-depth is the equivalent thickness wherein all current is flowing (Figure 2.10).
It is expressed as [20] :
Pcu

) ol (2.35)
The skin depth value depends on the copper permeability g and resistivity p.,. Because of the skin
effect, the effective cross section of the wire is decreased. Therefore, the resistance is increased and the
winding losses as well. For a 50 kHz AC current at ambient temperature, the skin depth is § = 0.34 mm.
A way to avoid the loss of useful copper area is to use a wire composed of several strands thinner than
twice the skin depth in diameter. But, the increase of the strand layers has also a negative impact on the
ac-resistance because of Proximity effect.

Current
density

Figure 2.10 — Skin effect representation with eddy-currents and final current density distribution [20]
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2.3.2 Proximity effect

The Proximity effect is a phenomenon happening in multi-layers and multi-strands windings and which
is often neglected. However, that has an important impact on the equivalent ac-resistance R, [20]. This
is why this effect is deeply analysed in this section.

A varying current i(t) flowing through a strand generates a varying magnetic flux. Inside of this
strand, the flux produces eddy-currents and the net current is pushed to the wire surface. This is the
skin effect (Figure 2.11). In a same way, the varying flux density produces eddy-currents in the adjacent
strands (located next to the first strand). As for the skin effect, the eddy-currents interfere with the
initial current flowing in the adjacent strands. The current distribution is influenced and the net current
in the adjacent strand is pushed on the side furthest away from the first strand. The effect is represented
in figure 2.11. In the representation, the proximity effect generated by the first strand (S1) pushes the
net current of S2 in the right side of the section. The effective section of S2, colored in yellow, is reduced.
Similarly, the current of S2 (which is already concentrated in the right side) pushes the current of S3 in
the right side of its section. This "force" applied by the current of S2 on the current of S3 is even stronger
than the "force" applied by the current of S1 on the current of S2. Thus, the effective strand section for
S3 is lower than for S2. Actually, there is an amplification of the proximity effect over the strands and
the effective section area decreases with the strands.

Figure 2.11 represents the lost of the strands effective cross area. For a DC current, the current flows
in the entire wire section. When Skin effect is added, the current is pushed on the surface in the same
way for each strand and the strand effective section is decreased. Finally, the proximity effect decreases
the effective strand section with an amplification over the strands. For readers who would like to know
more about the proximity effect amplification, an introduction of the concept is presented in Appendix

AT
OOOE o

OOQ) Bt
@ current pushed on surface

<:><:><z) Skin + proximity effect
current pushed on right surface
with amplification

S1 S2 S3 sS4

Figure 2.11 — Representation of the skin and proximity effects on four strands with same current. The
yellow color represents the effective area within which the net current flows. The red arrows represents
the force on the current

The proximity factor (Fg) is defined as the ac-to-dc resistance ratio. This factor represents the skin
effect and proximity effect impact on the winding resistance and the power losses. Mazwell’s equations
are used to evaluate an analytical equation of this factor also known as Dowell equation [27] :

sinh(A) — sin(A)

Rae A sinh(2A) + sin(2A)
cosh(A) + cos(A)

F = =
"7 Rae cosh(2A) — cos(2A)

(2.36)

+§(M2—1)

with the skin factor A = ﬁ % and M = p * s the number of strand’s layer s’ contained in p winding
layers (Figure 2.12b).

Figure 2.12a represents the evolution of the proximity factor Fr with respect to the skin factor (A)
and the number of layers (M). An approximation of this equation for the case A < 1 is given by [27] :

5M?2 —1
45

"For a round wire composed of Ns strands, a good approximation is s = v/Ng

Fr=1+ At (2.37)
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Two points are important to understand in this equation :

e The prozimity factor (Fr) decreases with a decreasing skin factor (A). Then, increasing the fre-
quency f increases the proximity effect. Similarly, decreasing the strand diameter d reduces the
proximity effect. However, for a same winding thickness L4, that means increasing the number of
layers M. This can be seen in figure 2.12a. The black curve represents the proximity factor for a
constant winding thickness.

e The proximity factor (Fgr) increases with the number of layers squared (M?). Then it is interesting
to use a few strands with large diameter to reduce the number of layers.

These two points are actually opposed. A solution is to keep the same total winding cross section
(Swina) and decrease the winding thickness L, which implies to increase the winding height Lo (Figure
2.12b). An important geometry factor of the winding is then introduced : k, = 2—; Regarding proximity
effect, the optimal winding shape is a long tube with thin thickness (k, — 0). This shape is illustrated
in figure 2.14a. That geometry reduces the number of layers for a same winding cross section. However,
this is not optimal for the core losses as the core volume around the winding would increase. Moreover,

the core reluctance would increase which means a lower magnetizing inductance.

primary secondary
S

—

(a) Prozimity factor (Fr) evolution with respect to Skin factor (A) (b) Cross section representation
and number of layers (M) of windings

Figure 2.12

Harmonics effect

The Proxzimity factor (Fr) only considers the fundamental frequency of the current. This is enough for
sinusoidal AC currents. However, in the Dual Active Bridge currents are not sinusoidal but trapezoidal.
It is important to evaluate the harmonics impact on the proximity effect. This is expressed with the
prozimity harmonics factor (Fyg ) which is the ratio of the sum of harmonics’s prozimity factor over the
one of the fundamental:

g:oPcu,ac(fj) i(FR(fj)u(fj)\z)
Fy = Pevac(fo)  Fr(fo)lI(fo)P (2.38)

where fj is the fundamental, f; is the jth-harmonic. Appendix A.4 summarizes the frequency spectrum
of those waveforms. A final ac-to-dc resistance ratio considering the entire proximity effect is expressed
by :
Fp = Bac _ Fr - F
P = = IR H (239)
Rdc

Figures 2.13a and 2.13b represent respectively the harmonics prozimity factor (Fy) curves for a square
waveform (D = 0) and a trapezoidal waveform (D = 0.25). It can be seen that the stiffer is the current
(D — 0), the larger is the harmonic content and the larger is the harmonics proximity effect. This also
explains why a low phase-shift is not chosen for the DAB in section 1.4.
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(a) Square waveform (D = 0) (b) Trapezoidal waveform (D = 0.25)

Figure 2.13 — Prozimity harmonic factor (Fy) evolution with respect to Skin factor (A) and number of
layers (M)

Adjacent winding

In chapter 1, the optimal transformer geometry for the rotating transformer was introduced. In this
section, it was said that the coaxial winding is more suitable than the adjacent winding. Here is the
explanation.

Regarding proximity effect, the optimal shape for a coaxial winding is a long and thin tube (Figure
2.14a). Indeed, the thin thickness allows to reduce the number of layers, and then to reduce the proximity
effect. In contrast, the optimal shape for an adjacent winding is a thin and large plate (Figure 2.14b) .
Indeed, for an adjacent winding, the MMF increases in the axial direction and not in the radial direction
as for the coaxial windings. Therefore, this is the axial length of the winding that needs to be reduced
in order to reduce the proximity effect. However, for an adjacent winding, the wire is wound in a spiral
shape where each turn has a longer length than the previous one. Each turn is even longer when the wire
width is long. Therefore, regarding dc-resistance, it is better to have a thicker spiral. Thus, there is a
trade-off on the adjacent winding : a thin plate implies high dc-resistance and a thick plate implies high
proximity factor. In both cases, the ac-resistance is high and the adjacent winding is not adapted.

The coaxial winding is more adapted because the loop length does not depend on the winding height.

-
=

(a) Efficient winding for coaxial placement (b) Efficient winding for adjacent placement

Figure 2.14 — Representation of the windings geometry for a winding coaxial placement and adjacent
placement in order to decrease the proximity effect

2.3.3 Litz wire

A way to reduce the skin effect is to use wire composed of thin strands in parallel with a diameter lower
than twice the skin depth. However, this kind of technology needs to be used carefully. If the strands are
simply connected in parallel their length would differ regarding the radial localisation inside the winding.
A longer strand has a higher dc-resistance and a higher inductance. Therefore, the strands would not
have the same impedance and the current would not be uniformly distributed over all the strands. A
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solution used to fix that is to transpose the strands inside a wire such that each strand passes equally
through each position inside the wire cross section along the wire. The average resistance and flux density
exposition are then equal for each strand. This kind of wire is called a Litz wire (Figure 2.15b) and a
representation of the transposition method is shown in figure 2.15b.

B
N /, ><
—
>< 78 >
(a) Litz wire (b) Transposition method in a Litz wire

Figure 2.15 — Litz wire technology

The Litz wires are sorted by wire diameter, number of strands, strand diameter, isolation material,
wire cross section shape, etc. The strand diameter can be really thin. For example, the wire used for the
prototype has a 3 mm diameter and is composed of 840 strands of 71 ym diameter® (Datasheet available
in Appendix B.4)

A problem with Litz wire composed of round strands is the filling factor (kfire). This factor
corresponds to the copper area (Ag,) over the total wire cross section area (Aqyire) :

Acu
Awire

ki = (2.40)

Indeed, as all strands need to be electrically isolated, the amount of isolation in the wire cross area is
higher when the number of strands increases. The fill factor of the given Litz wire is kf wire = 0.44.

