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Abstract

Y the end of the year of 2030, and even after taking into consideration the
B impact of the Covid-19 pandemic into the global economy, the ambitious
Sustainable Decelopment Scenario predicts that Electric Vehicles (EV) will
occupy 30 % share of the global market, representing 12 % of all cars worldwide.
In addition, 87 % of the times these vehicles will be charged at home, typically
using the on-board chargers, with a maximum allowed power delivery of
22 kW for European countries (3-phase mains) and 19.2 kW for the USA (1-
phase mains). This renders the need of technological advancements in this
field mandatory, in order to realize compact, efficient, and economical EV
chargers.

The arrival of Wide Bandgap (WBG) semiconductors contributed signifi-
cantly towards this direction, rendering magnetic components the bottleneck
of power electronic systems. On the other hand, WBG semiconductors fea-
ture lower losses, which allows converters to operate at higher frequencies,
something, typically, beneficial for magnetic components.

In this regard, this thesis focuses on two important aspects of EV charging,
i.e., magnetic components, specifically power inductors, and universal appli-
cability. In a first step, optimal operation of power inductors, employed in
typical power electronics applications, e.g., buck/boost converters, is analyzed
with respect to fundamental system parameters, i.e., switching frequency
and current ripple. This analysis provides a better insight into the design
of inductors and their optimal operating regions. Moreover, due to the sub-
stantially flat region around the global optima, many opportunities related
to secondary objectives, e.g., partial load efficiency and manufacturing cost,
are identified, and shown to result only in a minor, i.e. 15- 20 %, increase in
losses at rated power. The analysis is conducted in two steps, starting from
simple analytical models and continuing with more accurate semi-numerical
models. As a result of this comparison between the two models, better insight
with respect to fundamental non-linearities is gained, e.g., core saturation,
and, moreover, a simple two-equation design guide is derived, that directly
leads to quasi-optimal inductor designs. The findings of this work are verified
with calorimetric measurements for frequencies between 150 - 750 kHz and
for three different inductors.

From the previous work, the need for accurate core loss data was iden-
tified, since the operation of inductors is optimum at frequencies near the
peak of the Performance Factor (PF) of the employed core material. Nev-
ertheless, to the author’s knowledge, no existing method achieves accurate
enough measurements (e.g., measurement uncertainty < 25 %) at very high
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Abstract

frequencies, i.e., in the MHz range. Hence, as a second step of this work,
a transient calorimetric measurement method of core losses is developed,
whose accuracy is largely independent of the excitation frequency and cur-
rent shape, and, moreover, it is simple and fast to implement. Furthermore, a
thorough sensitivity analysis of the different uncertainties of the method leads
to simple guidelines for its optimal application. Accordingly, core loss data
of the NiZn 67 material from Fair-Rite for frequencies between 5 - 50 MHz is
measured; during these measurements the maximum and average worst-case
uncertainties are estimated to be equal to 19.8 % and 13.3 %, respectively. The
calculated PF based on the measured losses reveals a performance peak at
34 MHz, which highlights the great potential of NiZn magnetic core materials
at such frequencies.

As a last challenge of this thesis, an AC/DC PFC rectifier topology is
presented that allows operation at rated power for both 3-phase and 1-phase
mains supply. Such topology constitutes a universal solution for the mains
interface of an on-board EV charger, and, as a result, can lead to interoperabil-
ity, and also simpler and more cost-efficient production lines. The topology is
based on the conventional two-level six-switch (2LB6) 3-phase PFC rectifier,
extended by the addition of a diode bridge-leg for the return current during
1-phase operation, and a novel EMI filter that effectively attenuates the gener-
ated noise for both operations. The stresses on the main power components
(semiconductors, boost inductors, DC-link capacitors) are analyzed and design
guidelines are provided. Furthermore, the conducted EMI is analyzed and the
effectiveness of each component of the EMI filter is discussed, leading to a de-
sign guideline of the EMI filter. The proposed concept is validated by realizing
a 22 kW hardware prototype that achieves a power density of 6.4 kW/dm?, a
peak efficiency of 98.2 % during 3-phase operation at 15 kW, and an efficiency
of 97.9 % at 19.5 kW. The operation at 19.5 kW confirms the thermal feasibility
of the converter at full load. Furthermore, successful compliance with the
CISPR 11 Class B QP EMI regulations is achieved for both operations, while
measured at an operating power of 4.5 kW due to power limitation of the
employed Line Impedance Stabilization Network (LISN) device. An extension
of the concept to multilevel converters is proposed, e.g., flying capacitor PFC
rectifiers and T-type PFC rectifiers, in case increased efficiency and/or power
density is desired.

Finally, the main findings of this thesis are summarized in the conclusion.
Based on the gained knowledge/experience during this work, alternative
approaches on the analyzed topics are proposed, together with possible exten-
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sions. Related scientific topics that lack deep understanding are highlighted,
and, accordingly, thoughts for future projects are shared.
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Kurzfassung

UFGRUND aktueller Schitzungen ist, auch bei Beriicksichtigung der nega-
tiven Auswirkungen der aktuellen Covid-19 Pandemie auf die Wirtschaft,
davon auszugehen, dass bis Ende 2030 elektrisch betriebene Fahrzeuge einen
Marktanteil von 30 % erreichen werden. Hinzu kommt, dass die Batterien
dieser Fahrzeuge zu 87 % der Zeit zu Hause unter Verwendung privater —
meist fahrzeugintegrierter — Ladegeréte mit einer maximalen Ladeleistung
von 22 kW in den Landern Europas (3-phasiger Netzanschluss) bzw. 19.2 kW
in den USA (einphasiger Anschluss mit 240V / 80 A) aufgeladen werden.
Entsprechend steigen die Anforderungen an die Ladeelektronik hinsichtlich
Kompaktheit, Effizienz und Kosten auch zukiinftig weiter an.

Ein wesentlicher Schritt, leistungselektronische Schaltungen in diese Rich-
tung zu verbessern, ist unter Verwendung moderner SiC und GaN Leistungs-
halbleiter moglich, welche geringere Verluste und héhere Schaltfrequenzen er-
lauben. Folglich erméglicht der Einsatz solcher Leistungshalbleiter auch eine
Verringerung der Baugré3e und der Verluste magnetischer Komponenten.

Der Schwerpunkt dieser Dissertation liegt auf zwei zentralen Aspek-
ten der technologischen Weiterentwicklung von Ladegeriten fir elektrische
Fahrzeuge. Der erste Aspekt ist die Optimierung magnetischer Komponenten,
v.a. von Spulen mit Magnetkern, da sich zunehmend zeigt, dass magnetis-
che Komponenten die Verbesserung der Performance leistungselektronischer
Schaltungen limitieren. Der zweite Aspekt betrifft die universelle Einsetz-
barkeit der Ladegerite fiir dreiphasige und einphasige Netze.

In einem ersten Schritt erfolgt die Analyse des optimalen Betriebs einer In-
duktivitit in einer typischen leistungselektronischen Anwendung, z.B. einem
Tief- oder Hochsetzsteller, hinsichtlich der Schaltfrequenz und der Amplitude
des Stromrippels. Diese Analyse erlaubt eine detaillierte Beschreibung der
Zusammenhange, welche in Spulen zwischen den verschiedenen beteiligten
physikalischen Gréfien vorliegen (z.B. elektrischem Strom, magnetischer
Flussdichte, Temperatur), sowie eine Charakterisierung optimaler Betriebs-
bereiche. Das globale Verlustminimum stellt sich als vergleichsweise flach
heraus, d.h. um das globale Verlustminimum herum sind die minimal erreich-
baren Verluste einer Induktivitat in einem weiten Bereich der Schaltfrequenz
und der Stromrippelamplitude nur geringfiigig erhoht. Aufgrund dieser
Eigenschaft sind weitere Optimierungen moglich, sofern eine geringfiigige
Erh6hung der Verluste im Bereich von 15 % bis 20 %, zulissig ist, z.B. eine
Verbesserung der Teillasteffizienz oder die Verringerung der Herstellkosten.
Die hierfiir durchgefithrte Analyse erfolgt unter Verwendung eines einfachen
analytischen Modells und eines detaillierten semi-numerischen Modells. Die
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Kurzfassung

mit diesen Modellen berechneten Ergebnisse erlauben die Untersuchung
fundamentaler Parameterabhéngigkeiten, z.B. im Zusammenhang mit nicht-
linearen Eigenschaften wie magnetischer Sittigung. Auflerdem lasst sich
daraus eine einfache Entwurfsvorschrift — bestehend aus zwei Gleichungen -
fir die nahezu optimale Auslegung von Induktivititen ableiten. Die in dieser
Arbeit berechneten Ergebnisse sind experimentell fiir drei verschiedene In-
duktivitaten und im Frequenzbereich zwischen 150 kHz und 750 kHz mittels
kalorimetrischer Messungen verifiziert.

Im Rahmen der Durchfithrung des ersten Teils der Arbeit hat sich heraus-
gestellt, dass die optimale Betriebsfrequenz einer Spule vergleichsweise hoch
ist und in der Nihe der Frequenz liegt, bei welcher der Performance Factor
(PF) des Kernmaterials das Maximum aufweist. Damit resultiert das Erforder-
nis, die Kernverluste auch bei hohen Frequenzen genau zu messen. Nach
Kenntnisstand des Autors sind zur Zeit dieser Arbeit keine Messmethoden
dokumentiert, welche bei hohen Frequenzen bis in den MHz-Bereich eine aus-
reichende Genauigkeit (z.B. eine Messunsicherheit kleiner als 25 %) erreichen.
Daher wird im zweiten Teil dieser Arbeit eine transiente kalorimetrische
Messmethode fiir Kernverluste entwickelt, welche einerseits genau und an-
dererseits einfach und schnell implementierbar ist. Die entwickelte Messmeth-
ode wird einer detaillierten Sensitivititsanalyse unterzogen und die daraus
gewonnen Erkenntnisse erméglichen die Erstellung einer einfachen Richtlinie
zur optimalen Anwendung der Methode. Die Arbeit prasentiert gemessene
Kernverluste des NiZn 67 Ferritmaterials (Fair-Rite) im Frequenzbereich zwis-
chen 5 MHz und 50 MHz. Die bei diesen Messungen auftretende maximale
Messunsicherheit betragt 19.8 %, die mittlere Messunsicherheit 13.3 %. Der auf
Basis der gemessenen Kernverluste berechnete PF weist ein Maximum bei 34
MHz auf. Im Zusammenhang mit den Ergebnissen des ersten Teils der Arbeit
wird damit das grofie Potential von NiZn Ferritmaterialien fiir zukiinftige, mit
sehr hohen Schaltfrequenzen betriebene leistungselektronische Schaltungen
deutlich.

Im letzten Teil dieser Arbeit wird eine Gleichrichtertopologie mit sinus-
formiger Stromaufnahme untersucht, welche sowohl am dreiphasigen wie
auch am einphasigen Netz mit derselben Ausgangsleistung betrieben werden
kann. Ein solches Gleichrichtersystem stellt eine universelle Losung fir ein
Ladegerit zur bordseitigen Integration in ein Elektrofahrzeug dar, da es sich
in vielen Landern der Erde betreiben ldsst und auch die Herstellung einfacher
und kosteneffizienter werden kann. Die Schaltungstopologie basiert auf einer
gesteuerten dreiphasigen Gleichrichter-Briickenschaltung (3 Halbbriicken-
zweige bestehend aus je 2 MOSFETs) mit sinusférmigem Eingangsstrom.
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Diese Schaltung wird um eine Dioden-Halbbriickenschaltung erganzt, welche
den Anschluss eines Riickleiters fiir den Strom im einphasigen Betrieb er-
moglicht. Auflerdem wird das EMV Filter geeignet angepasst, damit sowohl
im dreiphasigen wie auch im einphasigen Betrieb eine effektive Filterwirkung
gewihrleistet ist. Im Zusammenhang mit der Auslegung des Gleichrichtersys-
tems beinhaltet die Arbeit die zur Berechnung der Belastungen der wichtigsten
Komponenten des Leistungsteils (Halbleiterschalter, Hochsetzstellerinduk-
tivititen, Zwischenkreiskondensator) benétigten analytischen Ausdriicke und
fasst, darauf aufbauend, den Entwurf des Leistungsteils in einem Leitfaden
zusammen. Hinzu kommen Uberlegungen beziiglich der leitungsgebunde-
nen elektromagnetischen Storungen und der Wirksamkeit der einzelnen
Filterkomponenten in Abhangigkeit des Betriebsmodus (dreiphasig oder ein-
phasig) und der Storsignalkomponente (Gegentakt oder Gleichtakt). Die
experimentelle Uberpriifung des vorgeschlagenen Konzepts erfolgt anhand
eines realisierten Prototypen mit einer Nennleistung von 22 kW, welcher
eine Leistungsdichte von 6.4 kW/dm® und, bei dreiphasigem Betrieb, eine
maximale Effizienz von 98.2 % bei einer Ausgangsleistung von 15 kW sowie
eine Effizienz von 97.9 % bei einer Ausgangsleistung von 19.5 kW erreicht.
Der Betrieb mit einer Ausgangsleistung von 19.5 kW bestatigt, dass die Leis-
tungskomponenten des Konverters auch bei Volllast nicht thermisch begrenzt
sind. Auflerdem wird der experimentelle Nachweis erbracht, dass der reali-
sierte Gleichrichter die CISPR 11 EMV Grenzwerte (Klasse B, QP) sowohl im
dreiphasigen wie auch im einphasigen Betrieb bei einer Ausgangsleistung von
4.5 kW einhilt (die reduzierte Ausgangsleistung ist auf den begrenzten maxi-
mal zuldssigen Strom der verwendeten Netznachbildungen zuriickzufithren).
Das vorgeschlagene Konzept lasst sich mit geringfiigigen Modifikationen
auch auf Multilevelkonvertertopologien, z.B. Flying Capacitor Konverter oder
T-Type Konverter, anwenden, falls eine hohere Effizienz und/oder eine héhere
Leistungsdichte erforderlich sein sollte.

Im letzten Kapitel werden zunichst die in dieser Arbeit gewonnen Er-
kenntnisse zusammengefasst. Im Anschluss daran erfolgt, auf Basis des im
Rahmen dieser Dissertation hinzugewonnenen Wissens bzw. der erarbeiteten
Erfahrung, eine Beschreibung verschiedener Vorschlédge fiir alternative An-
satze und moglicher Erweiterungen der hier untersuchten Themen. In diesem
Zusammenhang werden verwandte wissenschaftliche Themenbereiche her-
vorgehoben, fiir deren tiefes Verstindnis noch weitere Forschung erforderlich
ist, und Gedanken im Hinblick auf zukiinftige Projekte beschrieben.
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Introduction

1.1  Motivation

According to [1], between the period of 2014-2019 the number of Electric
Vehicles (EVs) expanded by an annual average of 60 %, leading to a total
number of 7.2 millions, i.e., 1% of the global market share. Even during
2020, where the Covid-19 pandemic had a substantial impact on the vehicle
market, the sales of EVs remained broadly at 2019 levels, compared to Internal
Combustion Engine vehicles (ICEs), which contracted by 15 %. According to
the same data and the ambitious Sustainable Development Scenario, EVs are
expected to occupy 30 % of the global market share by the end of 2030.

Targeting a net zero emissions future, EVs represent an essential solution,
since the transportation sector accounted in 2015 for 18 % of the global CO,
emissions [2]. In support of that, governments worldwide, either in the form
of purchase subsidies (in the range of € 4,000 - 6,000) and/or tax exemption,
promote the EV market and stimulate its development [1]. However, even
after such governmental promotion, consumers need to deal with their range
anxiety and the lack of widespread charging stations, which both constitute
great concerns. Car manufacturers address such issues by increasing the
installed battery capacity of EVs, nevertheless, leading to increased costs. In
this regard, charging of EVs is essential, not only for practical reasons, but also
in order to boost the confidence of future consumers. The IEC 62196 European
standards [3] define four different charging modes. Modes 1- 3 correspond to
AC supplies, private or public, that incorporate the on-board EV charger. Each
of the three modes features different power levels (commonly up to 22 kW),
and different control/safety features. On the contrary, Mode 4, corresponds

1
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to high-power off-board chargers (commonly up to 250 kW), that feature a
DC output and are found only in public spaces [4].

Apart from the above standardized solutions, another solution represents
the battery swapping initially started by Better Place in 2013, and currently
adopted by the Chinese car manufacturer Nio [5]. Battery swapping allows
for a replacement of the empty battery pack with a fully charged one, within
less than 4 minutes, while parked at the dedicated stations. This can decrease
the short-term EV value, since the possibility of purchase without bearing
the cost of the battery pack is provided. Finally, VW has introduced the
robot-charger which is located in parking lots and does not require dedicated
infrastructures. Upon a call through the dedicated phone application, the
robot brings a portable battery next to the respective EV, connects it to the car,
and initiates the charging procedure [6]. This can be substantially beneficial
also in terms of grid performance, since the individual charging of the portable
batteries can take place outside the grid rush hours.

Even though DC fast chargers (Mode 4) are expected to expand in the
future [7], this comes with many challenges, namely the increased cost of
the infrastructures, the grid limitations with respect to the peak delivered
power, the management of the generated heat (for a 250 kW charger, even an
efficiency of 99 % requires the dissipation of 2.5 kW), the stress on the batteries
and the need for a reliable battery management system [8-10]. According
to [11], DC fast chargers of 50 kW will be the dominating technology of
fast charging in the future, since it represents a good trade-off between
charging speed and the above limitations, and allows for full charging during
a 20 minutes break from driving, e.g., a refreshment stop, while traveling.
Nevertheless, the same article considers the low power solutions (Modes
1-3), as the dominating solutions in general. This is mostly based on the
fact that in Europe, cars travel in average approximately 10 km/day [12], *
which corresponds to home/work commute. As a result, slow charging at
home and/or at work, which allows for slow, yet cheap and less stressful,
with respect to the battery, charging, is sufficient. Additionally, access to DC
fast chargers in rural areas is significantly limited. The same finding is also
supported by [1], according to which currently 9o % of the installed chargers
globally are low power chargers corresponding to 6.4 million units. Moreover,
this number will increase to 210 million units by 2030. The same source,
predicts that by 2030 the share of charging for passenger vehicles will be 87 %
from private chargers (i.e., off-board installed at home, or on-board chargers),

"The same number for the USA is approximately 64 km/day.
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3 % public chargers of low power, and a limited 10 % from high power DC fast
chargers. ?

All of the above indicate the need for continued advancements on private
off-board, as well as, on-board low power EV chargers. In this context, this
thesis addresses two main challenges, split into two parts. PartI focuses on
possibilities of reduction of the volume of on-board chargers, by volume min-
imization of the magnetic components, and PartII on the conceptualization
of a universal topology that allows for a single production line of EV chargers
addressed worldwide.

1.1.1  Part I: Optimal Design of HF Inductors

Fundamentally, the volume reduction of an on-board charger can be achieved
by employing multilevel topologies [13]. Moreover, with the arrival of WBG
semiconductors, this can be further advanced, due to the reduced semicon-
ductor losses, which lead to less cooling requirement, and, furthermore, allow
operation at increased switching frequencies, hence, reduction of the size of
the required EMI filter and the magnetic components. The latter is of great
importance, since magnetic components constitute a substantial share of the
total system volume.

Even though, magnetics are fundamental components of the total system,
for many engineers they are frequently treated as black boxes and their full
potential is not exploited. This applies also to the boost inductor, which
is a key component of PFC rectifiers. An understanding of the behavior
of such components, with respect to key system parameters, will allow for
system designers to better utilize their resources and, as a result, achieve more
compact and efficient designs. On this subject, optimization results show that
operation at higher frequency is desirable, especially with respect to power
density [14]. However, proper design is sensitive to accurate magnetic core
data, especially at high frequencies.

1.1.2 Part II: Universal EV Charger Mains Interfaces

Since private chargers will dominate the charging share in the near future,
universal solutions are mandatory. Typically, home appliances are of lim-
ited power, hence, single-phase power electronics, up to 7kW, represents a
universal solution. However, in case high power private charging is desired,

*>The sharing prediction for China and Japan is 73 % private, 7 % public low power, 20 % public
high power, due to increased population density.
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Fig. 1.1: Low Voltage (LV) mains for two different geographical regions, i.e., USA
and Europe. The power distribution infrastructure in the USA features a split-phase
1-phase mains at 240 V line-to-line, and Europe features a 3-phase mains at 400V
line-to-line.

i.e., approximately 20 kW, such solution cannot be universally applied. The
main reason for this are the existing low voltage (LV) grid infrastructures,
which differ between different regions. Focusing on the USA and Europe
(cf. Fig. 1.1), the power distribution infrastructure in the USA features a split-
phase 1-phase grid at 240 V and 60 Hz, that allows for a maximum power
delivery of 19.2 kW, whereas European countries feature a three-phase grid
at 400V and 50 Hz, that allows for a maximum power delivery of 22 kW, i.e.,
7.3 kW per phase.

As a result, manufacturers of on-board EV chargers, or low-power off-
board chargers, hold separate production lines between the products delivered
to Europe and to the USA, which results in increased complexity and cost.
Moreover, an after market purchase of an EV between the two continents
results in limited charging capabilities, unless, DC fast charging is employed.
Hence, there is a clear need for a universal solution.

1.2 Aims & Contributions

1.2.1 Part I: Optimal Design of HF Inductors
Aims

With the emergence of modern wide bandgap semiconductors, the perfor-
mance barriers of power electronics are pushed further, and the main trend
is led by designs that feature continuously increasing switching frequencies,
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Fig. 1.2: Performance factor of different MnZn ferrites (adapted from Ferroxcube
data [20]).

even into the MHz range [15-17]. As a result, the volume and, potentially, the
cost of the realized systems is decreased, and at the same time reasonable
efficiency values are achieved. Such trend can be significantly beneficial
for many applications, including on-board EV battery chargers. According
to [18], magnetic components are the bottleneck of common power electronic
systems, especially with respect to the volume and the weight. Nevertheless,
they seem to benefit from the increasing switching frequencies, as can be
seen from the quick assessment provided by the Performance Factor (PF) plot
of Fig. 1.2, where the value of the PF increases for different materials [19].
The PF corresponds to a typical figure of merit of magnetic core materials,
commonly defined as:

PF = fB, for p = constant, (1.1)

where f is the frequency, B the peak flux density, and p the core-loss density.
In other words, the PF represents the amount of electromagnetic induction
that can be obtained from the analyzed material, for a fixed loss density.3

In this regard, the first part of this work focuses on a better understanding
of the performance of magnetic components, and specifically inductors. This
is done in two steps:

3The considered PF represents a simplified figure of merit that does not take other HF effects,
such as the winding losses, into consideration.
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Design Space ‘ Performance Space

Fig. 1.3: Example of the design space diversity (figure adapted from [21]).

1. Investigating and understanding the optimal performance of inductors
with respect to key system parameters, i.e., switching frequency and
current ripple.

2. Investigating different methods for the measurement of core losses in
the MHz range, in order to acquire accurate data, since HF ferrites are
extremely promising at such frequencies.

Contributions

It is commonly known from literature, that converter designs with signifi-
cantly different design parameters can result in similar overall performance
values (cf. Fig. 1.3). This effect arises from different trade-offs and is referred
to as the design space diversity [18]. Because of that, understanding of individ-
ual components, while conducting a complete system optimization, becomes
difficult and, furthermore, typical optimization algorithms (e.g., brute force,
genetic) bring results, nevertheless, with little understanding regarding the
underlying mechanisms. As a result, an individual component investigation
is required.

Since the goal is to analyze the component’s performance from a system’s
perspective, main design parameters, such as core material/shape/size and
type of coil are considered fixed, and only main system parameters, i.e., the
switching frequency, and the current ripple are modified (cf. Fig. 1.4); for
each analyzed point, the number of turns is optimized with respect to the
generated total losses.

Based on this, optimal operating regions of the analyzed magnetic com-
ponent and important trends are identified and further opportunities, with
respect to secondary objectives, are highlighted. The latter becomes feasible,
due to the significantly flat behavior of the optimal region and, eventually, is

6
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Fig. 1.4: Example of an f; - r plane contour plot, that reveals the optimal operating
region of a power inductor. For the analysis, only the two fundamental system
parameters, i.e., the switching frequency, f;, and the current ripple, r, are modified,
whereas the number of turns is always optimal. The remaining parameters are consider
fixed.

thoroughly analyzed using a brute force optimization. For the verification
of the theoretical results, a steady-state calorimeter is built, that achieves
for measurements up to 5 W a maximum uncertainty of 54 mW. Finally, a
simple two-equation design guideline for quasi-optimal inductor designs is
proposed.

From the previous analysis, it becomes clear that core loss data is critical,
since it largely determines the optimal operating region of the magnetic com-
ponents. Theoretical models of the core losses cannot be used for engineering
purposes due to their lack of quantitative accuracy, hence, state-of-the-art loss
estimation models rely on semi-empirical equations and measured data, e.g.,
the Steinmetz Equation (SE), the Generalized Steinmetz Equation (GSE), or
the improved Generalized Steinmetz Equation (iGSE) [22-27]. Nevertheless,
acquiring such data is challenging, especially at very HF, i.e., > 1 MHz.

State-of-the-art methods are depicted in Fig. 1.5. The electrical measure-
ment (electrical method 1) of the induced losses on the Core Under Test (CUT)
of Fig. 1.5(a) features compensation of the reactive power, by series connection
of a resonant capacitor, Cy.s, and, ideally, is insensitive to potential phase
discrepancies of the measurement equipment, due to the proposed extrac-
tion method of the core losses [28]. It is, nevertheless, limited to sinusoidal
excitations, which is the case only for resonant inductors and, occasionally,
transformers. Unfortunately, for frequencies in the MHz range, the values
of Cres are in the range of pF, hence, parasitics of the PCB, CUT and the
complete setup, impact substantially the measurement’s accuracy. Fig. 1.5(b)

7
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Fig. 1.5: State-of-the-art measurement methods of core losses. (a) Represents an
electric measurement, where an additional resonance capacitor is required [28], (b)
represents an electric measurement, where an additional air-core inductor is required
[29,30], and (c) represents a steady state calorimetric method [31, 32].
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Tab. 1.1: State-of-the-art measurement methods of core losses.

Elec. Elec. Steady-state Trans.
Parameter Method 1 Method 2 Calor. Calor.
[28] [29] [31,32] [33]
Accur. [f — MHz] v v L4 44
Complexity XX XX XXX X
Post-process X XX X XX
Meas. time Tens of sec.  Tens of sec. Tens of min. Tens of sec.

corresponds as well to an electrical measurement (electrical method 2) of
the induced core losses and features (partial) compensation of the reactive
power, by series connection of an air-core inductor, of similar inductance
value. The compensation is achieved by 180 ° phase-shift at the outputs of the
transformers as explained in [30]. This method is independent of the type
of excitation, nevertheless, it can be impacted by the accuracy of the mea-
surement equipment, and is subject to complex post-process calculations [29].
Finally, the proposed method of Fig. 1.5(c) corresponds to a steady-state calori-
metric measurement of the induced core losses, that is independent of the
type of excitation [31,32]. Realization of such setup can be complex, however,
experimental verification of its accuracy can be done simply by using a resis-
tive device under test. The main drawback of such method is the measurement
time, which is in the order of several minutes/hours.

In this work, a transient calorimetric measurement method of the core
losses is developed that features a combination of the benefits of the above-
mentioned state-of-the-art methods, i.e., time-efficiency, accuracy, and sim-
plicity. Tab. 1.1 depicts a qualitative comparison between the discussed
methods and the proposed one. The method relies on the thermal monitor-
ing of the CUT during the first seconds of its excitation. For this, a simple
Negative Temperature Coefficient (NTC) thermistor can be employed. Based
on a thorough sensitivity analysis of the uncertainty parameters for a given
CUT, the proposed method achieved a worst-case uncertainty < 30 % for a
total range of measured losses between 20 mW - 20 W; and by using it, exper-
imental core loss data of the NiZn 67 material from Fair-Rite was acquired for
frequencies ranging between 5 MHz - 50 MHz. Fig. 1.6 depicts the PF of the
measured material, in comparison to the PF of the MnZn N87 material from
EPCOS-TDK, both materials were measured during the course of this work.

9
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Fig. 1.6: Comparisson between the PF of N87 MnZn ferrite from EPCOS-TDK and 67
NiZn ferrite from Fair-Rite (measurements from [33] - Chapter 3).

1.2.2 Part II: Universal EV Charger Mains Interfaces
Aims

At the moment, nearly no reasonable concept is known of a mains interface
that allows full/rated power delivery of an EV charger, when employed in
a 1-phase mains supply (e.g., USA) or a 3-phase mains supply (e.g., Europe)
(cf. Fig. 1.1). Such concept requires that the employed system is able to deliver
the same power and at the same time complies with the EMI noise regula-
tions, while operating with different numbers of phases, voltage ratings and
frequencies. Conventional 3-phase PFC rectifiers are limited to approximately
1/3 of the rated power in case of 1-phase operation.

Potential solution results from the utilization of isolated single-phase mod-
ules in adapted connection, either in parallel, in case of 1-phase grid, or in star
(or delta), in case of 3-phase grid (cf. Fig. 1.7). Nevertheless, such a solution
is complex and potentially expensive, since it requires three transformers and
three individual DC/DC stages.

Contributions

In this work, a universal mains interface is proposed, that is based on the
conventional two-level six-switch (2LB6) 3-phase boost-type PFC rectifier,
featuring simple and cost-effective modifications, that allow both, 1-phase
and 3-phase operation, at rated power (e.g., 22 kW). These are namely, a diode
bridge-leg for the return current, a novel EMI filter that involves a 4-phase

10
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Fig. 1.7: Possible realization of an EV charger power circuit topology that allows
full power delivery, both in a 3-phase (e.g., Europe) and a 1-phase (e.g., USA) LV

mains, using 1-phase PFC rectifier modules and subsequent isolated DC/DC converter
modules.
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Common Mode (CM) choke, and a relay on the DC side that ensures proper
attenuation of the generated CM noise, depending on the type of operation.

A 22 kW prototype confirms the proposed concept. The hardware achieves
in 3-phase operation a measured efficiency of 97.9 % at 19.5 kW and a power
density of 6.4 kW/dm®. Moreover, it successfully complies with the CISPR
11 Class B Quasi-Peak (QP) EMI regulations for both operating modes, i.e.,
3-phase and 1-phase, while running at 4.5 kW.4# Compliance with the Class
B limits of the CISPR 11 regulations is critical, since the final application
corresponds to private charging in domestic environment. The concept can
be extended also to multilevel topologies, which is beneficial, in case increased
power density and/or efficiency is required.

1.3 Outline of the Thesis

The core of this thesis is structured in two parts (three chapters), whose
content is summarized herein. In particular:

PArT 1 - High-Frequency Inductors

» Chapter 2

The loss-optimal design of a power inductor employed in a 2 kW, 400V
DC/DC converter is analyzed in this chapter, for a given core and
type of coil, i.e., litz wire with fixed strand diameter. First, analytical
models are employed in order to identify certain trends and investigate
the impact of critical non-linearities, e.g., core saturation. Further, a
more accurate semi-numerical model is employed in order to confirm
the initial findings. The main results are extended to different core
size, different strand diameter, and distributed air-gap. A simple “two-
equation” guideline that leads to quasi-optimal designs is proposed, and
the design space diversity that may open design opportunities, with
respect to secondary objectives, is discussed. The above are verified
experimentally using three quasi-optimal Devices Under Test (DUTs)
and an accurate steady-state calorimetric setup.

> Chapter 3
In this chapter, a transient calorimetric measurement method of core
losses is presented. The main principles of the proposed method are

4During the EMI measurements, the power was limited to 4.5 kW, due to the power limitations
of the employed Line Impedance Stabilization Network (LISN) in 1-phase operation.
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discussed and a thorough analysis of the measurement uncertainties
is presented. This is done based on two different approaches, i.e., a
worst-case consideration, and a more realistic one, according to which,
each uncertainty follows a Gaussian distribution. The main findings
are verified through Finite Element Method (FEM) simulations, as well
as, experimentally, by comparison with a state-of-the-art electrical
measurement method (cf. Fig. 1.5(a)). Furthermore, measurements of a
HF NiZn ferrite material up to 50 MHz are presented and a step-by-step
description of the workflow is provided.

