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Abstract

During the last decades many researchers have turned their attention to raising the
operation frequency of power converters to the very high frequency (VHF) range going
from 30 MHz to 300 MHz. Increasing the operating frequency of a power converter
leads to smaller energy storing components and hence smaller volume. The smaller
volume comes from the passive components that scales inversely with frequency, and
thereby decrease in value and size as the frequency is increased. Air-core magnetics are
the preferred choice for VHF converters as there is no core losses and the selection of
magnetic materials are still very limited. Ceramic capacitors are very suitable for VHF
converters and with new semiconductor materials, this area will only grow in the near
future.

Increasing the frequency to the VHF range also increases the switching losses, there-
fore soft switching techniques are used to eliminate the switching losses. The topologies
used, are inspired by radio frequency amplifiers, which are used to generate high fre-
quency current for an antenna. In VHF converters this antenna is replaced by a rectifier
to generate a DC voltage. Driving these type of converters can be a challenge as hard
gating of traditional silicon MOSFETSs generates losses that are frequency depended.
Several soft gating solutions have been presented that limit the losses at these fre-
quencies. In this thesis, one gate drive solution is described and used for multiple
implemented converters. The gate drive is self-oscillating and consists of a few passive
components ensuring a low cost. This gate drive is used as both a low side gate driver
for an inverter and a synchronous rectifier in a bidirectional converter achieving a peak
efficiency of 80% at 37 MHz. This gate drive is also implemented with a coupled induc-
tor to drive a half-bridge based converter achieving 81% efficiency at an input voltage
of 80 V.

The subject of this thesis is off line VHF converters, which means input voltages of
several hundred volts. As most VHF topologies have relatively high voltage stresses
with peak voltages reaching multiple times the input voltage, the resonant currents
needed to achieve soft switching will generate high AC losses. A solution to this problem
is presented in this thesis where several inverters have their input connected in series to
split the high input voltage. An off-line converter build for the US mains is presented
build with three inverters with a single combined rectifier. The converter designed to
deliver 9 W to a 60 V LED load and is achieving an efficiency of 89.4% and a power
density of 2.14 C% The development of this converter proof that offline VHF converter
can be implemented with high efficiencies even for low power applications.

VHF converters are also subject to EMC regulations and the need for galvanic isolation
as well as other standards. Galvanic isolation is usually implemented with transform-
ers, however as mentioned earlier there are only limited magnetic materials for the
VHF range. In this thesis PCB transformers are described together with the possibility
of using capacitors as the power galvanic isolation, both methods of creating galvanic
isolation are implemented in converters. Regarding EMC a series of converters with
different filter implementations are examined. The results from the conducted mea-
surement from 150 kHz to 30 MHz shows no peaks as the switching frequency is above
the measured range. However, the radiated measurement shows high peaks with no



filter, these peaks are reduced to 6 dB below the limits from EN 55022 with filter-
ing and a EMC shield. The filter component scales with frequency, and therefore the
implemented filter were still small compared to a traditional EMC filter.

Due to the high frequencies of VHF converters it is difficult to use traditional pulse
width modulation (PWM) control, instead the most used are burst mode (on/off)
control which can be implemented with commercial available controllers. A new imple-
mentation of burst mode together with a self-oscillating gate drive is presented.

Another approach is frequency control where the switching frequency is controlled in
respect to the output or input. A converter topology is analyzed with the first harmonic
approach to evaluate the operation, and to create a new frequency control method to
ensure a good power factor (PF). A prototype is implemented with the frequency control
method, which achieves a PF of 0.99 and a THD of 5.68%. This is for a converter,
switching at traditional frequencies, however the same method can be used for VHF
converters.

During this Ph.D. thesis, different areas of an offline VHF converters are described, dur-
ing the project different areas have been investigated such as, gate drive, synchronous
rectifiers, PCB transformers, control of a resonant converter, galvanic isolation, EMC
performance, power factor and stacking of converters.



Resumé

I lgbet af de sidste artier er interessen for at gge skifte frekvensen af strgmforsyninger
til det "meget hgje frekvens” (VHF) omrade steget markant, VHF frekvensomradet
spaender fra 30 MHz til 300 MHz. En gget skiftefrekvens medfgre at mindre energi skal
lagers i hver periode og derved mindskes veerdierne af de passive komponenter. De lavere
vaerdier resulterer i mindre volumen af de passive komponenter. Reduktionen skalerer
inverst med frekvensen, hvorved man opnar en reduktion i stgrrelse hvis frekvensen
gges. De passive komponenter bestar bl.a. af luftspoler. Luftspoler er det foretrukne
valg for VHF konvertere, da man undgar kerne tab, ydermere er udvalget af magnetiske
materialer der virker ved hgje frekvenser meget begreenset. Keramiske kondensatorer
er meget velegnet til VHF konvertere, og de er ogsa at fortrackke til VHF konvertere,
grundet deres hgje selvresonans. Med komponenter lavet af nye halvledermaterialer,
hvis udvikling stadig er i tidlige stadier, vil forskningen i VHF konvertere kun vokse i
den nzermeste fremtid.

Ved at gge skifte frekvensen til VHF omradet gges skiftetabene ogsa, derfor benyttes
"soft switching” teknikker der reducere skiftetabene betydeligt. De anvendte topologier
er inspireret af radioforsteerkere, som anvendes til at generere et hgjfrekvent signal til
en antenne. I VHF strgmforsyninger er antennen erstattet af en ensretter der genererer
en DC spasending. Denne type konvertere kan ikke drives med traditionelle gate drivere
da gate tabene bliver for store. Derfor benyttes resonante gate drive hvis tab ikke er
frekvensafthaengige. I denne afhandling praesenteres en ny gate drive lgsning til VHF-
konvertere, denne lgsning blev brugt i alle de implementerede VHF strgmforsyninger.
Dette gate drive er selvsvingende og bestar udelukkende af passive komponenter, hvilket
sikrer en lav pris. Gate driveret blev igennem denne afhandling brugt i flere invert-
ere, heriblandt en resonant halvbro inverter. Det blev yderligere brugt til at lave en
tovejs-konverter med synkron ensretter. Denne konverter opnéaede en effektivitet pa
80% med en skiftefrekvens pa 37 MHz. Dette gate drev blev ogsa implementeret med
en koblet luftspole til at drive en halvbro baseret konverter. Denne konverter opnaede
en effektivitet pa 81% ved en indgangsspeending pa 80 V. I afhandlingen er mulighe-
den for udvikle VHF strgmforsyninger til lysnettet blevet undersggt. De fleste VHF
topologier har relativt hgje spaendingsbelastninger pa de aktive komponenter, som regel
med maks spendinger pa flere gange indgangsspaendingen. De ngdvendige resonante
strgmme for at opretholde ”soft switching” vil derfor generere store AC tab, hvilket
vil resultere i lav effektivitet for lave udgangseffekter. I afhandlingen er en lgsning pa
dette problem er praesenteret, hvor flere invertere har deres indgang forbundet i serie
for at opdele den hgje indgangsspsending. En strgmforsyning bygget til amerikanske
AC speendinger praesenteres, den er opbygget af tre invertere og en enkelt ensretter.
Streomforsyningen er designet til at levere 9 W til en 60 V LED. Forsyningen opnar en
effektivitet pa 89,4% og en effektteethed pa 2,14 % VHF konvertere er omfattet af
en raekke standarder inklusiv "Electromagnetic Compatibility” (EMC) regulativerne og
behovet for galvanisk isolation. Galvanisk isolation bliver normalt implementeret med
transformatorer, men som tidligere nzevnt er der fa magnetiske materialer til radighed
det virker i VHF omradet. I denne afhandling bliver "Printed Circuit Board” (PCB)
transformatorer samt muligheden for at bruge kondensatorer som galvanisk isolation
beskrevet. Begge metoder til at skabe galvanisk isolation er ogsa blevet implementeret



i forskellige stromforsyninger. For at undersgge VHF konvertere i forhold til EMC
kravene er en rackke konvertere blevet malt med forskellige filter implementeringer. Re-
sultaterne viste at der ikke er nogen problemer i ”"conducted” malingerne. Men ved
maling af den udstralede stgj ses hgje peak veerdier uden filter. Disse er reduceret
til 6 dB under graenseveerdierne fra CISPR 22 med filtrering og et EMC-skjold. Pa
grund af de hgje frekvenser i VHF konvertere er det vanskeligt at anvende pulsbredde-
modulation (PWM) til kontrol, i stedet benyttes burst mode (tsend/sluk) kontrol, som
kan implementeres med kommercielt tilgeengelige controllere. Et alternativ til dette er
er frekvensstyring hvor skiftefrekvensen styres pa baggrund af indgangs eller udgangs
spendingen. En konverter topologi blev analyseret ved hjelp af "the first harmonic
approach” (FHA) for at fa en matematisk model af operationen. Denne matematiske
model blev brugt til at lave en frekvensstyringsmetode for at sikre en god power faktor
(PF). En prototype blev implementeret for at eftervise denne skiftefrekvens kontrol.
Prototypen opnaede en til PF pa 0,99, samt en "Total Harmonic Distortion” (THD) af
indgangsstrgemmen pa 5,68%. Denne strgmforsyning har en traditionel skiftefrekvens,
men den samme fremgangsméade kan anvendes til VHF konvertere. Overordnet bel-
yser denne Ph.D. afhandling forskellige omrader der skal tages hgjde for ved design
af en VHF konverter forbundet til lysnettet. Gennem projektet er fglgende omrader
blevet undersggt: gate driver, synkroniserede ensrettere, PCB transformatorer, burst
mode kontrol, frekvenskontrol af en resonantkonverter, galvanisk isolation, EMC, power
factor og serieforbundne forsyninger.
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Introduction

1.1 Background

Electronics has become vital for our every day life, and we often use it without notic-
ing it. As a consumer we use both battery powered devises, household appliances and
lighting equipment all being powered or charged from a mains connected power supply.
In resent years the electronic market has been growing rapidly with smart devices, in-
ternet of things and other electronic appliances, which have increased the demand for
power supplies. Today most power supplies are Switch Mode Power Supplies (SMPS)
that combine high efficiency and small size. The size is limited by the passive com-
ponents that occupy most of the volume [2]. The passive components scale inversely
with frequency and hence increasing the operating frequency reduces the physical size
of the power supply. Increasing the frequency is not a new idea, this has been done
since the early days of of SMPS [3], however there are some limitations when doing, so
such as increased switching losses in the active devices and increased core losses in the
magnetic. The switching frequency is typically limited to a few MHz due these losses.

Research within power electronics focuses on increasing the efficiency, lowering the cost
and reducing the size. We have seen small incremental steps during the last decades as
magnetic materials and semiconductors have been improved. Most magnetic materials
are still limited to around a MHz and the few materials that goes above have a very
low permeability [4, 5]. Therefore to go higher in frequency, air core inductors have
been used, however the relative permeability of 1 have forced a jump to frequencies
around 30 MHz. The reason for this jump in frequency is the size benefit gained by
using air cores inductors starts at this frequency. The 30 MHz limit is known as the
lower boundary of the Very High Frequency (VHF) range going from 30 to 300 MHz.

Research in VHF power converters started in the early 2000s at Massachusetts Institute
of Technology (MIT) and have since then continuously published papers on this topic [2,
4-29]. Since MIT started investigating VHF converters other universities have followed
including the Technical University of Denmark (DTU). DTU published there first paper
in 2011 [30] and have since then frequently been publishing within this area [16, 31-51].

The first publications from both MIT and DTU [6, 30] was inspired by Radio Fre-
quency (RF) amplifiers that were already used for this frequency range. They used the
same active components specially designed for RF amplifiers which is very costly (the
transistors in [6, 30] cost more than 20 USD each). The first VHF converters showed
great promise however failed to deliver on high efficiencies. Since the first publications
commercial available MOSFETSs have shown to be a viable alternative and can lower
the cost significantly while achieving a high efficiency. New wide band-gab devices,



2 Introduction

such as Gallium Nitride GaN and Silicon Carbide SiC transistors, is starting to be used
in VHF converters [52] and it will be interesting to follow the results of these, especially
as the price of these devices drops over the coming years.

When this Ph.D. project started in 2013 most publications on VHF converters focused
on DC-DC or DC-AC conversion. The technology showed promising results and the
ability of reducing the physical size of the power converter. On the basis on previous
results the idea to implement AC-DC converters with switching frequencies in the VHF
range seemed promising. As the AC-DC offline application for consumer electronics
include many portable products, this market would benefit from the size reduction
offered by the VHF converters. Many consumer products are by law required to have
galvanic isolation to protect the consumer, therefore the main field of this Ph.D. became
galvanic isolated offline VHF converters.

1.2 Thesis scope

The objective of this Ph.D. thesis is to investigate the different blocks of a VHF offline
power converter with galvanic isolation. Offline meaning a power converter connected
to the AC grid. The goal is to achieve efficiencies comparable with existing commercial
products, which are above 85%, fulfilling the standard regarding electromagnetic com-
patibility (EMC). The focus has been to achieve all this while using off the shelf low
price components. To cover all the parts that makes a complete offline power converter
several different research topics have been investigated. The research topics directly
related to offline VHF converters has been galvanic isolation, EMC performance, power
factor, stacking of converters. In addition to this more general topics have also been
investigated during this Ph.D., such as synchronous rectifiers, PCB transformers, con-
trol of a resonant converter, and new gate drive implementations. These different parts
have been published in 7 peer reviewed conference and journal papers. The publica-
tions create the basis for this thesis and are all included in the Appendix A-I. The
Appendix also include a patent and a draft journal paper, which is soon to be sub-
mitted. This Ph.D. project has been performed in close collaboration with the DTU
spinout company "Nordic Power Converters”. Therefore, there has been a strong focus
on commercialization of this technology.

1.3 Structure and content

The structure and content of the Ph.D. thesis are visualized in Figure 1.1.

Chapter 1: Covers the background and motivation for this Ph.D. project, it describes
the scope of the thesis and gives an overview of the content in the thesis.

Chapter 2: Describes the state of the art within VHF resonant power converters. Here
different topologies are presented, the general control strategies are presented together
with galvanic isolation methods and applications.

Chapter 3: The passive components and the effect of parasitic components in VHF
converters are described in this chapter. The main focus is on a self oscillation gate
drive and the galvanic isolation of VHF converters.



1.3 Structure and content

Chapter 4: Describes stacking of converters placing converters in series to increase the
input voltage span. An offline VHF converters for the US mains using the stacking

technique is presented.

Chapter 5: Control of VHF converters are described in this chapter. A burst mode
control method based on the gate drive from chapter 3 is presented and described.
Furthermore a frequency control of an offline resonant converter is described together
with the mathematical model behind the control.

Chapter 6: This chapter describes the EMC properties of a VHF converter regarding
conducted and radiated emissions.

Chapter 7: Summarises the experimental results,

in this thesis and describes future work.
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State of the art

In this chapter different resonant topologies will be presented and discussed. An
overview of state of the art solutions within offline resonant converters and within
VHEF converters is presented. VHF converters are still a new topic and the general
advantages and limitations will be discussed.

2.1 High frequency resonant converters

Switch mode power supplies (SMPS) dominate the market for offline power supplies.
Traditional SMPSs, described in [53], mainly use hard switching topologies which limits
operating frequency as a result of switching losses. Nevertheless, increased switching
frequencies permit reduced volume and therefore alternative topologies which overcome
this limitation are of great interest. Resonant converter topologies are a prime exam-
ple as they use soft switching to reduce the switching losses significantly, This also
increases the maximum switching frequency limit. For consumer electronics some of
most common resonant topologies are the LLC and LCC [54-56] or variants of these.
These topologies can be operated at a load independent point with a fixed input to
output voltage ratio which makes them well suited for DC-DC applications. In respect
to offline applications the LLC and LCC are usually used as a second stage DC-DC
converter as mentioned in [57, 58]. There have been a few papers on topologies inspired
by the LLC converter working as a single stage offline converter with high Power Factor
(PF) [59-61].

2.2 Very High Frequency Resonant Converters

One of the main reasons to move the switching frequency to the VHF range is to mini-
mize the size of the passive components and eliminate the use of electrolytic capacitors,
which has a limited lifespan. New topologies have been presented [62, 63] to eliminate
the use of electrolytic capacitors.

2.2.1 Topologies

Most topologies for VHF converter have been inspired by the radio amplifier topologies,
connected together with a rectifier. These topologies were first presented in [64, 65].
The Class-E converter is one of the most used topologies, it is shown in Figure 2.1.
The Class-E topology has one low side MOSFET which only requires a low side gate
drive. This topology is well documented with specified design methods [66-70]. The
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drawbacks with this topology is the high peak voltage across the MOSFET which at
50% duty cycle is approximately 3.6 times the input voltage.
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Figure 2.1: Schematic of a Class-E converter, based on a Class-E inverter and rectifier.

The Class-¢2 topology is similar to the Class-E with the addition of an LC branch
in parallel with the MOSFET. By adding an LC circuit with a resonance at the 2.
harmonic the maximum voltage across the MOSFET can be reduced to approximately
2 times the input voltage at 50% duty cycle. This topology was developed at MIT and
first presented in [8, 9]. The Class-¢y are frequently used both as an amplifier and as
a full converter, and is used for wireless power transfer applications [71-73].
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Figure 2.2: Schematic of a Class-¢o converter, based on a Class-¢o inverter and a Class-E
rectifier.

The Sepic converter is a known topology from traditional power electronics and it is
described in [53, 74, 75]. This topology is shown in Figure 2.3 and have also been used
for VHF converters [11, 32, 41, 48, 49]. The benefit of the Sepic converter compared to
the Class-E is that it only has two inductors in a full converter, which can help reduce
the AC losses in the inductors and improve the efficiency of the converter. The Sepic
converter used in [49] reaches 87% efficiency with a switching frequency of 48.7 MHz.
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Figure 2.3: Schematic of a Sepic converter.

The Class-DE converter shown in Figure 2.4 is a half bridge topology described in
[76, 77]. The peak voltage across MOSFETSs for this topology is equal to the input
voltage, which makes this topology suited for higher input voltages. This topology



2.2 Very High Frequency Resonant Converters 7

however needs a high side gate driver, which is the main limitation for implementing
the Class-DE with VHF switching frequencies. The only implemented VHF Class-DE
converters are presented in [36, 37] (Appendix D) using the gate drive described in
[31, 78] (Appendix B,C).

Vin
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Figure 2.4: Schematic of a Class-DE converter, based on a Class-DE inverter and a Class-E
rectifier.

2.2.2 (Galvanic isolation

Galvanic isolation is used to isolate two different part of a system, galvanic isolation
means that there is no direct conductive path across the barrier. Transferring energy
across the isolation barrier can be done in different ways such as capacitive, magnetic,
optical or mechanical. The most used isolation type in power converters is the magnetic
using coupled inductors or transformers. Galvanic isolation is used in almost all chargers
for consumer electronics such as a laptop charger. Safety regulations require galvanic
isolation if the costumer can touch the power connector. Transformers have been used
for many years. They are made with different materials depending on the frequency,
high frequency magnetic materials are investigated in [2, 4, 5, 21-23]. An alternative
to using ferrite materials are air core magnetics, especially in the VHF range were they
can be superior in performance [79, 80]. By use of air core inductors and transformers
the magnetics can be implemented directly into the Printed Circuit Board (PCB), PCB
embedded inductors are described in [35, 38, 44, 51] and PCB embedded transformers in
[33, 37, 40]. PCB embedded transformer can be made with spiral, toroidal and solenoid
geometries. Figure 2.5 shows different implementations of solenoid PCB transformers,
they are described [37] (Appendix D). The figure shows one of the drawbacks with air
core transformers, as there is no magnetic material to guide the flux the windings have
to share a common area for the flux to pass through.

Mechanical isolation can be implemented with piezoelectric transformers described in
[81], this type of transformers can be made in a small package and can be used in a
magnetic less converter [82-86]. The piezoelectric transformers are made of ceramics
and can be cheap to manufacture in large quantities. They can achieve high power
density and efficiencies and their topologies are in many ways similar to VHF convert-
ers. They produce little Electromagnetic Interference (EMI) as they have no changing
magnetic fields, this enables them to work in high flux environment like with Magnetic
Resonance Imaging (MRI) scanners.

Capacitive isolation can be used to transfer power or signals across an isolation barrier.
A power converter with capacitive isolation is described in [35, 48, 87], An application
were capacitive isolation are well suited in in wireless power transfer [88-90]. Wireless
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(d) End-to-end

Figure 2.5: Different approaches to implement solenoid PCB transformers, primary is solid
and secondary is crossed.

power transfer have become a great application for VHF and multi megahertz converters
[71-73, 91].

Optical isolation is mostly used for transmitting signals as in optocouplers or through
optical cables, and it is not important for this project.

2.2.3 Control methods

Control of power converters is essential for most commercial products as it keeps the
converter operating optimal under different conditions. The typical control method for
conventional power electronics are Pulse Width Modulation (PWM) which is simple
and easy to implement. It does however not work for resonant converters with a fixed
duty cycle ratio, here alternative solutions are used such as frequency control [92-95].

Frequency control changes the frequency depending on the conditions, this changes the
transfer function of the converter. By changing the transfer function the converter
can maintain a constant output voltage or current, or compensate for a varying supply
voltage. To implement frequency control a good understanding of the topology is
needed. For LLC converter there is now off the shelf IC-drivers with frequency control.
For other topologies the process is not so straight forward, especially when the frequency
is increased. Therefore frequency control on VHF converters is very difficult. Frequency
control is further discussed in section 5.2, where a frequency control method is derived
for an offline converter.

An alternative to frequency control is burst mode control, this control method is also
refereed to as on/off control. Burst mode control works by turning the converter on



2.2 Very High Frequency Resonant Converters 9

and off at a frequency much lower than the switching frequency. In this way a low
frequency PWM signal can control if the converter is on or off and thereby control the
output. The benefits of burst mode control are the linear response and easy feedback
implementation. The drawbacks are the introduction of low frequency content, which
can lead to higher EMI. This control method is used for traditional SMPS for light
load conditions where the converter is powered down to save energy. This make the
converter achieve a higher efficiency at light load. Burst mode control is one of the most
used control methods for VHF converters. This is used in [11, 13, 15, 20, 41, 96, 97].
One reason for using burst mode control for VHF converters is the simplicity as they
can otherwise be difficult to control. As mentioned, burst mode create lower frequency
content. However, the burst frequency can be implemented at the same or higher
frequencies than traditional SMPS are switching.

Another method of controlling VHF converters is out phasing control, this requires mul-
tiple inverters and strict control of the phase. Out phasing control works by controlling
the phase difference between two or more inverters. Their output is then combined
through a passive network so that the outputs are either added or subtracted. Exam-
ples of out phasing control are described in [16, 17]

2.2.4 Challenges and limitations with VHF converters

When increasing the switching frequency to the VHF the traditional hard switched
topologies cannot operate due to losses. This is primarily due to the switching losses
which in simplified form can be calculated by:

1
Pswzi'coss'VQ'fs (21)

Where C,ss is the output capacitance, V is the voltage across the MOSFET and f;
is the switching frequency. From the equation it is evident that the voltage is the
dominant part, and this is why it is much easier to increase the switching frequency for
low voltage applications. This thesis is operating towards offline VHF converters and
therefore the voltages and frequencies will he high, this would result in high losses for
traditional hard switched converters. For resonant converters the switching losses can
be neglected, however this does not mean that the MOSFETSs don’t have any losses.
The conduction losses are still present which is the loss in the MOSFET when it is
turned on. The conduction loss is found by:

Pcon = RDS : IQ (22)

Where Rpg is the on resistance of the MOSFET and [ is the RMS current through the
device. For traditional frequencies this equation is usually sufficient. When increasing
the frequency to the VHF range additional conduction losses appear, as illustrated
in Figure 2.6. The conduction loss element Rpg is shown together with two other
loss elements the gate resistance Rgqe and the Equivalent Series Resistance (ESR)
Rc,, 4 of the drain-source capacitance Cpg. The losses related to R¢, g is the off-state
conduction loss and can be a significant part of the total MOSFET loss. This effect
will be described in chapter 3.2.
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Figure 2.6: Loss model of a MOSFET.

The gate drive for traditional SMPS provide the gate with a square wave signal to
ensure a fast transition between on and off and to ensure a low on resistance Rpg. A
traditional gate driver produces a loss each time the gate is discharged corresponding
to the energy stored in the input capacitance Cjss = Cgg + Cap. For most MOSFETs
this will lead to a large loss when they switch in the VHF range. To avoid this resonant
gate drives, where a sinusoidal current is driving the MOSFET, is often used. Resonant
gate drives use a resonant network to circulate the energy stored in the input capacitor
Ciss- Thereby the loss is minimised to the AC loss in the gate resistor Ry and the
ESR of the network.

One of the challenges when operating in the VHF range is the charging current needed
to charge the output capacitance of the MOSFET. The current needed to charge a
capacitor is:

av

Io=cC.22
¢ dt

(2.3)

When designing an offline converter with switching frequencies in the VHF range equa-
tion (2.3) is a good place to start. The current will increase as the voltage across the
MOSFET or the frequency increases. A VHF Class-E converter with an input voltage
of 200 V switching at 30 MHz will need to charge the output capacitor of the MOSFET
to 720 V in 8.33 ns. Assuming an output capacitance of 50 pF the current becomes
4.32 A. The waveforms of a Class-E converter is shown in Figure 2.7. These 4.32 A
is the average resonant current for the first 8.33 ns after the switch turns off, and the
output capacitor is charged to the peak voltage. This is the minimum resonant current
for the Class-E converter to operate regardless of the output power. For low power
systems this can be a real challenge, since the AC losses in the converter will become
to high.
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Figure 2.7: Waveforms in a Class-E converter.

2.2.5 Applications

The majority of VHF converters consist of an inverter and a rectifier, the inverter
topologies are inspired by RF amplifiers generate outputs an AC current. The AC
output current is then passed through the rectifier to the load, because the output is a
rectified AC current this type of converter is suited as a DC-DC converter with constant
output current. Many of the topologies used for VHF converters have tight tolerances
to the load impedance, usually the rectifier is designed for a given load and then the
inverter is designed to match the input impedance of the rectifier. Most publications
of VHF converters are working with resistive loads and are not mentioning a specific
application, however there are a few operating as LED drivers [36, 41, 44, 47]. The
LED driver is a very suitable application for this type of converters as they have a
constant output current. The LED are naturally limiting the output voltage ensuring
that the rectifier diodes are not exceeding its maximum reverse voltage. The same
holds for battery charging applications, where the battery clamps the output voltage.
To operate a VHF converter with a fixed output voltage for varying loads control
methods have to be implemented, as mentioned there are different options and two of
these will be presented in Section 5. For a VHF converter to be commercialized they
will in most applications need some sort of control. At the time of writing this Ph.D.
thesis their are two companies are working on brining VHF converters to the market.
These two being Finsix a spinout company from MIT working with laptop chargers and
Nordic Power Converters a spinout of DTU working with LED lighting.
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Passive and parasitic components

Passive components are essential for power converters and the parasitic components are
well known for traditional SMPS. However when the switching frequency is increased,
the parasitics have a larger impact on the circuit. In this section passive components and
the impact of parasitic components will be discussed in connection to VHF converters,
and the parasitic components will be used to implement a self-oscillation gate drive.
Different ways of implementing galvanic isolation will also be described.

3.1 Passive components

Passive components are a vital part of power electronics. Inductors and capacitors are
used to store energy and resistors are used to control the energy flow, however introduces
losses. The energy storing components are accountable for most of the physical volume
in a traditional SMPS, and can be the limiting factor when making a compact power
converter. The energy storing components consists of two different groups the electrical
field components being the capacitors and the magnetic field components consisting of
inductors, coupled inductors and transformers.

There are three different parts of a power converter where the passive components take
up most volume. The input filter reduces the input current ripple and can remove
differential and common mode signals. It usually consists of a large capacitor and
a common mode choke inductor. In the power stage, passive components are used to
store and transfer the energy each switching cycle. In galvanic isolated power converters
transformers are used which can take up a large area together with the isolation barrier.
The output filter reduces ripple on the output and removes unwanted differential and
common mode signals. This filter also consists of a large capacitor and a common
mode choke inductor. Increasing the switching frequency to the VHF range reduces
the amount of energy transfer within the power stage in each cycle. This reduces the
value of the passive components, which also reduces the physical size of the component.
This reduction of component values is not only within the power stage. By increasing
the switching frequency the the input and output filters can be implemented with higher
cut-off frequencies, which will lead to a reduction in size.

Increasing the frequency to the VHF range also changes the component selection. For
magnetic components there is limited magnetic materials that can operate above 10
MHz, this is investigated in [2, 4, 5, 21-23]. High frequency magnetics have low per-
meability and can have high core losses at VHF', because of this air core magnetics are
used. Today there are a good selection of air core inductors on the market, most of
which are solenoid based. Furthermore, they can be implemented into the PCB. PCB
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air core inductors can be implemented as spiral, solenoid and toroidal inductors as de-
scribed in [51]. Solenoid PCB air core inductors are used in [31, 35] (Appendix B,E).
Another interesting approach of implementing air core inductors are the 3-D printed
inductors described in [79, 80].

The capacitor selection is also limited for VHF converters. An electrolytic capacitor
has a high energy density. However it also has a large parasitic inductance and thereby
a low self-resonance frequency. It can be used in the input/output filters to maintain
a constant DC voltage, however it has to high impedance at 30 MHz to work inside
the power stage. Film capacitors in general have a higher self-resonance than the
electrolytic and they can thereby be used for higher frequency operation. However,
they are still not the preferred choice in the power stage of a VHF converter as there
is a limited selection when working with Surface Mounted Devices (SMD). Therefore,
the preferred capacitor for VHF converters are the ceramic capacitors because they
have a high self-resonance. Ceramic capacitors come in different materials, shapes and
voltage ratings. Listed below are a few guide lines for choosing a capacitor for a VHF
converter.

e Smaller footprint means lower self-inductance and thereby higher self-resonance.

e COG and NP0 de-rates very little over voltage and temperature. However, they
only come in relatively low capacitance values.

e Smaller footprint also means higher voltage de-rating (not for COG and NPO0), in
some cases the capacitance is reduced by 80% at the rated DC voltage.

e X5R, X7R, CoG, NP0 and so on is only a temperature marking, therefore check
the datasheet for voltage properties and series resistance.

e [fthere is no good datasheet available then measure the component in an impedance
analyser.

¢ Electrolytic and film capacitors are good for DC voltages just parallel a ceramic
capacitor that can handle the operating frequency.

3.2 Parasitic components

When increasing the frequency to the VHF range the values of the passive components
decreases significantly, this also means that the parasitic components have a larger
influence on the design. This section will focus on the parasitic components of the active
devices in a VHF converter. The parasitic inductance is usually package dependent,
long legs or big package results in larger parasitic inductance where flip-chip and small
packages have low parasitic inductance. Parasitic inductance is unwanted and can result
in ringing above the switching frequency generating EMI. Therefore small packages
SMD devices are preferred for VHF converters. Parasitic capacitance is however mostly
depending on the device parameters, for low power Shottky diodes (below 100 V and
2 A) the capacitance is usually around tens of pico farad. The junction capacitance
varies with the reverse voltage of the diode and is found in most datasheets. Parasitic
capacitance is also an important part of the MOSFET. As shown in Figure 3.1 there is
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Figure 3.1: Loss model of a MOSFET.

several capacitances in the MOSFET. The capacitances are inversely proportional to
the on resistance Rpg and is also depending on the voltage rating of the MOSFET.

The output capacitance listed in the MOSFET datasheet is defined as Cyss = Cpg +
Cap, this capacitance changes as the drain-source voltage changes. In most topologies
used for VHF converters there is a capacitance connected between drain and source of
the MOSFET, the output capacitance of the MOSFET therefore sets the lower limit
for this capacitor value. In some cases it can be beneficial to choose a MOSFET where
the output capacitance matches the needed capacitance, in this case the MOSFET will
also have a lower on resistance (Rpg) which reduces the conduction losses. This is the
same as using the figure of merit (FOM), except FOM is dependent on the on resistance
and the gate charge and not the energy stored in the output capacitor.

The second capacitance shown in a datasheet is the input capacitance C;s5s = Cgg +
Cap, this capacitance determines the current needed to drive the MOSFET. It also
determines the gate losses in traditional gate drives, driving the gate with a square
signal result in a loss defined as:

Pyate,s = fs - Qa - Vas (3.1)

Where Q¢ is the gate charge fs is the switching frequency and Vg are the gate drive
voltage. Another approach is to use the input capacitance C;ss, However this capaci-
tance is non linear and is only used to approximate the gate loss.

Pgate,HS ~ fs : OISS : VC%‘S (32)

The last capacitance found in a datasheet is C,ss = Cp, this capacitance is the smallest
of the three and is unwanted in traditional hard gated converters. However, in VHF
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converters it can be used to transfer energy to a self-oscillating gate drive which will
be described in the next section.

Together with the parasitic capacitances of the MOSFET there are three parasitic
resistances, the first is the drain-source resistance Rpg which is used to calculate the
conduction loss.

Pps = Rps - Ihg (3.3)

The second resistance is the gate resistance Ryqse Which is used to calculated the peak
current when driving the MOSFET with a square wave voltage. The gate resistance is
also used to calculate the gate loss in a resonant gate drive, this loss is calculated by:

Pgate,RE = Rgate : IgQate (34)

As seen the resonant gate loss is not frequency depended as the traditional gate drive
in 3.1.

The two resistances Rpgs and Rgyue are usually listed in the datasheet. However, there
is a third resistance, connected in series with the capacitance Cpg. This resistance is
named Rc,, and is the ESR of the capacitance. In traditional hard-switched converters
there is only passed current though the output capacitance when the voltage over the
MOSFET changes, this current results in a loss which at frequencies below 1 MHz is low
compared to the other losses in the MOSFET and therefore neglected. However, when
increasing the frequency to the VHF range the current passing through the capacitance
Cps, when the MOSFET is turned off, can be equal to the current in the on period.
Therefore, if the resistance R, is comparable to Rpg so is the loss. This resistance
is not given in the datasheet, so it have to be measured frequency depending and also
dependent on the drain-source voltage.

Peps = Reps - I%Ds (3.5)

The intrinsic resistance of R¢, 4 can be extracted from some IC process spice models,
however this is not available for discrete devises. Therefore it is useful to measure the
resistance of the output capacitor C,ss using an impedance analyser. To measure the
C,ss the gate and source are connected together, and the measurement are then done
from drain to source. The resistance R¢c,4 and Rc,,, can be assumed to be close to
each other as long as Cpg >> Cgp.

Parasitics can have a great influence on the design of the converter and on the gate
drive. The parasitic components influence both traditional hard-gated and also the
resonant gate drives. In the next section a gate drive for VHF converters using the two
capacitors Cgg and Cgp and the gate resistor Ryqqe is described.