Key points

For DC/DC converters, a relatively high frequency is requested. The high frequency has a significant
impact on the transformer winding resistances and losses :

o Skin effect and prozimity effect produce an increase of the windings ac resistance.

e Those effects can be limited by using stranded wires with strand diameter as thin as possible
(typically § > d).

e Prozimity effect can be limited by reducing the total number of layers (M). It is achieved by
reducing the thickness of windings (L4) and the geometry factor ky, = é—;‘

e The harmonic content of the current has an important impact on the proxzimity effect. A stiffer
current produces more losses.

e The use of Litz wire offers a transposition of every strand of the wire. This implies that every strand
has the same inductance, the same resistance and, then, the same flowing current. However, it has
a poor fill factor (k).

8AWG (American Wire Gauge) is a measure unit for wires : AWG41 — 71 pum
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2.4 Thermal modelling

The thermal management is an important aspect when designing a transformer. Indeed, losses produced
by the windings and the magnetic core are transformed into heat. This heat has to be cooled as efficiently
as possible in order to avoid overheating and high temperature inside the transformer. The task is even
more complicated because of the lack of convection in spatial applications. In this section, an advanced
but simplified thermal model of the transformer is introduced. This is called the lumped parameter ther-
mal model. This model is based on the analogy between heat transfer and electric circuits.

In a satellite, the only way to cool the different systems is to conduct heat to a heat rejection system.
This system consists of radiators composed of white panels radiating heat to the darkness of space. The
heat flow process to the heat rejection system is not mentioned in the specifications but it can be assumed
that the maximal baseplate temperature is Ty pmar = 65°C.

The critical point in the thermal management is the windings. Indeed, they are really hard to cool
as they are located in the center of the transformer. Moreover, the windings temperature cannot exceed
the insulation melt point. Otherwise, a short circuit would be created between the loops of the windings
and the system would be damaged. However, the insulation melt point is quite high (T),er = 180°C)
(Appendix B.4). But, a margin of 20°C is applied on this temperature and the maximal temperature
accepted in the windings is T}, = 160°C.

2.4.1 Thermal resistance concept

For the reluctance model, an analogy between magnetism and electricity was made. In a same way, the
thermal model is based on an analogy between heat transfer and electricity. In this analogy, temperatures
(T) are equivalent to voltages (V), and heat (Q) is equivalent to current (I). With these equivalences,
the idea of a thermal resistance can be developed : the thermal resistance is the ability of a material to

generate a temperature drop while heat crosses it :
Qcond = Reond - AT (241)

From the thermal resistance definition and the Fourier’s law, it is possible to find the thermal resistance
equations depending on the geometric dimensions and the material properties. The thermal resistance
for heat conduction in the axial direction is :

L

o (2.42)

Rcond =
with k the thermal conductivity, A the surface area crossed by the heat flux and L the length in the
flux direction.
For heat conduction in the radial direction, the thermal resistance is :

In(ro/r;)

o h ok (2.43)

Rcond,rad =
with r; the inner radius, r, is the outer radius and A is the height. Note that the thermal resistances
in equations (2.42) and (2.43) are similar to the reluctances equations of the reluctance model. Indeed,
the same geometry dimensions are involved. The only difference is the material property involved. The
reluctance is characterized by the material magnetic permeability () and the thermal resistance is char-
acterized by the thermal conductivity (k).

2.4.2 The lumped parameter thermal model

The lumped parameter thermal model aims to represent the transformer as a network composed of different
nodes[28]. These nodes represent the different geometrical parts of the systems. Each node is character-
ized by a mean temperature and is assumed to be located in the center of its associated geometric part.
So, a first strong assumption is that the temperature is assumed to be uniform over a same geometry
part. In reality this is not the case but a good choice of the nodes network allows this assumption (final
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temperatures will not differ too much). For each point, a heat generator is associated. This represents
the losses generated in the geometric parts. Finally, the different nodes are connected through thermal
resistances when a physical connection between the associated transformer’s parts exist. When there is no
connection between nodes, that means that there is no heat exchange. For example, as there is no physical
contact between rotor and stator, there is no heat exchange between them as convection is not happening.

Figure 2.16 presents the thermal resistance network over the transformer topology. It can be seen that
there is no connection at all between rotor and stator. So, it is possible to compute the temperatures of
rotor and stator separately. As said before, each point stands for a geometrical part of the transformer.
The boundaries of those parts are chosen such as each heat flux in radial or axial direction can pass
through a thermal resistance. Both stator and rotor have five different parts : tube (1,6), winding (5,10),
inner plate ring (2,7), middle plate ring (3,8) and outer plate ring (4,9). The green boundaries represent
the baseplate temperature. In this representation, the cooling is supposed to happen by the shaft for
the rotor and the outer cylinder for the stator. A thermal glue is also considered at the winding-core
interfaces. Those are represented in black.

shaft

Figure 2.16 — Thermal circuit representation over the transformer topology

A complete circuit of both rotor and stator can be seen in figure 2.17. On these circuits, both
the thermal resistances and the power generators are represented. The electric ground represents the
baseplate temperature. So, each temperature is relative with respect to this baseplate temperature. The
thermal study is at steady state only. The use of equivalent thermal capacitance is not considered in this
document.

(a) Rotor

Figure 2.17 — Complete thermal circuits

39



2.4.3 Winding equivalent thermal conductivity

The thermal resistance of windings is an important point for the thermal management. A high amount
of heat is generated in those because of the winding resistances. The heat is conducted either radially or
axially. Indeed, it is supposed that no heat flows in the tangential direction because the winding length
is too long. The problem is that the windings have a poor thermal conductivity in both radial and axial
directions because of insulation. Indeed, the heat produced in each wire strand needs to flow through
strand and wire insulation. Unfortunately, insulation which is used for their low electric conductivity have
also a low thermal conductivity (k;,s = 0.15 W/mK). Moreover, the wires in a winding for spatial appli-
cation are impregnated with a resin in order to avoid the presence of vacuum space with zero conductivity
inside the winding. The resins also have a low conductivity (k..s = 0.15 W/mK). Finally, regarding
thermal management, a Litz wire can be seen as a composite material composed of insulation (including
resins) and copper. The aims of this subsection is to evaluate an equivalent thermal conductivity of this
composite material.

Figure 2.18a represents the cross section of a winding with a zoom on a Litz wire. Each Litz strand is
covered by an insulation (green) and each wire is also covered by an insulation (white). Between strands
and wires the resin can be seen in yellow. The fill factors of the winding and the wire can be expressed
as follows :

[ wire area _ ) 7T(d7“’)2
Fowind = 4 Seal winding area o LoLy (2.44)
[ strand area _ d_? .
fwire = Yotal wire area ° dz,

where N, is the number of wire in the window, d,, is the wire diameter, N, is the number of strands in
a wire and d; is the strand diameter.

In practice, wires and strands have a round cross section (Figure 2.18a). However, it is too hard
to evaluate an equivalent thermal conductivity with round elements. In order to address the issue, the
original winding (Figure 2.18a) is modelled by an equivalent simplified winding (Figure 2.18b) composed
of the same number of wires, the same number of strands, and each wire and strand has a square shape
with same section area as the originals:

(2.45)
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(a) Real winding (b) Equivalent winding

Figure 2.18 — Cross section representation of the real and equivalent winding

In that way, the heat flux is assumed to flow either in radial or axial directions. With square shapes,
the equivalent thermal conductivity of the composite winding is easier to compute. The derivation was
developed for this project and is available in Appendix A.8. The resulting formula for the winding
equivalent thermal conductivity is :

—1
kTt —1) - Kt win
kwind = kins ! (1 + I ( - ) L d ) (246)

(k' +1) - /1= kfwind
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where k. is the equivalent thermal conductivity factor of a Litz wire :

(1—k¢ wire
+ /i
kwire ( 1-k ,wi7~e+ k ,wire> f,wzre
ko = _ Vit Vi (2.47)

kins \/%

For a winding made of Litz wire with fill factor ky .ire = 0.44 and winding fill factor ky .ing = 0.75,
the winding equivalent conductivity is kying = 1.17 * kins. So, in a typical winding, the thermal resis-
tance is about 15% better than the case of a winding filled of insulation only. That makes sense because
the low thermal conductivity dominates the equivalent thermal conductivity that is slightly increased
thanks to the copper.

This equivalent thermal conductivity can be applied for winding thermal resistance in radial direction

with (2.43) :
In ('fi+L4>
Rih wind.r = 7 2.48
e ¢ kwing * 2m - Lo ( )

where r; is the inner radius of winding. It can be seen that this resistance is reduced when the winding
height Lo is increased and when its thickness L4 is decreased (k; — 0). This is another argument in
favour of a thin long tube for the winding shape (Figure 2.14a).