PART 2 - Universal EV Charger Mains Interfaces

>

Chapter 4

A universal boost-type PFC rectifier topology that allows for operation
at full/rated power in case of a 3-phase and a 1-phase mains is proposed.
The topology is based on the conventional two-level six-switch (2LB6) 3-
phase PFC rectifier which features simple and economical modifications.
All required modifications are discussed in detail. Moreover, the stress
on the main power components, i.e., semiconductors, boost inductors,
and DC-link capacitors, is evaluated for both operating modes, i.e., 3-
phase / 1-phase and a simple design guideline is presented. All sources
of conducted Electromagnetic Interference (EMI), i.e., Differential Mode
(DM) and Common Mode (CM), are analyzed for both operating modes
and the dominating ones are considered for the design guideline of the
EMI filter. The findings are experimentally verified by means of a 22 kW
hardware prototype. Finally, an extension of the proposed concept to
multilevel topologies is provided.

Conclusion and Outlook

>

Chapter 5

The most significant findings of this thesis, i.e., optimal operation of
magnetic components, accurate and fast measurement of magnetic core
losses, and the proposed universal mains interface, are summarized in
the conclusion. All challenges encountered along the way are discussed
and potential improvements are proposed. Finally, poorly understood
related topics are highlighted and, accordingly, future projects are
proposed.
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This chapter summarizes most relevant research findings also published in:

» P. Papamanolis, T. Guillod, F. Krismer, and ]J. W. Kolar, “Minimum
Loss Operation and Optimal Design of High-Frequency Inductors for
Defined Core and Litz Wire,” IEEE Open Journal of Power Electronics,
vol. 1, pp. 469—487, 2020.

» P.Papamanolis, F. Krismer, and J. W. Kolar, “Minimum Loss Operation
of High-Frequency Inductors,” in Proc. of the IEEE Applied Power Electron.
Conf. and Expo. (APEC), San Antonio, TX, USA, 2018.

Motivation
With the emergence of WBG semiconductors, power inductors have become the bottleneck
of power electronic converters. However, the low losses of these devices allow for increased
switching frequencies, which seem to be beneficial with respect to magnetic components.
In order to understand such potential, this work focuses on a systematic analysis of the
performance of power inductors, with respect to key system operating parameters, i.e., the

| switching frequency and the current ripple amplitude. |

19



Chapter 2. Minimum Loss Operation of High-Frequency Inductors

Executive Summary
This chapter studies the loss-optimal design of a power inductor employed in a 2 kW, 400V
input DC/DC converter. The design of an inductor is subject to a large number of design
parameters and the implications of the different parameters on the losses are often not clearly
traceable in a full optimization, e.g., different current ripple amplitudes can lead to designs
with similar losses, as larger ripple amplitudes lead to increased AC core and winding losses
but lower DC losses in the winding due to lower inductance values and/or lower numbers of
turns. In an effort to achieve a comprehensible description of the implications of the key
design parameters (switching frequency, f;, current ripple, r, number of turns, N) on the
losses, the remaining parameters, e.g., core (E55/28/21 N87) and type of conductor (litz wire),
are considered to be given. In a first step, the investigation is based on a simplified analytical
model, which is refined in a step-by-step manner, e.g., to consider core saturation. In a
second step, the implications of further critical aspects on the losses, e.g., temperatures of
core and coil, are examined using a comprehensive semi-numerical model. Surprisingly, the
evaluation of the losses calculated in the f;—r domain reveals that nearly minimum inductor
losses are obtained for a current ripple that is inversely proportional to the frequency, i.e., for
a constant inductance, within a wide frequency range, from 200 kHz to 1 MHz. Furthermore,
the investigation reveals a decrease of the losses for increasing frequencies up to 375 kHz, e.g.,
from 4.32 W at 8o kHz (r = 110 %) to 2.37 W at 375 kHz (r = 18 %). The detailed analysis related
to these results enables the compilation of a simple two-equation guideline for the design of
an inductor that achieves close to minimum losses. In a next step, interesting trade-offs are
identified based on a study of the design space diversity, e.g., with respect to low cost and
increased partial-load efficiency. The findings of this work are experimentally verified, i.e.,
the losses of three different inductors are measured with an accurate calorimetric method

| and at four different frequencies, ranging from 150 kHz to 700 kHz.

2.1 Introduction

Wide-bandgap semiconductors have lead to unprecedented switching frequen-
cies, f;, for power converters up to several MHz, commonly using modulation
strategies that allow for soft transitions of the semiconductors (e.g., Triangular
Current Modulation, TCM) [18,34]. This is motivated by the expected increase
in the power density on the system level, mainly due to the decrease of the
volume of the magnetic components and/or the filtering requirements, e.g.,
with respect to EMI CISPR regulations. Literature confirms this trend [35],
nevertheless, only from a system-level perspective. Applicability of this ex-
pectation on the magnetic components directly is not evident, and common
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r Ptot,l (Nopt,l)

P tot,2 (N opt,2)

P tot

I
|
|
fs,l fs,om fs,Z fs
System parameter (for provided specifications)
» Switching frequency - f;
Inductor design parameters

* Current ripple -

¢ Number of turns - N

. Air-gap length Condition: achieve r for given f;

Modified for each pair of (f; )
} Goal: minimize total losses - Py

* Core geometry: shape, volume, aspect ratios,
single/distributed gap
» Core material: MnZn ferrite, NiZn ferrite etc. Considered
* Coil type: solid wire, litz wire (diff. strand diam.), fixed
foil, flat wire, conventional/optimized turn place.
* Coil material: copper, aluminum

Fig. 2.1: Compilation of typical degrees of freedom available in an inductor design.
This work focuses on the choice of two key parameters, namely, switching frequency
and current ripple, while ensuring an optimal choice of the number of turns and the
air gap length. Further design parameters, e.g., magnetic core and type of conductor,
are considered given.
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Chapter 2. Minimum Loss Operation of High-Frequency Inductors

potential misconceptions, according to which magnetic components represent
the bottleneck of the complete systems, or that increasing frequency always
leads to smaller components, and/or that 50 % of allowed relative peak-to-peak
current ripple, r, is approximately optimal, remain unanswered. Investiga-
tions on a system level are less suitable to clarify the above, since designs
with significantly different design parameters can map to nearly same overall
performance values (e.g., efficiency, power density). This effect arises from
different trade-offs and is referred to as design space diversity [18]; by way
of example, increased switching frequencies may lead to smaller magnetic
components but larger cooling systems, due to increased switching losses.
Hence, individual component investigations are mandatory.

Such type of analysis has been previously conducted in literature, but
mostly with respect to the operation of medium-frequency transformers.
Specifically, using the Performance Factor (PF = Byotf;), the optimal region of
operation of a transformer, with respect to the applied level and frequency
of the magnetic flux density is defined [24,36-38]. This is further improved
in [19], where the impact of the High-Frequency (HF) copper losses is also
considered. A more systematic and detailed approach is presented in [39, 40].
However, these considerations are not directly applicable to inductors, since
critical key design parameters differ. Specifically, inductor designs feature
an additional Low-Frequency (LF) core premagnetization component and
also a different distribution of the magnetic field inside the winding window,
due to the fringing-field caused by the air gap. The value of the inductance
components of an inductor related to the stray field and the field in the
magnetic core is more critical compared to transformers and, depending on the
choice of f; and L, the rms value of the AC current component varies, whereas
in the case of the transformer it remains constant. Therefore, individual
analysis of power inductors is required.

Multiple references exist in literature solely focusing on inductor opti-
mization, divided into simple analytical models [41-44], semi-numerical and
data-based models [45], the most recent convex optimization geometric pro-
gram formulation [46] and finite element optimizations [47,48]. Nevertheless,
all the above focus on the modeling and optimization procedures and not
on understanding the actual optimal operation of power inductors, which
serves the main motivation behind this analysis. Such knowledge is critical
for the evaluation of the validity of different optimization results, and also
for the parametrization of the optimization algorithms, in order to become
more computationally efficient, by accurately focusing the main objectives
and the investigated region and parameter ranges of the design space [49].
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Fig. 2.2: (a) Considered topology of a DC/DC buck converter; (b) example of the
considered sinusoidal waveform of the current ripple instead of a triangular shape, for
fs = 80 kHz switching frequency and r = 110 % relative peak-to-peak current ripple.

As the following considerations should allow to gain insight into key
parameter dependencies, the number of parameters that take influence on
the inductor losses are reduced to a minimum, cf. Fig. 2.1. Specifically, the
magnetic core (N87 TDK - E55/28/21) and the type of conductor (litz wire with
single strand diameter, d;, of 100 um) are assumed as given. Moreover, the
simple topology of a 2 kW DC/DC buck converter, cf. Fig. 2.2(a) is considered,
that is operated with constant input and output voltages, and a sinusoidal in-
stead of a triangular shape of the AC current ripple, with the same peak value,
is assumed (cf. Fig. 2.2(b)), which typically results in a slight overestimation
of the core losses [50].

Moreover, the above considerations do not have an impact on the general-
ity of the findings, since similar magnetic excitations apply to typical AC/DC
and DC/AC topologies, i.e., triangular voltage-imposed flux density waveform
and LF current-imposed premagnetization. The implications of different core
shapes on the core losses can be considered by a constant shape factor [51].
Finally, different ferrite materials exhibit similar loss characteristics, in differ-
ent frequency ranges, as shown in the performance factor graphs presented
in [20,52].

With this, the analysis can emphasize on the implications of the remaining
three design degrees of freedom, i.e.,

1. switching frequency, f;
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Chapter 2. Minimum Loss Operation of High-Frequency Inductors

2. relative peak-to-peak current ripple (or inductance, assuming 50 % duty
cycle),

2Iacpk V.
r= i with IAC,pk = 2

Ipc 4fj’ (22)

3. number of turns, N,

on the losses. In Section 2.2, the impact of critical non-linearities, i.e., satu-
ration of the magnetic core and varying Steinmetz parameters for different
magnetic flux waveform characteristics (e.g., frequency, amplitude), is in-
vestigated using simple analytical equations. In addition, the optimal f; — r
operating area with regard to minimal inductor losses is inspected in detail,
revealing a flat characteristic around the minimum. In a second step, Sec-
tion 2.3 proposes and evaluates a detailed semi-numerical model in order
to take the following aspects, which have been omitted in Section 2.2, into
account:

> More accurate calculation of the copper AC resistance (e.g., by detailed
calculation of the magnetic field in the core window);

» Impacts of f;, AC and DC flux densities, and core temperature on the
core losses;

» Detailed thermal model;
> Placement of each turn in the coil (turn packaging).

Based on this, the initial findings from the analytical models are confirmed.
The results presented in Section 2.3, which are obtained for given core and
single strand diameter, denote the basis for further evaluation in Section 2.4,
where different design considerations are analyzed, i.e., distributed air gap,
different strand diameter of the litz wire, and different core size. Section 2.5
presents a simple "two-equation” guideline that directly leads to quasi-optimal
designs, and in Section 2.6 the design space diversity of inductors is inves-
tigated, which reveals further design opportunities, with respect to quasi-
optimal designs (i.e., up to +20 % losses from the global optima Py o, but at
lower manufacturing cost and improved partial load efficiency) [18,39]. Fi-
nally, in Section 2.7, all the above-mentioned findings are further confirmed
through experimental verification.
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Tab. 2.1: Main specification.

Parameter Value
Topology DC/DC buck converter
Nominal power (Pnom) 2kW
Input voltage (V;) 400V
Output voltage (V) 200V
Considered frequencies (f;) [40,1000 ] kHz
Efficiency profile Euro weighted efficiency [55]
Ambient temperature (T,p,) 60°C
Cooling mechanism Natural convection

2.2 Analytical Model and Basic Design
Principles

Tab. 2.1 lists the specifications of the considered DC/DC buck converter,
which have their origin in typical specifications of commercial solar inverters;
the output to input voltage ratio of 0.5 has been selected in order to consider
maximum current ripple. The considered ambient temperature, Ty, at 60 °C
corresponds to a commonly considered maximum case temperature of a
converter [53]. In addition, in Tab. 2.2, the main geometrical and electrical
parameters of the considered inductor are presented. The N87 ferrite core
material of TDK-EPCOS is a commonly used low-cost material that features
minimum losses for core temperatures between 80 °C and 90 °C and achieves
a high performance factor [52] in the considered operating range. The chosen
Es55/28/21 core allows for a thermally valid operation in an wide range of f;
and r. For this model, a distributed air gap on the centered limb is considered,
since, for this special case, an analytical solution exists for the magnetic field
distribution inside the core window [54]. Finally, the selected litz wire with
a single strand diameter of d; = 100 pm is a good compromise between low
losses and cost in the investigated ranges of f; and r.

2.2.1  Nonsaturable Core, Constant Steinmetz
Parameters

In a first step, the analysis neglects the presence of magnetic flux density
saturation, the frequency and flux density dependence of the Steinmetz pa-
rameters, and the influence of the core DC premagnetization on the core
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Chapter 2. Minimum Loss Operation of High-Frequency Inductors

Tab. 2.2: Main design parameters.

Parameter Value
Ferrite core MnZn N87 E 55/28/21
Type of coil Round litz wire, d; = 100 pm
Core volume (V) 44000 mm?
Core cross-section (Ac) 353 mm?
Winding window area (Ay) 250 mm?
Winding window width (wy,) 10.2 mm
Average turn length (loyg) * 116 mm
Copper fill factor (k) ! 30%
Copper conductivity (o) ! 50 - 10° S/m
Mag. flux density sat. (Bsat) 360mT
Steinmetz par. (ksg, @, ) ! 9.66, 1.30, 2.59
Core temperature (Teore) * 80°C
This value applies only to the analytical model, discussed in
Section 2.2.

losses. Even though this approach is of limited accuracy, its results enable the
deduction of first conclusions with regard to suitable values of f;, r, and N.

The inductor losses are split into copper and core losses. The copper losses
feature DC and AC components,

I NI
2 AC,pk avg
Pcytot = Roclpe + coRpe »Roc = —=, (22)
_— oke R
~——— ——
Peupc Pcy,ac

where ¢y considers skin and proximity effects [54],

2
1+ L (M) Y d, < 3.176,

=4\ 2 (23)
1 (de , 8Ckew)? ’

In (2.3), § and wy, denote the skin depth and the width of the core window,
respectively.

The magnetic flux density can be separated into a current-imposed DC
component and a voltage-imposed AC component,

_ LIpc V.

Bpc = ——, Bpc = —>—. .
DC NA. AC 4f.NA, (2.4)

Since the implications of Bpc on the core losses are neglected in this Section,
only Bac contributes to the core losses, which, for sinusoidal waveforms, are
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2.2. Analytical Model and Basic Design Principles

calculated with the Steinmetz Equation (SE) [23],

aph a—f Vo g
Peore = VckSEf; BAC = VckSEf; m . (2:5)

With (2.2) and (2.5) the total inductor losses are

Piot = PCu,tot + Peore = clN2 + czNiﬁ (2-6)
with
o = Poytot (32fXI5cL? + o V) Lavg (27)
'TON? 320Awkef2L? ' '
B
P, _ V.
c, = 1\;‘11; = ch;a ﬁkSE (41:C) . (28)
For dPot/dN = 0, the optimal number of turns,
B\ 77
Cy | 2
Nopt = (Ec_l) s (29)

results, which enables the derivation of the optimum ratio between core
and copper losses, with respect to minimum total losses, as often stated in
literature [56,57],

P core _ 4 (2 10)
P Cu,tot

N=Nopt

The minimum total losses for given inductance and switching frequency are

B
c f2L2 +1 2B z(a;zﬁ)
Ptot,opt = Ptot(Nopt) =Cq (“T) f; “ 5 (2-11)
with
28 2 B ﬁ
ksg Vo™ Ve Colavg
c3=(2+p) 7 , (2.12)
24! 512Aykeo 8
3212
cy = c_‘lf)zc' (2.13)
0VYo
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According to (2.11) and for constant frequency, the total losses for N = Np;
monotonically decrease for increasing inductance and, for L — 0,> converge
to

B 2a-p)
Ptot,opt(fé)lL_mo = Peonv(fs) = C3C:+ﬂf; w (2.14)

The resulting non-zero value of P.opny (f5) is related to the fact that both, copper
losses and core losses, cannot approach zero, since Inc and Bac are constant
(independent of L - assuming constant N) and greater than zero. In addition,
the copper losses increase for increasing N and the core losses decrease for
increasing N, cf. (2.2) and (2.5). Thus, for L — oo, the optimal number of
turns converges to a finite value greater than zero, too, in order to maintain

Pcore/PCu,tot = 2/,3 ~ Pcore/PCu,DCa

a-p
ngrolo Nopt = Neonv = csf; > (2.15)

1
B B
27 2o A kikse (%) Ve

2
IDC lan

cs = (2.16)

In contrast, the value of P.ony (f;) monotonically decreases for increasing
frequency, given that @« < f applies, and converges to zero for f; — oo,
cf. (2.14). The reason for this result can be explained based on the decrease of
the voltage time area due to the increase of f;, which enables a decrease of the
core losses. This, in turn, is accompanied by a decrease of the copper losses
in order to maintain Peore/Pcutot = 2/. Accordingly, also Ny approaches
zero for f; — oo (to approach zero copper losses).3

Fig. 2.3(a) depicts an f;—r contour plot of the total losses (including losses
due to skin and proximity effects) for the parameters listed in Tab. 2.2 and an
extended range of operating points, i.e.,

50kHz < f; <1MHz and 1% < r < 500 %, (2.17)

to obtain a more complete picture.* Fig. 2.3(a) confirms the findings described
above:

2L — oo is theoretically evaluated by assuming infinite permeability of the ferrite core and
an air gap that approaches zero.

3For the analysis, a non-integer number of turns is allowed.

4The maximum ripple in a practical system with MOSFET semiconductors may not exceed
the value needed for quasi-lossless switching, i.e., approximately 200 %.
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Fig. 2.3: Contour plots of the total losses, for the f;—r-plane defined with (2.17) and four
distinct cases: (a) no saturation limit, constant Steinmetz parameters; (b) saturation
limit of 360 mT, constant Steinmetz parameters; (c) and (d) saturation limit of 360 mT,
operating-point dependent Steinmetz parameters; (c) only considers the implications
of Boc and f; on ks, a, and f; (d), in addition, takes the impact of Bpc on the Steinmetz
parameters into account.
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Fig. 2.4: Investigation of the optimal ripple (or inductance), ropt (or Lopt), for two
different frequencies, i.e., (a) 20 kHz, and (b) 375 kHz. For both frequencies, the cases
of magnetic flux density going to infinity and limited at 360 mT are depicted.

1. For a given frequency, minimum total losses result for L — co (corre-
sponding to r — 0);

2. The value of Py (f5), i.e., the total losses for r — 0, decreases for
increasing frequency.

2.2.2 Saturable Core, Constant Steinmetz Parameters

For L approaching infinity and N approaching the finite value Niony, the
current-imposed DC flux component approaches infinity, cf. (2.4). This is
not realistic, due to saturation of the magnetic core. In the following, the
magnetic flux density saturation limit of the considered ferrite core, Bgt, is
set to 360 mT.

In order to get an understanding of the implications of the magnetic flux
density saturation limit on the optimal ripple value, Fig. 2.4 presents the
characteristics of the losses, the optimal number of turns for given r and f;,
and the flux densities with respect to ripple and for two different frequencies
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of 20kHz and 375kHz.5 It can be observed that, due to Bpc + Bac < Bgat,
a clear loss minimum, Py, results for a given frequency, which appears
at a ripple rop; that is slightly less but close to rg, i.e., the ripple where
the theoretically calculated magnetic flux density is equal to the saturation
magnetic flux density. Below this ripple there is a steep increase of N, in order
to limit the magnetic flux density. The difference between o, and g, arises,
because in this limited interval the decrease of the AC copper losses, Pcy ac,
for decreasing r, together with the decrease of Pore due to the increase of N,
outweigh the increase of the DC resistance, Rpc. A theoretical verification
of the impact of Pcyac on ropt has been conducted by applying Pcyac = 0
in (2.2), which yields

Piot =Ppin Vr 21t ©  Pcyac =0. (2~18)

Even though this result is mainly of theoretical value, it confirms that rqp; <
Fsat can only result for Poy ac > 0.5 With increasing frequency, the values
of rgat and rop decrease and, in addition, rope approaches rgy, e.g., at 375 kHz,
Topt = Tsat applies.

The f;—r contour plot of the total losses that considers the saturation limit
is shown in Fig. 2.3(b). Four regions are highlighted. Region (1) corresponds
to thermally valid designs that are not limited by saturation and can acquire
their corresponding optimal number of turns. Region (2) corresponds to
designs that are limited by saturation. The trajectory of rg,, which is approxi-
mately equal to the trajectory of rop, delimits the two regions. Regions (3),
(4) correspond to thermally invalid designs due to excessive AC copper/core
losses and DC copper losses, respectively.

No analytical solution has been found for 7y, however, an analytical
expression can be derived for rg; and, using (2.1), for Lg. Subsequently,
Lopt = Lgy; is considered, based on the assumption that rp; is close to rg,.
Starting with (2.4),

4f;Llpc + V,
Btot = Boc + Bac = Bsat = N = 4FA Bt (219)
applies for N. Furthermore, N needs to be equal to Ny, cf. (2.9), in order to
obtain minimum losses. The equation N = Nqp; can be solved with respect

5The frequency value of 20 kHz is considered only in this section for better understanding of
the analysis, nevertheless, it is a non-optimal frequency for the considered core material and,
thus, for the rest of the analysis is omitted.

®In addition, and in anticipation of the results discussed in Section 2.3, the finding (2.18) will
contribute to the reason why the loss optimum computed with the detailed inductor model is
rather flat within a relatively wide range of r.
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to L based on the assumption that BlzDC > Bic applies,” which is a valid
assumption in the considered frequency range. With this,

1
B _g\ =B
oAwkeksg S (X—‘:) Vefs g
Nopt = (2.20)
op 21+2f 112) c lavg
and
ap V.
Lot ~ ¢ .77 ——2— ~ Loy, 2.21
sat 6f; 4 fs IDC opt ( )
Lsat,a
Lsat,b
= -
ATP B, (z—l-zﬁaAkakSEﬁVf Vc) 7
Ce = PV (2.22)
Zp 24P
Inc lavg
result.

Compared to the numerically derived value of Lgy, (2.21) results in a

maximum deviation of 0.64 % at f; = 100kHz and converges to zero for
increasing frequency. At higher frequencies, the first term, Lg, 5, becomes
dominant and, in a double-logarithmic representation,
a-p
2+p
log(Lsata) is directly proportional to log(f;). By way of example, for the
settings listed in Tab. 2.2 (¢ = 1.30, f = 2.59), (« — p)/(2 + ) = —0.28
results, which, in terms of decibel (dB), corresponds to a change of Ly, o (f5)
by —5.6 dB/decade.

According to the findings related to (2.18), Lopt ~ Ly is valid if the AC
copper losses have a negligible impact on the DC losses, i.e., for a low ratio

of AC to DC copper losses. At L = Ly, this ratio is obtained based on (2.2)
and (2.20),

log(Lsata) = log(cs) + log(f5), (2.23)

Pcyacsat (f;) Co ( Vo

100% ~ — | ——
PCu,DC,sat (fs) 32 fSLsatIDC

For the considered specifications, the result, marked with (i) in Fig. 2.5, shows

2
) 100%. (2.24)

"By applying (2.4) to 312)C > B‘ic, the inequality 16(fiLIpc)? > V2 results. With this, and
for the assumption of a negligible impact of high-frequency losses due to skin and proximity
effects (co = 1), the expression 32(f; LIpc)? + co V2, which appears in the course of the derivation

of (2.20), can be replaced by 32( fiLIpc)?.
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Fig. 2.5: Ratio of AC to DC copper losses with respect to switching frequency and for
L = Lopt. Three distinct cases are depicted, (i) for constant Steinmetz parameters, (ii)
for Steinmetz parameters that take into consideration the impact of f;, Bac, and (iii)
for Steinmetz parameters that take into consideration the impact of f;, Bac, Bpc-

that the AC copper losses are less than 15 % of the DC copper losses within the
complete range of considered frequencies, and the calculated relative error
between Ppi, and Py (7sat) is less than 1%. Nevertheless, even for the extreme
case of 20 kHz, considered above, evaluation revealed that the relative error
between Ppi, and Pyot(rsa) drops below 8 % already for an AC to DC copper
loss ratio equal to 50 %.

Finally, since the condition Pcyac < Pcupc at Lg for fi €
[50 kHz, 1000 kHz] is validated, the optimal losses and number of turns, that
correspond to each Loy - f; pair can be directly calculated using (2.15) and
(2.14), respectively. Comparison between the estimated ones through (2.15)
and (2.14) and the ones using a brute-force evaluation approach returns an ab-
solute maximum error below 1% that converges towards zero with increasing
frequency, for both values.

2.2.3 Steinmetz Parameters Dependent on f; and Bac

Since the Steinmetz parameters are obtained from an exponential fitting to
measured core losses of the employed material, they are only valid within a
limited range of operation. In order to increase the accuracy of the computed
core losses, the employed Steinmetz parameters need to be adapted to the
operating point, which, with regard to core losses, is mainly characterized
by the magnetic flux density (frequency, amplitude of AC component, DC
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Fig. 2.6: Contour plot of the values of the Steinmetz parameters «, f with respect to
the amplitude and the frequency of the applied AC magnetic flux density. The values
are extracted using local Least Mean Square (LMS) fitting of the Steinmetz Equation on
measured loss-data at 8o °C and a DC premagnetization equal to 0 mT (cf. Section 2.3).
Additionally, a trajectory is highlighted that corresponds to the optimal designs, Lopt,
of E55/28/21 core depicted in Fig. 2.3(c), Fig. 2.7.
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bias) and the core temperature. Fig. 2.6(a), (b) depicts the values of & and 8
with respect to f; and Bac for the N87 material, T.ore = 80 °C, and Bpc = 0T.
The values are obtained with local Least Mean Square (LMS) fittings of the
Steinmetz Equation (SE) to measured losses (cf. Section 2.3). It can be seen
that « < f applies for most combinations of f; and Bac, except for high
frequencies, where the two parameters show approximately equal values;
for f > 350kHz even o > f applies at some regions. The white regions in
Fig. 2.6 correspond to regions where the resulting loss density is outside the
limits of interest, i.e., 0.5kW/m> < pcore < 1000 kW /m?>. It should be noted
that that these two maps change for different values of T ore and Bpc.

Fig. 2.3(c) shows a contour plot of the losses that results for (2.6) if the
impact of the frequency and the AC magnetic flux density on the Steinmetz
parameters is considered. The contour plot reveals a significantly flat region of
low losses between 200 kHz and 1000 kHz. Since the characteristic properties
of the losses along the minimum-loss trajectory marked with Lo, are of
particular interest, Fig. 2.7 presents a direct comparison of Py, L, N, Bpc, Bac,
and Byt along these trajectories in Fig. 2.3(b) and Fig. 2.3(c), i.e., for constant
and for operating-point dependent Steinmetz parameters (with respect to
fs, Bac). In addition, the minimum-loss trajectory of Fig. 2.3(c) is also plotted
in Fig. 2.6. According to Fig. 2.7, deviations between the results appear for
fs > 200 kHz. There, the minimum losses are nearly constant with respect
to frequency if the Steinmetz parameters are adapted to the operating point.
A view on Fig. 2.6(a) reveals that the characteristic of « along the optimal
trajectory experiences a sharp rise from 1.6 to 2.2 (approaching the value of
B) around 200 kHz, and, at 300 kHz, enters the region where o ~ f§ applies.
With this, Fig. 2.7 confirms the findings related to (2.14), (2.20), and (2.21), that
the minimum losses, the optimal inductance, and the optimal number of turns
are independent of frequency given that @ = § applies. Moreover, the result
confirms that the optimal designs are all limited by saturation.

2.2.4 Steinmetz Parameters Dependent on f;, Bac, Bpc

DC flux premagnetization has, potentially, a strong impact on the core losses
of commonly employed magnetic core materials [27]. Fig. 2.3(d) depicts the
contour plot of the core losses for DC premagnetization being considered.
Compared to Fig. 2.3(c), an increase of the losses is observed in low-loss
regions, e.g., at f; = 500 kHz and r = 10 %. Furthermore, for given frequency,
the minimum-loss trajectory, rop, yields a higher ripple than the trajectory
rsat- In order to investigate the reason for this result, Fig. 2.8 details the
characteristics of losses, inductance, and flux densities along the two tra-
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Fig. 2.7: Loss-optimal designs over frequency using the analytical model for two
distinct cases, i.e., i. with AC proximity losses and constant Steinmetz parameters,
ii. with AC proximity losses and Steinmetz parameters that take into consideration
the impact of AC magnetic flux density and switching frequency for a constant
temperature of 80 °C and Bpc = 0 mT.
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Fig. 2.8: Comparison of the main performance characteristics of the two trajectories
Lopt and Lgat depicted in Fig. 2.3(d).
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jectories, which reveals a substantial decrease of Bpc, from approximately
300 — 350mT at L = L to 150 mT at L = Lgy. Furthermore, the losses
increase only slightly when L increases from Lop; t0 Ly, with a maximum
deviation of 23.4 % at 1 MHz and an average deviation of 12.6 %. Accordingly,
also the core losses and the total copper losses remain approximately similar,
in order to maintain a loss ratio of 2 over f. Since the AC copper losses even
increase for increasing ripple (the ratio Pcy ac/Pcupc reaches values between
20 % and 30 %, as shown with curve (iii) in Fig. 2.5), the loss reduction achieved
by decreasing the inductance from L, to Loy only stems from the reduction
of the DC premagnetization, Bpc, that enables a reduction of the core losses.

2.2.5 Main Observations and the Three Quasi-Optimal
Ranges

According to the above findings, optimal inductor designs feature a monotoni-
cally decreasing current ripple amplitude with increasing frequency that leads
to an approximately constant inductance value. Moreover, designs with peak
flux densities near saturation feature losses that are close to the optimum (for
given frequency). The total losses decrease for increasing frequency, reaching
a global loss minimum approximately at the point where the Steinmetz pa-
rameters « and f are equal. Around this point the total losses are relatively
flat, with respect to all three design degrees of freedom: N, r, and f;. In this
regard, a range can be defined for each of the three degrees of freedom in
order to identify inductor designs that feature almost minimum losses.

Flat range A — number of turns

In case of flat range A, the ripple and the switching frequency are kept con-
stant, and N is changed, starting from the optimal value, Nypi. The derivation
starts with the total losses (2.6), which can be expressed as a function of the
optimal number of turns (2.9), and while assuming already a loss ratio of 2
over f,

MZL[E( N )Z(i)ﬁ]. (029
Ptot,opt 2+ ,B 2 Nopt Nopt

Expression (2.25) enables the calculation of N for a defined acceptable increase
of the total inductor losses (with respect to the minimum inductor losses).
However, no closed form solution is found and (2.25) needs to be solved
numerically, instead. Fig. 2.9 presents the boundaries of flat range A for an
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Fig. 2.9: Relative deviation from the optimal number of turns as a function of . The
gray area denotes the range of N that leads to an increase of the total losses of less
than 20 %. The lower and upper boundaries are directly calculated using (2.26) and
(2.27), respectively.

accepted loss increase of 20 %, i.e., Piot(N)/Piot(Nopt) = 1.2, and 2 < f < 3.
The region enclosing the applicable range of N, Ny optmin < N < Ngopt,max 18
split into the two regions @) and (2). Region (@) results in better performance
at partial load and region (2) results in better performance in case of overload
operation. This will be further discussed in Section 2.6, where the design
space diversity of the inductor is investigated. The depicted boundaries can
be approximated by means of LMS fitting,

Ngoptmin ~ (0.6343 +0.05058) Nop, (2.26)
Ngoptmax = (1.4835 — 0.0610/8) Nopt (2.27)

(the error between numerical and approximated results is less than 0.2 % for
2 < B < 3). Note that (2.26) and (2.27) are of universal character, i.e., not
limited to the settings listed in Tables 2.1 and 2.2.