3.3 Gate drive

There are several resonant gate drive solutions for VHF converters, some of which are
self-oscillation as described in [41, 44, 45]. In this section a VHF gate drive consist-
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Figure 3.2: The simple gate drive, the dotted line represent the devise including the parasitic
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Figure 3.3: Different gate drive implementations.

ing of only passive components is presented. The gate drive is published in [31, 78]
(Appendix B,C). This gate drive utilizes the parasitics together with a few external
passive components to create a transfer function from drain to gate with 180 degree
phase shift. The gate drive in its simple version is shown in Figure 3.2. Where the only
external component is an inductor connected between the gate and a bias voltage.

The simple gate drive has some limitations as the only variable component is the exter-
nal inductor, and the bias voltage which can be raised and lowered to adjust the duty
cycle of the MOSFET. To expand the flexibility of the gate drive there can be added
additional components on the gate as shown in Figure 3.3. The first extension is adding
a capacitor from gate to source or gate to drain, which can help adjusting the gain and
phase of the transfer function. The transfer functions can be seen in Figure 3.4 where
the colors are matched to Figure 3.3. The capacitor between gate and source (Brown)
reduces the gain and increases the phase slightly at 30MHz compared to the simple
gate drive (Black), where the capacitor between gate and drain (Green) increases the
gain with a slight reduction in phase compared to the (Brown). The gate drive can also
be implemented with LC circuit connected from gate to either source (Blue) or drain
(Red), this can eliminate the second harmonic and boost the third harmonic creating a
gate voltage closer to a square wave. However, adding these extra parts also increases
the complexity and cost of the circuit.

The transfer functions from drain to gate are shown for the different implementation in
Figure 3.4. The different implementations have different gain around the fundamental,
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Figure 3.4: Transfer functions of the different implementations of the gate drive shown in
Figure 3.3.

which in this case are 30 MHz. The gain can be adjusted by changing the component
values, in general placing capacitance between gate and drain will increase the gain and
placing capacitance from gate to source decreases the gain. It is seen that they all have
a phase shift close to 180 degrees at and the fundamental frequency which is essential
for this gate drive, as the gate must go high when the drain-source voltage is low. The
blue line shown an LC circuit tuned to the second harmonic placed between gate and
source, this removes the second harmonic and create a gain on the third. By doing this
the gate voltage can either be more square shaped or have a peak depending on the
phase, the square shaped is good for limiting the peak voltage and having a short peak
results in a low duty cycle.

This gate drive has the advantage that it can be implemented as a high side gate drive.
Since it is only composed of passive components the circuit just need a transient to start
oscillating. The half bridge gate drive implementation is shown in Figure 3.5. Here
the simple gate drive is connected on the low side MOSFET and the high side have an
additional inductor (Lg) and capacitor (Cg1). The inductor Ly is used to set the bias
voltage for the high side gate drive form Vp;451 which would be Vp;q51 = VITN + VBias2-
The capacitor Cg1 are used to create a low impedance path at high frequency between
the gate and source of the high side MOSFET.

The gate drive shown in Figure 3.5 has been used for half bridge converters in [36, 37]
(Appendix D), where it has achieved above 80 % efficiency at 30 MHz. In [37] the two
inductors L1 and Lgo are implemented as coupled inductors which will be discussed
in section 3.4.

This gate drive is also suitable for use in synchronous rectifiers, where the gate drive
is driving a single low side switch or a half bridge rectifier. Synchronous rectifiers are
used for low voltage or high current applications where the forward voltage drop across
the diodes results in high losses. The conduction loss in a diode are calculated by:

Pcon,D = Vforward : Iaverage (36)
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Figure 3.6: Class-E converter with synchronous rectifier, both inverter and rectifier is imple-
mented with the self-oscillating gate drive.

By replacing the diodes in the rectifier with MOSFETSs the conduction losses becomes:

Pcon,M = RDS : I%SRMS (37)

If Piioge >> Pps + Pyate and the engineer can justify the addition of a gate dirve and
an control signa, then the diode should be replaced by a MOSFET to reduce the total
losses. This holds for traditional switching frequencies and also for VHF converters.
A synchronous rectifier also have switching losses, switching losses is depending on
the output voltage and will in most synchronous rectifiers not be the dominant. A
synchronous rectifier will increases the complexity and price of the circuit. The self-
oscillating gate drive is used in synchronous rectifiers in [31, 35, 44] (Appendix B,E,A).
The gate drive of in rectifier is designed to start oscillating when the inverter is acti-
vated, and then just follow follow the same frequency. Using a synchronous rectifier
improved the efficiency of 2.5% in [35] (Appendix E) where the converter reached a
peak efficiency of 80%.

Another reason for having a synchronous rectifier is to make the converter bidirectional.
A schematic of a bidirectional Class-E converter is shown in Figure 3.6. The Class-E
schematic shows symmetry around the resonant tank, which here consists of a capacitor
and an inductor, and this makes it appear ideal for bidirectional use.
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Figure 3.7: Bidirectional converters from Appendix E.

In [35] (Appendix E) a bidirectional Class-E converter is implemented operating at 35.6
MHz. The converter was implemented on two separate PCBs one with discrete air core
inductors and one with PCB embedded inductors. The two converters are shown in
Figure 3.7. The converter with discrete components achieved efficiencies of 80/70% in
forward/reverse conduction mode, and the converter with PCB embedded inductors
achieved efficiencies of 74/65%. This difference was due to the higher Q values of the
discrete inductors, as the converter with the PCB embedded inductors was limited to
the same size, the inductors reach lower Q values.

3.4 Galvanic isolation

Galvanic isolation means no direct conducting path across a isolation barrier. The
galvanic isolation can be made as a functional or a safety isolation barrier, the safety
isolation is used in applications where it is required by the law. The isolation require-
ments are depending on the application and also on the voltages in the circuit. An
isolation barrier can be a limiting factor when decreasing the size of a power converter
as there is strict demands on clearance and creepage. To use capacitors as galvanic
isolation they have to be Class-Y rated capacitors. The class system together with
isolation voltages is stated in the standard DS/EN 60384-14:2013 [98]. Class-Y rated
capacitors can be made with different materials, including ceramic materials. However,
Class-Y rated ceramic capacitors come in large packages and tend to be very expensive.

When implementing functional galvanic isolation the capacitor should only be rated
for the maximum voltage across it, and in this case regular capacitors can be used.
functional galvanic isolation was implemented in [35] (Appendix E), where a Class-E
converter is galvanic isolated. This was done by splitting the resonant capacitor into two
as shown in Figure 3.8. By making a functional galvanic isolation the input and output
can be connected in different ways, and several converters can be connected with the
input or output in series and parallel. An example could be three converters with series
connected input and a parallel output, in this way three 5 W converters boosting 5 V
to 12 'V could become one 15 W converter boosting 5 V to 36 V. This technique will be
further discussed in section 4. Several converters have been implemented with galvanic
isolation during this Ph.D. project. All of these was implemented with functional
galvanic isolation [35, 43, 46, 48] (Appendix E,G,L.F).
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Figure 3.8: Schematic of a bidirectional Class-E with galvanic isolation.
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Figure 3.9: Solenoid transformer in the nested configuration.

Galvanic isolation can also be implemented with transformers. This is the most com-
mon way of achieving galvanic isolation in traditional SMPS. Most transformers use
a magnetic core to guide the flux between the primary and secondary windings, and
thereby achieve a good coupling. High frequency magnetic materials are investigated
in [4, 5, 22, 23|. However, very few materials are suitable for VHF converters. Air core
magnetics described in [21, 79, 80] are a good alternative as they do not have any core
losses or risk going in saturation. Air core transformers are limited to structures that
guide the flux through a common winding area, since there is no core to help guiding the
flux. Spiral and toroid PCB embedded air core transformers are described in [40, 99].
In [37] (Appendix D) a solenoid PCB embedded air core transformer is described and
verified in a half bridge VHF converter. The transformer is in this case used to couple
the gate drive inductors (Lg1 and Lge in Figure 3.5) of the two MOSFETSs forcing
them to be out of phase. The paper [37] (Appendix D) describes and tests different
configurations of the solenoid transformer as shown in Figure 2.5. The converter is
implemented with the nested configuration which is shown in Figure 3.9. By using this
PCB air core transformer the efficiency was improved by 2.2% reaching 81.09% with
an output power of 9.12 W.

PCB embedded air core transformers are easy and cheap to make and consistent PCB
production makes these a good solution for air core magnetics. In general air core
magnetics are considered a good solution for VHF converters since they have no core
losses, which is a problem for normal core based transformers [2, 4]. The disadvantages
are the low inductance, coupling and a larger external magnetic field, due to the missing
magnetic material [51].

Transformers can also be used to make galvanic isolation in VHF converters from input
to the output. Examples of this are described in [21, 100, 101]. The transformers
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Figure 3.10: Different approaches to implement solenoid PCB transformers.

is either connected in series with the input or as a part of the resonant tank. The
topologies from the three papers are shown in Figure 3.10. The topology in Figure
3.10a has the transformer as part of the resonant tank, this is also the case for the
topology shown in Figure 3.10c. The topology shown in Figure 3.10b has a transformer
connected in series with the input inductor. All these three converter topologies are
based on the Class-¢3. However all configurations could also be implemented as Class-E
or Sepic converters. If a Class-DE converter should use a transformer it would be in
the resonant tank. This would make the converter similar to the LLC converter.
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One of the challenges within VHF converters is to increase the input voltage, as most
VHF topologies have a high voltage stress on the active components due to their reso-
nant behaviour. The most suited topology for high input voltage is the Class-DE which
limits the peak voltage of the MOSFETS to the input voltage. As an alternative to the
Class-DE topology several converters can be connected in series. If the converters are
galvanic isolated from input to output their outputs can either be connected in series
or parallel. This idea is described in [48] (Appendix F) where an isolated converter
shown in Figure 4.1 is used in different configurations.

|

A +
V. =, = | |Vou

:

m out

Figure 4.1: Galvanic isolated converter, the dotted line represents the isolation barrier.

4.1 Connection of several converters

One of these configurations is shown in Figure 4.2, where two converters have their
input in series and output in parallel. By doing this they can operate form twice the
input voltage and double the output power. For the two converters to split the input
voltage equally they will need to have the same input current. If one converters draws
more current the voltage will decrease on its input and increase on the other. The
converters therefore need to draw more current when the input voltage is increased. If
this is the case, the two converters will be self-regulating and split the input voltage.
This form of stacking can be done for all isolated converters and is in [48] (Appendix F)
done for both a traditional DC-DC converter and a VHF converter. For resonant VHF
converters with high voltage stresses this can increase the operating input voltage.

Another way to increase the input voltage for a converter is to use the step-up config-
uration shown in Figure 4.3. Here the load is connected in series with the input of the
converter. This system can then be operated at the input voltage of the converter and
the load voltage. The step-up configuration not only increases the input voltage of the
system it also increases the output power and the efficiency. The input current in the
converter flows through the load together with the output current from the converter,
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Figure 4.2: Two galvanic isolated converters with there inputs connected in series and outputs
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Figure 4.3: A galvanic isolated converter connected in step-up configuration.

The input current is therefore added to the output power "for free”. In [48] (Appendix
F) this technique was used to increase the efficiency by approximately 5% and to in-
crease the output power by 50%. Even so the converter by itself is galvanic isolated,
this configuration creates a direct current path from input to output and thereby the
system is not galvanic isolated.

4.2 US mains converter

The techniques described in [48] (Appendix F) were used to implement a US mains
VHF converter in [43] (Appendix G), where three Class-E inverters were connected in
series as shown in Figure 4.2. The stacking of three inverters reduces the peak voltage
across the MOSFET in each Class-E inverter to one third, this means that lower voltage
devices can be used. To decrease the input voltage of the three inverters further, the
load was placed in series with the input of the inverters as shown in Figure 4.3 and used
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Figure 4.5: The Class-DE rectifier used in the US mains converter.

in [36]. To decrease the component count the three inverters share a single rectifier and
have a combined resonant tank. The configuration of the inverters, rectifier and load
is shown in Figure 4.4.

The converter is implemented with a single rectifier to reduce component count. Be-
cause the rectifier is connected in parallel with all three inverters the input impedance
of the single rectifier should be three times higher than a rectifier for a single inverter
stage. This converter uses a Class-DE rectifier which is shown in 4.5 and described in
[66, 102], the input impedance of a Class-DE rectifier with D = 0.25 is:

s 1 2.7
AR w - (Cp1+ Cp2)

(4.1)

As shown the capacitances Cp; and Cpo define the input impedance of the rectifier.
For this converter this impedance have to be three times a single rectifier meaning that
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20.2 mm

Figure 4.6: The US mains VHF converter with size measurements.

the junction capacitance of the diodes have to be three times a large. This enables a
selection of a bigger diode with lower forward voltage resulting in a higher efficiency.
As shown in Figure 4.4 there is only one resonant inductor instead of three inductors.
The value of the single resonant inductor is equal to a parallel connection of the three
resonant inductors. So by using only one inductor a higher @ can be achieved which
increases the efficiency and reduces component count. Another advantage of using a
single resonant inductor is that the switching frequency of the three inverters is forced
to synchronize as they share the same resonant current.

The converter was designed to operate from the US mains delivering 9 W to a 60 V
LED. Each inverter was implemented with the self-oscillating gate drive described in
[31, 78] and in section 3.3. A picture of the converter is shown in Figure 4.4. If the
PCB is divided into two box volumes one is to the left of the large resonant inductor
and one with the large resonant inductor, the power density of the converter becomes
2.14 C% The converter is achieving an efficiency of 89.4% with an AC input voltage
of 120 V RMS.

The converter is designed to run from the US mains and high PF is often a requirement
for offline converters. To achieve a good PF there is no large DC capacitor placed on the
input and the converter is operated in most of the period. Each inverter needs an input
voltage of 23 V for the gate drive to start, once started they keep operating until the
input voltage becomes too low for the self-oscillating gate drive to maintain oscillations.
This converter type works as a voltage controlled current source and the output power
follows the input voltage, which means that the current drawn from the mains follows
the mains voltage. The input voltage and input/output currents are shown in Figure
4.7. Tt is evident that the input current is in phase with the voltage. The converter
reaches a PF = (.96, which is sufficient for an offline LED driver in this power range.
To implement this into a product there is still a few things that need addressing. First
the converter shuts down twice every 60 Hz period which results in a 120 Hz flicker
at the output. To reduce this low frequency flicker an energy storage is needed. This
could be a large capacitor at the output, however this would reduce the power density.
Second is the input harmonics on the input current that might need additional filtering
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current through the LED (blue).

as there is a steep flank when the converter starts every cycle.
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Control

Control of power converters is essential for most commercial products as it keeps the
controlled variables within their specified limits. Most power converters use PWM to
control the output voltage or current. The control scheme can be implemented in many
different ways depending on the application. In traditional SMPS the control can be
a simple PI regulator controlling the PWM. However, this control does not work for
resonant converters with fixed duty cycles. In this chapter two new control methods for
fixed duty cycle converters are described. A new burst mode control implementation
of a Class-E converter and a new frequency control method for a half bridge resonant
converter.

5.1 Burst mode

Burst mode control works by turning the converter on and off at a frequency much
lower than the switching frequency, a PWM signal can in this way control the output
of the converter. Burst mode control has a linear response, and works with standard
control IC’s. Burst mode control is one of the most used control methods for VHF
converters. It is used in [11, 13, 15, 20, 41, 96, 97]. In [41] burst mode is used to
control an interleaved Sepic converter. This converter achieved an efficiency above 81%
for most of the operating range. However, this implementation of burst mode control
relies on an RC constant that introduces a delay of 500 ns from the rising edge of the
PWM signal to the converter starts operating. To reduce this delay the burst mode
control can be implemented as shown in Figure 5.1. This implementation works for
most single switch topologies, using the gate drive described in section 3.3.

The new burst mode circuit consists of two MOSFETSs, an N-MOS (N) and a P-MOS

Figure 5.1: Burst mode control implemented with the self-oscillating gate drive, the dotted
line represent the devise including the parasitic capacitors.
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(P) with their gates connected to the PWM signal. When the PWM signal is low the
P-MOS turns on while the N-MOS turns off, this raises the gate voltage of the large
MOSFET to Vpijas- If VBias is high enough the MOSFET turns on and the oscillations
starts. When the PWM signal goes high the P-MOS turns off and the N-MOS turns
on draining all the energy stored in the gate drive circuit. The diode D; is added to
enable the gate voltage to go below the source voltage. This circuit is easy to implement
and only contribute with small losses, mostly the additional conduction losses in the
P-MOS. The PWM signal needs steep flanks to ensure that the N-MOS and P-MOS
is not both conducting and hereby creating a short from Vp;qs to Vg. If Vies is just
above the threshold of the MOSFET the gate drive will be operating with 50% duty
cycle. The circuit was simulated with the converter used in [46] (Appendix I). The
results from the simulation are shown in Figure 5.2. With a zoom on the turn on and
the turn off in figure 5.3. The circuit starts approximately 50 ns after it is turned on,
and is effective at turning off the converter. The drain voltage Vjqqin reaches 90 V
under operation and settles around the input voltage when the converter is off. The
gate voltage operates around the bias voltage which is 4 V in this simulation. The
PWM voltage clearly demonstrates that the converter is running when Vpy s is low
and off when Vpyy s is high. The output power shows that the burst mode generate
low frequency content. The flanks on the output power is due to the output capacitor,
this low frequency content could be filtered out with a bigger output filter.
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Figure 5.2: Burst mode operation of a class-E converter, blue is the drain voltage, gray is the
gate voltage, green is the PWM signal, and red is the output power.

This design of a burst mode control could be implemented in a stacked converter as
described in section 4. To achieve this each inverter would need a PWM signal which
would require a level shifter for each stage. Therefore burst mode is best suited for single
stage converters as in DC-DC converters. Implementing burst mode on VHF converters
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(a) Burst mode at turn on. (b) Burst mode at turn off.

Figure 5.3: A zoom of the burst mode operation at turn on and turn off. Blue is the drain
voltage, gray is the gate voltage and green is the PWM signal.

creates EMI at the burst frequency and the harmonics. To minimize the EMI generated
by burst mode large EMC filters are needed. This will limit the size reduction gained
by operating in the VHF range. With burst mode control only the passive components
within the power stage of a VHF converter helps with a size reduction. In general burst
mode control is easy to implement on VHF converters, and will be a good solution for
many applications.

5.2 Frequency control

For consumer electronics some of the most common resonant topologies are the LLC and
LCC [53, 103-105]. These topologies can be operated at a load independent point with
a fixed input to output voltage ratio which makes them well suited for applications
with a varying load. Another approach is controlling the switching frequency and
hereby changing the transfer function of the converter. Frequency control is used to
track changes in the load and maintain a constant output voltage. It can also be used
compensate for input voltage variations. With proper design, resonant converters can
work at different input voltages and loads within certain limits.

To use frequency control, it is necessary to understand the behaviour of the converter,
such as knowing the transfer function. In Appendix H the first harmonic approach
(FHA) is used to characterise the charge pump topology reported in [106] and shown
in Figure 5.4. The converter is a mains connected half bridge topology with a ”charge
pump” capacitor Cj, ensuring a high PF. The resonant tank is implemented with an
inductor L,.s and three capacitors C,.s, Cp and Cj,. The resonant current in Li.s
ensures that the MOSFETSs achieve soft switching with a prober dead-time. Cj is a DC
blocking capacitor, where C)..s and Cj, ensures a high frequency AC voltage at V4. If
the voltage V is reaching from 0 to V¢, each period, then C;, draws a high frequency
current from the mains proportional to the mains voltage. The two components before
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Figure 5.4: The half bridge "charge pump” topology described in appendix H.
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Figure 5.5: The simplified model of the circuit shown in Figure 5.4.

the diode bridge L ¢ and Cs¢ are filter components, and they are used to filter the
high frequency current, creating a sinusoidal input current. The voltage across Cpo
is kept larger than the peak voltage of the rectified AC mains, to avoid a direct path
from the mains to the Cpc.

If the voltage in V4 has a minimum voltage of 0 and and a maximum voltage equal to
the voltage Vi, each cycle, then ideally the converter will have a PF of 1. However the
impedance of the resonant circuit changes across a mains cycle which will change the
voltage V4. To understand the high frequency behaviour of the topology the FHA is
used. The FHA is a method for analysing and understanding the operation of resonant
converters, through harmonic approximation of a piecewise analytical circuit model
[103, 107]. To use FHA on the circuit shown in Figure 5.4 has to be simplified. The
resonant inductor is assumed to have a sinusoidal current and the diodes are assumed
lossless. The simplified circuit is shown in Figure 5.5, and is only analysed at the
fundamental frequency.

The circuit shown in Figure 5.5 is used to described the voltage V4 across one period
assuming a sinusoidal resonant current. This process is described in Appendix H. The
final piecewise equation for the voltage V4 is:
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Where | X| and ZX are the magnitude and phase of a complex impedance defined in
H. The initial voltages V7 to V, across C, are found to be:
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Where |IN| and ZIN are the magnitude and phase of a second complex impedance
defined in H. With voltage and the current known Fourier analysis is used to simplify
the impedance of the resonant circuit to a series connected RC circuit. The resonant
circuit is then reduced to the series connected LCR circuit shown in Figure 5.6. As the
analysis did not include the resonant inductor L,.s it is a fixed value.

The equivalent capacitor and resistor changes across the AC input voltage and at dif-
ferent switching frequencies. The equivalent capacitance of C¢, is shown in Figure
5.7. The capacitance increases with an increase in input voltage, this is because the
capacitor Cjy, is conducting for a larger part of the period.

The equivalent resistance of R, is shown in Figure 5.8. The resistance increases at
low AC voltages as the load resistor Rj,.q and the DC blocking capacitor C becomes
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Figure 5.9: Frequency vs. AC voltage plot for different resonant inductor L,.s values.

a larger part of the resonant impedance. The equivalent resistor R, increases at lower
frequencies this is because the load resistor draws a constant power independent on
frequency.

Both the resistor and the capacitor changes over frequency and input AC voltage,
however the inductor shown in Figure 5.6 has a fixed value. As part of the model
the amplitude of the resonant current is found. The amplitude is used to generate a
frequency control depended on the AC input voltage. The control curves for different
inductor values are shown in Figure 5.9. The plot shows, the frequency vs. AC voltage
control curves for different inductor values. So if the the converter was implemented
with a 150 pH inductor, then the converter should follow that curve to achieve a high
PF.

To verify the FHA model the frequency control was implemented in a prototype. The
AC mains voltage was measured by a differential amplifier before the input filter, and an
Analog to Digital Converter (ADC) converted the voltage to a digital signal. A micro
controller with a lookup table based on the FHA model control a Digital to Analog
Converter (DAC) to set a DC voltage. This DC voltage is connected to a voltage
controlled oscillator (VCO), which controls the frequency of the power stage.

The implemented converter was tested with and without frequency control, both with
an output power of 5 W. The AC voltage and input currents with and without control
are shown in Figure 5.10. In both cases, the input current is in phase with the voltage.
The current with frequency control resembles a sinusoidal waveform, with a small zero
crossing error. The input current for the fixed frequency operation has a considerable
discontinuity around the zero crossing and a spike in current at the peak AC voltage.
A steep flank around the zero crossing will cause a rise in harmonics, and the spike
illustrates that the voltage of Cpc drops below the AC peak voltage.

The converter achieved a PF of 0.990 with frequency control, which is sufficient for most
applications. The PF without control was measured to be 0.955, which is a lower but sill
acceptable. Regulations regarding mains connected power converters are not limited to
the PF value, limits for the harmonic content on the input current is also specified. The



36 Control

—— I, with control —10.2
I;,, no control

100 //ﬁ\\ —— Vac input voltage 1

Voltage [V]
=
\\ T
\
\
|
o
Current [A]

—10 -8 —6 —4 -2 0 2 4 6 8 10

Time [ms]

Figure 5.10: The measured AC input voltage V¢ and the input current I;,, with and without

control.
| | | | |
‘ [0 With control [l [ Without control [] [ Standard limits (IEC 61000-3-2) ‘
30 - g
| | L |
0 B HH T r’TH T H r’TH T 0
2 3 5 7 9 11 13

Harmonic number

Figure 5.11: The measured input current harmonics and standard limits from IEC 61000-3-2
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measured harmonics and the limits from IEC 61000-3-2 [1] are shown in Figure 5.11.
The harmonics with control are much lower than the limits and only have a small peak
at the third harmonic. Whereas without control the harmonics are above the limits at
the 5th, 7th and 13th harmonic. The Total Harmonic Content (THD) measured on the
input current was 5.68% with control and 26.1% without control. This also confirms
that the control improves the operation in relations to the regulations 61000-3-2.

The output power of the converter is plotted in Figure 5.12. The control maintains a
constant voltage in V4 which directly relates to a more constant output power. There
is a little third harmonic ripple on the output with control, which might originate from
the same place as the third harmonic measured on the input current. The output power
without control fluctuates much more during a line cycle.

Overall the model is fitting well with the measured results, and it gives a good de-
scription on the behaviour of this topology. And even though this model is used for a
converter switching around 300 kHz the model still holds for higher frequencies. The
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Figure 5.12: The measured output power of the implemented converter.
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biggest difference when increasing the frequency is that the voltage between the two
MOSFETSs in the half bridge is assumed to be a square wave for traditional switching
frequencies, whereas for VHF frequencies it would be a trapezoidal waveform.
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Electromagnetic compatibility

This section focuses on the EMC for VHF converters. In [46] (Appendix I) a Class-
E VHF converter is implemented, to test how a VHF converter performs regarding
electromagnetic emissions. The converter used is a single Class-E inverter, similar to
the one used for the US mains converter in section 4, with a Class-DE rectifier. To test
the performance of different filters and cable orientations, 9 different converters were
implemented. All the different implementations are described in Appendix I. In this
chapter, 3 implementations will be presented and discussed.

6.1 Starting point

The converter for the EMC test was implemented as a Class-E inverter with a Class-
DE rectifier as shown in 6.1. The converter is galvanic isolated with the two capacitors
Cres1 and Crpgo as discussed in section 3.4. In this implementation Crggo >> CrEs1
making Crgso acts as a DC blocking cap, this reduces the common mode. With a large
CRrEso fluctuations on the potential between the ground on primary and secondary side
are reduced. The output power is 3 W and the load is a 60 V LED. The switching
frequency is 37 MHz which is above the limits regarding conducted emissions. The
converter uses the self-oscillating gate drive described in section 3.3 and achieves an
efficiency of 80%. All the converters were implemented with small connectors to be able
to change between the PCBs without changing the position of cables and the converter
it self. This is mainly important in regards to radiated emissions where the position
can influence the measurement.

The first converter to be tested is shown in Figure 6.2. This converter were a im-
plemented with a single decoupling capacitor. This capacitor is necessary to remove
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Figure 6.1: Schematic of the converter used for EMC test, it consists of a Class-E inverter
and a Class-DE rectifier.
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Figure 6.2: Class-E converter with a Class-DE rectifier without input/output filters.
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Figure 6.3: The conducted measurement on the converter without any input/output filter.

the influence of the cable inductance. A line impedance stabilization network (LISN)
network was used to to test the converters conducted emissions. The result of this
measurement is shown in Figure 6.3. It is clear from the measurement that there are
no conducted emissions op to 30 MHz.

The switching frequency of the converter was placed above the conducted regulations
and therefore it was not expected to show any conducted emission. However if burst
mode control was implemented there would be emissions at the burst frequency, and
these emissions would require larger filters to suppress. To reduce the size of the filters
for burst mode control, the burst frequency can be changed constantly within given fre-
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Figure 6.4: Radiated measurement without input/output filters.

quency range and hereby spread the emissions across multiple frequencies lowering the
peak values. Frequency control generates emissions at the switching frequencies, there-
fore if a VHF converter is implemented with frequency control it would not generate
any emissions below 30 MHz.

With the conducted measurement showing no emissions, the attention can be focused on
the radiated emissions. All the radiated measurements have been made inside an EMC
chamber with an antenna placed 3 m from the converter. The radiated measurements
of the converter without filters is shown in Figure 6.4.

As seen in the figure there is a large peak at the switching frequency followed by all the
harmonic content. The radiated emission shows that additional filtering is necessary.
The PCB is a few cm in length and width and would by itself not be a good antenna. For
a frequency of 37 MHz the wavelength is A = 8.1 m, a good antenna is then Ao = 4.05m
or Ay, = 2m. Therefore the cables are expected to be responsible for the emissions.

6.2 With filters

To reduce the radiated emissions input and output filters were implemented. The
converters were also implemented with a ground plane on the bottom of the PCB. T'wo
converters with EMC filters are shown in Fig. 6.5. One of these also have an EMC
shield that covers the most of the PCB. By adding filters the power density is reduced,
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(a) Class-E converter with a Class-DE rectifier (b) Class-E converter with a Class-DE rectifier
with input/output EMC filters. with input/output EMC filters and shield.

Figure 6.5: Two VHF converters used in Appendix I, one without EMC filter and one with
EMC filter and shield.
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Figure 6.6: Schematic of the input/output filter implementation used in the two converters,
Vinjour is placed towards the VHF converters power stage.

however this is also the case for traditional switching frequencies. As a rough estimation
the ratio between the size of the power stage and the filters should remain the same for
VHF converters and traditional converters.

A EMC filter is usually implemented to filter both differential and common mode
signals. Differential mode emissions in a SMPS are created when the converter draws
power from the source or delivers power to the load. This makes the differential signals
easy to track down, whereas the origin of the common mode emissions is more difficult
to find, as they can depend on several things. The EMC filter implemented on the two
converters is shown in Figure 6.6. This filter is both filtering differential and common
mode signals.

The filters are implemented with 1008AF inductors from Coilcraft and ceramic ca-
pacitors, all component values for the filters are shown in table 6.1. As seen on the
schematic, the two inductors are not coupled, and they therefore filter differential mode
and common mode signals. The capacitors Cy1 and Cpg are only filtering differential
mode signals. Whereas the four capacitors Cyo-C'y5 are connected to the ground plane
to filter the common mode signals. By connecting them to the ground plane they create
a low impedance path for the signals at high frequencies. This keeps the signals within
the PCB and reduces the emissions. The EMC shield is connected to the ground plane
with vias all around the edge of the shield. This reduces any electric field coupling
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Table 6.1: Component values for the input and output filter.

Component | Value Type
Ly 3.3 pH | Ferrite
Lo 3.3 uH | Ferrite
Cti 1 pF X5R
Cya 680 pF | COG
Cy3 680 pF | COG
Cia 680 pF | COG
Cts 680 pF | COG
Cye 1 pF X5R
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Figure 6.7: Radiated measurement on the converter with input/output EMC filters.

across the filter and to the outside.

The radiated measurement of the converter with filters is shown in Figure 6.7. The
filters placed on the input and output reduces the radiated emission with 20-25 dBuV
across the frequency range. However there is still a few harmonics which are above the
limit.

The radiated measurements for the converter with an EMC shield is shown in Figure
6.8. Adding the EMC shield reduces the radiated emissions significant and only the
fundamental and first harmonics are present. By adding the EMC shield the capacitive
coupling across the filter is limited and most of the radiated emissions are eliminated.
The radiated emission are with the addition of the EMC shield below the limits of EN
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Figure 6.8: Radiated measurement on the converter with input/output EMC filters and shield.

55022 [108].

6.3 Summary

The conducted EMC measurement demonstrated that the converter had no problem
with conducted emissions from 150 kHz to 30 MHz. The challenge when increasing
the switching frequency to the VHF range is to lower the radiated emissions between
30 MHz and 1 GHz. The radiated emissions still originate from the cables and can be
reduced with filtering and by adding an EMC shield to stay within the limits of EN
55022 [108].



Conclusion and future work

7.1 Summary of experimental work

During the Ph.D. project several converters have been implemented. In this section a
brief overview of the implemented converters is presented. I have designed and imple-
mented the converters presented in the first part of this section. In the second part
of the section converters designed in collaboration with Nordic Power Converters is
presented.

lout
T

1.
T Cout  Vour

Figure 7.1: Class-E converter with synchronous rectifier.

The first converter implemented during my Ph.D project is shown in Figure 7.1. It
consists of a Class-E inverter and a Class-E rectifier. The converter was designed to
test the feasibility of a synchronous rectifier. The efficiency of this converter was 70%
with a switching frequency of 30 MHz. The converter is described in [31, 44] (Appendix
A and B).

Figure 7.2: Bidirectional Class-E converter with discrete PCB embedded inductors, together
with unidirectional converter with diode rectifiers.

The second converter to be implemented is shown in Figure 7.2, it is a bidirectional
Class-E converter with capacitive galvanic isolation. The converter was implemented
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with discrete and with PCB embedded inductors. Two converters with diode rectifiers
was implemented to test the efficiency gained by using synchronous rectifiers. The
converter reached a peak efficiency of 80% with a switching frequency of 35.6 MHz.
This converter is described in [35] (Appendix E).

Figure 7.3: Class-E inverter with Class-DE rectifier, the converter has PCB embedded induc-
tors and one PCB embedded capacitor.

Shown in Figure 7.3 is the third converter. This converter was made to investigate the
possibility of implementing all the passives components in the PCB. The converter was
implemented with PCB embedded inductors and one PCB embedded capacitor. The
capacitor seen in the middle of the PCB, as the metallic part. It has a capacitance of 56
pF. The converter is the same as those used for the EMC investigation in section 6. This
converter showed that even with a switching frequency of 37 MHz implementing the
passive components on the PCB is possible but not practical. This converter reached
a peak efficiency of 83%.

ﬁhslﬂﬂtlllllot68£99i’tllﬂ

Figure 7.4: Several converters implemented with a Class-E inverter and a Class-DE rectifier.
These were used for EMC investigation.

The converters shown in Figure 7.4 was implemented to investigate EMC on VHF
converters. All converter were implemented with a Class-E inverter and a Class-DE
rectifier. And all of them were galvanic isolated with capacitors. The converters showed
no emissions in the conducted measurement from 150 kHz to 30 MHz, however the
radiated measurement from 30 MHz to 1 GHz showed that filtering is necessary. The
converter with filters and a EMC shield was able to reduce the emissions below the limits
given in EN 55022 [108]. The EMC results are described in section 6 and published
in [46] (Appendix I). The efficiency of this converter reached a peak efficiency of 83%
with a switching frequency of 37 MHz.

The fifth converter I have implemented is shown in Figure 7.5. It is an offline VHF con-
verter for the US mains (120 Vs @ 60 Hz). The converter is implemented with three
Class-E inverters in series and a single Class-DE rectifier. The converter is designed to
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Figure 7.5: An offline VHF converter for the US mains.

deliver 9 W to a 60 V LED, and the three inverters were designed to have a switching
frequency of 37 MHz. As described in section 4 the output of the rectifier was placed
in series with the inverters input boosting the efficiency to 89.4%. The converter had a
power density of 2.14 %, and was achieving a PF of 0.96. The converter is published
in [43] (Appendix G).