2.4.4 Core-Winding interface resistance

When assembling the winding on the magnetic core, it is important to take care of the thermal contact
resistance between those. Indeed, surfaces that look smooth have still a microscopic roughness. The
roughness of two objects in contact generates enclosures filled of vacuum (Figure 2.19a). The contact
area between the winding and the core is reduced because of the enclosures. Therefore, the thermal
contact resistance between the materials increases and a large temperature gradient appears around the
core-winding interface. Hence this is important to fill the enclosures with a thermal interface material
(TIM) in order to reduce the contact thermal resistance (Figure 2.19b). There exist several kinds of TIM:
thermal grease, pads, tape, phase changing materials (PCM), gel, glue, etc. According to [31], the best
TIM for a transformer application is the glue because it needs no pressure, it has good mechanical and
thermal properties and there is no pump-out phenomenon involved. The disadvantage of glue is that it is
not possible to disassembly. For our application, the glue used has a thermal conductivity of kgiue = 0.1
W/mK and a thickness of 044 = 0.5 mm. The thermal resistance of the thin glue contact is then:

51073
Rth,glue = A (249)
glue
where Agpye is the glue surface area.
vacuum enclosure thermal glue
core core
(a) Interface contact without TIM (b) Interface contact with glue

Figure 2.19 — Microscopic view of interface contact between core and winding

2.4.5 Temperature computation

Before computing the temperatures, all the components involved in the thermal circuits (Figure 2.17)
need to be calculated :

e For the thermal resistances, the inputs needed are the thermal conductivity of the materials and
the dimensions of each transformer part. The winding thermal conductivity have just been derived
and the ferrite thermal conductivity is kfe, = 3.5 W/mK.

41



e For the heat generators, the inputs are the losses generated in the core and in the windings. For
core losses, the core dimensions are also needed.

All thermal resistance expressions are given in Appendix A.9.

With power losses for each node and the thermal resistances connecting those in a network, it is
possible to compute the temperature of each node. To do so, the conservation of heat flux for each node
is used. This is the same operation as for Kirchhoff’s current law. For each node, incoming heat flux has
to be equal to outcoming heat flux. For example, the heat flux conservation on node 1 (Figure 2.17a)
gives :

jp (11 — To) " (1h — T») n (11 — Ts) (2.50)
Rip 1 Rin12 Rin1s

Heat flux conservation is then applied for each node of the network except for the baseplate because
it is used as reference temperature. So, for n nodes, n equations are gathered into a system :

ST=G'P (2.51)
o] [l 1 . 1] R
1 0 1; Ry Ry 2 Rin 1
1 Z 1 1
1 1 = 1
_T" - TO_ T Raa T Raz o ; Ry i _P”_

where R, , is the thermal resistance between nodes = and y. Tj is the reference temperature which is
equal to the baseplate temperature T3, . Temperatures are computed with a Matlab function.

Key points

Thermal management is an important issue when designing a transformer for spatial application :

e For thermal modelling, the lumped parameter thermal model is used. It is an analogy between heat
transfer and electric circuits.

e The critical point is located in the windings as there is no direct connection to the baseplate. The
magnetic core is also used to drain the heat from the windings.

o Windings have a low equivalent thermal conductivity &yinqg = 0.18 W/mK because of insulation and
resin. This equivalent thermal conductivity was calculated thanks to a simplified winding model.

e The low thermal conductivity of the windings can be compensated by reducing the geometric factor
(kg — 0). This reduces the winding thickness (L4) and increases the exchange surface area (A.
o LQ)

o A thermal interface material (TIM) is needed to reduce the contact thermal resistance between
ferrite and windings.

e The maximal temperature allowed in the windings is 160°C for a maximal baseplate temperature
of 65°C.
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Optimization

Now that the different models of the transformer have been introduced, it is time to design the trans-
former. In this chapter, a numerical optimization is considered in order to find the optimal transformer
dimensions. First, the different variables involved in the optimization are presented. The impact of
those variables on the optimization objectives is analysed. Afterwards, the optimization method is intro-
duced. Then, the resulting design is given and analysed. Finally, the external inductor design is described.

3.1 Optimization variables

In section 1.3, the transformer geometry was introduced. The optimal geometry is characterized by 8
dimensions (Figure 3.1b): Ly, Lo, L3, L4, L5, Lg, R and e.

The 8 dimensions can be divided in three categories (Figure 3.1a) : dimensions associated to the
winding cross section (Lo and L,), dimensions associated to the core (Lq, Ls and Lg) and the other
dimensions (L5, R and e). The last category corresponds to dimensions which are not involved in the
optimization. Indeed, in the previous work [1], it was concluded that each of those dimensions need to be
minimized in order to maximize the transformer efficiency. However, because of mechanical constraints,
those dimensions cannot be below a certain value :

o For the airgap length (e), a realistic minimal value needs to be considered. Indeed, machining of
magnetic core has not a high precision. The value taken is e = 0.1 mm.

o For the shaft radius (R), it is necessary to have a mechanical shaft that can withstand mechanical
efforts due to the solar array weight. The shaft radius considered is the same as the one used for
the RUAG Septa 24® : R = 15 mm.

o The winding gap length (L) is the distance between the windings. For assembly reasons, a length
value Ls = 3 mm is imposed in order to avoid a mechanical contact between primary and secondary
windings.

The two winding dimensions (Ls and L) can be determined by two equations (3.1). A first one is a
relation with the winding cross section Sying and the other one is the winding geometry factor &, which
was introduced in section 2.3 :

L Swind
9 =
La (3.1)
By =
g9 L2
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The three core dimensions (Lq, L3 and Lg) can be determined by three equations (3.2) considering a
uniform core section S, along the magnetic path :

SCO’I‘E

L=/ +R2-R
s
SCO’I‘E
! 271’(L6+R) (3 )
SCOT'C
Ly =R, — |/ R% — ==
s

The five dimensions that are not determined yet can be summarized by three geometry factors (Figure
3.1a) : Score, Swina and k,. The two sections (Score and Sying) can be themselves determined by physical
variables :

e The winding section can be obtained by the peak current equation :

- kg Swina - J
12 _ f wind (33)
n
where I, is the peak current of the secondary winding, J is the peak current density, n is the
winding number of turns and &y is the winding fill factor. The peak current and the fill factor are
both known. The winding cross section is then determined by two variables (Figure 3.1) : n and J.

o The core section can be obtained by the peak voltage equation':

A d N
V=n- j :4*f ‘n - B - S(tm‘ti (34)
dt
where V is the peak voltage of the transformer, f is the switching frequency and B is the peak
flux density. The peak voltage is known. The cross section is then determined by three variables
(Figure 3.1) : n, f and B.

Finally, the entire geometry can be determined by 5 physical variables : k,, J, n, f and B. Those
variables are the input data for the optimization.

Core ||Others e

L1 | I

Winding L1 L5 !

L L;||| R |

Z L2 2| 1 S

L, Li\ ||| e c

S 1 !

kg Swind core 5 |
N |
k, # n f B :
(a) Variable diagram (b) Transformer dimensions

Figure 3.1 — Variables : variable diagram and dimensions representation on transformer geometry

IThe flux density waveform is the transformer is triangular (Appendix A.3)
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3.2 Objective functions

A mathematical optimization is a selection of the best combination of input variables that maximizes
or minimizes the objective functions. In this optimization, there are two objective functions : reduce
the amount of losses generated (Piot = Pey + Peore) and reduce the transformer weight (M). The first
objective implies to reach the highest efficiency while the second aims to maximize the power density (p)
of the system as it is critical for spatial applications.

For an optimization with several input variables, it is sometimes impossible to find a single decoupled
equation for each objective. Indeed, there is a high degree of interaction between all the variables.
Equations (3.5), (3.6) and (3.7) show the dependency of each objective function with respect to the input
variables and sections. The idea of these equations is not to be understood but it shows the high degree
of interaction between all the variables :

Peore = f(éa f7 Score) (35)
Pcu = f(na J7 f7 kg) (36)
M = f(Swinda Score, kgl) (37)

Each variable has an impact on both objective functions and the variation of one variable will have a
positive impact for one objective function but a negative impact for the other one.

A~

Example : let us consider the impact of the peak flux density (B). To do so, all the other variables

(n, f, J and ky) are fixed. By (3.5), the core losses are proportional to the flux density. Therefore, it is
interesting to decrease the flux density as much as possible. However, decreasing the flux density implies
to increase the core section Score in (3.4) and the transformer weight (M) is proportional to the core

section (3.7). On the one hand, the flux density (B) needs to be low for good core losses. On the other
hand, it has to be high to reduce the transformer weight.

This exercise shows that a change of a variable does not favour both objective functions at a same
time. The exercise can be done for the other input variables. For each of those, it comes that it is not
possible to decrease the losses and the transformer’s size at the same time by modifying only one variable.
However, it is possible by changing all variables simultaneously.

3.3 Optimization method

A numerical optimization was operated with Matlab®. The chosen optimization method diagram is
depicted in figure 3.2. The method consists in taking combinations of the five input variables and eval-
uating the transformer characteristics for each combination. For each variable, 10 values are considered
in a range pre-determined. The number of combinations is then 10°.