Flat range B - ripple

This flat range considers changing ripple, constant frequency, and optimal
number of turns (at each individual operating point); the corresponding
trajectories are vertical lines in the contour plots shown in Fig. 2.3. Fig. 2.4
illustrates respective examples for f = 20 kHz and f = 375kHz and, in case of
f = 375kHz, reveals low total losses, close to the respective minima, within a
relatively wide range of r. In addition, the impact of the DC bias on the core
losses increases this range towards higher ripple values, due to the decreasing
core losses, which provides a certain compensation of the increasing AC
copper losses, cf. Section 2.2.4.
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Flat range C - along L, trajectory

The last flat range is along the trajectory of optimal inductance, Loy, high-
lighted in Fig. 2.3, and depends entirely on the relationship between « and .
For ferrite N87, this trajectory can be split into the two ranges listed below,
cf. Fig. 2.8.

» 50kHz < f; < 150kHz: a € [1.3,1.6], f € [2.6,2.7]; with (2.14),
Priotopt fs_o'60 . .fs_o'43 x 1/\/]7S results;

» 250kHz < f; < 850kHz: a = f = 2 applies, i.e., with (2.14), Piotopt
remains approximately constant.

The second range corresponds to flat range C and is an unchanged optimal
design, since the inductance value and the number of turns remain approxi-
mately constant as well. This can be particularly beneficial for conventional
TCM operation, where different frequencies are applied to the same magnetic
component.

2.3 Semi-Numerical Analysis

This Section revisits the analysis of Section 2.2, using a detailed semi-
numerical model in order to clarify that the drawn conclusions remain true
if previously disregarded effects, in particular due to elevated temperatures
of core and coil, are taken into consideration. For this, the analyzed range is
slightly modified to the more practical range

40kHz < f; < 1MHz and 2% < r < 200 %. (2.28)

The employed ElectroMagnetic-Thermal (EMT) coupled inductor model is
entirely implemented in MATLAB [58] and provides the capabilities listed
below.

> Core losses are calculated with the improved General Steinmetz Equa-
tion (iGSE) [25]. The Steinmetz parameters are extracted by means of
interpolation, using pre-measured loss values, that take the implica-
tions of AC magnetic flux density, frequency, core temperature, and DC
premagnetization into consideration [21]. The losses of the employed
core material, N87, have been measured using the method proposed

in [59].
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2.3. Semi-Numerical Analysis

> AC copper losses in the HF litz wire are determined according to [60]
with the magnetic field in the core window being computed with the
mirroring method [45].

> The thermal model, which is based on [56] and extended according to [21],
considers the heat dissipation mechanisms of conduction, convection,
and radiation in order to compute the surface temperatures of coil and
core and the hot-spot temperature inside the coil.

The EMT model implements an iterative procedure to take the implications of
elevated temperatures on core and copper losses into account, i.e., the losses
and the temperatures are computed in a subsequent manner until both, losses
and temperatures, reach convergence. The employed EMT modeling approach
has been experimentally verified in several converter designs, e.g., [61,62].

For the analysis, and unless otherwise specified, the following considera-
tions apply:

1. The cooling of the component is entirely based on natural convection
and no forced air-flow is considered.

2. The core has a single air gap per core limb (instead of the distributed air
gap assumed in Section 2.2 to simplify the analysis), since this denotes
a more common type of realization.

2.3.1 Optimization with Respect to N

For each operating point characterized with f; and r, the number of turns is
optimized with respect to the losses and, under the assumption of a constant
fill factor, this is expected to lead to an approximately equal share between the
core and copper losses. Figs. 2.10, 2.11 reveals air-gap lengths, flux densities,
and losses with respect to N for the two selected operating points f; = 80 kHz,
r =110% and f; = 375kHz, r = 18 % (the global loss minimum); these two
operating points serve as basis for the further analysis and are referred to
with OP; and OP;, respectively.

The designs are limited by saturation in case of low N and by impractically
large air gap values at high N, whereas the maximum air-gap lengths are
limited to 30 % of the height of the core window. Due to the varying fill factor,
which results from the packaging of the turns, local optima exist.

Despite the varying fill factor, the applicability of (2.25) and (2.26), (2.27)
is also confirmed by direct comparison with the peaks of the bars. Specifically,
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Fig. 2.10: Air-gap length, flux density, and losses for different numbers of turns for
the following operating point: f; = 80 kHz, r = 110 %. Local minima, Py, and flat
ranges A (cf. 2.2.5) are marked for both cases. The dashed trajectory denoted as trend
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corresponds to application of (2.25).
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Fig. 2.11: Air-gap length, flux density, and losses for different numbers of turns for
the following operating point: f; = 375kHz, r = 18 %. Local minima, Py, and flat
ranges A (cf. 2.2.5) are marked for both cases. The dashed trajectory denoted as trend
corresponds to application of (2.25).
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using i. for the case of 8o kHz a § of 2.638, Nopt equal to 22 and Piot,opt €qual
to 4.32 W, and ii. for the case of 375kHz a f§ of 2.28%, Ny, equal to 18 and
Piotopt €qual to 2.37 W the analytical solutions of flat range A are denoted as
trend. The analytically derived margins of the quasi optimal operation using
(2.26), (2.27) are [16.9, 29.1] and [13.5, 24.2] turns, respectively. Finally, the
ratio between the core and copper losses varies around the theoretical 2/
from 0.2 to 2.2. Direct comparison between the two optimizations depicted
in Fig. 2.10, 2.1 confirms the initial conclusion, that at higher frequency and
lower ripple, the total losses decrease substantially.

2.3.2 Optimization with Respect to f; and r

Applying the presented local optimization with respect to the number of
turns to all the points of (2.28), the contour plots of Fig. 2.12 result. Starting
from Fig. 2.12(a) the total losses of each operating point of the optimization
are presented. This contour is the equivalent of the analytically calculated
result presented in Fig. 2.3(d). Even though, a direct comparison of the two
contour plots reveals a similar trend with respect to loss-minimal operation,
also significant deviations of the absolute losses can be observed. The main
reasons for this difference are, the lower achieved fill factor, the more ac-
curate estimation of the magnetic field inside the winding window, using
the mirroring method, the consideration of a single air-gap per limb, instead
of a distributed one, and the impact of the temperature on the core losses.
Introduced noise, mainly apparent in Fig. 2.12(b), (c), results from the turn’s
packaging and the measured core loss data.

Fig. 2.12 also presents the global optimum, Py ope = 2.4 W, which corre-
sponds to OP,, and two critical trajectories, i.e., the trajectory of minimum
losses for changing frequencies, marked with rqp, and the trajectory of chang-
ing ripple, constant frequency (f = 375kHz), and optimal N, marked with
T375°

In the course of a closer inspection of Fig. 2.12(a), four characteristic
regions are identified.

» Region () is delimited by two dashed white lines, which illustrate the
frequency-dependent changes of the two boundaries of the flat range B
for a maximum increase of the losses by 20 % [for a given frequency and

8The value corresponds to a core temperature of 89 °C, AC magnetic flux density peak value
of 80.2mT and a DC premagnetization of 146 mT.

9The value corresponds to a core temperature of 77 °C, AC magnetic flux density peak value
of 20.9mT and a DC premagnetization of 233 mT.
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Fig. 2.12: Contour plot of (a) total losses, (b) core losses, and (c) total copper losses,
for the fs — r-plane defined in (2.28). In (a), two trajectories are highlighted: rqpt,
which corresponds to the minimum losses for changing frequency, and r5;5, which
corresponds to a changing ripple, a constant frequency of 375 kHz, and an optimum
number of turns. The global optimum, P o = 2.4 W, occurs at f; = 375kHz, r = 18 %
and is marked with a red star.

45



Chapter 2. Minimum Loss Operation of High-Frequency Inductors

with respect to the losses at rop(fs)]. The designs within this region
are most suitable for realization.

» Region (2) corresponds to suboptimal designs, which are thermally
valid, nevertheless, generate unnecessarily high losses.

> Regions (3) and (4) include invalid designs that will heat above the
defined thermal limit, i.e., all temperatures must remain less than 125 °C.
Region (3) is limited by AC (copper and core) losses and region (4) by
DC copper losses, cf. Figs. 2.12(b), (c).

Fig. 2.13 presents the contours of the corresponding hot-spot temperature
inside the coil, T, the peak magnetic flux density, and the optimal number of
turns, respectively. The hot-spot temperature follows a trend that is identical
to the trend of the total losses shown in Fig. 2.12(a) and remains less than 100 °C
for f > 100 kHz and an assumed ambient temperature of 60 °C. According to
Fig. 2.13(b), designs with peak flux densities ranging from 140 mT to 360 mT
can result in optimal operation. This confirms the finding that, for increasing
ripple, the decrease of the DC flux bias leads to a decrease of the core losses,
which can compensate the increase of the AC copper losses within flat range B.
Fig. 2.13(c) highlights the fact that with increasing frequency and/or ripple
the optimal number of turns decreases in order to lower the impact of the AC
copper losses on the total losses. In case of low ripple values, the designs are
limited by saturation, leading to a steep increase of the optimal number of
turns for decreasing ripple. Finally, Fig. 2.13(c) also highlights the realized
inductors and the operating points for experimental verification presented in
Section 2.7.

2.3.3 Investigation of 7,y

Fig. 2.14 presents the losses and the inductors’ characteristic values (L, N,
B, and Jims) along the rop(f;) trajectory. The region of low losses, close to
the global minimum of 2.4 W, is very flat and starts at 200 kHz. Based on
this, operation above 200 kHz to 300 kHz may not provide us with additional
benefits on a system level, since the remaining converter losses, e.g., switching
losses of semiconductors, will keep increasing. Alternatively, different core
material that features higher PF at these frequencies can be considered.

The graphs of Lop; and B in Fig. 2.14 confirm the finding of the analysis of
Section 2.2 that, with respect to decreasing ripple, the flat range B extends
to saturation limited designs. Fig. 2.15 presents a comparison of the optimal
designs to the designs limited by saturation with respect to frequency and
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Fig. 2.13: Contour plots of (a) hot-spot temperature inside the coil, (b) peak magnetic
flux density, and (c) optimal number of turns. The presented values are used to compute

the losses in Fig. 2.12.
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Fig. 2.14: Losses and characteristic values of the corresponding inductor designs
along the trajectory ropt shown in Fig. 2.12(a). The result reveals the flat range C,
which starts at 200 kHz. The gray regions shown in the graphs of Lopt and B denote
suboptimal designs according to flat range B that feature an increase of the total losses
by less than 20 %.
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Fig. 2.15: Comparison of the designs along the ropt trajectory to the designs that are
marginally limited by saturation in Fig. 2.12(a).

Fig. 2.16(a) depicts the corresponding Steinmetz parameters for the saturation
limited designs, which confirm monotonically decreasing losses in case of
a < ff and constant losses for a = f5.

Close inspection of the flat region C at frequencies above the frequency
featuring the global minimum reveals constant values of Npt, Lopt, and AC
copper losses and slowly increasing core losses. From (2.5), an increase of
the core losses with increasing f; is expected, since « > f applies in this
region, cf. Fig. 2.16(a). With regard to the analysis of the AC copper losses,
the factors F; and G;, used to compute the implications of skin and proximity
effects in round wires [60], first need to be investigated. Fig. 2.17 depicts
F:(f) and G;(f;) and reveals that, for d; = 100 pm, the losses due to skin
effect, Pcyskin, are negligible in the considered frequency range (F; =~ 0.5)
and G, is proportional to f2. In addition, the AC magnetic field inside the
winding window is proportional to Iac pk, which for constant L is inversely
proportional to f;, cf. (2.1). Based on the assumption that the proximity
losses dominate the AC copper losses (at 375 kHz the ratio between AC to DC
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Fig. 2.16: Steinmetz parameters o and § and core losses density, pcore, that correspond
to the optimal designs along the ropt trajectory of (a) the E55/28/21 core of Fig. 2.12(a)
and (b) the E47/20/16 core of Fig. 2.20(c).

resistance is equal to 20.4),

Pcyac = Rpe Gy le\C,pk = const. (2.29)
——

ocf2
£

applies, which explains the constant AC copper losses at high frequencies
observed in Fig. 2.14.

The ratio between the copper and core losses fluctuates around the theo-
retical optimal of 2/, for f; > 50 kHz. This is attributed to small fluctuations
of the fill factor and the integer number of turns. However, according to
Fig. 2.14, 2/f does not apply for 40kHz < f; < 50 kHz and the optimal ratio
of copper to core losses is found to be approximately 1/f, instead. This result
is linked to the copper fill factor, kg, that results for technically possible ar-
rangements of the conductors inside the core window for different values of
N. Fig. 2.18 illustrates optimal fittings of litz wire with round cross section
and for N ranging from 21 to 36 (due to half-plane symmetry only half of
the E-core is shown and, in addition, the area occupied by the coilformer is
highlighted). It can be observed that k¢ ranges from 16.6 % to 24.5 %.

At higher frequencies, the optimal number of turns is close to 20 and
the fill factor is approximately constant. However, at lower frequencies, Nop;
increases and the inductor design enters the region of Fig. 2.18(c), where the
wire diameter, dyire, is constant (and comparably small, in order to accommo-
date three layers of conductors in the core window). Thus, kg is proportional
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Fig. 2.17: The factors for modeling AC losses due to proximity and skin effects, G,
and F;, plotted against frequency and for two different single strand diameters of a
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to N,
k= ———, (2.30)

where Ayire is the copper cross-section area of the conductor. With this,

Nlavg
Rpc = (2.31)

O'Awire

results, which gives total losses of
Pt = ¢;N + czN_ﬁ, (2.32)
(32f2I3 L% + coVE) lavg (59
c, = , 2.

7 320 Awire [2L2 33

and, at the optimal number of turns, leads to a ratio of core to copper losses

of

ﬁ = l (2.34)
P Cu,tot

N:Nopt

2.3.4 Trajectory of Constant Frequency, r;;

Fig. 2.19 presents the losses and the inductor properties along the trajectory
marked with 75,5 in Fig. 2.12(a), i.e., for a constant frequency of f; = 375 kHz.
Compared to the losses computed with the analytical model in Section 2.2 and
presented in Fig. 2.4(b), substantial differences between the absolute values of
the losses are observed that mainly arise from the operating-point dependent
Steinmetz parameters. Yet, the trends and the absolute values of the ripple
are almost identical and two main findings of the previous Section can be
verified. Firstly, the total losses decrease for increasing L (decreasing r) and
L < Lgat ® Lopt. This is attributed to the AC copper losses, where the decrease
of Incpk (and hence the Hacpx) dominates the minor increase of the optimal
number of turns, i.e., Nopt, which remains constant for 18 % < r < 34 % and
decreases only slightly for 34 % < r < 50 % (the value of G, remains constant,
due to consideration of constant frequency). Secondly, in accordance to the
findings of Section 2.2.5, the value of Bpc increases for increasing L (decreasing
r) and, with this, also the core losses slightly increase, which compensates
the increase of the AC copper losses within flat range B, 11% < r < 46 %.
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Fig. 2.19: Detailed investigation of the losses and inductor properties determined with

the EMT inductor model along the trajectory of varying ripple and constant frequency
of fs = 375kHz, ry;5, in Fig. 2.12(a). Flat range B, 11% < r < 46 %, is highlighted.
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2.3.5 Main Findings

With the proposed semi-numerical model, the main findings of Section 2.2,
namely optimal region of operation and main design trends, are confirmed,
despite the different levels of detail of the employed models. The main dif-
ference lies in the absolute value of the total losses, which could lead to a
thermally invalid design, if only the analytical approach is considered. In
Section 2.5, a direct comparison between the two models is conducted and
the obtained result further confirms the above findings.

2.4 Validation with Further Designs

In order to confirm the generality of the above findings, three different cases,
for same specifications of Tab. 2.1, are investigated with the EMT inductor
model used in Section 2.3:

1. Distributed air gap;
2. Litz wire strand diameter of 300 um

3. Core E47/20/16 (smaller than E55/28/21).

2.4.1 Distributed Air Gap

For the analysis of the distributed air gap, seven symmetrically distributed
air gaps at the center core-limb are considered. The contour plot of the total
losses is depicted in Fig. 2.20(a). The basic observations are the following:

> The impact of the distributed air gap on the global loss minimum,
the vicinity of the loss-optimal region, and the optimal frequency is
relatively low; specifically, Py opt decreases from 2.4 W to 2.2 W and f;
changes from 375 kHz to 350 kHz.

» Compared to Fig. 2.12(a), the flat range B is wider, e.g., in comparison
to the example analyzed in Section 2.3.4, cf. Fig. 2.19,10% < r < 64 %
applies at f; = 375 kHz, which is due to reduced HF AC copper losses
arising from the proximity effect. Accordingly, rop; increases from 20 %
to 28 % and the upper boundary of region (2) of Fig. 2.12(a), i.e., a thermal
limit of the inductor, is shifted towards higher ripple value.
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Fig. 2.20: Contour plot of the total losses for three selected cases: (a) distributed air
gap, (b) litz wire strand diameter of 300 pm, and (c) core E47/20/16. In each plot, the
trajectory of ropt(fs) and the global optima, Py opt, are highlighted.

55



Chapter 2. Minimum Loss Operation of High-Frequency Inductors

On an inductor component level, the additional complexity resulting from
the manufacturing of a core with distributed air gap cannot be justified.
Nevertheless, on a system level, increased ripple leads to less hard-switching
semiconductor losses and, thus, can be beneficial. However, this conclusion
may not be valid in case of solid or foil conductors.

2.4.2 Litz Wire Strand Diameter 300 pm

In case the litz wire strand diameter is increased, the absolute value of the
losses increases. Interestingly, also the global optimum moves to higher
frequencies (cf. Fig. 2.20(b)). This is mainly related to the value of Gy, depicted
in Fig. 2.17. For a copper wire with a diameter of 300 um and frequencies
greater than 500 kHz, G, is proportional to \/j_fs As a result, (2.29) is not
constant and the AC copper losses decrease for increasing frequency (the
increase of F; is of minor importance). Hence, the global optimum does not
entirely depend on the core losses; in case of d; = 300 pm, it is shifted to
1 MHz, however, the minimum losses are found to be almost constant for
300kHz < f; < 1MHz (below 10 % deviation). Finally, the upper boundary of
region (2) in Fig. 2.12(a) is shifted towards lower ripple values, due to poor HF
performance and related thermal limitations.

2.4.3 Core E47/20/16

The last case analyzed is the next smaller E-core of the series of TDK-EPCOS,
E47/20/16, cf. Fig. 2.20(c). For this analysis, forced cooling of 4 m/s air-speed
is considered, since consideration of natural convection would significantly
limit the valid operating area. With this air-speed and for given losses, the
core temperatures are similar to the previously calculated temperatures for
the E55/28/21 core.

Compared to Fig. 2.12(a), three characteristic differences are observed:

» Due to the smaller cross-sectional areas of core window and core,
the current and flux densities increase, leading to increased losses,
e.g., Pglopt rises from 2.4 W to 3.51W.

> The loss minimum is shifted towards higher ripple values, because the
reduced volume leads to a decrease of the component’s energy storage
capability, rendering a lower inductance more suitable or, with regard
to saturation, necessary.

56



2.5. Fast Design Guideline

/ Grid-search opt .+ Guide opt (const.o/P)

~
e~
=

o ~

W]

P
(=R S )

400

=
—_—_S -
Se=l

0
400 SN S S N S S e B P
%\ \_\_—’_/—/\»/\/\N\p
& 200} 5.
= Bac
O L
50 100 200 500 1000

fs[kHz]

Fig. 2.21: Comparison of losses and inductor properties for optimal designs, deter-
mined with a grid-search approach, and designs derived using the proposed “two-
equation” guideline. All designs are evaluated with the semi-numerical model.

» The optimal frequency is shifted to a higher value of 650 kHz. This
is directly related to the increased optimal ripple, which leads to an
increase of Bacpk and, in turn, extends the frequency range where
a < [ applies towards higher frequencies, cf. Fig. 2.16(b).

2.5 Fast Design Guideline

According to Section 2.3, the results of the detailed models confirm the results
of the analytical model. The main difference are different absolute values
of copper and core losses. Thus, a guideline using analytical equations is
proposed.
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For a given frequency, the inductor is close to the optimal design for the
following settings:

» L is chosen according to (2.21), in order to set the maximum magnetic
flux density to the saturation magnetic flux density;

. «p Ve
L =c 2+ [¢] i
ofs 4f;IDC

(2-35)

» N’ is chosen according to (2.9), in order to achieve a ratio of core to
copper losses of 2/f;

N = (EC—Z)M (2.36)

201

Fig. 2.21 presents a comparison of the designs obtained with this design
guideline, evaluated using the EMT inductor model, and the optimal designs
that result from the EMT inductor model detailed in Fig. 2.14. Even though,
the two approaches return different inductance values, similar losses result
for frequencies up to 500 kHz, which is related to the flat characteristic of
the loss minimum. Between 40 kHz and 375 kHz, the maximum deviation
between the two approaches is equal to 17.8 % and occurs at 120 kHz.

If the operating frequency is not known in advance, the PF can be used to
identify the optimal frequency range of the inductor with respect to minimum
losses. The PF is defined for a given constant core loss density, pcore = Peore/ Ve,

PF = Bacf. (2.37)

The consideration of the classical PF, instead of modified versions that consider
HF AC losses, is based on the assumption that losses due to the proximity
effect are low at the global optimum. Hence, the copper losses are constant
with respect to frequency and the CUT performance depends entirely on the
performance of the core.
In combination with (2.5),
7
c
Bac=—%, ¢;= (p—) = PF«f,
£ ks
S

results, i.e., the PF increases for increasing frequency if « < f applies (and
is approximately constant). Furthermore, the PF peaks approximately at the

p-a
g (2.38)
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Fig. 2.22: Performance Factor (PF) of N87 ferrite material for four different loss
densities, i.e., 50 mW/cm?, 100 mW/em3, 200 mW/cm3, 300 mW/cm?3. The peak value

of the PF for each value is highlighted.

frequency where « starts to rise significantly, which is close to the frequency
where a = f applies. The PF data of N87 ferrite material for four different loss
densities, ranging from 50 mW/cm?® to 300 mW /cm?, is depicted in Fig. 2.22.
For peore = 50 mW/cm3, the PF peaks at 285 kHz, which is close to optimal
frequency calculated for in Section 2.3 for the inductor realized with the
E55/28/21 core (there, peore & 30 mW /cm?® applies), even though, the impact
of the DC bias on the PF is not considered. For increased loss density, PF
peaks at a higher frequency, which confirms the shift of Py ot of E47/20/16
to a higher frequency.

Note that the proposed guideline does not ensure thermal validity, which
needs to be verified in a final step.

2.6 Design Space Diversity

According to the results of the previous Sections, the total losses are close to
the minimum within relatively wide ranges of N, r, and f, cf. Section 2.2.5.
In order to narrow the space of suitable designs, further criteria can be taken
into account, e.g., partial-load efficiency and cost.

Fig. 2.23 depicts the design space diversity plot, i.e., the characteristic
values of all possible designs, for the design settings of Tab. 2.2 and total
losses of less than 1.2 X Popy g1, by taking all three design degrees of freedom
into account (f;, r, and N). Each y-axis represents the value of an individual
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variable and, depending on the background color, they are assigned to one of
the three groups listed below.

1. Input design variables (light gray)
2. Internally computed variables (gray)
3. Main objectives (dark gray)

The newly defined main objectives are the relative component cost of the
inductor, computed with respect to the minimum cost, and the inductor’s
efficiencies 11,04, 50%, and 11007, Which result if the buck converter is operated
with an output power of 20 %, 50 %, and 100 % of the rated power, respectively.
The cost is calculated according to [63], which corresponds to a minimum
order quantity of 15’000 pieces.

The result presented in Fig. 2.23 reveals that wide ranges of f;, r, and N lead
to almost minimum losses under full load conditions, however, with respect
to cost and partial-load efficiencies, significant performance differences are
observed. In order to further investigate this, the multi-objective optimization
problem is solved in a grid-search approach by minimizing a cost function,

Ploo%,i w Pso%,i
maX(Pmo%) ° maX(Pso%)

ﬁost,obj,i =w

Prog.i cost;

+w. w
3max(P,oy) * max(cost)’

VieNVi<n (239)

where i refers to a dedicated design of the calculated design space (which
itself comprises of n results),

w = [wy,w,, Wi, W4] (2.40)

denotes the user-defined optimization weights, and the four objectives are
the total losses at full load (Pioo%norm), 50 % load (Pso% norm) and 20 % load
(P20%.norm) and the cost per component.

Four different scenarios are investigated:

» Scenario 1: w = [1.0, 0.0, 0.0, 0.0], i.e., minimum losses at full load.

> Scenario 2: w = [0.247, 0.593, 0.16, 0.0]; this is based on the weighted
European efficiency for solar inverters [55],

NEu = 0.03 759 + 0.06 1,09 + 0.13 709+
+0.10 7307 + 0.48 509, + 0.20 1007 (2.41)
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Fig. 2.23: Design space diversity plot for the inductor, computed based on the set-
tings summarized with Tabs. 2.1 and 2.2 and for maximum total losses of 1.2Pg| opt.
cf. Fig. 2.12(a). The highlighted lines refer to: i. the four scenarios discussed in Sec-
tion 2.6, ii. a quasi-optimal design at 375 kHz obtained using the proposed guideline
of Section 2.5 for L at full load and N” at 50 % partial load.
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> Scenario 3: w = [0.0, 0.2, 0.2, 0.6], i.e., low cost (higher priority) and
low partial load losses (lower priority).

> Scenario 4: Worst-case performance with respect to the additional main
objectives (based on programmed logic script).

The first scenario shows that exclusive optimization for high efficiency at
full load leads to missed opportunities, since both, partial load efficiency and
cost, can be improved. Furthermore, with reference to the weights of (2.41),
full load efficiency is of limited importance.

The second scenario follows the efficiency distribution of (2.41) and achieves
a substantial improvement of the partial load efficiencies at the expense of a
relatively low increase of the losses at full load, from 2.4 W to 2.72 W. This
result is achieved with an increased number of turns and the design enters
region () in Fig. 2.9. Thus, the ratio of core to copper losses is less than 2/
for operation under full load. This ratio increases for decreasing output power,
due to constant core losses and decreasing copper losses, which explains the
improved partial-load efficiencies, cf. Section 2.2.5. Furthermore, a decreased
cost results, which is unexpected, since scenario 2 does not take cost into
consideration. This particular result is related to the fact that copper is an
important cost driver and the coincidence that, in the presented case, the
increased number of turns leads to a reduced fill factor and, thus, reduced
copper mass. Due to this, a very similar result is obtained for the third scenario,
i.e., increased number of turns, N > Ny, to improve partial-load efficiency
and decreased fill factor to lower the cost.

The fourth scenario demonstrates the missed opportunities of a bad design,
even though, it features approximately similar frequency and losses as the
design of scenario 2.

Based on the results of scenarios 2, 3 and in order to achieve improved
partial-load efficiency and acceptable full-load efficiency, the design guide-
line of Section 2.5 is used for the optimal frequency of 375 kHz and for the
parameters of Tab. 2.2, nevertheless, this time N is optimized for a partial
load of 50 % using (2.9) (L is optimized for the nominal power using (2.21)).
The resulting design, referred as Guide;oz,opt, is depicted in Fig. 2.23.

2.7 Experimental Verification

For the verification of the above-mentioned findings, three Devices Under
Test (DUTs) are built, using the E55/28/21 N87 core and litz wire with a strand
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(b)

Fig. 2.24: Constructed Devices Under Test (DUTs) for the verification of the findings
of Section 2.3. The DUTs employ an E55/28/21 core and litz wires with single-strand
diameter of 100 um. The number of turns and inductances of the DUTs are (a) N = 16,
L =57uH, (b) N =19, L = 200 uH, (c) N = 30, L = 350 pH.

diameter of 100 um, cf. Fig. 2.24. The components differ with regard to N
and L:

» DUT;: N =16, L =57 uH;
» DUT,: N =19, L =200 uH;
» DUT,: N =30, L =350 uH.

With this, the selected designs cover wide ranges of frequency (150 kHz to
700 kHz) *° and ripple, cf. Fig. 2.13(c), to enable a thorough experimental
verification of the discussed results. Specifically, DUT; and DUT, refer to
designs with approximately optimal number of turns, however, in case of
DUT; the AC copper losses and in case of DUT, the DC copper losses dominate
the total copper losses. Finally, DUTj3 is a suboptimal design, limited by
saturation, with dominating DC copper losses. According to the measured
impedances of the DUTs, depicted in Fig. 2.25, and with a maximum test
frequency of 700 kHz, all three components are evaluated well below their
self-resonance frequencies.

As opposed to the core losses, the measurement of the copper losses, in
case of high frequency effects (i.e., proximity losses), is a challenging task,
hence, the total losses of the designed DUTs are measured. Since the modeled
core losses result from measured data, cf. Section 2.3, the copper losses can
be determined by subtracting the core losses from the total losses.

9The value of 700 kHz is set as the maximum frequency, since no further improvements are
expected above that frequency. Furthermore, the material approaches the maximum limit of its
useful operating region (recommended maximum frequency according to [52] is 500 kHz).
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Fig. 2.25: Measured phases and magnitudes of the impedances of the realized DUTs
using a 4294A impedance analyzer (by Agilent [64]). All three DUTs feature self-
resonance frequencies well above the maximum operating frequency of 700 kHz.

For the measurement of the total losses, a calorimetric setup, depicted
in Fig. 2.26(a), is used [31,65]. It consists of an inner calorimeter chamber
and an outer reference chamber, which is used to ensure steady ambient
conditions during the experiment. The calorimeter chamber accommodates
the DUT and a heating device, i.e., a resistor, an attached heat sink, and fans, to
ensure a homogeneous temperature inside the chamber. The employed setup
enables measurements at a defined ambient temperature without the need for
pre-calibrations [31,65]. The accuracy of the calorimeter has been assessed
by means of reference loss measurements conducted with a 1kQ power film
resistor (RCH series by Vishay [66]), and two multimeters for measuring
DC voltage and current (voltage: Fluke 233 [67], current: Fluke 175 [68]).
A consecutive measurement of four different losses, i.e., 2W — 5W —
2W — 5W, reveals maximum and average deviations of 54 mW and 35 mW,
respectively, between the calorimetric and the electric measurement. For all
four operating points, the resulting deviations, between the two measurement
methods, lie within the uncertainty range of the employed multimeters.

For the excitation of the DUTs two sources are employed. The first source
is a DC supply that provides the DC current, i.e., 10 A (cf. Tab. 2.1), and the
second source is a linear amplifier that provides the AC voltage (up to 3 MHz).
The two sources are connected in parallel and decoupled with two filters.

"During this measurement, DUT, was placed together with the resistor, in order to emulate
the air-flow of the real experiments.
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Fig. 2.26: (a) Calorimeter setup used to measure the total losses generated by the
Device Under Test (DUT) at the desired ambient temperature. (b) Losses of the
heating device and temperature of the calorimeter chamber during the course of two
consecutive experiments at 150 kHz and 300 kHz using DUTj, cf. Fig. 2.24(c). The
losses generated by the heating device during the three phases of steady-state are
highlighted.

Fig. 2.26(b) presents the temperature inside the chamber during an ex-
periment in order to illustrate the measurement procedure by way of example.
Initially, the DUT is idle and the temperature-controlled heater increases
the temperature inside the chamber to a defined value. After the system
reaches steady state, the DUT is operated and the heater reduces its power to
maintain a constant temperature. Once at steady state, the difference between
the heating power before and after the excitation of the DUT corresponds to
the losses of the DUT.