Figure 7.6: A half bridge charge pump prototype, implemented to verify a new frequency
control method.

The last converter to be implemented is shown in Figure 7.6. It is an offline half bridge
charge pump converter. The converter was implemented to verify a mathematical
model based on the first harmonic approach (FHA). The converter was implemented
with a new frequency control method which improved the PF to 0.99 and reduced the
harmonics on the input current significant. The switching frequency was around 300
kHz which made it the only converter not switching in the VHF range. The converter
is described in 5.2 and it will be published in the near future. The draft paper is shown
in Appendix H.

In connection with my collaboration with Nordic Power Converters, I have been involved
in the development of several converters. The first of these converters are shown in
Figure 7.7. The figure shows three different implementations of the same converter.
The converter is designed as an LED driver, delivering 20 W to a 60 V LED load.
It consists of three Class-E inverter and three Class-DE rectifiers. The converter was
implemented with either an electrolytic capacitor or several ceramic capacitors as shown
in Figure 7.7a and 7.7b. These two converters reached a power density above 3 C%
The converter shown in Figure 7.7c was implemented with EMC filters and EMC shield.
It was tested at a certified test facility and it fulfilled the standard EMC regulations.

Another project performed in collaboration with Nordic Power Converters is shown in
7.8. This was also a 20 W offline LED driver for the US mains. This time implemented
with a Class-DE inverter and Class-DE rectifier. This converter was implemented with
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(a) US mains converter with a electrolytic ca- (b) US mains converter with ceramic capaci-
pacitor. tors.

(c) US mains converter with a electrolytic ca-
pacitor and EMC filter and shield.

Figure 7.7: US mains offline Class-E converters developed together with Nordic Power Con-
verters.

burst mode, enabling the output power to be controlled from 1% to 100%. I was involved
in the development of this converter and was in charge of a small batch production of
20 pieces.

Figure 7.8: US mains offline Class-DE converter developed together with Nordic Power Con-
verters.

7.2 Conclusion

The Ph.D. project documented in this thesis has focused on the main topic "A VHF
offline power converter with galvanic isolation”. During this project different research
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areas within VHF power converters have been investigated and published.

A new self-oscillating resonant gate drive along with several examples of its implemen-
tations in complete circuits have been presented. The described gate drive is a simple,
compact, low cost and reliable solution composed only of passive components. The
gate drive is used for all the VHF converters presented in this thesis. The gate drive
has been used as low side gate drive, a high side drive and to control a bidirectional
converter with a synchronous rectifier.

Several converters has been implemented with capacitive galvanic isolation, that have
worked as functional isolation and not safety isolation. The capacitor in the resonant
tank can easily be split into two capacitor placed across a isolation barrier. The mag-
netic isolation barrier have been investigated with new structures for PCB embedded
air-core transformers. The transformers were based on a rectangular solenoid structure
and an analytic two-port model for the structure was developed and verified by mea-
surements. The structure of two solenoids nested inside each other, was found to be the
most promising. This structure was used to couple the gate inductors in a Class-DE
converter increasing the efficiency by 2.5%.

Different stacking techniques were presented, which can be used to reduce the voltage
stress for isolated DC-DC converters in applications where galvanic isolation is not
a requirement. The stacking technique can provide higher efficiency compared to a
conventional single converter. The obtained benefits are considered very appealing for
certain non-isolated applications, such as LED lighting. The experimental results shows
twice the power handling capabilities and 5-10% higher efficiency compared to single
converters without stacking.

The stacking technique was used to implement a US mains VHF converter delivering

9 W to a 60 V LED load. The converter consisted of three Class-E inverters and one

Class-DE rectifier. The converter had a switching frequency of 37 MHz and an efficiency

of 89.4%. Increasing the switching frequency to the VHF range reduced the size of the

passive components and thereby the size of the converter. The size reduction resulted
W

in a high power density of 2.14 _~5. The converter was implemented without a DC

energy storage on the input, and reached a PF of 0.96.

A simple burst mode control circuit was presented, which together with the self-
oscillating gate drive provides easy control for VHF converters with low side switches.
Burst mode control can in many cases be a good solution, where the low frequency
content is acceptable or can be filtered out. As an alternative to burst mode control a
new frequency control method was presented for an offline half bridge topology. The
frequency control was build on a mathematical model found from FHA. And it was im-
plemented in a prototype where the power factor was improved to 0.99. Furthermore
the harmonic content of the input current was lowered significantly. The prototype was
implemented with a switching frequency around 300 kHz. However, the mathematical
model is also valid for a VHF converter.

If VHF converters is to be commercialised they have to fullfill standard regulations such
as EMC requirements. Therefore EMC measurements on VHF converters have been
presented. The EMC measurements shows that the main challenge for VHF converters
is the radiated emissions above 30 MHz. My work demonstrated that the radiated
emissions can be lowered with filtering and by adding an EMC shield.
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7.3 Future work

This Ph.D. thesis have covered the broad topic of offline VHF converters, and though
great effort have been put in covering everything. There are still topics within ”offline
VHF converters” worth investigating, together with VHF converter in general. Some
ideas for future work is listed here

e The possibilities of implementing a galvanic isolated VHF converter with an air
core transformer that will fullfill the safety requirements. And compare the per-
formance of this with a capacitively isolated converter.

e Implementation of a VHF converter operating from the European mains 230
Virams. This could be achieved by stacking several inverters in series, similar to
the US mains converter presented in this thesis. An alternative is to use GaN
devices with voltage ratings of 600 V, these devices could be used in a single stage
Class-DE converter for the EU mains.

¢ Implementation of burst mode control with increased frequency will increase the
bandwidth of the control loop. Increasing the burst frequency will allow for the
filter components to be reduced in size. As part of the size reduction an integration
of the control circuitry with an IC process could also be investigated.

e The possibilities of frequency control for VHF converters, as this would enable
control without increasing the size of the filters. Implementing a VHF converter
with frequency control will require specially designed controllers. The controller
IC could be implemented on the same die as the power MOSFETSs to minimize
the parasitics.

¢ Development of VHF specific MOSFETS either in silicon or gallium nitride. VHF
specific MOSFET could be optimized to have low parasitic inductance, low gate
resistance and low output capacitance. Hereby improving the performance to-
gether with minimizing power losses.
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Abstract— The ongoing demand for smaller and lighter power
supplies is driving the motivation to increase the switching
frequencies of power converters. Drastic increases however, come
along with new challenges, namely the increase of switching
losses in all components. The application of power circuits used
in radio frequency transmission equipment helps to overcome
those. However, those circuits were not designed to meet the same
requirements as power converters. This paper summarizes the
contributions in the recent years in the application of very high
frequency (VHF) technologies in power electronics, which show
the results of the recent advances and describes the remaining
challenges. The presented results include a self-oscillating gate
drive, air-core inductor optimizations, an offline LED driver with
a power density of 8.9 W/em?3, and a 120-MHz, 9-W dc powered
LED driver with 89% efficiency as well as a bidirectional VHF
converter. The challenges to be solved before VHF converters
can be used effectively in industrial products are within those
three categories: 1) components; 2) circuit architectures; and
3) reliability testing.

Index Terms—DC-DC power converters, power conversion,
resonant inverters, very high frequency (VHF) circuits,
zero-voltage switching (ZVS).

I. INTRODUCTION

HE continuing trend of miniaturization in industrial

and consumer electronics is continuously driving a
demand for smaller power supplies. Weight and cost reduc-
tion demands accompany this trend. Within power supplies,
the major size, weight, and cost drivers are typically the
passive components. Increasing the switching frequency of
power converters can reduce the size, weight, and therefore
the cost of those. For substantial size and weight reduction,
the switching frequencies are increased up to the very high
frequency (VHF) band (30-300 MHz), which leads to a merge
in circuit technologies used in radio frequency transmitters
[1]-[6] and the classical power electronics circuits.

The VHF amplifiers are designed for dc—ac conversion,
where the ac simultaneously is the switching frequency. Gener-
ally, those circuits [1], [2] drive a known load impedance, typ-
ically a 50 — Q antenna. Traditionally, the topologies used for
those circuits have been characterized as classes with running
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labels following the alphabet. Class-A, B, and C are described
in [7] and [2]. These classes are characterized through the
relative amount of time; the power transistor is conducting
the load current with respect to the period of the VHF signal.
For class-A, the transistor conducts the load current 50%
of the time. Class-B operates between 25% and 50% and
class-C between 0% and 25%. This leads to theoretical max-
imum achievable efficiencies of 50%, up to 78.5%, and up to
100% for class-A, B, and C, respectively. Their power elec-
tronics counter parts are linear regulators. Class-D is described
in [8] and the first power circuit topology, which allows for
theoretical 100% efficiency under all operating conditions.
The equivalent is strictly all hard-switched power converters.
Class-E, as described in [3] and [4], and class-F, as demon-
strated in [5] and [6], correspond to all power converters,
that apply zero-voltage switching (ZVS) and zero-current
switching (ZCS) techniques, respectively.

Similar to switch-mode power supplies, those VHF ampli-
fiers convert the constant supply voltages into a high-frequent
voltage by operating power semiconductors in the triode region
only. The major difference is that VHF amplifiers do not
convert the energy back into a constant voltage or current level.

Numerous research works have been published [9]-[20],
filling this gap and making VHF technologies available for
power electronics. This paper describes the individual con-
tributions of those in greater detail. However, there are still
some challenges left, before VHF switch-mode power supplies
can relieve their advantages for products in industrial and
consumer electronics.

This paper elaborates on the most recent advances, showing
prototypes and measurement results in Section II. Section III
describes the remaining challenges based on previous work
and characterizes them. Section IV concludes this paper.

II. RECENT ADVANCES

Recent research results enhanced the state of the art in VHF
converters. Most of the works in the recent years have focused
on class-E derived topologies.

A. Optimal Operation

The class-E-based power circuits allow for a second degree
of soft switching. Despite turning the power switches on, when
the voltage across them is zero (ZVS), also the derivatives
of these signals are considered. This is called ZdVS and
ZdCS, respectively. The technique has been applied to power
converters in [19]. The schematic diagram in Fig. 1 shows the

2168-6777 © 2013 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Simulated waveforms for an ZVS and ZdVS class-E-based converter
from [19].

adoption of the principles of a class-E oscillator, e.g., shown
in [21]-[23], to a class-E-based power self-oscillating VHF
converter (dc—dc) [19], [24]. A converter achieving both ZVS
and ZdVS at all times operates in optimal mode.

Other implementation replaced either the resonant tank [25],
[26] or the input inductor [11], [27] with a transmission line.
The resulting waveforms of this circuit have been reported in,
e.g., [28]-[33] and Fig. 2 shows the simulated waveforms of
this converter, where v and ig are the voltage and the current
across and through the switch and vp and ip are voltage
and current across and through the rectifier diode. v is the
control signal of the power switch and V,, and V; are input
and output voltages of the converter. The top graph vy shows
the optimization of the converter for both ZVS and ZdVS.

387

Fig. 3.

Photograph of the self-oscillating VHF converter from [24].

Fig. 3 shows a photograph of the implementation of this
converter. The overall efficiency of the 97-MHz converter is
55%.

The advantage of this converter is that it is based on a
widely documented circuit topology from the communication
electronics applications. As implemented here, it also provides
means of output regulation. The downside is the voltage stress
across the power switch, 3.6 times higher as in hard-switched
converters.

B. Suboptimal Operation

Due to the tight adjustment of the turn-on instance of
the power switch for achieving ZVS and ZdVS the degrees
of freedom in this converter are low. That limits the input
and output voltage ranges. Furthermore, the efficiency is not
acceptable. In this case, the majority of the losses are due to
conduction losses in the power semiconductors, which are due
to the on-resistance of the power switch. As the gate voltage is
not significantly higher than the threshold voltage, the devices
minimum on-resistance could not be achieved.

Suboptimal operation of class-E converters, as described in
[4], opened for higher degrees of freedom in the design of
class-E-based dc—dc converters. This means that the ZdVS
condition is only fulfilled under nominal load conditions
and only ZVS is fulfilled otherwise. The resulting converter
waveform in the optimal and suboptimal operating regions
is shown in Fig. 4. The effects of these operation mode, as
described in [34], have been extended in [20] to LED lighting
applications.

Note that the body diode of the MOSFET is conducting
in the beginning of the MOSFETs conduction period. This
is due to wrong timing in the turn-on of the power device.
The energy lost in the body diode ruins the efficiency of this
particular converter.

Furthermore, [20] provides a detailed analysis of the power
components parasitics and the effect of their nonlinearities.
The basis for this analysis has been, among others, laid in
[35] and [36] for the analysis of class-E amplifiers, which
is fully applicable to class-E-based power converters when
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Fig. 4. Measurements of gate-source and drain-source voltages Vgs and Vs
of the power switch and the turn-on instances. Note that the drain—source
voltage has an offset of —0.5 V, due to the oscilloscopes offset. (a) Optimal
operation. (b) Suboptimal operation.

tuning the rectifier to act as an ohmic load. The most relevant
parasitics of the power switch are the input and output
capacitances. The later is the most critical for the design of
the converter. Simultaneously, the output capacitance is highly
nonlinear, which was considered in the analysis in [20]. There,
the nonlinearity of the output capacitance Cgs is modeled
with

CastVe) = — B (1)
(1+v)

where Cjo is the junction capacitance at 0 V, Vy; is the
built-in junction potential, typically 0.5-0.9 V [29], and y
is the junction sensitivity or gradual coefficient. Typically,
y = 1/3 for gradient junctions, while y = 0.5 for abrupt
junctions [1] hence junction diodes [29], and v is the junction
voltage.

This results in a voltage waveform V. of the power switch
as a function of the converters input current /;, and the above
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Fig. 5. Voltage waveform of the power switch in relation to dc input voltage
for a nonlinear output capacitance from [20]. V}; is the junction potential of
the process.

output capacitances parameters as

V.= Vbi(l:[in(l =7)
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Fig. 5 shows the relative voltage waveform of the power switch
as a function of time and junction potential V}; for a junction
sensitivity of y = 0.5.

The remaining components of the power stage have been
investigated in [20] as well. Thereby, most focus is on the
inductors, as these are the most volume-consuming parts, have
the biggest weight and typically a big impact on the overall
price of the converter. Therefore, the inductors have been
integrated as toroids into the printed circuit board (PCB). This
process is described in [37] and Fig. 6 shows the principle.

A power stage has been designed to operate in suboptimal
mode under the consideration of the power switches nonlinear
output capacitance. The converters efficiency is in the same
area as the one presented in Section II-A and again limited by
a high on-resistance, which is due to a low gate drive voltage.
While giving up on the single operating point operation in
optimal operation mode, the suboptimal operating converters
theoretically allow for different conduction angle operation on
the cost of tighter timing to operate in ZVS.

C. Class-E-Based SEPIC Converter

For dealing with the efficiency challenge, [38] compared a
number of power switches both in simulation and experiment.
Furthermore, multiple air-core inductors where calculated,
designed, and implemented. An extraction is shown in Fig. 8.
The prototypes reach Q-values beyond 100 and resonance
frequencies up to 340 MHz. Fig. 9 shows a photograph of
the implemented converters. On top of that, an effective line
and load regulation scheme was realized in those. The designs
where verified in a SEPIC converter (Fig. 7) [39], based on
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Fig. 6. PCB integrated inductor from [37]. The cross section of the PCB
toroid and the resulting flux arrows are shown.
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Fig. 7. Schematic diagram of a class-E-based SEPIC VHF converter [39].
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Fig. 8. Photograph of various air-core inductors [38].

the topologies presented in [40], achieving a power density of
8.9 W/cm?® (146 W/in%) by switching at 51 MHz for offline
LED applications.

Fig. 10 shows the implementation of the final prototype with
70-MHz switching frequency. The voltage step-down ratio of
the converters is 10 and the output power range is between 1
and 4 W at an efficiency within this range beyond 70%.

Compared with the above-reported converters, the SEPIC
converter is not based on an inverter that delivers a sinusoidal
output. The later is crucial in telecommunication applications,
when using the class-E inverter as a transmitter, but completely
unnecessary demand as an intermediate VHF link within a
dc/dc power converter. Relaxing this requirement removes
the resonant tank inductor, and therefore the resonant tanks
bandpass behavior. On the other hand, the rectifier can no
longer freely be chosen between several topologies, but has to
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Fig. 9. Photograph of numerous prototypes for comparing measured
efficiency with simulations [38].

Fig. 10.  Photograph of a closed loop low-power VHF converter with an
efficiency beyond 70% from [38]. The TO220 components in the upper left
corner are the dummy load resistance.

Cou load

Fig. 11.
from [43].

Full schematic view of the open-loop interleaved class-E converter

be implemented with a diode, not referenced to ground, which
is a disadvantage in some implementation technologies, such
as integrated circuits.

D. Interleaved VHF Converters

In addition, the self-oscillating principle from [19] and [24]
was combined with the interleave principle from [41] and
[42] in [43], resulting into a significant efficiency improve-
ment. Interleaving two converter legs allows furthermore to
use the ripple cancelation, as described in [44] and applied
in [41]. The complete schematic diagram of the open-loop
implementation is shown in Fig. 11. The realized converter
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Fig. 12. Drain—source waveforms of the two power switches in the interleaved
converter from [43]. (a) Simulated waveforms. (b) Measured waveforms.

is switching at 120 MHz, i.e., beyond the FM band, converts
an input voltage between 6 and 9 V into an output current
between 0.4 and 0.5 A and has an efficiency between 80 and
89% within this operation range. The output power range is
3-9 W, corresponding to an output voltage range between 7
and 20 V. The converter is designed to drive LEDs. Fig. 12
shows both a SPICE-based simulation and the measurement
of the power switches voltage waveforms. Fig. 13 shows the
efficiency graph of this converter.

Interleaved converters allow for input and/or output ripple
cancellation, segmented power stages, which enables higher
power levels [45]. However, those converters suffer from
different optimal frequencies due to tolerances for each leg,
which either might result in beat tones, when operating each of
them at its own optimal resonant frequencies, or a nonoptimal
operation point with respect to efficiency for all legs, when
operating all legs at the same frequency.

E. Bidirectional VHF Converter

Replacing the diode in Fig. 1 with a transistor, the class-E
amplifier and the class-E synchronous rectifier form a sym-
metric schematic view, as shown in Fig. 14. This was realized
in [46] and resulted in a bidirectional converter with the same
conversion ration from both sides. Operating in the forward
mode, the transistor M; is the power switch, operating in
class-E mode, and M3 is used as synchronous rectifier in
class-E operation. In the reverse operating mode, the voltage

Fig. 14. Schematic diagram of a VHF converter with class-E inverter and
synchronous class-E rectifier [46].

A = '
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Fig. 15. Photograph of a bidirectional VHF converter [46].

designated Vo is acting as the input voltage and M» becomes
the inverter switch, while Mj turns into the synchronous
rectifier. The maximum achieved efficiency with this topology
was 70% switching at 30 MHz. A photograph of the prototype
and thermal pictures of the converter are shown in Figs. 15 and
16, respectively. The bidirectional converter allows for lower
conduction losses in the rectifier and allows for two-quadrant
operation at the cost of an extra gate, which needs a control
signal.

III. CHALLENGES OF VHF CONVERTERS

Lately, remaining research challenges have been described
in [47] and [48]. This section summarizes the remaining
challenges common in all above-described converters with
respect to implementation in products. It is dividing the major
remaining show stoppers into three categories and describes
those afterward with respect to the existing products on the
power supply market, with switching frequencies below the
VHF range.
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(b)

Fig. 16. Thermal photographs of bidirectional VHF converter in thermal
equilibrium [46]. (a) Class-E inverter. (b) Class-E synchronous rectifier.

VHF operation of power supplies differs from submega-
hertz operated power supplies (here called traditional power
converters) mainly by the following subjects:

1) electronic components, both active and passive;

2) circuit architectures for power stages and control parts;

3) adjacent behavior, such as electromagnetic compatibility

(EMC), mechanics, and other reliability tests.

A. Components

Especially, inductive components are size, weight, and cost
optimization limitations in nowadays power circuits. Simul-
taneously, VHF converters provide a major opportunity to
overcome those.

Among the challenges are core losses, skin, and proximity
effect [27], [49]-[54]. For driving further miniaturization of
VHF power supplies, an obvious next step is to integrate
the whole converter in a package (power supply in package)
or even on a single chip (power supply on chip). The most
challenging part for this goal is the integration of the inductors.
Great progress has been made and summarized lately in
[55], [56]. However, realizations of integrated inductors with
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Q-values beyond 100 in the relevant frequency ranges remain
to be seen. Hybrid concepts, as shown in [57], might be
applicable. Another challenge within passive components for
VHF is the creation of a galvanic isolation barrier [58]-[60].

Despite passive components also active components, i.e.,
the power semiconductors, need to fulfill other requirements
than in usual power supplies [61]-[63]. The parasitic com-
ponents have a big influence on the design of the overall
converter, as they are a part of the design parameters. Unlike
traditional power stages, the parasitic elements are therefore
not considered undesired, but form an integral part of the
stage. An example is the output capacitance Cogs 0f the power
semiconductor in a class-E-based power supply. According to
[19], it is dependent on output power Poy, input voltage Viy,
and switching frequency fiw, as

Pout = 27l'zfswcossvii (3)

This means that the output capacitance Coss limits the max-
imum switching frequency for a given application, which
specifies Py and Vip.

B. Architectures

Where traditional power electronics circuits use square-
wave gate drive signals, the presented VHF converters so
far used sinusoidal gate drive [18], [24], [64], [65]. This is
mainly due to the input capacitance Cjss of VHF power semi-
conductors, which require a high peak current at extremely
high speed. To consider the drive voltage trapezoidal, its rise
and fall times have to be less than 1 ns [65]. A trapezoidal
or square-wave drive would minimize the time of the power
switch in linear operation and therefore decreases the losses.
The degrees of freedom in terms of modulation principles are
less for VHF converters. Whereas power electronic circuits
usually use pulsewidth modulation or phase modulation, the
VHF converter efficiency is dependent on those parameters.
Therefore, they need to be adjusted statically to avoid losses
by leaving the ZVS (or ZCS) range. A way to get around this
is to apply burst mode control [17], [64], [66]. This method,
however, introduces another low-frequency component in the
spectrum, which has to be buffered or filtered at both the in
and output of the converter. A requirement that enforces the
use of bulky components and therefore is counterproductive
to the intended advantages of VHF converters in the first
place. While the VHF converters offer good possibilities for
fast transient regulations, their low-frequency control perfor-
mance is limited by intrinsic bandpass behaviors through serial
capacitors. Even though some rectifiers are available with
parallel capacitances and impedance transformation [19], [67],
more suitable architectures are missing. Thereby, it needs
to be considered that the original VHF power circuits are
designed to match a defined load (typically the impedance of
the antenna), and therefore impedance transformation circuits
can be realized in a passive way. Power converters however,
are connected to highly varying loads, i.e., load circuit in
idle—drawing no energy from the supply and full load—
demanding the maximum output from the supply. Therefore,
active and lossless impedance matching circuits are required.
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Having such circuits at hand opens for the utilization of the
high gain bandwidth in VHF converters for line and load
regulation.

C. Adjacencies

Finally, the interaction of VHF converters with its physical
environment is different than the one of traditional power
converters.

On the one hand, the electromagnetic interaction between
circuits increases, the higher the relevant frequencies
are [68]—[71]. Fields are distributed easier both inside the
converter and to its surroundings. The electrical behavior also
becomes highly dependent on electromechanical interfaces,
such as cooling and housing. However, the harmonics of
the resonant waveforms are falling faster than the harmonics
in hard switched traditional power converters [20]. In addi-
tion, the harmonics of the fundamental switching frequency
are spaced wider. That means the distance can be used to
place strategically important EMC bands, dependent on the
application.

On the other hand, the carefully adjusted operating points of
VHF converters (for efficiency purposes) are highly dependent
on temperature [19], [20]. Adaptive mechanisms for ensuring
optimal operation over industry standard temperature ranges
are yet to come.

IV. CONCLUSION

The merge of techniques used in radio communication elec-
tronics and power electronics was pointed out. The develop-
ment through the previous decades has been revisited and the
recent developments were summarized. Remaining challenges
and the latest advances were described. The implementations
of numerous VHF converters were presented. Among them are
low-power, high-step-down converters with a switching fre-
quency of 70 MHz and an efficiency beyond 70% as well as a
120-MHz, 9-W LED driver with an efficiency up to 89%. Both
converters maintain high efficiencies over a wide load range.

The remaining challenges that require solutions before VHF
converters can be implemented in numerous industrial appli-
cations were found to be within the categorizes components,
circuit architectures, and reliability testing.

REFERENCES

[11 A. Grebennikov and N. Sokal, Switchmode RF Power Amplifiers
(Communications Engineering Series). Amsterdam, The Netherlands:
Elsevier, 2007.

[2] M. K. Kazimierczuk, RF Power Amplifiers. New York, NY, USA: Wiley,
2008.

[3] N. O. Sokal and A. D. Sokal, “Class E-A new class of high-efficiency
tuned single-ended switching power amplifiers,” IEEE J. Solid-State
Circuits, vol. 10, no. 3, pp. 168-176, Jun. 1975.

[4] N. O. Sokal, “Class-E high-efficiency RF/microwave power amplifiers:

Principles of operation, design procedures, and experimental verifica-

tion,” in Analog Circuit Design. New York, NY, USA: Springer-Verlag,

2003.

F. H. Raab, “Maximum efficiency and output of class-F power ampli-

fiers,” IEEE Trans. Microw. Theory Tech., vol. 49, no. 6, pp. 1162-1166,

Jun. 2001.

[6] F. H. Raab, “Class-F power amplifiers with maximally flat waveforms,”
IEEE Trans. Microw. Theory Tech., vol. 45, no. 11, pp. 2007-2012,
Nov. 1997.

(5

(7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 2, NO. 3, SEPTEMBER 2014

H. Krauss, C. Bostian, and F. Raab, Solid State Radio Engineering. New
York, NY, USA: Wiley, 1980.

P. J. Baxandall, “Transistor sine-wave LC oscillators. Some general
considerations and new developments,” Proc. IEE B, Electron. Commun.
Eng., vol. 106, no. 16, pp. 748-758, May 1959.

D. A. Jackson, “Design and characterization of a radio-frequency
DC/DC powerconverter,” M.S. thesis, Dept. Electr. Eng. Comput. Sci.,
Massachusetts Institute of Technology, Cambridge, MA, USA, 2005.
J. R. Warren, “Cell modulated DC/DC converter,” M.S. thesis, Dept.
Electr. Eng. Comput. Sci., Massachusetts Institute of Technology, Cam-
bridge, MA, USA, 2005.

R. C. N. Pilawa-Podgurski, “Design and evaluation of a very high
frequency dc/dc converter,” M.S. thesis, Dept. Electr. Eng. Comput. Sci.,
Massachusetts Institute of Technology, Cambridge, MA, USA, 2007.
A. Sagneri, “Design of a very high frequency dc-dc boost converter,”
M.S. thesis, Dept. Electr. Eng. Comput. Sci., Massachusetts Institute of
Technology, Cambridge, MA, USA, 2007.

O. Leitermann, “Radio frequency dc-dc converters: Device characteri-
zation, topology evaluation, and design,” M.S. thesis, Dept. Electr. Eng.
Comput. Sci., Massachusetts Institute of Technology, Cambridge, MA,
USA, 2008.

J. W. Phinney, “Multi-resonant passive components for power conver-
sion,” Ph.D. dissertation, Dept. Electr. Eng. Comput. Sci., Massachusetts
Institue of Technology, Cambridge, MA, USA, May 2005.

J. Rivas, “Radio frequency dc-dc power conversion,” Ph.D. dissertation,
Dept. Electr. Eng. Comput. Sci., Massachusetts Institue of Technology,
Cambridge, MA, USA, Sep. 2006.

Y. Han, “Circuits and passive components for radio-frequency power
conversion,” Ph.D. dissertation, Dept. Electr. Eng. Comput. Sci., Massa-
chusetts Institue of Technology, Cambridge, MA, USA, Feb. 2010.

D. J. Perreault, J. Hu, J. M. Rivas, Y. Han, O. Leitermann,
R. C. N. Pilawa-Podgurski, et al., “Opportunities and challenges in
very high frequency power conversion,” in Proc. 24th Annu. IEEE Appl.
Power Electron. Conf. Exposit., Feb. 2009, pp. 1-14.

J. M. Rivas, R. S. Wahby, J. S. Shafran, and D. J. Perreault, “New archi-
tectures for radio-frequency DC/DC power conversion,” IEEE Trans.
Power Electron., vol. 21, no. 2, pp. 380-393, Mar. 2006.

A. Toke, “Radio frequency switch-mode power supply,” M.S. thesis,
Dept. Electr. Eng., Tech. Univ. Denmark, Lyngby, Denmark, 2010.

P. Kamby, “High efficiency radio frequency switch-mode power supply
for LED applications,” M.S. thesis, Dept. Electr. Eng., Tech. Univ.
Denmark, Lyngby, Denmark, 2011.

J. Ebert and M. Kazimierczuk, “Class E high-efficiency tuned power
oscillator,” IEEE J. Solid-State Circuits, vol. 16, no. 2, pp. 62-66,
Apr. 1981.

M. K. Kazimierczuk, V. G. Krizhanovski, J. V. Rassokhina, and
D. V. Chernov, “Class-E MOSFET tuned power oscillator design pro-
cedure,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 52, no. 6,
pp. 1138-1147, Jun. 2005.

V. G. Krizhanovski, D. V. Chernov, and M. K. Kazimierczuk, “Low-
voltage electronic ballast based on class E oscillator,” IEEE Trans. Power
Electron., vol. 22, no. 3, pp. 863-870, May 2007.

T. M. Andersen, S. K. Christensen, A. Knott, and M. A. E. Andersen,
“A VHF class E DC-DC converter with self-oscillating gate driver,” in
Proc. Appl. Power Electron. Conf. Exposit., Mar. 2011, pp. 885-891.
M. C. Smit, J. A. Ferreira, and J. D. van Wyk, “Application of
transmission line principles to high frequency power converters,” in
Proc. 23rd Annu. IEEE PESC, Jun./Jul. 1992, pp. 1423-1430.

S. Sander, “Buck and boost converters with transmission lines,” IEEE
Trans. Power Electron., vol. 27, no. 9, pp. 40134020, Sep. 2012.

J. W. Phinney, D. J. Perreault, and J. H. Lang, “Radio-frequency inverters
with transmission-line input networks,” IEEE Trans. Power Electron.,
vol. 22, no. 4, pp. 1154-1161, Jul. 2007.

J. J. Jozwik and M. K. Kazimierczuk, “Analysis and design of class-
E2 DC/DC converter,” IEEE Trans. Ind. Electron., vol. 37, no. 2,
pp. 173-183, Apr. 1990.

T. Suetsugu and M. K. Kazimierczuk, “Analysis and design of class
E amplifier with shunt capacitance composed of nonlinear and linear
capacitances,” IEEE Trans. Circuits Syst. 1, Reg. Papers, vol. 51, no. 7,
pp. 1261-1268, Jul. 2004.

M. K. Kazimierczuk and J. Jozwik, “Class E2 narrow-band resonant
DC/DC converters,” IEEE Trans. Instrum. Meas., vol. 38, no. 6,
pp. 1064-1068, Dec. 1989.

M. K. Kazimierczuk and J. Jozwik, “Resonant DC/DC converter with
class-E inverter and class-E rectifier,” IEEE Trans. Ind. Electron., vol. 36,
no. 4, pp. 468478, Nov. 1989.



KNOTT et al.: EVOLUTION OF VHF POWER SUPPLIES

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53

[54]

J. A. Garcia, R. Marante, and M. de las Nieves Ruiz Lavin, “GaN HEMT
class E2 resonant topologies for UHF DC/DC power conversion,” IEEE
Trans. Microw. Theory Tech., vol. 60, no. 12, pp. 42204229, Dec. 2012.
R. J. Gutmann, “Application of RF circuit design principles to distrib-
uted power converters,” IEEE Trans. Ind. Electron. Control Instrum.,
vol. IECI-27, no. 3, pp. 156-164, Aug. 1980.

R. Redl, B. Molnar, and N. O. Sokal, “Class E resonant regulated DC/DC
power converters: Analysis of operations, and experimental results at
1.5 MHz,” IEEE Trans. Power Electron., vol. PE-1, no. 2, pp. 111-120,
Apr. 1986.

M. J. Chudobiak, “The use of parasitic nonlinear capacitors in class
E amplifiers,” IEEE Trans. Circuits Syst. I, Fundam. Theory Appl.,
vol. 41, no. 12, pp. 941-944, Dec. 1994.

T. Suetsugu and M. K. Kazimierczuk, “Comparison of class-E ampli-
fier with nonlinear and linear shunt capacitance,” IEEE Trans. Cir-
cuits Syst. I, Fundam. Theory Appl., vol. 50, no. 8, pp. 1089-1097,
Aug. 2003.

P. Kamby, A. Knott, and M. A. E. Andersen, “Printed circuit board
integrated toroidal radio frequency inductors,” in Proc. 38th Annu. Conf.
IEEE Ind. Electron. Soc., Oct. 2012, pp. 680-684.

M. Madsen, “Offline very high frequency power converters,”
M.S thesis, Dept. Electr. Eng., Tech. Univ. Denmark, Lyngby, Denmark,
2012.

M. P. Madsen, A. Knott, and M. A. E. Andersen, “Very high frequency
resonant DC/DC converters for LED lighting,” in Proc. 28th IEEE Appl.
Power Electron. Conf. Exposit., Mar. 2013, pp. 835-839.

J. Hu, A. D. Sagneri, J. M. Rivas, Y. Han, S. M. Davis, and
D. J. Perreault, “High-frequency resonant SEPIC converter with wide
input and output voltage ranges,” IEEE Trans. Power Electron., vol. 27,
no. 1, pp. 189-200, Jan. 2012.

M. Mikolajewski and M. K. Kazimierczuk, “Zero-voltage-ripple recti-
fiers and DC/DC resonant converters,” IEEE Trans. Power Electron.,
vol. 8, no. 1, pp. 12-17, Jan. 1993.

G. Schrom, P. Hazucha, J. Hahn, D. S. Gardner, B. A. Bloechel,
G. Dermer, et al., “A 480-MHz, multi-phase interleaved buck DC-DC
converter with hysteretic control,” in Proc. IEEE 35th Annu. PESC,
Jun. 2004, pp. 4702-4707.

M. Kovacevic, A. Knott, and M. A. E. Andersen, “Interleaved self-
oscillating class E derived resonant DC/DC converters,” in Proc. Int.
Conf. Electr. Comput. Syst., Aug. 2012, pp. 1-8.

