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Abstract

In this thesis, a novel methodology for resonant de-dc converters analysis and design is
introduced and applied to an entire family of class-E topologies. These architectures,
exploiting the so-called soft-switching technique to allow high frequency operation, are
derived from a general resonant topology featuring the minimum number of reactive
elements and enable a dramatic reduction of future power conversion systems size
and cost. Furthermore, due to their simplicity, they encourage the development of a
new, comprehensive analysis method exploiting the exact analytical solution of the
differential equations regulating circuit state variables evolution. Such an approach,
derived from the well-known state-space modeling theory, permits to overcome the
main state-of-the-art limitations due to the non-trivial combination of concepts and
techniques from historically disjoint disciplines: power electronics and RF amplifiers
design.

The first outcome of this ODE-based methodology is the straightforward com-
putation of a set of dimensionless design curves that, once converter specifications
are known, can be readily exploited to get a first lossless design solution. The pro-
posed modeling method is then extended including the main device losses and the
possibility to get an accurate estimate of converter efficiency early in the first design
phase. Measurements on two PCB prototypes show a remarkable matching with the
semi-analytically computed system waveforms without the need for any additional
circuital simulation.

Finally, thanks to the versatility of the developed mathematical framework also
some advanced features can be investigated, such as the possibility to embed an iso-
lated bidirectional Power-Line Communication (PLC) link with minimum hardware
overhead. A new 1 MHz PCB prototype is realized to validate this innovative iso-
lated power/data link solution. Bit error rate measurements, accomplished exploiting
two Tiva C Launchpads to generate and compare both forward and backward data
streams, show that 1 Mb/s maximum data rate is achievable with BER < 107 in
both directions with negligible power conversion efficiency degradation (3-4%).
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Chapter 1

Introduction

In 2003 the Roadmapping Initiative of the European Center of Power Electronics
(ECPE) started with the aim of defining the main guidelines in the development of
new technologies and concepts for the future power electronic systems [1]. After an
analysis of the state of technology, a set of performance indices has been defined
to implement a quantitative plan of action based on a future vision of society in
2020. The main performance indices considered, reported in Figure 1-1, are actually

mutually coupled and usually a compromise between some of them must be accepted.

Traditionally, these trade-offs, exhamined in the definition of roadmap goals, are

analyzed recurring only on the experience of the engineers and researchers involved. In

Weight

Intermediate Goal State-of-the-Art

Losses Volume

Future

Failure Rate Cost

Figure 1-1: State of the art, required future performance and intermediate goals in
the development of next generation power electronic systems



this way, what is missing is a clear picture of the relation between a given technology
base and the performance achievable exploiting the existing circuits, operating modes
and control procedures. An accurate mathematical modeling of new power
converters, along with their parasitics, would be extremely important to see
in advance the effect of a change in the technology base, e.g. an improvement in
the figure of merit of the semiconductor devices, on the system performance and
consequently drive the development of new technologies and circuital architectures
well in time with respect to future market needs.

One of the most important trends is trying to reduce the converter size and cost
while mantaining high conversion efficiency. However, higher power density implies
higher switching frequency, which potentially leads to increased losses in the circuit
(red area in Fig. 1-1). To overcome this limitation resonant power converters
[2] have been introduced, in the early 80’s, with the aim of reducing the impact of
frequency dependent losses on efficiency. One of the main issues with this type of soft-
switched topologies is that there is currently no consolidated design and optimization
methodologies to help a faster diffusion in both industrial and consumer applications.
In fact, even though this topic has been intensively explored in the past years, it is still
very challenging and many aspects remain unsolved, probably due to the fact that
it requires to combine concepts and techniques from historically disjoint disciplines
such as power electronics and Radio Frequency (RF) amplifiers design [3].

The principal aim of this thesis is to help moving a step forward in resonant con-
verter design through a new comprehensive mathematical modeling approach which

can be applied to various converter architectures sharing the same resonant network.

10



1.1 The Need for HF /VHF Power Converters

There are several advantages connected to a very high switching frequency. Two of
them are noteworthy: first, better transient performance and bandwidth can
be achieved; second, constraints on the values of passive reactive elements are relaxed
and, in general, smaller and less expensive components are required. This allows
to increase the converter power density and supports the ultimate goal of adopting
magnetic components small enough to be embedded into a fully integrated solu-
tion. Furthermore, the converter miniaturization allows to place the power supply
closer to the load and to reduce the voltage drop due to parasitic resistances and
inductances. This could be particularly beneficial for the rapidly changing load in
new generation multi-core microprocessors and ICs in future computers and telecom
applications. In such a system, a higher operating frequency also allows the output
voltage of the power converter to be tightly regulated with smaller filters. Finally,
having miniaturized power supplies can open the way towards a new scenario where
the single external power source is replaced with a large number of high-efficiency,
low power, small size, distributed power modules. This can particularly simplify the
power management for applications, such as mobile phones, where various voltage
levels are required within the chip.

Unfortunately, the design of a power converter switching at High or Very High
Frequency (HF/VHF) poses several challenges, ranging from device technology im-
provement to the need for new circuital architectures, design techniques and control

strategies.

1.1.1 Device and Packaging Technology

Power semiconductor device technology has greatly improved in the last decades
with a simultaneous increase of the switching frequencies. With advances in tech-
nology of semiconductors, the commonly adopted figure of merit (FOM) of power
semiconductor switches (defined as the product of the on-state resistance R %" with

the amount of charge Q¢ necessary to turn-on the device), which actually represents
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an index about the maximum frequency of operation achievable without incurring
into intolerable conduction losses, has been greatly reduced. It means that with the
same R 2V (i.e. the same conduction loss) less input capacitance would need to be
charged to turn-on the device (decreased gating loss) or, equivalently, with a given
input capacitance a lower R; 2" would help reducing the conduction losses. How-
ever, since the gating loss is directly proportional to switching frequency, a further
improvement of the FOM of power switches would be really important to increase the
performance of future HF Switched-Mode Power Supplies (SMPS). Some interesting
research in this direction has been developed at MIT for both discrete and integrated
implementations [4, 5].

On the other side, in the last decades no major breakthroughs have been achieved
in the energy storage elements for high frequency operation, and passive com-
ponents still dominate the volumes of power converters. Consequenlty, in order to
achieve significant benefits from their size reduction radical increases in switching
frequency are required. However, at higher frequencies many concerns arise: (a) In-
ductors and transformers losses grealty increase because both core losses in ferrite
materials and copper losses are strongly dependent on frequency. (b) The magnetic
permeabilitiy of ferrites also depend on frequency and, as a result, higher switching
frequencies do not always lead to smaller sizes of magnetic components. Hence, in
order to achieve dramatic reduction in magnetics size either new magnetic materials
must be developed or sufficiently high switching frequency will be required to enable
coreless inductors and transformers introduction. (c) Capacitor’s dielectric loss also
increases with frequency and negatively impacts the overall system efficiency. In fact,
despite through advanced manufacturing techniques and new materials (especially
ceramics) capacitor technologies are already suitable for frequencies of 10 MHz and
beyond, further improvements would be important to increase the energy density and

reduce the dissipation factor.

Furthermore, along with technology improvements and volume reduction for both
semiconductor and passive components, new integration techniques must be de-

veloped to make them compatible and to cope with increased contact resistances and
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parasitic inductances in conductors and interconnections. More advanced and more
efficient thermal management will also be required to effectively remove the heat
through smaller surface areas to satisfy the increasing demand for faster, smaller,
cheaper and more reliable HF /VHF power converters. For high frequency and highly
distorted signals, conventional measurement equipments are no longer suitable
due to their limited bandwidth and dynamic frequency response. In addition, the
intrusion of probes is becoming more challenging as power converters are shrinking in
size and the values of parasitics introduced in the circuit are becoming commensurate
with the values of the passives in the circuit. As a consequence, for VHF convert-
ers it will be difficult to avoid measurements aberration and new developments in

instrumentation technologies will be required.

1.1.2 Converter Topologies

The efficiency drop when operating at HF relies not only on the decrease of device
performance but also on some circuit-level considerations, since in conventional hard-
switching architectures there are two loss mechanisms that severely increase with the
switching frequency. Switching loss arises from the non-negligible time in which the
voltage across the switching device and the current flowing through it are simultane-
ously high, as exemplified in Figure 1-2. Plotting the [V, (t), I, (t)] loci of a switching
device during the whole switching period, the area under the curves can be actually
interpreted as the power loss dissipation due to voltage-current overlap. Ideally, when
the switching device is turned-off I, should be already zero before Vj,, starts rising
and, similarly, at turn-on the current starts flowing through the device after V,, is al-
ready zero, as sketched in Figure 1-2(c). Unfortunately, the semiconductor switching
devices are not ideal components and their capacitive parasitics make the turn-on and
turn-off times not negligible with respect to the switching period, especially when the
converter is operated at HF. For this reason the actual V-1, loci are more like those
depicted in Figure 1-2(a). Addtionally, another limit is given by the energy stored in
the parasitic drain-to-source capacitance C,g,, that is almost instantaneously dissi-

pated each turn-on, giving rise to an additional power loss proportional to fs Ches Vi

13



sw sw sw
turn-off

b\ turn-off LS

turn-on/off

V turn-on V

sw

(a) (b) (©

Figure 1-2: Switching converters V-5, loci (a) conventional hard-switched (b) res-
onant with zero power loss at turn-on (c) ideal. Colored areas represent the amount
of switching loss due to voltage-current overlap.

All these effects lower the converter efficiency at HF, and for this reason conventional
hard-switching converters operation is actually limited to a few MHz. To overcome
this limitation, the switching losses can be mitigated introducing new converter
architectures such as resonant and quasi-resonant converters. Roughly speaking,
they exploit additional resonant elements to properly shape the current and voltage
waveforms of the converter in such a way that the V[, product at the switching
instant is reduced as well as the amount of charge stored in the parasitic capacitance
Cyss thus enabling higher switching frequency to be employed without incurring in
excessive efficiency penalty. Acting on the converter topology it is possible to achieve
soft-switching conditions but, generally, it is extremely difficult to impose it at both
turn-on and turn-off transitions. Usually, a zero-voltage transition at turn-on, de-
picted in Figure 1-2(b), is preferred.

Furthermore, gating loss, which is the power loss necessary to drive the gates of the
MOS switching devices, is also directly proportional to the switching frequency and
the input capacitance Cjs. In a similar way with respect to the power section of
the converter, also in the drive circuitry additional resonant reactives can be added
to conserve the energy which is used to turn-on the main switching device instead
of throwing it away every clock cycle. This approach is commonly employed in the

so-called resonant and self-resonant gate drivers [6, 7, 8.
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1.1.3 Analysis and Design Techniques

Along with the research on new circuital topologies which are suitable for HF opera-
tion, also new analysis and design methodologies must be accordingly developed.
In fact, introducing new reactive elements makes the circuit analysis more challeng-
ing and even more difficult to find some standard design rules to follow in order to
get the desired soft-switching behavior. To overcome the impasse, in the past years,
especially for resonant architectures derived from the telecommunication amplifiers,
such as the class-E inverter, the followed strategy was to readapt the well-known
RF design concepts. However, this kind of approach, consisting in introducing fil-
ters and matching networks to justify some assumptions made to simplify the design
procedure, is clearly in contrast with the aim of reducing the converter size and cost
without too much impact on system performance in overall pursuit of electronic en-

ergy management frontends for high efficiency and high power density applications.

The alternative approach proposed in this thesis is to develop a new self-consistent

and design-oriented methodology for resonant power converters analysis from scratch:

e First, converter topology simplification is addressed and an entire family
of resonant converters sharing the same resonant network is presented. The
considered resonant tank features the minimum number of reactive elements to
get the desired soft-switching behavior, coherently with the aim of reducing size

and cost in the future power conversion systems.

e Then, due to its simplicity, it enables the possibility to easily develop a compre-
hensive mathematical model leading to a novel unified analysis and design
methodology obtained extending the well-known state-space modelling ap-

proach to resonant converters.

Before going into details of the fundamental thesis contributions, in the next sections
a brief introduction about the resonant converters derived from class-E RF amplifier
topology and the state-space modelling theory, which will be exploited for resonant

converters mathematical description, is given.
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Figure 1-3: RF class-E amplifier inspired dc-dc converter topology (a) Class-E in-
verter coupled with a rectifying section by means of an impedance matching network.
(b) Class-E amplifier with equivalent resistive load. (c) Rectifying stage designed
with equivalent sinusoidal source input.

1.2 Resonant Class-E Converters: State-of-the-Art

The idea of applying the RF design concepts to high-frequency dc-dc power conversion
was firstly introduced by Gutmann [9] at the early beginning of the ’80s. What the
author had in mind was a future where the conventional approach of employing a
single power source to supply large blocks of electronic circuitry could be substituted
by a new scenario with a large number of distributed small power modules. In order
to investigate the feasibility of his conviction, he started considering the appllicability
of the Class-E amplifier, recently conceived by N. O. Sokal and A. D. Sokal [10], as
inverting stage for a de-dc power converter, as depicted in Figure 1-3(a).

The class-E inverter, depicted separately in Figure 1-3(b), features a large RF
choke inductor L; to obtain an almost constant dc input current I, (allowing a
simplified design procedure), a semiconductor switch with resonant parallel capacitor
(7 and a non-resistive load network that, once properly designed, ensures the desired
soft-switching behavior and filters-out all the higher order harmonic contents of the

output current. The key features of the class-E with respect to the common class-D
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amplifiers can be summarized in the following:

e circuit waveforms are sinusoidally shaped (instead of rectangular-like) allowing
to reduce the voltage-current product on the switching device, and consequently

the associated power loss, at the switching instants;

e switching time requirements on the semiconductor devices, usually needed to
be a small fraction of the switching period to minimize the switching losses, are

relaxed;

e harmonic tank circuits are introduced to achieve the desired waveshaping and

to provide the required impedance matching with the rectifier section;

e reactive parasitics of both semiconductor devices, passive elements and inter-

connections can be suitably incorporated into circuit design.

Interestingly, for a given ducty cycle D, depending on the value of the parallel capac-

itor C'; and of the network loaded (), defined as

Q . WQLQ o 1
TR T wRGy

(1.1)

with wy = 1/4/LyCy, three main kinds of transient response voltages can be observed.
If Qp is too low (overdamped) the voltage across the capacitor C; never returns to
zero. Hence, when the transistor is turned on C; must be discharged from some
positive voltage V; to a near-zero value, giving rise to an unwanted power dissipation
estimated as f,C;V? which is independent of the switch series resistance. Further-
more, both high voltage and high current occur causing additional power loss and
heating on the device that could be irreversibly damaged. On the contrary, with too
little damping (@, too big) the voltage will go negative until the antiparallel diode, in
case of a MOS transistor, will turn on dissipating power (hence reducing efficiency).
When optimal values of C'; and @), are chosen, the voltage smoothly goes to zero with
also zero time derivative just before transistor turn-on reducing, ideally down to zero,
the associated switching loss. These soft-switching techniques are known as Zero-

Voltage Switching (ZVS) and Zero-Voltage-Derivative Switching (ZVDS)

17



Increase C1+C2 Keep same C1+C2 Decrease C1+C2

Decrease
c1/c2

-
\
\
\
-—
/

-

Increase C2 Decrease C1 and Increase C2 Decrease C1
Keep same l l l
C1/c2 - S
Increase C1 and C2 in same proportion Nominal Class-E waveforms Decrease C1 and C2 in same proportion

Increase 1 l l
Cc1/c2
L AN N g
Increase C1 Increase C1 and Decrease C2 Decreas;_éz

Figure 1-4: C; and (5 adjustment procedure to get the optimal class-E operation.
The vertical arrow indicates transistor turn-on.

respectively and when both conditions hold simultaneously at turn-on it is commonly
referred to as optimum class-E operation. Unfortunately, a trade-off exists be-
tween obtaining the desired voltage waveform shaping and reducing the harmonic
content delivered to the load R; (a comprehensive analysis of the class-E inverter
with any value of @)y and duty cycle is provided by Kazimierczuk and Puczko in
[11]). A more detailed picture about how to tune the capacitors value to get the

desired waveshaping is shown in Figure 1-4.

In order to suitably administrate this trade-off and obtain the desired dc-to-dc
conversion avoiding the two above undesirable conditions, an adequate matching net-
work must be introduced when coupling the class-E amplifier with a rectifying stage.
It must provide the optimum inverter load value to ensure (a) high efficiency operation
and (b) sinusoidal output current i,(¢) of the class-E amplifier to simplify the rectifier
stage design procedure. In this way the converter design can be conveniently splitted
into two simplified procedures: (a) the rectifier is designed under the hypothesis of
sinusoidal input and (b) the inverter is designed with the adapted input resistance of

the rectifier as load.
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Figure 1-5: Family of class-E? de-de power converters, taken from [15] (a) buck, (b)
boost, (c) buck-boost and (d) isolated buck-boost topologies.

After the first converter topology presented by Gutmann, featuring an harmoni-
cally tuned rectifier taken from [12], in the following years many types of matching
networks and rectifier topologies have been presented. A class-E converter with full-
wave rectifier is proposed in [13], while an isolated solution with inductive impedance
inverter is exploited in [14]. Furthermore, in [15] and [16] authors showed that an
entire family of isolated and non-isolated converters featuring both class-E inverter
and class-E rectifier stages can be drawn. Some of them are reported in Figure 1-5.
However, despite a great amount of topologies have been discovered and intensively
studied in the past, all of them share the same drawback: the presence of bulky choke
inductors and reactive elements in the matching network that need to be employed
to make the circuit easier to design dramatically impact the converter size and cost
which is obviously in contrast with the main purpose of researching new HF converter

architectures.

Among the many recent efforts in class-E converter design improvement, despite
most of them removed the large choke inductors, only a very few of them were really
aiming at developing a simpler converter topology along with a companion straightfor-
ward design procedure. Some of them were targeting the compensation of a variable

converter load (the control strategy known as burst mode, or simply on-off control, is
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(a) (b)

Figure 1-6: Resonant dc-dc converter topologies recently proposed by Perreault et
al. (a) ®5 converter for reducing the transistor peak voltage stress (b) class-E boost
converter with minimum component count

applied in [17]), the gating loss reduction by means of new resonant and self-oscillating
gate driver topologies [18, 19], and the reduction of peak voltage stress on the switch-
ing transistor [20, 21, 22, 23]. In order to achieve this last goal, the so-called ®
topology, depicted in Figure 1-6(a), exploits a second harmonic tank to shape the
switch drain voltage into a trapezoidal waveform. One of the few improvements in
terms of circuit simplification is found in [24], where the class-E boost converter in
Figure 1-6(b) is proposed. Despite featuring a smaller number of elements with re-
spect to previous topologies, the accuracy of the suggested design procedure is still
affected by the ancient sinusoidal approximation, resulting in an appreciable differ-
ence between the computed solution and SPICE simulation results. As a consequence,
additional sweeps across circuit parameters are usually required to identify a suitable
design point.

The key idea to make a step forward in resonant converters design is to keep a
simple circuit topology featuring a minimal count of reactive components and, at the
same time, increase the accuracy of the design procedure removing the hypothesis of
sinusoidal coupling. In the next section the mathematical background for resonant
converter modeling is introduced, pointing out the clear distinction with respect to

the conventional design approach used for hard-switched power supplies.
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1.3 Piecewise State-Space Modeling

The behavior of any SMPS consists on the repetitive alternation of different circuit
configurations depending on the applied switching pattern. Approximating all de-
vices with their linearized equivalent circuits, each of these circuit states, that will be
referred to as Zones, can be actually modeled as a linear network consisting of only
voltage sources, resistors and energy storage elements (i.e. inductances and capac-
itances) whose time evolution is regulated by a system of Ordinary Differential

Equations (ODEs)

where x;(t) € R™ is the state variables vector, b, € R™ contains the independent
sources of the system, and A; € R™*™ is the coefficient matrix.

As for all circuital networks, the state variables of the system are conveniently
chosen to be the currents flowing through inductors and the voltage drops across
capacitors. Therefore, the whole converter operation in a switching cycle, t € [0, T,
can be piecewisely described collecting the solutions of the ODEs in each time interval
Zi

x(t) 2 xi(t) tig<t<t, i=12,..1 (1.3)

and ensuring the continuity of the state variables at the switching instants t; (since

inductor currents and capacitor voltages cannot change instantaneously)

xs(tr) = x1(to) (1.5)

with ¢o 2 0 and ¢; £ T,. Once Equations (1.4) and (1.5) are satisfied, if the switching
pattern is not changed over time (i.e. {t;} = const), steady state operation is

achieved.