For the experimental verification of the findings of Sections 2.2 and 2.3,
the EMT model is exactly parameterized according to the corresponding DUT,
e.g., the number of strands of the litz wire and the positions of the conductors
(inside the core window and on the winding head). The measurements are
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Fig. 2.27: Comparison between the losses estimated using the EMT model (cf. Sec-
tion 2.3) and the losses using the calorimetric setup of Fig. 2.26(a), for the three DUTs
of Fig. 2.24, at a reference (ambient) temperature of 60 °. The measurement of the two
operating points at 150 kHz and 300 kHz of DUTj is shown in Fig. 2.26(b).

conducted at a temperature of Tt = 60 °C. Fig. 2.27 presents the comparison
of measured and calculated total losses for four different operating points
per DUT. For the twelve measured operating points, the maximum deviation
between calculated and measured results is 12.7 % (for DUT; and f; = 300 kHz)
and the average absolute deviation is 4.85 %, i.e., well below 20 %, which is a
commonly accepted uncertainty value for multi-domain component models.
With this, the experimental results confirm the findings of this work.

2.8 Conclusion

In this work, the optimal operation of power inductors in common topologies,
i.e., buck/boost switched converters, is analyzed. For the analysis and in order
to achieve a comprehensible discussion of the various couplings of design
parameters and effects in inductors, the magnetic core (E55/28/21) and the
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employed litz wire (100 um strand diameter) are fixed. The implications of the
remaining design degrees of freedom, f;, r, and N, are investigated with focus
on the losses and optimal trends are identified. The analysis is done in two
steps, initially with simplified analytical models and, subsequently, with a
detailed semi-numerical multi-domain model. The link from the simplified to
the detailed model is provided through a step-by-step introduction of different
nonlinear effects (e.g., core saturation, impacts of frequency, AC magnetic
flux density, and DC bias on the core losses). Experimental results confirm
the theoretical findings. The experiments are conducted with an accurate
calorimetric method, three different inductors, and within a wide frequency
range (150 kHz to 700 kHz).

Around the identified global loss optimum, a very flat characteristic of the
losses is observed with respect to all three degrees of freedom. This property
enables further potential opportunities with respect to reduced losses at partial
load (e.g., 20 % and 50 % of rated load) and reduced cost, which come at the
expense of an increase of the full-load losses by 15 % to 20 %. Furthermore, the
obtained results enable the compilation of a simple two-equation guideline to
achieve designs that feature almost minimal losses for a given frequency. The
total losses of the designs obtained using the proposed guideline compared
to the designs optimized using the detailed semi-numerical model feature
a maximum deviation of 17.8 % within a wide frequency range (40 kHz to
375 kHz).
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Transient Calorimetric
Measurement of Core Losses

This chapter summarizes the most relevant research findings also published
in:

» P. Papamanolis, T. Guillod, F. Krismer, and J. W. Kolar, “Transient
Calorimetric Measurement of Ferrite Core Losses up to 50MHz,” IEEE
Transactions on Power Electronics, vol. 36, no. 3, pp. 2548-2563, 2021.

» P. Papamanolis, T. Guillod, F. Krismer, and J. W. Kolar, “Transient
Calorimetric Measurement of Ferrite Core Losses,” in Proc. of the IEEE
Applied Power Electron. Conf. and Expo. (APEC), New Orleans, LA, USA,
2020.

Motivation |
The analysis of Chapter 2 highlighted the importance of accurate core loss data, since the
peak performance of the employed power inductors is achieved at frequencies near the peak
of the PF of the employed core material. However, to the author’s knowledge, no method
exists that achieves reasonable measurement accuracy at very high frequencies, i.e., > 1 MHz,
which limits the application of the findings of the previous work to lower frequencies. This

served as the main motivation behind the work presented in the following. |

69



Chapter 3. Transient Calorimetric Measurement of Core Losses

Executive Summary

In this chapter, an accurate and fast transient calorimetric ferrite core-loss measurement
method is proposed. In contrast to electrical measurements, the accuracy of the calorimetric
approach is largely independent of the magnetic excitation and operating frequency. However,
accurate values of the thermal capacitance and the temperature of the Core Under Test (CUT)
are required. Accurate measurement of the specific heat capacity of the core material can
be achieved with a Differential Scanning Calorimeter (DSC) or by using the CUT as a DC
electric conductor and measuring its thermal response for known Joule heating. Accurate
temperature measurements can be realized with NTC temperature sensors. A thorough
uncertainty analysis of the presented method is conducted by identifying the impact of each
source of uncertainty in the course of a sensitivity analysis. For the considered reference
case (R 22.1/13.7/7.9 toroidal core with N9 ferrite material by EPCOS-TDK - 500 kHz/100 mT)
the method achieves a total uncertainty with a worst-case value of less than 12 % or, in case of
a more realistic approach considering a Gaussian distribution of each source of uncertainty,
a mean value of -4.3 % with a 95 % confidence interval of +3.2 %. The results are verified by
means of FEM simulations and experiments. Furthermore, a step-by-step description of the
workflow for preparing and conducting the experiments is provided. The proposed method
is tested experimentally and compared to a state-of-the-art electrical loss measurement
method for MnZn N87 and Nyg ferrite cores of EPCOS-TDK. In addition, it is used to measure
the loss-map of the NiZn ferrite material 67 from Fair-Rite for very high frequencies up to

| 50 MHz, which enables the computation of the material’s Steinmetz parameters.

3.1 Introduction

Latest GaN power semiconductors enable very high switching frequencies
and efficiencies of power electronics converters. In order to fully utilize the po-
tential of available technologies, the design of power electronic converters is
based on multi-objective optimization, e.g., with respect to power density and
efficiency, which, however, relies on accurate component models. However,
the power semiconductors’ switching losses and the magnetic components’
core losses are known to be subject to high uncertainties. Accordingly, the
accurate knowledge of the switching losses and the losses of magnetic compo-
nents of the converter circuits up to the MHz range is of great interest. This
is particularly challenging for the core losses, whose behavior is highly non-
linear, e.g., with respect to frequency, temperature, AC flux density, and DC
premagnetization. Such non-linear dependencies apply especially to ferrite
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Fig. 3.1: (a) Proposed transient calorimetric core loss measurement setup: Core Under
Test (CUT) with temperature sensor, enclosure (to achieve steady ambient conditions),
and temperature chamber. (b) Example of the acquired increase of the core temperature
over time.

materials, MnZn (20 kHz to 2 MHz) and/or NiZn (1 MHz to 50 MHz), which
are best suited for high frequency operation.

The main existing core loss measurement methods can be classified into
electrical and calorimetric approaches [69]. Common problems to electrical
methods, e.g., poor power factor and limitation to sinusoidal excitation have
been resolved in [19,30,59,70—74]. State-of-the-art electrical methods feature
partial cancellation of the phase-discrepancy error using an air-core inductor
or a high-Q capacitor, in order to ensure adequate accuracy also at high
frequencies, i.e., in the MHz range [29, 75]. However, the requirement of
precise pre-calibration, elaborate post-processing, and difficulties arising
from dealing with parasitics remain as drawbacks.

A steady-state calorimetric measurement [31,65,76] presents an alternative
approach. However, the time needed for every single measurement is very
long, i.e., typically in the range of several tens of minutes, and the realization
of such setup is a challenging task. A transient calorimetric measurement
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of core losses would drastically reduce the measurement time as shown for
power semiconductors in [77]. An adaptation of this method to magnetic
components is proposed in [78]. However, the presented approach requires
a complex setup with an additional “calorimeter block”, which refers to a
block of known mass and thermal heat capacity (e.g., copper). The magnetic
component is thermally well connected to the block and the total losses
(both coil and core losses) can be measured through the rate of rise of the
temperature of the copper block. In addition to its complexity, the proposed
method requires calibration measurements in order to identify the heat flux
leaking through the insulation. A simpler method to identify the core losses
in a transient calorimetric approach is introduced in [79], which mainly relies
on the correlation between the core losses and the rate of change of the
core temperature. However, the method has only been used to measure
the relative increase of the core losses, in presence of different levels of DC
premagnetization, and has not been evaluated with regard to absolute core
loss measurements. Finally, in [80] an effort to measure the absolute core
losses using a transient calorimetric approach is presented, however, the
work does not provide a detailed investigation of the uncertainties of the
method (e.g., with respect to the specific heat capacity of the measured core
material, where a constant value is considered) or further verification (e.g.,
experimental results).

In this chapter, the method presented in [80] is further developed, and a
detailed investigation of the measurement uncertainties is introduced. The
method is found to achieve a total measurement uncertainty of less than 20 %
in a wide range of core losses, e.g., 40 mW < P.ore < 8 W. Accordingly, it is
well suited for core loss measurements, in particular at operating points where
electrical measurement methods are subject to high uncertainties, e.g., at very
high frequencies. The operating principle of the proposed measurement
method is detailed in Section 3.2. Section 3.3 presents an analysis of the
implications of the individual measurement inaccuracies on the measured
core losses, a derivation of the total measurement uncertainty for given
specifications, and an investigation of the useful loss-range of the method. The
results of the analysis are verified by means of FEM simulations in Section 3.4.
Finally, Section 3.5 provides a step-by-step description of the workflow for
preparing and conducting the experiments. Furthermore, Section 3.5 presents
the experimental results for the investigated transient calorimetric method
for two MnZn ferrite materials and a NiZn ferrite material and for frequencies
up to 750 kHz and 50 MHz, respectively.
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3.2 Experimental Setup and Operating
Principle

Fig. 3.1 depicts the setup that consists of the Core Under Test (CUT) and an
enclosure that ensures steady ambient conditions (e.g., homogeneous temper-
ature, absence of air-flow) and improves the accuracy of the measurement due
to the prevention of forced cooling (cf. Sec. 3.3.2). If the measurement needs
to be conducted at an ambient temperature, T b, that is different than the
nominal ambient temperature, a reference temperature chamber, preferably
an oven, can be used for that purpose. During the measurements of the pre-
sented work, a laboratory oven that uses forced air circulation and achieves a
highly stable ambient temperature was employed. Small fluctuations around
the reference temperature are of low importance, due to the substantially
different time constants between the fluctuations of the temperature of the
oven (multiple minutes) and the duration of a single experiment of the pro-
posed method (tens of seconds). Finally, a high accuracy temperature sensor
is attached to the core (cf. Fig. 3.1).

3.2.1 Fundamental Measurement Principle

For a given excitation and a negligible heat flux to the ambient, the tempera-
ture of the core increases according to

chore ATneas
Peore = Cihcore —=2 & Cihcore —28
core th,core dt th,core AL

where Cy, core is the thermal capacitance of the core, Teore is the core tempera-
ture, and Tpe,s denominates the temperature reading.

According to (3.1), the correlation between the measured losses and the
temperature only depends on the thermal capacitance of the core and not
on the shape of the core or on the particular waveform of the flux density
in the core. Compared to high-accuracy electric measurement procedures,
time consuming steps that need to be conducted for each operating point, e.g.,
calibration of the setup and adaptation of the components for compensation,
depending on the operating point [29,30,59,73-75], are avoided.

, (3-1)

3.2.2 Equivalent Thermal Network

Fig. 3.2(a) depicts the considered equivalent thermal network of the exper-
imental setup. The CUT is represented by the source of losses, Pcore, and
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Chapter 3. Transient Calorimetric Measurement of Core Losses

its thermal equivalent circuit elements, Ry, core and Cih core- The thermal re-
sistance Ry leak Mmodels the heat leaking from the core to the ambient and
to the coil through the mechanisms of thermal conduction, convection, and
radiation. The setup employs two temperature sensors, i.e., the Negative Tem-
perature Coefficient (NTC) thermistor,' considered with Ry, ntc and Cin NTC
in Fig. 3.2(a), and an IR camera, which, however, is only used for the pur-
pose of verification and is not required for the core loss measurements. A
look-up table is used to convert the resistance of the NTC to the measured
temperature, INTCmeas, and a Savitzky-Golay filter, i.e., a filter based on a
moving Least Mean Square (LMS) algorithm [81], is applied to decrease the
measurement noise for the final temperature, Teqs(t), without distorting the
required information.

This network can be simplified based on the following, experimentally
supported (cf. Section 3.3), considerations:

> Rihcore is assumed to be negligible (= 0), due to the relatively high
thermal conductivities of MnZn and NiZn ferrite core materials (1 >
3.5 W/mK, cf. Section 3.3.7).

» The NTC thermistor is represented by a low-pass filter with a time
constant of ontc, since CiyNTe << Cihcore applies.

> Cihcore is assumed to be constant during the course of a single experi-
ment.

Fig. 3.2(b) shows the resulting simplified equivalent circuit, which is used
for the thermal analysis. During the heating phase (¢t € [ton, tog] in Fig. 3.3),
temperature independent core losses are assumed and the core temperature
increases,

_t—ton
Teore (£) = Tomp + Peore Rin Jeak (1 —€ Tleak ) > (3-2)
Tleak = Rth,leakcth,core~ (33)

During the cooling phase (¢ > t.g in Fig. 3.3), zero core losses apply and the
core temperature converges to the ambient temperature,

=t

Tcore(t) = Tomb + (Tmax - Tamb) e Teak (3-4)

'From an evaluation of different temperature sensors, also including Resistance Temperature
Detector (RTD), and thermocouple sensors, the NTC thermistor has been selected due to its high
immunity against induced electrical noise and the comparably fast response.
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Fig. 3.2: (a) Equivalent circuit of the calorimetric experimental setup, including the
Core Under Test (CUT), the attached NTC thermistor, and the high accuracy IR
camera; (b) simplified version of the proposed equivalent circuit that is considered in
this chapter. The IR camera serves only for model verification and is not required for
the measurement of the core losses.
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Fig. 3.3: Comparison of the results of a real measurement and a simulation of the
thermal equivalent network of Fig. 3.2(b) using a toroidal ferrite core (R 22.1/13.7/7.9,
N49) that is subject to a sinusoidal magnetic flux (100 mT, 500 kHz). The core temper-
ature is measured with a NTC thermistor (Littelfuse PS104]2 [82]) and an IR camera
(FLIR A655sc [83]) at 30 frames/sec. The component values of the simulated circuit
are: Peore = 1.54 W, Cipy core = 7.3J/K, Rih Jeak = 45 K/W, tnTc =5.5s.
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3.2. Experimental Setup and Operating Principle

According to (3.2) and (3.3), the values of Ry jeak and Cip core are required
for the computation of the core losses. Cihcore depends on the mass of the
core and its specific heat capacity, which is a material property that can be
acquired in advance using the methods discussed in Section 3.3.1 (or could
be specified by the core manufacturer). Ry, jeak depends on various factors,
including the CUT, the coil, and the ambient conditions, and is estimated after
each modification of the experimental setup.

For the estimation of Ry jeak, two dedicated temperature values of the
cooling phase, i.e., Tiyeas(t,) and Tineas(f, + At,) with t, > t.g, are required.
The resulting equation for R Jeak is

Rth,leak,est ( Ly, A tz) =

Atz Tmeas ( L+ Atz) - Tamb B
- In . (3.5)
Cth,core Tmeas ( tz) - Tamb

Finally, Pco. is estimated using two dedicated temperature values of the
waveform acquired during the heating phase, Tieas(t1) and Teas(t; + Aty),
with to, < t, < t, + At < tog,?

Tmeas(tl + Atl) - Tmeas(tl)
_ti—ton _ h+Aty—ton
(e Tleak — @ Tleak ) Rth,leak

Pcore,est(tla Atl) = (3-6)

3.2.3 Validation of the Thermal Equivalent Network

The reference setup specified in Tab. 3.1 serves for the purpose of validation
and employs an R 22.1/13.7/7.9 toroidal core (N49 by EPCOS-TDK) with a coil
made of 10 turns of high-frequency litz wire (180 X 71 um). The CUT is subject
to a sinusoidal excitation with a peak flux density of 100 mT at a frequency
of 500 kHz, which leads to reasonable core losses of 1.54 W (cf. Section 3.5.1
for further details regarding the selection of a suitable CUT).

Figure 3.3 presents the core temperature measured with an NTC ther-
mistor (Littelfuse, PS104J2 [82]) and an IR camera (FLIR, A6s5sc [83],
30 frames/sec), for the same excitation. In addition, the temperatures Tiore sim
and Tytcsim are depicted, as extracted from a simulation of the circuit of

*In an alternative approach, LMS approximations could be used to identify Pcore and Rp jeak»
by fitting (3.2) and (3.4), respectively. However, this is computationally more demanding and,
due to the noise reduction achieved with the Savitzky-Golay filter [81], the difference between
LMS approximation and the described two-points approach is found to be consistently below 1 %.

77



Chapter 3. Transient Calorimetric Measurement of Core Losses

Tab. 3.1: Specifications and operating conditions for the reference experimental setup.

Parameter Value

Core material ~ N49 (EPCOS-TDK)

Core shape R221x13.7x7.9
Operat. point 500 kHz/100 mT
Cth,core 7.3J/K
R Jeak 45 KW
Peore 154 W
Tamb 26.2°C

Fig. 3.2. For the implementation of the simulation circuit the values of Cip core,
Ri Jeak, and 7ntc need to be known. In this regard, Ci core is determined in
advance (cf. Section 3.3.1) and R, Jeak is estimated with (3.5) during the cooling
phase of the measurement. The time constant of the NTC, oxytc = 5.55, is
determined such that the difference between simulated and measured wave-
forms is minimal.

It is found that simulated and measured waveforms match for both mea-
surements, i.e., core and NTC temperatures, with maximum deviations of
0.28 °C and 0.19 °C, respectively. Moreover, the resulting simulated model was
further used and successfully reproduced the temperature waveforms of the
same experimental setup for different induced core losses, ranging from 0.4 W
to 4.5 W, which further verifies the applicability of the considered circuit.

3.3 Measurement Accuracy

Typical sources of uncertainties in calorimetric measurement methods include
the measurement accuracy of the employed equipment (e.g., temperature
measurement device, DSC, time measurement device) and the impact of
temperature on the measured quantities (e.g., generated core losses, specific
heat capacity of the material, leaking heat during the experiment). In the
course of an uncertainty analysis, the main sources of inaccuracies have been
identified and are described in this Section:

> Section 3.3.1: limited accuracy of the thermal capacitance measurement,
Cth,core-

> Section 3.3.2: uncertainty of the estimated heat flux arising from
the uncertainty of the employed leakage flux model, which considers
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3.3. Measurement Accuracy

heat transfer to the ambient and to the coil by means of conduction,
convection, and radiation.

> Sections 3.3.3 and 3.3.4: limited dynamic response and accuracy of
the temperature sensor.

> Section 3.3.5: limited clock accuracy of experiment time measurement.
> Section 3.3.6: temperature dependencies of Peore, RihJeak and Ch core-

> Section 3.3.7: temperature gradient in the core due to non-
homogeneous magnetic flux density and finite thermal conductivity of
the core.

> Section 3.3.8: implications of copper losses.

Tab. 3.2 lists the values of the inaccuracies, &, that have been deter-
mined for the reference setup specified in Tab. 3.1 and described in Sec-
tion 3.2.3. Tab. 3.2 further presents the expressions for the linearized sensitiv-
ities APeore est/ ¢ for the different inaccuracies, which can be used to estimate
the boundaries of the uncertainties of the estimated core losses at each operat-
ing point (by way of example, the expression for 0Pcore,est/ 0y, .. 1S derived
in Section 3.3.1). Tab. 3.3 lists the values of the boundaries determined for
the reference setup, using the simplified linearized expressions presented in
Tab. 3.2, and, for the purpose of verification, also the corresponding values
obtained from a numerical evaluation of the non-linear differential equation
of the investigated system. The total measurement uncertainty is finally
determined according to Section 3.3.9.

3.3.1 Uncertainty éc,, . of Core’s Thermal Capacitance

Accurate knowledge of Ci core is of high importance, since it directly influ-
ences the calculated losses, cf. (3.1). Out of different measurement methods
proposed in literature, the Differential Scanning Calorimetry (DSC) [84] fea-
tures the best trade-off between complexity and accuracy. The basic operating
principle of this method relies on the accurate measurement of the heat flow
that is provided to a given sample, in order to achieve a defined increase of
the sample’s temperature, which enables the calculation of its differential
specific heat capacity as a function of temperature. The employed DSC 2500,
from TA Instruments [85], uses a sapphire sample as reference and provides
a maximum measurement accuracy of 2 %. Nevertheless, due to the non-ideal
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3.3. Measurement Accuracy

Tab. 3.3: Maximum deviations between actual and measured core losses, APy, =
E(OPcore est | 9E), for the reference setup and the operating conditions listed in Tab. 3.1
(core losses are 1.54 W); verification based on numerical results obtained from the
system’s non-linear differential equation.

£ APy, / mW AP/mW (numerical
(cf. Tab. 3.2) eval. of diff. eq.)

8Cincore +46.2 [—41.3, +43.7]

SRy eat +24.47 [-30.6, +20.8]
Toneas +28.91 +31.3

INTC [-1.8, +12.4] [~1.5, +12.4]
MPeore -86.3 -83.3

€tmeas < =1 < =1

Ucth,core —8.6 -7.8

TRy Jeak -8.1 —9.3

discoid shape of the employed samples, the measurement accuracy was set to
a conservative

(Scth,core =+3%. (37)

Fig. 3.4 depicts the specific heat capacities of three MnZn ferrite materials
(N87, Ng7, and N49 of EPCOS-TDK) and of one NiZn ferrite material (67 of
FairRite). The specific heat capacities of all four materials are temperature
dependent, and this is related to different microscopic processes on atomic and
molecule level [86,87]. The abrupt steps for MnZn materials at approximately
225 °C correspond to the Curie temperature [52,88].

DSCs are commonly used in material science, however, they may be less
accessible in power electronics. An alternative, more accessible, way for
the measurement of Cy, core is discussed in [89]: a sample of the considered
material is used as DC electric conductor (pynzn = 10 Q/m - strongly tem-
perature dependent) and, by means of Joule heating, the thermal response of
the core is used to determine Cy, core using (3.1), cf. Fig. 3.5. For the sake of
completeness, this method has also been applied to the N49 material at three
different ambient temperatures, i.e., 30 °C, 55 °C, and 80 °C.

A rectangular block of MnZn Ngg ferrite equal to 51.0 X 11.9 X
5.1mm?/14.806 gr is employed. This results in a block resistance, Rpjock,
approximately equal to 9.72kQ (at 30 °C), 8.43kQ (at 55 °C), and 3.07kQ (at
80 °C). The block is placed inside an enclosure and the complete setup inside a
temperature chamber (cf. Fig. 3.1). For each value of T, a constant voltage
is applied and the injected DC current is monitored. Due to the temperature
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1000 DC current inject.
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Fig. 3.4: Measured specific heat capacities of N87, Ng7 and N49 MnZn ferrite mate-
rials of EPCOS-TDK and 67 NiZn ferrite material of Fair-Rite using the Differential
Scanning Calorimeter (DSC) 2500 of TA instruments. Additionally, for three different
temperatures (30 °C, 55 °C, and 8o °C), the specific heat capacity of N49 is measured
according to [89], where the ferrite conducts a DC current for generating a defined
ohmic power loss in order to heat the core. With known DC losses, temperature rise,
and core weight, the specific heat capacity can be calculated.
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Fig. 3.5: N49 MnZn ferrite sample used as a DC electric conductor, for the esti-
mation of Cy, core by means of Joule heating. The rectangular block’s volume is
51.0 X 11.9x 5.1 mm?3 and its mass is 14.806 gr. The applied voltage, for all three ambient
temperatures (30 °C, 55 °C, 80 °C), is fixed at 58.74 V and the injected average power is
equal to 0.355 W, 0.635 W, and 1.124 W, respectively, due to the temperature dependency
of PMnZn-

dependent conductivity of ferrite material, the value of the injected losses is
subject to minor change during the experiment. In such narrow temperature
range the injected losses can be averaged. Alternatively, a controller for
constant power injection can be used.

Using (3.1) and the averaged injected DC losses, during the heating phase,
an inijtial estimation of Cicore i acquired. Replacement of this value in
(3.5) allows for calculation of Ry, jeax during the cooling phase. Finally, the
corrected value of Cy, core is calculated using (3.6) and division with the mass
of the employed block leads to the calculation of the specific heat capacity.
The maximum deviation of the specific heat capacity of MnZn N49 measured
with the two proposed methods for the three values of Ty, i.e., 30 °C, 55 °C,
80 °C, is 1.93 %, 0.93 %, and 0.56 %, respectively.

The expression for dPeore st/ 93¢y, ores 1-€., the linear sensitivity of the esti-
mated core losses on éc, .., can be derived based on the network depicted in
Fig. 3.2(b). For this purpose, Cin core is replaced by Cin core (1 + dcy, o) @a0d

Peore _ ATeore (s)
S Rth,]eak

Scth,core (1 + 5C(h,core)

ATeore (S) =

P, core Rth,leak
s 1+ sTearc(1+ 5Cth,c0re)

= ATcore(t)zl?_l{ } (3.8)
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Chapter 3. Transient Calorimetric Measurement of Core Losses

results for the increase of the temperature across Cy, core. Furthermore, the
impact of the NTC temperature sensor on the measurement result, modeled
with znTc, is neglected, since the corresponding low-pass filter leads to a
deviation between the actual and the measured temperature, which can
be considered separately, cf. (3.13) in Section 3.3.3. With this, AT.ore (2, +
Aty) — ATeore (1) = Tineas(t: + Aty) — Teas(1) applies and the time-domain
function, AT.ye(t), can be used to evaluate (3.6). The result is linearized
around 5Cm.core =0,

aP core,est

aacth,core

P At
=== (tl —lon — —IM) . (3-9)

6Cth core 0 Tleak —1 + e Teak

Due to At, < Tjeak, eMi/Teak can be approximated by 1+ At, /7jeax, and further
consideration of t; — ton < Tjeak leads to the expression listed in Tab. 3.2. The
other sensitivities are derived in a similar way.

3.3.2 Accuracy of the Modeled Leakage Flux, g, ...

The calculation of the worst-case uncertainty of Ry, leak is based on (3.5), e.g.,
in case of the reference experiment,

Cihcore(25°C) = 7.3J /K, Aty =115, (3.10)
Tineas (£,) = 34.6 °C,  Tieas(t, + AL,) = 32.2°C, 3

apply, cf. Fig. 3.3. With éc, . = *3% and 5¢, . = 0.1%/°C, ie., the
given measurement uncertainty and the temperature dependency of Ci, cores
cf. Tab. 3.2, and for a core temperature between T, + 6.0 °C and T, +8.4°C
during t € [t;, t; + At;], a worst-case range of

[97% +0.1%/°C X 6.0 °C,
103% + 0.1%/°C X 8.4°C] Cihcores (3-11)

applies for the thermal capacitance. In addition, the measurement of the
temperature difference is subject to an absolute uncertainty of er, ,, = £0.1°C
and the uncertainty due to clock accuracy can be neglected, which leads
to a minimum value of 38.7K/W (-14 % compared to the nominal value
of 45K/W). On this basis, a conservative uncertainty of +20 % has been
considered for Ogy,,.,» cf. Tab. 3.2.

Even though, Ry, jeak is subject to a comparably high uncertainty, the
impact on the estimated core losses remains low, since the maximum duration
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3.3. Measurement Accuracy

of the core loss measurement, fof — oy is typically in the range of 15s to
30 s, which is much less than the time constant arising from the leakage flux,
Tleak ~ 330 s. Accordingly, the corresponding sensitivity, dPcore est/ 9ORy, eatc> 15
small (cf. Tab. 3.3).

3.3.3 Impact of NTC Time Constant, 7x1c

For the temperature measurement, the PS104J2 NTC thermistor of Littelfuse
[82] is used. In order to achieve a fast response of the NTC and at the same
time mechanical robustness, the temperature sensor is glued to the core using
a thermally conductive adhesive (8329TFM-25ML of MG Chemicals). The
CUT must be much larger in size than the temperature sensor in order to
fulfill CiynTe < Cihcore (for the case of very small cores, thermal imaging is
a valid solution). An uncoated core is preferred, and in case of coating, the
coating is carefully locally removed, even though it is found to have a minor
impact on the measured response.

The NTC sensor features a dynamic response similar to a first-order low
pass filter, cf. Fig. 3.3, with time constants between 3 s and 5.5 s, depending on
the investigated CUT. The impact of this transfer function on the measurement
result could be compensated by initial identification of the NTC time constant
and application of the reciprocal of the sensor’s transfer function to the
measured temperature waveform. However, the additional effort that arises
from the implementation of such a compensation procedure can be avoided
by inserting minimum waiting times of at least 2zytc between the beginning
of each measurement phase and the actual measurement,

t — ton > 27nTCc and tp — 1T > 2TNTC, (3.12)

which enables small deviations between the actual core losses and the esti-
mated core losses, AP.ore NTC-

A detailed inspection of AP.qre NTC reveals a strong non-linear dependency
on nte, which renders the use of a linearized sensitivity unsuitable. Instead,
AP orentc is directly derived based on the system’s differential equation and
the resulting expression for the estimated core losses (3.18), cf. Sec. 3.3.9,

APcore,NTC = Pcore - Pcore,unc(th Atl) =~

At _ T 7
Tleak — b1 — 5 ﬁ e "NIC TINTC
Peore v , (313)
Tleak — 01 — 5 Tleak — TNTC

2
using €. = OCyome = ORuiax = 0 and a second-order Taylor approxima-
tion for e!/7ek For the reference measurement and e € [3s, 5.5s],
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APcorentc € [-1.8 mW, 12.4 mW] results with (3.13), which corresponds to
relatively small deviations between —0.12 % and 0.81 %. It should be pointed
out that (3.13) remains approximately valid also in presence of further sources
of uncertainties, since all other sources mainly have an impact on the slope
of the time-domain characteristic of the core temperature, Teore ().

3.3.4 Temperature Measurement Accuracy, er

meas

A custom analog/digital 14-channel interface circuit is employed to process
the resistance change of the NTC thermistor. Furthermore, the considered
Savitzky-Golay filter reduces eventually present measurement noise. In or-
der to assess the accuracy of this temperature measurement setup, an initial
verification has been conducted with a reference temperature measurement.
This is composed of a high-accuracy NTC thermistor, MC65F103AN from
Amphenol Advanced Sensors [90], which provides an absolute accuracy of
+0.05°Cat35°C < T < 39°C and £0.075°C at 39°C < T < 42°C, and the
34410A digital multimeter from Keysight Technologies [91], that provides a
resistance reading accuracy, corresponding to an error of 1.1 mK. The result
of this reference temperature measurement, T,ok ref (cf. Fig. 3.6), is compared
simultaneously to the measurements obtained from five PS104J2 NTC ther-
mistors that are connected to five channels of the interface circuit, Tiook ;.
in Fig. 3.6. All six sensors are closely mounted together, inside an enclosure,
and using thermally conductive paste, to achieve high thermal coupling and
to limit convection. For the experiment a slow, controlled temperature step
from 37 °C to 45 °C is conducted inside a laboratory oven (the oven requires
a minimum temperature of T,y + 10 °C, in order to properly stabilize the
temperature).

The measurement results reveal different deviations for absolute tem-
perature values and temperature differences. With regard to the absolute
temperature, a maximum deviation of 0.22 °C is found between T, rer and
Tiook,4>» Which could be further improved by additional calibration of the inter-
face circuit. However, the absolute temperature is only needed to determine
the values of the temperature-dependent variables Pcore, Cih cores aNd Rih Jeaks
for an uncertainty of less than o.5 °C, its impact on the resulting total un-
certainty is negligible (cf. 7p.,., 1Cycore> A0 7Ry, e listed in Tab. 3.2). The
investigated measurement method rather requires a high accuracy of the mea-
sured temperature difference, which, for ¢, = 0 and a duration of At; = 2500,
in Fig. 3.6, gives a maximum deviation of 8 mK for the six temperature differ-
ence measurements, Tmeas (1 + Af;) — Teas(11), 1.€., the uncertainties arising
from linearity errors of temperature measurement sensors and interface cir-
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Fig. 3.6: Temperatures of five PS104J2 NTC thermistors from Littelfuse [82], To0k 1.. 5,
measured using a custom analog/digital interface circuit and a reference measure-
ment with an MC65F103AN NTC thermistor from Amphenol Advanced Sensors [90],
T, ok ref> Using a 34410A digital multimeter from Keysight Technologies [91]. All sensors
are thermally coupled and covered inside an enclosure in order to limit convection;
the complete setup is located inside a laboratory oven and during the experiment the
reference temperature changes from 37 °C to 45 °C. Due to the overlap of the tempera-
tures of the five PS104]J2 NTC thermistors, a magnified (x7.5) view is added.

cuitry is very small. However, due to missing specifications with regard
to temperature difference measurements, the author decided to assign the
specified accuracy of the PS104J2 NTC thermistor of +0.1°C to the measured
temperature difference,

ATmeas,unc = meas(tl + Atl) - Tmeas(tl) + €T neas
eTmeas = io'l °C’ (3'14)

which allows for a conservative consideration of the corresponding uncer-
tainty.