The ranges used for the variables are :

002 < Kk, < 02 [m/m]
100 < J < 5-10 [A/m?
4 < n < 13 [turns]
0t < f < 10° [Hz]
005 < B < 025 [T]

From each combination of inputs, the geometry factors (Score, Swind and ky) can be determined. And
from those geometry factors, the transformer dimensions (L; — Lg, R and e) are known. Thanks to
those dimensions and the models developed in chapter 2, the entire transformer characteristics can be
determined. The steps followed by the Matlab program are as follows (Figure 3.2):

o The core losses (P.o..) can be determined by equation (2.30) which is the improved Steinmetz
Generalized Equation for triangular flux density waveform.
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Inputs : core dimensions, the ferrite Steinmetz coeflicients (k, a and (), the peak flux density (B)
and the frequency (f)

o The magnetic equivalent components (L,, L, and Ly ) are determined with equations (2.17)
and (2.22) resulting from the reluctance model.
Inputs : Transformer dimensions, number of turns (n) and ferrite relative permeability (i, ).

o The winding resistances (R; and Ry) are determined with equation (2.33) which is the DC
resistances formula and equations (A.36) to (2.39) which are the link to the AC resistances.
Inputs : winding dimensions, Litz wire characteristics, number of turns (n), frequency (f) and
copper resistivity pey.

o The core equivalent resistance (R,,;) is obtained with equation (2.32).
Inputs : input voltage V; and core losses (P.ore)-

« The currents involved in the transformer (I, and I;) can be determined with the Kirchhoff’s laws
and all the components of the transformer model.
Inputs : secondary current (I3), transformer input voltage (V;,) transformer model components
(LM’ Lﬁl, Lfvg, Rl, R2 and le).

o The winding losses (FP,,) can then be determined
Inputs : the AC series resistances (R; and Rz) and the input and output currents (I; and I3).

e The temperatures in the transformer are determined with the thermal model developed in the
previous chapter.
Inputs : transformer dimensions, power losses (Peore and P.,) and thermal conductivity (k).

The transformer efficiency(n) can then be calculated with the different losses :

Pout
Pout+Pcu+Pcore

n= (3.8)

The power density (p) can be found with the transformer weight which depends on the transformer
dimensions and the different material densities (p).

Optimization method
Physical variables (ky, J, n, f, Bpax)

10 values/variable - 10550mples
Geometry factors (S.ore, Swind » Ka)

Dimensions (L,—~>Ls, R, €)

—~ Core losses (P core)

— Equivalent components (L;;, Lg;, L, Ry, Ry, Ry)
— Currents calculation (13, 1, )

— Winding losses (P inq)

—~ Temperatures (T)

—~ Power density (p)
L\ Efficiency (n)

Figure 3.2 — Optimization method diagram

Two constraints are imposed for the optimization. First, the maximal temperature of the transformer
cannot exceed 160 °C'. Doing this avoids an over-heating in the transformer windings. If the temperature
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of a combination exceeds this maximal temperature, the combination is erased from the list. Secondly,
the magnetizing current (I,,) cannot exceed 10% of the output current (I3). Otherwise, the input current
(I1) would increase too much and the losses generated in the power electronics in the primary side would
increase too.

In the calculations, different parameters characterizing the wire and the magnetic core are considered.
The wire used is a Litz wire composed of 840 strands of 71 pum diameter (Table 3.1). The core used is a
ferrite 3C90 made by Ferroxcube (Table 3.2).

Wire specifications

Wire diameter (d,,) 3 mm
Number of strands 840 -
Strand diameter (ds) 71 wm
Wire fill factor (kj uire) 0.44 -

Wire resistivity (pwire) 52  mQ/m

Thermal conductivity (ki) | 0.18 W/mK
Wire linear density (Awire) 37 g/m
Maximal temperature (T),q.) | 165 °C

Table 3.1 — Litz specifications : Rupalit® AWG41 (Appendix B.4)

Core specifications

Relative permeability (u.) 2300 -
Saturation flux density (Bsat) 0.48 T
Steinmetz coefficient (k) 3.2e-3 -

" " () 1.5 -

" " (B) 2.75 -
Thermal conductivity (kth core) | 3.5 W/mK
Core density (peore) 4800 kg/m?
Maximal temperature (T),q.) 215 °C

Table 3.2 — Ferrite specifications : Ferroxcube 3C90 (Appendix B.5)

3.4 Optimization results

The optimization method described above was implemented in a Matlab program. The results of the
optimization can be seen in figure 3.3. Each combination is pointed on a graph which represents the
losses generated (Pt = Pey + Peore) and the power density (p). For now, the different colors do not
matter. The optimization is looking for a point which has minimal losses for a maximal power density.
This virtual point would be located in the right-bottom corner of the graph.

From all the combinations, a front can be seen in the lower side of the graph. This front is called
the Pareto Front. Each combination located on this line is an optimal combination. For all of those,
there exists no other combination which has both less losses and a higher power density. The chosen
combination for the prototype needs to be located on this curve.

An other front can be seen in the upper side of the graph. This front corresponds to the combinations
that have been cancelled because too much losses are generated and the maximal temperature in the
transformer is higher than the temperature allowed. Other combinations located in the middle of the
graph have also been cancelled because of an excess of temperature. Actually, their geometry does not
allow an efficient cooling.
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3.4.1 Frequency impact

In figure 3.3, the color of the points represents the operating frequency of the associated combination. It
can be seen that the frequency has an impact on the transformer weight. Indeed, low frequency points (in
blue) are located on the left side of the graph which corresponds to low power density and high weight.
The high frequency points (red) are more located in the right side of the graph where the transformer
weight is lower.

The frequency impact on the power losses (Py,) is not clear on the graph. This is due to the interac-
tion of the frequency with the other input variables. Indeed, the frequency has an impact on both winding
and core losses. In the windings, it is better to use a low frequency in order to decrease the proximity
effect. For a same weight, a high frequency allows to reduce the peak flux density (3) and reduce the
core losses. Indeed, in the Steinmetz equation (2.27), the exponent on the flux density is higher than the
exponent on the frequency. Then, the optimal frequency is around the middle of the frequency range (=~
50 kHz).

A similar analysis as the one that just was operated on the frequency impact can be done for the
other input variables. But, as the results depend on all the input variables together, it is really hard to
draw good conclusions on the impact of a certain variable on the losses from those graphs.

159 T T T T T T T T T
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10-10

w ?

—
3
1
£
T

Losses [W]

f [Hz]

0. L 'l L 'l | L 'l 1 L
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Power density [W/kg]

Figure 3.3 — Optimization : Power losses with respect to Power density and peak flux density (3)

3.4.2 Results

There is not one optimal combination for the transformer. There exist several combinations which are
located on the Pareto Front. In order to choose a point, it is considered that the transformer weight has
to be more or less equal to the slip rings used in a SADM. The weight considered is M = 2 kg for a
power density p = 5000 W/kg. This point is red-circled in figure 3.3. The combination associated is : {
ky =0.1; J =2.33[A/m?]; n = 8[turns]; f = 40[kH2]; B = 0.16[T] }.

However, some small modifications on the variables were made in order to fit the winding dimensions
with the given Litz wire. Moreover, the winding height is increased in order to let some space for the
winding connections. Table 3.3 contains the characteristics of the optimal transformer. Those values are
based on the theoretical modelling of the transformer.
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Performances

Rated power P 10 kW
Rated peak voltage 1% 300 1%
Efficiency 7 99.6 %
Core losses P.ore | 185 w
Winding losses Pying | 19.7 w
Total losses Piot 38.2 w
Transformer ratio N 1 -
Magnetic force Frag | 9.6 N
Dimensions

Shaft radius R 15 mm
Airgap length e 0.1 mm
Plate thickness Ly 8 mm
Winding height Lo 70 mm
Outer tube thickness Ls 5 mm
Winding thickness Ly 6 mm
Winding gap Ls 3 mm
Inner tube thickness Lg 10 mm
Transformer height H 86 mm
Transformer diameter D, 90 mm
Volume \%4 5.47 dm?
Masse M 2.2 kg

Variables at rate
Geometry factor kg 0.085 -

Peak current density J 2 A/mm?
Number of turns n 9 turns
B
/

Peak flux density 016 T
Operating frequency 40 kHz

Equivalent components

Primary dc-resistance Rig4c | 2.61 mS)
Primary ac-resistance Rige | 518 mQ
Secondary dc-resistance Ry qc | 3.45 mS)
Secondary ac-resistance Ry qc | 6.84 m)

Primary leakage inductance Ly 047 uH
Secondary leakage inductance Ly o 0.56 uH

Magnetizing inductance L, 450 uH
Core losses resistance R, 3 kQ
Parasitic capacitance Cp 400 pF

Table 3.3 — Optimized transformer dimensions and characteristics with theoretical calculations

Analysis

The theoretical total losses generated at rated power are P;,; = 38W. This represents an efficiency of
99.6% which is totally acceptable. As a reminder, the efficiency of the combination of the transformer and
the external inductor has to be higher than 99%. The losses generated are well-balanced (48% core losses
and 52% winding losses). However, the core losses are underestimated because of the assumption that
flux density is constant over the entire core. The transformer weight is 0.2 kg higher than the expected
value. This is due to the increase of the window height (Ls) for the wire connections.

Figure 3.4 represents the transformer cross section at scale 1:2. This gives an idea of the dimensions
given in table 3.3. The winding is composed of four Litz wires connected in parallel. Two wires in the
radial direction and two wires in the axial direction (Figure 3.4). The winding geometry factor k, is low
in order to reduce the proximity effect in the windings (k; = 0.085). As explained in section 2.3, the
proximity factor has a large impact on the ac-resistances. The winding thickness L4 = 6 mm corresponds
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to two Litz wires in parallel. The total number of layers in parallel is equal to M =2 - /N, = 58 where
N is the number of strands (N5 = 840). With Dowell’s equations, the proximity factor for a 40 kHz
operating frequency is : Fr = 1.8. The harmonics composing the trapezoidal signal increase the proxim-
ity effect by a factor Fy = 1.1 (10% are added because of harmonics). The total proximity factor that
is considered is Fp = II%ZZ = 1.98. Even though the wire strands have a 71 um diameter, the proximity
effect at f = 40 kHz has a large impact on the winding losses. Those are actually doubled because of this
effect.