Additionally, introducing a suitable variable substitution, it is possible to rewrite
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(1.2) into a corresponding set of homogeneous initial value problems

)ACZ(O) - f{?

(1.6)

with &;(¢) = x;(t)+A; ' byandi = 1,2, ...I. Each of the systems in (1.6) has a unique
solution (a more detailed mathematical formulation is provided in the Appendix A),

which is given by
7=1

where \;; are the eigenvalues (which can be real or complex) of the matrix A;, with
associated eigenvectors v;;, and ¢;; € C are coefficients that can be computed from the
initial conditions %Y. Hence, once all the eigenpairs {\;;, v;;} are computed for each
zone, starting from a guess of the initial conditions &Y, by means of Equation (1.7)
and imposing (1.4) the system waveforms evolution in a single period is easily drawn.
Finally, the steady-state solution can be computed repeating this process iteratively

with updated initial conditions

xi" (to) = x "V (tr) (1.8)

until the stop condition (1.5) is met with the desired accuracy
% (tr) = {7 (t0)|| < & (1.9

with [|-|| representing the Euclidean distance (i.e. L? norm) and ¢ arbitrarily small

number (e.g. 1 x 1079).

Interestingly, real and imaginary parts of the eigenvalues \;; actually represent the
natural frequencies of the system, which are determined by the values of the reactive

elements in the circuit, and can be collected in a set

F = {Re[\;],Im[\;] | i =1,2,..0 j=1,2,..m} (1.10)
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If the supremum of this set is much lower than the converter switching frequency
fs = 1/T; then all the solutions of the ODEs systems can be well approximated by

their first order term, i.e.
supy F < 21fy = ' x T+ Ajt (1.11)

This linear approximation is always satisfied for all conventional hard-switched
power converters and opened the way toward the development of the well-known
state-space averaging method [25], firstly introduced by R. D. Middlebrook in the
middle "70s, which still constitues the leading design strategy for the majority of power
conversion systems. However, since the natural frequencies of the circuit are inversely
proportional to the passive elements value, when one tries to reduce their impact on
converter size and cost the switching frequency must be accordingly increased in such
a way that Equation (1.11) still hold. Unfortunately, exploiting the conventional
converter architectures, switching loss and gating loss have a detrimental effect on
conversion efficiency when switching frequency goes above a few MHz.

To overcome this limitation, resonant power converters have been introduced.
Since the linear approximation (1.11) doesn’t have to be satisfied, a twofold advantage

can be achieved:

e with respect to an equivalent hard-switched converter running at the same fre-

quency, smaller passives values are allowed;

e the switching frequency can be further increased thanks to the soft-switching

operation opening the way towards further converter miniaturization.

Furthermore, in the new resonant approach, parasitic reactive components (such as
MOS output capacitance and transformer leakage inductance) are no more seen as
unwanted elements that produce undesirable effects on circuit behavior but they
actively participate in normal converter operation and must be included into circuit
analysis.

Unfortunately, the analysis of resonant power converters poses several challenges,

especially:
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e since Equation (1.11) does not hold, the state-space averaging method cannot

be applied to find the dc and ac transfer functions;

e the rectifying circuit is no more working in a freewheeling fashion, hence the
converter configurations are no more only two but any possible combination of

switching devices on/off states must be considered;

e all resonant elements must be accurately designed to met the required soft-
switching conditions and only one operating point is the optimal one (e.g. duty

cycle cannot be exploited to regulate the output power);

e soft-switching (i.e. state variables continuity) must be ensured for each transi-
tion between two zones and an average description across the whole switching

period is not sufficient for design puroposes.

As previously described, the commonly adopted analysis and design approach,
coming from the conventional RF techniques, is strongly affected by the sinusoidal
approximation. In fact, the mismatch between the analytically computed circuit
behavior and the actual one, where a non-negligible amount of power out of the first
harmonic is transferred to the secondary side, leads to the necessity of subsequent
time-domain circuital simulations to refine the initial approximated design point.
Moreover, it may become difficult, even for an experienced designer, to understand
when an optimal design solution is reached.

Hence, in order to make step forward in HF /VHF dc-dc converter design, a

completely new approach is summarized in the following 5 steps:

1. Remove any harmonic filtering or matching network and, in general, any ad-
ditional passive element which is not strictly necessary for resonant operation,

thus leading to maximum size and cost reduction;

2. Follow the aforementioned state-space analysis method writing the differential

equations regualting the converter evolution for all zones;

3. Identify a suitable normalization for the converter equations to find out how

many the degrees of freedom of the system really are;

24



4. Solve the resulting ODE systems with reduced dimensionality recurring to a
numerical optimization tool in order to ensure the desired soft-switching behav-

ior and output power level at steady-state;

5. Explore the whole design space and provide additional design curves to help
the designer finding a solution which is close to the optimal working point for

any specific design case.

1.4 Thesis Organization

The remaining of the thesis is organized in three more chapters.

In Chapter 2 a general topology for resonant converters featuring a minimum num-
ber of reactive elements is introduced. Subsequently, an entire family of class-E dc-dc
converters is derived, showing that, with simple circuital considerations, they can be
analyzed exploiting the same set of differential equations.

Chapter 3 is entirely dedicated to the development of a unified analysis and de-
sign procedure that can be straightforwardly applied to all the class-E converters
considered. What will be shown is that by means of a proper normalization the de-
sign space can be reduced in such a way that it can be fully explored with minimal
computational effort. As a consequence, a set of design curves is introduced, con-
siderably simplifying the power stage design process. Furthermore, the basic circuit
model is improved introducing the main device non-idealities such as semiconductor
on-state resistance and losses in the reactive elements. This allows to get a first order
estimation of the converter efficiency very early during the design process. Results
are validated through both numerical examples and PCB prototype measurements
showing an almost perfect match with the semi-analytically computed waveforms.
Additionally, in order to further emphasize the proposed modelling technique, in
Chapter 4 an isolated class-E power/data link is designed and implemented.

Finally, conclusions are drawn and future research directions are pointed out.
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Chapter 2

Class-E DC-DC Converter
Topologies

The resonant converter topologies presented in this thesis are composed of two switch-
ing networks connected by means of a LC resonant circuit, as sketched in Figure 2-1.
The resonant circuit is made up of two LC loops coupled exploiting a single inductor
solution or a transformer providing additional galvanic isolation.

Considering the non-isolated resonant network in Figure 2-1(a), the minimum
number of reactive elements needed to enable the resonant operation is actually four:
two capacitors and two inductors. In fact, in order to decouple the input and the
output, only one between inductors L, and L, is strictly required. Similarly, for the
isolated topology in Figure 2-1(b), if the coupling coefficient of the transformer is
nearly 100%, like in the majority of commercially available devices, an extra inductor
is needed either on the primary or on the secondary side. On the contrary, when a
low-coupling factor transformer is considered, like in some integrated solutions, in-
ductors L; and L, can be seen as the leakage part of primary and secondary coil
inductance respectively and no additional inductors are needed.

Resonant capacitors C; and C5 can be seen as the sum of the parasitic output ca-
pacitance of input and output switch networks with additonal capacitors that can
be conveniently introduced in the design to get the desired capacitance value and

opportunely mask the non-linear effects on the circuit behavior.
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Figure 2-1: Generalized resonant converter topologies (a): non-isolated (b): isolated.

By means of properly designing all these resonant elements, it is possible to achieve
soft-switching operation for each of the proposed circuits, enabling efficient power
conversion even at very high switching frequencies. In fact, when soft-switching
conditions are satisfied, the switching losses become negligible and the theoretical
efficiency achievable with ideal lossless devices is 100%.

Despite being a promising solution to increase next generation converter’s power
density, all resonant topologies are extremely challenging to design and there is still
no unified methodology which is simple and fast enough to become a standard one. In
order to move a step forward in Resonant Switched-Mode Power Supplies (RSMPS)
analysis and design, several isolated and non-isolated resonant topologies will be
introduced, with particular emphasis on the fact that all these converters can be
actually described as dynamical systems regulated by the same set of ODEs. This
represents a great breakthrough with respect to the state-of-the-art since it opens
the way towards the development of a unified analysis, design and optimization

approach.
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2.1 Resonant Network Equations

Considering the isolated topology of Figure 2-1(b), the equations regulating the res-
onant network are written as the Kirchhoff Voltage Laws (KVLs) of the two loops

dlp, (t
Ver ) = L o v
Ty (2.1)
Ve, (t) = Lo L (1) + Vi(t)
dt
Transformer voltages can be expressed in matricial form as
Va(t) B L, £MY) g (Ir,(t) B Ly +NELy\ d (11.(1) (2.2)
Vi(t) M L, ) T\1 ) +NEL, N2L, | \1, )

where L,, Ly and M = k,/L,L, represent the primary, secondary and mutual induc-
tance (k is known as coupling coefficient), and N = N;/N, is the secondary-to-primary

turn ratio. Merging Equations (2.1) and (2.2) one obtains the following ODE system

Vo, (t) = (Ly + L) dljzllt(t) + M dLZ;t(t)
(2.3)
_ dlp, (t) I, (t)
VC2(t) =+M 7 + (L2 + Ls) =

The same equations still hold for the non-isolated LC network in Figure 2-1(a) once
considered N = 1 and k = 1 (i.e. L, = Ly = M). The change in sign is still
useful for both isolated and non-isolated converters to account for either in-phase or

out-of-phase coupling, as it will be explained in the next sections.

Depending on the connection of the switches inside the input and output networks,

in each zone they can exhibit:

e Low-impedance (Lo-Z): the voltage across the resonant capacitor is forced

to a constant value Vg;(t) = Vpe, hence no currents flows through it

I, (t) = cidvgz(t) S0 — L) =Ig(t) i=12  (24)
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or

e High-impedance (Hi-Z): there is no active power coming out of the voltage
source (or delivered to the load), but all the current resonates inside the LC
tank

Is,(t) =0 = I,(t)=—1Ig(t) = —CiCW 1=1,2 (2.5)

During the normal operation of conventional hard-switched converters only Lo-Z
configurations are possible, where the current flowing through inductors is carried
alternatively by the active devices. Conversely, in a resonant converter, depending

on the reciprocal state of the input and output switch networks the whole circuit can

actually present three different configurations:

e Linear (LIN): for Lo-Z input network and Lo-Z output network there is direct
power transfer between the input and the output and the circuit is described by

a second order differential equation system in the state variables Iy, (t), Ir,(t)

I, (t I, (t
(Ly + L) Ll()+nk‘Lp LQUiV;:O
dt dt 2.6)
dl, (t dlp, (t ’
nkL, 2;()+(L2+Ls) i;t()ivb:o

e Half-Resonant (HR): for Hi-Z input (output) network and Lo-Z output (in-
put) network the circuit is described by a third order differential equation system
in the state variables Iy, (t), I1,(t) and Vg, (t) (Vo (t)). With Low-Z input net-
work the energy coming from the voltage source is momentarily stored in the

resonant elements

I, (t) I, (t) B
(Ly + L) S kL, — s £V, =0
dl; (t dl;.(t
kL, L (1) + (Ly + Ly) L(t) _ Ve, (t) =0 (2.7)
dt dt
dVe, (1)
I;.(t) =
CQ dt LZ( ) 0



while, when the output network is Low-Z, the power is transferred to the load

dIp, (t) dlp,(t)
(Ly + L) dlt nkL, d‘; — Ve, (t) =0
dIp, (t) dIp,(t)
nkL, i + (Ly + Ly) 0 +V=0 (2.8)
dVe, (t
¢ cczi( )i =0

e Fully-Resonant (FR): for Hi-Z input network and Hi-Z output network the
resonant network is completely disconnected from source and load and both
primary and secondary side LC tanks are carrying reactive power subjected to

a fourth order differential equation system in the four state variables I, (t),

IL2 (t), VCl (t) and V02 (t)

I, (t) I, (t)
(Ll —|— Lp) dlt nkLp th — V01 (t) = 0
dl, (t dl,. (t
nkL, Ll()+(L2+LS) L2()—v02(t):o
dt dt 2.9)
dVe, (t) '
9 L (#)=0
1 dt + Ll( )
dVe, (t
Cy fljt( ) 4 I,(t) =0

with n = £N (£1 for the non-isolated case) depending on the coupling phase

between inverter and rectifier sections.

The alternating of these different operating modes allows the energy to be stored and
transferred in a conservative way. Roughly speaking, if the values of Ly, Lo, L,, L, C}
and Cy are properly designed, there is no waste of charge during transitions from one
zone to another and switching losses can be dramatically reduced. The solution of the
aforementioned ODE systems will be presented in the next chapter along with a novel
dimensionless design methodology. In the remaining of this chapter several isolated
and non-isolated resonant class-E converter topologies derived from the generalized
circuits in Figure 2-1 will be introduced and it will be shown that the behavior all of

them can be fully described exploiting the Equations (2.6)-(2.9).
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2.2 Non-Isolated Class-E Converters

Starting from the resonant circuit in Figure 2-1(a), with two simple one-switch net-
works it will be shown how to obtain a resonant class-E buck-boost converter with
either positive or negative output voltage referred to the common ground. It will be
also shown how this circuital scheme can be turned either into an equivalent buck
(step-down) or boost (step-up) resonant class-E converter. Interestingly, despite the
fact that each of these non-isolated topologies is obtained rearranging the elements in

the two loops in different ways, all of them are regulated by the same set of equations.

2.2.1 Buck-Boost Topology

The simpler implementation for input and output switch networks is constituted by
a single switch connected in series with the input/output voltage, as depicted in
Figure 2-2(a-b). From a topological point of view, if the switch S2 of Figure 2-2(b) is
implemented with a rectifying diode, it is actually the same as the conventional hard-
switched buck-boost converter depicted in Figure 2-2(c) with additional resonant
elements around the pairing inductance L,. The common drawback of all these
circuits is that, once switches are implemented with MOS devices, the source terminal
cannot be connected to the ground reference, so either a P-MOS device, or a N-MOS
with a bootstrap circuit is required.

These resonant topologies are referred to as non-inverting and inverting class-
E buck-boost converter respectively, since, differently with respect to the standard
hard-switching buck-boost, they are capable to produce either a positive or negative
output voltage depending on the phase shift between the primary and the secondary
switch drives. If passive rectification is employed, the direction in which the diode is
connected determines the polarity of the output: positive if the cathode is connected
to the output node, negative if the anode is connected to the output node. It is
worth noting that this possibility cannot be exploited in the hard-swithing buck-
boost because the diode is working in a freewheeling fashion, turning itself on when

S1 is off to sustain the inductor current, thus allowing only a negative output voltage.
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Figure 2-2: Buck-boost converter topologies (a) Non-inverting class-E buck-boost
converter. (b) Inverting class-E buck-boost converter. (c¢) Conventional hard-switched
buck-boost converter.
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Furthermore both inverting and non-inverting configurations can behave as a step-up
(Vour > Vi) or a step-down (V,,; < Vi) converter depending on the values of resonant
elements in the circuit.

Being Vi, (t) = Vi — Vi (t) and Vi, (t) = Vour — Vsa(t), the loop KVL equations

can be written as

d[im; t d[rec t
(Lins + L) i) 4 g dlee®) oy v g

Al (t ) d(jt t) (2.10)
:i:Lp . ) + (Lrec + Lp) TGC( + VSZ(t) - ‘/out =0

dt dt

which are exactly the same as Equations (2.3) with k =1, N =1 (i.e. M = L,),
Vo = Vip and Vp, = V.
Despite the fact that C},, and C,.. are not placed in parallel with S1 and S2 respec-
tively, they play the role of masking device parasitics. When the switch S1 is off the
inverter side current flowing through the capacitor Cy,, is I¢,,, (t) = —Iin,(t) and,
since Vg, (1) = Vi — Vsi(t), one gets

d Weult)

[zm}(t) = _[Cmv<t> - _Cz’nvi (‘/m - VSl(t)) = Cim} dt

e (2.11)

dVCinv (t)
dt

On the contrary, when S1 is on Vg (t) = 0, = 0 and all the inverter loop
current is carried by the active device. Similar considerations hold also for switch S2

and parallel capacitor C,...: if S2 is on

dVsa(t)

d
Liee(t) = =1, (1) = —Cree— (Vour — Vsa(t)) = Cree 2.12
(1) = ey (1) = ~Cree g (Vo = Vi) = (2.12)
while in the other case Vsy(t) = 0, dvcgli;c(t) = 0 and secondary side current flows

all through S2. Hence, combining Equations (2.10)-(2.12), it is possible to get the
converter description for all zones.
The converter output power, since the average current through the capacitor C...

is zero at steady-state, can be computed once the rectifier current I,..(t) is known

1

Ts
Pout = ‘/out[out = V:)ut <_T/ Irec(t) dt) = - ‘/out <Irec(t)> (213)
s J0
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Figure 2-3: Non-isolated buck topologies:
(a) Class-E buck converter. (b) Conventional hard-switched buck converter.

where the brackets () represent the average value computed over a period T after
steady-state is reached. A class-E buck-boost topology without primary inductor L;,,,
with low side switching devices and separated ground references was firstly presented
in [26] and implemented with high quality factor components in [27] in order to
validate the modeling equations and a new design method which will be thoroughly

explained in the next chapter.

2.2.2 Buck Topology

The circuit shown in Figure 2-3(a) is a class-E buck converter since, with respect
to the common ground level, the potential V;,, at the input node is always higher than
the potential V,,; at the output.

The resonant buck converter is obtained from the conventional hard-switched
buck architecture in Figure 2-3(b) once added the two LC resonant tanks L;,,-Cip,
and Lye.~Chee. Similar resonant or quasi-resonant topologies appeared many times

in the recent literature and what is most interesting is that almost all of them can
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be obtained removing one or more passive elements from the schematic of Figure 2-
3(a). Just to cite some of them, authors in [28] proposed a ZVS buck converter with
non-resonant rectifier (i.e., without C,..) and where the L,.. is not used. In [29] and
[30] only the version with L;,, was taken into account while a more comprehensive
overview of different ZVS converter topologies was presented in [31], including that
of Figure 2-3(a) in the two alternatives where only one inductor among L;,, and L.

is present.

The analysis of the circuit starts considering the KVL at the outer loop

dlin, (1)
dt

dI;, (1)
dt

‘/;n - VSI (t) + Linv + Lp + ‘/out (2].4)

and rectifier loop
dlyec(t) dl, ()

Vouwr = Vaalt Lye——= —L 2.15
t 52( ) + dt P dt ( )
Being also 11, (t) = liny(t) — Irec(t), the two equations above become
dIin'u t d[rec t
(Lo + L) Do)y Wreel®) 4y (v~ Vi) =0
AL (t dl,eo(t '
—L, dt( ) + (Lyec + Ly) dt( ) + Vio(t) — Vour = 0

which correspond to the equations of an equivalent resonant inverting buck-boost
converter having input voltage equal to V;,, — V,; and output voltage V,,;. Capacitor
Cino still masks S1 parasitic output capacitance and equations for both resonant
capacitors remain exactly as computed in (2.11) and (2.12) for the isolated buck-

boost topologies.

Conversely, the output power is now computed from the current Iy, (t) as

1T
Pout = ‘/outjout = ‘/;)ut (T/ [Lp<t) dt) = ‘/;)ut <ILp(t)> (217)
s /0
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Figure 2-4: Non-isolated boost topologies:
(a) Class-E boost converter. (b) Conventional hard-switched boost converter.

2.2.3 Boost Topology

The topology in Figure 2-4(a) represents a class-E boost converter since, with
respect to the common ground level, the potential V;, at the input node is always
lower than the potential V,,; at the output.