Accordingly, and with respect to (3.6), the relative uncertainty of the
measured core losses decreases for increasing temperature differences and
reaches values of less than 2 % for temperatures differences greater than 5 °C.

3.3.5 Clock Accuracy, €,

The considered measurement setup employs a microcontroller that is op-
erated with an oscillator, which features a frequency stability of +£100 ppm.
Accordingly, and with respect to the values given in Tab. 3.2, the uncertainty
due to a time measurement error is of low value and low sensitivity and is
neglected due to this reason.
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3.3.6 Temperature Dependencies (np,,,, TCthcores ,’Rth,leak)

All three fundamental elements of the equivalent circuit in Fig. 3.2 (i.e., Peore,
Cth.core> Rihleak) are temperature and, hence, in the considered case time de-
pendent. The temperature dependencies of P.ore and Ci core are properties
of the core material, which are especially pronounced for ferrites, and the
temperature dependency of Ry, eak is due to the heat transfer mechanisms of
convection and radiation. The value of 5jp,, displayed in Tab. 3.2 is determined
based on the Relative Core Losses versus Temperature plot of the material’s
datasheet [92] at f = 500 kHz, B,y = 100 mT, and for T € [25°C, 40 °C]. The
value of 7¢,, ... is determined from the measured specific heat capacity of
N49 depicted in Fig. 3.4 and the value of ng,,.,. is determined based on an
evaluation of the temperature dependencies of the thermal leakage flux com-
ponents due to convection and radiation, considering a horizontally mounted
core and using the simplified expressions given in [56].

According to Tab. 3.2, the expressions for computing the linear sensitivities
of the measured core losses with respect to 7p..... 1Cycore> AN NRy, 0 ATE
inversely proportional to Ci, core, Which further confirms that an accurate
knowledge of Cip core is indispensable to achieve an accurate measurement
result.

The sensitivity dPeore est/ MRy jeac 18 comparably small, since the leakage
flux is relatively low during the short measurement time. Accordingly, 7ry, ;..
has a minor contribution to the uncertainty of Py and is omitted. Further-
more, also 1, ... can be neglected, since [np,, | > |1cy, . | and same absolute
values of the sensitivities, |0Pcore.est/ MPeore | = [0Pcore,est/ M Cycore |- aPPLy. Ac-
cordingly, only np, . is considered in the circuit’s differential equation that is
examined in Section 3.3.9, which enables a compact and yet accurate solution.

3.3.7 Inhomogeneous Flux Density and Temperature
Distribution

The distribution of the flux density over the core cross section has a general
impact on the determined core losses. Conversion of the induced flux into
flux density is conventionally done by division of the flux by the cross section
of the employed core. However, cores (toroids) typically employed for the
measurement of core losses cause flux density deviations between the inner
and outer radius of 60 % to 70 %. This is attributed primarily to the varying
magnetic lengths between the two radii and the current carrying conductors,
according to the Biot-Savart law and/or Ampere’s law, and secondarily to the
impact of the flux density on the relative permeability of ferrite materials.
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Fig. 3.7: Temperature monitoring of a toroidal ferrite core (R 22.1/13.7/7.9, N49) that is
subject to a sinusoidal flux density of 500 kHz and 100 mT, using the FLIR A655sc IR
camera. At an ambient temperature of 26.2 °C, the three depicted frames correspond
to the temperatures (a) 30 °C, (b) 34 °C, (c) 36 °C. For all temperatures the maximum
deviation between the points of lowest and highest temperatures in radial direction
of the core is below 0.3 °C (camera resolution: 640 x 480 - pixel dimensions: 0.136 X
0.136 mm?).

This deviation, raised to a typical power of f ~ 2.5, results in a ratio of the
maximum and the minimum losses in radial core direction of more than 3.
Therefore, it is advised to consider cores with slim profiles, in order to limit
differences in flux density and corresponding loss densities.

Despite the inhomogeneous loss distribution in the CUT, thermal imaging
reveals that the temperature gradient inside the core is negligible, cf. Fig. 3.7,
due to the relatively high thermal conductivity of ferrite [A > 3.5 W/(mK)].
As a result, and similar to the electric measurement of the core losses, the
investigated procedure does not measure the local loss density but rather the
total core losses. Furthermore, Ri core in Fig. 3.2(a) can be omitted.

3.3.8 Impact of Copper Losses

Copper losses in the coil cause additional heating of the core and need to be
limited, e.g., to a maximum of one tenth of the core losses, which is found to
be easily achieved with proper choice of the CUT design parameters (e.g., core
geometry, number of turns, type of conductor). In order to further minimize
this effect, a thermally isolating interface tape (=~ 0.3 mm) can be placed
between the coil and the core. The impact of the distance between coil and
core on the flux distribution inside the core is negligible for core materials
with high relative permeabilities, e.g., MnZn ferrite materials with g, > 1000.
It may become more critical for high frequency NiZn ferrite materials, whose
relative permeabilities can be as low as 40. FEM simulations of the high-
frequency inductors that are experimentally evaluated in Section 3.5.3 and
which employ the NiZn ferrite material 67 of Fair-Rite, however, confirm
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Chapter 3. Transient Calorimetric Measurement of Core Losses

that the effect of the winding current on the distribution of the flux density
remains negligible.

3.3.9 Total Uncertainty

The total uncertainty of the measured core losses is determined based on the
differential equation of the circuit depicted in Fig. 3.2(b),

dT;
Cunc dc;)re -
Teore — Tamb
Peore [1 + 1P (Tcore - Tamb)] - cor;—am s (3-15)
unc
Cune = Cth,core (1 + 5Cthycm) , Rune = Rth,leak (1 + 5Rth,leak) s (3-16)

which, in accordance to Sections 3.3.1, 3.3.2, and 3.3.6, takes the uncertainties
OCu core> ORen1eac> @0 7P, into consideration. Furthermore, the measured tem-
perature is subject to the transient response of the NTC sensor, i.e., for the
assumption of Ciy NTc < Cih cores

dT,
Tmeas = Teore — %TNTC (3‘17)

applies [the corresponding solutions for Teore(t) and Tyeqs(t) are (A.1)
and (A.2) of the Appendix A.1, respectively].

Finally, for the estimation of the core losses according to (3.6), also the
temperature measurement uncertainty needs to be considered,

Tmeas(t1 + Atl) - Tmeas(t1) * €Teas

Pcore,unc(tl, Atl) = ~h-ton ~ tthh—ton s (3‘18)
(e Tleak — @ Tleak )Rth,leak
leading to a relative total uncertainty of
P t, At)) — P
unCmeas,%(tl, Atl) —100% x core,unc( 1 1) core (3.19)
Pcore

Fig. 3.8 presents a contour plot of the worst-case values of the total un-
certainty, uncmeas %, obtained for the reference experiment defined in Tab. 3.1,
as a function of t; and At, (o, = 0s is considered). The presented plot is
computed with (3.19) and takes the ranges of Ory, > NPeores INTC, and €1,
listed in Tab. 3.2, into account.3 For an optimal selection of ¢, and At,, the
total uncertainty of the measurement method is below 12 %. In addition, the

90



3.3. Measurement Accuracy

=,
2
=]
‘=
=
Q
Q
[=]
=)
o
o
~ o
e E
My tl,opt )
10
&S
[0”70
0 Al 5 100

(b) At [s]

Fig. 3.8: (a) Worst-case total error and (b) increase of the core’s temperature with
respect to £, and At, (cf. Fig. 3.3) , for the specifications of Tab. 3.1, the uncertainties of
Tab. 3.2, and the equivalent circuit of Fig. 3.2.
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region around the optimal point is substantially flat and is found to occur
approximately at

Cth, core

6\Tmeas

s Atl,max > (3-20)
UPCOIC

tl,()pt X 2INTCS Atl,Opt ~ min
core

which is detailed in Appendix A.2 and applies if er, .. and np, are dominating
sources of uncertainties (the value of At, o is limited to Aty max = 250s in
order to prevent unreasonably long measurement times in case of low losses).

Due to the many uncertainty variables that have an influence on uncyeas %,
it is unlikely for the worst-case to happen. In a more realistic approach, a
Gaussian distribution of each uncertainty is considered such that 95 % of the
samples lie within the uncertainty values of Tab. 3.2. Based on a Monte Carlo
simulation approach according to [93], featuring 5000 individual simulations,
the probability density function of the total uncertainty presented in Fig. 3.9
is obtained for the settings of the reference experiment and optimal timing
values of t, and At,, derived similar to Fig. 3.8. It is found that an approximately
Gaussian distribution results for uncmeas %, which is due to the fact that the
total uncertainty is approximately proportional to the values of the individual
uncertainty variables (except for 5t and dg,, ). The negative mean value
of 4 = —4.3 % results mainly due to the negative temperature coefficient of the
core losses [i of approximately zero would result if the measured core losses
were referred to a core temperature of Tpeas(f; + At,/2)]; for a confidence
interval of 95 %, i + 20, the total uncertainty is between —7.4 % and —1.1%.

The CUT defined in Tab. 3.1 has been examined with regard to different
levels of core losses, ranging from 20 mW to 20 W, in order to determine
the range of core losses that lead to a worst-case value of uncmeass < 20%
(cf. Fig. 3.10). Core loss dependent optimal timing parameters, t, opt (Peore) and
Aty opt(Peore), have been used in this plot to enable a meaningful assessment
of the achievable total uncertainty. According to the results, the method is
valid from 40 mW up to 8 W, which corresponds to a value of 200 for the
ratio of maximum to minimum core losses.

In case of low losses, the core temperature increases slowly and, due to
the limitation of At opt to Aty max, according to (3.20), a reduced temperature

3The implemented computation takes 2° = 32 combinations of uncertainty values into account.
Each of these values is selected such that, in case of a standalone consideration, minimum (most
negative) or maximum (most positive) contribution to the total uncertainty results. With regard
t0 8¢y, core’ ORihtea> MPeores AN €Ty, this is achieved by using the minimum and maximum
boundary values of these four uncertainties. In case of zyTc, the minimum and maximum
uncertainties need to be obtained numerically from (3.13) for each combination of #, and At,, due
to the nonlinear characteristic of (3.13).
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Fig. 3.9: Distribution of the total uncertainty resulting from a Monte Carlo simulation
of the uncertainties of Tab. 3.2 and for the specifications presented in Tab. 3.1. The

uncertainties are assumed to follow a Gaussian distribution.

difference is measured. As a consequence, the corresponding increase of the
uncertainty is mainly related to the temperature measurement error, er, .
In addition, with At, opt approaching 7jeax, also the impact of dgy, ., i-€., the
uncertainty of Ry, Jeak, On the total uncertainty becomes more relevant.

In case of high losses, the core temperature increases quickly. Accord-
ingly, the increase of the total uncertainty is mainly due to the increased
uncertainties arising from the temperature dependency of the core losses,
NPu> and the time constant of the NTC temperature sensor, 7xtc. The two
uncertainties are contradictory to each other, since the first one requires small
values of t; and At,, in order to limit the temperature increase, and the second
one needs t; > 2zy7c in order to overcome the delay error introduced by the
transfer function of the NTC.

The extreme cases of core losses close to 40 mW or 8 W correspond to
operating points of limited interest, i.e., insignificant introduced heat in
case of low losses, which is not of practical relevance, and potential thermal
runaway in case of high losses. Nevertheless, these values confine the absolute
measurement limits of the specific core. Measurements of higher or lower
absolute core losses are feasible for larger or smaller cores, due to the increased
or decreased values of the thermal capacitance, Ci core-
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Fig. 3.10: Evaluation of the measurement uncertainty for a wide range of losses, i.e.,
between 20 mW and 20 W, for the specifications of Tab. 3.1. For each value of Pcore
the optimal selection of ¢, and At, (cf. Fig. 3.3) is considered. Moreover, the same curve
for a core of three times larger volume and a core of three times smaller volume is

depicted.

3.4 FEM Simulation

Section 3.2.2 details an equivalent circuit that correctly reproduces the mea-
surement results. However, the physical validity of the circuit has not been
investigated, e.g., other circuits could give similar waveforms, too. In addi-
tion, certain parameters, e.g., Rih core, depend on 3D phenomena related to the
field pattern. For both these reasons, a 3D FEM simulation (COMSOL Mul-
tiphysics software [94]) of the core losses and the temperature distribution
of the experimental setup is performed and the results are presented in this
Section.

The model is solved in a two-step process, starting from a frequency
domain Magnetic Field (MF) problem, followed by a Heat Transfer (HT)
problem in the time-domain. Critical dependencies, i.e., core loss density
with respect to magnetic flux and temperature, specific heat capacity with
respect to temperature, and the dependencies of different cooling mechanisms
(convection and radiation) on temperature are taken into consideration. On
the contrary, dependencies of less impact, e.g., temperature dependency of
the core permeability and hence of the magnetic field pattern, are excluded
(cf. Fig. 3.11). Solving both, MF and HT, problems in the time domain would
lead to unrealistic computation times, due to the substantially different time
constants of the two problems, i.e., microseconds for the MF problem and
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Fig. 3.11: Flowchart of the realized FEM model. The model is split into two subse-
quent problems, one in the frequency and one in the time domain. This results in a
significant decrease of the computational effort, by preserving only the critical model
dependencies.
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seconds for the HT problem. The implemented model corresponds to the
experiment specified in Tab. 3.1 and considers the waveforms of Fig. 3.3, i.e.,
it features a toroidal core (R 22.1/13.7/7.9) made of N49 MnZn ferrite material
with 10 turns of high-frequency litz wire (180 X 71 pum) that is subject to
a sinusoidal flux with a frequency of 500 kHz and an average flux density
of 100 mT. The loss data for the simulations are taken from the Magnetic
Design Tool of EPCOS-TDK [95] and for the convection mechanism, natural
convection is considered. The specific heat capacity data is taken from the
DSC measurement of Fig. 3.4.

The resulting temperature progression over time, shown in Fig. 3.12(a), is
in good agreement with the core temperature behavior of the simulated circuit,
Teoresim» Of Fig. 3.3. Fig. 3.12(b) depicts the change of the core losses over
time and reveals the high ratio of core to copper losses. Finally, Fig. 3.12(c)
presents the energy distribution of the losses generated in the core and the
coil, Ejosses core ad Elogses.coil, the thermal energy stored in the core, Egiored cores
and the thermal energy transferred to the ambient, Egtored other- During the
heating phase, most of the energy stays inside the core and during the cooling
phase the energy is slowly passed to the ambient. However, even during
the heating phase, a substantial amount of energy is leaking to the ambient,
which confirms that the estimation of the core losses needs to take R Jeak
into account.

Fig. 3.13 presents important values of the simulated component for the
time instant of fo, cf. Fig. 3.12. As discussed in Section 3.3.7, Fig. 3.13(a)
and (b) reveal a gradient of the flux density in radial direction and an
even more substantial gradient of the core loss density, due to the raise
to the power of f, with a ratio of maximum to minimum loss density of 3.8
[cf. Fig. 3.13(b)]. However, the impact on the core temperature gradient is
negligible [Teore max (foff) — Tcore.min (foff) < 0.3 °C, cf. Fig. 3.13(c)], which fur-
ther confirms the assumption of Ry core = 0. Accordingly, the stored thermal
energy features a nearly homogeneous distribution, since the change in the
specific heat capacity of N49 is negligible for AT,ore of 0.3 °C [cf. Fig. 3.13(d)].

A comparison between the core losses estimated with (3.5), (3.6), and (3.20),
using Cip core at Teore = Tamp and the instantaneous losses at t,y, results in a
deviation of 9 %. Nevertheless, the comparison between the same calculation,
using Cih core at Teore = Tmid (cf. Fig. 3.12) and the instantaneous losses at fy;q,
results in a deviation of only 2 %. With this, the FEM simulation results con-
firm the validity of both, the equivalent circuit and the uncertainty analysis.
Finally, comparison between the extraction of losses using the temperature
waveform measured on the inner, middle, and outer circumference results in a
maximum deviation of 0.8 %, for the simulated maximum instantaneous tem-
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Fig. 3.12: Waveforms of the Heat Transfer (HT) FEM simulation in the time domain
for the specifications of Tab. 3.1. (a) Temperature change of the magnetic core and the
NTC; (b) generated core and coil losses; (c) distribution of the generated losses and
the stored thermal energy over time.
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Fig. 3.13: FEM simulation results of a toroidal ferrite core (R 22.1/13.7/7.9, N49) with 10
turns (high frequency litz wire, 180 X 71 um), for the specifications of the experiment
of Fig. 3.3/Tab. 3.1, i.e., 500 kHz/100 mT and average core losses equal to 1.54 W. The
depicted result corresponds to the instant ¢ = ¢,g. Distributions of: (a) flux density,
(b) loss density, (c) temperature difference, (d) density of the stored thermal energy
(as compared to the ambient condition).
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perature difference of 0.3 °C, since the instantaneous deviation corresponds
to a temperature offset and the temperature differences measured over time
are almost identical at inner and outer circumference.

3.5 Experimental Verification

3.5.1 Workflow of the Core Loss Measurements

The workflow of the complete experiment consists of three main parts, i.e.,
selection of the CUT, conducting the measurements, and post-processing the
acquired data.

Selection of a suitable CUT

The selection of the CUT features two main degrees of freedom, i.e., the
core volume, Vol.ore (Which translates into magnetic core length, core cross-
section, average turn length, and wire diameter) and the number of turns,
N. The requirement of negligible coil losses, defined with Peore = KiossPeoil,
where kjoss > 1 is the minimum acceptable ratio between Peore and Poj, sets
a lower boundary for Vol.,. At the other end of the scale, the maximum
allowed voltage in the setup, e.g., due to insulation and safety reasons and/or
equipment limitations, defines an upper boundary for the the product of
Vol.ore N (assuming a core cross section that is proportional to Volczo/r?’e). Both
boundaries need to be evaluated with respect to the desired measurement
ranges, e.g., minimum to maximum peak flux density and frequency.

In case of cores made of NiZn materials, which feature low relative per-
meability (i.e. commonly below 300), it is advised to experimentally verify
whether the flux distribution is equal, by measuring the voltage induced in a
single turn sensing winding when moving it along the circumference of the
magnetic core. In addition, it is mentioned in literature that cores of same
NiZn materials but different sizes perform differently [96], therefore, the same
core should be used for all considered frequencies.

Finally, it is important to consider a core with a thin profile (i.e., a relatively
small value of dyy — dip), in order to mitigate the error caused by the gradient
of loss density in radial direction, cf. Section 3.3.7, and to ensure that the
maximum measurement frequency is less than the self-resonance frequency
of the component, which limits the maximum number of turns for a given
core.
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Conducting the experiments

The experimental setup is implemented according to Section 3.2. In case of
large cores, two NTC sensors can be used (on the inner and outer circumfer-
ence of the toroid) in order to monitor the homogeneity of the temperature
distribution. The type of excitation is independent of the core loss measure-
ment method, hence, any flux waveform can be applied to the CUT and also
an additional winding for DC premagnetization can be employed.

After a change in the experimental setup (e.g., reference temperature up-
date, different core size) and during the first experiment, both the heating and
the cooling phase are required for the extraction of Peore and Rip Jeak according
to (3.6) and (3.5), respectively. For subsequently acquired measurement points,
it is sufficient to record only the heating phase, since Ry, Jeak remains constant.

Post-processing

In a first step, a Savitzky-Golay filter is applied to the measured temper-
ature, in order to decrease the measurement noise without distorting the
required information, as shown in Fig. 3.14(a). The extraction of Py is
based on (3.6) and employs the timing parameters defined with (3.20). Un-
der the valid assumption of 7NTc < Tleqk, the increase of the temperature
difference Tipeas() — Tamb can be considered a low-pass filtered response of
a ramp function. Hence, the intersection of the asymptote that results after
convergence of Teas () — Tomb With the time axis yields an estimate for ontc
(assuming that t,, = 0) as explained with Fig. 2.47(b) in [97]. The estimation
of Rih Jeak USES (3.5), t, = 1, + 27nTc, and a measurement duration, At,, that
corresponds approximately to |AT,| > 30|er,.,.| = 3 °C to achieve sufficient
accuracy of g, .- Analysis similar to Fig. 3.8 for the extraction of t, opt and
At opt is possible.

3.5.2 Measurement Results for MnZn Ferrite Cores

Fig. 3.14 depicts measured temperatures and core losses for ferrite N87 and
N49 (EPCOS-TDK) that have been obtained with a setup according to Fig. 3.1.
The two CUTs are R 41.8/26.2/12.5 (N87) and R 22.1/13.7/7.9 (N49) toroidal cores,
having excitation coils with 15 and 10 turns, respectively, which are made of
high-frequency litz wire (180 X 71 um). Moreover, the temperature is measured
according to Section 3.3.3, by averaging of the temperatures measured by
two sensors glued on the inner and outer circumference, respectively. In
order to verify the accuracy of the measurement, electrical measurements are
conducted as an alternative to the proposed method, employing capacitive
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compensation of the inductive behavior as described in [73] and shown in
Fig. 3.15. For this concept, in addition to the capacitive compensation, a sense
winding directly connected to a high input impedance voltage probe is used,
to exclude the influence of the copper losses in R, Finally, a high accuracy
measurement of the circuit current, ipess, allows for calculation of the core
losses of the CUT using

PCUT = Imeas,rmsteas,rms~ (3'21)

For each measured point an error analysis has been conducted for both
methods in order to verify the accuracies of the measurements.

The average absolute deviation between the two methods for all measure-
ments is less than 5.0 % and the maximum absolute deviation is below 13.0 %,
both of which confirm the validity of the method. More interestingly, the
proposed method is successfully applied to a wide range of losses between
45 mW to 4.5 W. Finally, it can be observed that with increasing frequency
the uncertainty range of the electrical measurements, even for the case of
capacitive compensation of the reactive power, starts exceeding the one of
the proposed method, mainly due to the error introduced by the measure-
ment equipment. This confirms the significance of the transient calorimetric
method especially for measurements of NiZn ferrite cores in the MHz range.

3.5.3 Measurement Results for NiZn Ferrite Cores

For the measurement of NiZn ferrite cores, the core R 21/13/6.4 with material
67 (Fair-Rite, manufacturer no: 5967000601) has been used. Due to its thin
profile, a single NTC sensor glued on the middle circumference is used. The
measurement circuit employed is depicted in Fig. 3.16. The input signal,
which is generated with the waveStation 2052 signal generator from Teledyne
LeCroy [99], is amplified with the AR 150A100D RF power amplifier [100]. A
custom made impedance matching transformer, realized with a R 32/19/9.5
toroidal core with material 67 (Fair-Rite, manufacturer no: 5967001701) and
a turns ratio of 12:3 is used in order to increase the load impedance on the
primary side (i.e., RF amplifier side) and provide galvanic isolation between
the amplifier and the core loss measurement circuit. For each considered CUT,
resonance matching capacitors of type MC from Cornell Dubilier Electron-
ics [101] with mica dielectric are used. The specific capacitors are suitable for
RF applications in the MHz range. The proposed circuit is required to achieve
sufficient impedance matching for the amplifier and, with this, stable opera-
tion, and is not relevant for the proposed transient calorimetric measurement
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Fig. 3.14: (a) Comparison of waveforms of three different measurements of Ferrite N87,
before and after application of the Savitzky-Golay filter; (b) comparison of the accura-
cies achieved with the proposed calorimetric method and the electric method described
in [73] for two different DUTs, i.e., R 41.8/26.2/12.5 - N87 and R 22.1/13.7/7.9 - N49, and

for ambient temperature between 26 °C and 28 °C.
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Fig. 3.15: Electrical circuit according to [73], used for the purpose of experimental
verification, cf. Fig. 3.14(b). Examples of the same setup can be also found in [19, 59].
For the measurements, the following equipment from Teledyne LeCroy was used:
PP018-1 passive probe (vmeas), ADP305 differential probe (vsense), APo15 current probe
(imeas) all together connected to HDO4054A oscilloscope [98].

method. Hence, provided that the required voltage, Vcur, is applied to the
CUT, operation directly at the resonant frequency is not required. Finally, a
sensing winding is used to monitor the flux in the core, since the low relative
permeability of the 67, iy ~ 40, leads to low coupling (cf. Section 3.5.1).

For the acquirement of the loss-data of Fair-Rite 67 NiZn material, the same
core has been used during the complete measurement procedure. However,
depending on the measured frequency range, the number of turns has been
adapted in order to limit the required rms voltage to values of less than 120 V.
Voltage measurement in this frequency range, i.e., 5 MHz to 50 MHz, requires
a careful selection of the equipment. In case of the discussed experiments,
the PHV 1000-RO passive probe (by PMK) has been used, since the selected
probe can measure two to three times higher voltages at 50 MHz than other
state-of-the-art high frequency passive probes, i.e., up to 150 Vy,s. However,
it has a parasitic input capacitance of 8 pF, which at this frequency range leads
to non-negligible currents through the probe and also affects the resonance
frequency of the circuit. Nevertheless, in case of the proposed method, this
impact is of minor relevance. In order to ensure flat response of the probe at
the complete frequency range, compensation of the probe individually for
each measured frequency is important.
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Fig. 3.16: Electrical circuit employed for the measurement of core losses of Fair-Rite
67 NiZn material. The setup is required only in order to achieve a better impedance
matching for the 50 Q output of the RF amplifier and not directly for the transient

calorimetric measurement method.

In Fig. 3.17 the measured impedances of the CUT for different numbers
of turns are depicted. The abrupt change of the cores’ behavior at 60 MHz is
in consistence with the real and imaginary relative permeability values of the
material’s datasheet [96]. According to this result, core loss measurements up
to 50 MHz are clearly feasible, since no resonance issues exist and at 50 MHz
the phase angle is still greater than 89.3°.

Fair-Rite 67 NiZn is a perminvar material, i.e., in case high enough mag-
netic field or strong enough mechanical shock is applied to the core, it will
change its magnetic properties in an irreversible way [102]. Therefore, when
measuring such material, it is advised to repeat the initial measurements, i.e.,
impedance measurement and/or first loss-measurement points, after all the
points of interest have been measured, in order to confirm that the material
was not over-stressed by accident and hence preserves its initial properties
and the measurements are valid.

The complete measured loss-map of the material at 25°C is shown in
Fig. 3.18. According to the results, the maximum frequency for practical use
is 20 MHz, since above this frequency the value of « (Steinmetz equation)
increases abruptly. This is consistent with the small signal imaginary part of
the permeability shown in the material’s data sheet [96]. Steinmetz parame-
ters of k = 1.36 X 107, @ = 1.4, and f = 2.4 provide a good approximation
of the measured losses in the frequency range between 5 MHz and 20 MHz,
with a maximum and average error of 17 % and 4.5 %, respectively. Above
20 MHz, different Steinmetz parameters are required due to the increase of a.

Due to the nature of the proposed method, the measurement uncertainty
is independent of the type of excitation, e.g., the worst-case uncertainty
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Fig. 3.17: Impedance measurement, using the high precision impedance analyzer
4294A from Agilent, of the R 21/13/6.4 Fair-Rite 67 NiZn core for different numbers of

turns. For the coil a flat-wire, 3.175 mm X 0.137 mm, is used.

for the challenging measurements at 50 MHz is below 15%. Overall, the
measurements of Fig. 3.18 feature a maximum and an average worst-case
uncertainty of 19.8 % and 13.3 %, respectively.

3.6 Conclusion

This chapter presents a transient calorimetric method for measuring the
losses of ferrite cores independent of the type of excitation, with or with-
out premagnetization. The method relies upon the correlation between the
measured rate of rise of the core temperature over time, the core’s thermal
capacitance and the introduced losses. Accurately measured specific heat
capacities of four commonly used ferrite core materials, using a Differential
Scanning Calorimeter (DSC), are provided. The main sources of inaccuracy
are analyzed and, with this, the total measurement uncertainty is evaluated.
The analytical findings are supported based on a proposed thermal equivalent
circuit, FEM simulations, and thermal imaging using a high resolution IR
camera. In addition, a step-by-step description of the workflow for conducting
the experiments is given.

The method is initially applied to commonly used N87 and Ng9 MnZn
ferrite materials of EPCOS-TDK, and the results of thermal measurement are
verified by electrical measurements. For all measurements, the deviations
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Fig. 3.18: Measured loss density of Fair-Rite 67 at 25 °C (a) with respect to magnetic
flux and (b) with respect to frequency. The losses are measured using a R 21/13/6.4
(manufacturer no: 5967000601) magnetic core. The fitted Steinmetz parameters,
k=136%x10"19 ¢ = 1.4, and B = 2.4, result in a maximum and an average error
of 17 % and 4.5 %, respectively, and are valid for frequencies up to 20 MHz. Above
this frequency, different Steinmetz parameters are required due to the increase in
a. The measurements feature a maximum and an average worst-case measurement

uncertainty of 19.8 % and 13.3 %, respectively.
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between the measured and the reference values are below 13 %, which is within
the typical tolerance of cores produced in different batches and also within
the commonly accepted accuracy for the execution of a complete component
optimization. Finally, the method is applied to the 67 NiZn material of Fair-
Rite for frequencies up to 50 MHz. With total measurement uncertainties
of less than 20 %, the transient calorimetric method demonstrates its great
strength compared to electrical methods, which would be very difficult to
realize at these high frequencies. Based on the acquired loss-map, Steinmetz
parameters are provided that accurately describe the material up to 20 MHz.
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Rectifier System

This chapter summarizes most relevant research findings also published in:

» P. Papamanolis, D. Bortis, F. Krismer, D. Menzi, and ]J. W. Kolar, “New
EV Battery Charger PFC Rectifier Front-End Allowing Full Power Deliv-
ery in 3-Phase and 1-Phase Operation,” MDPI Electronics, vol. 10, no. 17,
Pp. 2069, 2021.

» P. Papamanolis, F. Krismer, and J. W. Kolar, “22 kW EV Battery
Charger Allowing Full Power Delivery in 3-Phase as well as 1-Phase
Operation,” in Proc. of the IEEE Energy Conversion Congress and Expo.
(ECCE Asia), Busan, South Korea, 2019.

Motivation
Private charging of EVs will further dominate the share of employed charging methods
in the near future. Moreover, with the increase of EV battery capacities, charging at high
powers, i.e., > 10kW, becomes necessary. However, LV mains infrastructures differ as
for example USA features a 1-phase, 240V, 60 Hz grid, whereas Europe features a 3-phase,
400V, 50 Hz grid. Accordingly, a globally applicable charging system would be preferable.
Motivated by this challenge, this chapter proposes a simple universal solution, that will allow

| interoperabiliy and cost-efficient production lines. |

111
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Executive Summary

A new universal front-end PFC rectifier topology of a battery charger for Electric Vehicles
(EVs) is proposed, which allows fast charging at rated and/or full power level in case of 3-
phase (Europe) as well as 1-phase (USA) mains supply. In this regard, a conventional 3-phase
PFC rectifier would facilitate only 1/3 of the rated power in case of 1-phase operation. The new
topology is based on a two-level six-switch (2LB6) 3-phase boost-type PFC rectifier, which is
extended with a diode bridge-leg and additional windings of the Common-Mode (CM) chokes
of the EMI filter. Besides this extension of the power circuit, the general design of the new
converter is explained, and the generated Differential Mode (DM) and Common Mode (CM)
EMI disturbances are investigated for 3-phase and 1-phase operation, resulting in guidelines
for the EMI filter design. The EMI performance (CISPR 11 class-B QP) is experimentally
verified for 1-phase and 3-phase operation at an output power of 4.5 kW, using a full-scale
hardware prototype that implements the proposed extensions for a 2LB6 3-phase boost-type
PFC rectifier and that is designed for output power levels of 22 kW and 19 kW in case of
3-phase and 1-phase operation, respectively. Compared to a conventional 2LB6 PFC rectifier,
the volume of the extended system increases from 2.7 dm? to 3.4 dm?, of which 0.5 dm? are
due to the additional DC-link capacitance for buffering the power pulsation with twice the

| mains frequency occurring for 1-phase operation. |

4.1 Introduction

The internationally increasing sales figures of Electric Vehicles (EVs) results
in a demand for universal front-end PFC rectifier topologies of EV chargers
that facilitate full power operation in presence of 3-phase and 1-phase mains.
For example, in Europe, a charging power of 22 kW is accessible from the
3-phase mains with a line-to-line rms voltage of 400V and a maximum phase
current of 32 A [3]. In the USA, the three-wire split-phase system, which
basically represents a 1-phase mains, provides similarly high power of 19.2 kW
with an rms voltage of 240 V and a maximum current of 8o A [103].