S. Cuk and R. W. Erickson, “A conceptually new high-frequency switch-
mode power amplifier technique eliminates current ripple,” in Proc. 5th
Nat. Solid-State Power Convers. Conf., May 1978, pp. 1-22.

J. S. Glaser, J. Nasadoski, and R. Heinrich, “A 900W, 300V to 50V
DC-DC power converter with a 30 MHz switching frequency,” in Proc.
24th Annu. IEEE Appl. Power Electron. Conf. Exposit., Feb. 2009,
pp. 1121-1128.

J. A. Pedersen, “Bidirectional very high frequency converter,”
M.S. thesis, Dept. Electr. Eng., Tech. Univ. Denmark, Lyngby, Denmark,
2013.

R. Foley, F. Waldron, J. Slowey, A. Alderman, B. Narveson,
and S. C. O’Mathuna, “Technology roadmapping for power sup-
ply in package (PSiP) and power supply on chip (PwrSoC),” in
Proc. 25th Annu. IEEE Appl. Power Electron. Conf. Exposit., 2010,
pp. 525-532.

J. G. Kassakian and T. M. Jahns, “Evolving and emerging applications
of power electronics in systems,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 1, no. 2, pp. 47-58, Jun. 2013.

S. Lu, Y. Sun, M. Goldbeck, D. R. Zimmanck, and C. R. Sullivan,
“30-MHz power inductor using nano-granular magnetic material,” in
Proc. IEEE PESC, Jun. 2007, pp. 1773-1776.

C. R. Sullivan, W. Li, S. Prabhakaran, and S. Lu, “Design and fabrication
of low-loss toroidal air-core inductors,” in Proc. 38th IEEE Annu. PESC,
Jun. 2007, pp. 1754-1759.

J. Qiu and C. R. Sullivan, “Inductor design for VHF tapped-inductor dc-
dc power converters,” in Proc. 26th Appl. Power Electron. Conf. Exposit.,
Mar. 2011, pp. 142-149.

Y. Han, G. Cheung, A. Li, C. R. Sullivan, and D. J. Perreault,
“Evaluation of magnetic materials for very high frequency power appli-
cations,” in Proc. IEEE Power Electron. Specialists Conf., Jun. 2008,
pp. 4270-4276.

H. Zirath and D. Rutledge, “An LDMOS VHF class E power amplifier
using a high Q novel variable inductor,” in Proc. IEEE MTT-S Int.
Microw. Symp., vol. 1. Jun. 1999, pp. 367-370.

M. Kazimierczuk, High-Frequency Magnetic Components. New York,
NY, USA: Wiley, 2009.

393

[55] C.O. Mathina, N. Wang, S. Kulkarni, and S. Roy, “Review of integrated
magnetics for power supply on chip (PwrSoC),” IEEE Trans. Power
Electron., vol. 27, no. 11, pp. 4799-4816, Nov. 2012.

[56] J. Qiu and C. R. Sullivan, “Design and fabrication of VHF tapped
power inductors using nanogranular magnetic films,” I[EEE Trans. Power
Electron., vol. 27, no. 12, pp. 4965-4975, Dec. 2012.

[57] H. Schneider, T. Andersen, A. Knott, and M. A. E. Andersen,
“Hybrid winding concepts for toroids,” in Proc. ECCE Asia, Jun. 2013,
pp- 936-940.

[58] W. C. Bowman, F. T. Balicki, F. T. Dickens, R. M. Honeycutt,
W. A. Nitz, W. Strauss, et al., “A resonant DC-to-DC converter operating
at 22 megahertz,” in Proc. 3rd Annu. IEEE Appl. Power Electron. Conf.
Exposit., Feb. 1988, pp. 3—11.

[591 A. D. Sagneri, D. 1. Anderson, and D. J. Perreault, “Trans-
former synthesis for VHF converters,” in Proc. IPEC, Jun. 2010,
pp. 2347-2353.

[60] J. Pejtersen, J. D. Mgnster, and A. Knott, “Development and verification
of printed circuit board toroidal transformer model,” in Proc. 28th IEEE
Appl. Power Electron. Conf. Exposit., Mar. 2013, pp. 1654-1659.

[61] J. R. Warren, K. A. Rosowski, and D. J. Perreault, “Transistor selection
and design of a VHF DC-DC power converter,” IEEE Trans. Power
Electron., vol. 23, no. 1, pp. 27-37, Jan. 2008.

[62] G. Spiazzi, P. Mattavelli, and L. Rossetto, “Effects of parasitic com-
ponents in high-frequency resonant drivers for synchronous rectification
MOSFETS,” IEEE Trans. Power Electron., vol. 23, no. 4, pp. 2082-2092,
Jul. 2008.

[63] K. Sheng, Y. Zhang, L. Yu, M. Su, and J. H. Zhao, “High-frequency
switching of SiC high-voltage LIFET,” IEEE Trans. Power Electron.,
vol. 24, no. 1, pp. 271-277, Jan. 2009.

[64] R. Pilawa-Podgurski, A. D. Sagneri, J. M. Rivas, D. I. Anderson, and
D. J. Perreault, “Very-high-frequency resonant boost converters,” I[EEE
Trans. Power Electron., vol. 24, no. 6, pp. 1654-1665, Jun. 2009.

[65] T. Tatsuta, Y. Ishitani, and T. Suetsugu, “Gate power loss of class
E amplifier with rectangular wave gate drive,” in Proc. IEEE Region
Conf. TENCON, Nov. 2010, pp. 1784-1787.

[66] J. M. Rivas, D. Jackson, O. Leitermann, A. D. Sagneri, Y. Han,
and D. J. Perreault, “Design considerations for very high frequency
dc-dc converters,” in Proc. Power Electron. Specialists Conf., Jun. 2006,
pp. 1-11.

[67] M. Kazimierczuk and D. Czarkowski, Resonant Power Converters. New
York, NY, USA: Wiley, 2011.

[68] D. H. Liu and J. G. Jiang, “High frequency characteristic analysis
of EMI filter in switch mode power supply (SMPS),” in Proc. IEEE
33rd Annu. Power Electron. Specialists Conf., vol. 4. Jun. 2002,
pp. 2039-2043.

[69] C. P. Wang, D. H. Liu, and J. Jiang, “Study of coupling effects
among passive components used in power electronic devices,” in Proc.
4th Int. Power Electron. Motion Control Conf., vol. 3. Aug. 2004,
pp. 1500-1504.

[70] L. Yang, B. Lu, W. Dong, Z. Lu, M. Xu, F. C. Lee, et al., “Modeling
and characterization of a 1 KW CCM PFC converter for conducted
EMI prediction,” in Proc. 19th Annu. IEEE Appl. Power Electron. Conf.
Exposit., vol. 2. Feb. 2004, pp. 763-769.

[71] S. Wang, “Characterization and cancellation of high-frequency parasitics
for EMI filters and noise separators in power electronics applications,”
Ph.D. dissertation, Dept. Electr. Comput. Eng., Virginia Polytechnic
Institute and State University, Blacksburg, VA, USA, May 2005.

Arnold Knott (M’10) received the Diplom-
Ingenieur degree from the University of Applied Sci-
ences, Deggendorf, Germany, in 2004, and the Ph.D.
degree from the Technical University of Denmark,
Kongens Lyngby, Denmark, in 2010.

He has been with Harman/Becker Automotive
Systems GmbH in Germany and USA, from 2004 to
2009, designing switch-mode audio power amplifiers
and power supplies for automotive applications. He
is involved in a research project under the title
“Improvement of out-of-band Behaviour in Switch-
Mode Amplifiers and Power Supplies by their Modulation Topology.” From
2010 to 2013, he was an Assistant Professor and an Associate Professor
with the Technical University of Denmark since 2013. His current research
interests include switch-mode audio power amplifiers, power supplies, active
and passive components, integrated circuit design, acoustics, radio frequency
electronics, electromagnetic compatibility, and communication systems.



394

technologies.

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS, VOL. 2, NO. 3, SEPTEMBER 2014

Toke M. Andersen (S’10) received the B.Sc. and
M.Sc. degrees from the Technical University of
Denmark, Kongens Lyngby, Denmark, in 2008 and
2010, respectively. He is currently pursuing the
Ph.D. degree with the Power Electronic Systems
Laboratory, Swiss Federal Institute of Technology
Ziirich, Ziirich, Switzerland, in collaboration with
IBM Research Zurich, Riischlikon, Switzerland.
His current research interests include analysis,
design, implementation, and optimization of on-chip
power converters in deep submicrometer CMOS

Peter Kamby received the B.Sc. and M.Sc. degrees
from the Technical University of Denmark, Kongens
Lyngby, Denmark, in 2009 and 2012, respectively.

His current research interests include very high
frequency switch-mode power supplies, high current
power conversion, and pulsed power.

Jeppe A. Pedersen received the B.Sc. and M.Sc.
degrees from the Technical University of Denmark,
Kongens Lyngby, Denmark, in 2010 and 2013,
respectively.

He is currently a Research Assistant with the Tech-
nical University of Denmark. His current research
interests include very high frequency switch-mode
power supplies, bidirectional power conversion, and
light-emitting diode drivers.

Mickey P. Madsen (S’12) received the B.Sc.E.E.
and M.Sc.E.E. degrees from the Technical University
of Denmark, Kongens Lyngby, Denmark, in 2009
and 2012, respectively. He is currently pursuing
the Ph.D. degree in power electronics under the
title “Very High Frequency Switch Mode Power
Supplies.”

His current research interests include switch-mode
power supplies, resonant inverters/converters, wide
band gab semiconductors, solid state (LED) lighting,
and radio frequency electronics.

Milovan Kovacevic (S’13) received the B.Sc. and
M.Sc. degrees from the University of Belgrade,
Belgrade, Serbia, in 2008 and 2010, respectively.
He is currently pursuing the Ph.D. degree with
the Department of Electrical Engineering, Technical
University of Denmark, Kongens Lyngby, Denmark.

His current research interests include high-
frequency power electronics, resonant and soft-
switching techniques, analog and mixed-signal cir-
cuit design, and control of power converters.

Michael A. E. Andersen (M’88) received the
M.Sc.E.E. and Ph.D. degrees in power electronics
from the Technical University of Denmark, Kongens
Lyngby, Denmark, in 1987 and 1990, respectively.
He is currently a Professor of power electronics
with the Technical University of Denmark. Since
2009, he has been the Deputy Director with the
Department of Electrical Engineering. He is the
author or coauthor of more than 200 publications.
His current research interests include switch-mode
power supplies, piezoelectric transformers, power

factor correction, and switch-mode audio power amplifiers.






Self-Oscillating Resonant (Gate
Drive for Resonant Inverters and
Rectifiers Composed Solely of
Passive Components

2014 IEEE Applied Power Electronics Conference and Exposition (APEC)







Self-Oscillating Resonant Gate Drive for Resonant
Inverters and Rectifiers Composed Solely of Passive
Components

Mickey P. Madsen*, Jeppe A. Pedersen*, Arnold Knott*, Michael A. E. Andersen*
*Technical University of Denmark
@rsteds Plads, building 349
2800 Kongens Lyngby
Denmark
Email: {mpma, jarpe, akn, ma} @elektro.dtu.dk

Abstract— This paper presents a new self-oscillating resonant
gate drive composed solely of passive components. The gate drive
can be used in various resonant converters and inverters and can
be used for both low and high side gate drive. The paper presents
examples of how higher order harmonics can be used to improve
the performance of the gate drive and how the gate drive can
be implemented in a class E inverter, a class DE inverter and in
class E inverter with a synchronous class E rectifier. The paper
shows practical implementations of all the proposed inverters and
converters operating in the Very High Frequency (VHF) range,
all showing good results with peak efficiency up to 82% and
output regulation from 70% to full load without bursting.

I. INTRODUCTION

In the early 70s the constant strive for small, cheap and
efficient power supplies lead to the development of Switch-
Mode Power Supplies (SMPS) [1]. As the size of modern
power supplies are mainly governed by the passive energy
storing elements, which scales inversely with the switching
frequency, this strive has lead to constantly increasing switch-
ing frequencies ever since. Commercially available converters
today switch at frequencies up to several megahertz and can
have efficiencies of more than 95% (e.g. [2]).

The reason not to increase the switching frequency further
and thereby reaching even higher power densities is the
switching losses. For the last two decades (since 1988 [3])
research has been done in order to enable the use of resonant
RF amplifiers (inverters) combined with a rectifier for dc/dc
converters in order to avoid switching losses. With this type
of converters SMPSs with switching frequencies in the Very
High Frequency range (VHF, 30-300MHz) have been designed
with efficiencies up to approx. 90%, [4], [5].

Several of the benefits and challenges of the increased
switching frequency are described in [6], [7]. One of the big
challenges is to drive the MOSFET without too high gating
losses and so far resonant gate drives have shown to be the
best solution for this [8], [9]. Control of these converters is
also a challenge due to their resonant behavior and burst mode
control has been used to overcome this challenge [10], [11],
but it introduces spectral components at the bursting frequency.

978-1-4799-2325-0/14/$31.00 ©2014 IEEE

The compact, low cost converters that can be designed
with these resonant converters are very well suited for LED
lighting. Price, efficiency and reliability are key parameters in
this market and with the presented gate drive the price can be
reduced to a minimum without compromising the reliability
or efficiency.

In section II of this paper a new type of resonant gate drive
and several ways of designing it will be shown. Section III
shows how the gate drive can be implemented in a complete
circuit, both as low and high side gate drivers and used for
synchronous rectification and bidirectional power conversion.
Section IV shows results from various prototypes utilizing this
gate drive and finally section V concludes the paper.

II. SELF-OSCILLATING GATE DRIVE

For a converter switching in the VHF range, hard gating
leads to gating losses which are unacceptably high, at least
for the semiconductors available today and for low to medium
power levels [12], [13]. Several researchers have therefore used
resonant gating to reduce the gating losses and drive the gate
in an efficient way [14], [15]. All of these circuits need either
a transformer, switching semiconductor, adjustable passives
and/or feedback from other nodes in the circuit [16], [17].

Fig. 1. Schematic of the basic self-oscillating gate drive. The gate resistance
and the body diode has been left out for simplicity.
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All these things adds to both price, size and complexity of the
complete design.

This paper presents a new resonant gate drive solely consti-
tuted by passives around the main semiconductor. This leads
to a robust and very simple and low cost gate drive.

The simplest implementation of the gate drive is shown in
Fig. 1, the only thing added is an inductor at the gate of the
semiconductor and a dc bias voltage. If the V is seen as input
and V¢ as output, the inductor and the parasitic capacitances
composes a high pass filter with a capacitive load.

If this high pass filter is designed to have a gain, G =
Vas,pp/Vbs,pp, and have a phase shift close to 180° at the
resonance frequency of the power stage, it will create a sine
wave at the gate with a peak to peak voltage swing of Vs
and a DC offset equal to Vp;qs-

This dc offset can be used to control the switching frequency
and the duty cycle of the power stage and thereby to regulate
the output power. In some situations the parasitic capacitances
of the MOSFET will lead to too high or too low gain at
the desired frequency and additional capacitors, Cgpest and
CGsext, can be added to adjust this gain.

In order to improve the turn on speed of the MOSFET,
and thereby lower the drain to source resistance, higher order
harmonics can be added to the fundamental sine wave leading
to a more trapezoidal gate signal. This can be achieved by
adding small LC circuits between the gate and drain or source
of the MOSFET (see Fig. 2). LC circuits connected to drain
will cause the higher harmonics to be in phase with Vpg and
LCs circuit connected to the source will cause the harmonics
to be out of phase with Vpg (see Fig. 3).

The number of harmonics to include in a given design will
depend on several parameters as price, complexity, efficiency
etc. Adding higher order harmonics will in general increase the
performance of the converter, but it is important to consider
which harmonics to include and the magnitude of those
harmonics compared to the fundamental. Fig. 4 shows the
fundamental and the 3rd and 5th harmonics in and out of
phase with the drain signal. It is clear that it is desirable to
have the fundamental out of phase with the drain signal, but
for the 3rd and 5th harmonic it depends on the duty cycle and
the current waveform. From the figure it can be seen that it
is desirable to have the 3rd harmonic out of phase for a duty
cycle of 50%, but for a duty cycle of 25% it has to be in phase
and will only add to the center part of the conducting period
where the current usually is the smallest [18], [19]. The gate
signals that can be achieved by adding harmonics are shown
in Fig. 5.

III. USE IN RESONANT CIRCUITS

As the resonant gate drive is only relying on the resonance
of the power stage and is floating between the drain and source
of the MOSFET, it can be used in all resonant circuits. It can
for instance be used in the class E inverter [20], [21], a class
EFs (¢2) inverter [22], [23], a resonant SEPIC [24], [25],
a resonant boost converter [26], [27] or a class DE inverter
(including high side gate drive) [28], [29], but it can also
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Fig. 2. Schematic of the self-oscillating gate drive with the 2nd and 4th
harmonic to source and drain.
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be used for synchronous rectification and bidirectional power
flow.

A. In a class E inverter

The simple version of the gate drive implemented in a class
E inverter is shown in Fig. 6. As the gate drive relies on
the resonance of the inverter the switching frequency will
automatically adjust for any tolerances in the passives, Ly,
Lp and Cg. Furthermore the dependency on the resonance of
the power stage gives and inherent open load protection as an
open load situation will remove the resonance of the circuit.

When designing a class E inverter with the proposed gate
drive, the design procedure will be first to design the power
stage according to the specifications for the inverter, then select
a proper MOSFET and finally design the gate drive for the
selected MOSFET. An inverter with the specifications in table
I will be designed in the following to give an example.

TABLE I
DESIGN SPECIFICATION FOR THE CLASS E INVERTER

fs
50 MHz

Rr,
25 Q

Pour
5SW

Vin
45V

The first step is to design the power stage and this can
be done as described in [8]. The drain source voltage of the
MOSFET is assumed to be a half wave rectified sine wave,
hence the peak voltage is:

2-(1—-D
Vin = /VDS = VDS,peak¥

i)

T
Vbpspeak = VIN——— 1
DS, peak 1N2.(1_D) ()
The rms value of a half wave rectified sine wave is:
D
VDS,rms = VDS,pcak 5 (2)
And the rms value of the output voltage is:
Vour,rms =V Pour - Ry, 3)

According to [10] the reactance of the resonance circuit can
now be determined by:
2
) 1

By combining equation 1, 2, 3, and 4, an expression for
the needed reactance as function of input voltage, duty cycle,
output power, and load is obtained:

V rms
Xpe =Ry - (L )

VOUT,Tms

VA, -7m2-D
Xpc =Ry, - N -
RC =L \/2~(2-D2)2~POUTARL

From equation 1 it is found that a duty cycle of 45% will
give a peak voltage of 128 V, leaving approximately 20%
headroom if a 150 V MOSFET is used. Substituting this and
the values from table I into equation 5 gives a reactance of 134
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i

Fig. 6. Schematic of a class E inverter with self oscillating gate drive.
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Q. If a capacitor of 100 pF is used, the value of the inductor
becomes 528 nH.

When designing low power inverters switching at VHF it is
important to select a MOSFET with low Cpgss [8]. For this
reason Fairchilds FDT86256 is selected and the values in table
II are extracted from the datasheet.

TABLE 11
PARASITIC COMPONENTS OF FAIRCHILDS MOSFET FDTg86256.
PARASITIC CAPACITANCES TAKEN FOR Vpg = Vin.

Jite]
1.3Q

Ron
1Q

Cep
12 pF

Cas
55 pF

Cps
153 pF

The effective output capacitance is Cpgerf = ff’f) =30
pE, hence the total inductance of the resonance circuit and the

input inductor should be:

1
Ltutal = w% K OS,cff
Where wp is given by:
_ ws
Y= 50— D)

Knowing the values of X, the input inductance can be
calculated according to:

Ltotal = "1 . wn
T
1

Liy=———7— =162 H

. w
Liotal Xro

The values of all the components in the power stages
have now been calculated and the only thing remaining is
the gate inductor. The gate signal should have an amplitude
of 10 Vpp and a phase shift as close to 180° as possible.
The transferfunction from drain to source for different gate
inductors is shown in Fig. 7.

From the plot it can be seen that the phase shift is around
175 © for all the values of L at 40 MHz, but starts to decrease
for the two largest inductors around the switching frequency.
As the peak to peak voltage across the drain and source of the
MOSFET is 128 V, a gain of 20-log(10V/128V) = -22 dB is
needed to get a gate signal with an amplitude of 10 Vpp. This
is almost exactly what is achieved with the 140 nH inductor
and as the phase shift is still 170° at the switching frequency
this value is chosen for this design. Simulated waveforms of
the designed inverter can be seen in Fig. 8.

The class E inverter (as most resonant circuits) behaves as
a voltage controlled current source in open-loop situations;
hence the output power increases with the input voltage. As
the amplitude of the gate signal is a fixed ratio of the input
voltage, a change in input voltage will lead to a change in
amplitude of the gate signal. Hence the gate signal will be
small at low input voltages, giving low gating losses at low
power levels, and be large at high power, levels leading to
lower conduction losses in the MOSFET.

B. Used for synchronous rectification in a class E rectifier

Lin f{R Lr Lour
o
Lc Cpsi
VBiast [El T T AE] VBias2
" Cps2 ’
C‘(;s:r TCGS?

Fig. 9. Schematic of a class E dc/dc converter with synchronous rectification.

The self oscillating gate drive is very well suited for
synchronous rectification as it doesn’t require a control signal
to control the phase between the two gate signals. The two gate
signals will automaticly oscillate out of phase with the drain-
source voltage of the MOSFET they are controling, hence the
gate drive on the inverters side will act as a master drive and
the rectifier drive act as a slave drive following the frequency
set by the master drive. This principle automatically takes
component tolerances and temperature variations of critical
design parameters into account. If used in an isolated converter
this will further more benefit from not having a control signal
and hence no need for communication across the isolation
barier. Fig. 8 shows how a dc/dc converter with synchronous
rectification can be made with this gate drive. As it can be seen
the converter is completely symmetric across the resonant tank,
Cgr and Lg, hence operation in both directions is possible
allowing for bidirectional power flow.

C. Used for high side gate drive in a class DE inverter

An implementation of the self-oscillating resonant gate drive
in a half bridge is shown in Fig. 7. Here the two MOSFETs
have equally sized inductors at the gates, the only difference is
that the other node of L is connected to V45 through Ly
and to the switch node through Cgq. In this way the voltage
at this node will follow the switch node but have a dc offset
set by Vpiqs1. As the phase of gate signals of the MOSFETs
are directly coupled to drain source voltages, which are 180 °

Lea  Cap2
VBHISZ [:

Cps2
Casa j
T |

Fig. 10. Schematic of the class DE inverter with self oscillating gate drive.
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Fig. 11. Picture of a SEPIC converter with the simple version of the gate
drive.
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Fig. 12. Measured waveforms of the SEPIC converter with the simple gate
drive.

shifted, the gate signals will automatically be phase shifted
and shoot through is avoided.

The simple version of the gate drive has been used for
simplicity, but all the implementations can be used.

IV. PRACTICAL IMPLEMENTATIONS

A resonant SEPIC converter switching at 51MHz showing
efficiency of 84% with the simple version of the gate drive
has been implemented. A picture of the prototype is shown in
Fig. 11 and the measured waveforms are shown in Fig. 12. By
varying the bias voltage it is possible to regulate the output
power from 4.3 W to 6.2 W. The efficiency is above 80%
in the range 5-6.2 W but drops to 77% at the lowest output
power. A plot of the power and efficiency for varying bias
voltages is shown in Fig. 13.

80 =
=

Pout [W]

1
Bias [V]

Fig. 13.  Measured efficiency and output power for varying bias voltages.

(b) Bottom

Fig. 14. A SEPIC converter with the gate inductor embedded in the PCB.

The three air core inductors takes up around half of the
PCB footprint and they are the tallest components. In order
to decrease the size further it is hence necessary to use
another type of inductors. As the skin depth is very small and
the maximum inductance 160 nH embedding the inductors
in the PCB becomes a viable solution. A prototype of the
same converter with the inductors embedded in the PCB has
therefore been made [30] (see Fig. 14). Doing so the efficiency
drops 2% but the power density increases approximately 4
times and the price becomes significantly lower.

The converter shown in Fig. 9 has also been implemented
showing that the synchronous rectification works even without
synchronization of M; and Ms and allows for bidirectional
power flow as well. The bidirectional converter is implemented
as a class E inverter and a synchronous class E rectifier both
using the simple self-oscillating gate drive.
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Fig. 15. Picture of a class E inverter and a synchronous class E rectifier
both with the simple version of the gate drive.
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Fig. 16. Measured waveforms of the Class E converter with synchronous
rectifier.
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Fig. 17. Measured gate voltage of the SEPIC converter implemented with

the gate drive with a 2.harmonic LC circuit connected to ground.

The reason for using a synchronous rectification is to
minimize losses in the diode when dealing with low voltages
and high currents; it also enables the converter to be used as
a bidirectional converter. The converter with the synchronous
rectifier is shown in Fig. 15. The converter reaches a maximum
efficiency of 67% with the synchronous rectifier compared to
66.5% with a standard rectifier. The waveforms measured on
the class E converter are shown in Fig. 16. It is evident that
the inverter dictates the switching frequency. The simple gate
drive in the rectifier is designed with an 180° phase shift from
drain to gate at the switching frequency. This ensures that the

rectifiers gate drive follows the same frequency as the inverter.

Since the converter is implemented with a synchronous
rectifier it could be used as a bidirectional converter with a
load connected to the input of the inverter and a power source
connected to the output of the rectifier. The transfer ratio %
was roughly the same in both directions 3 ~ 5V ~ 7.
The efficiency was kept above 50% when driven in reverse
direction. The switching frequency was in this case dictated
by the rectifier and the inverter just followed. With this self-
oscillating gate drive it is possible to implement a small
and cheap bi-directional converter using only a few passive
components for driving the MOSFETs.

One of the more advance self-oscillating gate dives de-
scribed earlier with a 2. harmonic LC circuit connected to
ground is used with the SEPIC converter shown in Fig. 11.
The transfer function is showed in Fig 3 is designed to remove
the 2. harmonic and adding a 3. harmonic in phase with the
fundamental. To ensure that the two peaks of the gate drives
transfer function is placed above the fundamental frequency
and the 3. harmonic the value of L¢ is reduced and a small
value for Lopg is used. The total value of the inductances is
reduced compared to the simple gate drive, in this case the
total inductance was reduced by 45% which will free up more
space when using PCB inductors.

The waveform of the gate voltage are shown in Fig. 17, it
is evident that the gate signal generated by the more advance
self-oscillating gate drive is more like a square wave than in
12. The peak-peak voltage is however twice of the simple
gate drive and these increases the gate losses and in this case
resulting in the efficiency reduction of a few % compared to
the simple gate drive.

A implementation of a class DE inverter showing the
function of the high side gate drive is shown in [31]. This
is the first implementation of an off chip high side gate drive
for operation in the VHF range.

V. CONCLUSIONS

This paper has presented several ways of designing a new
self-oscillating resonant gate drive along with several examples
of implementations in complete circuits. The presented gate
drive is a simple, compact, low cost and reliable solution
composed only of passive components. The gate drive is
floating between the drain and source of the MOSFET and is
directly coupled to the resonance frequency of the power stage.
Due to this the gate drive can be used in all resonant circuits,
also for high side drive and synchronous rectification. The
gate drive offers an inherent open load protection and allows
for synchronous rectification in isolated converters without
synchronization across the isolation barrier. Finally the gate
drive allows for output control without the low frequency
ripple seen when utilizing burst mode control.

The paper has shown practical implementations of a low
side gate drive, a high side gate drive and synchronous
rectification and efficiencies up to 84% has been achieved.
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first bias voltage source and the control input of the switching network and has a substantially fixed inductance. The first bias
voltage source is configured to generate an adjustable bias voltage applied to the first inductor. The output voltage of the power con -
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SELF-OSCILLATING RESONANT POWER CONVERTER

The present invention relates to resonant power converters and inverters comprising
a self-oscillating feedback loop coupled from a switch output to a control input of a
switching network comprising one or more semiconductor switches. The self-
oscillating feedback loop sets a switching frequency of the power converter and
comprises a first intrinsic switch capacitance coupled between a switch output and a
control input of the switching network and a first inductor. The first inductor is cou-
pled in-between a first bias voltage source and the control input of the switching
network and has a substantially fixed inductance. The first bias voltage source is
configured to generate an adjustable bias voltage applied to the first inductor. The
output voltage of the power converter is controlled in a flexible and rapid manner by
controlling the adjustable bias voltage.

BACKGROUND OF THE INVENTION

Power density is always a key performance metric of a power supply circuit such as
AC-DC, DC-AC and DC-DC power converters to provide the smallest possible phys-
ical size for a given output power specification. Resonant power converter topolo-
gies are well-known types of DC-DC/switched mode power supplies or converters
(SMPS) in the art. Resonant power converters are particularly useful for high switch-
ing frequencies such as above 1 MHz where switching losses of standard SMPS
topologies (Buck, Boost etc.) tend to be unacceptable for conversion efficiency rea-
sons. High switching frequencies are generally desirable because of the resulting
decrease of the electrical and physical size of circuit components of the power con-
verter like inductors and capacitors. The smaller components allow increase of the
power density of the SMPS. In a resonant power converter an input "chopper" semi-
conductor switch (often MOSFET or IGBT) of the standard SMPS is replaced with a
"resonant” semiconductor switch. The resonant semiconductor switch relies on the
resonances of circuit capacitances and inductances to shape the waveform of either
the current or the voltage across the switching element such that, when switching
takes place, there is no current through or voltage across the switching element.
Hence power dissipation is largely eliminated in at least some of the intrinsic capaci-
tances of the input switching element such that a dramatic increase of the switching
frequency becomes feasible for example to values above 10 MHz. This concept is
known in the art under designations like zero voltage and/or current switching (ZVS
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and/or ZCS) operation. Commonly used switched mode power converters operating
under ZVS and/or ZCS are often described as class E, class F or class DE inverters

or power converters.

However, fast and accurate control of the output voltage of the resonant power con-
verter remains a challenge. Prior art power converters described in the references
below propose to utilize a self-oscillating feedback loop around the input switching
element and driven by the intrinsic or inherent drain-to-source capacitance of a
MOSFET switch in combination with a variable series inductance coupled to the
gate terminal of the MOSFET switch.

U.S. 4,605,999 discloses a self-oscillating power converter comprising a self-
oscillating inverter circuit build around a single MOSFET switch. The inherent drain-
to-source capacitance of the MOSFET switch supplies a feedback path sufficient to
sustain self-oscillation of the inverter circuit if the frequency of operation is sufficient-
ly high. The power converter is voltage regulated by a feedback loop deriving the
control signal from a DC output voltage of the converter and applying the control
signal to a variable inductance network comprising an inductor and a pair of non-

linear capacitances.

U.S. 5,430,632 discloses a self-oscillating power converter utilizing a pair of
MOSFET transistor switches in a half bridge configuration wherein the junction of
the two MOSFET transistors is coupled to a reactive network which in turn is con-
nected to an output rectifier. Intrinsic gate-to-drain inter-electrode capacitances of
the switching transistors serve as the sole means of sustaining oscillations. Oscilla-
tions are initiated at the gate-to-source terminals of the MOSFET transistor switches
by a start-up circuit. The frequency of oscillation is determined by the gate-to-source
capacitance of the MOSFET transistor switches and the inductance of an isolated
gate drive transformer. The frequency of oscillation is controlled by varying induct-
ance of the isolated gate drive transformer coupled to the gate terminals of the
MOSFET transistor switches through a pair of control windings.

However, the possible regulation range of adjustable inductances and/or capaci-
tances tend to be very narrow due to physical component limitations and the accu-
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racy may also be limited. Furthermore, adjustable inductances and/or capacitances
are difficult to integrate on semiconductor substrates or on ordinary circuit carriers
like printed circuit boards. Finally, the maximum regulation speed of the inductance
or capacitance may be limited due to the reactive nature of the component leading
to an undesirable limitation of the speed of the regulation of the converter output
voltage. This is of course particularly undesirable in view of the advantages of mov-
ing to higher converter switching frequencies for the reasons discussed above.

Consequently, it would be advantageous to provide a control mechanism for the
oscillation frequency that eliminates the need of variable reactive components like
inductors and capacitors such that the converter output voltage can be controlled by
appropriately controlling a level of a circuit voltage or circuit current for example in
the form of an adjustable bias voltage.

SUMMARY OF THE INVENTION

A first aspect of the invention relates to a resonant power converter or inverter com-
prising an input terminal for receipt of an input voltage and a switching network
comprising one or more semiconductor switches controlled by respective control
inputs. The switching network comprises a switch input operatively coupled to the
input terminal for receipt of the input voltage and a switch output operatively coupled
to an input of a resonant network of the resonant power converter. The resonant
network comprises a predetermined resonance frequency (fr) and an output opera-
tively coupled to a converter output terminal. A self-oscillating feedback loop is cou-
pled from the switch output to a control input of the switching network to set a
switching frequency of the power converter. The self-oscillating feedback loop com-
prises a first intrinsic switch capacitance coupled between the switch output and the
control input of the switching network,

a first bias voltage source configured to generate a first adjustable bias voltage,

a first inductor with substantially fixed inductance coupled in-between the first bias
voltage source and the control input of the switching network. A voltage regulation
loop of the resonant power converter is configured to control an output voltage of the
power converter by controlling the first adjustable bias voltage applied to the first

inductor.
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The present resonant power converter allows flexible, rapid and accurate control of
the converter output voltage by controlling the adjustable bias voltage applied to the
first inductor coupled to the control input of the switching network. By adjusting a
level of the adjustable bias voltage, an oscillation frequency of the self-oscillating
feedback loop coupled around the switching network can be controlled so as to set a
switching frequency of the resonant power converter. The adjustment of the oscilla-
tion frequency of the self-oscillating feedback loop is achieved without making any
adjustment of the inductance of the first inductor which therefore has a substantially
fixed inductance independent of the level of the adjustable bias voltage. The skilled
person will understand that the term “substantially fixed” characterizing the induct-
ance of the first inductor includes an inductance that vary slightly over temperature
depending on electrical characteristics of a particular material of the selected induc-
tor type. Furthermore, the application of the first adjustable bias voltage to the first
inductor is preferably carried out without any adjustment of an inductive or capaci-
tive reactance of a component coupled in series with the first inductor in the voltage
regulation loop. Hence, the first adjustable bias voltage generated by the voltage
regulation loop is preferably applied to the first inductor without any transformer,
tuneable inductor or tuneable capacitor in series with the first inductor.