This topology recalls the standard hard-switched boost converter when the res-
onant network made of L;,,, Ly, Ciny and C,.. is added. In the two alternative
implementations with L;,, or L,.. only, it is actually one of the most commonly used
in the literature due to its simplicity (for example, there is no need for a bootstrap
circuit for driving S1). In their overview of different ZVS converter topologies in [31],
authors included both implementations. The dc-dc converter in [32] is a boost circuit
presenting a small variation with respect to that of Figure 2-4(a), where only L.
is present while in [33] a ZVS inverter side is combined with a non-resonant rectifier
(i.e., without resonant elements L. and Cie.). In [19] the ®5 converter was intro-
duced. This converter is basically the same of the resonant boost converter presented
here with L;,, = 0 and additional LC resonant circuit whose aim is to reduce the

peak value of the voltage across the main switch. The recently proposed converter in
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[24] by Burkhart et al. is a fully resonant 75 MHz 12 V-30V boost converter featuring
ZVS and ZVDS whose topology is substantially the same with no L;,,,.
This time the converter analysis is carried out considering inverter and outer loop

equations which are

in = L > L; 2.1
V;n D dt + Liny dt +VSl(t) ( 8)
and
Al eo(t dly (t
Vour = Vs2(t) + Lyec dt( ) _ Ly 2’;( ) + Vin (2.19)

respectively. As for the resonant buck topology, I1,,(t) = Iiny(t) — Irec(t) and the two

equations above are conveniently rearranged in the following system of differential

equations
d]im; 13 dlrec 13
dIinv t d[rec t ’
_Lp dt< ) + (Lrec + Lp) dt( ) + VSZ(t) - (V;)ut - ‘/:L ) =0

which can be seen as the equations regulating the behavior of a resonant inverting
buck-boost converter with input voltage V;, and output voltage equal to V,,; — Vi,.
Furthermore, resonant capacitor C.., despite being not in parallel with the switch
S2, is capable to mask its parasitic capacitance as explained in for the buck-boost
topology and Equations (2.11)-(2.12) still hold. Furthermore, since for the resonant
boost converter (I,,;) = (—I.ec(t)), the expression for output power is the same of

(2.13).

2.3 Isolated Class-E Converters

Galvanic isolation is useful and sometimes mandatory in many applications, such as
isolated gate drivers, industrial process monitoring and noise sensitive measurements.

In such a case, the pairing inductor L, is replaced with a pair of coupled inductors
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Figure 2-5: Isolated converter topologies (a): Class-E with in-phase coupling. (b):
Class-E with 180° out-of-phase coupling. (c): Conventional hard-switched flyback
converter.

L, and L, with turn ratio N = Ny/N, and coupling coefficient k. Starting from the
isolated resonant network in Figure 2-1(b), if a single switch solution is considered a
class-E isolated buck-boost converter can be obtained, while exploiting multi-
switch input and output networks one can design either half-bridge or full-bridge

resonant converters.

The proposed isolated class-E resonant converters are depicted in Figure 2-5(a-b).
The only difference between Figure 2-5(a) and Figure 2-5(b) is the connection of the
secondary winding of the transformer which can be either in-phase or 180° out-of-
phase respectively. The former has been presented in [34] along with a ODE-based
analysis and design methodology that will be discussed in the next chapter. The
latter, when the switch S2 is replaced with a rectifying diode, is topologically the
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same of a conventional flyback converter with additional passive elements L;,,, Lyec,

Cinw and ... to enable resonant operation.

A clear advantage of the isolated alternatives, with respect to their non-isolated
counterparts in Figure 2-2(a-b), is that the switching devices can be moved to the low
side of the circuit, allowing them to be connected to ground. Despite the resonant
capacitors have been drawn in parallel to switching devices to underline their role
of masking semiconductor parasitics, the set of differential equations remains exactly

the same firstly introduced in (2.3)

dIinv t d[rec t
A1y (t) i d_cflt (t) (2.21)
inv 2 rec o
nkLy P (Lrec +N Lp) —a T Vsa(t) = Vour = 0

with +M = £NkL, = nkL, and Ly = N2Lp.

Similarly to the non-isolated buck-boost resonant converters, when the primary
switch S1 is on the voltage Vg(t) is constrained to zero and all the primary loop
current is flowing through the device while, when it is turned off, ;,,(¢) starts flowing

through the parallel resonant capacitor Cj,,, hence

Vsi(t) =0, if S1 is on

dVs (t)
dt

(2.22)

Iim} (t) = Cimj if S1 is off

Similar equations hold for the secondary side loop, where the capacitor C,.. carries

all the loop current I,...(t) when the secondary switch is off, so

Vsa(t) =0, if S2 is on

dVsa(t)
dt -’

(2.23)

Liee(t) = Chree if S2 is off

Finally, the computation of the output power, as for the respective buck-boost topolo-
gies, is still related to the average value of the secondary side current I,...(¢) by the

formula in (2.13).
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2.4 Design Example

In the following chapters the attention will be focused on the class-E converters, maily
due to their switching network simplicity, but being aware that similar consideration
would be possible also for many other resonant topologies. In order to sum up the re-
lation between the equation parameters and the class-E resonant topology considered,

the following generalized loop equations and Table 2.1 are given:

AL (1t ALt
(Lino + Ly) (t) nkL, ® v (t) =V, =0

ALy (1) § fltl (t) (2:24)
nkL, 55 ¢ (Lree +n*L,) 4 Vaa(t) = V=0

For isolated converters, the loop voltages V, and Vj, represent input and output
voltage respectively while n and k£ can be computed knowing the ratio between pri-
mary and secondary winding turns along with their coupling coefficient. If secondary
is reverse coupled the parameter n needs to be changed in sign. Non-inverting and
inverting non-isolated buck-boost converters are described by the same equations of
their isolated counterparts when considering ideal coupling between primary and sec-
ondary coils (no leakage inductance, i.e. k = 1) and unitary turn ratio (Ns/N, = 1).
Buck and boost topologies equations have n = —1 and k = 1 like the inverting buck-
boost but primary loop voltage V, has to be changed into V;, — V,,; in the former
and the secondary loop voltage V}, has to be changed into V,,; — Vj, in the latter.
In other words, if with given reactive elements L,, Liny, Lrec, Ciny and Cie. one can
design a class-E inverting buck-boost converter having V;, =V, and V,,; = V}, then
it is possible, with the same valued resonant elements, to design either a resonant
boost converter with V;, =V, and V,,; = V, +V} or a resonant buck converter having

Vin = Vo + Vp and Voue = Vp.

As a proof of concept, a simple example is given starting from the converter
depicted in Figure 2-6(a). It is a class-E inverting buck-boost converter running at
5MHz with V;, = V, = 3V and V,;, = V, = 9V. Resonant elements L, = 1 uH,
Lyee = 1uH, Cyiy = 1.4nH, C,ee = 915pF (Ljy, is removed) have been properly
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Figure 2-6: Class-E resonant converters design example:
(a) inverting buck-boost, (b) boost and (c¢) buck topologies. (d) Common voltage
and current waveforms for all circuits.
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Table 2.1: ODE parameters vs resonant topology

‘ topology\parameters H ‘/a ‘ % ‘ n ‘ L ‘
Non-Isolated Class-E
buck-boost Vi Vout 1 1
inv. buck-boost Vi Vout -1 1
buck V;n _ V;)ut V:)ut —1 1
boost Vi Veoue — Vi -1 1
Isolated Class-E
in-phase Vi Vot Ns;/N, | M/(NL,)
180° out-of-phase Vi Viout —N;s/N, | M/ (NL,)

designed to achieve ZVS/ZVDS conditions and passive rectification is implemented
with the diode D2. The nominal output power is

P BB ~ 900 mW

out

Keeping the same valued resonant elements it is possible to design either a 3 V-to-12'V
class-E boost converter, as in Figure 2-6(b), or a 12V-t0-9V class-E buck converter,
shown in Figure 2-6(c), working with the same switching frequency. Despite having
different topologies and different input and output voltages, all these converters are
actually regulated by the same set of differential equations and hence also all the
waveforms in the circuit, such as the voltages across the MOS and the rectifying
diode and the currents I;,,(t) and I...(t), drawn in Figure 2-6(d), are exactly the
same. On the contrary, the output power is not the same. In fact, despite all three
converters share the same inverter and rectifier currents, the output current of the
inverting buck-boost

IBB = —(I,..(t)) = PPB/V BB ~ 100 mA

out out out

is the same of the boost converter but having the latter different output voltage the
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resulting power is

PE0OST = —V BOOST(Loo(t)) = (Vo + V) 1P = <V“ + 1> PBP ~12W (2.25)

out vb out

For the buck converter the output power is computed from (2.17), knowing that

Ip,(t) = Liny(t) — Lyec(t), so

p BUCK _ y; BUCK (Lino (1) — Lee(t)) = Vi ((L-m,(t» + [BB)

out out out

and also that, under the hypothesis of negligible losses in the circuit, P25 =V, (I;,,,(t)) ~
P BB

out

BUCK P op BB % BB
PAVCR m vy (o P ) - (v + 1) PBB ~36W (2.26)

Concluding, in this chapter, a resonant network with minimum component count
has been presented with the aim of introducing an entire family of de-dc power con-
verters suitable for HF operation. Among them a subset of single-switch converters is
represented by the class-E family, composed of both isolated and non-isolated topolo-
gies. Interestingly, the differential equations regulating the circuit behavior are sub-
stantially the same for all class-E members once some simple consideration, reported
in Table 2.1 and Equations (2.25)-(2.26), are taken into account. In the following, a
unified and comprehensive dimensionless ODE-based analysis and design methodol-
ogy for this class of RSMPS will be presented. The proposed approach represents a
step further in resonant converter design since it reduces the design effort but also
improves the accuracy of the achieved solution, giving a solid background for any

additional optimization purpose.
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Chapter 3

Unified Class-E Analysis and
Design Methodology

Despite being a promising solution for increasing the compactness of next genera-
tion power converters, all resonant topologies have been always limited by the fact
that there is no consolidated design procedure which is simple, fast and accurate
enough to become a standard one. As already discussed in Chapter 1, the commonly
adopted approach is to split the converter design into two simplified procedures rely-
ing on the hypothesis to have a “sinusoidal coupling” between inverter and rectifier
sections. Unfortunately, this approach has two main disadvantages: (a) the over-
all converter size is impacted by the need for a matching network adapting the
input impedance of the rectifier to enable class-E inverter soft-switching operation,
(b) the design accuracy is severely compromised by the sinusoidal approximation
and additional time-consuming circuital simulations are needed to refine the inital
solution. To overcome the impasse, the proposed approach is to forget about the
common RF design concepts and develop a completely new methodology based on
the following guidelines: (a) simplify the converter architecture as much as possible,
leveraging the resonant topologies introduced in the last chapter; (b) take advantage
of the simplified topology to develop a new, unified analysis and design procedure

from scratch.
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Figure 3-1: Class-E converter model and its equivalent dimensionless circuit (a):
generalized model with rectifying diode as secondary side switch. (b): equivalent
lossless normalized circuit with input voltage V;, = 1V, output voltage V,,;, = 1V,
output power P,,; = 1 W and switching angular frequency ws; = 1 Hz.

3.1 Lossless Methodology

As a first step, a lossless model of the converter power section, depicted in Figure 3-
1(a), is considered. Here, all reactive elements are taken as ideal, with zero parasitic
series resistance and infinite resonance frequency, while the active devices are ideal
open circuits in the off-state and short circuits in the on-state with negligible parasitic
capacitances. As a consequence, it will be supposed to have P,,; = P;,. Furthermore,
the output capacitor is supposed to be big enough to keep the output voltage almost
constant (i.e. negligible output ripple) is such a way that the load can be conveniently
substituted with a voltage source. The following analysis is referred to the class-E
topologies presented in the last chapter when the secondary switch S2 is implemented
with a rectifying diode with negligible forward voltage Vp°Y = 0. However, the
very same approach can be easily applied to synchronous switched class-E topologies
and also to half-bridge and full-bridge resonant converters having the same resonant

network with minor modifications.
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3.1.1 Lossless ODE Analysis

The starting point for converter analysis are the generalized class-E differential

equations (2.24)

Al (t dl, 0. (t
(Ligo + L) ity reell) ey v, =0
dt dt (3.1)
djinv 13 dI’/‘ec 13 .
+M d;)+%me+LQ ﬁ()+V@@)—vz_o

where M = NkL, represents the mutual inductance as a function of the turn ratio,
coupling coefficient and primary inductance while the “+£” sign takes into account the

different coupling between inverter and rectifier sides.

The first analysis step is normalization. New normalized state variables, distin-

guished using lower-case notation, are introduced as

Zz(t) = Iinv(t)/]a ir<t) = Irec(t)/jb
(3.2)

vi(t) = Va1 (t)/ Vo ve(t) = Visa(t)/ Vs

where virtual currents I, and [, are defined from the converter output power P,,; as

Ia - Pout/‘/aa ]b - Pout/%- (33)

Converter loop equations (3.1) are divided by the voltages V,, and Vj, respectively,

obtaining
I, di;(t) I, di,(t)
@m+%h€dtiMﬁ gy
I, di;(t) 1y di(t)

+M2
Vy dt V, dt

+ Uz‘(t) =1
(3.4)

+ (Lrec + Ls) =+ vr(t) =1

Capacitor’s equations in (2.22) and (2.23) hold for all class-E topologies considered

and, similarly to (3.4), they can be normalized as

i’i <t> — C@'nv Ia dvgﬁ(f)
Va dv,(t) (3:5)
. b AUy
t f— -
in(t) = Cree =
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Defining also the angular time 6 = 27 f;t = w,t and the following dimension-

less design variables

M M
Y e S e ca—
< Liny + Ly’ ¢ Lyec + N2L, (3.6)
ws M P, 1 1 '
au =+ 4 =

Va % = wsRaCinv’ B wstCrec

where £ =V, /Vy, R, = Vo /I, = V2/P,; and Ry, =V, /I, = V;2/ P,, it is possible to

reduce the full set of normalized equations to the following

a dis(6) | dir(6)

ki df M 20 +vi(0) =1

: : (3.7)
de<9) qm dlr(e) _
v;(0) =0, if S1 is on v.(0) =0, if D2 is on
(3.8)
i;(0) = qlid“glée), if Slisoff |, (0) = qlrd”;ée), if D2 is off

Equations (3.7) and (3.8) can be summarized introducing two boolean variables
morr and dopp which can be either equal to zero, when the corresponding switching
device is on, or equal to one when it is off.

di; (6 di,. (6
Qi di0) | dil0)

kodo T T
i (0 di (0
W(6) | au din(0)

+mOFF ’UZ(Q) =1

+ dOFF UT(Q) =1

do k. do
" 3.9
morr ii(0) = 1 dvi(6) (39
OFF b - 4 do
, ~ 1dv,(0)
dorr ir(0) = PR

This kind of approach has a twofold advantage:
First, the dimensionality of the system is greatly reduced. In fact the equations

in (3.6) actually represent a remapping of the original design space into a reduced set
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of normalized design variables

{Vm, Vout7 Pout7 fsa D; M7 pr Ls; Linv; Lrem Cz'm)? Crec} S R12

(3.10)
= {D7 kiakraQMaQi,qr} € RS

where D is the main switch duty cycle.

Second, the normalized system (3.9), fully describing the circuit behavior, is com-
pletely independent of the switching frequency and of the output voltage and power.
In this way, for a given value of D, once computed the normalized design variables
ki, k., qu, q; and g, which satisfiy the soft-switching conditions at steady-state, it is
possible to easily realize multiple designs with different switching frequency and out-

put power level by simply exploiting the following de-normalizing equations, retrieved

from (3.6):

Va Ve
P o Nk By Bl
ENk k )
Linv - _1 L ) L’rec - - 1 N L 3 3].1
( Rl EN TR ' (31D
B 1 B 1
" Ws Ra Qi’ e Ws Rb QT'

After defining the equations that regulate the state variables evolution during
circuit operation, the second step of analysis consists in computing the complete set of
steady-state waveforms as a piecewise solution of the normalized ODE system.
The resonant nature of these converters reflects on the fact that both switching devices
can be on (or off) simultaneously, so all the four on/off combinations are actually
possible during the switching period. The typical converter switching behavior for
both in-phase and out-of phase coupling is shown in Figure 3-2. The switching period

0 € [0,27] can be divided into four Zones, that will be referred to as

Zz:{6’|91_1 §9<91} Z:1,273,4

with 6y = 0 and 0, = 2w. Consequently, the state variables in each zone will be
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Figure 3-2: Resonant converter voltage and current waveforms for (a) in-phase cou-
pled secondary side and (b) 180° out-of-phase coupled secondary side.
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identified with the notation below

i, () ii(0) 6 € Z

) 2 B00) |, |0 :0€ 2z 1
Z 0.9 (6) w() -0 € 7
v, (6) v.(0) : 0 € Z;

As an example, considering to have in-phase coupling and choosing as a time reference
the instant in which the primary side switch M1 is turned off (§ = 6, = 0), the
converter evolution in Figure 3-2(a) is obtained as follows (please note that a detailed

computation of the ODE system solutions is reported in the Appendix B).

Zone 1 (HRi): For 6 € Z; the MOS switch is off (mopr = 1) while the rectifying
diode is still conducting (dorr = 0), hence v,V (0) = 0 V6 € Z; and the converter

behavior is regulated by a third order ODE system in the state variables ii(l)(é),
i,M(9) and v; "V (0)

- (1) - (1)
qm di; " (0) di,'(0)
ko Mg T
di; () qur di,)(0)

J 1= (3.13)

Mg Tk do !

dv, M (6) )

i W) =

7 qii;(0)
subject to the initial conditions

ii(l)(()) = iio
i, V(0) =40 (3.14)
vi(l)(O) =0"=0

where 0 and 7,? are unknowns to be determined. The equations (3.13) can be easily

decoupled by substitution into the following second order ODE system and first order
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differential equation:

N (3.15)
dvi (8) (1) .
d(g qi Zz (0) - O
di,"(0)  qu di,D(0)
gt g —1=0 (3.16)
The generic solution for (3.15) and (3.16) is
B0/ i (ca cos(By 0) — c1sin(Bo 0))
k
—kyBo/q; (cacos(By @) — ey sin(fy6)) + —0 + ¢
x1(6) 0/ (c2 cos(Bo 1 8in(f5o 0)) 0 3 (3.17)
c1¢08(800) + cosin(fy0) + 1 — ky
0
ki q; :
where g = /| ———————— € R and the coefficients c¢;, ¢; and c3 can be computed

from the initial conditions x;(6y) = (:,°, i,°, 0, 0)T.

Zone 2 (FR): At 6 = 0, the diode current falls down to zero, the device turns-off
(morr =1, dopr = 1) and Z, starts. The value of 6; can be (numerically) computed
from (3.17) by solving i,(Y(f;) = 0 under the constraint 0 < 6; < 6, = 27(1 — D),
and the state variables evolution is regulated by a fourth order system of differential

equations

- (2) - (2)
qur di; ' (0) di,'> (0)
ko do WM T T
di,(0) | aqu di,*)(0)

: @) -1=
AT v ag T 0 0 (318)
dUZ- (2)<9) . (2)
a0 —4qit; (9) =0
dv, ) (0)
" @) —
7 ¢ 1,7 (0) =0
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subject to the initial conditions

;@) =i, (0)

) =00 (3.19)
v, 2(01) = v,V (0))

v, (01) =0

Solutions are made of the superposition of two sinusoidal tones and can be computed

from the eigenvalues

M2 = £, Asq=Ejb2
(with 1, B2 € R) and eigenvectors

T T
Vi2 = < Zl:jVH :thlg Vis 1 > y V34 = < ingl :th32 V33 1 )

k.
O —
(Wlth V11, V12, V13, V31, U332, U3z € R) of the matrix A = am (]‘ - klk’f‘) as
—di 0

cavi1 €os(By 00) — cyvyy sin(By 00) + c4v3y cos(Ba 60) — c3vsy sin(fe 56)
cavi2 €08( 1 00) — c1vigsin(By 00) 4 c4v3e cos(fa 00) — c3vsa sin(fBy 56)
c1v13 €os(F1 00) + covigsin(fy 60) + c3vsz cos(fBe 00) + cavss sin(fSe 06) + 1
1 co8(f1 00) + cosin(Fy 00) + ¢35 cos(Ba 00) + ¢4 sin(fs 60) + 1

X9 ((59) =

(3.20)

where 00 = 6 — 0, and real coefficients ¢q, ¢, ¢3 and ¢4 that can be computed from
T

the initial conditions x5(0) = (ii(l)(Gl), ir(l)(Hl),vi(l)(Hl), 0) :
Zone 3 (HRr): Z3 begins at § = 0y = 27(1 — D), 0 < D < 1, when the MOS
switch is instantaneously turned-on (mopr = 0, dopr = 1). Then, the primary side

current, previously resonating through the capacitor C,,, now starts flowing through

the active device; hence v, (3)(9) =0 V60 € Z3 and the state variables evolution is
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regulated by the third order system

au di;(0) L di0)

T Mg 1=0
di, P 0)  qu di,®(0)
i qum dt, 3)(g) _ 1 — (3.21)
m—g T g tu ) 0
dv,®)(0)
e NYT : (3) —
7 ¢ 1,7 (0) =0

subject to the initial conditions

i:(02) = i, (6)
i, (0y) =i, P (6y) (3.22)

U'r(g) (92) = Ur(2) (02)

Solutions can be easily retrieved from (3.17) due to the circuit symmetry

—kif33/qr (c2 cos(B3 66) — ¢y sin(Bs 90)) + ﬁg +c3

am
x3(59) . BS/QT (CQ COS(Bg (59) —C1 Sin(ﬁg 56)) (323>
0

c1 cos(fs 00) + cosin(f3 60) + 1 — k;

kv q;
from the initial conditions x5(0) = (i, (62), i, (62), v, (62), v, (62))".

where 33 = € R and the coefficients ¢, ¢o and ¢3 can be computed

Zone 4 (LIN): Finally, Z,, where both switching devices are on (mopp = 0,
dorr = 0), begins at § = 63 when the reverse voltage of the diode falls down to zero.
The value of 64 can be computed by solving v,®)(f5) = 0, with 6, < 05 < 04 = 27.