In the context of economy of scale it can be preferable that both, i.e.,
3-phase and 1-phase operation, are covered using the same power circuit,
especially a universal ac/dc front-end. Different reasons for potential cost
reductions are listed below.

» Reduced development effort since only a single product needs to be
designed and tested.
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> Product certification, e.g., as described in [104], which often is a time-
consuming process for automotive supply equipment, needs to be con-
ducted for only one product instead of two.

> Reduction of the number of different components, in particular mag-
netic components.

> Only a single production line is needed to manufacture the EV charger.

For these reasons, it is expected that, up to a certain production volume, the
total cost of the presented converter structure is lower than the total cost
of two separate EV chargers (in case of very high production volumes, a
lower total cost may be achieved with separate EV chargers for 3-phase and
1-phase operation, since a separate realization facilitates the independent
optimization with regard to the specific requirements).

A straight-forward realization can be achieved with three individual 1-
phase PFC AC/DC converter modules, as described e.g., in [105-108], which
requires three individual isolated DC/DC converters. Alternatively, according
to Fig. 4.1(a), the front-end of an EV charger (which comprises an AC/DC
converter and a DC/DC converter with galvanic isolation [109]) can be realized
with a conventional 3-phase boost-type PFC rectifier that readily enables
1-phase operation, cf. Fig. 4.1(b), whereas the unused bridge-leg, e.g., of
phase b in Fig. 4.1(b), can be employed to buffer the Low Frequency (LF)
power pulsation at the DC-link, as detailed in [110]. However, the maximum
power in case of 1-phase operation is limited to approximately 1/3 of the
nominal 3-phase power, since the power components of the rectifier stage
in each phase are only rated for the current occurring for nominal 3-phase
operation [111,112].

These state-of-the-art approaches are the starting point for investigating
whether a conventional 3-phase PFC rectifier can be extended such that 1-
phase operation is feasible at full power. This potentially offers advantages
concerning circuit complexity, realization effort, and manufacturing costs.
The resulting PFC rectifier has been introduced in [113]. In the following, a
systematic design procedure is presented, based on a detailed stress compari-
son, between the two types of operation. Furthermore, the guidelines for the
EMI filter design of [113] are further developed, including FEM simulations
for each of the proposed realizations of the 4-phase CM choke, as well as,
experimental measurements. Finally, a full-scale hardware prototype allows
for experimental verification, revealing the viability of the proposed concept.

To start with, Section 4.2 describes the extension of a 3-phase two-level
six-switch (2LB6) PFC rectifier topology with respect to full power 1-phase
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Fig. 4.1: Block diagrams of conventional boost-type 3-phase AC/DC converters for
different operating conditions: (a) operation from 3-phase mains; (b) operation from
1-phase mains [110-112].

114



4.2. Modifications for 1-Phase Operation

Tab. 4.1: Specifications of the EV charger.

Parameter Description 3-phase  1-phase
Prom Nominal power 22 kW 19.2 kW
VaC.rms Grid input voltage (rms) 3X230V 240V
IAC rms Grid input current (rms) 32 A 80A
Loh,rms Phase current (rms) 32A 26.67A
fm Grid frequency 50Hz 60Hz
Vbe Output voltage 750V 750V
fs Switching frequency 48 kHz

operation. The proposed extension can also be applied to multilevel 3-phase
AC/DC converters whose power stages do not require a connection to the DC-
link midpoint (e.g., a flying capacitor converter). Section 4.3 details the design
of the power circuit, i.e., the derivation of the analytical expressions used
to calculate the component stresses and presents a design guideline, which
clarifies specific design requirements. Section 4.4 investigates conducted
EMI in case of 3-phase and 1-phase operation. The EMI equivalent circuits
derived in this context enable the identification of most critical operating
conditions (3-phase or 1-phase) for Differential Mode (DM) and Common
Mode (CM) disturbances and facilitate the compilation of guidelines for the
EMI filter design. Section 4.5 presents the experimental verification of the
theoretical considerations at an output power of 4.5 kW, using a full-scale
hardware prototype that implements the proposed extensions for a 2LB6
3-phase boost-type PFC rectifier. The measurement results confirm that the
EMI filter complies with CISPR 11 Class-B QP regulations in case of 3-phase
and 1-phase operation.

4.2 Modifications for 1-Phase Operation

This Section summarizes the 3 extensions that are applied to the 2LB6 3-phase
PFC rectifier depicted in Fig. 4.1, in order to gain 1-phase operating capability
at full power. Starting from the power stage, these are listed below.

» DC-side unfolder (passive diode bridge-leg) for the return current.

» DC-side relay to enable DC-side CM filtering with a CM filter capacitor
for 1-phase and 3-phase operation.
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Fig. 4.2: Proposed two-level six-switch (2LB6) 3-phase boost-type PFC AC/DC con-
verter with three-stage EMI filter. Compared to a conventional 2LB6 rectifier topology,
the additional components, highlighted with red color, allow full / rated power delivery
also for 1-phase operation, otherwise, the 1-phase rating would be limited to 1/3 of the
rated 3-phase power (cf. Fig. 4.1(b)). The relay contact is closed in 3-phase operation
and open in 1-phase operation, cf. Sec. 4.2.
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Fig. 4.3: Illustration of the voltage loops (I and II) used to estimate vg pg under 1-phase
operation. Both loops encompass PE, O’, O, and the currently conducting rectifier
diode. The voltage drop caused by the EMI filter is neglected.

(b)

Fig. 4.4: Two different constructions of a 4-phase CM choke with toroidal core and 6
turns per phase: (a) the winding of the 4th phase is not split apart; (b) the winding of
the 4P phase is split into three parts that are connected in series.
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> Modified EMI filter: 4-phase CM chokes; no CM chokes in the filter
stages directly connected to the switching stage.

Fig. 4.2 depicts the resulting converter topology. A detailed explanation is
presented in [113].

Tab. 4.1 lists the main converter specifications, which reveal similar
output power levels and similar phase voltages in case of 3-phase and 1-phase
operation. Accordingly, similar component stresses are expected for the two
modes of operation. The three half-bridges of the PFC rectifier can be operated
in parallel during 1-phase operation in order to equally share the mains current,
advantageously with interleaving, which, however, requires all 3 phases a, b, ¢
of the rectifier for drawing the input current. Hence, the 3-phase PFC rectifier
needs to be equipped with a conductor for the return current. This conductor
could be directly connected to the DC-link midpoint, O, in Fig. 4.1. However,
this solution would lead to very high DC-link capacitances, since both, the
upper and the lower DC-link capacitor would only be charged during every
second mains half cycle in an alternating manner. For this reason, the rectifier
is extended by a passive diode bridge-leg that is realized with low-cost Si
diodes and acts as unfolder. Compared to the direct connection to the DC-link
midpoint, the LF rms current of the DC-link reduces from 44 A to 18 A. The
return conductor is connected to the AC input of this unfolder bridge-leg
as shown in Fig. 4.2. The resulting topology resembles a typical interleaved
totem pole PFC rectifier [114].

In the 2LB6 3-phase PFC rectifier shown in Fig. 4.1, the star-point formed
with the DM EMI filter capacitors is connected back to the midpoint, O. This
connection enables a low-impedance current path for CM EMI disturbances
and stabilizes the electric potential of the midpoint with respect to earth at
high frequencies [115,116]. In addition, one or more CM EMI filter capacitors
can be installed at the DC side, e.g., between O and PE, in order to further
decrease the level of CM EMI noise applied to the EMI filter [117]. However,
during 1-phase operation, the rectifier diodes of the unfolder change their
states at every zero-crossing of the phase current. The voltage between O
and PE, vopg, can be determined based on the voltage loops I and II depicted
in Fig. 4.3. Depending on the conducting diode, i.e., D, or Dy, loop I or I is
valid, respectively. Hence, should the voltage drop across the EMI filter be
neglected at mains frequency,

~0ac(t)/2 = Vpc/2Viac < 0 (loop D),

—UAc(t)/z +VWpc/2Viac >0 (lOOp H). (4.1

U0OpPE ~ {
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results. According to (4.1), vopg is subject to a voltage step of Vpc at every
zero-crossing of the phase current, cf. Fig. 4.2, which leads to an increase
of the EMI noise floor, e.g., as described in [118,119]. For this reason, no
filter capacitor should be connected between O and PE in 1-phase operation.
However, since the voltage between the midpoint of the unfolder, O’, and earth,
is not subject to such voltage step, v pr = —vac/2, a filter capacitor, Como,
can be placed between O’ and PE to attenuate CM EMI noise. Accordingly, a
relay is installed between O and O’, which is in the on-state during 3-phase
operation and in the off-state during 1-phase operation in order to keep Ceyo
effective for 3-phase and 1-phase operation.

In a last step, the EMI filter needs to be modified, which, in particular,
requires the 3-phase CM chokes to be extended. These CM chokes are intended
to handle a small magnetizing current, because the sum of the phase currents,
iy + ip + i¢, is approximately zero during 3-phase operation. However, during
1-phase operation the sum of the phase currents is equal to the return current
and the cores of the 3-phase CM chokes would saturate. Accordingly, all CM
chokes must feature a 4" winding for the return current. Fig. 4.4(a) depicts
a straightforward realization of this CM choke with a single 4" winding. This
construction is cost-effective because it requires only 4 dedicated windings
but it introduces an asymmetry that can be critical regarding mixed-mode
EMI noise [120,121]. An assessment of the implications of this asymmetry
on the components’ stray inductances is presented in Appendix B.1 for a
selected design example, for which an acceptable ratio of 1.41 for maximum
to minimum stray inductance is obtained. Apart from that, the construction
of Fig. 4.4(a) enables a PCB layout that is of low complexity and features a
high fill factor, since it requires a minimum number of separators between the
windings. A more symmetric construction is depicted in Fig. 4.4(b) where
the 4" winding is split up into three parts that are connected in series. This
construction is more complex to realize than that of Fig. 4.4(a) and limited
to numbers of turns that are a multiple of three. Both constructions have in
common that the cross-section of the wire of the 4™ winding is three times
larger than that of each wire of the three phases. With this, same LF winding
losses occur during 1-phase operation in all 4 windings. Initially, it was
intended to realize both CM chokes based on the more symmetric construction
depicted in Fig. 4.4(b), however, it turned out that the construction with a
single 4™ winding features a lower number of connections and enables a PCB
layout with less overlapping conductors. Thus, lower parasitic capacitances
due to interconnections result. In order to verify the proper operation of both
configurations, Ley; is based on Fig. 4.4(b) and Ley, on Fig. 4.4(a).

119



Chapter 4. Universal 3-Phase / 1-Phase PFC Rectifier System

Lcm ":" Ldm Lcm "---" Ldm
== o .0
| — ] : =,
“ESL T ¢ ESL ol
Cw| | |1 Col | [Cul | |} i
6Con | [ ¢ T LT LLT:
P P - P
T3Cmd 1 s 3Can T L La3®
o= = mmo o -0
(b) . (© .
Lcm T 7" Ldm Lcm "7 3 Ldm
o——9 - [ - O
o - - o L
ESL — ESL |
o \’\‘ -0 o \ ‘ -
CdmL : E E C&.m Cdm 1 E E
P L3 3Cem 3Cmek 11 L3
o— ¢ .mm mmo o -
6C, == ‘:--0 i
(a) = (d)

Fig. 4.5: (a)-(d) Proposed structures for a single stage of the EMI filter that are effective
in 1-phase as well as 3-phase operation. Ly, /3 (marked with an *) is included for
symmetry reasons and may be omitted.
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The resulting EMI filter structures, shown in Figs. 4.5(a)—(d), effectively
attenuate the generated DM and CM EMI noise for operation with 3-phase
as well as 1-phase mains. In all four structures, a low impedance return path
for the CM noise of the switching stage is provided through one or more CM
capacitors, PE, and Ccp, (cf. Fig. 4.2).

Fig. 4.5(a) depicts the realization of a filter stage with the lowest component
count, which comes at the costs of a disturbed symmetry (with regard to the
placement of the CM capacitor) and an increased parasitic inductance in series
to the CM capacitor that arises from the Equivalent Series Inductances (ESLs)
of the DM capacitors. Fig. 4.5(b) presents an alternative structure that achieves
symmetry, due to the additional DM capacitor between the return conductor
and the star-point of the DM capacitors of the three phases. A drawback of
this structure is the increased volume, since X-rated DM capacitors, typically
in the pF range, are bulky components. Fig. 4.5(c) depicts a structure with
only three DM capacitors and with a CM filter part that is symmetric and
achieves improved HF performance, due to the reduced parasitic inductances
in series to the CM capacitors. Finally, Fig. 4.5(d) shows the most symmetrical
structure, which, however, requires four bulky DM capacitors.

The filter stages directly connected to the switching stage, e.g., the 1° filter
stage, do not comprise a CM choke, cf. Fig. 4.2. The reason is that a 4-phase
CM choke, during 3-phase operation (where the relay is in the on-state),
would short circuit the zero sequence voltage inherently generated by the
2LB6 topology (cf. v in Fig. 4.8(a)). Instead of that, the CM choke is placed
close to the mains-side interface of the EMI filter where it is fully effective,
ie., Lemy in Fig. 4.2. Furthermore, in anticipation of the detailed analytical
investigation conducted in Sec. 4.4, a second CM choke is placed in the grd
filter stage (Lems), together with a CM EMI filter capacitor between the two
CM chokes.

The DM part of the EMI filter can remain unchanged because the DM
EMI filter components are similarly effective for both, 3-phase and 1-phase
operation. The DM filter components Ly, /3 and Ly, /3 in the return path
are only used for the reason of symmetry and could be omitted.

The presented extension can be applied to any conventional multilevel
3-phase AC/DC converter that can be implemented without connection to
the DC-link midpoint (e.g., a flying capacitor converter). A possible extension
of AC/DC converters with inherent utilization of the midpoint (e.g., T-type
converter) is presented in Appendix B.5.
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4.3 Design of Main Power Stage

This Section aims for a systematic design of the converter that takes into
consideration whether 3-phase or 1-phase operation is more critical for the
design of a power component. In this regard, suitable values of switching fre-
quency and inductor current ripple are determined in Subsection 4.3.1 and the
selection or design of the power components is presented in Subsection 4.3.2.
The expressions used to calculate the currents in the power components and
the losses for 3-phase and 1-phase operation are well known; for the reason
of completeness, the expressions used in the course of the converter design
are compiled in Appendix B.2 and B.3.

4.3.1 Switching frequency and current ripple

In order to obtain a compact EMI filter, it is sufficient to limit the switching
frequencies that are considered during the design process to a set of discrete
values, f; € {24, 36,48,72,144} kHz [122]. From these, f; = 48 kHz has been
considered, since this choice provides acceptable switching losses and a
compact design of the boost inductor [123,124].

The value of the current ripple has been determined such that, in case of
1-phase operation, the diode bridge-leg is not subject to parasitic HF switching
operations around the zero crossing of the phase current, due to the super-
imposed HF ripple. Since the three phases are modulated with interleaved
carriers during 1-phase operation, the HF ripple of the current in the recti-
fier diodes only contains harmonic components at 3 f; and multiples thereof
(cf. Sec. 4.4). Furthermore, the superimposed HF ripple leads to a total current
in the return path that is limited by an upper and a lower envelope. In our
case, the lower envelope is of interest, because it enables the derivation of
a condition for L; such that parasitic HF oscillations of the diode bridge-leg
AC-side voltage are avoided. The expression for the lower envelope of the
return current can be estimated with the mains current fundamental compo-
nent and the amplitude of the spectral component at 3 f;, calculated from the
Fourier series of the rectangular waveform of the switch-node voltage,

) . Wbe .
iDeny(t) = sin(27tfiyt) — i sin(37d(t))| . (4.2)
AC,rms 5 T
LF term

ampl. of spectral comp. at 3 f;.

According to (4.2), parasitic HF switching of the diode bridge-leg is avoided
if the gradient of the LF term is greater than the gradient of the amplitude
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of the 3" harmonic at t — 0. For output power levels greater than 2.5 kW,
this condition leads to L, = 150 pH, which translates into a peak-to-peak
current ripple of 60 %. In case the specifications require operation at lower
power, low-power MOSFETs or IGBTs can be placed in parallel to the diodes,
to clamp the path of the current around zero-crossings.

4.3.2 Power components

Using the provided expressions of Appendix B.2, B.3 all currents can be
calculated for 3-phase and 1-phase operation; Tab. 4.2 lists the obtained
results. The comparison of the listed values reveals slightly higher values
of Ik rms and Iphavg in case of 3-phase operation, which is due to the higher
output power of 22 kW. However, 1-phase operation leads to a higher peak
value of the phase current and a higher HF rms value of the inductor current,
since the durations with large current ripples are longer than for 3-phase
operation. Furthermore, the DC-link capacitors are subject to high LF rms
currents during 1-phase operation. These results, in combination with (B.6),
(B.10), and (B.33), allow to directly draw the conclusion that 3-phase operation
is more relevant for the selection of the MOSFETs and 1-phase operation
is important for the design of the DC-link capacitor. The selected power
components are listed in Tab. 4.3. A single 1EDI6oN1zAF gate driver (by
Infineon) is employed for each pair of parallel MOSFET devices with separate
gate resistors. Moreover, for the relay on the DC-side (cf. Section 4.2), two
parallel IMo6DGR relays from TE have been employed. Such configuration is
possible, since the relays are only used as disconnectors and are not intended
to switch any current.'

With regard to the design of the boost inductor, both operating modes
need to be considered, since 3-phase operation leads to higher copper losses
(higher value of Iy, 1ms) and 1-phase operation causes higher core losses and is
more critical with regard to a saturation of the magnetic core (higher values
of Iphpk and I ph s pr)- In order to ensure that the defined values for peak
flux density and current density are maintained, the area product of (B.12) is
modified,

LIIph pk Iph rms
AcAvw)min = - — : . .
(AcAy)min = max ( Bpk max ke Joms (4-3)

'In case interoperability is not considered, i.e., possibility of operation in Europe and in
the USA, the relay can be omitted (1-phase operation), or replaced by a hardwired connection
(3-phase operation).
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Chapter 4. Universal 3-Phase / 1-Phase PFC Rectifier System

Tab. 4.2: Components’ current stresses for 3-phase and 1-phase operation.

Parameter Description 3-phase  1-phase

Loh,rms rms value of ipp (¢) 32A 27A

Lohavg average value of |ip, (¢) | 20A 24 A

Tonpk peak value of [ip, (2) | 50 A 57A
rms value of the HF com-

ILph,rms,HF 5.1 A 6.0A

ponents of i, (2)

rms value of the LF current
Iepcomms in the DC-link cap. ~0 184

In order to evaluate (4.3), the values for By, and Ji,s need to be defined.
With regard to the current density, a typical value of Jims = 4 A/mm? is
used. However, the value of the peak flux density depends on the selected
core material. In this work, the core of the boost inductor is made of the
iron-powder material KoolMu, since this features a compact design, due to
a high useful flux density, and a smooth transition to saturation in case of
overcurrent conditions. However, the practically useful peak flux density is
lower than the material’s saturation flux density of 1T, since the permeability
of the material and, with this, the resulting inductance decrease for increasing
magnetic flux density. Therefore, Bpx ~ 500 mT is used, which, for the finally
chosen material with an initial relative permeability of y, = 60, tolerates a
decrease to p; = 26. With this, (AcAw)min = 23 cm* results. This area product
serves as initial value for selecting a suitable core. The final inductor design
is conducted with the multi-domain inductor optimization algorithm outlined
in [32] that takes nonlinear effects and coupled electro-thermal effects into
account and results in an area product of 25.2 cm?. Tab. 4.4 lists the resulting
inductor design. This inductor design features an initial inductance of 170 uH
at zero current and tolerates a decrease of the inductance to 100 uH at 45 A
(the maximum of the LF phase current in case of 3-phase operation) and
80 uH at 57 A.

Tab. 4.5 summarizes the estimated losses for all main power components
and for 3-phase and 1-phase operation. The sum of all semiconductor losses
is 214 W for 3-phase operation and 239 W for 1-phase operation, due to the
additional losses in the diodes. Therefore, the cooling system is dimensioned
based on 1-phase operation. For the cooling system a pin-fin heat sink design
is considered, which is known to outperform conventional plate-fin heat
sinks [125]. The selection of the heat sink has been a two-step process. First,
an online tool that considers lateral airflow [126] has been used to preselect
a suitable heat sink. In a second step, the thermal resistance of the cooling
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Tab. 4.3: Selected power components.

Parameter Value

Power MOSFETs (per switch) two parallel Cz2Moogo1zoD devices

(Wolfspeed/Cree)

Power diodes (per diode) three parallel VS-80APFio devices
(Vishay)

Boost inductors summarized in Tab. 4.4

DC-link capacitors 14 ESMR451VSN471MR40S devices (2 X 7

parallel) (450 V, 470 UWF, ESRc ~ 160 mQ
at 60°C, Icmsmax = 2.66A rated at
120 Hz; United Chemi-Con)

Tab. 4.4: Design parameters of the boost inductor L.

Parameter Value
Magnetic core KoolMu (g = 60) 5% E 40/20
Number of turns (N) 15
Initial inductance (L(Ir = 0)) 170 uH
Inductance at peak current (L(I = 57 A)) 8o uH
Core volume (V) 90000 mm?>
Core cross-section (A¢) 915 mm?
Area of the core window (Ay,) 258.3 mm?
Height of the core window (hy) 29.8 mm
Average turn length (layg) 214.3 mm
Copper fill factor (kg) 55%
Conductor diameter (dy) 3.0 mm
Steinmetz par. (ksg, @, f) 5.21, 1.36, 2.78

system (comprised of the selected heat sink and the the fans used for the final
system) has been measured in the course of an experiment, in order to ensure
that the achieved thermal resistance is sufficiently small. The calculated
losses for the boost inductor reveal a slightly higher value of 92 W in case of
1-phase operation compared to 80 W for 3-phase operation, which is due to
substantially higher HF copper and core losses. With the additional losses in
the DC-link capacitor of 15 W, the estimated total losses for 1-phase operation
are 339 W and, with this, approximately 15 % higher than the estimated total
losses for 3-phase operation (294 W).> This increase of the losses can be
lowered by reducing the DC-link voltage, e.g., to /2 X 750V, which is in

2Consideration of the conduction losses of the EMI filter further extends the losses difference
between the two operating modes, due to the additional current in the return path.
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Tab. 4.5: Estimated losses of the main power components for 3-phase and 1-phase
operation.

Parameter Description 3-phase  1-phase
Py MOSFET cond. losses 94.7W 66.3 W
Prsw MOSFET switch. losses 119.6 W 101.3W
Pp. Diode cond. losses - 71.7 W
Pr culF Boost induct. LF copper losses 8.0W 5.6 W
Pr, cunr Boost induct. HF copper losses 21W 2.9W
Pr, core Boost induct. core losses 16.5 W 222 W
Pcpe DC-link cap. losses - 15 W

principle feasible, because the maximum swing of the input voltage applied to
the active bridge-legs of the rectifier reduces from 2 x V2 x 230 V = 650 V for
3-phase operation to V2 x 240V = 340V for 1-phase operation. However, for
this, the system needs to be further extended, which includes two output-side
DC/DC converters with galvanic isolation. The respective modifications and
possible loss reductions are explained in Appendix B.4.

Figs. 4.6(a) and Fig. 4.7(a) depict simulated waveforms for 3-phase and
1-phase operation, respectively. The circuit simulations have been used to
verify the component stresses calculated in this Section. It can be seen that
the DC-link voltage shows a peak-to-peak voltage ripple of 42V in 1-phase
operation, due to the power pulsation with twice the mains frequency.3

4.4 Generated EMI Noise and Filtering

This Section provides individual analyses of the EMI noise components that
occur in case of 3-phase and 1-phase operation. According to the CISPR 16
regulations, the generated EMI noise is measured with a test receiver, using
average or Quasi-Peak (QP) detectors, and the noise level is expressed in
dBuV. The circuit models of the detectors are nonlinear systems that include
diodes and, as a result, an analytic calculation of the generated noise is
hardly possible. Therefore, [128] proposes an approximation, that neglects
correlations between individual frequency components. For the defined
receiver bandwidth (RBW) of 9 kHz (according to CISPR 16 regulations), the

3In the final EV charger application, the realized AC/DC converter will be connected to a
DC/DC converter stage with galvanic isolation, which continuously adapts to the changing
DC-link voltage and provides a constant output voltage [127].
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4.4. Generated EMI Noise and Filtering

generated noise is determined based on the spectrum of a single mains period
and using:

|
mMaXnoise (f) =20 loglo ﬁ/ Z me(f) > (4.4)
E=f-2

where Vi (£) denotes the spectrum of the simulated voltage at the HF output
of the Line Impedance Stabilization Network (LISN), which is terminated
with a resistance of 50 (3. This concept, i.e., (4.4), will be employed in the
following for both, the DM and the CM component of the EMI noise.

4.4.1 Conducted EMI for 3-Phase Operation

In case of 3-phase operation, the relay contact in Fig. 4.2 is closed. With
this, the HF EMI model shown in Fig. 4.8(a) results. The EMI noise source is
modeled with one CM source and three DM sources,

A0 + UBO *+ UCO .

Oem = f: Odm,i = Yi0 — Ucm Vie {A,B,C} . (45)
Furthermore, Fig. 4.8(a) considers the three parasitic capacitances Cparsw
between the switch-nodes and PE, because these capacitances are found to
have a substantial impact on the effective CM attenuation of the EMI filter.*

For the design of the DM part of the filter, each stage of the DM filter, k,
is considered to achieve an attenuation of

Att gp = 20 Iogm (wZCkLk) s (4.6)

for frequencies much greater than the corner frequency. The dashed red line
in Fig. 4.8(a) highlights a path of HF DM EMI noise.

The CM part of the EMI filter is commonly assessed with the equivalent
circuit for EMI CM noise depicted in Fig. 4.8(b). The respective derivation
of the CM EMI model is conducted in the style of [131,132]. In a first step,
the first filter stage is considered, which is not symmetric, i.e., the inductor
L;/3 is only present in the upper vertical path; the lower vertical path of the
first filter stage does not contain a filter component. For this reason, the CM

4Due to the grounded heat sink, the value of Cparsw can be approximated by the total surface
of the metallic backplates of the low-side MOSFETs and the thickness and the permittivity of
the interface material [129,130], which for two parallel MOSFETs (TO-247 packages) per switch
leads to 3Cpar,sw = 225 pF.
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Fig. 4.8
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4.4. Generated EMI Noise and Filtering

noise current will prefer the lower path of the first filter stage and L;/3 can
be replaced by an open circuit. Furthermore, the capacitance 3C, features
a very low impedance for the CM noise current and is approximated by a
short circuit. Moveover, the CM noise source can be replaced by its Thévenin
equivalent source, cf. Fig. 4.8(c), with

Ceq = 3Cpar,sw + Cpar,DC + Cemos (4.7)
3C
par,sw
YUempar = ~Ucm C . (4-8)
eq

According to (4.7) and (4.8), the effective CM noise voltage, vcmpar, can be
decreased by increasing the value of C.pno. However, the impedance between
the voltage source vcmpar and the CM equivalent circuit of the EMI filter
decreases for increasing value of Ceyo, too. A respective analysis reveals that,
due to the high CM impedance of L., in the considered frequency range,
f € [150kHz, 30 MHz], even the parasitic capacitances 3Cparsw + Cparpc fea-
ture a sufficiently low impedance such that Ceq|c,,,,—0 can be approximated
by a short circuit for f >~ 400 kHz. Based on this consideration, Fig. 4.8(c)
can be further simplified to the structure depicted in Fig. 4.8(d), which, to-
gether with (4.8), reveals the increase of the CM attenuation for an increasing
capacitance of C¢y,o and highlights the impact of the remaining EMI filter
components, Lems, Coms, and Lem,, on the CM attenuation of the EMI filter.

4.4.2 Conducted EMI of 1-Phase Operation

The DM equivalent circuit is depicted in Fig. 4.9(a). Due to the interleaved
modulation of the three active bridges of the PFC rectifier, ideally, only
the multiples of the switching frequency that are equal to (3k + 3) fs,k €
Ny, are common to all three phases and appear in the LISN. The remaining
HF harmonics circulate between the three phases and, in case of an ideally
symmetric filter, do not lead to significant voltages at the LISN.

Without consideration of Cparew, the equivalent circuit for the filtering of
the harmonics with ordinal numbers of (3k+3), k € Ny, depicted in Fig. 4.9(b),
is similar to Fig. 4.8(b), except that the neutral conductor is also connected
to the LISN. Due to this reason, the magnetizing inductance of L¢y, is not
effective. As aresult, only the DM filter components and the stray inductances
of Lems and Lem, are effective. The parallel path through Cepmo and Cepg is
ineffective, since, in case of a current through Ccps, also the magnetizing
inductances of Leyms and Lem, would become effective. The circuit of Fig. 4.9(b)
serves for the evaluation of DM EMI noise in 1-phase operation.
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(3k + 2) fs, k € Ny, are highlighted; (b) DM 1-phase equivalent circuit considering the

HF current harmonics at (3k + 3) fs, k € No; (c)-(e) CM equivalent circuit considering

Cpar,sw > 0.
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4.4. Generated EMI Noise and Filtering

Tab. 4.6: EMI generated noise and filter attenuation.

CISPR Max Filter Class B
Source Operation  Freq. Noise*  Att.”" Limit
[kHz] [dBuV] [dB] [dBuV]

Udm,{A,B,C} 3-phase 192 162 116
Ucm,par 3-phase 192 118 71 63.9
Vdm,(3k+3) 1-phase 288 162.3 150 603
Yem,par 1-phase 288 126 73

* Obtained from numerical calculations and (4.4).
** Calculated for the component values listed in Tab. 4.7.

With regard to the CM EMI noise in 1-phase operation, two main sources
are identified. First, the LF switching of the mains rectifier diodes causes CM
EMI noise, which is greatly reduced by proper placement of Cepo. The second
source of CM noise is the effective switched voltage, v4m,(3k+3), k € Ny, that
generates displacement currents through the parasitic capacitances, Cparsw-
The derivation of the equivalent filter circuit is identical to that of 3-phase
operation presented in Sec. 4.4.1, cf. Fig. 4.9(c)—(e), only the load resistance
is different, i.e., Ryjsn/2 instead of Ryjsn/3.

4.4.3 Basic Design Guideline for the EMI Filter

The design of the EMI filter is a three-step procedure. In a first step, DM and
CM attenuations required for 3-phase and 1-phase operation are determined in
order to identify the most critical mode of operation. Thereafter, the number
of filter stages for the calculated attenuation is defined. With this information,
the components of the EMI filter can be designed in a last step.

For the investigated EMI filter, the number of filter stages for attenuating
DM and CM EMI noise has been set to ng, = 3 and ne, = 2, respectively.
These are typical values that are commonly used for PFC rectifiers with similar
specifications [133].