A magnetic force appears because of the airgaps. Indeed, this force tends to close the magnetic cir-
cuit. The stator pulls the rotor in the axial direction. This force is calculated by the Mazwell’s tensor:
Frag = 9.6 N. Fortunately, this value is not significant and will not have an impact on the mechanic
assembly.

stator

secondary
primary

. — — — —shaft

rotor

Figure 3.4 — Transformer cross section representation (scale : 1:2)

Figure 3.5 represents the temperature of each transformer part at rated power. The thermal manage-
ment was modelled by the lumped parameter thermal model in section 2.4. The baseplate temperature
is fixed to Thaseptar = 65°C. As expected, the highest temperature is located in the rotor winding. This
temperature reaches T, = 85°C. This is largely below the maximal temperature allowed. The losses
generated in the rotor can be assumed to be equal to losses generated in the stator. Indeed, the rotor
and stator cores have the same volume. For the winding losses, the secondary winding resistance is
slightly higher than the primary winding resistance. However, it is compensated by a higher current in
the primary side than in the secondary side because of the magnetizing current (I1 = I +I,,). The total
thermal resistance of the rotor and the stator can be computed :

85 — 65

Rth,rot - = 105[K/W]
781%165 (3.9)
Rth,rot = 19.1 = 068[K/W]

Those values are really low and shows that the transformer geometry is well designed for the thermal
management.
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Figure 3.5 — Transformer temperatures at rated power

Finally, it is now possible to evaluate the series inductance value Lg necessary to transfer 10 kW
with the Dual Active Bridge. As a reminder, the inductive reactance needed for the power transfer was
calculated in section 1.5 : Xy = 5.3 Q. For an operating frequency of 40 kHz, the series inductance
necessary is :

=g = 21[pH] (3.10)

As it was expected, this value is largely higher than the transformer leakage inductance (Ly ~ 1 pH).
Therefore, an external inductor is needed in order to reach the inductance value.

3.5 External inductor design

The design of the external inductor is not as complicated as the transformer design. As explained in
section 2.1, the best inductor topology is an airgapped core inductor. This allows to store a high amount
of magnetic energy without requiring a too high MMF. This has the advantage to decrease the winding
losses. However, as a magnetic core is involved, core losses appear as well.

The external inductor considered has been divided in two equal inductors connected in parallel. This
has no direct impact on the inductor design. This choice is made in order to anticipate the tri-port
functionality of the transformer. The four parallel wires coming from the transformer secondary side are
divided in two pairs. Each pair of wire goes to a single inductor. As those two inductors are connected
in parallel, their own value is doubled : Leyt1 = Legt2 = 2% Ls. The current flowing through each single
inductor is half of the total current. It is possible to have a look at section 5.1.1 for more details about
the electric assembly that has just been explained.

For the inductor, the design is not conducted with an optimization. Indeed, it was decided to con-
sider the use of "on the shelf' magnetic cores which are cheaper than machining cores. The core shape
considered is composed of two E-cores positioned face-to-face (Figure 3.6). The E-core considered is the
E71/33/32 made by Ferroxcube (Datasheet available in Appendix B.7). The core material used is the
3C92 ferrite (Table 3.4). The wire used is the same as for the transformer (Table 3.1). For a single
inductor, two wires are connected in parallel. The number of turns that can enter the core window is
np = 12.

In section 2.1, the reluctance model was used in order to find the equivalent permeability of an

airgapped core inductor. With this model, it is possible to calculate the inductor airgap length [, and the
associated equivalent permeability p.. Afterwards, the peak flux density in the inductor can be calculated
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Core specifications

Relative permeability (p.) 1390 -
Saturation flux density (Bsat) 0.5 T
Steinmetz coefficient (k) 3.2e-3 -

' " (@) 1.5 -

“ " (B) 275 -
Thermal conductivity (kip, core) | 3.5 W/mK
Core density (peore) 4800  kg/m3
Maximal temperature (T),q.) 280 °C

Table 3.4 — Ferrite specifications : Ferroxcube 3C92 (Appendix B.6)

with the peak magnetic energy contained in the inductor airgap :

Lz, B?
Wmam = 9 = TMO ! ‘/tqap (311)

The total losses generated in the inductor are calculated in a same way as for the transformer. The
core losses are computed by using the improved Steinmetz Generalized Equation. This time, the flux
density waveform is trapezoidal and the harmonics generate more losses. For a trapezoidal waveform a
duty-cycle D = 0.25, the losses are increased by 83% (Appendix A.7). For the winding losses, the ac-
resistance has to be considered by applying the same proximity factor as for the transformer Fp = 1.98
as the same wire is considered and the same current waveform is flowing through.

Table 3.5 contains the main characteristics of a single inductor designed by applying the models
introduced in last chapter. The total losses of the two inductors gathered are P;,; = 19W. The thermal
management of the inductor is not theoretically computed. But this point will be analysed in FEM
simulations.

Inductor specifications

Inductance Loyt 40 uwH
Rated current Ims | 2025 A
Number of turns nr, 12 turns
Airgap length ly 1.5 mm
Maximal current Inae | 22.3 A
Peak flux density B 0.08 T
Equivalent permeability Lhe 49 -
DC resistance Ry, 6 ms)
AC resistance R 12 ms
Winding losses P, 5 w
Core losses P.ore | 4.5 w
Total losses Pioy 9.5 w
Dimensions

Height H 66.5 mm
Length L 70.5  mm
Width w 32 mm
Core cross section Secore | 683 mm?
Volume 1% 0.23 dm?
Weight M 0.65 kg

Table 3.5 — Inductor dimensions and characteristics with theoretical calculations

3.5.1 Fringing effect

In the airgapped-core model, the airgap was modelled by a simple reluctance with a same area than the
core cross section. Indeed, it was considered that all the magnetic flux flows through the airgap. However,
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as the airgap has the permeability of air, the magnetic flux is not concentrated in the airgap space. A
part of the flux spreads and leaves the airgap. This phenomenon is called the fringing effect. The longer
is the airgap length, the stronger is the fringing effect. This is why it is neglected for the transformer.

The fringing effect has two consequences. First, it reduces the inductor reluctance which implies
an increase of the inductance. Secondly, the fringing magnetic flux can generate eddy-currents in the
windings. Actually, it has the same consequence as the skin effect and the proximity effect : the current
is pushed to the wire strand surface and the effective wire cross section is reduced which increases the
ac-resistance.

In order to avoid an impact on the ac-resistance, the winding position is considered. Figure 3.6
represents two kind of windings. The normal winding is not adapted to the fringing effect (Figure 3.6a).
As it can be seen, the middle of the winding is really close to the airgaps where the flux density is high.
The resistance of this local part increases. That can produce a local over-heating of the winding. The
other winding is more adapted because it avoids the window part close to the airgaps (Figure 3.6a). As
a rule of thumb, the minimum distance between the winding and the airgap center has to be longer than
3 times the airgap length. But, the flux density generated by the fringing effect is not null after this
distance. The winding is still located in a magnetic flux. Unfortunately, it is hard to model the fringing
effect on the winding resistance. Nevertheless, this point needs to be considered carefully for the FEM
simulations in next chapter.
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(a) Normal winding (b) Adapted winding

Figure 3.6 — Inductor : fringing effect on windings
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Finite Element Analysis

After getting values from analytical simulations, it is time to simulate with a Finite Element Method
(FEM) software. FEM simulations are more accurate since this is the application of the Maxwell equa-
tions on small elements. With the transformer modelling, some assumptions were made and the results
obtained were less accurate. The objective of this chapter is to validate the results found by optimization.

The Finite Element software used is Comsol Mutiphysics. This software is able to simulate different
physics in 2D and 3D. Moreover, it has the capacity to simulate different physics (modules) at the same
time and to link those. For the transformer and inductor simulations, three modules were used at the
same time:

o Magnetic Field : Maxwell equations are applied on the transformer geometry. The input variable
is the current which is calculated in the electric circuit module. The output is the flux density for
each element.

o FElectric Circuit : Currents and voltages are computed in function of the circuit components. The
inductances and resistances in the transformer are also considered by a connection with the magnetic
field module

e Thermal Transfer : Fourier equations are applied on the transformer geometry. The input variables
are the heat generated in the core and the windings which depends on the current and the flux
density. The output is the temperature for each element.

Flux densities are the real improvement of Finite Elements (FE) with respect to the models estab-
lished in chapter 2. Indeed, in the model, the flux density was assumed to be constant over the core cross
section. With FE, the flux density can be calculated locally.

Unfortunately, it is not possible to validate the winding losses with the FEM. Actually, it is really
hard to simulate the Litz wire behaviour because it requires too many elements and too much compu-
tation time. The characteristic parameters that will be validated in this section for the transformer and
the inductor are : the average peak flux density (Eav), the temperature (T), the series and magnetizing
inductances (Legt, Ly and L,,), the core losses (P.ore) and the magnetic force (Flyq4) for the transformer.