The ability of adjusting the switching frequency of the present resonant power con-
verter by adjusting the level of the first adjustable bias voltage enables a wide and
accurate control range of the switching frequency and eliminates or circumvents the
previously discussed disadvantages of relying on adjustable inductances and/or
capacitances to adjust the switching frequency of the resonant power converter.
Power losses in intrinsic or parasitic capacitances such as the first intrinsic switch
capacitance of the one or more semiconductor switches are furthermore reduced to
a low level by the presence of first inductor because energy stored in these parasitic
capacitances during charging is discharged to, and temporarily stored in, the first
inductor. The stored energy in the first inductor is subsequently returned to parasitic
or intrinsic capacitances of the one or more semiconductor switches. The parasitic
or intrinsic capacitances may comprise gate-source, gate-drain and drain-source

capacitances of a MOSFET switch.
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While the present invention is described in detail in the following with reference to
implementations in resonant power converters/inverters and corresponding DC-DC
power converters of Class E or DE type or topology, the skilled person will under-
stand that the invention is equally applicable to other types of resonant power in-
verters, rectifiers and converters such as class E, F, DE and 1, inverters and rectifi-
ers and resonant boost, buck, SEPIC, LCC, LLC converters etc.

The voltage regulation loop may comprise a reference voltage generator supplying a
DC or AC reference voltage to a first input of a comparator or error amplifier. A sec-
ond input of the comparator may be coupled to the converter output voltage and an
output of the comparator may be operatively coupled to a control input of the first
bias voltage source. In this manner, the comparator or error amplifier may be con-
figured to generate a suitable error signal as control signal for the first bias voltage
source by a comparison of the output voltage of the converter with the DC or AC
reference voltage. The error signal or signals applied to the first bias voltage source
increases or decreases the first adjustable bias voltage in an appropriate direction to
adjust the converter output voltage to the target output voltage indicated by the DC
or AC reference voltage as explained in additional detail below in connection with
the accompanying drawings.

The skilled person will appreciate that the switching network can comprise numer-
ous types of switch topologies such as single switch topology, half-bridge or full-
bridge switch topologies. According to a preferred embodiment, the switching net-
work comprises a first semiconductor switch with a control terminal coupled to the
control input of the switching network and an output terminal coupled to the switch
input and to the switch output. An input inductor is coupled between the input volt-
age and the switch input. This embodiment may comprise a basic class E power
inverter or converter wherein the switching network comprises a single semiconduc-
tor switch with its output terminal, e.g. a drain terminal of a MOSFET, coupled both
to the input and output of the switching network. The input inductor forms part of the
resonant network to control the setting of the predetermined resonance frequency
(fr). The control terminal, e.g. a gate or base terminal, of the single semiconductor
switch is coupled to the control input of the switching network.
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The input inductor and the first inductor may be magnetically coupled with a prede-
termined magnetic coupling coefficient, preferably a magnetic coupling coefficient
larger than 0.1 or even more preferably larger than 0.4. The magnetic coupling pro-
vides a number of advantages relative to the case of uncoupled input and first induc-
tors such as improved phase response between the signal at the control input of the
switching network and the switch output and larger and more constant gain. The
magnetic coupling ensures that the inductor currents of the input inductor and first
inductor are out of phase. Consequently, a phase shift between the control input
signal, e.g. a gate voltage of the MOSFET switch, of the switching network and the
switch output is very close to 180 degrees. Furthermore, the magnetic coupling is
preferably substantially constant across a wide frequency range to provide a more
constant level of the first adjustable bias voltage when the output voltage Voyr of the
power converter is regulated.

Another preferred embodiment of the present resonant power converter comprises a
half-bridge based switching network. The switching network comprises a first semi-
conductor switch coupled between the switch output and a voltage supply rail of the
resonant power converter and having a control terminal coupled to the control input
of the switching network. The switching network additionally comprises

a second semiconductor switch coupled between the switch output and the input
terminal. A control terminal of the second semiconductor switch is coupled to a sec-
ond bias voltage source through a cascade of a second inductor with substantially
fixed inductance and a third inductor with substantially fixed inductance. A feedback
capacitor of the switching network is coupled between the switch output and an in-
termediate node between the second and third inductors. This embodiment of the
present resonant power converter may comprise a class DE power converter, inver-

tor or form part of a class DE based DC-DC power converter.

The feedback capacitor serves as a bootstrap device which raises a voltage level
supplied to the control terminal of the second semiconductor switch and thereby
facilitates use of a N-channel MOSFET transistor as semiconductor switch device.
The second inductor serves as a high impedance signal path at the oscillation fre-
quency allowing passage of a relatively slowly varying bias voltage component gen-
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erated by the second bias voltage source, but blocking passage of a relatively high
frequency voltage component supplied through the feedback capacitor. Conse-
quently, by combining bias voltage components supplied through the second induc-
tor and the feedback capacitor, the control voltage at the second switch is level
shifted and referred to the switch output instead of the voltage supply rail of the first
semiconductor switch such as ground or a negative power supply voltage if the input
voltage is a positive DC voltage. The self-oscillation loop may be configured to en-
sure that each of the semiconductor switches S; and S is alternately switched be-
tween conducting and non-conducting states. The semiconductor switches S; and
S, are also switched in opposite phase according to a non-overlapping scheme.

The first inductor and the third inductor may be magnetically coupled with a prede-
termined magnetic coupling coefficient, preferably a magnetic coupling coefficient
larger than 0.1 or even more preferably larger than 0.4. The magnetic coupling will
force a phase shift that is substantially 180 degrees between the control input sig-
nals, e.g. gate signals or voltages, of the first and second semiconductor switches.
To provide a large magnetic coupling coefficient between the input inductor and the
first inductor these may be wound around a common magnetically permeable mem-
ber or core. For the same reason, the first inductor and the third inductor may be

wound around a common magnetically permeable member or core.

The first bias voltage source may be configured in various ways. In one embodi-
ment, the first bias voltage source may be coupled between a suitable DC bias or
reference voltage of the resonant power converter and a ground potential or nega-
tive supply rail thereof. The first adjustable bias voltage may be derived from the DC
bias or reference voltage by suitable voltage division or regulation circuitry. In one
embodiment, the first bias voltage source comprises a capacitor coupled from the
first adjustable bias voltage to a fixed electric potential of the resonant power con-
verter such as ground. A first adjustable resistor is coupled between the first adjust-
able bias voltage and a first DC reference voltage and a second adjustable resistor
is coupled between the first adjustable bias voltage and a second DC reference
voltage. The first DC reference voltage may possess a DC voltage higher than a
maximum peak voltage of the first adjustable bias voltage. The second DC refer-
ence voltage may possess a DC voltage lower than an expected minimum voltage



WO 2014/067915 PCT/EP2013/072548

10

15

20

25

30

of the first adjustable bias voltage such that the first adjustable bias voltage can be
varied through a suitable voltage regulation range by adjusting a resistance ratio
between the first and second adjustable resistances. Each of the first and second
adjustable resistors preferably comprises a MOS transistor allowing the respective
resistances to be controlled from a high impedance gate terminal of the MOS tran-

sistor.

The first inductor may have an inductance between 1 nH and 10 uH such as be-
tween 1 nH and 50 nH. The latter inductance range makes it possible to form the
first inductor as an electrical trace pattern of a printed circuit board or as an integrat-
ed passive semiconductor component leading to considerable size reduction and
reliability advantages of the resonant power converter.

The substantially fixed inductance of the first inductor is preferably determined ex-
perimentally for example by adjusting its value until a suitable voltage swing is ob-
tained at the control input of the switching network as explained below in additional
detail. Preferably, the substantially fixed inductance is set such that a peak voltage
at the control input of the switching network exceeds a threshold voltage of at least
one of the semiconductor switches of the switching network. This threshold voltage
may for example lie between 5 and 10 V for an N-channel power MOSFET, but the
skilled person will appreciate that other types of semiconductor switches may have
different threshold voltages depending on characteristics of the semiconductor tech-
nology in question.

In one embodiment, the substantially fixed inductance of the first inductor is selected
such that a peak-peak voltage swing at the control input of the switching network is
approximately equal to a numerical value of the threshold voltage of the at least one
of the semiconductor switches of the switching network. In the above-mentioned
example in respect of the N-channel power MOSFET, the peak-peak voltage swing
would accordingly be adjusted to a value between 5 and 10 V in accordance with
the threshold voltage.

In another embodiment, the self-oscillating feedback loop comprises a series reso-
nant circuit coupled in-between the control input of the first semiconductor switch
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and a fixed electric potential of the converter. The series resonant circuit preferably
comprises a cascade of capacitor and an inductor connected between the control
input of the semiconductor switch and a negative power supply rail e.g. ground. The
series resonant circuit functions to introduce additional uneven frequency compo-
nents, by attenuating one or more even harmonic frequency components, to a fun-
damental frequency component of the oscillating voltage waveform at the control
input of the switching network, e.g. the gate of the first semiconductor switch. This
leads to a trapezoidal waveform shape of the oscillating voltage waveform and re-

sults in faster switch turn-on and turn-off times.

A useful embodiment of the present resonant power converter comprises a DC-DC
power converter. The DC-DC power converter is preferably constructed or derived
by coupling a rectifier between the output of the resonant network and the inverter or
converter output terminal to generate a rectified DC output voltage. The rectifier may
comprise one or more diodes to provide passive rectification of the DC output volt-
age. The rectifier of an alternative embodiment of the resonant power converter
comprises a synchronous rectifier which may comprise one or more semiconductor
switches. According to one such embodiment the synchronous rectifier comprises:

a rectification semiconductor switch configured to rectify an output voltage of the
resonant network in accordance with a rectifier control input of the rectification semi-
conductor switch. A first rectification inductor with a substantially fixed inductance is
coupled in-between a fixed or adjustable rectifier bias voltage and the rectifier con-
trol input. It is a significant advantage of this embodiment that the fixed or adjustable
rectifier bias voltage of the rectifier may be left decoupled or unconnected to the first
bias voltage source generating the first adjustable bias voltage for the switching
network on the input side of the resonant power converter for the reasons discussed
in detail below with reference to FIG. 8 of the appended drawings. The fixed or ad-
justable rectifier bias voltage may for example be coupled to a fixed DC bias voltage
source of the resonance power converter or to the rectified DC output voltage
through a resistive or capacitive voltage divider.

The skilled person will appreciate that numerous types of semiconductor transistors
may be used to implement each of the first and second semiconductor switches
depending on requirements such as threshold voltage, gate source break-down
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voltage, drain source break-down voltage etc., imposed by any particular resonant
power converter. Each of the first and second semiconductor switches may for ex-
ample comprise a MOSFET or IGBT such as a Gallium Nitride (GaN) or Silicon Car-
bide (SiC) MOSFET.

A second aspect of the invention relates to a resonant power converter assembly
comprising a resonant power converter according to any of the above described
embodiments thereof and a carrier substrate having at least the switching network
and the resonant circuit integrated thereon wherein an electrical trace pattern of the
carrier substrate is forming the first inductor. The carrier substrate may comprise a
single-layer or multi-layer printed circuit board with integrally formed electrical wiring
patterns interconnecting various electronic components of the resonant power con-
verter. The relative small inductance required for the first inductance for achieving
VHF switching frequencies of the power converter, e.g. in the order of tens of nH,
facilitates an advantageous integration of the first inductor, and potentially other in-
ductors of the power converter of suitable size, directly in the wiring pattern of carrier
substrates like printed circuit boards. This type of integration leads to several ad-
vantages such as saving component costs, reducing assembly time and costs and
possibly improving reliability of the power converter assembly.

A particularly advantageous embodiment of the carrier substrate comprises a semi-
conductor die, such as a CMOS based integrated circuit, integrating all active and

passive components of the present resonant power converter thereon.

BRIEF DESCRIPTION OF THE DRAWINGS

A preferred embodiment of the invention will be described in more detail in connec-
tion with the appended drawings, in which:

FIG. 1A) is an electrical circuit diagram of a class E resonant power converter in
accordance with a first embodiment of the invention,

FIG. 1B) is an electrical circuit diagram of a class E resonant power converter com-
prising a pair of magnetically inductors in accordance with a second embodiment of
the invention,
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FIG. 2A) is an electrical circuit diagram of a class E resonant power converter com-
prising a series resonant circuit in accordance with a third embodiment of the inven-
tion,

FIG. 2B) is an electrical circuit diagram of a class E resonant power converter com-
prising a series resonant circuit in accordance with a fourth embodiment of the in-
vention,

FIG. 2C) is an electrical circuit diagram of a gate drive circuit for class E and DE
resonant power converters comprising a plurality of series resonant circuits,

FIG. 2D) shows a plurality of magnitude and phase response curves of transfer
functions of a MOSFET switch of the class E resonant power converter in accord-
ance with the third embodiment of the invention,

FIG. 2E) shows a plurality of control input signal waveforms of the MOSFET switch
of the class E resonant power converter in accordance with the third embodiment of
the invention,

FIG. 3A) is an electrical circuit diagram of a class DE resonant power converter in
accordance with a fifth embodiment of the invention,

FIG. 3B) is an electrical circuit diagram of a class DE resonant power converter
comprising a pair of magnetically coupled inductors in accordance with a sixth em-
bodiment of the invention,

FIG. 4 is an electrical circuit diagram of an exemplary DC-DC power converter
based on the class E resonant power converter in accordance with the first embod-
iment of the invention,

FIG. 5 shows a series of graphs illustrating voltage waveforms at the output of a
switching network of the class E resonant power converter of the first embodiment
for different bias voltage levels applied to the control input of the switching network,
FIG. 6 is a circuit simulation model of a second exemplary DC-DC power converter
based on the first embodiment of the class E resonant power converter,

FIG. 7 shows a series of graphs illustrating various simulated voltage waveforms of
the second DC-DC power converter for four different DC bias voltage levels of an
adjustable bias voltage; and

FIG. 8 is an electrical circuit diagram of a third DC-DC power converter with syn-
chronous rectification on the output side based on the class E resonant power con-

verter in accordance with the first embodiment of the invention
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DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

FIG. 1A) is a simplified electrical circuit diagram of a class E resonant power con-
verter 100 in accordance with a first embodiment of the invention. The present class
E resonant power converter is particularly well-adapted for operation in the VHF
frequency range for example at switching frequencies above 10 MHz or even higher
such as between 30 and 300 MHz due to, amongst other factors, low switching
losses in connection with the operation of a self-oscillating feedback loop connected
around a transistor switch element S, as explained in further detail below.

The class E resonant power inverter or converter 100 comprises an input pad or
terminal 102 for receipt of a DC input voltage V\y from a DC power supply 104. The
DC voltage level may vary considerably according to requirements of any particular
conversion application such as lying between 1 V and 500 V for example between
10 V and 230 V. A switching network comprises a single switch transistor S,. The
skilled person will understand that the switch transistor S; can comprise different
types of semiconductor transistors such as MOSFETs and IGBTSs. The skilled per-
son will likewise understand that the switch transistor S in practice can be formed
by a plurality of parallel separate transistors e.g. to distribute operational currents
between multiple devices. In one embodiment of the invention, S, is formed by an
IRF5802 power MOSFET available from the manufacturer International Rectifier. A
gate terminal Vs of the switch transistor S; forms a control input of the switching
network allowing S; to be switched between a conducting state or on-state with low
resistance between the drain and source terminals and a non-conducting state or
off-state with very large resistance between the drain and source terminals. A drain
terminal Vps of the switch transistor S; forms both a switch input and a switch output
of the switching network in the present embodiment based on a single switch tran-
sistor. The drain terminal Vps is at one side coupled to the DC input voltage through
an input inductor Ly (108). The drain terminal Vps is also coupled to a first side of a
series resonant network comprising resonant capacitor Cr and resonant inductor Lg.
The input inductor Ly resonant capacitor Cg, an intrinsic drain-source capacitance
Cps of the MOSFET S; and the resonant inductor Lz (112) form in conjunction a res-
onant network of the power converter 100. A second and opposite side of the series
resonant network is operatively coupled to an output terminal 114 or node of the
class E resonant power converter 100 either directly as illustrated or through a suit-
able rectification circuit as illustrated in detail below. An inverter load is schematical-
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ly indicated by a load resistor R oap connected to the converter at the output termi-
nal 114 and may generally exhibit inductive, capacitive or resistive impedance. The
resonant network is designed with a resonance frequency (fr) of about 50 MHz in
the present implementation, but the resonance frequency may vary depending on
requirements of the application in question. In practice, the respective values of the
resonant capacitor Cr and resonant inductor Ly may be selected such that a target
output power at the converter output is reached for a particular load impedance.
Thereafter, the value of the input inductor Ly is selected such that a desired or tar-
get value of the predetermined resonance frequency (fr) is reached in view of the
intrinsic drain-source capacitance Cps for the selected switch transistor.

The present class E resonant power converter 100 comprises a self-oscillating
feedback loop arranged around the transistor switch S; such that the oscillation fre-
quency of the loop sets the switching or operational frequency of the power convert-
er 100 as briefly mentioned above. The self-oscillating feedback loop comprises an
intrinsic gate-drain capacitance Cqp of the transistor switch Sy which transmits a 180
degree phase shifted portion of the switch output signal at the drain terminal Vpg
back to the gate terminal of the transistor switch S;. Additional loop phase shift is
introduced by the gate inductor Lg which preferably comprises a substantially fixed
inductance. The gate inductor Lg is coupled in-between a variable bias voltage Vgias
and the gate terminal of the transistor switch S, The variable bias voltage Vgas is
generated by a bias voltage generator or source with a design explained in further
detail below in connection with FIG. 4. However, the adjustable bias voltage Vi,
applied to the gate terminal of transistor switch S, through the gate inductor L pro-
vides an advantageous mechanism for controlling the converter output voltage Voyr.
This mechanism exploits that the time period of the cycle time, the cycle time being
the reciprocal of the oscillation frequency of the feedback loop, during which Sy re-
mains in a non-conducting state is controlled by the previously mentioned compo-
nents of the resonant network defining the resonance frequency (fr). The latter fre-
quency controls when the voltage at the switch output at Vg reaches ground or zero
volts, being the lower power supply rail of the converter in the present embodiment,
and thereby allowing S; to be turned on again without introducing switching losses
to discharge the intrinsic drain-source capacitance Cps. This operation mechanism
where the resonant circuit is used to discharge the intrinsic semiconductor switch
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capacitance until the voltage across the semiconductor switch reaches approximate-
ly zero is normally denoted zero voltage switching (ZVS) operation.

Conversely, the time period of the cycle time during which S; remains conducting, or
in its on-state, can be controlled by the level of the adjustable bias voltage. This
property allows a duty cycle, and hence the oscillation frequency of the self-
oscillating loop, to be adjusted. This is explained in further detail in connection with
FIG. 5 below. Since the switch output at Vpg is coupled directly to the DC input volt-
age through the input inductor Ly the average voltage at the switch output Vps is
forced to equal the DC input voltage. The integral of a half-period sine waveform of
frequency (fr) equals the sine amplitude divided by pi times the resonance frequen-
cy (fr). Furthermore, when S; is conducting the voltage across S, is essentially zero
such that the voltage at the switch output Vps becomes substantially zero. These
circumstances lead to the following equation for a peak voltage, Vps peak, across Sq:

Vinsmf .
VDS,PEAK = % (1 ),

wherein fs= The oscillation frequency of the self-oscillation loop which equals the
switching frequency of the power converter.

Equation (1) reveals that a decreasing oscillation frequency leads to increasing
switch output voltage Vps as illustrated below by switch output voltages Vps of FIG.
5.

The voltage waveforms, duty cycle control and oscillation frequency control dis-
cussed above are illustrated on the graphs 500, 510 and 520 of FIG. 5 for three dif-
ferent levels of the adjustable bias voltage Vgias applied to the substantially fixed in-
ductance gate inductor Lg. The scale on the y-axis of all graphs indicates voltage in
volts while the x-axis scale indicates time in steps of 10 ns such that the entire x-
axis spans over about 100 ns. As mentioned above, Lg is coupled to the control in-
put or gate Vgs of the transistor switch Sy In graph 500, the adjustable bias voltage
Veias has been adjusted to a level which results in a duty cycle of approximately 0.5
in the switch output voltage Vps Waveform 501 shows the switch output voltage Vps
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while waveform 503 shows the corresponding gate-source voltage applied to the
gate Vgs of Sy. It is evident that the cycle time of the switch output voltage Vps is
about 10 s corresponding to an oscillation frequency of about 100 MHz.

In practice, the substantially fixed inductance of the gate inductor Lg may be select-
ed such that a desired voltage amplitude of the (oscillating) gate-source voltage
waveform is achieved. The voltage amplitude is preferably adjusted such that a suit-
able peak voltage at the gate terminal of MOSFET switch S, is reached in view of its
threshold voltage and its gate break-down voltage. This means that the peak voltage
at the gate terminal should be sufficiently large to exceed the threshold voltage of
the chosen semiconductor switch, e.g. Vr of MOSFET switch Sy The oscillation
frequency fs of the self-oscillation loop will inherently lie close to the resonance fre-
quency (fr) of the resonant network if the bias voltage is adjusted approximately to
the threshold voltage of the MOSFET switch S;. If the adjustable bias voltage Vg is
increased above the threshold voltage, the on-period of the MOSFET switch S; in-
creases and leads to increase of the duty cycle of the oscillating switch output volt-
age waveform. This leads to a decreasing oscillation frequency or switching fre-
quency of the power converter. The decrease of the oscillation frequency leads to
an increase of the peak voltage Vps peax at the switch output as explained above in
connection with equation (1), and a corresponding increase of the peak voltage
across the series resonant network comprising resonant capacitor Cg and resonant
inductor Lg due to its coupling to the switch output voltage Vps. Furthermore, be-
cause the series resonant network exhibits inductive impedance, the decreasing
oscillation frequency of the switch output voltage waveform leads to a decrease of
the impedance of the series resonant network. The decrease of impedance leads in
turn to increasing current and power through the series resonant network and
through the load resistor R oap - in effect increasing the converter output voltage

VOUT-

Consequently, the converter output voltage Voyr can be controlled by appropriately
controlling the adjustable bias voltage Vg, applied to the substantially fixed in-
ductance gate inductor Lg. This feature provides a highly flexible and fast way of
controlling the converter output voltage Voyr compared to prior art mechanism
based on adjustable inductances and/or capacitances. In particular, the range of
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adjustment of the adjustable bias voltage Vgi.s can be very wide compared to the
possible regulation range of the adjustable inductances and/or capacitances.

In graph 510, the adjustable bias voltage Vgiss has been increased to a level which
results in a duty cycle of approximately 0.7 in the switch output voltage Vps Wave-
form 511 shows the switch output voltage Vps while waveform 513 shows the corre-
sponding gate-source voltage applied to the gate Vgs of S;. As illustrated, the switch
output voltage Vps has increased from a peak level of approximately 30 volt for the
0.5 duty cycle condition depicted above to approximately 50 volt. It is evident that
the cycle time of the switch output voltage Vps has decreased to about 18 ns corre-
sponding to an oscillation frequency of about 55 MHz. Finally, in graph 520, the ad-
justable bias voltage Vg has been further increased to a level which results in a
duty cycle of approximately 0.9 in the switch output voltage Vps Waveform 521
shows the switch output voltage Vps while waveform 523 shows the corresponding
gate-source voltage applied to the gate Vgs of S;. As illustrated, the switch output
voltage Vps has further increased from a peak level of approximately 50 volt for the
0.7 duty cycle condition depicted above to approximately 150 volt. It is evident that
the cycle time of the switch output voltage Vps has further decreased to about 50 ns
corresponding to an oscillation frequency of about 20 MHz.

FIG. 1B) is an electrical circuit diagram of a class E resonant power converter 100b
comprising a pair of magnetically coupled inductors in accordance with a second
embodiment of the invention. The skilled person will appreciate that the above dis-
cussed features, functions and components of the first embodiment of the class E
resonant power converter 100 may apply to the present embodiment as well. Like-
wise, corresponding components in the first and second embodiments of the present
class E resonant power converter have been provided with corresponding reference
numerals to ease comparison. The main difference between the first and second
embodiments is that the previously discussed separate and substantially uncoupled
input inductor Ly and gate inductor Lg have been replaced by the pair of magneti-
cally coupled inductors L, and L where the respective functions in the present
class E resonant power converter 100b are similar to those of the first embodiment.
The skilled person will appreciate that magnetic coupling between the input inductor
Li» and gate inductor Lg may be achieved in numerous ways for example by a close-
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ly spaced arrangement of the inductors e.g. coaxially arranged. The magnetic cou-
pling provides a number of advantages over the first embodiment such as improved
phase response between the control input and switch output of the MOSFET switch
S; and larger and more constant gain. The magnetic coupling ensures that the re-
spective inductor currents of the input inductor L;, and gate inductor Lg are out of
phase. Consequently, the phase shift between control input of the switch S; and the
switch output is very close to 180 degrees. Furthermore, the magnetically coupled
input inductor L;, and gate inductor Lg may be configured such that the magnetic
coupling is substantially constant across a wide frequency range to provide a more
constant level of the first adjustable bias voltage when the output voltage Vour of the
power converter is regulated.

The magnetic coupling between the magnetically coupled input inductor L;, and gate
inductor Lg may also be accomplished by a transformer structure as schematically
indicated on FIG. 1B). The input inductor L;, and gate inductor Lg may for example
be wound around a common magnetically permeable member or core. The latter
embodiment has the advantage of a stronger coupling of magnetic fields between
the input inductor L, and gate inductor L. This forces a phase shift even closer to
180 degrees between the control input of the switch S, (i.e. gate voltage of switch
S,) and the switch output (i.e. drain voltage of the switch S;).

The magnetically coupled input inductor L, and gate inductor Lg may be configured
to possess a magnetic coupling which is sufficient to ensure that inductor current
forced in Lg by Ly is sufficiently large to drive the control input of the switch S;. In
this case the gate drive can also be used to drive cascode coupled transistors where

the intrinsic capacitance Cgp is small or non-existent.

FIG. 2A) is a simplified electrical circuit diagram of a class E resonant power con-
verter 200 in accordance with a third embodiment of the invention. The present
power converter is of similar topology to the above discussed power converter
based on a single switch transistor S;. The skilled person will appreciate that the
above discussed features, functions and components of the first embodiment may
apply to the present embodiment as well. Likewise, corresponding components in
the first and second embodiments of the present class E resonant power converter
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have been provided with corresponding reference numerals to ease comparison.
The main difference between the first and second embodiments lies in an addition of
a series resonant circuit, comprising a cascade of capacitor Cyr and inductor Ly,
connected between the gate node or terminal Vg of switch transistor Sy and the
negative supply rail e.g. ground. The function of the series resonant circuit is to in-
troduce additional uneven frequency components, by attenuating one or more even
harmonic frequency components, to the fundamental frequency component of the
oscillating gate voltage waveform of the switch transistor S; This leads to a trape-
zoidal waveform shape of the gate voltage of switch transistor S; leading to faster
switch turn-on and turn-off times. This is beneficial because it reduces the conduc-
tion losses, as the switch MOSFET S; will have relatively high resistance when the
gate voltage is just above the threshold voltage. FIG. 2C) shows generally applica-
ble embodiments of a series resonant network 201a coupled to the control input,
e.g. a gate terminal, of a switch transistor or a switching network of a class E or DE
resonant power converter such as the class E and DE resonant power converters
depicted on FIGS. 1A)-1B), FIG. 2A), FIGS. 3A)-3B), FIG. 4 and FIG. 8. The series
resonant network 201 comprises a plurality of series resonant circuits of which one
or more may be included in particular design of the class E or DE resonant power

converter.

If a transistor switch like a MOSFET is driven by a sine wave the gate signal will be
right above the threshold voltage of the MOSFET in a beginning and end of a con-
duction period of the MOSFET. This causes the on resistance to be very high in
these periods as the MOSFET is only fully turned on when the gate signal is larger
than around twice the threshold voltage. In many resonant power converters these
time periods are also where the largest currents are running through the MOSFET.
Hence a lot of power is dissipated in these time periods. In order to improve the turn
on speed of the MOSFET, higher order harmonics can be added to the fundamental
sine wave leading to a more trapezoidal gate signal as mentioned above. This can
be achieved by adding one or more series resonant circuits, each preferably com-
prising an LC circuit, between the control input, i.e. the gate of the present MOSFET
switch, and a drain or source of the MOSFET as illustrated on FIG. 2C). Here the
capacitor, Capex:, is Optional and may be used to increase overall gain of the gate
signal as shown in FIG. 2D). In the same way capacitor, Casex, Can optionally be
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used to lower the gain. The first and second LC based series resonant circuits Cap
and Lqn and Copand Loy, respectively, are both connected to drain of MOSSFET
switch Sy and will cause higher harmonics to be in phase with the switch output
voltage at the switch output, Vps. The third and fourth LC based series resonant
circuits Csqo0 and Lo and Caopo and Lopo, respectively, connected to the ground will
cause the harmonics to be out of phase with Vg as illustrated in FIG. 2D). The
magnitude response curve 250 of graph 245 of FIG. 2D) illustrates how a LC circuit
with a resonance at the second harmonic of the switching frequency of the power
converter causes a peak in the gain at the third harmonic and that it is in phase with
the switch output Vps. It can be shown that a 3™ harmonic in phase will be desirable
for a duty cycle of 25%, but for a duty cycle of 50% it would be more desirable to
have the signal out of phase as this would increase the signal right after and turn on
of the MOSFET and just before turn off of the MOSFET. This feature can be
achieved by setting a LC series resonant circuit with resonant frequency at the 2™
harmonic to ground instead as indicated by the third and fourth series resonant cir-
cuits Cano and Lupo and Copo and Loyo, respectively, of FIG. 2C). By this connection,
the magnitude response curve 252 of FIG. 2D) is achieved. Here a zero is seen at
the 2" harmonic of the switching frequency and again a peak at the 3 harmonic,
but this time with a phase shift of nearly 180 degrees (please refer to curve 252 of
the phase graph 246). The skilled person will understand that the number of har-
monics to include in a given power converter design will depend on several parame-
ters as price, complexity, efficiency etc. Adding higher order harmonics will in gen-
eral increase the performance of the power converter, but it is important to consider
which harmonics to include and the magnitude of those harmonics compared to the
fundamental. Graphs 247 and 248 of FIG. 2E) show the fundamental and the 3™ and
5" harmonics of the switching frequency are in and out of phase with the switch out-
put signal for the duty cycle D set to 25 % and 50 %. Note that the symbol * indi-
cates that the depicted signal is in phase with the switch output signal Vps. By com-
paring, the gate drive signal waveforms with the indicated ideal (rectangular) wave-
form shape of the same, it is clear that it is desirable to place the fundamental out of
phase with the switch output signal, but for the 3" and 5™ harmonic it depends on
the duty cycle and the current waveform. Exemplary gate drive waveforms that can
be achieved by adding harmonics by the above-described series resonant networks
are shown in the graphs 247 and 248 of FIG. 2E).
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FIG. 2B) is an electrical circuit diagram of a class E resonant power converter 200b
comprising a series resonant circuit in accordance with a fourth embodiment of the
invention. The skilled person will appreciate that the above discussed features, func-
tions and components of the third embodiment of the class E resonant power con-
verter 200 may apply to the present embodiment as well. Likewise, corresponding
components in the third and fourth embodiments of the present class E resonant
power converter have been provided with corresponding reference numerals to ease
comparison. The main difference between the third and fourth embodiments is that
the previously discussed a series resonant circuit, comprising the cascade of ca-
pacitor Cyr and inductor Lyr, connected between the gate node or terminal Vgs of
switch transistor S; and ground have been replaced by another type of resonant
circuit comprising the parallelly coupled capacitor Cyr and inductor Lyg. The paral-
lelly coupled capacitor Cyr and inductor Lyg are connected between the adjustable
bias voltage Vgiss and the gate inductor L. This connection with the parallelly cou-
pled capacitor Cyr and inductor Lyg provides the same advantages as the series
resonant circuit employed in the third embodiment, but with much smaller induct-
ances of inductors Ly and Lur leading to a significant reduction in costs and size.

FIG. 3A) is a simplified electrical circuit diagram of a class DE resonant power con-
verter or inverter 300 in accordance with a fifth embodiment of the invention. The
present resonant power inverter 300 is based on a switching network which com-
prises a half-bridge semiconductor topology. The present DE resonant power con-
verter 300 provides several important advantages. One of the biggest challenges
when designing resonant power converters is a huge voltage stress imposed on the
switch element in the single switch power converter topology described above in
connection with the first, second, third and fourth embodiments of the invention. This
voltage stress may reach 3-4 times the level of the DC input voltage. Using a half
bridge switch topology instead limits a peak voltage across the each of the semi-
conductor switches S;and S, to a level of the input voltage. However, this requires a
fast and efficient high side driver which can pose a significant advantage if an oper-
ating frequency or switching frequency above approximately 5 MHz is desired. The
present generation of the first adjustable bias voltage solves this problem as it can
also be used as a high side drive (Vg.s1) at several tens of megahertz. The half-
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bridge comprises a cascade of the first semiconductor switch S; coupled between a
switch output terminal 311 and ground and a second semiconductor switch S, cou-
pled between the switch output terminal 311 and a DC input voltage rail supplied
through power input terminal 302 from an external DC voltage source or generator
304. A coupling or mid-point node interconnecting the first and second semiconduc-
tor switches S; and S, form the switch output terminal 311. This switch output termi-
nal 311 is the drain terminal of the first semiconductor switch S1. This switch output
terminal or node 311 is coupled to a first side of a series resonant network compris-
ing resonant capacitor Cr and resonant inductor Lg. A drain node of the transistor
switch S, coupled to the DC input voltage, comprises the switch input terminal of the
present half-bridge switch. Each of semiconductor switches S; and S, may comprise
a NMOS power transistor as illustrated by the switch symbol. Intrinsic drain-gate,
gate-source and drain-source capacitances of the first NMOS transistor switch S,
are depicted as Cgp,, Caszand Cps: and likewise as Cgpy, Cgsy and Cpsy for NMOS
transistor switch S..