The circuit evolution is regulated by a second order ODE system

av di;(0) - di, ()

qm —-1=0
i ffe d0 (3.24)
di;0) | a di00) | _
Mg Tk do -
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subject to the initial conditions

i, (0) = 3,1 (6y)

(3.25)
lr(4) (03) = lr(d) (93)
The current solution is made of two straight line waveforms
ki (1—k,.)
——— 00
an (1~ kiky) O
k. (1 — k)
—— 00
x(00) = | qur (L= Kaky) €2 (3.26)
0
0

where 00 = 6 — 03 and the coefficients ¢; and ¢y can be computed from the initial
conditions. Finally, Z, ends at § = 6, = 27 when the MOS switch is turned-off and

the described behavior is repeated periodically.

In conclusion, the normalized analytic evolution of the converter in a clock period

can be computed zone by zone starting from the initial conditions
1C = [i;(0), i-(0), v;(0), v(0)]" = [i%, i, 0, 0]’ (3.27)
once the six dimensionless parameters
D, ki, kv, qurs @iy @ (3.28)

are known. Among them, k; and k, are influenced by the voltage ratio £ and by the
amount of inductance in the inverter and rectifier branches, ¢; and ¢, are related to the
design of the resonant capacitors in order to get the desired soft-switching operation
and ¢y is proportional to the product ws M P,,;. If in-phase coupling is considered
(g > 0, k; > 0, k. > 0), then the zone sequence is exactly the one presented while,

if secondary side is reverse coupled (g < 0, k; < 0, k, < 0) the right zone sequence
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will be the one depicted in Figure 3-2(b). It is worth noting that also other zone
sequences are possible but mostly in rather unpractical situations such as when the
system is not in a steady-state condition, or when the considered quality factors of
the components are extremely low. In all realistic cases the succession of zones are

those depicted in Fig. 3-2.

3.1.2 Design Curves

The third step, after calculating the analytic expression of the state variable wave-
forms for each zone and identifying the parameters at designer’s disposal (i.e. degrees

of freedom), is to put the constraints for class-E operation into a mathematical form.

Stationary condition
Steady-state is achieved when the value of the currents flowing through the inductors
at the end of each switching period are equal to those at the beginning
Ai; £ 0;2m) =i =0, Ad, 24,.(27) — i) =0 (3.29)
and the average current flowing into the load capacitor C, is zero, so that the average

output voltage is unchanged across switching periods justifying the assumption to

replace it with an ideal voltage source

1
2T

/0 " e (0)d0 = 0 (3.30)

Depending on the converter topology considered, Equation (3.30) can be rewritten

as:
Iy

27
- /0 i(6)df + L =0 (3.31)

for the resonant isolated and non-isolated buck-boost and boost converters; or

1
27

<Lz /0 T 0)do— 1, /0 7 (0) de) Y- (3.32)
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for the resonant buck converter, with I, = P,ut/Vour-
Notably, the first constraint (3.29) is automatically satisfied letting the piecewise

system evolve for k switching periods until a stationary condition is detected

|(Ad;, Ady) |l <e (3.33)

with € as low as it is required to achieve the desired solution accuracy. It is worth
noting that continuity conditions on switch voltages, since v;(0) = v;(2r) = 0 and
v.(0) = v,.(27) = 0, are always automatically satisfied for in-phase zone sequence

while in case of out-of-phase coupling also Av, = v,(27) — v,(0) must be considered.

Zero Voltage Switching (ZVS)
ZVS condition is needed to reduce the voltage-current product at the switching in-
stants and also ensures that there is no energy inside the resonant capacitor to be

discharged at MOS turn-on (0 = 6,). It is satisfied when

vi(02) = 0 (3.34)

When both (3.29) and (3.34) are satisfied the state variables are continuous across
the whole period T, and there is no power loss due to parallel capacitor discharge.
Note that the ZVS condition at the secondary side is always automatically satisfied

due to the presence of the diode.

Zero Voltage-Derivative Switching (ZVDS)
ZVDS is obtained when dv;(6)/d0 = 0 for § = 6,. Since the voltage derivative is
proportional to the inverter side current due to the capacitor constitutive relation in

(3.8), this is equivalent to ask that

i;(62) = 0 (3.35)

It is worth mentioning that this is actually not a strictly required constraint for

converter operation but can help reducing the switching loss since the intial current
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through S1 after turn-on rises gradually from zero and the achieved design is also

much more robust with respect to parameters variability.

Equations (3.31)/(3.32), (3.34) and (3.35) represent a system of three non-linear
equations in the six dimensionless variables D, k;, k., qm, q; and q,. Hence,
three among the six variables are actually degrees of freedom at designer’s disposal
while the remaining three must be computed to ensure optimum class-E operation.
Since it is usually preferred to set the values of inductors with respect to the value
of capacitors, which can be easily placed in parallel to obtain the desired amount
of capacitance, a particularly convenient choice is to take as design constants the

duty cycle and the normalized inductors values

k= (D, ki, k)

and numerically solve the system in the three design variables

q= (qMa qi, Q'r)

to get the desired class-E working point.

The main advantage of the dimensionless approach is that after normalizing the
system of equations it is possible to see how many the actual degrees of freedom of
the system really are and understand their relation with the other physical quanti-
ties such as frequency, inductance, voltage and power. Starting from a dimensionless
design point, in fact, a designer can simply ensure the optimum class-E operation by
taking the dimensionless solution and denormalize it with the actual values of V,,
Vout, Pour and fs (in case of an isolated topology, also the values of N and k have
to be used in the denormalization process) exploiting the relations in (3.11). This
opens the way toward the complete exploration of the whole design space
solving the constraints for all possible values of k. For D = 0.5, the design curves in
Figure 3-3 have been computed exploiting the MATLAB Optimization Toolbox from
MathWorks® for both (a) in-phase and (b) out-of-phase coupled secondary side. A
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Figure 3-3: Lossless design curves for non-isolated and isolated resonant class-E con-
verters with D = 0.5 and (a) in-phase coupling or (b) 180° out-of-phase coupling.
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first version of class-E design curves, with a slightly different normalization, was pre-
sented in [34]. Recent developments introduced in this document demonstrate that,
with respect to that work, the system dimensionality can be further reduced includ-
ing the voltage ratio ¢ inside the values of k; and k,. Additionally, in this thesis, for
both computational and graphical reasons the design space is represented in a new

coordinate space identified applying the following R® — R® transformation

(kiykr>QM7q%(Zr) — <\/ kz kra ki/kraqMaqiaQT>

All the portions of the (\/m , \/W) plane where contours are shown represent the
feasible design space where class-E operating conditions at steady-state can be satis-
fied. The values of ¢; and ¢, are inversely proportional to the amount of capacitance
needed to ensure soft switching transitions, and they are indicators of the maximum
parasitic capacitance that can be introduced with the active devices for given design
specifications. For example, with both in-phase and out-of-phase topologies, one can
clearly observe that the value of ¢, rapidly increases with \/W and hence it becomes
more challenging to design the secondary active device in such a way that the capac-
itance introduced in the circuit does not exceed 1/ (ws Rp¢,). Even more important
is the role of the other dimensionless parameter q,;, which is directly proportional to
the product wsM P,,;. For example, a design with a lower ¢y, (i.e. moving from the
right to the left on the x-axis) will lead to a lower output power for a given frequency
and coupling inductance. In the following two design examples will be provided to

better clarify the resonant converter design procedure based on this set of curves.

3.1.3 Lossless Design Example

Given the converter specifications as
Vin =5V, V,,u =33V, fs =1MHz, P,,; > 500mW,

there are several options to implement a dc-to-dc power conversion stage with the

resonant topologies presented hitherto. Among them, (A) isolated class-E converter
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and (B) non-isolated class-E buck converter solutions will be investigated and a step-
by-step procedure to clarify the whole design process will be described into detail by

means of useful numerical examples.

Design (A): Class-E isolated 5 V-to-3.3 V converter

If galvanic isolation is a required feature, the resonant converter can be realized imple-
menting one of the isolated topologies of Figure 2-5(a-b). For this example in-phase
coupled topology is chosen. Furthermore, in order to allow a simpler transformer
implementation 1:1 turn ratio is preferred (N = 1). Under the hypothesis to have a
transformer with low coupling coefficient, for example k& = 0.825, both inverter and
rectifier inductors L;,, and L,.. are not necessary. Hence, the other free dimensionless
parameters are computed from the input/output voltage ratio and the transformer
coupling coefficient as

Vin

52 ‘/out

~ 15, k=kE k= k/E,

kik, =k =0825 /k/k =¢&=15.

From the design curves in Figure 3-3(a) (marker “A”) one gets
gu ~ 3.16, ¢~ 1.4, q, ~4.25.

The transformer inductance upper bound is retrieved from (3.11) as

‘/in ‘/;)ut

= <199 pH.
! 27Tfskpout = s

Finally, rounding the inductance L, to 18 uH, the effective output power and the

capacitor values are calculated as

V;n ‘/out
P=— ~ 550 mW,
"7 onfikL, ™ o
Pout Pout
Cinp = ———— ~2.56nF, C,\.= ——— = 1.9nF.
QWfSWnQQi " 27Tfsv:)ut2%” "
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Design (B): Class-E 5 V-t0-3.3 V buck converter
An alternative implementation is obtained exploiting the resonant buck topology.
Since it is a non-isolated converter one must set N = 1, £ = 1 and calculate outer
and secondary loop voltages from Table 2.1 as V, = V;, — Vo, = 1.7V and V}, =
Vour = 3.3 V. Then the input/output ratio is computed as

E=NV,/V,=17V/3.3V =~ 0.5.

If one decide to not implement inductor L,.. and choose the same valued inductors

for both L, and L;y,, then k; = —0.5§ = —0.25 and k, = —1/¢ = —2, which means

A/ kl kr ~ 07, kz/kr ~ 0.35.

From the design curves in Figure 3-3(b) (marker “B”) the dimensionless parameters
are extracted as

qu ~ —0.92, ¢ ~225, g ~0.234.

Inductance is computed exploiting again (3.11) paying attention that the effective

output power of a buck topology must be scaled by (V;/V, + 1) as outlined in (2.26)

E + 1) V;n ‘/out

L,= Lrec - S _r b
P <Va 27TfsP0ut

|qar| < 4.89 pH.

In this case the closest standard value for inductors is 4.7 pH and the resulting effective

output power is

‘/b V;n‘/;ut
Puyu=(—+1 ~ 510 mW.
' (va - ) 27 f.L, laa] ~ 510m

Finally, capacitor values are calculated as

Pout/ (% + 1)
27Tfst2 q;

Pout/ (%‘i‘ ].

> ~ 10.5nF.
27Tfs‘/out2 qr

Ci’rw = ~ 4.4 HF, Orec -
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3.2 Lossy Methodology

One of the main disadvantages of resonant dc-dc converters is that any resistive
parasitic in the circuit can significantly alter the designed waveforms. Con-
sequently, besides the power loss directly due to the dissipation in the resistive par-
asitics themselves, there is an additional loss contribution due to the fact that the
converter operates away from the ZVS and ZVDS conditions and the overall system
efficiency is much more severely impacted. In order to overcome this drawback, the
unified design methodology presented is improved taking into account the main cir-
cuit losses such as those related to switching devices on-resistance, rectifying diode

voltage drop and finite resonant elements quality factor.

3.2.1 Component Modeling

In order to develop an accurate mathematical model also for de-de converters having
efficiency that is far less than 100%, for each device a simple equivalent circuit that
includes non-idealities and parasitic effects is presented.

The MOS transistor is modeled as an open circuit when in the off-state and with
an equivalent channel resistance R, when it is turned-on. Similarly, the diode is
modeled as an open circuit when it is off while its equivalent on-state circuit is made
up of a voltage source V9V with a series resistance ROV to take into account the
relation between the device voltage and the current flowing through it. Considering
the parallel connection of a MOS device, a diode and a capacitor, one obtains the
resonant switch depicted in Figure 3-4(a-c) which can be modeled with an equiva-
lent Thevenin circuit, including the linearized active devices and the resistance R,
connected in parallel with the resonant capacitor C. Considering a voltage Vi, (%)
applied between the terminals of this subcircuit, a current Iy, (t) will flow following

the relation

dViu(t) . Vew(t) + Va

La(t) = Io(t) + La(t) = C 7 R

(3.36)

Depending on the on/off state of MOS and diode the equivalent circuit elements
Vg and R, can have different values: (a) if diode is off V; = 0 and if also MOS is
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Figure 3-4: Lossy devices models: Resonant switch model when (a) the MOS is OFF,
(b) the MOS is ON or (c) antiparallel diode is ON. (d) Resonant inductor model and
(e) 1:N transformer with both winding and core losses modeled with series resistances.
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off then Ry = Rep; (b) if MOS is on and diode off Ry = Rp$Y /) Reyp, while (c) if
MOS is off and diode on V; = Re,/(Rep + RPM)VOYN and Ry = RPN /) Rey.
Note that both diode and parallel capacitor can be seen either as the inner bulk
diode and the output capacitance of the MOS device, commonly referred to as Css,
or as external components opportunely connected to “mask” these parasitics. For
example, an external schottky diode would have a smaller forward voltage compared
to the diode inside the MOS thus preventing it to turn-on. Likewise, an external
capacitor much bigger than the C,;s would reduce the impact of its non-linearity on

the circuit behavior.

Under the hypothesis that reactive elements are all operating well below their
resonance frequency, and that the power dissipation on parasitic elements is mainly
related to the first harmonic of current/voltage excitation then these parasitics can
be simply modeled as series or parallel resistors. The capacitor parasitics are modeled
with an equivalent parallel resistance R¢,, as depicted in Figure 3-4(a-c), which is

related to the quality factor Q¢ by the formula
Reyp = wsCQe.

To take into account also the finite quality factor of inductors an equivalent series
resistance Ry is introduced, whose value can be computed once the quality factor

@1, is known as
wsL

- Q

The transformer is modeled adding two series resistors Ry = wsL,/Q L, and Ryo =

RLS

wsLs/Qp, to account for ohmic loss in the windings and an additional resistor R, =
Ry /N = wsM/(NQy) in series with the magnetizing inductance L, = kL, referred
to the primary side to model the power loss in the ferromagnetic core. The transformer
matrix description is then updated as follows:

WO\ _ (Lo =) a (B0) (D0 MG (B0

vin) \em oz )4\ M/Qu LQu ) \L()
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Once all the lossy circuit elements have been modeled, the differential equation
system describing the state variables evolution must be consequently rewritten and
new analytic solutions must be found and properly combined to define a new lossy
approach to resonant converters analysis. This step will be of crucial importance to
have a first approximation of the system efficiency early during the design process

opening the way towards several optimization strategies.

3.2.2 Lossy ODE Analysis

Including all the lossy models for both switching devices and resonant elements the
new class-E equivalent circuit in Figure 3-5(a) is drawn. Inductors L; = L, + (1 —
k)L, and L, = L,.. + (1 — k)L, are introduced to include both the the transformer
leakage inductance and the primary and secondary inductances L;y,, and L,... Simi-
larly, the primary side and secondary side resistances R; and R, take into account the
parasitic resistance of the inductors L;,, and L,.. respectively, but also the winding
resistance of the transformer and any other resistive parasitic connected in series with

the input and output voltage sources

Ri = Ws (Linv/QLmv + Lp/QLp> + Rsi> Rr = Ws (Lrec/QLrec + LS/QLS) + Rsr'

Primary and secondary side KVLs are updated as follows

dIinv t d[rec t
(Liny + Ly) dt( ) v m dt( ) ¢ R, Lo () % Bt Leol) + Vi (£) — V, = 0
dIim) t d-[rec t
+M dt() + (Lrec + Ls) t() + Ry Imv(t> + R, Irec(t) + VSZ(t) —V,=0

(3.38)
Equations for both primary and secondary resonant switches are written explicitly

from (3.36)

dVg (t
CiRai silt) _ Riiliny(t) + Vsi(t) + Vg = 0
dt
o (3.39)
Cerr% - Rd’r‘jrec(t) + VSQ(t) + ‘/dr =0
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Figure 3-5: Lossy class-E converter equivalent circuit (a) before and (b) after nor-
malization.
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Then, similarly to the lossless methodology, both (3.38) and (3.39) are normalized
dividing the first equation by V, and the second by V. Introducing also the same
normalized state variables (3.2) and dimensionless design variables (3.6) one gets a

new fourth order ODE system describing the lossy converter behavior.

; am . B
ko do Mg +ii(0)/gi + =L i(0) + v;(0) — 1 =0

Qum
w5t E +Q—Mu(9)+zr(6’)/gr+vr(9)—1—0

qu di6) | dii(0)

| (3.40)
D) (0) + 9020 (00) + 0a(Z0) =0
LD i)+ 00 2) (00) + 0 2)) = 0

with g; = R./R;, g- = Rp/R,. Notably, going the quality factor ¢, and the conduc-
tances g, 9r, gai, gar to infinity the equations in (3.40) can be reduced to the lossless
system in (3.9).

Furthermore, it is important to stress that the equivalent voltages vy, (Z;) and
conductances gq;.(Z;) of the resonant switches change zone by zone to account for
different circuit configurations but, interestingly, after including the non-idealities in
the circuit model, the converter evolution is always described by a fourth order ODE

system

x'(0) = Ax(0) + b (3.41)

in the four state variables x(0) = (i;(0), i.(0), v;(6), v.(0))". The eigenvalues and
eigenvectors of the matrix A determine the nature of the solution in the different
zones, which is reported with more details in Appendix C. Similarly to the procedure
presented for the lossless case, the state variables evolution can be drawn zone by
zone and a piecewise solution in the entire clock period is simply obtained imposing
the state variables continuity at each switching instant and computing the coefficients

c1, Co, c3 and ¢4 from the initial conditions.
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HRi Zone (0 < 0 < Opear):
In this zone the primary side switch is off and the corresponding equivalent circuit
is the one depicted in Figure 3-4(a). The primary side current is all flowing through
the parallel of the resonant capacitor C; with its parasitic resistance R¢, = w, C; Qc;,

hence

HRi _ HRi _
Vdi =0, 94 = R./Rq,

On the contrary, the secondary side diode is on and it is modeled with the circuit in

Figure 3-4(c). If the series resistance of the diode Rp®" is very small compared to

the impedance of the parallel resonant capacitor with its parasitic resistance Zg =

(wsC) ™/ Re, ~ (w,C,)~", like in the most of the cases, then the rectifying current
ON _

is mainly flowing through the diode and v,(t) &~ —vp®" = —Vp°Y /Vi. Anyway, in

general
v R = vpO R, / (Rc,« + RDON) , a1 = R/ (RCT //RDON) (3.42)

The detailed computation of the evolution can be found in (C.7). The end of the
zone can be detected when the rising voltage v, () becomes greater than a diode
threshold —vp?" causing the diode to turn-off. However, depending on the amount
of losses introduced in the circuit, it is also possible that this instant comes after
the turn-on of the primary side switch at 0, = 2m(1 — D). Consequently, the end

condition for Z; can be expressed as
Onear = min (01, 0p°"") (3.43)

with 0p%"" =0 > 0,00 | 0,V (0) = —vpON.