First, the transformer is analysed in 2D for the magnetic field and the thermal transfer analysis. Af-

terwards, the impact of the winding connector slots on the magnetic fields behaviour is analysed in 3D.
Finally, the inductor is analysed in 2D for the magnetic field and the thermal transfer analysis.
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4.1 Transformer analysis (2D)

In this section, the transformer is simulated in 2D for the magnetic field and the thermal transfer. Table
4.1 is a comparison between the analytical results given by the models introduced in chapter 2 and the
results obtained with 2D FEM simulations. The relative difference is also given for information.

Magnetic parameters Analytical | FEM 2D

Average peak flux density By, [T) 0.16 0.157 (-2%)
Magnetizing inductance L, [WH] 450 460 (+2%)
Leakage inductance Ly [wH] 1.04 1.13 (+8%)
Core losses P.ore (W] 18.5 20 (+8%)
Magnetic force Frag [N] 9.6 8.2 (-14%)
Thermal parameters

Maximal temperature Trnax [°C] 85 85.1 (+0.5%)
Rotor resistance Ripror  [°C/W] | 1.05 1.01 (-4%)
Stator resistance Ripsia  [°C/W] | 0.68 0.6 (-10%)

Table 4.1 — Comparison on transformer characteristic parameters for analytical results and 2D FEM
simulations

4.1.1 Magnetic field simulation (2D)

Figure 4.1 presents the peak flux density in the transformer. As there is a large difference between the
magnetizing flux in the core and the leakage flux in the window, two figures are used to clearly see the
flux density. Figure 4.1a presents the flux density in the magnetic core and the airgaps while figure 4.1b
illustrates the flux density in the window.

As expected, the flux density is not constant around the magnetic core (Figure 4.1a). In the plate,
the core section perpendicular to the flux direction increases with radius and the flux density is then
reduced. Likewise, the flux density in the core is concentrated locally at the corners. At these points,
it can reach 0.34 T which comes close to saturation (Bgs.: = 0.57). However, it is local and it has no
impact on the transformer behaviour. It can be seen that the corners located on an airgap have a lower
flux concentration. This is due to the low fringing effect happening at the corner because of the airgap.
A part of the magnetic flux "leaves" the airgap and reduces the flux concentration.

However, the concentrations are really local and the core losses calculated with FEM are 8% larger
than the losses analytically calculated (1.5 W). This is due to the assumption considering that the flux
density is constant over the core section. The magnetizing inductance is similar to the value calculated
previously. The 2% difference comes from the fringing effect which was neglected in the reluctance model.
The fringing effect has also an impact of 14% on the magnetic force between the rotor and the stator.

In figure 4.1b, it can be seen that the fringing effect of the airgaps does not have a significant impact
on the windings as those are not close to each other. Moreover, it can be seen that the flux density
in the windings area has the same trapezoidal shape as the MMF. For the calculation of the leakage
inductance with FEM simulations, a short-circuit test was simulated. The increase of 8% with respect to
the analytical leakage inductance is caused by side effects of the winding leakage energy and also by the
fringing effect.

55



I
stator | X stator | 7 [mT]
| |
I
| 03 qd :
1 3 %:' |
< <G
: 0.25 "E §: ; 15
! 0 2 :::.: :4\‘ o !
‘: | . "% ‘la |
S | ® < !
S ! 0.15 e G {3
I 1
: 0.1 !
I I
| 0.05 |
I 1
I ! 0
rotor I 0.0 rotor |
(a) Core flux density (b) Window flux density

Figure 4.1 — Flux density in the transformer (2D)

4.1.2 Thermal transfer simulation (2D)

The thermal transfer of the transformer was simulated at steady-state. Indeed, with a 40 kHz frequency,
the thermal capacitances are neglected. The heat generated by the windings are taken from the analytical
results but the heat generated in the core is computed by applying the improved Steinmetz Generalized
Equation locally on each element. Boundary conditions are represented in figure 4.2a. There are two
kind of boundary conditions : fixed temperature boundaries and adiabatic boundaries. The first ones
correspond to the baseplate temperature in green which is fixed to 65°C. The adiabatic boundaries (in
orange) correspond to boundaries where no heat can flow because of the vacuum. As explained before,
there is no heat exchange between the rotor and the stator as there is no contact.

Figure 4.2b represents the temperature in the transformer. As expected, the maximal temperature
is located on the outer surface of the rotor winding. The maximal temperature estimated with the
analytical model fits the maximal temperature found in the simulation : T},,, = 85,1°C. Actually, all
the temperatures calculated with the lumped parameter thermal model are close to the simulation results.
The simulation confirms that the transformer geometry is well designed for the thermal management.
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Figure 4.2 — Thermal transfer in the transformer (2D)
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4.2 Transformer analysis (3D)

So far, the transformer has always been considered in a 2D plan because of its axisymmetry. However, the
winding connectors cannot be considered in 2D. Indeed, it is compulsory to have a connection between
the windings and the outside of the transformer. In this section, the winding connectors implemented
are explained and a magnetic field simulation in 3D is operated in order to evaluate the impact on the
magnetic characteristics.

4.2.1 Winding connectors

The winding connectors are designed with the objective to have a low impact on the magnetic characteris-
tics of the transformer. Moreover, as there is no contact between the rotor and the stator, each magnetic
core has its own connectors.

There are several possibilities for the connectors geometry. At first, it was considered to use a single
hole through the tubes, along their length and with a thickness equal to the winding thickness (Ly = 6
mm). However, this connectors had two disadvantages. First, it generates a loss of the tube cross section
area. This can be compensated by increasing the tubes thickness but it implies to increase the weight
and the losses. Secondly, a single connector generates a loss in the degree of symmetry in the transformer.

The chosen connector geometry is depicted in figure 4.3. For each core part, four connectors are used.
As the winding is composed of four Litz wire in parallel, this corresponds to one connector per wire. The
connector slots are located in the plates. The same wire comes in and out from the same slot. For the
rotor (Figure 4.3a), the wire comes in by the external side of the plate slot, then it is wound around
the tube, and it finally leaves the transformer by a groove located on the tube surface. For the stator
(Figure 4.3b), the wire comes in by the internal side of the plate slot, then it is wound inside the tube,
and it finally leaves by a groove located on the tube. Each connector slot has a thickness of 3 mm which
corresponds to a single wire diameter. The resulting transformer assembly is presented in figure 4.3c.

This method has many advantages. First, the fact to separate the four wires for the connector allows
a better malleability of the wires that offers a gain of space in the window. Afterwards, the degree of
symmetry in the transformer is kept high which implies a good magnetic field distribution. There is at
least two symmetry plans for each rotor position.
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Figure 4.3 — Transformer : 3D representation of the magnetic cores (rotor and stator) and the assembly
(rotor, stator and windings)

4.2.2 Magnetic field simulation (3D)

A 3D analysis was simulated with the FE software in order to evaluate the impact of the connector slots
and grooves on the magnetic characteristics of the transformer. Although the grooves in the tubes reduce

o7



the core section (-3% for the rotor tube), it was not compensated.

Table 4.2 is a comparison between results from the 2D and 3D FEM simulations. As it was expected,

A

the average peak flux density By, is increased by 3% because the core section has decreased. The impact
is the same for the magnetizing inductance L, which is slightly decreased.

Magnetic parameters FEM 2D | FEM 3D

Average peak flux density B,, [T 0.157 0.162 (+3%)
Magnetizing inductance L, [uH] | 460 440 (+4%)
Core losses P.ore [W] | 20 21.5 (+7%)
Magnetic force Frag [N] |82 7.5 (-8%)

Table 4.2 — Comparison on transformer characteristic parameters for 2D FEM simulation and 3D FEM
simulation

Figure 4.4 represents the magnetic field in the transformer core sections close to the airgaps. Figures
4.4a and 4.4b are sections located around the external airgap while figures 4.4c and 4.4d are sections
located around the internal airgap. Contrarily to what it can be expected, the magnetic flux concentra-
tions do not happen at the corners with an airgap but it only happens for the slots located on the rotor
plate. This can be easily explained. In figure 4.4a, the magnetic flux flows in the radial direction from
the inside to the outside of the plate. The flux part located behind a slot needs to flow around this slot.
Therefore, the flux density at the sides of the slot is increased because of this flux concentration. This
can be avoided by cutting the rotor tube as it is done for the stator tube. In that case, there would not
be any flux stuck behind a slot. However, this is critical for the rotor tube cross section which would be
decreased by 10%. Moreover, the increase generated by the concentration around the rotor plate slots is
not too high and has not a significant impact.

The impact of the incoming and outcoming wires was also evaluated. Those wires are directed in the
axial direction and perpendicular to the windings. As each wire conducts a current of 10A, it can produce
a magnetic flux density which is perpendicular to the magnetizing field. However, this is not the case.
Indeed, as the incoming and outcoming wires are passing in the same slot, the magnetic flux generated by
one wire is cancelled by the other. Therefore, no effect is generated by the incoming and outcoming wires.