The resonant capacitor Cg, intrinsic drain-source capacitances of switches S;and
S, Cpst and Cpsy, respectively, and the resonant inductor Lg in conjunction form a
resonant network of the power converter 300. A second and opposite side of the
series resonant network is coupled to an output terminal 314 or node of the power
converter 300. A converter load is schematically illustrated by a load resistor R oap
connected to the converter at the output terminal 314 and may generally exhibit in-
ductive, capacitive or resistive impedance. The class DE resonant power inverter
300 furthermore includes a self-oscillating feedback loop arranged around the tran-
sistor switch S; such that an oscillation frequency of the loop sets the switching or
operational frequency of the power converter in a manner similar to the one dis-
cussed in detail above in connection with the first embodiment of the invention. The
self-oscillating feedback loop comprises an intrinsic gate-drain capacitance Cgp, of
the transistor switch S; and a first gate inductor Lg, which preferably comprises a
substantially fixed inductance as discussed above. The gate inductor L, is coupled
in-between a variable bias voltage V.52 and the gate terminal Vgs, of the transistor
switch S; The variable bias voltage Vgi.s2 may be generated in numerous ways by a
suitably configured bias voltage generator or source for example as explained in
further detail below in connection with FIG. 4. In addition to the circuitry forming the



WO 2014/067915 PCT/EP2013/072548

10

15

20

25

30

22

self-oscillating feedback loop arranged around transistor switch S, the current pow-
er inverter 300 comprises a second or high side adjustable bias voltage Vg1 that is
coupled to the gate terminal of the second semiconductor switch S, through a cas-
cade of a second substantially fixed inductance L and a third substantially fixed
inductance Lgy. The inductances of the gate inductors Lgz and Lgy may be substan-
tially identical. A feedback capacitor Cg; is coupled between the switch output node
311 and an intermediate node between the second and third substantially fixed in-
ductances Ly and Lg4. The feedback capacitor Cg1 serves as a bootstrap device
which raises the voltage level supplied to the upper transistor switch S, and facili-
tates use of a N-channel MOSFET transistor as switch device. The inductor Ly
serves as a high impedance signal path at the oscillation frequency allowing pas-
sage of a relatively slowly varying bias voltage component generated by the second
adjustable bias voltage Vgi.s1, but blocking passage of a relatively high frequency
voltage component supplied through the bootstrap capacitor or feedback capacitor
Cq1. Consequently, combining the bias voltage components from Ly and Cgy, the
gate control voltage at the gate terminal of the second switch S, is level shifted. In
this manner, the gate control voltage is referred to the switch output node 311 in-
stead of ground. The self-oscillation loop ensures that each of the semiconductor
switches Sy and S.is alternately switched between conducting and non-conducting
states in opposite phase in a non-overlapping manner. Thereby, the switch output
node 311 becomes alternatingly clamped to the DC input voltage Vi and ground
through the semiconductor switches S; and S, at a frequency defined by the oscilla-
tion frequency of the self-oscillating loop.

The duty cycle of the switch output voltage waveforms and hence the converter out-
put voltage at V,,, can once again be controlled by synchronously controlling the
respective bias voltages supplied by the first and second adjustable bias voltages
Veias2 @nd Va1

FIG. 3B) is an electrical circuit diagram of a class DE resonant power converter
300b comprising a pair of magnetically coupled inductors Lg; and Lg, in accordance
with a sixth embodiment of the invention. The skilled person will appreciate that the
above discussed features, functions and components of the first embodiment of the
class DE resonant power converter 300 may apply to the present embodiment as
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well. Likewise, corresponding components in the fifth and sixth embodiments of the
present resonant power converters have been provided with corresponding refer-
ence numerals to ease comparison. The main difference between the fifth and sixth
embodiments is that the previously discussed separate and substantially uncoupled
gate inductors L1 and Lgz have been replaced by the pair of magnetically coupled
inductors Lgy and Lg, where their respective functions in the present class E reso-
nant power converter 300b are similar to those of the first embodiment. The skilled
person will appreciate that magnetic coupling between the gate inductors Lg, and
Lg2 may be achieved in numerous ways for example by a closely spaced arrange-
ment of the inductors e.g. coaxially arranged. The magnetic coupling provides a
number of advantages over the above-described first embodiment of the class DE
resonant power converter 300 such as improved phase response between the re-
spective gate signals at the gate terminals, or control inputs, of the inductors Lg; and
Lg2 and larger gain. The magnetic coupling ensures that the respective inductor cur-
rents in the inductors Lg; and Lgz are out of phase. Hence, forcing a phase shift that
is substantially 180 degrees between the gate signals of the inductors Lgs and Lgs.

The magnetic coupling between the inductors may also be accomplished by a trans-
former structure as schematically indicated on FIG. 3B) wherein the inductors Lg;
and Lg, are wound around a common magnetically permeable core. The latter em-
bodiment has the advantage that a larger magnetic coupling between the inductors
Lgy and Lgz can be achieved and the relative phase shift of substantially 180 de-
grees between the respective gate signals or voltages of the MOSFET switches S;
and S, is enforced even stronger.

FIG. 4 is a schematic electrical circuit diagram of a DC-DC or switched mode power
converter/supply (SMPS) 400 which is based on the class E resonant power con-
verter or inverter 100 disclosed above in a first embodiment of the invention. The
DC-DC power converter 400 comprises, in addition to the circuitry of the class E
resonant power converter 100, a voltage control loop controlling the level of a DC
output voltage Vgyr of the DC-DC converter and a rectifier 413 schematically illus-
trated by a storage capacitor and a diode. The rectifier 413 preferably includes a
series inductor coupled between the illustrated diode and the output voltage terminal
Vour. The skilled person will appreciate that the illustrated diode(s) based rectifier
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413 may be replaced by a synchronous rectifier based on one or more actively con-
trolled semiconductor switches rather than diodes as described in additional detail
below with reference to FIG. 8. The voltage control loop regulates respective re-
sistances of a pair of pull-up and pull-down MOSFET resistors M; and M, forming
part of bias voltage source or generator supplying the adjustable bias voltage Vgias.
The adjustable bias voltage Vg, is applied to the gate terminal of transistor switch
S, through the gate inductor Lg as explained in connection with FIG. 1A) above. The
voltage control loop comprises a comparator or error amplifier 414 which has a first
input coupled to a DC or AC reference voltage Vrer and a second input coupled to
the DC output voltage Vour of the converter. A resulting error signal Vegg reflecting
whether the output voltage is lower or higher than the reference voltage is fed to an
optional level converter 414. The level converter 414 is configured to provide appro-
priate gate control signals Vg; and Vg, for the pair of pull-up and pull-down MOSFET
resistors My and M, to either increase or decrease the adjustable bias voltage Vgiss.
The bias voltage source or generator comprises the MOSFET resistors M; and M,
coupled between the DC input voltage and ground. Hence, the adjustable bias volt-
age Vgias can either be pulled towards the DC input voltage or ground depending on
the adjustable on-resistances of the MOSFET resistors M; and M, The skilled per-
son will appreciate that the voltage control loop can be configured in numerous ways
to provide appropriate control signals to the MOSFET resistors M; and M for exam-
ple by proportional voltage control or by purely binary voltage control, i.e. up/down.

FIG. 6 is a circuit simulation model of a second DC-DC power converter based on
the first embodiment of the class E resonant power converter. The DC-DC converter
comprises a rectifier coupled between an output of the series resonant circuit, in-
cluding C1 and L4, and a load resistance R6 coupled to an output voltage of the
converter. The rectifier comprises components C3, D, L2 and C5. Inductor and ca-
pacitor component values of the second DC-DC power converter are listed on the
figure in Henry and Farad, respectively. Accordingly, the inductance of the gate in-
ductor Lg is set to a substantially fixed value of 68 nH. The semiconductor switch is
modelled by an ideal switch ISW with the listed parameters, i.e. an on-state re-
sistance of 1.0 Q off-state resistance of IMQ and threshold voltage of 4.5 V.
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FIG. 7 shows a series of graphs 600, 610, 620, 630 and 640 illustrating various sim-
ulated voltage waveforms of the simulation model of the second DC-DC power con-
verter for four different fixed DC bias voltage levels of the adjustable bias voltage
Viias- Viias IS stepped through fixed DC voltage levels of -7.0, -2.0, 3.0 and 8.0 volt as
illustrated by waveforms 607, 605, 603, 601, respectively, of graph 600 showing the
DC bias voltage level. The DC input voltage V2 (Vin) is kept constant at 50 volts for

all simulations.

The scale on the y-axis of all graphs indicates voltage in volts while the x-axis scale
indicates time in steps of 0.01 ps such that the entire x-axis spans over about 0.05

Us.

Graph 610 illustrates the corresponding oscillating control input voltage waveforms
617, 615, 613, 611 at the indicated gate node (refer to FIG. 6) for the four different
levels of the DC bias voltage. The higher average level of the oscillating control in-
put voltage waveforms for the highest DC bias voltage of 8.0 V is evident. Graph
620 illustrates the corresponding switch output voltage waveforms 627, 625, 623,
621 at the switch output node i.e. at the indicated drain node (refer to FIG. 6). The
longer conducting states or on-states of the switch ISW for the highest DC bias volt-
age of 8.0 V is evident leading to a lower oscillation frequency or switching frequen-
cy of the converter.

Graph 640 illustrates the corresponding load power waveforms 627, 625, 623, 621
for the power delivered the load resistor R6 through the converter output. The grad-
ually increasing load power from about 1.5 W at the lowest DC bias voltage of -7.0 V
to about 3.5 W at the highest DC bias voltage of 8.0 V is evident. Hence, converter
output power and therefore converter output voltage can be controlled by adjusting
the voltage supplied by the adjustable bias voltage V.

FIG. 8 is a schematic electrical circuit diagram of a DC-DC or switched mode power
converter/supply (SMPS) 800 based on the class E resonant power converter or
inverter 100 according to the first embodiment of the invention discussed above.
The DC-DC power converter 800 comprises, in addition to the circuitry of the class E

resonant power converter 100, a synchronous rectifier building around transistor
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switch Sgy and comprising additional passive components Lg» and Loyr. The skilled
person will understand that the DC-DC power converter 800 may comprise an out-
put capacitor coupled from Vgt to the negative supply rail (e.g. ground) and a volt-
age control loop similar to the one discussed above in connection with FIG. 4 in the
fourth embodiment of the invention. The voltage control loop being configured to
control the output voltage at Vot of the power converter 800 as defined by a DC or
AC reference voltage. The transistor switch element Sy and inductors Lg, and Loyt
provide a synchronous rectifier in the DC-DC power converter 800 and replaces the
diode based asynchronous rectifier circuit 413 discussed above. Since the control
input, e.g. the gate drive signal, of the switching network of the present class E and
DE resonant power converters does not need a traditional PWM or PDM type of
control signal (but only the two adjustable bias voltage Vg1 and Vgie2), the reso-
nant power converters in accordance with the present embodiments are generally
very well suited for synchronous rectification as illustrated on FIG. 8 for this particu-
lar embodiment. The traditional PWM or PDM type of control signals are not re-
quired because is not necessary to control a phase between the respective control
input signals of the first transistor switch S; and the rectification transistor switch
Sry. The rectification transistor switch Sgy may for example be coupled to a suitable
fixed rectifier DC bias voltage Vgi.s» applied to the inductor Lg, coupled to the gate
(i.e. control input) of Sgy. For rectification purposes, the gate terminal of Sg, is driven
by an oscillation output voltage, i.e. the drain voltage Vps, of the first semiconductor
switch S; to automatically maintain synchronous operation between S, and SR1.
This absence of the traditional PWM or PDM type of control signals on the respec-
tive gate terminals of the first transistor switch S, and rectification transistor switch
Sy is a significant advantage leading to simplified power converter design and
smaller component count. In isolated power converter applications, the present di-
ode based asynchronous rectifier circuit 413 possess an additional advantage be-
cause it eliminates the need for transmitting or communicating the traditional PWM
or PDM type control signal or signals across a voltage isolation barrier of the reso-
nant power converter. This type of voltage isolation barrier will typically require ex-
pensive and space consuming components like optocouplers or fast transformers in
traditional power converter topologies. As illustrated by FIG. 8, the present DC-DC
power converter with synchronous rectification may be completely symmetrical in

terms of circuit topology across a series resonant network comprising resonant ca-
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pacitor Cr and resonant inductor Lg allowing for bidirectional power flow between the
DC input power source Viy 804 and the output voltage at Vour. The skilled person
will appreciate that the input transistor switch Sy and rectifier transistor switch Sg;
may be substantially identical or different components and the same applies to the
fixed inductance inductors Lg; and Lgy depending on factors such as the voltage

conversion ratio of the resonant power converter.

The skilled person will appreciate that the above-described synchronous rectifier
may be added to each of the above discussed class E and DE resonant power con-
verter embodiments depicted above on FIG. 1B), FIGS. 2A)-2B) and FIGS. 3A)-3B).
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CLAIMS

1. A resonant power converter comprising:

an input terminal for receipt of an input voltage,

a switching network comprising one or more semiconductor switches controlled by
respective control inputs,

the switching network comprising a switch input operatively coupled to the input
terminal for receipt of the input voltage and a switch output operatively coupled to an
input of a resonant network of the resonant power converter,

the resonant network comprising a predetermined resonance frequency (fr) and an
output operatively coupled to a converter output terminal,

a self-oscillating feedback loop coupled from the switch output to a control input of
the switching network to set a switching frequency of the power converter;

the self-oscillating feedback loop comprising:

a first intrinsic switch capacitance coupled between the switch output and the control
input of the switching network,

a first bias voltage source configured to generate a first adjustable bias voltage,

a first inductor with substantially fixed inductance coupled in-between the first bias
voltage source and the control input of the switching network,

a voltage regulation loop configured to control an output voltage of the power con-
verter by controlling the first adjustable bias voltage applied to the first inductor.

2. A resonant power converter according to claim 1, comprising:

an input inductor coupled between the input terminal and the switch input,

the switching network comprising a first semiconductor switch with a control terminal
coupled to the control input of the switching network and an output terminal coupled
to the switch input and to the switch output.

3. A resonant power converter according to claim 2, wherein the input inductor and
the first inductor are magnetically coupled with a predetermined magnetic coupling
coefficient, preferably a magnetic coupling coefficient larger than 0.1 or even more
preferably larger than 0.4.
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4. A resonant power converter according to claim 1, wherein the switching network
comprises:

a first semiconductor switch coupled between the switch output and a voltage supply
rail of the resonant power converter and having a control terminal coupled to the
control input of the switching network,

a second semiconductor switch coupled between the switch output and the input
terminal; and

wherein a control terminal of the second semiconductor switch is coupled to a sec-
ond bias voltage source through a cascade of a second inductor with substantially
fixed inductance and a third inductor with substantially fixed inductance,

and wherein a feedback capacitor is coupled between the switch output and an in-
termediate node between the second and third inductors.

5. A resonant power converter according to claim 4, wherein the first inductor and
the third inductor are magnetically coupled with a predetermined magnetic coupling
coefficient, preferably a magnetic coupling coefficient larger than 0.1 or even more
preferably larger than 0.4.

6. A resonant power converter according to claim 3 or 5, wherein the input inductor
and the first inductor are wound around a common magnetically permeable member
of core; or

the first inductor and the third inductor are wound around a common magnetically

permeable member or core.

7. A resonant power converter according to any of the preceding claims, wherein the
first bias voltage source comprises:

a capacitor coupled from the first adjustable bias voltage and a fixed electric poten-
tial of the resonant power converter such as ground,

a first adjustable resistor coupled between the first adjustable bias voltage and a first
DC reference voltage,

a second adjustable resistor coupled between the first adjustable bias voltage and a
second DC reference voltage.
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8. A resonant power converter according to any of the preceding claims, wherein the
voltage regulation loop comprises:

a reference voltage generator supplying a reference DC or AC voltage to a first input
of a comparator,

a second input of the comparator being coupled to the converter output voltage,

an output of the of the comparator operatively coupled to a control input of the first
bias voltage source.

9. A resonant power converter according to any of the preceding claims, wherein the
first inductor has an inductance between 1 nH and 10 pH such as between 1 nH and
50 nH.

10. A resonant power converter according to any of the preceding claims, wherein
the substantially fixed inductance of the first inductor is set such that a peak voltage
at the control input of the switching network exceeds a threshold voltage of at a
semiconductor switch of the switching network.

11. A resonant power converter according to claim 10, wherein the substantially
fixed inductance of the first inductor is selected such that a peak-peak voltage swing
at the control input of the switching network is approximately equal to a numerical
value of the threshold voltage of the at least one of the semiconductor switches of
the switching network.

12. A resonant power converter according to any of the preceding claims, wherein
the self-oscillating feedback loop further comprises:

a series resonant circuit coupled in-between the control input of the switching net-
work and a fixed electric potential of the power converter.

13. A resonant power converter according to claim 12, wherein the self-oscillating
feedback loop further comprises:

a first series resonant circuit coupled in-between the control input of the first semi-
conductor switch and fixed electric potential of the converter such as a positive or
negative DC supply voltage or a ground voltage,
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a second series resonant circuit coupled in-between the control input of the first
semiconductor switch and the switch output.

14. A resonant power converter according to any of the claims 1-11, wherein the
self-oscillating feedback loop further comprises:

a parallel resonant circuit coupled in series with the first inductor in-between the first
adjustable bias voltage and the first inductor.

15. A resonant power converter according to any of the preceding claims, further
comprising:

a rectifier coupled between the output of the resonant network and the converter
output terminal to provide a rectified DC output voltage.

16. A resonant power converter according to claim 15, wherein the rectifier compris-

es a synchronous rectifier.

17. A resonant power converter according to claim 16, wherein the synchronous
rectifier comprises:

a rectification semiconductor switch configured to rectify an output voltage of the
resonant network in accordance with a rectifier control input of the rectification semi-
conductor switch,

a first rectification inductor with a substantially fixed inductance coupled in-between
a fixed or adjustable rectifier bias voltage and the rectifier control input.

18. A resonant power converter according to claim 17, wherein the fixed or adjusta-
ble rectifier bias voltage is coupled to a fixed DC bias voltage source or to the recti-
fied DC output voltage through a resistive or capacitive voltage divider.

19. A resonant power converter according to any of claims 2-18, wherein one of the
first and second semiconductor switches comprises a MOSFET or IGBT such as a
Gallium Nitride (GaN) or Silicon Carbide (SiC) MOSFET.

20. A resonant power converter assembly comprising:
a resonant power converter according to any of the preceding claims,
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a carrier substrate having at least the switching network and the resonant circuit
integrated thereon,
an electrical trace pattern of the carrier substrate forming the first inductor.

5  21. Aresonant power converter assembly according to claim 16, wherein the carrier

substrate comprises a semiconductor die.
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Abstract— A new printed circuit board embedded
air-core transformer/coupled inductor is proposed and
presented. The transformer is intended for use in power
converter applications operating at very high frequency
between 30 MHz to 300 MHz. The transformer is based
on two or more solenoid structures in different configu-
rations. The different configurations are compared for
usefulness as a transformer solution, and an analytical
model of the inductive parameters for the most suit-
able configuration is derived for design purpose. The
analytical model is verified by comparing calculations
and measurements of prototypes. The analytical model
shows good agreement with the measured results. The
model can predict the inductive parameters of the
transformer with a deviation range of approximately
3% to 22%. Lastly a prototype is used in a VHF
converter to achieve a rise of 2.2% points in efficiency.

I. INTRODUCTION

The increasing demand from consumers and industry
for high power density converters is leading to continuous
work on resonant switch-mode power supplies (SMPS)
switching in the very high frequency (VHF) range between
30 MHz to 300 MHz [1], with designs achieving efficiencies
up to approximately 90% [2], [3]. VHF power converters
reduces the requirements for inductance and capacitance
for a desired output power as the need for energy storing
per switching cycle is inversely coupled to the frequency
[4]. Galvanic isolation in traditional high-frequency SMPS
is usually implemented with an isolation transformer, that
utilize a magnetic core. This approach is not suitable for
VHF-SMPS as the core-losses will be significant at VHF
[5]. Air-core magnetics with the lack of magnetic core
removes the core-losses and the possibility of saturation,
making them a suitable solution for VHF operation with
the converters low inductance requirements. Air-core mag-
netic design can be implemented into a printed circuit
board (PCB) [6]-[14], and can be implemented with differ-
ent structures. This paper propose an implementation and
analytic inductance model of a PCB embedded rectangular
solenoid air-core transformer. First the concept of PCB
embedded solenoid transformers is introduced, followed

by an evaluation of different winding configurations. An
analytic model of the inductive parameters is developed
for the most promising configuration and finally the model
is verified by measurement of implemented prototypes,
together with the use of a coupled inductor in a VHF
resonant converter, showing improved efficiency.

II. TRANSFORMERS

Transformers in general exist in a vast number of de-
signs, most focused on versions with a core to guide the
flux to achieve a good coupling between the primary and
secondary side. Air-core transformers can also be made
in many designs, but are for practical purposes limited
to structures that in it self will guide the flux through
a common winding area, since there is no core to help
guiding the flux. Spiral and toroid PCB embedded air-core
transformer structures have previously been proposed [10],
[13]. In this paper the solenoid PCB embedded air-core
transformer is proposed.

A. Printed circuit board embedded air-core transformers

The idea behind PCB embedded air-core transformers
is to utilize the easy, cheap and consistent production
method of PCBs with air-core magnetics. In general air-
core magnetics are considered a viable solution for mag-
netic components in converters operating in the VHF
range since they do not have any core losses, which in
a normal core based transformer would be very high [5].
The disadvantages are the low inductance, coupling and
typically a larger external magnetic field, due to the miss-
ing magnetic material [8] . The 3D transformer structures
are created in the PCB by using areas of copper in a two
or more layer PCB as horizontal wires and by using vias
as vertical wires.

1) Solenoid transformers: The PCB embedded rect-
angular air-core solenoid transformer can be designed in
different configurations, where two main configurations are
investigated here. The solenoid transformer is either built
up by having a solenoid winding structure nested inside a
slightly larger solenoid structure, embedded in a minimum



four layer PCB, giving the transformer a rectangular cross
section as seen in Figure la, or built up by having two
or more windings in an interleaved pattern on the same
layers. The interleaved configurations ranges from the
bifilar configuration to the end-to-end configuration as
seen in Figures 1b to 1d. The interleaved configurations
can be implemented in a two layer PCB.

(d) End-to-end

Fig. 1. Different winding configurations of rectangular PCB embed-
ded air-core solenoid transformers

I1I. COMPARISON

In this section different configurations similar to each of
the configurations shown in Figure 1 is evaluated for their
inductive parameters and coupling. A good transformer
will have a high coupling to efficiently transfer energy from
the primary side to the secondary.

A. Transformer parameters

The inductive model of a transformer can be defined as a
two-port passive device and is described by the inductance
matrix [15] in (1). The inductance matrix consists of the
self-inductance for each winding L, and Lg,. Lps and L,
are the mutual inductance, and is determined by the flux
that flows through the mutual area of the transformer.
Note that L,, and Lg, are equal since the transformer is

a passive device.
up(t) _ Lpp  Lyps| d [ip(t) (1)
Us(t) Lsp Lss dt is(t)
The coupling ratio is defined as (2), and is a ratio of
how much flux couples between the primary and secondary

windings. In regular transformers wound around a core,
the coupling is in the range of k = 0.99 for the best [15].

A (2)
v LppLss

The measurement of the inductance matrix defined in
(1) was carried out by measuring the S-parameters [13] on
a Agilent 4396B, set up as a vector network analyzer. The
S-parameter measurements are converted to Z-parameters
[16] and then inductances by (3).

S(2)
w
B. Evaluation of configurations

k=

L= ®3)

Prototypes in each of the configurations similar to the
ones shown in Figure 1 were produced and measured. The
prototypes are shown in Figure 2. The resulting induc-
tances, in Table I, used for comparison are mean values
from 1 MHz to 10 MHz, to remove any small measurement
noise. The impedances measurements of the prototype
transformers, are shown in Figure 3.

TABLE I
INDUCTANCES OF DIFFERENT CONFIGURATIONS OF PCB EMBEDDED
SOLENOID TRANSFORMERS

Variable [ Lpp Lps Lss k
Measured [nH] | 67.40 17.62 9.58 0.70
(a) Nested configuration
Variable [ Lpp Lyps Lss k
Measured [nH] | 42.25 18.95 41.87 0.45
(b) Bifilar
Variable Lypp Lps Lss k
Measured [nH] | 40.95 10.52 38.81 0.26

(c) Interleaved in sections (2:2)

Variable [ Lpp  Lps
Measured [nH] | 41.00 3.22

(d) End-to-end

Lss k
39.45  0.08

The interleaved configurations shows coupling in the
range from k£ = 0.08 to k = 0.45. The more intertwined
the primary and secondary side is, the higher the coupling.
The coupling is in general limited by the clearance between
the traces / sections on the PCB, leaving the end-to-end
configuration with very bad coupling for a transformer.
The sections configuration shows better properties with
the bifilar configuration as the optimum of the interleaved
with a coupling of £k = 0.45. Compared to the nested
configuration, the interleaved configurations are inferior,
as the coupling is k& = 0.7 for the nested configuration.
This coupling coefficient is suitable for a VHF converter
as the leakage inductance can be used in the design of
the converter. As the nested configuration is the most
promising, the inductance formulas for inductance matrix
will be derived and evaluated.
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IV. ANALYTIC MODEL expression:

o The lengths of each solenoid structure are equal

In this section the nested configuration is analytically
o The flux is evenly distributed inside the solenoid.

analyzed. The cylindrical solenoid transformer is a classic
textbook example in the magnetic literature, with rela- The assumption that the flux is evenly distributed inside
tively simple equations [17]. The general equations for the the solenoid is an approximation, and will be a source
a solenoid inductor with a rectangular cross section was of error. The approximation is made on basis of 3D
derived in [18], the short version given in [19]. The formula finite element simulations made in COMSOL of a single
is valid as long as the width is greater than the height of inductor. An example of the strength of the magnetic field
the inductor, which, for all practical purposes, is the case is shown in Figure 4. The flux is slightly concentrated
for PCB embedded solenoids. There are no equations in  where there is a wire or a via, but is on average close
the literature for solenoid transformers with rectangular to an evenly distribution.

cross sections, so the model will be deduced here. The 1) Inductance formula: For the self-inductance Ly, and
following assumptions are made to simplify the model Lgs the equation is given in (5) [19], with the respective



(a) Overview

heights h, widths w and numbers of turns N for the
primary and secondary side respectively. The dimensions
can be seen in Figure 5. For reference the inner structure
of windings is denoted the primary side and the outer the

secondary. g is given by (4).

g% = w? + h?

(b) Sample 1
Fig. 4.

(4)

The mutual inductance, L, or Ly, is determined by the
shared flux, which will pass through the windings mutual
area inside the transformer. The mutual inductance must
therefore be the same inductance formula (5) as the inner

(d) Sample 3

(¢) Sample 2

Flux distribution in a PCB solenoid inductor

4 layer PCB configuration. The full configuration of the
prototypes is listed in Table II. A prototype transformer
is shown in Figure 2a.

TABLE II
PARAMETERS OF THE NESTED CONFIGURATION SOLENOIDS

Dimensions [mm] Turns

Prototype | wp hp Ws hs l Np N
1 232 1.24 25 1.6 10.3 19 19

2 6.6 1.24 8.2 1.6 6.5 7 2

3 16.1 124 177 1.6 7.4 15 2

4 5.2 1.24 6.8 1.6 5.7 7 2

solenoid with respect to the width and height but with the
number of turns as N? = N, N;.

L=8-10""N?

17 .
|:2hsmh

hw

l

(7)+ g

- (3

2
—%(1—%)%sinh_l v
Wi+
1 2
75(17%)isinh71 h
w Wi+
1h w lw . 1 (h
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A. Verification

The nested configuration is produced in different wind-

The measured inductances shown in Table III fit closely
to the calculated with the highest deviation between
calculated and measured being 18.7%. The coupling has
a higher deviation than the inductances, since it is a
combination of the deviations of the inductances, but still
with a maximum deviation of 21.8%, which is comparable
to formulas for other structures [20]. The inductance
equations is in general good enough to use for design of
transformers or coupled inductors.

TABLE III
COMPARISON OF ANALYTIC MODEL AND MEASUREMENTS

Variable Lpp Lps Lss k
Calculated [nH] | 1119.17 1119.17 1499.16 0.86
(5) Measured [nH] 1154.33 1104.82  1506.57 0.84
A %) 3.05 1.30 049  2.89
(a) Solenoid transformer
Variable Lpp Lps Lss k
Calculated [nH] | 65.98 20.91 9.17 0.85
Measured [nH] 67.40 17.62 9.58 0.70
A [%] 2.11 18.71 4.21  21.78
(b) Solenoid transformer - 2
Variable Lpp Lys Lss k
Calculated [nH] | 596.30 86.45 15.77 0.89
Measured [nH] 592.14 76.84 1854 0.74
A %) 070 1250 1495 2054
(¢) Solenoid transformer - 3
Variable Lpp Lps Lss k
Calculated [nH] | 52.47 16.64 7.68 0.83
Measured [nH] 53.40 14.17 8.22  0.68
A %] 175 1742 6.63  21.83

(d) Solenoid transformer - 4

ings ratios, sizes, and coupling ratios to validate the
formulas. The transformers are produced in a standard
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Fig. 5.

V. APPLIED DESIGN

The nested configuration is used in an half-bridge VHF
resonant power converter presented in [21]. The converter
is a class-DE type, with a passive gate drive [22] for both
the high-side and low-side. Each gate drive circuit has
an inductor Lg(; ) in series with the MOSFETs gate.
For the class-DE converter to work properly in the VHF
area, the switch timing between the high-side and low-
side is critical. The two separate inductors can be made
by a coupled inductor instead, which will force the gate
currents to be 180°phase-shifted, and ensure a better
timing, resulting in higher efficiency. As the gate drive
circuit should see the same inductance as when the gate
inductors are not coupled, the primary L, and secondary
inductances Lgs values should be chosen so the leakage
inductance corresponds to the original L¢, leading to (6).
If the coupling is close to one, the inductances would go to
infinity, hence large couplings are for any applied purpose
unpractical, as the coupled inductor will be very large.
A coupling of k& = 0.6 is chosen as a good compromise,
leading to an inductance matrix of (7).

Lg
Lppss =1 (6)
Ly Lys| _ [375nH 225nH -
Ly Le| ~ [225nH  375nH

A. Coupled inductor design

The coupled inductor is designed with the formulas
presented in Section IV, with the simplifications imple-
mented. The length of the inductors are matched (as close
as possible) and the widths w, and wy, are set as close as
possible. The PCB production sets certain limits on the
inductors, e.g. as the width of each trace can be no smaller
than the minimum via hole size, the clearance between the
traces, as well as the width of the inner inductor must have
a minimum clearance to the outer inductor, etc.

Dimensions of the PCB embedded solenoid transformer (nested configuration)

All the restrictions does that not all combination of Ly,
Lss and Ly, can be obtained. The specific design is found
using a genetic algorithm to optimize the transformer to
the given inductance matrix. The algorithm has been set
to favorite the leakage inductance to ensure the high-side
and low-side gate-drive are matched.

B. FEzxperimental

The class-DE converter from [21] is used as base per-
formance. The schematic is shown in Figure 6, with the
corresponding component values in Table IV.

Vin

T Cri Coun
Cin == ‘
Lt =
—t 1
Lo» | Copz D, Cra Courz
M Cs
Vbiasz Cos =
sz v
Fig. 6. Converter schematic of the class-DE inverter with coupled

inductors in the self-oscillating gate drive

TABLE IV
COMPONENT VALUES FOR CLASS-DE CONVERTER

Component | Value
C; 4.7nF
Cs 14pF
CGD 6pF

Cgs 82pF
CGDea:t 39pF
Ic T50nH
Ccn 100nF
Ly 3.3nH
Cr 500pF
L 360nH
CR 40pF
Cour 14nF




TABLE V
COMPARISON OF THE CLASS-DE CONVERTER WITH DIFFERENT GATE DRIVE INDUCTORS

Converter Lpp Lps Lss k_ Lppicak  Lssieak Pin Pout n

Base configuration 150nH - 150nH - - - 12.21W  9.57TW  78.87%
Leakage based 120nH - 100nH - - - 10.25W  6.44W  63.1%
Coupled inductor 238.5nH  165nH  333.5nH  0.58 120.5 102.8 11.32W  9.12W  81.09%

The converter performance is tested at 80V input, and
the efficiency is measured with a Yokogawa WT1600. The
converter, shown in Figure 7, is tested with three different
L¢ configurations:

1) The original inductors
2) Inductors with the value of the leakage inductance
3) The coupled inductor

The leakage inductor value, are two separate inductors
with the value of the leakage inductance of the coupled
inductor. This is to check whether it is the coupling or
the slight change in inductance that causes any effect in
the circuit. The inductor measurement and efficiencies
are shown in Table V. The base efficiency is 78.87%,
and with the leakage-valued inductors the efficiency is at
63.1%. The coupled inductor increase the efficiency by
2.2% points from the base value to 81.09%.

Coupled PCB embedded gate

(b)

driver inductors

Fig. 7. Class-DE converters used for efficiency comparison

VI. CONCLUSION

New structures for PCB embedded air-core transformers
was proposed based on the rectangular solenoid structure,
for use in VHF converters. The structures were evaluated
for the use as a transformer, by comparing the coupling
of the transformers. The structure of two solenoids nested
inside each other, was found to be the most promising. An
analytic two-port model for the structure was developed
and verified by measurements on prototypes of the con-
figuration. The formula shows a good consistency between
the calculated and measured inductances, with a deviation
range of approximately 3 % to 22 %. The proposed analyt-
ical model is suitable to predict the inductive parameters
of the nested configuration of the PCB embedded air-core

solenoid transformers.

The use of a coupled inductor in the self-oscillating gate
drive in a class-DE converter shows that PCB embedded
air-core solenoid inductor are suitable for using in VHF
converters.
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Abstract—This paper describes a galvanic isolated bidirec-
tional Very High Frequency (VHF = 30 MHz - 300MHz) Class-
E converter. The reason for increasing the switching frequency
is to minimize the passive components in the converter. To
make the converter topology bidirectional the rectifier has to
be synchronous. This increases the complexity of the gate drives,
which in this paper is solved by using a self-oscillating gate drive.
A bidirectional converter has been implemented and is described
in this paper; the converter reaches efficiencies above 80% in
forward conduction mode and 73.5% in reverse conduction mode.
The designed converter operates at a switching frequency of 35.6
MHz, which is well within the VHF range. The same converter
is also implemented with PCB embedded inductors to minimize
cost and the physical volume of the total converter.

I. INTRODUCTION

In traditional Switch Mode Power Supplies (SMPS) small
physical size is often a priority. The passive components
usually take up most of the space and scale inversely with
frequency and therefore increasing the switching frequency re-
duces the physical size of the overall converter. The switching
frequency is typically limited to a few megahertz, this is where
the switching losses become dominant as they increase linearly
with frequency. Using resonant converters the switching losses
can be significantly reduced, these types of converters are
used in [1]-[5]. Increasing the switching frequency into the
Very High Frequency ( VHF = 30 MHz - 300 MHz) reduces
the value as well as the physical size of passive components
significantly, not just the energy storing components inside
the converter also the EMI filter can be greatly reduced [6],
[7]. The Class-E DC-DC converter topology, presented in [8]
inspired by [9], is made with an inverter and a rectifier that
both uses a resonant circuit to enable soft switching. This paper
describes how the Class-E topology can be used for bidirec-
tional VHF converters; this topology has two switching devises
placed on each side of a resonant tank made with a capacitor in
series with an inductor, to make this converter galvanic isolated
the resonant capacitor is split into two capacitors where one
is placed in series with the resonant inductor and one in the
ground return path from the rectifier. Then an input and output
filter which also helps to achieve soft switching in the inverter
and rectifier. The symmetry around the resonant tank make
the topology ideal for bidirectional operation. The schematic
of the converter is seen in figure 1. The synchronous Class-E
rectifier has been described in [10] and [11], and a bidirectional
full-bridge class-E converter is implemented in [12] running
at several hundred kilohertz. Bidirectional LLC converter have

been used in different setups and shown that resonant con-
verters are very suitable as bidirectional converter [13]-[15].
The bidirectional Class-E converter topology described in this
paper could be suitable for many applications were size and
price is a key consideration. One application for this converter
is a single converter to charge a battery and then deliver the
power from the battery to a load when it is not charging. This
could be charging a battery from a PV panel during the day
and delivering the power to an LED during the night. Another
use of such a converter could be voltage sharing of batteries
were two batteries need to have the same voltage. In future
prospects this type of converter could also be integrated inside
a chip, which can have two different transfer ratios depending
on which way the chip is placed. This would cut the production
cost for such a converter. Since this converter is galvanic
isolated it is suitable for auxiliary supplies on the secondary
side of an isolated converter. The converter is designed with
a self-oscillating gate drive described in [10] that drives the
MOSFET both in the inverter and the rectifier. This gate drive
has shown great potential for normal VHF converters and in
this paper it is used for driving a bidirectional converter.