FR Zone (0prer < 0 < Opest):
Here both MOS primary switch and diode at the secondary side are turned-off. All the
primary and secondary side currents are flowing through resonant capacitors C; and

C, respctively, and the equivalent model for both devices is the one in Figure 3-4(a).
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Then,
0l =0, g,F% = Ru/Re, = Raf (w0, C; Qc,) (3.44)

?)dTFR = O, ngFR = Rb/RCT = Rb/ (ws Cr QCT-) . (345)

The solution of the system in fully resonant conditions is computed in (C.8). The
zone ends once the first switching device is turned-on. The MOS switch is externally
turned on at 0y, = 2w(1 — D) while diode turns on when the reverse voltage v,.(f)

falls below —vp°N. Hence,
Onest = min (Orr, 0p°™) (3.46)

with 0,9 =6 > Oprew | 0,2 (0) = —vpON.

HRr Zone (Opey < 0 < Opent):
This zone, which is complementary with respect to HRi, is characterized by a con-
ducting MOS switch at the primary side and a high-impedance secondary side. If
the on-state resistance of the MOS switch is negligible with respect to the impedance
Ze, = (wSC’i)_l//Rci ~ (wsC;)~" of the resonant capacitor Cy, then v, (3)(9) ~0VHe

Z3. In any case the general equivalent model of the two resonant switches is
v =0, 9" = Ra/ (Re, | Ros®™) = R/ ((w: Ci Qc,) [/ Rps®™)

on the primary side while, being the diode on the secondary side off, the current flows

all through the resonant capacitor C, and

va"" =0, 94" = Ry Ro, = Ry (w: O Qcy)

This zone ends at 63, when the voltage v,(®) () turns negative and the diode is switched
on before MOS turn-off, otherwise a new period begins at § = 2r. Mathematically it
can be written as

Onear = min (27, 0p°) (3.47)
with 0p%Y = 0 > O | 0,3 (0) = —vpON.
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LIN Zone (Opep < 0 < Opent):
Here both switching devices are on and the equivalent circuit parameters to put in

the expression of A are
0N =0, g = Rof (Rey )/ Ros®Y)

vir™ =vp?" Re, / (RCT + RDON) , 9™ = Ry/ (RCT // RDON) :

Solution for this zone is given in (C.6). Finally, the ending of this zone actually
depends on two possible events: MOS turn-off at § = 6, = 27 and diode turn-off
when secondary side voltage reaches the diode threshold. Therefore, the next instant

of converter evolution is computed as
Onear = min (2m,0p°"") (3.48)

with 6,°FF = 6§ > 9pm,|vr(4)(9) = —vpPY. Additionally, once the time domain
evolution for all zones is drawn, the steady state behavior can be computed repeating
this procedure periodically with updated initial conditions at 8 = 6, until a stop

criterion is detected.

Similarly to the lossless system previously described, imposing the values of D, k;,

k., steady-state constraint on state-variables
(A, Ad, Av;, Av,)|| < g, (3.49)

with Av; = v;(27) —v;(0), Av, £ v,(27) —0,(0) , ZVS/ZVDS constraints (3.34)-(3.35)
and output steady-state constraint (3.30), it is possible to numerically compute the
optimum class-E operation design point of the system with losses.

Starting from the converter specifications such as V;,, V,,; and P,,, once the
design constants k have been chosen, for a given set of quality factors for both active

devices and reactives, the proposed analysis and design methodology is summarized

71



1N
SPECS and CONST

Vin' Vout/ Pout

* Duty cycle, k;, k, \)(\0“
e Quality factors  <°

* Reduced dimensionality
* Physics insights
* Full design space exploration

Normalized
System
Description

ol
S s
£ I DESIGN
©
Q o)
& >« Normalized design
, Numerical ‘8 variables gy, ; a
X=Ax — + fs — denormalization
Solver p=
: ~ (MGG
 Semi-analytic piecewise evolution (AI/\IZ:;"LE,TBGHC)GI = o ‘
* Fast steady-state computation r N
IEEEICIENGY;
|

* Access to state variables’ values at
the switching instants

Figure 3-6: Class-E resonant converter dimensionless analysis and design approach

in the following three points, as also exemplified by Figure 3-6:

e Depending on the resonant network topology, differential equations for each con-
verter switch configuration are written and organized in matricial form. They
are subsequently normalized to find out the actual design space dimensional-
ity. There are two main advantages derived from normalization: first, the
normalizing equations give a phisics insight view of the relation between the di-
mensionless parameters and the real world values of inductances, capacitances,
frequency, voltage and power; second, the reduced number of variables permits
to extensively explore all the design space opening the way towards a broad

variety of optimization opportunities.

e Then, each differential equation system is solved analytically, and the obtained
solutions are used to build-up a piecewise semi-analytical converter sim-
ulator. The main difference with respect to a conventional circuit simulator
like SPICE is that the circuit currents and voltages waveforms are not com-
puted exploiting step-by-step numerical integration methods but, leveraging
the analitically computed solutions, the state variables values must be actually

evaluated only at the switching instants to link the solutions together. The
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result is a much faster steady-state computation while still having the control
of the state variables values at the switching instants to impose ZVS and ZVDS
operating conditions. The related drawback is the lack of flexibility. In fact, if
the converter resonant network topology is changed, new normalized equations

and analytical solutions must be computed accordingly.

Finally, recurring to any numerical optimization tool such as MATLAB or
Mathematica, the semi-analytical converter evolution is iterated changing the

values of q unitl

(vi(eg), i(602), ;ﬂ/o% Ie. (0) d9>H <e

l

with e arbitrarily small number (e.g. 1 x 107%). The last step is clearly de-

normalization of dimensionless design variables into real world quantities. In
particular, from q = (qur, ¢i, ¢-) the values of the resonant capacitors C; and C,
are obtained along with the result of the product f; M P,,;. This means that
only two between these factors can be freely chosen while the third must be

computed to match the value of g;.

The superior computation speedup achieved permits to repeat such a procedure

exploring all possible values of the design constants k in a reasonable amount of time.

Such an approach finally leads to the possibility to explore and compare a great

amount of design solutions pursuing for improved system compactness or maximum

conversion efficiency. In fact, once the average value of the input current i;(0) is

known, also the power section efficiency can be accurately estimated during the

numerical optimization process starting from the general definition (please note that

gate driving losses will not be included)

o Pout o ‘/out Iout

(3.50)

which can be expanded in different ways depending on the topology considered:

isolated /non-isolated buck-boost, buck or boost.
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e For the class-E isolated and non-isolated buck-boost converters,

since Ly = Ty (1)) = I, (i5(0)) = Poue/ Vi (i5(0)) and V, = Vi,

Pou 2 1
BB ! SR (3.51)

m - Vz ]a /027r 21(9) do /Ozﬂ Z@(e) do <2z(9)>

"o

e for the class-E boost converter, being I;, = <]Lp(t)> = 1,(i;(0)) + L,
Vin =V, and V,;, = V, + V}, one obtains

BOOST __ ‘/;)ut ]out .
77 - ] 2T
Vi, ( / i:(6) df + Lm)
27 Jo (3.52)
Vot Vi E+1

Ve (i(0) + Ve (5(0)) + &€

e for the class-E buck converter, since I;, = (I;,,(t)) = I, (i;(0)) and V, =

‘/:L' - ‘/;uta then
BUCK — PDUt

v, Lo 775 0y as
zn%/o Zz()

V., 1

(Va+ Vo) (a(0)) (1 +1/€) ((0))

n
(3.53)

3.3 Design Examples and PCB Prototypes

The proposed modelling, analysis and design approach is validated through imple-

mentation and measurements of two dec-de converters realized with off-the-shelves

components. The first one has a non-isolated topology, a low switching frequency

and it is built with low-quality inductors and capacitors. The second one is isolated,

running at higher frequency and designed with high-quality reactive elements. The

pictures of the two prototypes, whose design was firstly presented in [34], are shown

in Figure 3-7(a) and Figure 3-7(b), respectively. The design procedure is composed

of two steps: the first design step (lossless) is performed neglecting any kind of loss
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Figure 3-7: Photograph of the designed prototypes. (a) 2.5W non-isolated dc-de
converter; and (b) 500 mW isolated dc-dc converter.

in the circuit in order to get, with the help of the design curves of Figure 3-3, a
first approximation of the component values, and consequently an indication of their
parasitics. Then one takes into account all circuit non idealities (diode voltage drop,
inductor and capacitor quality factors etc.) and apply the lossy methodology to
reach the final accurate design point. In both cases measurements perfectly match

the expected theoretical results.

Design (C): Low-efficiency non-isolated buck-boost converter
Let us consider a 2.5 W non-isolated buck-boost converter, with V;, =5V and V,; =
3.3V, operating at approximately 500 kHz. The desired voltage ratio imposes £ ~ 1.5
and, since only L,.. is implemented then k; = £&. The two additional degrees of
freedom are set as k, = 0.5/¢ (i.e. L, = L) and D = 0.5 (i.e., f = 7). If one

v = 0 and all quality

initially assumes that all circuit elements are ideal, i.e.,
factors equal to infinity, the design solution is exactly the one indicated with the

marker “C” in Figure 3-3(a):

\/l{fikr%().?, k’z/k’r%21,

qu ~ 1.67, ¢; = 1.1, ¢, =~ 10.

(3.54)
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Then qu, ¢;, ¢, can be denormalized using Equations (3.11) to get

L, = L,ec =3.47uH, Cip, =29.30F, Cec = 6.461F.

p

Given a first approximation of circuit elements values, it is possible to search for
discrete components available and get a realistic indication of their parasitics. In
order to validate the proposed circuit modelling and design methodology even for low
efficiency converters, passive elements with very low quality factors at the desired
operating frequency are chosen: Qp, = Qp,.. ~ 36, Qc ~ 28 (quality factor mea-
surements with Hewlett Packard 4284A Precision LCR Meter). In order to simplify
the circuit implementation, the converter is implemented with an N-MOS transistor
separating the primary and the secondary grounds. Then, a IRLMLO030TR transis-
tor by International Rectifier, with R,9" ~ 27 m and a DB24307 Schottky barrier
diode from Panasonic with VY a~ 0.3V and Rp%Y ~ 30mS) were used. Finally,
two 20 mS) current sensing resistors have been added, one on the inverter and one
on the rectifier branches. Exploiting the optimization capabilities inside the Wolfram

Mathematica software, the lossy system dimensionless solution has been found

qu = 1.37, ¢ = 0.87, ¢, = 4.54.

Remarkably, it is quite different with respect to its lossless counterpart (3.54), mainly
due to the low quality factors of inductors and capacitors. This confirms how im-
portant is the consideration and the correct estimation of parasitics in this kind of

converters. Denormalization leads to

L, = Lyee = 2.85 uH, Cyy = 37.30F, Cpee = 16.10F

In order to further simplify the converter implementation, the last degree of freedom

given by the oscillation frequency is exploited, noticing that by slightly increasing f;

76



File Vertical Timebase Trigger Display Cursors Measure Math Analysis Utilities

imebase 0.00 ps] [Trigg:
1.00 pst o)
200 kS 0GSis e
9/18/2014 6:47:08 PM

Figure 3-8: Measured current and voltage waveforms for the 2.5 W non-isolated dc-dc
converter prototype showing almost perfect ZVS/ZVDS characteristics.

from 500 kHz to 650 kHz, one gets

L,= L. =22pH, Cip, =28.7pF, Cree = 12.4pF

In this way, two inductors with a standard commercial values for L, and L,.. can be
used, while C},, = 30 pF and C,.. = 12.2pF can be well approximated placing a few
commercial capacitors in parallel.

Measurements, performed exploiting Aim-TTi PL303-P Power Supply, Aim-TTi
LCD 1705 Multimeter, LeCroy WaveSurfer WS 452 and LeCroy WaveRunner WR
104 Xi-A, show a very good matching with the expected results. Output voltage and
current measured from the prototype are in the expected range (V,,; =~ 3.1V and
I,y =~ 680mA). Also the measured efficiency (59%) agrees with the theoretical one
(58%) computed accordingly to (3.51). The measured waveforms for Vg (t), Vsa(t),
Liny(t) and I,..(t) are plotted in Fig. 3-8, underlining a very good behavior in terms
of both ZVS and ZVDS.
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Design (D): High-efficiency isolated class-E converter

The second prototype is a 500 mW isolated dc-dc converter, with V;,, = 5V, V,,; =
12V, operating at approximately f; = 1 MHz. Also a 1:2 (i.e. N = 2) transformer
with in-phase coupled secondary side is considered. Being & = V;,/Vo = 0.42, if
Ljn, = OH then k; is given only by the transformer turn ratio and coupling coefficient
ki = NEKE. Differently, on the other side k, = NkL,/ (§(Lyec + N?L,)) is also influ-
enced by the rectifying inductance L,... If the transformer considered features a very
high coupling then k; =& N¢ = 0.84. As in the previous example, one can start with
the assumption of ideal devices and Ly = N2L, = L, (i.e. k. = k/(26N) ~ 0.6),
that leads from Figure 3-3(a) (see marker “D”) to

\/k’z‘ kr ~ 07]., kz/k’r ~ 12,

gu = 1.4, ¢; = 1.46, ¢, = 2.29

(3.55)

that is denormalized to

L,=135uH, L,.. = N°L, =54 H, Cj,, = 2.150F, C,.. = 241 pF.

The best fit for commercial transformer is a 10.9 uH WE-FLEX transformer by
Wiirth Elektronik, with coupling coefficient £ ~ 0.98 and quality factor Qy ~ Qp, ~
Q1. =~ 45. Consequently, a smaller value also for the inductor, i.e., Ly = 33 pH with

a quality factor Qp, . ~ 47, is used. Furthermore k; ~ 2 x 0.98 x 0.42 ~ 0.82 and

2 x0.98 10.9
k. = ;.42 3374 x 10.9 ~ 0.66. In this prototype ceramic capacitors with COG

dielectric are considered, ensuring extremely high performance (Qc > 1000) so that

an almost infinite quality factor can be assumed. The same N-MOS of the previous
example is used, while the rectifying diode chosen for this prototype is a ES1B by
Vishay, with VOV ~ 0.7V and R§Y ~ 3. Finally, the design is completed with
two current sensing resistors, a 0.1 €2 at the primary side and a 5.1 {2 at the secondary

side. With the help of Mathematica the new solutions, accounting for all circuit losses
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Figure 3-9: Measured current and voltage waveforms for the 500 mW isolated dc-dc
converter prototype showing almost perfect ZVS/ZVDS characteristics..

modeled, have been computed:

gy = 1.38, ¢; = 1.29, ¢, = 1.35 (3.56)

Due to the high quality factor of the components used, the new solution is not very
far from the lossless design in (3.55), which is suitably used as a starting point for
the numerical optimization. Then, by slightly increasing the operating frequency to

fs = 1.22MHz, (3.56) is denormalized as

L, ~ 109 H, Lyee ~ 33 uH, Ciny ~ 21F, Chee ~ 335 pF

With the same setup used with the previous prototype, a new set of measurement
are performed on this new board. Output voltage V,,; = 11.8 V and output current
I = 40.3mA, with a 75% efficiency, are very similar to the theoretically expected
ones (12.0V, 41.7mA, 77%). Measured converter waveforms are plotted in Fig. 3-9.
Also in this case the ZVS/ZVDS matching with respect to expected theoretical results
is extremely good, proving the excellent performance of the proposed methodology

for both designing and predicting the performance of a resonant power stage.
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Conclusion

The new analysis and design approach presented in this chapter represents an ex-
ceptional breakthrough with respect to the state-of-the-art resonant converter design

techniques, which are mostly based on strongly simplifying assumptions, since:

e it allows to simplify the converter topology and remove reactive elements

that are not strictly necessary for the resonant operation;

e it can be applied to several isolated and non-isolated class-E topolo-
gies and can be easily extended to other resonant converters sharing the same

resonant network;

e it dramatically reduces the design time providing a high accuracy solution

that doesn’t need to be refined with additional circuital simulations;

e it takes into account the main circuit non-idealities giving a very good ap-

proximation of the conversion efficiency achievable;

e the dimensionless analysis allows a comprehensive design space explo-
ration giving the possibility to straightforwardly find the optimization path

based on design specifications and technological constraints;

e it can be leveraged to rapidly test the feasibility of more “fancy” circuital solu-
tions such as the implementation of a power line communication technique
to transfer power and data within the same isolation channel as it will

be explained in the next chapter.
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Chapter 4

Isolated Bi-directional

Communication Channel

Galvanic isolation is often required in many power conversion systems, especially
those for industrial and safety-critical applications such as telecommunications and
medical equipment. Additionally, dc-dc converters providing isolated output power
benefit designers who need isolated gate drivers or noise reduction in analog circuitry.
Some applications, such as sensors for industrial process monitoring and testing,
where high voltages, magnetic fields and noise are commonly present, also demand for
reliable isolated data links capable of sending information across the isolation
barrier. Furthermore, an isolated data channel is always required for isolated power
supplies with primary side feedback control [35].

The conventional approach is to use independent interfaces for power and data
transfer. While transformers are always the preferred solution for power conver-
sion, the data interface can be implemented with optocouplers, extra pulse micro-
transformers, or high-voltage capacitors, as sketched in Figure 4-1.

The main benefits of optical coupling are that light is inherently immune to external
electric or magnetic fields, and optocoupling allows for transfer of steady-state infor-
mation. The disadvantages include speed limitations (which depend on how quickly
the LED can turn on and off), power dissipation (up to 10mA of input current for

high-speed digital transfers), and the degradation of the LED over time, which may
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Figure 4-1: Conventional data isolation techniques (a) optocoupling, (b) inductive
coupling and (c) capacitive coupling.

lead to no longer functional coupling [36]. Despite these drawbacks, optical coupling
has been the leading isolation techinque for the last decades in many applications

ranging from telecommunications to robotics and power conversion systems.

In the last years, both inductive and capacitive coupling are replacing op-
toisolators in the most of commercial products and solutions thanks to their superior
efficiency and reliability. The former, despite its susceptibility to external magnetic
fields, with careful transformer design, allows common-mode noise rejection, while
the latter enables cost-effective integrated isolation circuits. In both cases, almost
100% power efficiency can be achieved and there is no performance degradation over
time. The main concern is that both inductive and capacitive coupling pass signals
within a certain range of frequencies and amplitudes with tolerable distortion and

proper signal processing is required to keep the signal within the usable bandwidth.

There are already several products on the market that include both isolated power
and data inside a single-package solution, such as the ISOpro family of digital isolators
from Silicon Laboratories (capacitive isolation) [37], the isoPower micro-transformer
technology developed by Analog Devices [38, 39, 40] (protected by patents [41, 42, 43])
and the RS232 transceiver from Linear Technology (coupled inductors) [44], but all

of them exploit separate isolation devices for power and data.
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Only a couple of works in the literature tried to address the problem of Power Line
Communication (PLC) between the two sides of an isolated power converter. The first
of them implements a bidirectional communication strategy in a full-bridge converter
changing the switching phase of the bridge at the primary side to transmit a for-
ward data stream and introducing an impedance modulator circuit on the secondary
side for backward communication [45]. The second one exploits switching frequency
modulation and output voltage amplitude modulation to send bidirectional data in
an isolated PWM gate driver [46]. Surprisingly, it seems that no work has been
published about power line communication in isolated resonant converters yet.

The purpose of this last part of the thesis is to leverage the analysis and design
methodology introduced in the previous chapter to develop a novel power line com-
munication technique to be exploited in resonant converters with minimal impact
in terms of size/cost and negligible power efficiency degradation. The proposed so-
lution is capable of sending high-rate bidirectional data across the same isolation
barrier used for power transfer. Since it doesn’t require neither dedicated isolation
devices nor additional signal processing to adapt the data stream to the bandwidth
of the isolation channel, the overall system compactness and reliability can be greatly

improved with respect to currently available industrial solutions.