The core losses P,,,. are slightly increased by +7% because of the increase of the average flux density
and the local flux concentration around the slots.

et

a)
Figure 4.4 — Cross section representation of the magnetic field close to the airgaps in the transformer
(3D)
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4.3 Inductor analysis (2D)
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In this section, the external inductor is simulated in 2D for the magnetic field and the thermal transfer.
The cross section representations in figures 4.5 and 4.6 shows only one half of the E-core inductor. Indeed,
symmetry was applied on the simulations for computation time benefit.

4.3.1 Magnetic field simulation (2D)

After a first set of simulations, it comes that the fringing effect has a significant impact on the inductance
of the inductor which is 20% higher than the value calculated. This increase is caused by the window
reluctance which is not neglectable. In order to reach the desired inductance (Le.; = 40uH ), the airgap is
increased to 2 mm. Table 4.1 is a comparison between the results found with a 1.5 mm airgap in section
3.5 and the results obtained with a 2 mm airgap for the 2D FEM simulations.

The average peak flux density in the core By, has increased compared to the calculations because a
part of the flux is flowing through the window. The consequence is that the core losses are increased, in
fact doubled. Figure 4.5a represents the flux density in the magnetic circuit. Once more, there is a flux
concentration in the window corners.

Magnetic parameters Analytical | FEM 2D
Inductance Ler: [pH] | 40 39.3
Airgap length ly [mm] | 1.5 2

Average peak flux density  Bg, [T) 0.08 0.105
Core losses Peore  [W] 4.5 9

Total losses Piot (W] 9.5 14

Table 4.3 — Comparison on inductor characteristic parameters for analytical results and 2D FEM simu-
lations

Figure 4.5b shows the fringing effect caused by the airgaps. The flux density is relatively high in the
winding. This varying flux density increases the equivalent skin depth of the wire and this has an impact
on the ac-resistance of the wire. This is critical for the wires which are close to the airgaps where the
flux density is higher. Indeed, it can cause a local hot point because of a local high resistivity. It is really
hard to quantitatively evaluate the fringing effect impact on the ac-resistance. Actually, it is not possible
to add the fringing effect in Dowell’s equations directly. Some papers have brought up the topic [32] but
the method does not seems consistent. The best way to evaluate the effect is to test it with a prototype
and to probe temperature in the windings. If the impact is too large, some solutions can be brought :

e The number of turns can be decreased to n = 10 but it would imply an increase of the flux density
in the core and the core losses would increase by 5 W;

e The winding height can be reduced by making a two-layer winding. However, the proximity effect
would be increased by a 2.4 factor. Then, the winding losses would be increased by 7 W;

o It is also possible to divide each airgap in two smaller airgaps. The flux density distribution in the
window would be more uniform but still high;

e The use of a powder core might be more suitable in this case. Indeed, powder cores are equivalent
to ferrites with a uniformly spread airgap. However, the core losses are higher in a powder core
than in a ferrite.

All solutions are interesting but the first step consists of the evaluation of the fringing effect with a 2
mm airgap.
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Figure 4.5 — Flux density in the inductor (2D)

4.3.2 Thermal transfer simulation (2D)

A thermal simulation in 2D has also been performed on the inductor. The methodology is the same as
for the transformer thermal analysis.

The core losses are locally computed thanks to the improved Steinmetz Generalized equation. The
winding losses calculated in the previous chapter were added manually. For the boundary conditions (Fig-
ure 4.6a), the baseplate temperature was imposed on the top and bottom of the inductor and the adiabatic
boundary is set on the sides. The window is filled of a resin to conduct the heat generated in the windings.

Figure 4.6b shows that, once again, the maximal temperature is located in the winding. This maximal
temperature (Ty,q. = 101°C') is quite high because the inductor geometry is not perfectly suitable for the
thermal management. Indeed, there is a thick layer of resin between the winding and the cores. As resin
has a low thermal conductivity, the thermal gradient between the core and the winding is high. However,
this temperature is still really far from the maximal temperature allowed : 160°C.
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(a) Boundary conditions

Tmax

(b) Temperature

Figure 4.6 — Thermal transfer in the inductor (2D)
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Construction

This last chapter is dedicated to the construction of the Inductive Power Transfer through a rotating
transformer. Unfortunately, a functional transformer prototype has not resulted. Indeed, the manufac-
turing of the core material went wrong and breakage happened. Therefore, the system has not been
validated yet because no measurement has been achieved. However, a visual prototype has been realized
in order to get a concrete visual appearance of the system. That also validates the mechanical assembly
of the rotating transformer.

First, the electric and mechanical assemblies are introduced. Afterwards, the ferrite manufacturing
issue is explained. Finally, the visual prototype is presented.

5.1 Electric assembly

5.1.1 Components connection

Figure 5.1 represents the electric assembly for a bi-port function. The main component of the system is
the rotating transformer which has been optimized in chapter 3. In the transformer, each winding is com-
posed of four Litz wires connected in parallel. These four wires are represented in the connections of the
assembly representation (Figure 5.1). For each wire, there is one entry connection and one exit connection.

As explained in section 1.4, the power electronics associated to the transformer is a Dual Active Bridge
which is composed of two full-bridges : DC/AC at the primary side and AC/DC at the secondary side.
The Dual Active Bridge requires a high series inductance which cannot be provided by the transformer.
Therefore, an external inductor is added in series. This inductor is divided in two equal parts in order to
allow a tri-port functionality which is introduced in next section. Thereby, the four wires coming from the
transformer secondary winding are divided in two pairs. Each wire pair goes to a single inductor. For a
bi-port functionality, the wires coming out from the two inductors are connected to the same full-bridge.
In that case, those are connected in parallel and the equivalent inductor can store a large amount of energy.

Regarding fault tolerance, the system presented in figure 5.1 has a high robustness. Indeed, using
four wires in parallel increases the fault tolerance degree. The condition is that each wire needs to be
connected to its own full-bridge. In that case, if a problem happens for one wire, it can be disconnected
and the system can continue to work. The impact is an increase of windings resistance implying winding
losses increase of 33%.
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Figure 5.1 — Electric assembly : bi-port (1 in / 1 out)

5.1.2 Transposition in transformer windings

This subsection is a side note about the necessity to add a transposition in the transformer windings.

The winding is composed of four wires in parallel. Since the beginning, it is assumed that a quarter
of the total current is passing through each wire. However, this is true only if each wire has the same
impedance. At high frequency, this is the series inductance that dominates the wire impedance. Indeed,
the ac-resistance is around 10 mf) while the series inductive reactance is around 1 €. Therefore, it
can be assumed that each wire has the same impedance if these have the same leakage inductance, and
thus see the same leakage flux. An example is described to demonstrate the necessity of the transposition.

Figure 5.2 represents two disposition of a coil composed of two wires in parallel : an inner wire and
an outer wire. For the first case, no transposition is operated (Figure 5.2a). The inner loop has an area
lower than the outer loop. Then, the magnetic flux is higher in the outer loop, its leakage inductance
is higher and less current flows in it. In the second case (Figure 5.2b), a transposition is operated at
halfway. Each wire is half of the way in the inside and half of the way in the outside. As it can be seen,
each wire has the same loop area. Therefore, the flux and the current are the same.

This example can be applied to the transformer. If no transposition is operated, a larger part of the
current would flow in the inner wire of windings. With only one transposition (after § = 4.5 turns), the
problem is solved. The transposition is compulsory for the primary side where the series inductance is
composed of the leakage inductance only. For the secondary side, the series inductance is dominated by
the external inductance. The leakage inductance is not significant and the transposition is not compulsory.

&>,

<1,

(a) No-transposition (b) Transposition at half-way

Figure 5.2 — Effect of transposition on the current distribution for a loop composed of parallel wires

5.1.3 Tri-port mode

An advantage of the Inductive Power Transfer is that a tri-port isolated connection can be achieved thanks
to the transformer. The transformer winding and the external inductors are designed in consideration of
the tri-port functionality. Figure 5.3 represents the tri-port mode electric assembly. The difference with
respect to the bi-port mode (Figure 5.1) is that the wires coming out from the two external inductors are
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not connected. Each pair of wire is connected to a different full-bridge corresponding to the two output
ports.

As a reminder, for the SADM application, the input port is connected to the solar array. The two
output ports are the battery and the bus. The power control of a tri-port mode with a Dual® Active
Bridge is not analysed in this document. However, the topic has been brought up in different papers [33].

Full Bridge 2

Full Bridge 1

—] AC/DC|ouT1

=T 1 L_] T
'I_[ ___1Ac/DC

IN1 | DC/AC

OUT 2

Full Bridge 3

Figure 5.3 — Electric assembly : tri-port (1 in / 2 out)

5.2 Mechanical assembly

The prototype mechanical assembly is composed of two main parts : the magnetic core made of ferrite and
the mechanical support made of aluminium. The mechanical support is used to simulate the mechanical
interface of the SADM in the satellite.

5.2.1 Magnetic core

The two magnetic core parts have a particular shape. Indeed, the shape was optimized for the dedicated
application without considering an "on the shelf" product. Without surprise, these ferrite shapes do no
exist on the market. Even if pot cores can be machined to fit the same shape, the pot cores on the market
are not large enough for the transformer. The use of a mold is not possible because it is too expensive.
Also, ferrite manufacturing is complicated because of its fragility. The 3D machining use on ferrite is
really risky and it is easier to machine in 2D (in a plan).