According to the discussion presented in Sec. 4.4.1 and 4.4.2, the four
networks depicted in Figs. 4.8(a), 4.8(d), 4.9(b), and 4.9(e) need to be considered
in order to assess whether 3-phase or 1-phase operation is more critical with
respect to the required DM and/or CM attenuation. The noise voltages are
calculated for each equivalent circuit, based on (4.4). The spectra of the noise
voltages feature envelopes that decrease with a slope of at least -20 dB/dec
and each L-C-filter stage of the EMI filter ideally provides an attenuation
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that increases with 40 dB/dec in the relevant frequency range. In addition,
the specified spectrum of allowable conducted EMI emissions decreases with
-20 dB/dec for 150 kHz < f < 500 kHz. For these reasons, the first significant
spectral component that enters this frequency range is found to be most
critical with regard to the required attenuation of the EMI filter (3-phase
and 1-phase operation, as well as DM and CM noise, must be considered
separately, since different EMI models apply). Tab. 4.6 lists the obtained
relevant spectral components. Since interleaved PWM carriers are used in
case of 1-phase operation, the corresponding relevant harmonic components
result at 288 kHz instead of 192 kHz. Due to this, and because the levels of
the two DM voltage components are nearly equal for 3-phase and 1-phase
operation (162 dBuV vs. 162.3 dBuV), it is found that 3-phase operation, i.e.,
the network of Fig. 4.8(a), is decisive for the design of the DM filter, leading
to a minimum required attenuation of the DM EMI noise of

IAt-tdm,min,dB(192 kHZ) =
= (162dBuV ~ 64 dBuV) +18dB =116 dB,  (4.9)

The additional safety margin of +18 dB accounts for an approximately 50 %
inductance drop of the inductors L; and Lgm, at peak current, due to the em-
ployed magnetic powder cores, i.e., -12 dB of attenuation, plus approximately
6 dB for further component tolerances. With this, a rather conservative safety
margin is considered.

A different result is obtained for the CM components, since the CM
noise voltage for 3-phase operation is substantially less than for 1-phase
operation (118 dBUV vs. 126 dBuV). Thus, 1-phase operation, i.e., the network
of Fig. 4.9(e), is found to be relevant for the design of the CM filter. Accordingly,
the minimum attenuation of the CM EMI noise is

Attem minds (288 kHz) =
= (126 dBuV — 60 dBuV) + 7dB = 73dB, (4.10)

which considers component tolerances.

Furthermore, certain practical aspects are considered in the course of the
filter design. In this context, the attenuations of the different filter stages
are partitioned such that smaller filter components with improved HF per-
formances, i.e., with self-resonance frequencies that are deep in the MHz
range, are located towards the mains. With regard to the DM filter, the at-
tenuations at 192 kHz are set to 67 dB, 25 dB, and 18 dB for the 1%, 2™, and 3rd
filter stage, respectively. With this, a better HF performance of the EMI filter
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4.4. Generated EMI Noise and Filtering

can be achieved, because a decreased attenuation of a filter stage reduces
the required values of inductance and capacitance, which results in smaller
components that feature improved HF properties. The final values of the
EMI filter components have been optimized to minimize the total volume.>
With the capacitances that result from the volume optimization of the DM
filter, the total reactive power consumption does not exceed 770 VA (3.5 % of
22 kW) at 50 Hz and this is below the typical limit of 5% to 10 % of the rated
power [134,135]. With regard to the CM filter, the attenuation of the first
filter stage, composed of L¢y; and Cems, is set to 38 dB at 288 kHz and the
attenuation of the second filter stage, i.e., Lem, and Ryisn/2, to 35dB. With
Lemy, the EMI filter features increased CM impedance at the interface to the
mains such that the filter effectively attenuates CM noise also in presence of
the relatively low effective resistance of the LISN 0of 16.7 Q or 25 Q, cf. [117,133].
With regard to the CM filter capacitances, two considerations have been taken
into account, i.e., the maximum total capacitance to PE, Ccpo + Coms, is limited
by reason of the maximum allowable touch current and the ratio of Ccymg/Cemo
has been optimized to achieve maximum CM attenuation for a given value of
Lems. The filter components have been selected such that the EMI regulations
are fulfilled and stable operation is achieved without the need of damping
networks, to avoid increased costs due to the additional components.

The resulting filter component values are listed in Tab. 4.7. As a result
of this design approach, the switching frequency is located between the
resonance frequencies of stages two and three of the DM filter, cf. Fig. 4.10(a).
For this reason, Lgy, employs a ferrite Ng7 core, in order to maintain a
constant inductance with respect to the inductor current, to avoid that the
resonance frequency of the second stage approaches the switching frequency.
The DM filter inductors Lgm; and, in the return path, Lgy,/3 are realized
with cores made of iron-powder (KoolMu), to achieve low inductor volumes.
The DM filter capacitors are film capacitors that feature low losses at 50 Hz.
Nevertheless, their parasitic equivalent series inductance (ESL) can be critical
in terms of EMI performance and needs to be considered.

The CM filter chokes employ cores made of nanocrystalline material
that features very high permeability. However, the permeability decreases
with increasing frequency. For this reason, the permeability at the relevant
frequency of 288 kHz has been used to design the CM choke. Furthermore,
each CM choke can be subject to local saturation of the core, due to the
DM currents, which causes a reduction of the CM inductance for increasing

5The final attenuation of stage three is 25 dB, due to the stray inductance of the subsequent
CM choke, Lepgs.
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Tab. 4.7: EV charger: Values of the EMI Filter Components.

Parameter Description Value

L* Inductance of 1%t filter stage 150 pH
C, Capacitance of 1° filter stage 10 uF
Lamo DM filter ind., 2 filter stage 3.5 uH
Cdma DM filter cap., 2" filter stage 3.3 uF
Lgms™ DM filter ind., 3'¢ filter stage 5.5 uH
Cims DM filter cap., 3" filter stage 2.2 uF
Lems™ CM filter ind., 3" filter stage 1.6 mH (1.2 mH)
Cems CM filter cap., 3" filter stage 20 nF
Lemy ™ CM filter ind., 4™ filter stage 1.0 mH (0.75 mH)
Cemo CM filter cap., DC-side 15nF
Cpc Capacitor of split DC-link 3.3mF

« Corresponds to the initially defined theoretical value and to the
value considered for the calculated / simulated attenuations

#+ This results from the series connection of Ly, = 2.5 uH with the
stray inductance of Lemg, which is equal to 3 uH (cf. Tab. B.1)

« % * The provided value corresponds to 192 kHz and the value in the
parenthesis to 288 kHz

power [136]. However, a respective analysis reveals that the total peak flux
density in the core, due to CM and DM currents, is only 250 mT, i.e., well below
the saturation flux density of the material of 1 T. Accordingly, the designed
CM chokes are found to be rather thermally limited by the LF copper losses
(only these are relevant, since Lems and Lem, are subject to relatively low HF
excitations) than by the flux density.

The design of the PCB is conducted according to commonly known design
guidelines [117,137,138]. The position and the orientation of each filter com-
ponent has been carefully selected to minimize magnetic and/or capacitive
couplings. In addition, no copper planes are present below the magnetic
components and the input and output terminals of the CM chokes do not
overlap.

Tab. 4.6 shows the achieved attenuations for all sources. As expected,
the rms value of the noise voltage generated by vgm (sk+3) (line 3 in Tab. 4.6) is
highly attenuated such that the corresponding filtered noise amplitude is well
below the regulated limits, which is addressed to the interleaved operation
and the additional DM inductors in the return path that are present to provide
symmetry (the total boxed volume of these DM inductors is 42 cm® or 1.2 %
of the overall converter volume).
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Fig. 4.6(b) and Fig. 4.7(b) depict simulated spectra of conducted EMI,
which verify the validity of the presented analytic considerations ('max. noise’
in Figs. 4.6(b) and 4.7(b) denotes the maximum estimation according to (4.4)).
In addition, the absence of frequency multiples equal to {3k +1, 3k +2}, k € Ny,
in 1-phase operation is depicted.

4.4.4 Experimental Evaluation of the EMI Filter

The transfer function of the ideal DM part of the filter (line-to-neutral), i.e.,
frequency-independent capacitors and inductors without parasitic compo-
nents, for 3-phase operation is shown with the dashed line in Fig. 4.10(a)
for f € [1kHz, 30 MHz]. In the same figure, the solid black line depicts
the transfer function of the filter as calculated with the individually mea-
sured impedance characteristics of each component, using the Agilent 4294A
impedance analyzer [64]. With this, the impacts of the components’ self-
parasitics are identified [139], which already have an effect at frequencies as
low as 500 kHz. Finally, the solid red curve denotes the transfer function of the
assembled EMI filter, measured with the Bodeioo network analyzer (Omicron
Lab [140]), which reveals a decreased attenuation due to the close placement of
the different components (leading to couplings [141]) and additional parasitics
introduced by the PCB. The 4-phase CM choke would saturate during the
measurement of the filter’s DM transfer function, since the measurement is
only conducted for a single phase, e.g., phase a in Fig. 4.10(a). In order to avoid
this, the windings of phases B and C of L¢3 and Lem 4 are shorted together,
which, however, increases their effective stray inductances (e.g., by a factor of
1.5 for a symmetrical CM choke, cf. Appendix B.1). The equivalent measured
circuit is depicted in Fig. 4.11(a). The input of the measurement device is
configured to high-impedance (high-Z), which is a worst-case consideration,
since, at the frequency of interest (192 kHz), the last effective component of
the measured filter is a capacitor.

According to Fig. 4.10(a), the measured attenuation does not exceed 100 dB
in the frequency range from 140 kHz to 3.7 MHz, which is partly addressed
to the limitation of the dynamic range of the network analyzer. However,
100 dB marks a very high attenuation; as a consequence, parasitic couplings
(capacitive and magnetic) have a strong impact, e.g., as elaborated in [137].
For this reason, the maximum achieved attenuations of EMI filters are typi-
cally between 8o dB and 100 dB [142]. Furthermore, implications of parasitic
couplings on the attenuation particularly apply to the investigated compact
converter, since the components of the EMI filter had to be placed close to
each other. Above 4 MHz, the measurement is expected to become decreas-
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Fig. 4.10: Comparison of (a) DM and (b) CM filter transfer functions: i. calculated
for ideal components (dashed lines), ii. calculated based on individually measured
impedance characteristics for each filter component (solid black lines), and iii. mea-
sured directly on the PCB using the Bodeioo network analyzer from OmicronLab (solid
red lines).

ingly useful, since the implications of the parasitics of the measurement setup
become increasingly pronounced. Hence, an EMI measurement is conducted
to verify the performance of the realized filter. Alternatively, EMI behavioral
models could be employed [143,144].

According to the derivation of the CM equivalent circuits presented in
Section 4.4, two main conduction paths are present for the EMI CM noise,
either through the first filter stage of the EMI filter, L, /3-3Cy, or through the
capacitive voltage divider (4.8) that is formed by the parasitic capacitances
to the heat sink, 3Cyarsw. Due to the large values of L; and Cy, cf. Tab. 4.7,
the CM EMI noise is found to prefer the path via the parasitic capacitances
to the heat sink. For this reason, the transfer function of the CM part of the
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EMI filter is measured for the four phases being shorted together (on input
and output sides) and with an additional input side capacitive voltage divider
realized with ceramic capacitors (230 pF to emulate Cparsw and 15 nF for Ceno;
Cparpe is neglected due to Cemo > Cparpe)- Since the last component at the
output side of the filter, L.m,, is inductive, the output is terminated with an
effective load resistance of 25 QQ, which denotes the effective resistance of the
LISN in case of 1-phase operation,

1/3Rysny for 3-phase operation,

1/2Rysn for 1-phase operation, (4.11)

Riisneft = {

cf. Fig. 4.8(d) and Fig. 4.9(e). The impedances of Cam,, Lam,, and Lams are
comparably small; therefore, the equivalent circuit depicted in Fig. 4.11(b)
results. Due to the frequency-dependency of the nanocrystalline cores, which
are used for the 4-phase CM chokes, the ideal transfer functions consider
the values of Lcmg and Ley, at two frequencies, i.e., 10 kHz and 192 kHz. At
10 kHz the permeability and, thus, the inductances are five times higher than
at 192 kHz. Due to the small capacitance values of Cparsw and Cemo, decreasing
CM attenuation results for f < 10 kHz.

Similar to Fig. 4.10(a), the ideal transfer functions (dashed lines) are ini-
tially compared to the one calculated based on the components’ measured
impedances (solid black line). This comparison reveals a difference at 192 kHz,
which results from the increased impedance of the real CM chokes, due to
increased core losses at this frequency (e.g., the impedance phase angle of Ly
is 35 ° at 192 kHz). In addition, the resonances at 10 kHz and 23 kHz are well
damped due to the core losses of the realized CM chokes. The figure further
depicts the measured transfer function of the realized filter (solid red line),
which reveals an unmodeled resonance at f = 320 kHz that decreases the
CM attenuation of the EMI filter by 20 dB at 1 MHz. A further investigation
of this resonance reveals that this effect is related to a parasitic capacitive
coupling between the components of the 214 flter stage (Lama> Cdm,2) and Lemg,
in combination with the high CM attenuation of more than 120 dB achieved
at this frequency (this parasitic coupling capacitance is in the range of 1pF).
Accordingly, it is found that the CM attenuation can be further improved
by placing an electrically conductive shielding plate between Cym, and Lem,
which is connected to PE.
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Fig. 4.11: Equivalent filter circuits for the measurements of the (a) DM and (b) CM
transfer functions shown in Fig. 4.10(a), (b).
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Fig. 4.12: Realized EV charger mains interface designed for a rated power of 22 kW,
that allows for rated/full power delivery in both 3-phase and 1-phase operation. The
boxed volume of the system is 3.4 dm>. The realized hardware has been tested with
an output power of 4.5 kW.
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Fig. 4.13: AC waveforms of the three input current, iy, ip, ic, and line-to-line voltage,
U,p, in 3-phase inverter operation at 20 kW /230 V /50 Hz. The measurement is ac-
quired using the HDO6104 oscilloscope from Teledyne Lecroy [147].

4.5 Experimental Results

Fig. 4.12 depicts the realized hardware , which is designed for a DC-link
voltage of 750 V and for output power levels of 22 kW and 19 kW in case of 3-
phase and 1-phase operation, respectively. The boxed volume of the hardware
is 3.4 dm>. Fig. 4.13 shows 3-phase operation at 20 kW, which validates the
thermal feasibility of the hardware. The measured efficiency at this power
level is 97.9 %.

The EMI measurements are conducted with the ESPI Test Receiver [145)]
and ENV2z16 single-phase Line Impedance Stabilization Networks (LISN) [146]
(one per phase), both manufactured by Rohde & Schwarz. The measurements
employ the peak detector, which, compared to the QP detector, is much faster
and provides a worst-case result of the noise spectrum. The experimental
setup is realized according to the guideline presented in [128]. For the mea-
surements, a grounded metal plate has been placed below the hardware,
to emulate a hardware enclosure. However, the plate has a minor impact
and is only effective in case of 1-phase operation, where the measured noise
decreases by ~ 3 dB for frequencies greater than 20 MHz.

The maximum rms value of the phase current of the employed LISN is 16 A,
which limits the power in 1-phase operation to approximately 4 kW. Therefore,
in the following, the main findings of this work are verified by measuring
the EMI generated by the realized hardware at a power output of 4.5 kW for
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both, 3-phase and 1-phase operation (during the 1-phase measurements, the
employed LISNs were thermally monitored, to ensure safe operation). Since all
parts of the power stage (e.g., SiC MOSFETs, heat sink, inductors, capacitors,
PCB tracks) are designed for the full power levels specified in Tab. 4.1 (despite
the limited power level of the EMI test), the hardware comprises parasitic
components and exhibits the EMI filter attenuation characteristic of a final
high power system.

With regard to the HF equivalent circuits depicted in Fig. 4.8 and Fig. 4.9,
the generated EMI noise voltages mainly depend on the voltages at the switch-
nodes and, therefore, on the DC-link voltage and the modulation index [148].
This has been analyzed in the course of further circuit simulations that have
been conducted for two different DC-link voltages (375 V and 750 V), same
modulation indizes of M = 0.867, and same output DC currents of 29.3 A. The
resulting DM and CM components are shown in Fig. 4.14 (grey curve: Vpc =
750 V; black curve: Vpc = 375 V). Both, DM and CM characteristics increase
by ~ 6 dB if the DC-link voltage increases by a factor of two. Accordingly, it
is important to test the EMI performance of the rectifier at the rated DC-link
voltage of 750 V.

In theory, the EMI noise voltages are independent of the output power.
However, in a practical system, different implications may disturb this prop-
erty:

» The influence of the switched currents on the switching speeds of
the employed SiC MOSFETs, in particular during turn-off [149]. With
increasing currents, the switching speeds increase and, with this, also
the EMI noise in the higher frequency ranges increases. With regard
to the setup at hand, a worst-case scenario with constant rise and
fall times of 20 ns for all drain-source voltages during switching has
been considered. With this, the envelope of the simulated EMI noise
spectrum decays with -20 dB/decade for f < 16 MHz.

» The inductors, which are realized with powder cores, feature induc-
tances that decrease with increasing currents. Accordingly, the efficacy
of the filter decreases for higher inductor currents [150].

» The HF current components in the commutation loops depend on the
load current and the associated magnetic fields can lead to induced
voltages in the EMI filter components that increase the EMI noise.

> Increased power leads to increased temperatures of the EMI filter com-
ponents. However, this effect is disregarded, since the resulting toler-
ances are below 5 %.
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The impact of the output power on the EMI noise has been analyzed in the
course of further circuit simulations. The simulation considers typical values
of the parasitic loop inductances (40 nH + 20 %) in the three commutations
loops of the 2LLB6 PFC rectifier to model their impact on the EMI noise. Reverse
recovery effects have been disregarded, since these are comparably low in
case of SiC MOSFETs [148]. The hardware is realized such that the EMI filter
components that are closest to the mains (and, thus, most sensitive to induced
voltages) are placed as far away from the switching stage as possible. With
this, the implications of voltages induced by the HF magnetic fields generated
by the commutation loops on the filtered EMI noise are negligible. As a result,
the impact of non-linear filter inductances on the EMI performance remains.
The simulation results presented in Fig. 4.14 consider boost inductors that
feature the inductance characteristic, L; (i), which results for the employed
powder cores, cf., Tab. 4.4. This figure reveals a slight increase of the DM
noise (by less than 2 dB) and a negligible change of the CM noise. Accordingly,
only a minor impact of the load current on the EMI performance is expected
as, e.g., also shown in Fig. 9 in [151]. Overall, this Section provides a proof of
the proposed concept, i.e., the effective attenuation of the generated noise of
the proposed topology for same output power in case of 3-phase and 1-phase
operation.

4.5.1 3-Phase Operation

Fig. 4.15 shows measured waveforms of v,}, and the three phase currents of
the converter during 3-phase rectifier operation, at an output power of 4.5 kW
and for an rms line-to-neutral voltage of 230 V. The rms current per phase
is 6.5 A with a Total Harmonic Distortion (THD) of 3.2 %. The waveforms
are recorded using the HDOG6104 oscilloscope from Teledyne Lecroy. The EMI
measurement result for the same operating condition is shown in Fig. 4.16.
According to this result, the converter successfully complies with the CISPR 11
Class B QP regulations. Furthermore, Fig. 4.16 reveals that the measured EMI
noise decreases with approximately —20 dB/dec for increasing frequency.

A direct comparison to the simulated results depicted in Fig. 4.6 reveals
increased EMI noise also in the lower frequency range, i.e., for frequencies
close to 288 kHz. Furthermore, a steeper decrease would be expected. How-
ever, according to Fig. 4.10, the self-parasitics of the components, couplings
between components, and the interconnections on the PCB lower the DM and
CM attenuations of the EMI filter. In case of the DM characteristic, deviations
are already found at frequencies close to 200 kHz, due to the already very
high attenuation of 100 dB. In the course of a deeper analysis, the EMI noise
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Fig. 4.14: (a) Simulated DM and (b) CM EMI noise components obtained for different
operating conditions. The black curve represents rated operation, the red curve
refers to the condition during the conducted EMI measurements, and the grey curve
represents operation with half of the rated DC-link voltage (which, for same converter

currents, implies half of the rated output power).
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Fig. 4.15: AC waveforms of the three input current, i,, ip, ic, and line-to-line voltage,
0,1, in 3-phase operation at 4.5 kW /230 V/ 50 Hz. The measurement is acquired using
the HDO6104 oscilloscope from Teledyne Lecroy [147].

envelope has been estimated based on a combination of circuit simulations
and measured attenuation characteristics; the grey curve in Fig. 4.16 presents
the obtained results. For this, the unfiltered QP EMI noise spectra generated
at the switch-nodes (DM and CM) have been estimated with a circuit simu-
lation. Each spectrum is multiplied with the corresponding, i.e., DM or CM,
measured filter characteristic, to obtain the DM and CM spectra at the LISNs.
Finally, the absolute values of the DM and CM voltage components at the
LISN have been added, which estimates the result of the least desirable super-
position of the two voltage components (this simplified approach neglects
the conversion of DM components into CM components and vice versa). The
estimated envelope of the EMI noise confirms the measured increase of the
EMI noise, which is found to be mainly related to the deviations between the
ideal and the measured attenuation characteristic of the DM part of the EMI
filter, that are present for frequencies as low as 200 kHz, cf. Section 4.4.4.

4.5.2 1-Phase Operation

Fig. 4.17 depicts the boost inductor currents of the three phases, together with
the switch-node voltage of phase a, during 1-phase operation at 4.5 kW. The
magnified view of ten switching periods highlights the interleaved operation
of the three currents and the balanced sharing of the LF component of the
grid current. The measured total input current (rms value of 18.8 A) and
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Fig. 4.16: EMI measurement for 3-phase operation at 4.5kW/230V/50Hz
(cf. Fig. 4.15). The measured noise reveals compliance with the CISPR 11 Class B
QP limits. For the measurement a Peak detector is employed that, potentially, overes-
timates the measured noise compared to a QP detector, nevertheless, is faster. The
employed equipment is three ENV216 single-phase Line Impedance Stabilization Net-
works (LISN) from Rohde & Schwarz (one per phase) and an ESPI Test Receiver from
the same manufacturer.

146



4.5. Experimental Results

TENNNTEA)

= e (Tmebese—o0
To0 A
200

Fig. 4.17: Waveforms of the boost inductor currents, ir,, irp, irc, and the switch-
node voltage of phase a, vpp, of the three phases in 1-phase operation at
4.5kW / 240V /50 Hz. The measurement is acquired using the HDO6104 oscilloscope
from Teledyne Lecroy [147]. The top part of the figure depicts the envelopes of if,, iry,
ire, and vpo. The marked (brightened) narrow time interval in the middle of the top
part refers to the magnified presentation of the waveforms given in the bottom part
of this figure.

the phase voltage (rms value of 240V) are shown in Fig. 4.18.° Around
the zero-crossings, a LF ringing can be observed in the current, which is
attributed to the transition between Continuous Conduction Mode (CCM)
and Discontinuous Conduction Mode (DCM). The resulting THD of the current
is 6.9 %, which is a typical value for a totem pole configuration at 20 % partial
load operation [114, 152,153] (a reduction of the THD can be achieved with
the concepts proposed in [154,155]). Furthermore, new EV charger designs
typically require bidirectional operation; in that case the LF bridge-leg is
actively operated, which resolves the aforementioned issue.

In Fig. 4.19, the measured EMI noise of the 1-phase operation is shown.
Due to the interleaved modulation of the three phases, only multiples of three
times the switching frequency are seen, e.g., 6, 9f;. In comparison to the
simulated EMI spectra depicted in Fig. 4.7 and Fig. 4.14, a steeper decrease
of the EMI noise would be expected. In order to provide further verification,
the envelope of the QP EMI noise has been estimated for 1-phase operation
using the same procedure that has been applied for 3-phase operation (grey

SFor the experiment an AC frequency of 50 Hz, instead of 60 Hz, is considered, to allow for a
direct comparison of the waveforms obtained for 3-phase and 1-phase operation.
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Fig. 4.18: Waveforms of input current, iac, and the grid voltage, vac, in 1-phase
operation at 4.5 kW /240 V /50 Hz. The measurement is acquired using the HDO6104
oscilloscope from Teledyne Lecroy [147].

curve in Fig. 4.19). The estimated envelope predicts similar emissions of the
conducted EMI noise up to 3 MHz and reveals that the characteristic of the
EMI noise at frequencies below 3 MHz is mainly defined by the characteristic
of the DM attenuation of the EMI filter. Compared to the 3-phase operation,
the 1-phase operation leads to an increased noise floor, which originates from
the displacement currents in the parasitic capacitances between the plus and
minus nodes of the DC-link and PE that are due to the DC-side voltage step
at every zero-crossing of the mains current, cf. Sec 4.2 and Fig. 4.3. Finally, at
17.8 MHz, a noise peak can be observed, that exceeds the limits by 3 dB. At
these frequencies the generated noise is typically linked to CM disturbances.
However, corresponding hardware improvements, to ensure compliance in
this very high frequency range, would only be reasonable for a final system
with a final enclosure.

4.6 Conclusion

The proposed universal 3-phase/i-phase front-end AC/DC converter of a
22kW EV charger facilitates fast charging in countries providing 3-phase
400V/32 A or 1-phase 240 V/80 A mains connections. This is expected to
enable a more economic production of EV chargers both for on-board and
off-board (charging stations) applications for both geographical regions.
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Fig. 4.19: EMI measurement for 1-phase operation at 4.5kW/240V/50Hz
(cf. Fig. 4.18). The measured noise reveals compliance with the CISPR 11 Class B
QP limits. For the measurement a Peak detector is employed that, potentially, overes-
timates the measured noise compared to a QP detector, nevertheless, is faster. The
employed equipment is three ENV216 single-phase Line Impedance Stabilization Net-
works (LISN) from Rohde & Schwarz (one per phase) and an ESPI Test Receiver from
the same manufacturer.
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For a 3-phase two-level six-switch (2LB6) converter topology, this is
achieved with a modified power stage that provides a return path for the
current in case of 1-phase operation, through a dedicated return conductor
and a diode bridge-leg, and a novel EMI filter structure that features 4-phase
Common Mode (CM) chokes, which do not saturate in case of 3-phase or
1-phase operation. The proposed modifications can be directly applied to
multilevel 3-phase rectifier topologies that do not require a connection to
the DC-link midpoint (e.g., flying capacitor converters). The extension to a
three-level T-type converter is outlined in Appendix B.s.

The stresses of the main power components (semiconductors, boost induc-
tor, DC-link capacitors) are analyzed for the 2LB6 topology for 3-phase and
1-phase operation and, based on the results, a design guideline of the power
stage is presented. Furthermore, the conducted EMI noise is analyzed and the
efficacies of the filter components are discussed for both operating modes,
which enables the compilation of a guideline for the design of the EMI filter.

The discussed solution is validated with circuit simulations and a prototype
is designed based on common practical considerations for an output power of
22 kW (3-phase operation) and 19 kW (1-phase operation). The boxed volume
of the realized prototype is 3.4 dm>. Due to the current limitations of the
employed LISNs, EMI measurements are conducted at a reduced output power
of 4.5 kW, which is justified by the fact that the characteristic of the noise
source is mainly defined by the DC-link voltage level and the modulation
index, and not the processed current. The measurement results confirm the
findings of this work, i.e., the EMI filter complies with CISPR 11 Class B QP
regulations under 3-phase and 1-phase operation.

The versatility of the proposed solution comes at an increase of the con-
verter volume from 2.7 dm? to 3.4 dm?, mostly due to the additional capac-
itance of the DC-link (plus 0.5 dm?), but also due to the losses of the diode
bridge-leg, hence, a slightly larger cooling system and the increased volume
of the EMI filter. In return, the proposed solution features low complexity
and the modifications are of low cost.
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Conclusion and Outlook

The rapidly emerging market of EVs mandates the need of compact, efficient
and inexpensive on-board EV chargers. In this regard, the highly invested
research field of power semiconductors contributed with the arrival of the
Wide-BandGap (WBG), i.e.,, SiC and GaN switches, that have essentially
pushed the performance barriers of power electronic converters even further.
This is why, despite their technological youth and their, potentially, increased
cost, industry has already started adopting them (e.g., [156]).

Power semiconductors represent the most expensive and lossy component
of an EV charger, nevertheless, with such a technological breakthrough mag-
netic components have turned into the potential bottleneck of the complete
system performance, and further research is required in order follow the
emerging trend.

In this work, two challenging aspects of EV chargers were examined. First,
the optimal operation of power inductors, that are fundamental components
of power electronic converters, was investigated with respect to key system
parameters. Moreover, promising HF NiZn 67 material from Fair-Rite was
measured for frequencies up to 50 MHz, using an innovative new transient
calorimetric method. The measurements featured a maximum worst-case
uncertainty of 20 %. As a second step, a new concept of a universal EV charger
mains interface that allows full power delivery both in a 3-phase and a 1-phase
mains and that is EMI compliant for both grids was developed, aiming for a
more cost-efficient and simple production line of on-board EV chargers.

5.1 Results of the Thesis

The main achievements of this thesis are summarized in the following. In
particular:
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» Minimum Loss Operation of Power Inductors

In a first step, the optimal operation of inductors employed in com-
mon topologies, i.e., buck/boost converters, is investigated. During
the analysis, all design degrees of freedom are narrowed down to the
number of turns; the rest, e.g., core shape, core material, type of coil are
considered fixed, in order to minimize the numerous involved implica-
tions. The component operation with respect to key system parameters,
i.e., the switching frequency and the current ripple is investigated and
the optimal region is identified in the proximity of the region where
Steinmetz parameters, @, § become equal in value.

The analysis is done in a systematic approach, separated in two steps.
First, using simple analytical equations, and, second, using more de-
tailed/accurate semi-numerical models. Compared to a typical brute-
force optimization, the followed approach allows for better insight,
identification of certain trends, and understanding of critical nonlinear-
ities, e.g., core saturation and impact of DC premagnetization on the
core losses.

Design Guidelines for Power Inductors

The losses around the optimal region are found to be substantially flat,
with respect to all three considered degrees of freedom. This behavior
provides the designer with different opportunities, e.g., improved partial
load performance and reduced cost, in the expense of only 15% - 20 %
increased total losses. According to the above findings, important
trends with respect to optimal operation of inductors are identified,
and a simple two-equation guideline is provided, that directly leads to
quasi-optimal inductor designs, for given core/coil parameters.

Transient Calorimetric Measurement of Core Losses

In the previous analysis, the importance of the accuracy of the employed
core data is highlighted, nevertheless, at high frequencies, i.e., > 1MHz,
no reliable method exists, in order to acquire such data. Motivated by
that, a novel transient calorimetric measurement method of core losses,
whose accuracy is independent of the applied excitation, is proposed.
The method is fast and simple to employ. For the method, accurate
knowledge of the material’s specific heat capacity is required and two
methods are proposed, in order to achieve that. The measurement
uncertainties, namely:



5.1. Results of the Thesis

1. the uncertainty of the calculated core thermal capacitance,
2. the uncertainty of the calculated thermal leakage resistance,
the uncertainty of the measured differential temperature,

the unncertainty of the time constant of the NTC sensor,

AL ol

the impact of the temperature change on the core losses during
the measurement,

o

the error of the time measurement,

7. the impact of the temperature change on the core’s thermal ca-
pacitance during the measurement,

8. the impact of the temperature change on the leakage thermal
resistance during the measurement,

9. the additional heat due to the copper losses,

10. the temperature gradient in the core caused by the non-
homogeneous flux density distribution in the radial direction,

are analyzed, including a thorough sensitivity analysis, and confirmed
by means of FEM simulations. The practical applicability is verified
by direct comparison with a state-of-the-art electrical method, for fre-
quencies up to 750 kHz, where the uncertainty of the electrical method
is within reasonable limits. Finally, a simple guideline in order to
optimally apply the proposed method is provided.

» Core Loss Measurements up to 50 MHz

The proposed method is employed for the measurement of NiZn 67 ma-
terial from Fair-Rite. The material is measured for frequencies ranging
between 5 MHz - 50 MHz and for a temperature of 25 °C. The measure-
ments feature a maximum worst-case uncertainty of approximately
20 %. Based on the measurements, Steinmetz parameters are provided
that, compared to the measured values, feature an average error of
4.5 % for frequencies up to 20 MHz. According to the measurements,
the material achieves a PF of 210 kHz T at 34 MHz, which highlights
its great potentials at high frequencies, e.g., compared to MnZn N87
material from EPCOS-TDK, which achieves a PF of just 32 kHz T at
750 kHz. Nevertheless, exploitation of these potentials is challenging,
as will be further discussed in Section 5.2.