4.1 Operating Principle

The converter topology considered is an isolated resonant class-E with 1:1 in-phase
coupling where only the seondary side inductance L,.. is implemented. The proposed
communication architecture is the same for both forward (i.e. primary to secondary)
and backward (i.e. secondary back to primary) communication and it is depicted in
Figure 4-2. It consists in adding two switched capacitors Cy and Cj, in parallel to
Cino and C... respectively, that are attached or detached every clock cycle depending
on the bit to transmit. Hence, there is no need for signal conditioning but the PAM
bitstream signal can be directly applied to the gate of the auxiliary MOSFETS used

to modulate the total capacitance value. The resulting change in converter voltage
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Figure 4-2: Schematic of the proposed isolated class-E converter implementing a bi-
directional PLC scheme

waveforms can be detected at the opposite side of the transformer with properly
designed sensing circuits to recover the original data stream.
Unfortunately, in such a system data and power transfer are not orthogonal mech-

anisms but they mutually influence each other, so some concerns arise:

e The datastream transmission alters the converter normal behavior. If the
converter configuration is changed every clock cycle to achieve high-rate (1
bit/cycle) transmission capability, it never reaches the steady state and both
ZVS and ZVDS conditions cannot be perfectly met. Furthermore, also the
amount of power delivered to the load is strongly influenced by the datastream

being transmitted.

e The converter behaves like a channel with memory that may be incompatible
with 1 bit/cycle data transmission. In fact, the values of the state variables
of the circuit at the beginning of each period depend on the bits previously

transmitted and some bit sequences could be critical for the receiver.

Consequently, it is of fundamental importance to develop a design strategy in order
to cleverly administrate the trade-off between power conversion efficiency and
communication performance.

The proposed design approach is summarized as follows:

84



e The equivalent dimensionless circuit model and analysis methodology presented
in the previous chapter are extended to monitor the converter state variables
evolution across multiple switching periods when the resonant capacitor

values are changed accordingly to the bitstream to be transmitted.

e The memory of the system m must be estimated and a suitable bitsequence
to be used in the design phase has to be identified to account for all possible

combinations of bits with length m + 1.

e Resonant capacitor values C,,, Cyec, Cr and Cp, must be accurately designed

in such a way that:

— the converter is still able to deliver the desired amount of power to the out-
put with negligible performance degradation with respect to an equivalent

class-E converter without communication capabilities and

— the families of waveforms obtained for “0” and “1” bit transmission are
clearly separated (open eye pattern), accordingly to the sensing strategy
chosen, proving the robustness with respect to circuit parameters spread

and noise variations.

4.2 Modeling

In order to describe the communicating class-E converter, the dimensionless model

developed in Chapter 3 must be updated as follows:

e At the beginning of each period analysis the value of primary and secondary
capacitances is changed accordingly to the bit to transmit and the direction (i.e.
backward or forward) of the datastream. Then, the associated dimensionless

variables ¢; and ¢, are redefined as follows:

qi1, lf B’fWD s “07’
g (BYP) = (4.1)
gi1 //%’27 if B}fWD is “17
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Gr1s if BPWP is “0”
¢ (BPYP) = (4.2)
qr1 //qr27 lf BEWD 1S “1”

with
1 1
= WsRaCim), = WstOrec
B 1 B 1
iz = UJSR(ZCZ'TLUQ’ 2= WstCreCZ

The value of Cj,e and Cieep can be computed under a first harmonic approxi-

mation as

Cf C'b
29 OrecZ = P
1+ (wsRme) 14 (wSRme)

Oinv? = (43)
where R,, is the sum of the on-resistance of the auxiliary MOS that connect
and disconnect the switched capacitors and the parasitic series resistance of the

switched capacitor itself, that can be computed from the quality factor Q¢ as

B 1
B WSCQC

Res (4.4)

Under the same hypotheses also the equivalent parallel resistances can be ap-

proximated as

1
RCZ' = (wSCinUQCmv)//BIfWD (Rm + M) 7
ey (4.5)

1
BWD
RCT = (wsCTtECQCTec)//Bk (Rm + W)

In order to avoid backward-to-forward and forward-to-backward interference,
bidirectional communication is obtained by time-division multiplexing (half-
duplex) following the scheme reported in Figure 4.2. During the backward
communication slot capacitors Cjy,, and Cy on the primary side are connected
in parallel while the secondary side capacitor C, is connected and disconnected
depending on the sequence of bits to transmit. Similarly, during forward com-

munication, capacitor Cj is kept connected to the circuit while the bitstream
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Figure 4-3: Bidirectional communication switching configurations
controls the configuration of the capacitor C'y on the primary side.

During both backward and forward communication, the voltage Vsi(t) can go
negative turning on the body diode of M1 which conducts for a non-negligible
amount of time before clock rising edge. This actually represents an additional
Half-Resonant zone, referred to as HRd, that has to be modeled and intro-
duced in the circuit analysis. Exploiting the model depicted in Figure 3-4(c),

the equivalent Thevenin parameters are easily computed as follows

UdiHRd = UDONRC%/ (RQ + RDON) ) gdiHRd = Ra/ (RCi //RDON) (4‘6)

The steady-state cannot be strictly reached since the converter configu-
ration is changed cycle by cycle. To overcome this limitation, the converter
behavior is no more obtained iterating on a single circuit configuration but it
is analyzed iterating an entire sequence of bits of given length L. This actually
represents an extension of the concept of steady-state, where the matching of

the initial conditions of the system at the beginning and at the end of such a
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sequence have to be considered. As it will be explained in the next section, it
is important to properly choose this design sequence in such a way that a
theoretical converter model (considered for design purposes) transmitting such
a sequence periodically represents a good approximation of the real converter

behavior in actual operating conditions (infinite sequence of bits).

4.3 The Memory of the System

Since the transmitted bit is (potentially) changed every clock period k, steady state,
ie.

xp = (i, i), = (@(2m), in(27),

is never achieved cycle by cycle and all circuit waveforms in every switching period

depend on:

e the system initial conditions x{, i.e. the state variables 7;(f) and i,.(f) at
6 = 0 (assuming that v;(0) =~ v;(27) ~ 0 and v,(0) =~ v,(27) =~ —v V), that

can be straighforwardly represented in a two-dimensional space, and
e the switched capacitor configuration (i.e. the bit being transmitted).

Letting the system evolve for k switching periods with random bit transmission every
clock cycle and collecting the initial conditions x{ at the beginning of each period a
cloud of points can be obtained. The frontier X° of a set of points obtained for k — oo
(excluding the first generated points which are biased by the starting conditions that
can be out of KO) encloses all the possible initial conditions of the system and, the

single period analysis function, described in the previous chapter, can be defined as
fE' (ka q) : XO (k7 q) — XO (k7 q)

(with XO representing the set enclosed by KO) which actually represents and extended
definition of steady state for this kind of system. What is needed to analyze the

converter behavior while communicating a bidirectional stream of bits is a bitsequence
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of length L which is able to explore a representative discrete subset of X9, i.e.
Q={Duyqlk=1,..,L} D X° (4.7)

where D0 ) is a closed disk of radius € centered in xy.

Despite the fact that it is not the main focus of this work to examine in depth all
these mathematical aspects, a rough estimation about how well a given sequence sy,
can approximate the actual converter behavior is computed comparing the discrete
set of initial conditions X generated by s; with another discrete set X2 obtained

with a very large number of random bits to get an estimation of € as
e =sup; {infy {dix| k=1,.., K —oo}|i=1,.., L} (4.8)

with d;j, representing the euclidean distance between a point in X? with another point
in X%. For a sufficiently small value of & the bitstream sy, is representative of the
entire behavior of the power-line communicating converter and the memory of the
system is estimated as m,. =~ L — 1. Obviously a trade-off between ¢ and L exists:
the smaller L (faster computation) the bigger ¢ (worse approximation), the bigger L
(slower computation) the smaller £ (better approximation).

A useful choice to generate a bitstream s;_;, with L = 2!, is to consider the
maximum length sequence (MLS or m-sequence) generated by a linear feedback shift
register (LFSR) of length I. Such a sequence is periodic and it is the shortest that
contains all the possible combinations of [ bits, except the all-zero vector. For this
reason it is particularly useful to characterize the behavior of the communicating
converter under study without requiring too much computational effort (good trade-
off betwee L and ¢), as highlighted in Figure 4-4 for a 5-bit and a 8-bit Galois LFSR
(GLFSR). A more detailed explanation about how to generate MLSs of different

length is provided in Appendix D.
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Figure 4-4: A 2D representation, computed with Wolfram Mathematica, of the state
variables’ initial conditions explored by a class-E isolated converter with backward
communication (i.e. secondary side capacitance modulation) during normal oper-
ation. Green points: set of initial conditions X% obtained with 10k random bits
transmission, Blue lines: set of disks of radius € centered in the initial conditions
obtained transmitting a MLS generated with a GLFSR of length 5 (a) or 8 (b).
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4.4 Backward Communication

Sending data in the opposite direction with respect to power flow is of great interest
since it can be exploited in several ways, such as feedback control loop for load
regulation or to collect data from an isolated sensor node which needs to be also

powered-up.

4.4.1 Working Principle

The proposed approach to implement such a backward communication channel is to
connect (or disconnect) an additional resonant capacitor C in parallel with C,.. at the
secondary side every clock cycle during the conducting phase of the rectifying diode.
In this way, the behavior of the converter is not altered until the diode switch-off,
when the secondary side current starts flowing through the resonant capacitor(s) and
the primary side voltage waveform v;(0) changes accordingly, as sketched in Figure 4-

5(a). Once a threshold voltage vy, is opportunely chosen in such a way that
—v N <oy <0 (4.9)
then also a threshold crossing time can be defined for each period k as

Oy = 27(1 — D), if {0 €]0,0u0[ | vi(0) < vy} =2
i = (4.10)

inf [{0 €]0, 05 | vi(0) < vi}], otherwise

and the received bit can be decided based on the following rule

0, if 079 <0t < 0y
BPWP — (4.11)

1, if 6 <O <9y

where 0" represents the sampling instant. Roughly speaking, when the “0” bit is
transmitted (C} is left disconnected) the voltage v;(#) should not cross the zero-volt

level and the optimal class-E operation (i.e. ZVS and ZVDS) is almost preserved.
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Figure 4-5: Backward communication waveshaping. (a) Typical v;(f) voltage wave-
forms: if “0” is sent the ZVS/ZVDS behavior is almost preserved, while for “1”
transmission the antiparallel bulk diode turns-on setting v;(6) ~ —v§". (b) Spread-
ing of the sampled voltage v;(6%) and the angular time crossing instant 6" due to
the memory of the system.
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Differently, when the “1” bit is transmitted (capacitor C, connected to the circuit),
after diode turn-off the voltage v;(0) at the primary side goes down with significant
slope until it becomes negative first crossing the voltage threshold vy, and then turning
on the body diode of M1. Subsequently, the voltage is forced to —v,°V (Zone HRd
starts) until the MOS is turned-on at § = 6,,. This actually produce an unwanted
power loss due to the diode conduction and a trade-off exists between the achievable

conversion efficiency and the robustness of the communication technique.

4.4.2 Circuit Design

The design of the backward communicating class-E converter starts from the conven-
tional converter solution (i.e. without communication capabilities) obtained following
the methodology presented in Chapter 3. A statistical estimation of the converter
evolution is then obtained simulating the periodic transmission of a MLS of bits and
changing the values of the the dimensionless variables ¢;, ¢,1 and ¢,o (i.e. Cinp + Cy,
Crec and () to impose the desired statistical characteristics. Assuming that the
variables v;(0"%) and 6" are Gaussian distributed with mean pg, p; and standard

deviation o, oy respectively, the new design constraints can be expressed as follows:

e slightly positive voltage switching for “0” bit transmission

fo — Y00 = Vg, ¥ 21 (4.12)

e threshold crossing time sufficiently before MOS turn-on for “1” bit transmis-
sion

+or < pby, p<l1 (4.13)

Finally, the values of the threshold voltage vy, and the trigger instant 679 must be
properly set to ensure correct bitstream reconstruction at the receiver side.

It is worth noting that the computation of the switched capacitors values is a
critical task, especially for Cj: if it is taken too small then the time window [ +

01,0y will become too narrow for sensing, but also a very big value would be a
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problem because it will cause the voltage v;(#) to become negative even for “0” bit
transmission. However, if this trade-off is carefully handled, two desirable features

can be observed:

e two families of waveforms can be clearly distinguished in the last part of the
first-half period just before MOS turn-on (open eye pattern), making possible
to straightforwardly implement the sensing circuitry and correctly receive the

transmitted bits;

e the soft-switching operation is mostly preserved and still very good preformance

in terms of power efficiency is ensured.

4.4.3 Bit Error Probability

To evaluate the Bit Error Probability (BEP), one needs to consider the “0” bit and
the “1” bit transmission separately, as outlined in Figure 4-5(b). For the former,
we focus on the distribution of the noramlized drain-to-source voltage v;(0) at the
sampling instant 0%, which should be always greater than the threshold voltage vy,
(drawn as a red line). A first approximation of the error probability when “0” is

transmitted is given by:

- 1 —v
110 ri Ho th
PeB‘WD = P |:,Ui(9t 9) < Uy, ’ BkBWD — O:| ~ 5 erfC (\/im)> (414)

In the other case, one needs to consider the distribution of the angular time 6" at
which v;(0) crosses the threshold vy,. The probability of wrong detection when “1” is

transmitted can be estimated as

. etrig _
P =P [efj > 09 | BEWP = 1} ~ — erfc (‘”) (4.15)

Finally, combining (4.14) and (4.15), the probability of wrong detection for backward

communication is obtained, under the hypothesis to have equal probability that a “0”
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Table 4.1: Forward Communication Decoding Rule

BLYP | BEWP 0 1
0 Nominal: ©, ~ 27 | Long: ©, > 7 > 27
1 Short: ©, < 71 < 27 | Nominal: ©, ~ 27

or a “1” is sent, as

e

1 o — Vi, 0" — 11y
~ = lerfe [FOZ V) 4 oppe (21
4 [erc( V20, ) erc( V20,

4.5 Forward Communication

Pepwp = Pg?/yD P [BEWD = 0] + PEOBJ%/VD P [BEWD = 1} R~

(4.16)

Sending high-rate information in the same direction as power could be exploited in
several ways, such as for real-time configuration and updating of isolated sensor nodes

in industrial process monitoring.

4.5.1 Working Principle

Similarly to backward communication, data can be easily sent from the primary to the
secondary side of the converter adding a switched capacitor C in parallel to Cj,,. In
this case, during the on-state of the main MOS device, C is connected to the circuit
when the bit “1” is transmitted or it is left floating if the bit to send is “0”. The most
visible effect is a cycle-to-cycle jitter of the clock signal recovered at the secondary
side from the diode reverse voltage v,.(6), as depicted in Figure 4-6. Defined, for each
clock cycle k, the angular time distance ®y of the recovered clock rising edge

(v-(0) falling edge) with respect to the the same rising edge in period k — 1, then

the new received bit Bf"W? is retrieved knowing the value of Bf"WP and applying the

decision rule in Table 4.1. The relationship between the transmitted and the received

data stream is inherently differential: if the bit is equal to the previously transmitted

95



N short: 10 ——
é’ nominal: xx ——
s = long: 01 ——
=
Vih S
_VDON
0 T 2n
angular time (8)
(@
2
= g
S bits—xx transmission g bits—xy transmission
S &
o
0 0.05 7 Oy =01m 0.15n

angular time (6)

(b)

Figure 4-6: Forward communication secondary side period length modulation. (a)
Typical v,.(f) voltage waveform: if the current bit is equal to the previously trans-
mitted one then the period is the nominal one (i.e. 27), otherwise it can be shorter
(if the last two bits are “10”) or longer (“01”). (b) Period length distributions of
AO, = Abs|[O; — 27| showing a clear separation between the two cases and the
optimum threshold Oy, standing in the middle.
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one then the period detected at the secondary side should be the nominal one (i.e.
27), while if it is different the measured period can be either smaller or greater than
2m. In both case the main MOS bulk diode can conduct for a non-negligible amount

of time before gate rising edge causing an undesirable power loss.

4.5.2 Bi-directional Communication Circuit Design

The design of a bidirectional communicating class-E converter can be achieved start-
ing from the design of the circuit with backward communication only and then com-
puting how to conveniently split the primary side resonant capacitance into a fixed
part Cip, and a switching part C}.

Under the hypothesis that A©; = Abs [©; — 2] is distributed with two Gaussian
density functions, with mean g, jtzy and standard deviation o, 0., respectively,
the forward communication design consists in ensuring a sufficient separation between

them, i.e.

(ﬂxy - ny) — (Haw + 0gz) 2 07, 0< <1 (4.17)

Finally, the capacitor dimensionless design variables ¢;1, g2, ¢-1 and ¢,o are tuned all
together to ensure that the desired amount of power is delivered to the load under

GLFSR-1 backward /forward half-duplex operation

(ir(0)) lo2rm —1 =10 (4.18)

Administrating the trade-off between the constraints (4.12), (4.13), (4.17), (4.18),
the power loss due to non-perfect ZVS at the primary side and larger RMS currents
due to the non-steady-state operation it is possible to obtain very good communication

performance with negligible efficiency drop (3 — 4%).

4.5.3 Bit Error Probability

In order to compute the forward communication BEP, the distribution of the recovered

clock period length, sketched in Figure 4-6(b), is considered. Particularly, the current
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normalized angular period A®; must be compared with a suitably defined threshold

Oy, = 27 — 71 = T — 27 and the extimation of erroneous detection can be expressed

as follows
prlzy _ pIA@ O, |BFWD — ~ 1 . Hay — Owm 4.19
eFWD = [ k < Ou| By, —SL’Z/}NQerc V3o (4.19)
zy
zylzr FWD __ ~ 1 Oih — Haz
Prwp=P {A@k > Oy,| By, = xx} ~ §erfc 7\/5 (4.20)
o‘l‘l‘

where the bit pairs “zz” and “xy” indicate that the last transmitted /received bit is
respectively equal or different in comparison to the previous one. The overall BEP
considering both “0” and “1” bit transmission with equal probability is

P.rwp = Ph P [B;fWD = Iy] + P P {B,fWD = xx} ~

(4.21)
Moy — @th ®th — Mz

il () e (P

4.6 Circuit Implementation and Experimental Re-

sults

In order to validate the proposed bi-directional communication over power approach
a PCB prototype has been designed and realized with off-the-shelf devices. The core
of the system is a 1- MHz class-E isolated converter, whose design is achieved
following the procedure presented in Chapter 3. The converter specifications and
design values are summarized in Table 4.2. Two Tiva C LaunchPad Evalua-
tion Boards from Tezas Instruments, running with an internal 80 MHz clock, are
connected to the circuit and used as transmitter/receiver module for both backward
and forward communication, as depicted in Figure 4-7. The primary side Tiva (A),
powered-up with the common input voltage V;,, generates the main system clock V,
at 1 MHz and, depending on the current time slot, (a) generates an output bitstream
v

signal to drive the gate of M, (forward communication) or (b) samples the

output of the backward communication receiver (V,EWP). Similarly, the secondary
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Table 4.2: Power section specifications and device values

Specifications
Vin =5V, Vo =5V, PMAX = 12W, f, =1MHz
Semiconductor Devices
Main MOS | R =40mQ, C,y ~ 120 pF
Rect. Diode || VPV =07V, RSN =300mQ, C;~ 100pF
Aux MOS H REYN =29, C,ss ~6pF

Magnetic Components

Transformer H Lp=85uH, N=1, k=098, Qr, =Qu~45

Rect. Inductor H Liee =33uH, Qp,.. ~50
Resonant Capacitors
Primary side H Ciny = (2.7+2)nF, C;=2nF
Secondary side H Cree = (1.5 4+ 1.5+ 1.5)nF, C,=2nF

Class-E
Isolated
DC-DC Converter

aC Series

Tiv: TivaC Series
LaunchpPad

x
1
| LaunchPad
1

T i !
Lgnd 1S0_QNG | Looommmmmmmo oo

T

Figure 4-7: Simplified PCB schematic showing the connections between the dc-dc
converter power sections, the switched capacitors needed to send backward and for-
ward data, the clock recovery and the sensing circuits and the Tiva C Launchpads
used to generate the stream of bits to be transmitted.
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side Tiva (B), supplied by the isolated output voltage V,,; of the de-dc converter,
(a) takes a recovered clock signal V.. as input and synchronously (b) generates a
backward bitstream signal V,BWP to drive the gate of M2,,. or (c) samples the out-
put of the forward communication receiver (VEWP). Furthermore, it monitors the
supplied voltage V,,; (opportunely scaled) and exploits the backward communication

capabilities to implement on-off (burst-mode) load regulation.