Innovation was needed to obtain the desired core shapes. The idea selected consists of decomposing
the rotor core and the stator core in layers. Those layers are represented in figure 5.4. Fach plate is a
layer of 8 mm and each tube is composed of two layers of 35 mm. For each layer, a ferrite block with
a height of either 8 or 35 mm is used. The blocks are cut in the plan in order to obtain the desired
geometries. Finally, the different layers are glued together. The glue generates a supplementary airgap
that can reach 10 gm. This can be compensated by decreasing the real airgap from 100 um to 80 um.

INote : the word "Dual" has lost sense
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(a) Rotor layers (b) Stator layers

Figure 5.4 — Rotor and stator layers constitution

5.2.2 Support

The mechanical support is used to simulate the mechanical interface of the SADM in the satellite during
the tests and measurements. The mechanical assembly is represented in figure 5.5. First, the rotor is
fixed on a hollow shaft in order to ease the thermal convection of the heat during the tests. This shaft
is cantilevered with a plain bearing. Afterwards, the stator is glued on the cantilever block. Then, the
airgap of 80 um is controlled via a thin teflon sheet (PTFE) pressed between the rotor and the stator.
The pressure on the PTFE sheet is given by the magnetic force which tends to close the magnetic circuit.
This force is in the range of 7 to 10 N. After, a groove is made on the shaft surface in order to avoid a
direct contact between the stator core and the shaft. Moreover, it allows to avoid a local heating of the
shaft because of the small fringing effect happening at the airgap. Finally, a fixing nut is screwed on the
shaft to avoid that the shaft goes away.

The rotation does not need to be provided by an external motor as this rotation is really slow (1 turn
per day). Therefore, the rotor position is controlled by rotating the shaft with hands. Also, the friction
forces are not considered as this is not the point of the tests and measurements. That is why a simple
bearing is used instead of using a rolling-bearing.

groove

cantilever stator

(a) Cross section (b) 3D representation

Figure 5.5 — Mechanical assembly : CAD representation of the assembly

5.3 Ferrite manufacturing

As explained earlier, the ferrite manufacturing is applied on blocks of 8 mm and 35 mm height. The
manufacturing consists of cutting these plates in 2D. However, ferrite is a ceramic and those materials
are highly fragile. Therefore, it is not possible to machine a ferrite block with conventional machines.
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There exist different methods for the ferrite machining. The two most efficient methods are the water
jet and the femto laser. The water jet method consists of propulsion of a water jet on a small area
at a pressure over 200 MPa [34]. The high local force allows to break atoms connections. The femto
laser consists of producing laser pulses with high energy during a short time (a few femtoseconds)[35]. A
typical laser cannot be used because it generates a lot of heat. The ferrite temperature would reach its
Curie temperature from which its magnetic characteristics would be modified.

The chosen machining technique was the water jet cutting. However, the process did not go well. As
explained in the introduction, some ferrite blocks broke off during manufacturing. Figure 5.6 are pictures
of the ferrite blocks after machining. The first picture is the stator plate which is nearly perfect. The
two other pictures are broken blocks of each size. The failure does not seem to come from the water jet
itself. The hypothesis is that the clamping applied a too high stress in the plan. When a part of the
ferrite was cut, the stress increased locally and the ferrite blocks broke off. If the clamping is done in the
perpendicular direction of the plan, the local stress concentration should be minimized. Studies on the
topic are still in process.

(a) Stator plate (b) 8 mm broken block (c) 35 mm broken block

Figure 5.6 — Pictures of the ferrite manufacturing results

5.4 Visual prototype

In order to give a mechanical validation and a visual idea of the system, the core parts were printed with
additive manufacturing. Of course, as the core is in a polymer, the transformer does not work. The goal
of this visual prototype was to give a mechanic view of the IPT. The assembly was performed without
any problem and the mechanic system is validated. Figure 5.7 is a set of pictures of the visual prototype.

(a) Rotor on shaft (b) Stator on cantilever (¢) Assembly

Figure 5.7 — Visual prototype : transformer prototype with core made by additive machining
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Conclusion and further work

The objective of the project was to design an Inductive Power Transfer through a rotating transformer
for the Solar Array Drive Mechanism of a satellite. The system had to perform the transfer of a 10 kW
power under 300V with a minimum efficiency of 98% in order to compete with the current slip rings
technology.

First, an introduction of the satellite power systems helped to understand the interaction between the
SADM and the other systems. From that, it comes that the Inductive Power Transfer turns out to be a
good solution to gather the SADM and the Power Conditioning Unit (PCU) in a same single system. In-
deed, the use of an IPT requires a DC/DC converter. That same converter can be used for the Maximum
Power Point Tracker (MPPT) of the solar array power regulation. Moreover, the transformer ensuring the
rotation can be used to provide three ports (tri-port mode). With a Dual Active Bridge (DAB) offering a
bidirectional power transfer, the Battery Charge and Discharge Regulator (BCDR) can be added in the
system functionalities. That would allow to make a connection between the solar array, the batteries and
the bus in a single device. The number of systems would be considerably decreased implying a volume,
weight and cost reduction. The DAB generates currents with a trapezoidal waveform and a transformer
flux density with a triangular waveform. The DAB also requires to store a high amount of inductive energy.
Unfortunately, the series inductance necessary cannot be assumed by the transformer leakage inductance
alone. Therefore, an external inductor had to be connected in series. The total losses generated in the
full-bridges of the DAB are 100 W. That represents half of the maximum losses specified in the objectives.

Before the design, some models were defined in order to represent analytically what happens in the
transformer. Those models are tools on which the design has been based. First, the Steinmetz equa-
tion was generalized for trapezoidal and triangular flux density waveforms. The harmonic content has
an impact on the core losses. This can be neglected for a triangular waveform but it is significant for
a trapezoidal waveform such as for the external inductor. Afterwards, the impact of a high frequency
current on the winding losses was studied. The skin effect and the proximity effect imply the use of Litz
wire to reduce the losses. Moreover, in order to reduce proximity effect, the most suitable winding shape
is a long and thin tube. However, the resulting proximity factor considering trapezoidal harmonics still
generates a 98% increase of the winding losses. Finally, the thermal management was modelled by a
lumped parameter model. The Litz wire thermal conductivity was derived. It comes that the equiva-
lent thermal conductivity of windings is barely 15% better than the thermal conductivity of an insulation.

An optimization has been performed for the transformer design. The outcomes resulting to the op-
timization were validated by Finite Elements simulations in 2D and 3D. Those simulations also allowed
to reach more accurate results. It comes that the winding connectors do not have a significant impact
on the performances. The windings are composed of four Litz wires connected in parallel. This allows to
have a good symmetry and to have a high fault-tolerance degree.

Finally, for 10 kW transferred, the transformer generates 41.5 W of losses. The inductor, which was
quickly designed with on the shelf cores, generates 27 W of losses. All in all, the total losses are estimated
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to 70 W. However, this does not consider other losses such as the wire connecting each component or the
increase of winding losses in the inductor due to fringing effect. But, it can be assumed that the 98%
efficiency for the entire Inductive Power Transfer is achieved.

The maximal temperature drop inside the transformer is 20°C. This high thermal management efficiency
is due to a suitable transformer geometry that maximizes the winding contact area in the radial direction.
The ferrite acts as a thermal drain. All the characteristic values of the IPT designed are contained in
table 5.1.

Unfortunately, a functional prototype has not resulted because of manufacturing issues of ferrite.
However, a visual prototype was built in order to validate the mechanical assembly. This also gives a
nice visual appearance of what the functional prototype will look like.

The work on this project is not finished. Actually, it has barely begun and several steps have to be
done. First, a functional prototype has to be realized. For that, a material study on ferrite cutting is
currently in process. If it comes that ferrite is not mechanically adapted, other possibilities for magnetic
materials will be explored. Afterwards, with a functional prototype, tests and measurements could be
performed. Another point to develop is the Dual Active Bridge control for this transformer. It has to
be done for bi-port and tri-port modes. Talking about tri-port, a second rotating transformer should be
specially designed for the tri-port mode. Indeed, the current prototype is designed for a bi-port mode
and has the tri-port functionality but it is not designed for it.

At the end of this project, I would like to share my personal feeling on it. Since the beginning of this
master thesis, I have been highly motivated on the subject. I make no secret by saying that, when the
manufacturing went bad, I was really disappointed. This is even more true when you have spent weeks
to adjust again and again the design with Solidworks and Comsol. But at the end, I am glad of the
results and I am convinced that the Inductive Power Transfer is able to be competitive. I am motivated
to continue on the project and I hope that this work is the foundation of a future product that will go
up there.

Specifications

Rated power Py 10 kW
Rated load voltage Vioad 300 14
Rated load current Livad 333 A
Losses & efficiency

Total efficiency n >98 %
Dual Active Bridge losses 100 W
Transformer losses 415 W
External inductor losses 27 w
Transformer characteristics

Diameter D, 90 mm
Height H 86 mm
Airgap length e 0.1 mm
Weight M 2.2 kg
Maximal temperature Ty,ee 85 °C
Core material Ferrite
Winding material Litz wire

Table 5.1 — Final results for the Inductive Power Transfer for a Solar Array Drive Mechanism
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