PART 2 - Universal EV Charger Mains Interface
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> Universal EV Chargers

In the second part, a universal topology for a PFC rectifier mains in-
terface of EV chargers is proposed that allows for operation at rated
power for both 1-phase and 3-phase mains. The topology connects to
LV mains and focuses on the EV charging application. It is based on
economical and simple modifications applied on the conventional two-
level six-switch (2LB6) 3-phase PFC rectifier, i.e., an additional diode
bridge-leg for the return current during 1-phase operation and a novel
EMI filter structure that incorporates a 4-phase CM choke. According
to the proposed modifications, component over-dimensioning is lim-
ited. An extension of the proposed concept to multilevel topologies is
introduced, in case increased power density and/or efficiency is desired.
The stress on the power components is analyzed for each operation,
i.e., 1-phase/ 3-phase mains connection, and comprehensive guidelines
are proposed.

EMI Challenges

An analysis of the generated conduction EMI is conducted for each
operation. The analysis is general and can be further applied to conven-
tional 3-phase and 1-phase topologies. The generated noise is separated
into DM and CM components and all different sources, resulting from
the two operating modes are discussed. Based on the results, a filter
design guideline is presented, together with a final filter design.

Hardware Prototype

A 22 kW hardware prototype is presented that fully confirms the pro-
posed concept, and achieves a power density of 6.4 kW/dm> and a peak
efficiency of 98.2 % at 15 kW. Compared to a conventional 3-phase topol-
ogy that limits 1-phase operation to 1/3 of the rated power, the increase
in volume is approximately 0.7 dm? (26 %), i.e., from 2.7 dm?® to 3.4 dm?.
Out of the total 0.7 dm? of additional volume, 0.5 dm? is attributed to
the additional DC-link capacitance requirement in order to process the
inherent power fluctuation with twice the mains frequency occurring
in case of 1-phase operation at rated power, hence, is unavoidable. The
converter successfully complies with the CISPR 11 Class B QP EMI
regulations for operation at 4.5 kW.



5.2. Future Trends and Research Areas

5.2 Future Trends and Research Areas

WBG semiconductors unlocked new potentials with respect to operation of
power converters in the MHz range, in an effort to achieve unprecedented
performances mostly with respect to volumetric/gravimetric power densi-
ties. The application of EV chargers could benefit from that, since especially
with respect to on-board chargers, the need for efficient, light, and compact
converters is essential. In this work, this need was addressed mostly from
a magnetics perspective, in an effort to analyze the potentials of magnetic
components, and especially inductors. This was done initially based on the
optimization of standard technologies, and, moreover, based on the measure-
ments of emerging HF materials (NiZn). During the course of this work
many challenges were faced, nevertheless, the basis for some key topics was
successfully set, and further research into these topic should follow.

PART 1 - Magnetic Components

» Minimum Loss Operation of Power Inductors

Despite being a fundamental topic, operation of inductors with respect
to main system parameters was, to the author’s knowledge, never sys-
tematically analyzed before in literature. Power inductors represent an
essential component of power electronic systems, nevertheless, there
is still fundamental knowledge missing. Understanding of inductors
is critical for maximizing their performance, especially, in order to
be able to follow the new trends set by the evolution of semiconduc-
tors. Pushing the performance barriers further using smart design
techniques, e.g., distributed air-gaps and optimal conductor placement,
improved the performance substantially. However, there is still room
for improvement also in more basic design choices.

In a first step, the findings of the presented work can be further general-
ized to different core shapes, core materials, and types of coil. Moreover,
investigation of the impact of an AC modulation and an extension of
the analytical solutions in order to take such impact into consideration
will be of great importance.

A thorough investigation/comparison between different levels of detail
of modeling, e.g., analytical, semi-numerical, numerical, will allow to
classify each model with respect to its potentials. A first step towards
this direction was conducted in this work, and allowed for a better
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understanding of the component nonlinearities, and provided a simple
two-equation quasi-optimal design guideline.

Using the results of such work, a sensitivity analysis, with respect to
different design parameters, can further broaden the understanding of
power inductors and, based on this, push even further the performance
barriers. Such parameters can be the geometrical core parameters, the
geometrical coil parameters, as well as, main material parameters. This
analysis can lead to design modifications, where an insensitive parame-
ter is sacrificed for the benefit of other more sensitive parameters.

As a final extension of the above analysis, the impact of the core shape
can be investigated, with respect to the generated core losses, the coil
losses, and the heat extracting capabilities and more suitable core shapes
can result.

Transient Calorimetric Measurement of Core Losses

The understanding of ferromagnetism and its associated losses is limited,
especially, for electrical engineers. In this regard, direct collaboration
between power electronics engineers and material scientists is con-
sidered essential. A first effort towards this direction was conducted
in this work by introducing the DSC into power electronics. Such
collaboration may accelerate further understanding of the main loss
mechanisms of magnetic cores; and generalized loss models may result.

Nevertheless, currently data-based semi-empirical models correspond
to the state-of-the-art, hence, accurate measurement of the generated
losses is critical. The proposed transient calorimetric solution over-
comes most limitations introduced by the eletrical methods, however,
there is still room for improvement. Leakage heat can be mitigated by
reduction of the core emissivity, e.g., by different colors of the core,
and/or by conducting the measurement in vacuum, even though this
will introduce challenges for measurements at elevated temperatures.
A solution to this could be the continuous excitation of the CUT with a
certain flux density in vacuum, for continuous heating of the core, e.g.,
between 25 °C - 100 °C, and based on the local slope of the temperature,
the extraction of the core losses for each temperature value. Compari-
son between this approach and the initially proposed one would be of
great interest.

Since the proposed method, heavily relies on accurate knowledge of
the thermal capacitance of the measured core, a reasonable next step is
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the measurement of the specific heat capacities of numerous magnetic
core materials of interest. Moreover, this can be realized in collabora-
tion with well-known manufacturers of magnetic cores, in an effort to
highlight the importance of such data, so as to introduce it in the core
material datasheets.

With practice, further challenges will arise, nevertheless, the funda-
mentals of the proposed method are well defined. Therefore, at this
point different further measurements are also an interesting future
step. Further application to different materials, as well as, extension to
RF core materials is required. Moreover, measurement of core losses
under DC premagnetization can be introduced, e.g., using the circuit
configuration proposed in [157]. With continuous measurements the
interesting irreversible behavior of perminvar materials can be ana-
lyzed and classified, with respect to the conditions under which such
transition takes place. Moreover, the currently not fully understood
impact of the core size of the employed NiZn material on the generated
losses can also be further investigated.

A potential application of the transient calorimetric method can be the
measurement of core losses of unusual magnetic configurations, where
the flux density is not clearly imposed. Such configurations can be
Inductive Power Transfer (IPT) systems [158] or magnetic shielding of
air-core transformers [159].

The proposed measurement method can be also employed, not only for
component characterization, but also for the component monitoring.
Permanently attached temperature sensors on magnetic components
may allow the health monitoring of the material/component, further
enhanced with a digital twin. This can be further useful for perminvar
materials, where such monitoring could identify the irreversible transi-
tion of such components which can lead to an increase of the generated
losses by up to four times.

As a final point, during the course of the thesis, the PFs of different core
materials were measured, including the PF of NiZn 67 from Fair-Rite.
Based on this measurements, doubts were raised regarding the common
statement that magnetic core materials represent that bottleneck of
power electronic systems. NiZn 67 material can operate at 50 MHz
(features a performance peak at 34 MHz), however, to the author’s
knowledge, no publications exist, in which WBG power semiconductors
operate optimally at such frequency levels. Moreover, existing control
units might not be able to operate robustly at such speeds, as well.
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In this regard, a natural next project, based on the presented work,
is once adequate data has been acquired, a final design of a NiZn-
based boost inductor employed in a conventional converter topology,
featuring state-of-the-art WBG semiconductors. Such project can be
substantially challenging, e.g., with respect to component coupling
for frequencies in the MHz range, hence, further consideration of the
design process might be required; nevertheless, a significant insight on
the performance benefits and limitations of the further pursuit of HF
power electronics can be gained.

PART 2 - Universal EV Charger Mains Interface

> Extension to multilevel topologies

The universal mains interface proposed corresponds to an initial proof
of concept. This can be further directly applied to multilevel topologies
that do not require a midpoint connection, e.g., flying capacitor con-
verters, and also, based on the proposed modifications to a three-level
T-type converter. This can be especially useful, in case increased power
density and/or efficiency is required.

Further applications

Moreover, the proposed concept can be extended to different applica-
tions where high power (i.e., > 8 kW) is required and access to 3-phase
LV mains in the USA is not possible, e.g., medical applications [160]
and residential DC distribution systems [161]. Furthermore, inverter
applications, e.g., for natural gas power generators [162] or solar panels,
can also benefit from such concept. The DC grid concept proposed
by SolarEdge, features local "Power Optimizers”, i.e., MPPT tracking
DC/DC converter modules per solar panel [163], and a central high
power inverter. Also in that case, the proposed concept could be ap-
plied.
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Transient Calorimetric
Measurement of Core Losses

A.1 Derivation of Total Measurement Uncer-
tainty

In this chapter, the resulting expressions of the derivation of the total uncer-
tainty equation employed in Section 3.3.9 are provided.

The solution of the differential equation (3.15) is:

Tamb
T t) = ——
core( ) Peore UPCOTeRunc -1

(Pcore MPcore Runc—l) t
P, CoreRunc € RuncCune t NPyre Tamb -1

+ . (An)
Pcore WPcoreRunc -1
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Solution of the differential equation (3.17), taking solution (A.1) into account
(cf. Tab. 3.2):

__t
e ™NTC

(PcoreUPwreRunC - 1)

Teas (t) =

1
[CuncRunc + (Pcore UPcoreRunc - 1) 7-'NTC]

( (Pcore UPcoreRunc - 1) PeoreRunc™NTC+

t ) (Pcore'/}’mre Runc*) t
e 'NTC Cunc Pcore Runc e CuncRunc —+
+ [CuncRunc + (P corelPeore Runc — 1) INTC ]

(A.2)

[(UPCOre Tamb — 1) Peore RuncINTC — Tamb] }

A.2 Derivation of Optimal Measurement Times

It is found that nearly minimum total uncertainty can be achieved with

tl,Opt ~ 2TNTC » (A3)

which mainly mitigates the uncertainty that arises from the time constant of
the NTC. With regard to the measurement duration, At,, the evaluation of all
sensitivities listed in Tab. 3.2, based on the values given in Tab. 3.1, reveals
that eg;,,. and np,_ . are dominating sources of time-dependent uncertainties.!
Summation of these two uncertainties and minimization with respect to At,
provides an approximation of At, op,

P2 (At +2 (1 —ton)) Cin
uncay, (Aty) = |T]pc0re o 21 o — +| meas A,_;:ore > (A.q)
,core 1
auncAtl(Atl,opt) —0 = At _ Cihcore || 2€T (A5)
— X t —_ — .
AL opt op Peore NPeore

164



A.2. Derivation of Optimal Measurement Times

15} 3ontc ]
&a 10+ /_/_/—’_' F/_/—ZTNTé\_\_\_\—\ ]
) T
< st / Grid search opt. MY
Simple opt.
0 1 1 1
10m 100m 1 10 50
250 f —=—=—n Al
— 2007 / Grid search opt. |
= Simple opt.
35 100 | 1
0 1 1
10m 100m 1 10 50
40 / Grid search opt. '
— Simple opt.
s
=201
<
< —
0 m— '/ ' L L
10m 100 m 1 10 50
g 0 / Grid search opt. '
£ 30} \ Simple opt. )
= .
g 20¢ A .
5 .
Q
5 10} TS~ :
10m 100 m 1 10 50
Losses [W]

Fig. A.1: Comparison of the results obtained with a numerically expensive grid-search

approach and the presented simplification, for the optimal selection of ¢, (A.3) and

At, (A.s) (cf. Fig. 3.3), which is required for the estimation of the measured core losses

using (3.6). For the complete range of losses t; opt stays within rytc and 3zn1c, hence

confirming (3.20). The maximum deviation of the measurement uncertainty between

the two approaches is below 14 %.
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Fig. A.1 presents a comparison between , opy and At op; determined with
a grid-search and the simplified expressions, for the range of losses considered
in Fig. 3.10. The result for the achieved measurement uncertainty reveals an
average deviation of less than 14 %. However, long measurement durations at
low losses cause a violation of the initial assumption that At; < 7jeax applies.
Accordingly, the results for accurate and simplified values of At, ¢ differ
substantially at low losses. Still, the impact on the total error is low, since the
resulting uncertainty maps are highly flat at these loss-levels.

'If the uncertainty due to np,,,. is excessively greater than the uncertainty arising from
€Tieas At the tested operating point, it is found that the corresponding loss density is very high.
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Universal 3-Phase / 1-Phase PFC
Rectifier System

B.1 Asymmetric Construction of the 4-Phase
CM Choke: Implications on Stray Induc-
tance

In order to assess the asymmetry of the construction of the CM choke de-
picted in Fig. 4.4(a), 2D Finite Element Method (FEM) simulations of both
constructions are conducted using COMSOL Multiphysics software for the
example of Lcy,, i.e., 6 turns per phase on three stacked nanocrystalline cores
featuring a relative permeability of 1 = 9000, outer and inner diameters
of 48.4 mm and 23.9 mm, respectively, and a total height of 36.6 mm. Six
different inductances are examined:

1. Three inductances of phase a:

(a) For phase b being shorted: L a|y,-0
(b) For phase c being shorted: Lg a]0.=0
(c) For phases b and c being shorted: Ly aly,=0,=0

2. Three inductances of phase b for separate and simultaneous short-
circuits across phases a and ¢: Lo p|4,20, Lo b|o.=0, and Lo b |5,=0,=0-

Tab. B.1 lists the computed results for a frequency of 192 kHz (this value
refers to the EMI noise harmonic with the lowest frequency that is subject to
EMI limitations in case of the investigated system) and Figs. B.1(a) and (b)
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H [A/mm] 0 H [A/mm] 1.2

(b)

Fig. B.1: 2D FEM simulation of 4-phase CM chokes of the designs depicting the mag-
netic stray fields of two different constructions of a 4-phase CM choke obtained with
2D FEM simulations for the normalized case iy = i}, = ic = in/3 = 1 A: (a) asymmetric
construction and (b) symmetric construction shown in Fig. 4.4(a) and Fig. 4.4(b), re-
spectively.

Tab. B.1: FEM simulated and measured stray inductances.

Constr. Phase Condition Variable Sim. Meas.

shorted b Loalo,=0 3.87 uH 4.41 uH
a shorted ¢ Lo aloe=0 s.o2puH  6.20 uH
shorted b, ¢ Loalo=o.=0 340uH  4.03uH

Fig. 4.4(a)
shorteda  Lgplo,=0 398 uH  4.43uH
b shorted ¢ Loploc=0 3.98 uH  4.38 uH
shorteda, ¢ Lgplo,=o.=0 270 uH  2.95uH
shortedb  Loalg =0 471uH 586 uH
a shorted ¢ Lo aloc=0 471 uH 6.01 uH
Fig. 4.4(b) shorted b, ¢ Loalo=o.=0 353uH 452 uH

shorteda  Lgplo,=0 471uH  6.00 uH
b shorted ¢ Loploc=0 471pH 580 pH
shorteda, ¢ Lgplo,=o.=0 353MH  4.40 uH
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show the simulated magnetic field strengths. In case of complete symmetry,
Loalo=0 = Loalo.=0 = Loplo,=0 = Loplo.=0 = 2L¢ (B.1)

and
Loaloy=0.=0 = Loplo,=0,=0 = 1.5L¢ (B.2)

apply. According to the simulation results listed in Tab. B.1, (B.1) and (B.2) hold
true for the symmetric construction of Fig. 4.4(b) whereas the asymmetric
construction of Fig. 4.4(a) reveals deviations of up to 30 %, which is between
Lc,alvbzo and Lo a|g.=o-

The simulated results are validated with impedance measurements, using
a high-precision impedance analyzer Agilent 4294A [64]. The measurement
results are consistent with the simulations, with a maximum deviation of 20 %,
which is attributed to inaccuracies of the simplified 2D FEM simulations, due to
unmodeled effects. The measured inductances of the symmetric construction
agree with (B.1) and (B.2) and the measured inductances of the asymmetric
construction are subject to a maximum deviation of 41 %. In view of typical
component tolerances, this deviation is considered to be of minor relevance,
in particular, if dedicated DM filter inductors are connected in series that are
reducing the overall asymmetry. However, the asymmetric construction is
subject to an increased magnetic stray field, cf. Fig. B.1(a). For this reason,
additional shielding may be necessary (even though this was not needed in
case of the hardware presented in this work).

B.2 Power Components’ Stresses in 3-Phase
Operation

In order to enable the calculation of the currents in the different power com-
ponents for 3-phase operation, the duty cycle functions need to be calculated.
The latter are directly related to the mains phase voltages that are applied to
the AC port of the rectifier, which, in 3-phase operation, are given with

0
Vfab,c} = V2 x VACrms Sin| 27 fiut + 4 =120° ¢ |, (B.3)
120°

as shown in Fig. B.2(a) for a selected phase-to-neutral voltage, e.g., v,. The
calculation of the expressions for the duty cycles is based on two assumptions.
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First, it is assumed that the power stage of the rectifier does not generate a
LF CM component and, second, that the voltage drops due to EMI filter and
boost inductor are negligible at mains frequency. The resulting duty cycle,
e.g., for phase a, is calculated according to [164] and

_ ‘/EVAC,rms

dspha(t) = 0.5+ M sin(27fint), M
Vb

. (Bag)
results, which is shown in Fig. B.2(b) (M is the modulation index). According
to Tab. 4.1 and (B.4), the duty cycles utilize the range between 13 % and 87 %.

It is to be noted that (B.4) neglects that the input current controller of the
PFC rectifier needs to modify the duty cycle of each half-bridge in order to
generate a fundamental inductor voltage drop and/or to achieve that every
phase current is proportional to the corresponding phase-to-neutral voltage,
e.g.,

ia(t) = \/Elph,rms Sil’l(ZJmel') (B-5)

in case of phase a. Thus, the presented design is limited to f; > f;, where this
impact on the duty cycle function is negligible. Expressions (B.4) and (B.5)
serve as the basis for the computation of the component stresses, e.g., the rms
currents in the semiconductors.

B.2.1 Semiconductors

The shown expressions for the semiconductor losses are based on the assump-
tions that the current ripple in the boost inductor can be neglected and that
the rms currents in all phases are equal. In case of 3-phase operation, the
DC-side unfolder bridge-leg is unused and only the MOSFETs generate con-
duction and switching losses. The total conduction losses of all six MOSFETSs
over a mains period can be calculated with

R , _ Rds,on

’
R ds,on Ny

ds,on ?

_a72
PM’C - 3Iph,rms

(B.6)
In (B.6), R} ,, denotes the on-state resistance per switch, i.e., for Ny parallel
devices. Equation (B.6) yields the conduction losses of the MOSFETs in case
of 3-phase and 1-phase operation, since either the low-side or the high-side
MOSFET of each bridge conducts the current of the connected boost inductor.

The local switching losses, i.e., the switching losses during one switch-
ing period, are calculated based on a second-order polynomial approxima-
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Fig. B.2: (a) Phase-to-neutral voltage (black line) and phase current (gray line) of a
selected phase, e.g., phase a, for 3-phase operation. (b) Change of duty cycle over
time for three different operating modes: 3-phase operation (solid black line), 1-phase
operation and Vpc = 750 V (dashed line), 1-phase operation and Vpc = 375V (solid
gray line).
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tion [165],

eM,sw(t) = kAChip ksw,o + kSW,l

kAchip kA

W0 ( (0 )2 o)

chip

where ka,,, refers to the ratio of the chip areas of the employed device and
the device for which the switching losses have been measured for; ka,,, is
approximated by the inverse ratio of the corresponding on-state resistances,

%

R
= son (B.8)

ka,
chip Rds,on / Nm

There, R},  denotes the nominal on-state resistance of the device whose
sw1tch1ng losses are known.! The total switching losses can be approximately
calculated from the average energy dissipated within a mains period, T, = f;;'.

Tin

1
PM,sw = fl’nEM,SWs EM,sw = T_/eM,sw(t)dt- (Bg)
m
0

The evaluation of (B.9) leads to the final expression for the switching losses,

2
Ln Lon,
‘phavg ‘ph,rms
PM,SW = 3f;kAchip ksw,o + ksw1 k + ksw,z k 5 (B~1O)
AChlp Anh\p

which are calculated with the average absolute value,

2V2

Iph,avg = Iph,rms 7_[_ > (B.11)

and the rms value of the current in each phase.

B.2.2 Boost inductor

The first step of the design of the boost inductor is the selection of a suitable
core. Based on this, the number of turns, N, the wire diameter, d,, and the
losses can be calculated in a second step.

'In the presented case, this is the C2Moo25120D device (Wolfspeed/Cree). The measured
device features R’ is.on = 25 M and employs a 3-pin TO-247 package. It is of the same generation
as the device employed in this work. The switching losses shown in [166] are used in this work.
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For defined values of inductance, L;, peak flux density in the core, By,
maximum rms current density in the conductor, Jins, and fill factor, kf, a
suitable core can be found based on the area product, which refers to the
minimum required value of the product of core cross-section, A., and core
window area, Ay, [167], of a core,

Lllph,pk Iph,rms

AcAw)min = :
( C W)mll’l Bpk karms

(B.12)

However, besides the above mentioned values and Iy ims, also the peak cur-
rent, Iop pk, is needed to evaluate (B.12). A respective derivation reveals

2
ﬁLleh,rms + VDC

V L < Llim3p,

2
Lphpk = M*Voe - 8fLa 2 (B.13)
(1—-4M*)Vpc
\/Elph,rms + T sAL ¥V Ly = Liimsps
1 M? Vbe
(B.14)

Limgp = 7 -,
P f; \/Elph,rms

which takes into account that, due to the inductor current ripple, the peak
of the total current and the peak of the LF mains current do not necessarily
occur at the same time. With known values of A. and A,,, the number of
turns and the diameter of the conductor can be calculated,

N = "Lllph,pk“ ’
AcBpx

keAw

N (B.15)

4
du =/~
T

Subsequently, the losses can be calculated. This calculation considers three
main loss components: LF and HF conduction losses and HF core losses:

P, =3 (PCu,LF + PCu,HF + Pcore) . (B~16)

LF copper losses

The LF copper losses of each boost inductor are calculated with

N lavg
Peyrr = Iéh msRLLDC 5 Ripe = —— (B.17)
’ O'kfﬁw

which assumes that the LF rms inductor current and the input rms current of
the converter are equal (l,vg is the average turn length and o the conductivity).
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HF copper losses

The calculation of the HF copper losses,

Peunr = prh’rms’HFRLl,AC , (B.18)

assumes that all spectral HF current components are concentrated at the
switching frequency, i.e., R, ac is the AC resistance of the inductor at the
switching frequency and I pp, ;s i is the rms value of all HF components of
the inductor current. Irpp rmsHr is calculated by averaging the square of the
time-dependent local HF rms current, iy ph rms,ur(t), Over one mains period.
The local HF rms current refers to the HF rms current during one switching
period and is calculated with the local HF peak current,

iLph,pk.HE (1)

] , 1 Vpc(1-4d) d
iz phyrms,HF (1) = T irphpkpr(t) = - —————

5 L 7 (B.19)

which can be calculated in a straightforward manner, since the first filter
stage does not feature a CM choke and because the capacitors of the first
filter stage are connected to the midpoint, O. Based on (B.19), an overall HF
rms inductor current of

1 e

2v3 ALs

I phrms HF = V0.0625 — 0.25M2 + 0.375M* (B.20)

results.
The AC resistance is calculated according to [54],

Riac =2 (F +H: Gr) Ripe, (B.21)

w,norm - I

where F; and G, refer to the scaling factors due to skin and proximity effects;?
Hy norm denotes the magnetic field that leads to the proximity effect and is

normalized with respect to the inductor current. For dy, > 32368 [54] (8 is the
skin depth),

dy 2q3 1
Fo=-X G = o §= —un (B.22)

85 ’ 48 ’ V,Ur,Cul‘Lost'T[

apply, which, for the considered solid copper wire is fulfilled at f; = 48 kHz
(6 = 0.35mm). The value of Hy norm is calculated under the assumption of a

>The presented factors correspond to values compatible with the peak value of the current.
For rms currents, an additional factor of 2 is needed.
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distributed air gap on the outer and the inner core limbs (approximation for
powder core). With this,
N
Hw,norm = (B23)

2/3hy,

results.

HF magnetic core losses

The core losses are calculated based on the assumption of a sinusoidal (in-
stead of triangular) shape of the magnetic flux density with same peak value,
Bpk. Accordingly, the local core losses can be calculated with the Steinmetz
Equation,

Lyipph plHr(t)

pcore(t) = VckSEf;a (Bpk(t))ﬁ > Bpk(t) = NA

, (B.24)

which is slightly overestimating the core losses that result for triangular
currents [50,168]. Due to the raise of the flux density to the power of j, the
average core losses are calculated by means of numerical integration,

Tm
2 Im
Pcore = _/ ’ Pcore(t)dt- (B25)
Tm 0

B.3 Power Components’ Stresses in 1-Phase
Operation

Similar to 3-phase operation, the function of the duty cycle needs to be
determined before the currents in the different power components can be
calculated. According to Fig. 4.3, the mains voltage,

vac = V2 X 240 Vsin(27 fint), (B.26)

is equal to the local average of the voltage between each switch-node (A, B,
C in Fig. 4.3) and either the minus terminal of the DC-link, m, if D, conducts
(iac > 0) or the plus terminal, p, if D; conducts (iac < 0). The resulting duty
cycle for 1-phase operation is equal to

Msin(2xfyt), 2mfmt € [0, T),

14 Msin(27fint), 27fnt € [, 270). (B.27)

dlph(t) = {
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B.3.1 Semiconductors and boost inductor

The calculation of the MOSFETSs’ conduction and switching losses and the
losses in the boost inductor is identical to Appendix B, however, different
expressions apply to I pk and Irph rms HF

2
(zﬁlph,rms ﬁLl + MVDC)

vV L < Llimlpa

Iph,pk = 8f;Ll(A]\/IZVDCZ) (B.28)
M — M?) Ve
\/EIPh,rms + T L vV Ly 2 Liimp,
1 (2M?% — M)V
Lipp = 7 ——F——. (B.29)
e f; 2 \/Elph,rms
1 WM
ILph,rms,HF = 12% f;Ll \/127( +M (—64 + 9M7T) s (B30)

which are derived for the duty cycle function d,p(t), instead of dap, (£). In
addition, the diode bridge-leg generates conduction losses, i.e.,

PD,c = (3Iph,1rms)2 ré + 3Iph,angf, (B-31)

where V¢ denotes the current independent forward voltage drop of each diode
and r(’1 refers to the total differential resistance of Np diodes that are operated
in parallel,

rd

N (B.32)

’_
rq =

B.3.2 Electrolytic capacitors of the DC-link

The computation of the losses in the electrolytic DC-link capacitors only takes
the LF component of the capacitor current into consideration, since ceramic
capacitors are located close to the power semiconductors and effectively keep
the HF current components away from the electrolytic capacitors. Commonly
available electrolytic capacitors cannot provide operating voltages of 750 V.
Accordingly, the DC-link employs N¢ parallel branches of electrolytic ca-
pacitors where each branch contains two capacitors that are connected in
series. Furthermore, the calculation of the capacitor losses is based on the
assumption that each capacitor has the same Equivalent Series Resistance,
ESRc. With this, the losses of all electrolytic capacitors are:

2 ZESRC 1 Pnom
PCDC = ICDc,rmsN—C > ICDc,rms = @ Voo .

(B.33)
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B.4. Power Components’ Stresses in 1-Phase Operation at Half DC-link
Voltage

Tab. B.2: Losses in 1-phase operation at half and full DC-link voltage.

Vbc Py Pvsw Poe Pryculf Pricuur Pricore Pope

375V 66 W 38W 72W  5.6W 0.6 W 53W  15W

750 V 66 W 101W 72W  5.6W 29W  221W 15W

B.4 Power Components’ Stresses in 1-Phase
Operation at Half DC-link Voltage

In case of 1-phase operation of the PFC rectifier shown in Fig. 4.2, the DC-link
voltage can be reduced, which expectedly leads to lower core losses in the
boost inductors and lower switching losses. The reduction of V¢ is possible
due to the diode bridge-leg that acts as unfolder circuit, such that the full
DC-link voltage can be utilized to follow the mains voltage during half a
mains period [13] (in comparison, the discussed 3-phase PFC rectifier can
only utilize half of V¢ to follow the mains voltage during half a mains period,
as the DC-link voltage midpoint serves as virtual reference point for the
AC voltage formation). However, the reduction of the DC-link voltage from
Vbc =750V to, e.g., half of this value, imposes the same voltage change to
the input of a directly series connected power converter. Fig. B.3 depicts
a solution that prevents supplied converters from being subject to a wide
input voltage range. The additional relay circuitry connects the two capacitor
banks of the DC-link and two isolated DC/DC converters either in series
(3-phase operation) or in parallel (1-phase operation). With this, the same
input voltages are applied to the DC/DC converters and the same LF rms
currents are achieved in the two DC-link capacitors, Cpc, in case of full and
half DC-link voltage, Vpc = 750 V and Vpc = 375V, respectively.

The losses of the main power components for 1-phase operation at half DC-
link voltage can be calculated with the equations of Appendix B.3. Tab. B.2
lists the results for 1-phase operation at half and full DC-link voltage, which
reveal a substantial reduction of the switching losses and the losses in the
boost inductor (due to reduced HF conduction and core losses). This leads to
total losses of 226 W, i.e., less than for 3-phase operation, where total losses
of 294 W result, cf. Sec. 4.3.2.
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Appendix B. Universal 3-Phase / 1-Phase PFC Rectifier System

Fig. B.3: Proposed extension of a T-type rectifier, shown for 1-phase operation with
Vbc = 375V. In case of 3-phase operation, the relay contact S, is closed and S, ;;
change their positions such that the two DC-link capacitors are connected in series
and withstand the full DC-link voltage of 750 V.
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B.5. Extension to Three-Level Converters with Inherent Utilization of the
DC Midpoint

B.5 Extension to Three-Level Converters with
Inherent Utilization of the DC Midpoint

A direct extension of converters with inherent utilization of the DC midpoint
(e.g., T-type converter) by a diode bridge-leg according to Fig. 4.2 would
lead to very high LF rms currents in the DC-link capacitors in case of three-
level operation and 1-phase AC input, because each capacitor of the split
DC-link, Cpc, would only be charged every second mains half period, i.e., in
an alternating manner [169]. A practical solution to mitigate this undesirable
property is to change the operating mode of the converter depending on the
type of mains supply:

» Three-level operation for 3-phase mains connection (middle leg enabled,
Ve = 750 V).

» Two-level operation for 1-phase AC input (middle leg disabled, Vpc =
375 V).

In this regard, the DC-link voltage is reduced to 375 V during 1-phase operation
in order to achieve similar cores losses (and ripple currents) in the PFC
inductors and similar switching losses in both operating modes listed above.
The circuit shown in Fig. B.3, which realizes the modifications listed below,
can be used to achieve constant input voltages for series-connected DC/DC
converters:

> A relay circuit for series/parallel reconfiguration of the DC-link capaci-
tors and the subsequent DC/DC converters is provided.

» The middle power switches of the T-type converter are connected to the
switch-node of the diode rectifier, O’, since the electrical potential of O’
is always defined (the node O is floating during 1-phase operation).

With this circuit, the input voltages of the DC/DC converters are equal to
375V, independent of whether 3-phase or 1-phase operation applies. Fur-
thermore, the LF rms current in each capacitor of the DC-link in 1-phase
operation is equal to the one of the 2LB6 converter operating in 1-phase mode
(cf. Fig. 4.2).
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