4.6.1 Backward Communication

Starting from the dimensionless solution of the converter without communication ca-
pabilities (¢; = 1.34, ¢, = 1.67) the new values of ¢; = ¢;1 // ¢i2, ¢-1 and g2 must be
found to satisfy the constraints (4.12) and (4.13). Recurring to numerical optimiza-
tion, for a steady-state converter transmitting a GLFSR-7 backward sequence and
setting 09 = Oy = 7, vy, = —v SN, v =2, p = 0.45 (5% of the period), ¢ = 0.1 (5%

of the period), the following result is found
gPVP =285 ¢EVP =185 ¢BVP =5.21, (4.22)
which can be easily denormalized as

CBWD ~ 2 7nF, CBWP ~ 4.1nF, CPVP ~ 1.41F. (4.23)

In order to send a synchronous backward data stream a clock signal is needed
also on the isolated side. A straightforward way to retrieve it from the resonant
waveforms available at the rectifier side is to clamp the cathode-to-anode voltage
across the diode. The clamping circuit implemented, depicted in Figure 4-8, is made
of a NPN bipolar junction transistor and two 1k resistors. When the voltage Vs (t)
is lower than the supply voltage V,,; (used for powering-up all the circuitry) both the

base-collector and base-emitter junctions are forward biased (saturation mode) and

the voltage Vo () resembles Vo (t) except for a 0.6 — 0.7 V amplitude shift due to the

base-collector forward voltage drop V 2. Conversely, when Vsy(t) becomes higher
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Clamping Delaying Inverting
1

(b)

Figure 4-8: Implemented clock recovery circuitry. (a) Circuit schematic (b) Measured
waveforms. Yellow: primary side gate signal V() (clock reference); Red: secondary
side diode reverse voltage Vso(t); Blue: clamped voltage Vsy(t); Green: recovered
clock signal V,,.(t)
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than V,,;, while the base-emitter junction is still forward biased, the base-collector
one is now reverse biased and the transistor operates in the forward-active mode.
Consequently, the voltage at the output of the clamping circuit can be expressed as

follows:
o Vo (t) + VitV if Veo(t) + VN < Vo
Vso(t) = (4.24)
V:mt if VS2 <t> + VB%N > ‘/out
Since we want the transmitted data to change on the rising edge of the clock signal
when the diode is already turned on, it is useful to insert an RC delay circuit (to
ensure that the diode is fully turned on when the capacitor is switched) followed by
an inverter. The obtained clock signal is used as input for the Synchronous Serial

Interface (SSI) module of the TM4C123GH6PM microcontroller embedded on the

Tiva B device, whose output direcly drives the gate of M, 2.

On the receiver side, the sensing strategy for retrieving the backward transmit-
ted bitstream from the voltage Vg;(t) is shown in Figure 4-9. It involves the same
clamping circuit used for clock recovery, followed by an analog comparator and a D-
latch. Here, the clamping circuit architecture plays a key role in adapting the voltage
Vs1(t) to become suitable as input for the comparator. All the sensing circuitry is
powered-up with the input voltage V;, and the clamped waveform can be expressed

as:
- Va1 (t) + VN if Vi (t) + V¥ < Vi,
Vsi(t) = (4.25)
Vi if Vsi(t) + V5 > Vin

Assuming that the forward voltage of the base-collector junction is almost equal to
the forward voltage of the MOSFET body diode (i.e V&N ~ V), the voltage Vs (¢)
is in the range [0 — Vj,]. When the transmitted bit is “1”, the clamped voltage goes
below Vi, ~ 0.3V, the comparator output V.,,,, which is normally low, is asserted
high and it is then sampled by the D-latch at the rising edge of the clock signal V},;,.
After that, when the main clock signal V;; goes high, turning-on the main MOS switch,
Vsi1(t) is forced to zero so Vg1 > Vi, and the comparator output is reset (Return To

Zero). Otherwise, if the bit “0” is sent, the clamped voltage remains higher than Vj,
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TH1I201612:22:44 FM
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Figure 4-9: Implemented backward communication receiver. (a) Circuit schematic
(b) measured waveforms. Yellow: primary side gate signal V(t) (clock reference);
Red: main MOS drain-to-source voltage Vs, (t); Blue: clamped voltage Vs (t); Green:
received bitstream VEWP (1)
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and no output pulse is generated by the analog comparator.

The backward communicating system has been firstly simulated applying the pro-
posed methodology with a sequence of 10000 random bits, allowing to estimate by

fitting the parameters py = 0.134, o9 = 0.059, p; = 2.804 and o; = 0.023 (ob-

tained with a worst case approximation of vy, = Vi /Vi, = —USN = —0.08 and
09 = @), = m) and computing the expected backward bit error probability as

E[P.pwp] < 0.7 x 107%. Secondly, the implemented system has been tested compar-
ing the received bitstream with the ground truth sent to the same Tiva A by means
of an optocoupler. The real-time comparison of the two streams is made in software
and after an error is detected a LED status is changed. Observing the system running
for more than 17 minutes no errors have been detected in nominal working conditions

(i.e. Peewp < 10_9).

4.6.2 Bi-directional Communication

Once computed the values of ¢;, ¢.1 and ¢,.» for backward communication, what is
left is to determine how to conveniently split ¢; = ¢;1 ¢ia/ (¢i1 + ¢i2) in order to satisfy
the constraint (4.17) and make forward communication work properly. The main
intent is to obtain two period length distributions which are separate enough to allow
a correct reconstruction of the transmitted bitstream at the secondary side. Addi-
tionally, under the hypothesis that the converter is continuously switching between
backward and forward communication time slots during normal operation, the de-
sired amount of average power must be still delivered to the load. Starting from the
values computed in (4.22), the circuit design is re-optimized considering a 16-bit
packet interleaved half-duplex transmission of a GLFSR-7 stream both in
backward and forward direction to ensure that constraints (4.12), (4.13), (4.17)

and (4.18) are all simultaneously satisfied. The new computed parameters are

ghPTh =195, ¢5P™ =3.96, ¢5P1 =1.69, ¢5P'" =391, (4.26)
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which lead to the following capacitor values

CoPt ~ 3.90F, CF"PMF ~ 20F,

mu

(4.27)

CBIPIR 5 4 50F, CPPIE ~ 20F.

In order to retrieve the forward transmitted data stream the period of the recov-
ered clock signal V., obtained with the circuit of Figure 4-8 should be measured and
compared with two reference periods of length T 5 = (1 F Oy, /(27)) T every clock
cycle. The decoding algorithm can be straightforwardly implemented with two delay
lines followed by two D-latches and a logic XNOR gate, as shown in Figure 4-10.
If the current V., rising edge comes more than 7} seconds but less than 75 seconds
after the previous rising edge then the latch L1 samples a logic “1” while the latch
L2 samples a logic “0”. In such a case the output of the XNOR gate Va is a logic
“0” which means that the currently transmitted bit is equal to the previous one. In
the other two cases, i.e. when the current bit is changed with respect to the last
transmitted one, L1 and L2 both sample the same logic value, then the output of the
receiver is a logic “1”. Finally, starting from a guess on the first transmitted bit, all

the following can be computed as
B{WP = (B{N" + Va),., (4.28)

where (+),, is the modulo-2 operator. Bit error rate measurements show that also for-

ward communication is perfeclty working under nominal conditions (Pepwp < 1072).

4.6.3 ON-OFF Control

One of the main concerns in isolated power converters is how to implement the feed-
back control loop. The proposed power line communication strategy offers a unique
opportunity to exploit a single transformer to get both power transfer and a feedback
communication channel. In order to demonstrate the applicability of such a solution,

a simple communication protocol has been implemented in both Tiva B transmitter
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Figure 4-10: Schematic and characteristic waveforms of the proposed forward com-
munication receiver.
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Figure 4-11: Oscilloscope waveforms showing how converter waveforms are modu-
lated to obtain backward and forward communication capabilities. (a) Primary side
MOS drain-to-source voltage Vs (t) and clock signal; (b) Secondary side diode reverse
voltage Vso(t) triggered on the first falling edge; (c) voltage Vs (t) after clamping,
comparator threshold vy, (dashed line) and clock signal; (d) clamped diode reverse
voltage Vso(t) triggered on the first falling edge.
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Figure 4-12: Class-E converter with backward communication channel used to reg-
ulate the output voltage. Yellow: main clock signal V, showing on-off converter
modulation; Red: regulated output voltage V,;

and Tiva A receiver. When output voltage regulation is disabled, the class-E dec-dc
converter is always on and the maximum output voltage is constrained by a 5.6V
zener diode always connected between V,,; and isolated ground to protect the Tiva
B board. When load regulation is enabled, the output voltage V,,; is periodically
sampled by the TM/C123GH6PM ADC module and compared by sofware with two
thresholds. Since V,,; is clearly well above the nominal value of 5V, a particular
bit packet is sent backward to the primary side controller specifying a suitable on-
off modulation scheme to regulate the power delivered to the load. As depicted in
Figure 4-12, this process is iterated until the output voltage value falls between the
two given hysteresis thresholds. Then, if the amount of current required by the load
increases/decreases (for example when a LED is turned on in the Tiva B) then the
feedback control loop reacts communicating how to adjust the on-off ratio at the

primary side until V,,,, is brought back to 5V.
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Figure 4-13: PCB prototype of a 1.2W 5V-5V isolated class-E converter with bidi-
rectional communication over power (a) PCB layout (left to right: top layer, bottom
layer) (b) Custom PCB and (c) full-system photographs. (d) Laboratory experimen-
tal setup.
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Conclusion and Future Work

The main purpose of the research presented in this dissertation was to introduce a
novel analysis and design methodology for resonant dc-dc power convert-
ers. In fact, despite being particularly attractive due to their capability of ensuring
high efficiency operation even for high switching frequency, there is still no consol-
idated design methodology which is fast and accurate enough to encourage their

diffusion.

The proposed approach, applied to several isolated and non-isolated class-E
topologies, consists in directly solving the differential equation systems describing
the circuit behavior for all possible switch configurations and then combine them to
get the complete evolution of converter waveforms across the whole switching period.
Such an approach enables a tremendous topology simplification since there is
no more need for filters and matching networks commonly used following the con-
ventional RF design principles. In order to demonstrate the transversal applicability
of the proposed methodology, it is extended to buck, boost, buck-boost and isolated
buck-boost topologies showing that they are actually described by the same set of
differential equations and can be analyzed within the same mathematical framework.
Once the ODE systems have been solved analytically, the design solution can be
readily computed numerically, with the aid of any optimization tool like MATLAB
or Mathematica, to impose the desired soft-switching behavior. Considering a lossless
circuit, a set of normalized design curves is provided in order to fastly get the
ZVS/ZVDS solution (starting from converter specifications) which can be also used
to rapidly explore and compare a great amount of design alternatives. In fact, since
the degrees of freedom of the system are greatly reduced after normalizing equations,
it is possible to fully explore all the converter design space with minimal effort

opening the way towards several circuit optimizations.

Additionally, when the resistive parasitics are introduced in the modelling
equations to account for semiconductor devices on-state resistance and reactive ele-

ments finite quality factor, also converters having a great amount of losses, such as
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new miniaturized integrated power modules, can be accurately designed and their
efficency can be estimated at an early design stage. This can lead to enormous
benefits to the designers trying to optimize a power converter in a multidimensional
performance space where many trade-offs (such as the one between efficiency and
size/cost) exist. In order to validate the proposed methodology two PCB proto-
types have been realized and measured showing 59 % and 75 % efficiency respectively,
which are very similar to those predicted by the mathematical computations. Further-
more, for both prototypes, implemented without the need of any circuital simulator
to refine the semi-analitically computed design point, the circuit current and volt-
age waveforms are almost perfectly resembling the theoretical ones proving that a

superior level of accuracy has been reached.

Finally, the same ODE-based analysis has been exploited to statistically character-
ize the behavior of an isolated class-E converter where the resonant capacitors values
are modulated to implement a new bidirectional power line communication
technique. Then, with minimal hardware overhead (just a couple of switched ca-
pacitors), a robust and high-speed (1 bit/cycle) bidirectional communication channel
exploiting the same transformer used for power transfer has been succesfully imple-
mented and tested. Prototype measurements confirm that the proposed solution can
achieve a bit error rate as low as 10~ for both backward and forward communication
(under nominal working conditions) with a minimal impact on converter efficiency
(3-4%).

For future developments, the proposed ODE-based methodology can be applied
as is to other double-ended resonant topologies such as the half-bridge and full-bridge
converters or it can be extended to other isolated or non-isolated converters featuring
different resonant networks. In such a case, the analytic solutions of the ODE system
must be coherently updated and new design curves can be drawn. Furthermore, if
an integrated converter design is targeted, the FOM of semiconductor devices and
the dependency of gate driving losses, inductance and quality factor on switching
frequency can be combined with the established mathematical framework to get a su-

perior level of modelling, design and optimization capabilities. This can also facilitate
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understanding the impact that a new semiconductor or integrated passive technology
could have on next generation miniaturized power conversion systems performance
allowing to foresee the future roadmap trends. Current and future influence of the the-
sis contributions encompasses several emergent fields such as concurrent data/power
links as evidenced in the work, but also resonant inductive coupling wireless power
transfer, high power density medium-to-high power converter frontends for electrical
vehicles as well as bioimplants and energy-harvesting-enabled self-powered wireless

sensor networks and Internet of Things.

Milano, March 29, 2017
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Appendix A

The Eigenanalysis Method

The solution x(t) = eA*x(0) of the linear system
x'(t) = Ax(t) (A1)

can be obtained entirely by eigenanalysis of the matrix A. Especially, having the

matrix A € R™*™ a list of eigenpairs

(A, ve), (Mg, va)y ey Ny Vi) (A.2)

a computationally useful case (while it is not required for the eigenvalues to be dis-
tinct, and they can be real or complex) is when the eigenvectors v; are all independent.

In such a situation the following mathematical formulations can be derived.

A.1 The Eigenanalysis Method for m = 2

Supposing that A is a 2 x 2 real matrix with eigenpairs

(A, vi), (A2, v2) (A.3)
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Despite the fact that both eigenvalues \; and eigenvectors v; can be either real or

complex valued, the general solution of (A.1) can be written as
2
= Z c; ety = ¢ eMtvy 4 ey et vy (A.4)

or, equivalently, in the vector-matrix form as
0
x(t) =V c=V dlag( Mt Azt) c (A.5)

with V = (v; vy) € C**2 being the augmented matrix with eigenvectors as columns
and ¢ = (¢ )" € C? coefficients to be computed from the initial conditions x° £
x(0). In fact, being the eigenvectors independent, V is invertible and setting ¢ = 0
n (A.5) one obtains

c =V 1x(0). (A.6)

Merging (A.5) and (A.6), the matrix exponential is readily defined by

x(t)=erx" =V dlag( Mt AZ”t) VixY (A7)

Justification of (A.4)
Substituting (A.4) into (A.1) and considering the eigenpair relation \; v; = A v;

x'(t) = ¢ (6)‘”)/ Vi + ¢y (e’\Qt), Vo =
=M\ Ve A\ vy =
= eMAV F e Ay, = (A.8)
= A (cl My, + ¢y e’\Qtv2> =
= Ax(t)

Equation (A.7) is immediately useful when eigenvalues are real, otherwise in case
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of complex conjugate eigenvalues
M=a+jb, l=a—jp (A.9)

with g > 0 and vy = V7, the exponential matrix can be conveniently rewritten as

AL oty ( cos(fSt)  sin(ft)

V! =e*VR(-pt) V! (A.10)
— sin(ft) cos(ﬁt))

where V = (Re[vy] Im[v4]) = (vg vi) and R(yp) is the well-known rotation matriz.

Justification of (A.10)

The formula is established by showing that the matrix ®(¢) = V R(—/3t) V™! satisfies
(a) ®(0) = I and (b) ®'(t) = A ®(t). Then, by definition, ®(t) = eA’.

The identity (a) is verified as follows:

®0)=VRO) V' =VeIV!I=1 (A.11)

To demonstrate (b) the eigenpair relation A vy = A\; vy is expanded into real and
imaginary parts
Avr=avr— vy

(A.12)
Avi=avi+pvpg

that can be rewritten in matrix form as

AVV(a /8) (A.13)
8 «a

Then,
') e ' (t)=VR/(-BO)VIVR I (-pt) V! =

( o 5) (A.14)
= VR/(-BOR ' (-pt) V! =V ; Vi=A
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A.2 The Eigenanalysis Method for m =3

Let’s suppose now that the matrix A is 3 x 3 with eigenpairs
(A1, v1), (A2, va), (As,v3) (A.15)
If the eigenvalues are all real the solution can be easily derived from (A.5) as
x(t) = V diag (e)‘lt, et e’\"t) c. (A.16)

with V = (vy vy v3). When there is a complex conjugate pair of eigenvalues A\; =
Ay = o+ jfB3, B > 0, then as shown for the 2 x 2 case it is possible to extract a real

solution from the complex formula (A.16) as

e® cos(ft) e sin(ft) 0
X(t) =V | —e sin(pt) ecos(ft) 0 |c (A.17)
0 0 etst

with V = (Re [v1] Im[vy] v3). In both cases the coeflicient vector ¢ can be computed

from the initial conditions as

c=(c1cae3) =V X~ (A.18)

A.3 The Eigenanalysis Method for a Generic mxm
Matrix

The general solution formula can be easily generalized from the 2 x 2 and 3 x 3 cases to
the general case of an m x m matrix. The vector-matrix form of the general solution
is

X(t) = (vi, oy Vi) diag (e, . e¥) (c1, oy 0n) (A.19)
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This form is real provided all eigenvalues are real. Oppositely, a real form can be
made from a complex form by following the example of a 3 x 3 matrix. The plan is to
list all complex eigenvalues first, in pairs, A1, A, ..., Ay, A, Then the real eigenvalues

P1, -y pq are listed, 2p + ¢ = m. Define
V= (Re [Vﬂ s Im [Vl] ey Re [Vgp_l] s Im [Vgp_l] y Vop+t1y--ey Vm) <A20)

and

it cos(fBit)  sin(f;t)
_Sin(ﬁit) COS(ﬁﬂf)

where \; = «; + jf5;, 8; > 0,2 = 1,2,...,p. Then the real vector-matrix form of the

R, (t) = e

7

(A.21)

general solution is
x(t) = V diag (Ry, (1), ... By, (), €™, ...e"") ¢ (A.22)

with ¢ = (c1, ..., ¢,)T = V1 X0
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Appendix B

Lossless System Solutions

Depending on the different configurations of the input and output switch networks the
resonant converter is regulated by a second, third or fourth order differential equation
system. In the following an analytic solution for each zone, which depends on the
initial conditions x(0) and on the dimensionless design variables (k;, k., qur, ¢, qr), 1S

found.

B.1 Linear (LIN) Zone

When both the switches are on there is no current flowing through the capacitors
and the effective resonant network is made of only inductors producing linear current
waveforms. The equations regulating the circuit evoution are the following

kodo ™M de

dis(0) | qu div(0)
ok do

—1=0

(B.1)
—1=0

which can be easily decoupled by substitution into two independent first order differ-

ential equations
diz(0) ke (1—ky)

49 qar (1— koky) (B-2)
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where the (z,y) notation is introduced to include both inverter side and rectifier side

equations into a single formula. Solutions can be found by integration as

in(0) = =L

=———= f+4¢, B.3

where the constant ¢, is found from the initial condition i,(0).