II. THEORY

The converter is made as a standard Class-E converter in
both directions, this is done by calculating the component
values of the converter in forward direction, then afterward
the reverse direction from the given resonant tank. To enable
bidirectional power flow in a Class-E converter the rectifier
needs to be implemented with a MOSFET and thereby becom-
ing a synchronous rectifier as shown in figure 1. The use of
VHF converters with synchronous rectification is a challenge
due to the gate signals timing. The gate signals amplitude and
duty cycle needs to be tightly controlled to ensure ZVS on
the MOSFET in the rectifier and to keep the gate losses to
a minimum. The design for the inverter is inspired from the
method used in [16], made for a Class-¢o converter which
is described in [17]. Where the impeadance of the circuit is
matched to create a half sine on the drain of the MOSFET
at the frequency needed to ensure ZVS in the inverter. The
design method is changed to fit a Class-E inverter as described
in [10]. This method is not ensuring a perfect sinusoidal
current through the resonant tank but only that the ZVS of
the MOSFET is achieved.
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Fig. 1. Schematic of a bidirectional Class-E converter

A. Forward conduction mode

The forward conduction mode is when power is drawn from
Vi n and delivered to Vo1 and the reverse conduction mode is
the other way. The first step when designing the power stage is
to make the rectifier. For a rectifier with a duty cycle D = 50%,
the inductor Loyr and the capacitor C'so is chosen so they
resonate at the switching frequency, and the output capacitor
Cour is chosen to be large enough to limit the output ripple.
The input impedance of a Class-E rectifier at different duty
cycles can be found in [18], for D = 50% the input impedance
of the rectifier is:

Zin =0.5760 - Ry, (D

When the rectifier and its input impedance is found the
inverter can be calculated. First the drain source voltage of the
MOSEFET is assumed to be a half wave rectified sine, hence
the peak voltage is:

2-(1-D
Vin = /VDS = VDS,peakQ

)

7T
VDS,peak = ‘/IN 2. (

3(1-D) @

The peak voltage is used to find the rms value of a half
wave rectified sine:

/D
VDS,rms = VDS,peak 5 (3)
The rms value of the output voltage is found from:
Vour,rms = v Pour - ZIN G

The needed reactance of the resonance circuit can now be
determined by [10]:

VDS,rms

2
— ] -1 5
VOUT,rms ) ( )

Xroc =ZIN - (

By combining equation 2, 3, 4, and 5, an expression for
the needed reactance as function of input voltage, duty cycle,
output power, and load is obtained:

VA -m2-D
X -7 . IN -1
RC N \/2~ (2-D—-2)2-Pour-Zin ©

The reactance of the resonant tank has to match the
calculated reactance for the given design, if the capacitor
CRrEso is chosen to be much bigger than the Crpg; it can be
neglected in the calculations, and hence the reactance of the
resonant tank is:

1

_— 7
2.7 fr-CgrEst M

Xro=2-7-f LrEs —

Where f, = #_D) is the frequency of the half wave
sine. Last the input inductor is found this helps ensuring soft
switching in the inverter, this is found by:

1

Loy = — @®)
. 'fr
4'05']“3'71'27):7}?‘0

Where Cg = fjb is the effective capacitance of Cg;.

When the converter is designed in the forward direction the
component values is fixed this limits the possibilities of opti-
mizing the circuit in reverse direction. However there is still
some degree of freedom such as the choice of load impedance
or change of switching frequency.

B. Reverse conduction mode

When designing the bidirectional converter in the reverse
conduction mode the first thing is to calculate the resonance
of Lyn and Cgq, this limits the frequencies of the converter
in this direction, and if the same frequency is maintained as in
forward operation the load options is limited. In this section
the switching frequency is set to be the same as in forward
direction to simplify the calculations. The values of Ly
and Cg; determines the duty cycle of the rectifier in reverse
conduction mode and this affects the input impedance of the
rectifier. When this is found the equations 6, 7 and 8 described
in the forward conduction mode can be used to determining the
duty cycle of the inverter. Most VHF converter have a resonant
gate drive driving the MOSFETs with a sinusoidal current,



when using such a gate drive, the duty cycle can easily be
changed by a varying DC offset. By doing this the duty cycle
can be changed and there by also changing the output power
of the converter.

III. BIDIRECTIONAL CONVERTER

To test the circuit a bidirectional converter has been de-
signed. The converter is operating at low voltages were the
benefit of having a synchronous rectifier is highest. This circuit
is intended to operate from 14 V to 7 V in the forward
conduction mode and from 7 V to 3.5 V in the reverse
conduction mode. All specifications are shown in table I. The
switching frequency is set just inside the VHF range. The
power level is intended for charging of a battery in the forward
conduction mode and delivering power from the battery to an
LED in the reverse conduction mode. The circuit can either
be connected to the charger or the LED.

TABLE 1. DESIGN SPECIFICATION FOR THE CLASS-E CONVERTER
Power flow Vin Vour fs Pour Ry,
Forward 14 7V 37 MHz SW 10 ©
Reverse 7 35V 37 MHz 1.5W 10 ©

A. Gate drive

One of the main reasons to keep the switching frequency
constant in both directions is to make the gate drive imple-
mentation easier. For the prototypes in this paper the gate
drive is implemented with the self-oscillating passive gate drive
described in [10]. The benefit of this gate drive is that it is
controlled by the drain voltage so when the inverter starts
sending power through the resonant tank the voltage across the
MOSEFET in the rectifier will rise and start the oscillation on
the gate. For simplicity the gate drives for the MOSFETs are
the same in the inverter and rectifier. the schematic is shown
in figure 2.

Fig. 2. Schematic of a basic self-oscillating gate drive were L and Cg is
external components

To be able to simulate the converter the gate drive has to
be found. Both MOSFETSs (M; and M) are chosen to be the
FDC8601 from Fairchild as they have relatively low parasitic
capacitance. Because they are both the same MOSFETs the
external components in the gate drive can be the same for
simplicity. First the gate drive for the inverter in the forward
direction are designed to have gain of —10 dB and a phase
shift close to 180° from drain to gate. This ensures that the
MOSFET is soft switching and that the gate signal is large
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Fig. 3.  Waveforms from simulation of the converter in forward conduction
mode, Var1 and Vjrp are the voltage across the MOSFETSs

enough to fully turn on the MOSFET. The gate drive in the
rectifier is implemented with the same external components
but here the gain of the gate dive are —4 dB as the parasitic
capacitances are higher at lower drain-source voltages. The
higher gain in the gate drive is beneficial since the drain voltage
in the rectifier is smaller.

B. Simulation

With the gate drive, the converter was simulated in LT-
spice. The drain voltages of the two MOSFETSs in forward
conduction mode is shown in figure 3 and for the reverse
conduction mode in figure 4. It is evident that the peak
voltages are much higher than the in/output voltages, at 50%
duty cycle the peak voltage across the MOSFET in a Class-
E converter are 3.6 times the in/output for the inverter and
rectifier respectively. The body diode is conduction a small
period of time before the MOSFET turns on, this can be
avoided by increasing the bias voltage seen in figure 2, the
simulation are made with the components values stated in table
I

TABLE I COMPONENT VALUES USED IN THE CLASS-E CONVERTER

Component Value
Crin 100nF
Lin 350nH
Cs1 165pF
CRrEs1 1nF
CrEs2 100nF
LrEes 110nH
Cso 160pF
Lour 156nH
Cour 100nF
Lo 68uH
Ca 40pF

C. Implemented converter

The converter was implemented with discrete inductors
from Coilcraft as shown in figure 5. The waveforms measured
in the forward conduction mode resembles the simulations as
shown in figure 6. The switching frequency of the converter is
measured to be 35.6 MHz. This is close the desired 37 MHz,
the shift in frequency is reasonable since the gate drive is self-
oscillating and is not externally controlled. The converter has
been measured in reverse conduction mode and the waveforms
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Fig. 4. Waveforms from simulation of the converter in reverse conduction
mode
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Fig. 5. Prototype with discrete inductors and synchronous rectifier

is shown in figure 7. The voltage across M; in reverse direction
does not reach as high a voltage level as in the simulation, this
could be due to the parasitics of the MOSFET which are more
dominant at lower voltages. The efficiency of the converter in
both directions is shown in figure 8, the efficiency is 80% for
output powers above 1.5 W. In the forward conduction mode
and above 70 %. The output power is changing over input
voltage as shown in figure 9.

Implementing the magnetics as part of the PCB is widely
used in traditional converters as described in [19], [20]. For
VHF converters there is limited selection of magnetic materials
since most materials does not operate well at these frequencies
and therefore air core inductors are used. One form of air
core inductors used for VHF converters is the PCB embedded
inductors described in [21], [22]. A second identical prototype
is made with PCB embedded inductors and compared to the
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Fig. 6. Measured waveforms of the converter in forward direction
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Fig. 8. Measured efficiency vs. output power

first converter. The converter with PCB embedded inductors, is
seen in figure 10. It only reach 74% efficiency in the forward
conduction mode and 65% in reverse conduction mode. The
reason for the lower efficiency is the low Q values for the
PCB embedded inductors. The Q values of the PCB embedded
inductors varies from 80 to 110 which is lower than what
can be achieved with larger air core inductors. The volume
of this converter with PCB inductors is significantly reduced
as the PCB area remains the same where as the hight of the
converter is significantly reduced. This can be very useful in
many applications were size is an issue. The PCB embedded
inductors has the benefit of being cheap and has a low spread
in production. Both the converter with discrete inductors and
the one with PCB embedded inductors is implemented as
unidirectional converter with a diode rectifier operating in the
forward conduction mode see figure 11. In this configuration
the efficiency is roughly 2.5% lower than with the synchronous
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Fig. 11.  Unidirectional converter prototypes with diode rectifier, (a) with
discreate inductors and (b) with PCB enbedded inductors

rectifier due to higher conduction losses in the diodes. This
proves that the use synchronous rectifiers are very suitable for
low voltage high current applications also in the VHF range.

IV. CONCLUSIONS AND FUTURE WORK

In this paper a VHF bidirectional converter has been
implemented and presented, it has been proven that the Class-E
converter topology it is able to operate as a bidirectional con-
verter in the VHF range. The implemented converter achieves
high efficiency in both operating modes over varying input
voltages and output powers. This type of converter can be used
in various applications where a small bidirectional converter
is needed. The price of this type of converter is relatively low
since it only uses ceramic capacitors, air core inductors and
two MOSFETSs. By using PCB embedded inductors the price
and the physical size of the converter can be reduced further
however in this case it does decrease the efficiency.
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Abstract— This paper presents a new way of rearranging the
input and output of isolated converters. The new arrangement
posses several advantages, as increased voltage range, higher
power handling capabilities, reduced voltage stress and improved
efficiency, for applications where galvanic isolation is not a
requirement. The proposed technique is particularly valuable
in power conversion at very high frequencies, and may be
combined with other stress reduction methods. Finally, the new
arrangements are experimentally verified both on off the shelf
converters and on a VHF resonant SEPIC converter. All results
are in good agreement with the theory and twice the power
handling capabilities and 5-10% higher efficiencies are shown.

I. INTRODUCTION

Constant strive for cost and size reduction of power con-
verters, as well as better performance, results in higher and
higher switching frequencies. From the size and cost per-
spective, higher frequencies are desirable since energy storage
requirements drop linearly with frequency, even though the
components size and price do not typically scale at the same
rate. An added benefit is cost and size reduction of filtering
components. Recent advances in switching devices technology
[1] and magnetic materials [2], [3] allowed converter opera-
tion in low-MHz range with high efficiencies [4]-[7]. If the
switching frequency is pushed beyond 30 MHz, class E derived
topologies - class E, resonant boost, resonant SEPIC, etc. -
made it possible to use air-core magnetics, which eliminates
core loss mechanism entirely [8], [9].

However, loss mechanisms in the switches start to dominate
the total loss budget at higher frequencies. In low-MHz range,
switching loss already gives incentive for use of resonant
transition or quasi square-wave converter topologies (boost
[10], inverted buck [6], flyback [11]). For operation above
30 MHz, switching losses impact converter efficiency so
severely that only ZVS (zero voltage switching) topologies
become practical. Even then, gating loss needs to be accounted
for, regardless of the gating technique: hard-gating, single-
resonant, or multi-resonant [12]. Needless to say, proper
utilization of the switching components, especially in price-
sensitive applications, is a must.

Class E derived converters exhibit voltage stress on the
inverter switch of typically between 2.5 and 3.6 times input
voltage, depending on the switch duty cycle [13]. As a
consequence, devices with high voltage ratings are required.

978-1-4799-7949-3/15/$31.00 ©2015 IEEE

These devices typically perform worse compared to their lower
voltage counterparts, as voltage rating comes at the expense of
increase in Rpg,on, with all other parameters held the same.
It is therefore of interest to reduce switch voltage blocking
requirement in order to improve performance.

Voltage stress in these converters can be reduced by em-
ploying multi-resonant networks, either transmission line [14]
or discrete with limited number of harmonics [15]-[17]. By
implementing these techniques, switch voltage stress in VHF
converters can be reduced to 2-2.5 times input voltage for the
same duty cycle, but this technique requires extra resonant
elements. Another approach infers single switch quasi square-
wave converter topologies. The downside of quasi square-wave
converters is limited converter transformation ratio (inverted
buck, boost), or excessive ringing on the primary switch due
to leakage inductance (flyback). In [18] a self-oscillating drive
method was used to obtain a VHF self-oscillating DE inverter,
in which the switch voltage stress is limited to input voltage.
Finally, converter cell stacking [19], [20] reduces the switch
voltage stress by N compared to a single cell case, where N is
the number of converter cells. However, control becomes more
complicated since it is required to balance voltages across the
cells, and certain start-up issues may occur.

This paper presents a voltage stress reduction method, which
may be used in either step-up or step-down applications
where galvanic isolation is not a requirement. In addition to
voltage stress reduction, it results in higher converter efficiency
with minimum adjustments to the original circuit. Section II
describes the method in detail. Section III shows experimental
results when the principle is applied to conventional off-
the-shelf design and a VHF prototype, respectively. Finally,
Section IV concludes the paper.

II. THE BASIC PRINCIPLE

Fig. 1 shows the conventional input-output configuration of
an isolated dc/dc converter. If two isolated converters have
their inputs connected in parallel and outputs connected in
series, we obtain the structure in Fig. 2 (top). Similarly, if
the inputs are connected in series and outputs in parallel, the
structure in Fig. 3 (top) is obtained. Let us assume that one
of the converters in each configuration is with 1:1 voltage
transformation ratio. In such case, it is possible to connect its



input to its output directly and remove 1:1 converter from the
circuit, without effecting the rest of the system. In doing so,
part of the delivered power flows directly from input to the out-
put, and is not processed by the converter. As a consequence,
higher converter efficiency is achieved. Moreover, compared
to the single cell design, voltage and/or current stresses on
the switches are reduced. The only difference is that the input
is not galvanic isolated from the load. Fig. 2 and 3 (bottom)
demonstrate the final connection rearrangement to obtain step-
up and step-down configuration, respectively.

To quantify the benefits from the proposed configurations,
we analyze the case where input voltage V;,, and output volt-
age V,,,; are held constant across all configurations. Moreover,
output current /,,¢ and output power F,,; are held constant
as well. A distinction is made between the power processed
by the converter Pr, and Pyy;.

Voltage transformation ratio of the conventional converter
is
Vnut
Vvin

In step-up and step-down configurations, transformation
ratio of the converter cell only becomes

M= (€))

My, = V“tvi_v @)
Vout

M own = T, 1,5 3

¢ Vtin - Vout ( )

In general, switch voltage stress is a function of both input
and output voltages. In step-up configuration, output voltage
stress contribution is reduced by a factor of (1 — Vi, /Vout).
In step-down configuration, input voltage stress contribution
is reduced by (1 — Vot /Vin).

Output power of all three configurations is the same:

Pout = Vout Lout (4)

The power processed by the converter P in the conven-
tional structure is equal to P,,;. In the step-up and step-down
cases, this power is given as

Vin
Pcup = Pou 1= ©)
Cup ! ( Vout)
VO’U./
PC,doum = Pout <1 - Vi f) (6)
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Fig. 1. Conventional isolated dc/dc converter topology. Dashed line represents
galvanic isolation.
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Fig. 2. Step-up configuration: two converter cells with inputs in parallel and
outputs in series (top) and a single cell equivalent (bottom).
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and outputs in parallel (top) and a single cell equivalent (bottom).
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Pcup and Pc gown are smaller than P,,, and the remaining
power is delivered through the DC path. Efficiency of that
power transfer is very close to 100%. Assuming that Pc,
Pcup, and Pg gown are transfered with the same efficiency
7, effective efficiencies of the step-up and step-down configu-
rations can be expressed in terms of 1, Poyt, and Pc up/down:

Pout — PC,up/down

P, out

PC,up/down
Pout

Nup/down = 1 7
Equations 5-7 are illustrated in Fig. 4. The plot clearly
shows that for limited step-up or step-down ratios, the percent-
age of the output power processed by the converter is small
and hence the efficiency improvement becomes significant.
For a step-up converter with 330V input and 400V output
only 17.5% of the output power would be processed by
the converter and if the converter efficiency were 80%, the
rearranged efficiency would be 96.5%. The converter would in
that case have to be designed as an galvanic isolated converter
with 330V input, 70V output and a peak output power equal
to 17.5% of the required power. Hence a high power boost
converter with high efficiency could be replaced by a low
power flyback or SEPIC converter with moderate efficiency
while achieving the same overall system performance.
Adaptations shown in Fig. 2 and 3 can be used for any type
of isolated converter, regardless of the isolation type (inductive
or capacitive). In Fig. 5, a flyback converter is used in a step-up
configuration, along with simulated waveforms. Fig. 6 presents
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Fig. 5. Flyback converter in step-up configuration (top) and simulated

waveforms of a quasi square-wave 1:2 flyback converter in conventional
(solid black) and step-up (dashed red) configuration. Diode voltage and switch
current stresses are reduced by a factor of 2. Output capacitance is formed
by series connected Coy¢ and Cly,.

a class DE converter (DE inverter and DE rectifier) in step-
down configuration.

The proposed technique may be used together with multi-
cell stacked designs, as shown in Fig. 7. This also adds
complexity to control circuitry since it needs to monitor and
balance voltages across the cells.
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III. EXPERIMENTAL RESULTS %0
A. Off the shelf converter 80
In order to experimentally verify equation 5-7 a test % -
setup with two isolated 12-12V DC/DC converters (Murata - - “Theoretical
NTE1212MC and CUI Inc PDS1-S12-S12-S) has been made. 60 — Step-Up
The setup is made with five jumpers allowing the setup to be 50 — Step-Down
changed between normal configuration (12-12V), step down CUI Inc PDS1-S12-812-S
(24-12V) and step up (12-24V). 100
The measured efficiency as function of output power is 90
shown in Fig. 9. The increased efficiency and power handling
capability in the new configurations are clearly seen. With a 1- _ 80
2 or 2-1 step ratio the converter only handles 50% of the output %
power (see equation 5-6). The power handling capability is 70 — Normal
hence doubled while the efficiency is increased across the 60 - - - Theoretical
entire load range with half the loss at full load. — Step-Up
— Step—-Down
50
B. Resonant SEPIC converter 0 0.5 1 15 2

Power [W]
As mentioned in Section I, the input and output voltage
and the Subsequent voltage stress on the semiconductors is Fig. 9. Measured performance improvements of two rearranged converters.
of high importance in resonant converters. The availability of
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Fig. 10. Resonant SEPIC converter with capacitive galvanic isolation.

suitable semiconductors is reduced significantly as the break
down voltage requirement gets above 100 V. Furthermore the
amount of resonating current needed in order to achieve zero
voltage switching scales with the voltage squared, hence a
reduction in input and output voltage will lead to significantly
lower currents and thereby also reduced losses due to ESR in
the components.

As the switching loss in resonant converters with ZVS is
reduced to a minimum, these converters are operable at several
tens of MHz [12], [15]-[19], [21]-[32]. At these frequencies,
galvanic isolation can be achieved simply by adding a small
capacitor in the return path between the inverter and rectifier.

The proposed rearrangement is hence extremely well suited
for non-isolated converters where very high frequency resonant
converters can be used to achieve high power density, low
cost and weight and still keep the efficiency high. In order
to show the benefit in these type of converters a resonant
SEPIC converter (see Fig. 10) switching at 50 MHz has been
implemented and tested on the test board in Fig. 8.

Figure 11 shows the performance improvements measured
with this setup. From the plot it is clearly seen that both the
efficiency and the voltage and power handling capability are
increased. The measurements and theoretical values for the
step down version fits well as the loading conditions as well
as the input voltage are the same. For the step-up version the
output voltage from the converter changes quite dramatically
as the input voltage is increased and becomes close to zero
towards the end.

In [18] the same principle is shown for a capacitively
isolated VHF class DE converter. Here the rearangement
increases the efficiency by 5-10% across a wide input voltage
range. At the same time the input voltage and output power
is increased by approx 50%.

IV. CONCLUSION

The paper presents a voltage and/or current stress reduction
technique for isolated dc-dc converters in applications where
isolation is not a requirement. The technique provides higher
efficiency compared to a conventional single cell design, and
it can be combined with other methods of voltage stress
reduction, as long as the initial converter provides capacitive
or inductive isolation. Obtained benefits are considered very
appealing for certain non-isolated applications, such as LED
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Fig. 11.  Measured performance improvement of a VHF resonant SEPIC.

lighting. Theoretical analysis and experimental results are
provided and are in good agreement. Twice the power handling
capabilities and 5-10% higher efficiencies are shown for the
tested converters.
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Abstract—This paper describes a Very High Frequency (VHF)
converter made with three Class-E inverters and a single Class-
DE rectifier. The converter is designed for the US mains (120 V,
60 Hz) and can deliver 9 W to a 60 V LED. The converter has
a switching frequency of 37 MHz and achieves an efficiency of
89.4%. With VHF converters the power density can be improved
and the converter described in this paper has a power density
of 2.14 W/cm3. The power factor (PF) requrements of mains
connected equepment is fulfilled with a power factor of 0.96.

I. INTRODUCTION

In traditional Switch Mode Power Supplies (SMPS) the
passive components occupies most of the volume. Increasing
the switching frequency reduces the physical size of the
power supply since the passive components scale inversely
with frequency. The switching frequency of hard switching
converters is typically limited to a few megahertz due to
switching losses and limited selection of commercial avail-
able gate drivers operating at higher frequencies. In resonant
converters using soft switching the switching losses can be
neglected and is therefore not limiting the frequency. Therefore
when increasing the switching frequency to the Very High
Frequency (VHF) range (30 MHz - 300 MHz) resonant
converter topologies are used [1]-[5]. Most VHF converters
consist of an inverter and a rectifier. The VHF converter
described in this paper consists of three Class-E inverters [6],
[7], and one Class-DE rectifier described in [8]-[12]. One of
the challenges with the Class-E resonant inverter when using
a high input voltage is the peak voltage across the MOSFET
which theoretically is Vpeqr =~ 3.6 - Vi, when the duty cycle
is 50% [8]. If a single Class-E inverter were to operate from
the US mains (120 V, 60 Hz) the MOSFET should be at least
650 V devise to withstand the voltage peak. As there do not
exist 650 V devises with good characteristics, three inverters
is connected in series to divide the input voltage as in [13].
This reduces the peak voltage across the MOSFET in each
Class-E inverter to one third. To decrease the input voltage of
the three inverters further, the load is placed in series with the
input of the inverters as described in [14]. The three inverters

Inverter

+ + + | + +

Vac | Diode bridge Inverter Rectifier

Inverter

Vour Load

:

Fig. 1. Configuration of the converter, each box has input on the left and
output on the right side. The resonant tank is shown between the inverters
and the rectifier.

share a single rectifier and has a combined resonant tank made
with six capacitors and one inductor. The configuration of the
inverters, rectifier and load is shown in Fig. 1. Each inverter
is implemented with the self-oscillating gate drive described
in [15] and used in [16], [17].

The schematic of the converter is seen in Fig. 2 where
the dotted line shows the separation between the inverter,
resonant tank and the rectifier. In this configuration each
inverter’s output is galvanic isolated from the rectifier by
the two resonant capacitors, this is necessary because of the
series connection of the inverters and the load. The converter
is however not galvanicly isolated since the load is directly
connected to the input diode bridge as seen in Fig. 1.

The converter described in this paper is designed to run
from the US-mains delivering 9 W to a 60 V LED. The
full specifications are shown in Table I. The LED market
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Fig. 2. Schematic of the converter topologi used in this paper, the dotted line shows seperation between the Class-E inverter, Resonant tank and the Class-DE
rectifier. In the final converter three inverters are combined to a single rectifier.

TABLE I
SPECIFICATIONS

120 V

60 V

9 W
37 MHz

VIN.RMS
Vour
Pour

[s

is growing rapidly both with replacement bulbs and new
LED fixtures. In this market a small size, high efficiency,
and increased regulations regarding power factor (PF) is a
challenge. This paper shows how this can be achieved by use
of VHF converters.

II. THEORY

The converter consists of three Class-E inverters and a single
Class-DE rectifier which is connected as shown in Fig. 1.
When designing a resonant converter the rectifier is usually
designed first. Then the inverter is designed to match the input
impedance of the rectifier. The load is a 60 V LED and due
to the high output voltage the Class-DE rectifier topology is
chosen. The Class-DE rectifier has the advantage that the peak
voltage across the diode is equal to the output voltage, which
makes is suitable for high voltage applications. The design of
a Class-DE rectifier is described in [8], [11]. The capacitances
Cp1 and Cpy is found by:

Vaut 7 2.

"~ w-(Cp1 +Cpo)

The input impedance of the Class-DE rectifier with D =
0.25 is:

R =

(€Y

Iout

1
2.

The design for the Class-E inverter is described in [16].
Each inverter is designed to work with a third of the rectifiers
input impedance. The resonant inductor is designed as three
separate inductors and then combined into one inductor. The
resonant inductor can be combined since the output of the three
inverters is in parallel. The value of the combined resonant
inductor is equal to a parallel connection of the three separately
calculated resonant inductors. With a combined inductor a

“Rp 2)

ZIN =

7
VDrain

T @] T Cas Vaate B

Fig. 3. Schematic of the gate drive with MOSFET parasitics.

higher Q can be achieved. This increases the efficiency and
reduces component count. Another advantage of using a single
resonant inductor is that the switching frequency of the three
inverters is forced to synchronize.

The gate drive used in the inverters is shown in Fig. 3. This
is a simple passive gate drive described in [15] where Cap,
Cgs and Rgyqq is the parasitic components of the MOSFET.
The gate drive creates a phase shift of 180° from drain to gate
and maintains a sinusoidal gate voltage. The bias voltage is
kept around the threshold voltage of the MOSFET to achieve
50% duty cycle.

III. DESIGN AND SIMULATIONS

The converter is designed to deliver 9 W from US mains
(120 V at 60 Hz) with a 60 V LED as load. The converter is
designed with a switching frequency of 37 MHz this frequency
is chosen to place the second harmonic below the FM band
(87.5 - 108 MHz) and the third harmonic above. The power
balance design of the converter is described in this section.
One of the three Class-E inverter is simulated together with
a Class-DE rectifier designed for a single stage as a DC-
DC converter as shown in Fig. 2. To speed-up the simulation
process. The 37 Mhz converter is evaluated at different DC
input voltages to equivalent the quasi stationary behaiviuor of
the slow 60 Hz AC mains input. LT-Spice is used to simulate
the converter with a simple model of the MOSFET including
the parasitic capacitances and gate resistor.

When designing a resonant inverter it is important that
the converter can operate in the desired voltage range. The
converter is designed to deliver 2.5 W at V;ny = 30 which is
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Fig. 4. The input voltage after the rectification with markings for when the
full converter are running.

a reasonable starting point. As each inverter will deliver less
than a third of the total power to the load. The first simulation
is used to find the minimum stable voltage. It shows that the
converter start at 20 V where the gate drive has enough gain to
maintain the resonating gate voltage. In case all three inverters
are not perfectly sharing the input voltage the minimum turn
on voltage is raised to 23 V. The maximum voltage can be
found by (3).

Vi eak — VLL
‘/inv,peak = % (3)

When Viy peak = Vin.ras - V2 = 120V - /2 & 170V the
maximum voltage for each inverter is 37 V.

With the minimum and maximum voltage for each inverter
found and assuming the output voltage is a constant 60 V the
converters ON period can be defined. The ON period of the
rectified 60 Hz period is shown in Fig. 4.

When the operating voltage and the ON period is found the
average input current I;y avg in the ON period of the total
converter can be found from (4).

Ton

ta
Py = . / ‘/IN,peak', : SZTL(t) . ]INA,avg dt (4)

TPcr'I’,od t1

The input power is Pry = £2U2 — 10'W assuming an

efficiency of 90%. The integral is found from t1 to to to
integrate over the total ON perriod Toy. By solving (4) for
the average input current the result is 7y 409 = 100 mA.

When connecting the load in series with the inverters the
output power can be split up into two different parts. The
PrNcurrent 18 the part coming from the input current that
runs through the inputs of the inverters. The Prgc is the part
coming from the rectifier.

POUT = PINcurrent + PREC- (5)
PINcurrent is found to be PINcurrent = IIN,avg : VLoad :
t}fON - = 2.71W. Pgrgc is the total power from the rectifier

and therefore each inverter need to deliver a third of this
% ~ 2.1 W. The single converter is now simulated at
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Fig. 5. Simulated output power vs. input voltage.

different input voltages where the output power is measured,
this is done to avoid long simulations of the half sine at 60
Hz. The result of the simulations is shown in Fig. 5.

By making a linear aproximation of the measurements
shown in Fig. 5 a relationship between the input voltage and
the output is defined (6).

Pout =0.16 - Vi, — 1.8 (6)

This can then be used to see how much power each converter
delivers to the load over one period. The voltage across each
inverter follows the form described in (7).

VIN,p(iak . =5Zn(t) - VOUT
3
When combining (6) and (7) the output power can be
integtrated over an ON period which is used to verify the
output power of a single inverter stage is reaching 2.1 W.

) /.t20.16 ViNpeak - sin(t) — Vour
t1

VI nv — (7)

ton
Pout =

—1.8d¢
®)

The single converter is delevering 2.13W in a full period.
The components used in a single converer stage is described
in Table II. The component values will change in the resonant
tank and the rectifier when all three inverters shares one single
rectifier.

3

tperiod

TABLE 11
COMPONENT VALUES FOR A SIGLE INVERTER AND RECTIFIER.
Component Value
CIn 1 uF
LIN 1 }IH
Csi 18 pF
CRrES1 39 pF
CRESQ 4.7 nF
LRES 1.24 pH
Cpy 7 pF
Cpo 7 pF
Cour 1 pF
Lg 82 nH
Ca 39 pF




100
=
Q
& 50
=

0 | | | |
0 20 40 60 80 100
Time [ns]

Fig. 6. Drain waveforms from simulation of the inverter at the mimimum
and maximum input voltages.

To verify the behavior of the converter within the full
voltage range simulations are performed. The converter is
operating in the full voltage range. The drain waveforms from
simulation at minimum and maximum input voltage are shown
in Fig. 6, the converter is ZVS at both input voltage. The self-
oscilating gatedrive causes the switching frequency to change
depending on the input voltage. The frequency change comes
from the nonlinear parasitic capacitances of the MOSFETs.
The change in frequency are relativly small is in not a problem
regarding the FM-band.

IV. EXPERIMENTAL RESULTS

The converter is implemented with a single rectifier to
reduce component count. Because the rectifier is connected in
parallel with all three inverter the input impedance should be
three times higher that for a single inverter stage. By looking
at (1) that means that the two capacitances is getting 3 times as
large. The three resonant tank inductors can also be combined
into a single resonant inductor. A single resonant inductor
will only be a third on the value and can have a higher Q
which means higher efficiency. The component list is shown
in Table III. The inductors used as input inductor’s (Ljy)
is the 1812CS series from Coilcraft and the gate inductor’s
(L¢) is the 1008CS series. The commen resonant inductor is
chosen to be a 2929SQ air inductor because this have a high
Q at 37 MHz. The MOSFET used in the inverters is IRF5802,
which is a 150 V silicon MOSFET from International Rectifier.
The diodes used in the rectifier is the 60 V schottky diode
PMEG6010AED from NXP. The input bridge rectifier is the
MBS2 which is rated for 200 V.

A picture of the converter is shown in Fig. 7. It measures
20.2mm x 38.2mm. The PCB is devided into two box volumes
one is to the left of the large resonant inductor and one with
the large resonant inductor. The distance from the left side of
the PCB to the resonant inductor is 22.7 mm and the height
in this part is 2.7 mm, the part with the resonant inductor is
9.3 mm in height. The converter is achieving an efficiency
of 89.4% and a power density of 2.14 % The temperature
of the converter in steady state is shown in Fig. 8 were the
warmest spot is the MOSFETs in the middle of the PCB
reaching T4, = 58 °C. The temperature test was performed

TABLE III
COMPONENT VALUES FOR THE IMPLEMENTED VHF CONVERTER.

Component Value PCS
Crn 1 pF 3
L[N 1 pH 3
Cg1 18 pF 3

CRrES1 39 pF 3
CRrES2 4.7 nF 3
LRES 430 nH 1
Cp1 21 pF 1
Cpa 21 pF 1
COUT 1 }JF 1
La 82 nH 3
Ca 39 pF 3

20.2 mm

Fig. 7. The converter with three inverters and one rectifier.

with the PCB placed horisontal in a vise with 21 °C ambient
temperature.

The converter is designed to run from the US mains and high
PF is often a requrement for offline converters. This means that
the converter starts once each inverter’s input voltage reaches
23 V on the input and runs until the input voltage becomes too
low for the self-oscillating gate drive to operate. This converter

Fig. 8.
in °C.