B.2 Half-Resonant (HR) Zone

The solution of the converter equations when only one among S1 and S2 is on can be
conveniently splitted into two easier problems, as already explained in Chapter 3. If
we refer to the current and voltage on the resonant side (i.e. the side of the converter
with switch network being an open circuit) as i,(6) and v,(0) respectively, then the

first part of the problem can be conveniently rewritten as

1 i (6)
an (ij—k:y> 2w (0) + ky 1= 0

dv,(0)
do

(B.4)

— 4z Zm(‘g) =0

where k, = k;, k, = k, and ¢, = ¢; if S1 is off (S2 on); k, =k, ky = k; and ¢, = ¢,
otherwise (S1 on, S2 off).
i (0)

After defining the state variable vector x(f) = , the system can be
vz (0)

rearranged in canonical form as
x'(f) = Ax(0) + b

with

-1
—k:> 0 _ | —
A= qM(km v L ant (1 — kakky)
0 1 g O —Q 0
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-1 ke (1—k,)
R o A Y
b = QMQ& y>0 L=k ) | r (= kaky)
0 1 0 0

Solution of (B.4), can be easily retrieved after computing the eigenvalues \; and

associated eigenvectors v; of the matrix A, which must be also invertible.

eMf c 0
M@zﬂ@—A*bz(w w) - (B.5)
0 e Cy k, —1

where %(0) is the solution of the corresponding homogeneus system and the complex

conjugate coefficients ¢; = cg+jcy and ¢o = cg—jey can be computed from the initial

ks Gz

and eigenvalues are complex conjugate (real part is zero because no losses are taken

conditions x° £ x(0). If k,q./qy > 0 and kyk, < 1 then 8 = J eR

into account)

. 55/
)\1,2 =1j 5 Via = (B-6)

1

Since the matrices A and b are real, the solution will be real as well and can be easily

obtained recurring to some complex algebra manipulations

C1 V11 6)\19 + Cy Vo1 6>\20

C1Vi2 6 + Co Voo €>\ 20

(CR + jC]) Vi1 €>\10 + (CR — jC[) Vo1 6/\26

(cr+jer)vize MO 4 (cr — jer) vaz e?
B 3B/ a.(cr + jer) €% — jB/qu(cr — jcp) e3P0
(cgr +jcr) €% + (cr — jep) e 370
e () e (5 - )
CR (Gﬂw + 673‘59) +Jer (ejﬁe —e 459)
B/q. (cpcos(0) — ¢, sin(56))
Ca c0S(0) + ¢, sin(56)
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with ¢, = 2cg € R and ¢, = —2¢; € R. Then,

» (cp cos(B0) — ¢, sin(B0
X@W)( 0 )( B/ ey cos(36) = sin() ) w1
k,—1 cq cos(B0) + cpsin(pl) + 1 — k,

Hence, in such a special case, the solution can be written directly once defined the

matrix V = (Re[vq] Im[v;]) € R**? as also explained in Appendix A

%(6) = VR(=B0) c =V ( cos(56)  sin(56) ) ( ‘o ) (B.8)
—sin(p0) cos(p0)

where R(y) is the well-known rotation matriz. Once solved the first part of the
problem, the second one becomes a trivial task, because i,(f) is known and i,(#) can

be computed by simply integrating both sides of the following equation

qu diy(0)  din(0)

= — 1 B.9
K, o Mg T (B9)
which leads to
k
iy(0) = —kyin(0) + =20+ c3 (B.10)
qm

where the real coefficient ¢ is computed from the initial condition i, (0).

B.3 Full-Resonant (FR) Zone

When both S1 and S2 are open circuits the resonant network is freely oscillating

following a fourth order ODE system

qu di;(0) di,(0)

di;(0) M di,(0) o (0) + 1
do k. df " (B.11)
q; db '
L dv,.(0) .
o a0



that can be conveniently rewritten in matricial form as x’(6) = Ax(6) + b with

(0
X(6) = (9)
v;(6)
v, (0)
00 -1 0
. . 00 0 -1
A=M"'Ly=M =
10 0 O
01 0 O
00 — k; k.k,
k.k k
_ 0 0 iy T
g 0 0 0
0 g, 0 0
ki (1 —k,)
1 qm (]- - kzkv)
B B 1 k, (1 — kl)
b=My =M =g (T hk)
0
0
0
and
o 000
qm qITM 0
M = T
0 0 — 0
qi 1
0 0 0
qr
The eigenvalues of the matrix A are the following
PP B Y N W 3y S A ——— )
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with v+ = k;q; + k,q, £ \/(k;qu — quT)Q + 4k?k2q;q, € R. It can be easily proven that,
having qu/k; > 0, qu/ky > 0, ¢; > 0 and g, > 0, A5 and A3 4 are two couples of
complex conjugates eigenvalues with zero real part. The corresponding eigenvectors

are

. ‘ T vT = 2kq Mg v — 2kig; !
Vi2 = ( Tjvin Ejvie viz 1 ) - <_)‘1:2 2kikrqiqr T qp T 2kikyq !

. . T Nt —=2k.q,  A3q v — 2kig T
= — _)\ : 1
V3.4 ( HJva Ejvar Vaz 1 ) ( M okikeqiq, a0 2kikeq

Then, the same approach used to get Equation (B.8) can be extended to the FR case
as follows
R(—p16 0
%(0) =V (=5:0) c (B.13)
0 R(—5.0)

with the eigenvector matrix is defined as V € R*** is in the form

0 Vi1 0 V31
0 Vi2 0 V32

V = (Re[vy] Im[v;] Relvs] Imvs]) = (B.14)
Vi3 0 V33 0

10 1 O

and ¢ = (¢, ¢ ¢, ¢q)" are computed from the initial conditions

0 =x(0)+Ab=x"+ (0 0 1 -1 )

>

Finally, the solution can be written explicitly as

CpV11 COS(ﬁle) — CqV11 sin(ﬁﬂ + CqV31 COS(BQQ) — C:V31 Sin(620>
CpVi2 008(519) — CqV12 Sin(ﬁle) + CqV32 005(529) — CcV32 sin(BQH)
Cav13 cos(010) + cpviz sin(510) + cevsz cos(fa0) + cqvasg sin(526) + 1

Ca €08(010) + cpsin(16) + c. cos(B20) + cqsin(f20) + 1
(B.15)
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Appendix C

Lossy System Solutions

Once the power converter is modeled as a piecewise linear system which also includes
the main device non-idealities, as described in Chapter 3, the number of state variables
for each zone is constant and it is determinied by the number of reactive elements in
the circuit. In fact, introducing the series resistances of the semiconductor switches,
the voltages v;(6) and v,(f) are no more constrained to zero when the corresponding

devices are on and they remain in the pool of system state variables
x(0) = (i:(0), x(0), v:(0), v (6))" (C.1)

Hence, considering the resonant network in Figure 3-5, each zone is described by

a fourth order ODE system which can be written as
Mx'(0) =L(Z;) x(0) +1(Z;) i=1,2,3,4 (C.2)

or, equivalently,

xX'(0) = A(Z) x(0) + b(Z) i=1,2,34 (C.3)
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with

1 qm
- - —1 0
gi Qum
w1 0 -1 (C4)
— M*l QM gr
1 0 —94i(Z;) 0
0 1 0 —ng(Zi)
1
1
b(Zz-) =M l(Zi) =M (C.B)
_gdi(Zi) Udi(Zi)
_gdr(Zz) Udr(Zi)

Even if it is not possible to provide a full mathematical demonstration, depending

on the values of g4;(Z;) and g¢4,.(Z;), the matrix A can have:

e four real negative eigenvalues,
e a couple of complex conjugate eigenvalues and two real negative eigenvalues or

e two couples of complex conjugate eigenvalues.

C.1 Linear (LIN) Zone

When both S1 and S2 are on, the matrix A has four real negative eigenvalues —\;,
1 =1,2,3,4 and corresponding eigenvectors v; are real as well. The solution of the

homogeneous system can be written as

X(0)=V diag(e_)‘le, e 20 ol e_’\49> c=

e=M0 0 0 0 c1
0 e 0 0 ¢ (C.6)
= V1 Vo V3 Vyu
0 0 6_)\39 0 C3
0 0 0 e~ cy
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C.2 Half-Resonant (HR) Zone

If only one switch between S1 and S2 is on, the the matrix A features a couple of

complex conjugate eigenvalues \j o = —ay £ 780, a9 > 0, By > 0, with associated

complex conjugate eigenvectors v+ jv; and two real negative eigenvalues —\3 4 < 0,

with assciated eigenvectors vs and v4. The solution of the homogeneous system is
e—vo? R(—ﬂoe) 0

XO)=| vrviVv3Vy c (C.7)
0 diag (e‘Ai”a, e‘A“e)

where R.(y) is the rotation matrix and 0 € R?*? is the all-zero matrix.

C.3 Full-Resonant (FR) Zone

The full-resonant zone, where the resonant tank is completely disconnected from the
input and output swtich networks, is characterized by a matrix A having two couples
of complex conjugate eigenvalues \; o = —a; £ 751, with associated complex conjugate
eigenvectors vio = Vg1 £ vy, and A\g4 = —aa £ 582, aq > 0, ay > 0, 31 > 0, B2 > 0,
with associated complex conjugate eigenvectors vs, = vpge £ jvyo. The solution of
the homogeneous system is

e~ R(—p,0) 0

},\((9) = VR1 Vi1 VR2 V2 (& (C8)

0 670[29 R(—ﬁge)
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Appendix D

Galois Linear Feedback Shift
Registers (GLFSR)

Linear Feedback Shift Registers (LFSR) are a collection of cyclic binary states where
the current state is a linear combination of its predecessor. A simple eXclusive-OR
(XOR) of particular bits (the tap positions), and a shifting behavior allows for a
uniform serial computation until the start state repeats.

In the Galois configuration, named after the French mathematician Evariste Ga-
lois, when the system is clocked, bits that are not taps are shifted one position to the
right unchanged. The taps, on the other hand, are XOR’d with the output bit before
they are stored in the next position. The arrangement of taps for feedback in an
LFSR can be expressed as a polynomial modulo-2. This means that the coefficients
of the polynomial must be 1s or 0s. This is called the feedback polynomial or reciprocal

characteristic polynomial.

For example, if the taps are at the 7" and 6 bits (as shown in Figure D-1), the

’—OﬁDlOOOlO—‘

Figure D-1: A 7-bit Maximal Length Galois LFSR

A
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feedback polynomial is

g(r) =a"+ 2%+ 1. (D.1)

The total number of unique states depends on the tap positions. If the tap posi-
tions are maximal, then for a LFSR of length m there are 2™ — 1 possible states, span-
ning all non-zero bit binary numbers. It is known that if g(x) divides p(z) = 2?1 +1
and deg(g(x)) = m, then g(x) is said to be primitive and correlates to tap positions
leading to a Maximal Length Sequence (MLS). This process for larger registers can
be very tedious. Fortunately, tap positions for larger length LFSR are known, and
publicly available.

LFSRs are particularly attractive due to their quick hardware implementations
and are useful in digital electronics where can be used for testing hardware in a pseu-
dorandom manner since, as stated, they can span all non-zero m-bit binary numbers.
In addition they find application in noise generation, or scramblers, but the most
common use of LFSR is in cryptography. In this thesis the 7-bit LFSR depicted in
Figure D-1 is exploited to generate a design sequence for a power-line communicating
isolated dc-dc converter. Such a sequence must contain all the possible bit combi-
nations of m + 1 bits, where m is the estimated memory of the system, in order to
give a good approximation of the converter behavior in real operating conditions with

minimum computational effort.

130



Bibliography

1]

J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. Badstuebner. Performance
trends and limitations of power electronic systems. In 2010 6th International
Conference on Integrated Power Electronics Systems, pages 1-20, March 2010.

M. K. Kazimierczuk and D. Czarkowski. Resonant Power Converters. Wiley,
274 edition, 2012.

M. K. Kazimierczuk. RF Power Amplifiers. Wiley, 2008.

J. R. Warren, K. A. Rosowski, and D. J. Perreault. Transistor Selection and
Design of a VHF DC-DC Power Converter. IEEE Transactions on Power Elec-
tronics, 23(1):27-37, Jan 2008.

A. D. Sagneri, D. I. Anderson, and D. J. Perreault. Optimization of Integrated
Transistors for Very High Frequency DC-DC Converters. IEEE Transactions on
Power FElectronics, 28(7):3614-3626, July 2013.

Yuhui Chen. Resonant Gate Drive Techniques for Power MOSFETs. Master’s
thesis, Virginia Polytechnic Institute, Blacksburg, VA, 5 2000.

X. Zhou, Z. Liang, and A. Huang. A new resonant gate driver for switching
loss reduction of high side switch in buck converter. In 2010 Twenty-Fifth An-
nual IEEE Applied Power Electronics Conference and Exposition (APEC), pages
1477-1481, Feb 2010.

M. P. Madsen, J. A. Pedersen, A. Knott, and M. A. E. Andersen. Self-oscillating
resonant gate drive for resonant inverters and rectifiers composed solely of passive
components. In 2014 IEEFE Applied Power Electronics Conference and Fxposition
- APEC 2014, pages 2029-2035, March 2014.

R. J. Gutmann. Application of RF Circuit Design Principles to Distributed
Power Converters. IEEE Transactions on Industrial Electronics and Control
Instrumentation, IECI-27(3):156-164, Aug 1980.

N. O. Sokal and A. D. Sokal. Class E-A new class of high-efficiency tuned
single-ended switching power amplifiers. IEEE Journal of Solid-State Circuits,
10(3):168-176, Jun 1975.

131



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

M. K. Kazimierczuk and K. Puczko. Exact analysis of class E tuned power
amplifier at any Q and switch duty cycle. IEEE Transactions on Circuits and
Systems, 34(2):149-159, Feb 1987.

R. J. Gutmann and J. M. Borrego. Power Combining in an Array of Microwave

Power Rectifiers. IEEE Transactions on Microwave Theory and Techniques,
27(12):958-968, Dec 1979.

R. Redl, B. Molnar, and N. O. Sokal. Class-E resonant regulated DC/DC power
converters: analysis of operation, and experimental results at 1.5 MHz. In 1983
IEEE Power Electronics Specialists Conference, pages 50-60, June 1983.

M. K. Kazimierczuk and X. T. Bui. Class E DC/DC converters with an inductive
impedance inverter. IEEE Transactions on Power Electronics, 4(1):124-135, Jan
1989.

M. K. Kazimierczuk and J. Jozwik. Resonant DC/DC converter with class-
E inverter and class-E rectifier. IEEE Transactions on Industrial Electronics,
36(4):468-478, Nov 1989.

J. J. Jozwik and M. K. Kazimierczuk. Analysis and design of class-E? DC/DC
converter. [EEE Transactions on Industrial Electronics, 37(2):173-183, Apr
1990.

J. Rivas, D. Jackson, O. Leitermann, A. Sagneri, Y. Han, and D. Perreault.
Design Considerations for Very High Frequency dc-de Converters. In 2006 37th
IEEE Power Electronics Specialists Conference, pages 1-11, June 2006.

J. M. Rivas, R. S. Wahby, J. S. Shafran, and D. J. Perreault. New architectures
for radio-frequency DC/DC power conversion. In 2004 IEEE 35th Annual Power
FElectronics Specialists Conference (IEEE Cat. No.04CHS37551), volume 5, pages
4074-4084 Vol.5, June 2004.

R. C. N. Pilawa-Podgurski, A. D. Sagneri, J. M. Rivas, D. I. Anderson, and D. J.
Perreault. Very-High-Frequency Resonant Boost Converters. IEEE Transactions
on Power Electronics, 24(6):1654-1665, June 2009.

J. M. Rivas, Y. Han, O. Leitermann, A. D. Sagneri, and D. J. Perreault. A
High-Frequency Resonant Inverter Topology With Low-Voltage Stress. IEEFE
Transactions on Power Electronics, 23(4):1759-1771, July 2008.

J. M. Rivas, O. Leitermann, Y. Han, and D. J. Perreault. A very high frequency
dc-dc converter based on a class ¢2 resonant inverter. In 2008 IEEE Power
Electronics Specialists Conference, pages 16571666, June 2008.

A. D. Sagneri. The design of a very high frequency dc-dc boost converter. Mas-
ter’s thesis, Dept. Elect. Eng. Comput. Sci., Massachusetts Institute of Technol-
ogy, Cambridge, MA, 2 2007.

132



[23]

[24]

[25]

[26]

R. C. Pilawa-Podgurski. Design and evaluation of a very high frequency dc/dc
converter. Master’s thesis, Dept. Elect. Eng. Comput. Sci., Massachusetts Insti-
tute of Technology, Cambridge, MA, 2 2007.

J. M. Burkhart, R. Korsunsky, and D. J. Perreault. Design Methodology for a
Very High Frequency Resonant Boost Converter. IEEE Transactions on Power
FElectronics, 28(4):1929-1937, April 2013.

R. D. Middlebrook and S. Cuk. A general unified approach to modelling
switching-converter power stages. In 1976 IEEE Power Electronics Specialists
Conference, pages 18-34, June 1976.

N. Bertoni, G. Frattini, R. Massolini, F. Pareschi, R. Rovatti, and G. Setti.
A new semi-analytic approach for class-E resonant DC-DC converter design. In
2015 IEEE International Symposium on Circuits and Systems (ISCAS), pages
2485-2488, May 2015.

N. Bertoni, G. Frattini, P. Albertini, F. Pareschi, R. Rovatti, and G. Setti.
A first implementation of a semi-analytically designed class-E resonant DC-DC

converter. In 2015 IEEE International Symposium on Circuits and Systems
(ISCAS), pages 221-224, May 2015.

W. A. Tabisz, P. M. Gradzki, and F. C. Y. Lee. Zero-voltage-switched quasi-
resonant buck and flyback converters-experimental results at 10 MHz. IEFEFE
Transactions on Power Electronics, 4(2):194-204, April 1989.

S. V. Mollov and A. J. Forsyth. Design and evaluation of a multi-resonant
buck converter at 15 MHz. In Seventh International Power FElectronics and
Variable Speed Drives, 1998. Conference on (Conf. Publ. No. /56), pages 139—
144, September 1998.

I. Barbi, J. C. O. Bolacell, D. C. Martins, and F. B. Libano. Buck quasi-resonant
converter operating at constant frequency: analysis, design, and experimenta-
tion. IEEE Transactions on Power Electronics, 5(3):276-283, July 1990.

M. Shoyama, K. Harada, H. Saen, and M. Moriya. Voltage resonant buck-boost
converter using multi-layer-winding transformer. In 20th Annual IEEE Power
Electronics Specialists Conference, 1989. PESC '89 Record., pages 895-901 vol.2,
June 1989.

E. Firmansyah, S. Tomioka, S. Abe, M. Shoyama, and T. Ninomiya. A zero-
current-switch quasi-resonant boost converter with transformer compensated
clamp circuit. In 15th European Conference on Power Electronics and Appli-
cations, 2009. EPE ’09., pages 1-8, September 2009.

Taufik, P. Luther, and M. Anwari. Digitally controlled ZVS quasi-resonant boost
converter with M-type switch. In International Conference on Intelligent and
Advanced Systems, 2007. ICIAS 2007. on, pages 823-828, November 2007.

133



[34]

[40]

[41]
[42]
[43]

[44]

[45]

[46]

N. Bertoni, G. Frattini, R. G. Massolini, F. Pareschi, R. Rovatti, and G. Setti.
An Analytical Approach for the Design of Class-E Resonant DC-DC Converters.
IEEE Transactions on Power Electronics, 31(11):7701-7713, Nov 2016.

Ru-Shiuan Yang and Hung-Chi Chen. Control circuit on flyback power converter
with bidirectional communication channel, July 2014.

T. Bajenesco. CTR degradation and ageing problem of optocouplers. In Solid-
State and Integrated Circuit Technology, 1995 4th International Conference on,
pages 173-175, Oct 1995.

Silicon Laboratories, Inc. Dual/Quad Digital Isolators with DC-DC Converter,
2015.

Analog Devices, Inc. Dual-Channel Isolators with isoPower Integrated DC-to-DC
Converter, 50 mW, 2012. Rev. B.

Analog Devices, Inc. Isolated, Single-Channel RS-232 Line Driver/Receiver,
2013. Rev. G.

Analog Devices, Inc. Hot Swappable, Dual I2C Isolators with Integrated DC-to-
DC Converter, 2016. Rev. C.

Geoffrey T. Haigh. Logic isolator with high transient immunity, 1999.
Geoffrey T. Haigh and Baoxing Chen. Non-optical signal isolator, March 2005.

Geoffrey T. Haigh and Baoxing Chen. Signal isolators using micro-transformers,
July 2006.

Linear Technology Corporation. Dual Isolated RS232 IijModule Transceiver +
Power, 2010. Rev. F.

R. S. Yang, L. K. Chang, and H. C. Chen. An Isolated Full-Bridge DC-DC Con-
verter With 1-MHz Bidirectional Communication Channel. IEEE Transactions
on Industrial Electronics, 58(9):4407-4413, Sept 2011.

A. Seidel, M. Costa, J. Joos, and B. Wicht. Isolated 100% PWM gate driver
with auxiliary energy and bidirectional FM/AM signal transmission via single
transformer. In 2015 IEEE Applied Power Electronics Conference and Exposition
(APEC), pages 2581-2584, March 2015.

134