Image of the converter in steady state. The temperatures are shown
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type works as a voltage controlled current source. The input
voltage and input/output currents are shown in Fig. 9. It is
evident that the input current is in phase with the voltage which
is needed to achieve a high PF. The converter reaches a PF
= 0.96, which is high for an offline LED driver in this power
range. The converter achieves a high PF, this makes it suitable
as a power factor correction (PFC) converter if prober contols
is implemented. The converter shuts down twice every 60 Hz
period which results in a 120Hz flicker at the output. To reduce
this low frequency flicker an energy storage is needed. This
could be a large capacitor at the output, however this would
reduce the power density.

V. CONCLUSION

This paper describes a VHF converter driving a 60 V LED
from the US mains. The converter consists of three Class-
E inverters and one Class-DE rectifier. The converter has a
switching frequency of 37 MHz and an efficiency of 89.4%.
Increasing the swithcing frequency to the VHF range reduces
the size of the passive components and thereby the size of the
converter. This size reduction results in a high power density
of 2.14 % The input current is in phase and proportional to
the input voltage which results in a PF of 0.96.
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Abstract—This paper presents a mathematical model of a
charge pump half- bridge resonant converter. The model is
derived using the first harmonic approach. The model describes
the impedance of the resonant tank network as a series connection
of an equivalent capacitor and resistor. To validate the model, a
frequency control method was developed. The frequency control
method was used to achieve a power factor of 0.99 and reduce
the input harmonics compared to fixed frequency operation. The
converter was simulated and implemented and the performance
of the converter with and without control were presented and
compared.

I. INTRODUCTION

Switch mode power supplies (SMPS) dominate the market
for off-line power supplies. Traditional SMPSs, described in
[1], use mainly hard switching topologies which limits oper-
ating frequency as a result of switching losses. Nevertheless,
increased switching frequencies permit reduced volume and
therefore alternative topologies which overcome this limitation
are required. Resonant converter topologies are a prime exam-
ple as they reduce the switching losses significantly and in-
creases the maximum switching frequency limit. For consumer
electronics some of most common resonant topologies are the
LLC and LCC [1]-[4]. These topologies can be operated at
a load independent point with a fixed input to output voltage
ratio which makes them well suited for applications with a
varying load. Other resonant topologies used today are the
Class-E, Class-DE, and resonant Sepic [5]—[8] inspired by high
frequency amplifiers connected to rectifiers. These converter
topologies are suitable for applications with a constant output
current. The simplest implementation of a resonant converter
is a DC to DC converter with at a fixed output power which
works very well for a single operating point. The resonant
converters can have problems if ether the input voltage or load
is changing, some topologies can be designed with a fixed
voltage transfer function which makes it possible to change
the load without changing the output voltage.

Resonant converters with a changing input voltage or a
changing load need control to ensure soft switching, correct
output power or to control the input current for maximum
power-point tracking purposes. There are several control meth-
ods such as burst mode, phase shift and frequency control [8]—
[12]. Changing the switching frequency allows the behaviour
of the converter and its transfer function to be controlled.
Frequency control is used to track changes in the load main-
taining a constant output voltage or change the voltage transfer
function with input voltage variations. With proper design,
resonant converters can work at different input voltages and
loads within certain limits. This technique is often seen in LLC

and LCC converters when they are used as the second stage
after a AC-DC power factor correction (PFC) converter [13].

Single stage solutions for lighting applications are gaining
impetus with light emitting diodes (LED) applications gain-
ing prominence. For low power applications there are sev-
eral appropriate topologies including traditional hard-switched
topologies such as the flyback and newer resonant topologies
which are described in [14]-[16]. These single stage solutions
have also been investigated for fluorescent lighting [17].
Another approach to operate with varying input voltage for
off-line applications is reported in [14]-[17], which achieves
mains operation while maintaining high power factor (PF).
These topologies are used in industry for fluorescent and LED
lighting.

In this paper the first harmonic approach (FHA) is used to
characterise the charge pump topology reported in [17] and
shown in Figure 1. The FHA is a general way of analysing
and understanding the operation of resonant converters [2],
[18] through harmonic approximation of a piecewise analytical
circuit model. The FHA analysis is described in detail in
section III. The FHA model is verified using a novel frequency
control method based on the input AC voltage. The control
method was simulated and verified in hardware. Both the
simulation and the measurement results are presented with and
without the frequency control in section V and VI.

II. ANALYSIS OF OPERATION

The converter in Figure 1 uses a resonant half-bridge
topology. The resonant tank consists of inductor L,.s, three
capacitors Ci..s, Cp and Cj, and load resistor Rj,qq. The
converter operates at 50% duty cycle with extended dead
time to enable the resonant current in L,.s to charge or
discharge the output capacitance of the MOSFETs until they
reach the appropriate rail voltage thereby ensuring zero voltage
switching. The purpose of the three capacitors are as follows:
the resonant capacitor C,..s. The capacitor C}, works as a
DC blocking capacitor for the load. C;, is the charge pump
capacitor which draws current from the mains and delivers it
to the DC capacitor Cp¢. The capacitor C;, is charged and
discharged with |V4¢| each period, in steady state the current
drawn from the mains tracks the AC voltage and leads to a
good PE.

When analysing the high frequency operation of the con-
verter, the AC input voltage is at such a low frequency that it
can be treated as DC (therefore V4 is constant over a few
cycles). The converter operates in four different stages during
a full cycle. The voltage, V4, over the cycle is shown in Figure
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Fig. 2. Normalized voltage at point V4 over a switching cycle.

2. The first stage from 03— to 0, the resonant current passing
through L,.s goes into C,..s and C}p and no current is flowing
in Cin-

The second stage from 6; to 62 starts when Cj, starts
conducting, the resonant current now flows into Cl..s, Cp and
Cin. In Sy the current flowing through Cj,, is also flowing
through D5 and into Cpe, S stop when the current in Cj,
is [Cm =0.

The third stages is similar to the first where the resonant
current is only flowing in C..s and Cj.

In stage fourth the capacitor C;, is active again. In this
stage, the current is flowing from the AC mains through the
diode bridge (D to Dy4) and into Cy,. Since V4 is constant
over the cycle, the energy stored in S; must be equal to the
energy discharged in Ss. The length of the four stages will
change depending on V4. When the AC voltage is close to
0, the converter will operate mainly in S; and S3, whereas,
when V¢ is high, the converter will operate mainly in So
and Sy. The initial voltages for each stage is given in (1).

VCDC - Vaca 0= 91

_ VCD(;7 0 =0,
Va= Vae, 0=m+0, M

O, 0=7T+02

The voltage across the capacitor C;,, does not change during
S1 or S3 because no current flows through the capacitor,
therefore the Vi, is equal at the beginning of S; and Sy
and also S5 or S3. The voltage across the capacitor Cj,, in So
and S, changes from O to the AC voltage. The initial voltage
for capacitor Cj,, is listed in (2).

Vaw 0= 01
o 0 = 0,

Yew =Y 0, g=n+0, @
Vie, 0 =m+05

Because the topology is drawing high frequency current
from the mains it is necessary to filter the input current due
to EMI, this filtering is done with L4c and Cyc. For the
converter to operate correctly the voltage across Cpc needs
to be larger than the peak of the AC mains voltage to avoid a
direct path from the mains to the Cpc. If this is achieved the
only input current will be the high frequency current drawn
from Cj,. If the peak to peak voltage in V4 is kept at Vi,
through a mains cycle the energy charged in the capacitor
Ciy 18 %Cm |Vac 2| the energy drawn from the mains are
Iac - |Vac| this leads to the relationship of

1
§Oi'n : |VAC‘ (3)

As seen the input current should be linearly proportional
to the AC voltage ensuring a high power factor with low
harmonics.

Tac =

III. THE FIRST HARMONIC APPROACH

In this section the circuit is analysed with the first harmonic
approach. The goal is simplify the resonant circuit into a series
connected LCR filter of the type shown in Figure 3. This
simplified circuit will reduce modelling complexity and allow
easier control. To analyse the resonant circuit with the FHA
model, the charge pump circuit in Figure 1 must be simplified.
The simplification is achieved in three steps

1) For a high-Q resonant tank, the input current is sinu-
soidal and therefore L,.s; can be replaced by an ideal
sinusoidal current source of some unknown value, I;,,.

2) For analysis at the first harmonic, the combination of
Cres » Cp and Rjqq can be combined into a single
complex impedance. By splitting into real and imaginary
parts, the impedance may be drawn as series-connected
resistor, R,, and capacitor, C,.

3) The rectifier and half bridge at the input stage can be
simplified to two diodes if bipolar V4 is replaced with
unipolar |V4¢|. To ease the math the input AC voltage
will be written as V¢ in the rest of the paper and
assumed positive.

The result of this simplification is shown in Figure 4. Since
we are only concerned with the first harmonic and not DC
effects, Vac can be subtracted from each branch without
affecting the RC branch for a further simplification shown in
Figure 6.

In the analysis, all components are taken as ideal, the
voltage V4 is defined to be minimum 0 V and maximum
Vacpear (i€. V4 min is taken as reference).

The resonant current I;, is defined in Equation 4, where
lin is the amplitude and @ is the phase going in the range 0
to 27 over a full cycle. The voltages in the four stages will
be analysed on the basis of this resonant current.
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Fig. 4. Simplification of the circuit for the FHA model.

Iy, = Iin - sin(0) (€]

Now the voltages in the four stages will be analysed on the
basis of this resonant current.

A. First stage (0 — 1 < 0 < 01)

In the first stage, the charge pump capacitor, C;,, is not
active and therefore the circuit can be simplified to that shown
in Figure 5. The voltage V4 is defined as the voltage across
C, and R,.

Va=Veor + Vie 5)

which can be found from Ohms law as

Tin cos (6)

1 o
Va=1I (Rz + —) = Iin sin (0) R, — o C.

sCly

6

The initial voltage V'1 can be found from (1) at either 6
or 5 and is shown here for 6,

(1

Fig. 5. The active resonant circuit in stage 1 and 3.

+ Vi

C

Dy

"Ln
| L
\
Dy /N

C) Vbe = Vac

+ L
Cy
Iy
Iin () Va
R,

Fig. 6. The active resonant circuit in stage 2 and 4.

 lin (=G, sin (62) Ry w + cos (62))

V1 =
w Cy

O]

B. Second stage (0, < 0 < 65)

In the second stage, the resonant current is divided into two
parts: a current (/1) through C, and R, and another through
Cin. The latter is essential for the power factor capabilities of
this topology. The two currents are shown in Figure 6. The
resonant current [, is found from

Iip = Iin sin(0) = I; (0) + 1> (0) ®

The voltage V4 is still defined as

Va= VC,T, + VR,T, (9)

The voltage V4 is then

J 1 (8) df
a wCy

And the voltage across C;,, is dependent on the current [,
and is defined as

Va=1I (0)R, +V2 (10)

[ L(0) 4
VCz'n, = w Czn

The resonant current divides into the two currents /; and I
whose amplitude and phases may be calculated with refence
to the impedance ratios X and IN.

+ Veino an

1

Zcin Jw Con

X = = (12)
1 1
" jwCinCyRy + Cip + Cs
Z, Re + 5
IN = = e (13)
Zy + Zcin RT+m+m

_ Cin(jwCR, + 1)

These are then used to calculate /; and I
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L.(6) = |X| Tin sin (9 avetan (%))

= |X|Iin sin(6 + £X)

14)

Where S (X) is the imaginary part of X and R (X) is the
real part of X. As seen the equation is rewritten with angle
£ X which is the argument of X.

Having found I, we can now calculate V4 from (10).

| X | Iin cos (0 + LX)
wCy

Va=|X|Iinsin(0+ LX) R, +
5)
Where the initial voltage V2 found at 65 is

| X | Iin (sin (62 + LX) Ry wCyp —cos (02 + £X)) — Vip wCy

V2=
wCy

(16)

Likewise, the current I, flowing through Cj,, is:

I, (9) = |IN| Iin sin <9 + arctan (;g%%)) (17)

= |IN|Iin sin(6 + LIN)
The phase 65 is found when the diode D5 stops conducting.

The current in D5 is Is and by solving for when the current
reaches 0, the phase 65 is found

S (IN)
R(IN)

92:—arctan( >+7r:—AIN+7T (18)

C. The piecewise equation

Repeating this analysis for S3 and Sy, voltage V4 can be
found for the complete cycle. The piecewise equation for V4
is hence given in 19

Iin cos (0)

+ V1 + Lin sin (0) Ry, 6y — 7 <6< 6

wCy
|X| Iin cos (e + Lx)
_— 42

w Oy
+1X| Iin sin(6'+LX>R_,,, 01 <0< 0y

s o (19)
Iin cos (6)
- + V3 + Iin sin (0) Ry, 6y <6< 6) +m
wCy
|X| Iin cos (9 + Lx)
L S I /)
wCy
+\X\Iznsin(6+LX>Rm, 01 4+7<60<60g+m
The initial voltages V; to V, are
v _Iin (—C_T sin(LIN) Ry w — cos (LIN)) (20)

wCyg

Voo |1X| Iin (sin (LIN - Lx) Ry w Cq + cos (LIN - Lx)) - Vin

wCy

Iin sin (LIN) Ry w Cg = Vip w Cq + Iin cos (LIN)

(22)

V3 =—

wCy

Iin |X| (701, sin (AIN - Lx) Rg w — cos (LIN - Lx))

(23)

Va =

wCyg

Having developed this describing function, it is necessary to
calculate the amplitude of the resonant current /in needed to
ensure steady state That is, the exact current needed to ensure
V4 goes from 0 to Vpe each cycle. Since V4 is a continuous
waveform with no discontinuities, V4 must be equal at the
boundaries between stages. The describing function shown

4+ V2 in 19 have the initial voltages V1 to V4 defined from 6.

therefore, By equating the function of stage 1 and 2 and the
phase 6 = 6, one gets

VASI (01) = VAsz (01) (24)

where 0, are

in — [IN|I1
01 = —/IN + arccos (VACow 1N zn) (25)

[IN|Iin

The amplitude of the resonant current I7n can then be found
by solving equation 24, as this is the current needed for the
describing function a continuous waveform.

An FHA approach is used to convert these describing
functions into the equivalent capacitor Ce, and resistor R,
shown in Figure 3. To calculate these values, the first term in
the Fourier series of the voltage V4 is used. The resistance
can be calculated from

a
Reg = — 26
0= T (26)
And the capacitance is
I
Cog= 2" 27
T Wb @7

Where a and b for a periodic signal are defined from Fourier
analysis as

2T
a= 1 . V4 - sin(0)do (28)
T
1 2.
b= — V4 - cos(0)do (29)

The resonant current and the equivalent resistor R., and

2% 21) capacitor C¢, are functions of the AC and switching frequency

and therefore change across a mains cycle. Thus, in order to
use the model, the amplitude of the resonant current, Iin, is
calculated for each small step in voltage or frequency. In the
next section the model for the Resistor R, and capacitor Ce,
will be used to calculate a frequency control method.
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Fig. 8. The equivalent capacitor Cq over frequency and AC voltage.

IV. FREQUENCY CONTROL

The model developed in the previous section makes is pos-
sible to calculate the equivalent resistance R., and capacitance
C¢, for arange of V¢ values. Figure 7 shows R, over partial
ranges of V¢ and frequency.

R., drops when V¢ increases because more energy is
passed into the charge pump capacitor Cj,. R, also drops
as frequency increases because the output power is constant
and each switching cycle transfers a set amount of power. The
equivalent capacitance C¢, is shown in Figure 8 and varies
over the AC input voltage range. This is due to the capacitor
Cin, conducting current for a larger part of the period as the
AC voltage increases. The change in C,, with frequency is
less pronounced.

When the equivalent resistance and capacitance are found,
the resonant inductor L,.s value can be calculated. Using this
value allows the circuit to achieve the correct resonant current.
The resonant inductor can be found from 30.

yeal + y/~Ceo® Reg 2 I2

res T (VDC )2(‘)20 ?

|]rcs|w e
q

(30)

The inductance calculated across the AC voltages and
frequencies are shown as contours in Figure 9. The inductance
decreases with an increase in frequency, a common attribute
of SMPSs. As the AC input voltage increases, C., increases
and the inductance L,.s drops. This demonstrates that single

Calculated inductance [uH]

N

= 300

9y

=

Q

5 200

1) —200___

M w w
=500—— 400 QO | 300
0 20 40 60 80 100 120 140 160

AC voltage [V]

Fig. 9. Calculated inductance values across frequency and AC voltage.
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L
160
Fig. 10. Selected inductance value of 115 uH.

frequency operation is not suited for this topology as the
inductance cannot easily be changed during operation.

In order to verify the results, a 115 pH inductor was
selected. The ideal frequency of operation for this inductor
value is shown in Figure 10 against the input AC voltage.
Remaining on this curve will ensure good PF and constant
output power.

V. SIMULATION

To verify the frequency control found from the FHA model,
the circuit was simulated in LTspice with the control imple-
mented as shown in Figure 11. The square wave signal for
the half bridge is generated by a voltage controlled oscillator
(VCO) in this case the LTC6990 from Linear Technologies.
The VCO is controlled by a voltage source that tracks the ideal
frequency for a given AC voltage as given in Figure 10.

The input voltage and currents generated by the simulation
are compared to simulated operation at a fixed frequency (255

AT S
© - fmnt - fef |

Frequency control implementation in simulation.
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Fig. 13. Average output power with and without frequency control.

kHz) and shown in Figure 12. Both cases are simulated with
the same output power to enable a fair comparison. It can be
seen that both input currents is in phase with the voltage. The
current with control is close to sinusoidal which indicates that
it has low harmonic content. The sinusoidal input current with
control indicates than the control scheme works as intended.
The input current for a fixed frequency has a discontinuity
around the zero crossing which will result in high harmonic
distortion.

The output power regulation of the circuit is improved
by the proposed control arrangement. The output power was
measured and low pass filtered to identify fluctuations over
a mains cycle. The measured output power can be seen in
Figure 13. The output power changes over a cycle for fixed
frequency operation and stays more constant with control. The
remaining variations in output power are likely due to FHA
only considering the fundamental frequency.

VI. IMPLEMENTATION

To verify the results from the simulation, a prototype was
implemented. The half bridge is built with two IPDSOR650CE
MOSFETs from Infinion driven with a SI8244 gate driver,
which has adjustable dead time to aid soft switching. The
prototype was implemented using the same frequency control
as the simulation here implemented as shown in Figure 14. To
enable this control method, the AC mains voltage is measured
before the input filter by an attenuating differential amplifier
which drives a discrete analogue to digital converter. The
digital output is fed through an ATMega microprocessor which
makes the calculations and control the frequency using a

Current [A]

Ao, o = I
GRS i = SN

Fig. 14. Frequency control implementation in prototype.

Vac input voltage H ().2

[ A I;y no control
; 100 //- \\ —— I, with control
o
¥ o/ \\ / 10
=
Z 100 / <~/ |
41 —-0.2
! ! !
—10 -5 0 5 10
Time [ms]

Fig. 15. Measured AC voltage and input current with and without control.

LTC6990 VCO. The LTC6990 delivers a square wave signal
with 50% duty.

As before, the converter was tested with frequency control
and at fixed frequency. To get the desired output power, the
control function used was for a slightly larger inductor value
than used in simulation to account for losses in the system
and the non-linearity of the inductor. The AC voltage and input
current are shown in Figure 15. In both cases, the input current
is in phase with the voltage. The current with frequency control
resembles a sinusoidal waveform with few harmonics, where
the input current for the fixed frequency test has a discontinuity
around the zero crossing and a spike in current at the peak AC
voltage. This spike is caused by the charge pump capacitor Cj;,
not being sufficiently charged and discharged across a mains
cycle. This results in the voltage across the DC capacitor,
Cpc, dropping below the mains peak voltage and thereby
making a direct path from the mains to the DC capacitor
through the diodes. The PF and harmonics was measured
with a N4L PPAS5530 power analyser: the converter achieved
a PF of 0.990 with frequency control and a PF of 0.955
with a fixed frequency. The measured harmonics with control
together with the standard limits defined in IEC 61000-2-3
for Class-C equipment are shown in Figure 16. Measurements
shows that the control method is working as intended lowering
the harmonic content of the input current. The third harmonic
is clearly the largest of the harmonics however well below the
limit that is given by 30 - A in % where A is the power factor
of the converter. The THD measured on the input current are
5.68% with control and 26.1% without control.

The harmonics for the fixed frequency are shown in Figure
16. Several of the harmonics are above the limits. The third
harmonic only a little larger than with frequency control.
However, the fifth, ninth, and thirteenth are above the limits.
This is mainly due to the zero crossing discontinuity and the
spike when the AC input voltage exceeds Vpc. The capacitor
C;y, could have been made bigger to accommodate the spike
at additional expense and volume for the converter.

The output power was measured and low pass filtered as

Current [A]



JOURNAL OF I£TgX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015

0 E]With control [] [ Standard limits [] [] Standard limits
30 |- E
20| '
10 |- e
ol_m Il H hTH Il _n HH

2 3 5 7 9 11 13
Harmonic number

Fig. 16. The measured harmonics of the converter with control at 110 V 4¢,
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Fig. 17. Output power with and without control.

shown in Figure 17. Both the output power with control and
at fixed frequency agree with the simulation. There is a third
harmonic ripple seen on the output power with frequency
control, however the control maintains a more flat output
power. This third harmonic ripple on the output could originate
from the same limitation with the FHA as the the third
harmonic measured on the input current.

VII. CONCLUSION

This paper has presented a model based on the first
harmonic approach of a charge pump half bridge resonant
converter. The model transforms the resonant tank network
to a series-connected LCR network for frequency in a range
of operating frequencies. The model is used to developed a
frequency control methodology which is both simulated and
implemented practically. The frequency control method proven
to achieve a good power factor of 0.99 with frequency control.
The frequency control also keeps the input harmonics well
below the limits for class-C equipment while reducing ripple
on the output power compared to fixed frequency operation.
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Abstract—This paper focuses on the electromagnetic compat-
ibility (EMC) performance of a Very High Frequency (VHF)
converter and how to lower the emissions. To test the EMC
performance a VHF converter is implemented with a Class-E
inverter and a Class-DE rectifier. The converter is designed to
deliver 3 W to a 60 V LED, it has a switching frequency of 37
MHz and achieves an efficiency of 80%. For an LED driver to
be used on the consumer market it has to fulfil the standard
regarding EMC emissions. The conducted emission is often used
as a reason to increase the switching frequency to the VHF range
to avoid the regulations. This converter shows to be well below
the levels for conducted emission even without filtering. For the
radiated emissions the converter is above the limits without input
and output filters. Several designs with different ways to lower the
emissions are implemented and the different layouts and filtering
are compared and discussed.

I. INTRODUCTION

In most Switch Mode Power Supplies (SMPS) the passive
components set the limit for the minimum physical size. The
passive components scale inversely with frequency and hence
increasing the switching frequency reduces the physical size
of the power supply. The switching frequency is typically
limited to a few megahertz due to switching losses that increase
linearly with frequency. In resonant converters that utilize
soft switching the switching losses can be neglected. When
increasing the switching frequency to the Very High Frequency
(VHF) range (30 MHz - 300 MHz) resonant converters are
used [1]-[5]. Converter operating in the VHF range often
consists of an inverter and a rectifier. This paper describes the
electromagnetic compatibility (EMC) performance of a DC-
DC converter with a Class-E Inverter described in [6], [7] and
with a Class-DE rectifier described in [8]-[12]. The converter
is galvanic isolated by two resonant capacitors (Cy.s1 and
Ches2) placed in series with the resonant inductor and in the
ground return path separating the inverter from the rectifier.
The schematic of the full converter is seen in Fig. 1. The
converter uses a self-oscillating gate drive [13] shown in Fig.
2. This gate drive is also used for VHF converters in [14],
[15].

VHF converters have been a hot topic in recent years and
with the development of wide bandgap devices this field will
grow. There has not been any documentation of soft switching
VHF resonant converters EMC performance. Only the EMC
performance of a hard switched VHF converter is described
in [16]. This subject is of great importance for industrial

applications since products must comply with the standard
for EMC emissions both in radiated and conducted mode.
The standard for conducted emissions stops at 30 MHz which
makes VHF converter attractive since the switching frequency
is no longer within the measured frequency range. The radiated
emissions is measured from 30 MHz and up and the presented
converter shows that the radiated emissions needs attention
when designing VHF converters.

II. THEORY

The converter described in this paper is made with a Class-
E inverter and a Class-DE rectifier. When designing resonant
converters the rectifier [11] is designed first. Then the inverter
[14] is designed to match the input impedance of the rectifier.
The load is a 60 V LED and due to the high output voltage
a Class-DE rectifier is chosen since the peak voltage of the
diode is equal to the output voltage. The design of a Class-DE
rectifier is described in [11] and the input impedance of the
Class-DE rectifier for D = 0.25 is:

1
Zin =5 RL M
-

The design for the Class-E inverter is described in [14]
where the circuit components needed to obtain zero voltage
switch (ZVS) is found from the load impedance. Ideally the
Class-E inverter and Class-DE rectifier have no rapid transients
since they are soft switching. Soft switching is known to have
less harmonic content at the switch node and hence better EMC
performance [17].

In power electronics the current loops are kept small to
avoid large magnetic fields on the PCB, it also ensures that the
ground return inductance is kept as small as possible. Ground
bounce can create common mode emissions because it has a
capacitive coupling to other parts of the circuit. The impedance
of the traces in the circuit is usually considered inductive [18]
and therefore the impedance increase with frequency which
again increases ground bounce. For the PCB itself to become
a good antenna at a given frequency it has to be above a quarter
of a wavelength and since the PCB is usually smaller than this
within the VHF range it is the cables that contribute most to the
radiation. One of the means to reduce the radiated emissions
is to use an image plane as described in [19]. The image plane
can be used to lower the impedance for traces in the circuit
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Fig. 2. Schematic of the gate drive with MOSFET parasitics.

and together with proper filtering it can create a low impedance
return path. If the PCB layout is not enough to suppress the
emissions input and output filtering can be implemented on the
PCB. Filtering can be used to create a low impedance path for
differential and common mode signals and a high impedance
path to the cables ensuring that the high frequency signals
stays within the PCB.

III. IMPLEMENTED CONVERTERS

The converter used in this paper is designed to deliver 3
W for a 60 V LED with a switching frequency of 37 MHz
and the input voltage is 30 V DC. The component list is found
in Table II. The MOSFET used in this design is a IRF5802.
This is a 150 V device and was chosen due to its low parasitic
capacitances. The diodes used in the rectifier is a MBR0560
which is a 60 V schottky diode. The converter is achieving an
efficiency of 80% at 30 V input.

Different versions of the converter are implemented as
shown in Fig. 3 to test the EMC performance of different
layouts. The PCBs are made with different input and output
orientation on the PCB, converter A-C is made with input and

TABLE 1. COMPONENT VALUES FOR THE VHF CONVERTER.
Component Value
CIn 1 pF
Tin TuH
Cs1 18 pF
CRrEsS1 100 pF
CrEs2 47 nF
LrEs 1.2 yH
Cp1 7 pF
Cpa 7 pF
Cour [y
La 82 nH
Ca 33 pF

"

L

mid abd

Fig. 4. PCB layout with small traces.

L
-

output is in each end of the PCB and converter D-1 are made
with input and output close together on one side of the PCB.
Converter B-C and F-I is made with image plane. Input and
output filters are implemented on H-I and in addition to this
I is implemented with an EMC shield connected to the image
plane.

There is also made a comparison between having narrow
traces between the components as shown in Fig. 4 and having
polygons fill up the PCB with copper as shown in Fig. 5.
The PCBs with small traces will add inductance to the wires
and this increases ground bounce and can create resonances
in the circuit. The PCB with large polygon traces will have
less inductance in the traces and better thermal cooling of the
components as the copper helps spread the heat. However due
to the larger copper planes the capacitive coupling within the
circuits and to the surroundings increases.

The converters H and I have an input and output filter
which is shown in Fig. 6, the filters is connected on both
the input and output to minimize the emissions from the
board. The filter is made with 1008 AF inductors from Coilcraft
and capacitors with the values shown in table II. The two
inductors is placed to filter both common mode and differential
mode signals. The capacitors C'y; and C/g are only filtering
differential mode signals, C'y¢ is also shown in Fig. 1 as the
input (Cyn) and output (Coyr) capacitors. The capacitors
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Fig. 6. Schematic of the filter used, the Vi ny_ouT is placed at the input
and output of the VHF converter.

Cf2-Clys are connected to the image plane to filter the common
mode signals. By connecting them to the image plane they
create a low impedance path for the signals at high frequencies.
In this way the signals is kept within the PCB and hereby
minimise the emissions. For the last converter I the EMC shield
is also connected to the image plane with vias all around the
edge of the shield.

IV.  EMC PERFORMANCE

The converter implemented is designed for an LED there-
fore the Cispr 15 standard should be followed. This standard
however refers to the limits from Cispr 22 (EN 55022) so these
limits are used in this paper. One of the reasons for increasing
the frequency into the VHF range is to avoid the conducted
EMC requirements that only goes to 30 MHz. Conducted
measurements using a LISN network have been made on the
converters and the results without filter is shown in Fig. 7. It is
clear from the measurements that the noise floor is increased
at the lower frequencies. This is caused by the self-oscillating
gate drive drifting a little up and down in frequency. The
measurement indicates that the conducted emission is not an
issue for VHF converters.

The radiated emissions is more interesting and radiated
measurements have been made inside an EMC chamber with
an antenna placed 3 m from the converter. The chamber and

TABLE II. COMPONENT VALUES FOR THE INPUT AND OUTPUT FILTER.
Component Value Type
Ly 33 uH Ferrite
Lo 33 uH | Ferrite
Cr1 1 pF X5R
Cya 680 pF C0G
Cyrs 680 pF C0G
Cira 680 pF C0G
Cys 680 pF C0G
Cye 1 pF X5R
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(a) Conducted emission reference.
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(b) Conducted emission of a converter without filter (converter E).

Fig. 7.  Conducted measurements with limits from EN 55022 (blue is peak
and green is average).

antenna is not fully calibrated however it can be used to com-
pare the performance of different layouts. All measurements
are done with the same setup and at same voltages. A reference
measurement is shown in Fig. 8(a) and is compared to the
basic converter A that is expected to have the highest emission.
The measurement of converter A is shown in Fig. 8(b). The
converter is clearly radiating at the fundamental and all the
harmonic frequencies. The drain voltage in this converter is
going from 0 V to a peak voltage of Vpspear = 3.6-V5,, = 108
V in a quarter of a period which at 37 MHz is 6.75 ns.
This results in a high 2¥ which can generates high radiated
emissions if not filtered proberly.

As mentioned before an image plane is one of the methods
used to reduce radiated emissions. Two identical boards one
with and one without an image plane is tested. The image
plane is connected to ground on the primary side with a via
placed next to the input connector. As seen in Fig. 9 the image
plane is damping the radiated emissions as expected, the only
filter components used in this setup is the input and output
capacitors C7n and Coyr so some radiation is expected. It
seems that the image plane is working well and reduces the
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(b) Radiated emmisions, the converter has input and output in each
end of the PCB and no image plane (converter A).

Fig. 8. Radiated emmisions reference and basic converter.

emissions.

The standard recommendation is to place the input and
output in the same side of the PCB. The measurements on
two converters with different placement of input and output
are shown in Fig. 10. It is clear from the measurement that
having the input and output next to each other helps lowering
the emissions. In this case it keeps the current loop smaller in
the power stage which seems to have a positive effect on the
fundamental and second harmonic.

The two types of trace layouts shown in Fig. 4 and 5 is
measured. First on converter D and E that is both implemented
without an image plane, the results are shown in Fig. 11.
Here there is only a small difference between the two PCB
layouts. Only at frequencies above 400 MHz the polygons
are performing better which indicates that it lowers the trace
inductance. The same test was performed on two PCB’s im-
plemented with an image plane. The emissions from the PCB
with thin traces (converter F) is shown in Fig. 10(b) and the
emissions with large polygons (converter G) is shown in Fig.

EN 56042 Flectic Field Srength3mQP
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(a) Radiated emissions, the converter has input and output in the
same end of the PCB and no image plane (converter E).
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(b) Radiated emissions, the converter has input and output in the
same end of the PCB and an image plane (converter G).

Fig. 9. Radiated emissions measured on converters with and without image
plane.

9(b). The polygon implementation seems to lower inductance
in the traces thereby reducing the radiated emissions when
there is an image plane. Because of the better performance all
the converters with additional filtering have been implemented
with polygon traces. Placing two large copper areas closely
above each other can add capacitance to the circuit. This is
not considered a problem in this implementation as the areas
are relatively small.

Measurement was performed on a converter with filters on
the input and output this is shown in Fig. 12(a). The filters
placed on the input and output of the converter is reducing
the radiated emission at the high frequencies. However there
is still much harmonic content at the frequencies below 400
MHz. In figure 12(b) the measurements on a converter with
the same filters and an EMC shield is shown. The EMC
shield is surrounding the converter to minimize the capacitive
coupling to the cables and surroundings. Adding the EMC
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(b) Radiated emmisions, the converter has input and output in the
same end of the PCB and an image plane(converter F).

Fig. 10. Radiated emmisions for converters with different input and output
layout.

shield reduces the radiated emissions significant and only the
fundamental and first harmonics are present. By adding the
EMC shield the capacitive coupling across the filter is limited
and most of the radiated emissions are eliminated.

To summarize the EMC performance of this VHF converter
seems to have no problems with the conducted EMC, and
therefore the main focus is on the radiated emissions. As for
the radiated part the converter has a high level of radiation if
left without any filtering besides the input and output capacitor.
By implementing the image plane the emissions are lowered.
Placing the input and output connecters on the same side also
helps reducing the emissions. The polygon layout on the PCB
seems to have a positive effect together with an image plane.
By adding additional filtering on the input and output the
emissions are reduced further. The EMC shield prevents the
electric field from coupling across the filters.

EN 56022 Blectic EididanghamaP

Levelin dBuV
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(a) Radiated emmisions, the converter has input and output in the
same end of the PCB, no image plane and the thin traces (converter
D).
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(b) Radiated emmisions, the converter has input and output in the
same end of the PCB, no image plane and polygon traces (converter
E).

Fig. 11. Radiated emmisions for thin vs polygons traces and no image plane.)

V. CONCLUSION

This paper describes a VHF converter implemented with
different layouts to investigate the EMC challenges when
increasing the switching frequency to the VHF range. The
converter has a switching frequency of 37 MHz and an
efficiency of 80%. The conducted EMC test shows that the
converter has no problem in the frequency range from 150
kHz to 30 MHz. The challenge with VHF converters is to
lower the radiated emissions. This paper shows that the image
plane can be used to reduce the radiated emission to some
extent and filtering and proper shielding can be used to lower
the emissions.
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