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Abstract

Self-oscillation in resonant converters is a simple operating mode to generate
a sinusoidal signal without requiring an external reference. Scattered in the lit-
erature, this mode has been attained by means of different techniques, all having
in common the change of the input voltage polarity induced by the internal state
of the resonant converter. Due to this spread, the absence of a unified approach
in their analysis and the inherent delay in the different processing stages of the
feedback path, self-oscillating converters have been relegated to the margins of the
main stream in resonant converters, which is largely dominated by a frequency
modulation-based operating mode.

A general approach for self-oscillating resonant converters is presented in this
dissertation for a particular class of circuits in which the change of input voltage
polarity is caused by the zero-crossings of the input inductor current. The key
features of the method are an analytical description in the time-domain of a spiral
that eventually converges into an ellipse, and a frequency-domain analysis that
explains the behavior of the ellipse as a limit cycle. On a theoretical basis, this
class of circuits behaves as loss-free resistors because in steady-state the input
inductor current is in phase with the first harmonic of the input voltage.

The proposed analytical procedure predicts accurately the amplitude and fre-
quency of the limit cycle and justifies the stability of its generation. This accuracy
is reflected in the close agreement between the theoretical expressions and the cor-
responding simulated and measured waveforms. Second, third and fourth order
resonant converters are designed following simple guidelines derived from the the-
oretical analysis. In addition, a voltage regulation loop is inserted to fully exploit
the benefits of the self-oscillation by mitigating the effect of the perturbations
entering through the input voltage or the output load.

The problem of delay in the control feedback path is appropriately compen-
sated when dealing with the practical implementation of this class of resonant
converters in view of its industrial applications.

v
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Chapter 1. Introduction

Despite being intensively researched during the last decades, resonant convert-
ers exist since the early years of the 19th century and the concept of resonance
dates back to the 18th century. Specifically, in 1826 Felix Savary observed and
described by the first time the existence of an oscillatory electric discharge with
changing polarity in an experiment with a Leyden jar [1]. Later, in 1885, Nikola
Tesla studied and applied this concept in different practical experiments made by
him [2], but it was not until 1887 when the term “Resonance” was introduced
by the first time in literature [3, 4]. However, this concept has not been applied
to power conversion until the decade of 1930s [4], when resonant structures were
introduced in radio equipment in order to avoid the high current peaks that ap-
peared in relay switch contacts [4]. This application represented the first kind
of resonant power converter. An example of it, called vibrator, was published in
1947 [5] and is shown in Fig. 1.1. Concepts intrinsically associated with resonant
converters, such as zero voltage switching (ZVS), zero current switching (ZCS)
and soft-switching [6] were also mentioned during those decades, though still not
named as such.

The appearance of transistors in the mid-1950s made unnecessary the use of
vibrators. As a result, research was paused until 1981. As explained in [4], in April
of 1981 R. Goldfarb exposed the use of the transformer magnetizing inductance
to ”recover the charge on the snubber capacitors” [7]. Dead-time was applied for
resonant transitions. The same year, B. Carsten published a paper [8] using an
active clamp in a forward converter that utilized both the magnetizing and leakage
inductances for soft-switching. These works rekindled the interest of researchers
in resonant conversion.

Despite these early publications, interest did not grow until 1990, when an
important increase in research could be appreciated. Up to then, the main research
efforts focused on PWM converters and hard-switching, as size and efficiency were
acceptable for the available technology and the applications. The approach of

Figure 1.1: Basic vibrator circuit. Extracted from [4].
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1.1 - Basics of resonant converters

hard-switching converters to its maximum switching frequency, which limits the
minimum size, and the increasing introduction of devices based on AC power
supplies renovated the interest on resonant converters.

Application of resonant converters has been focused in areas were high currents
or voltages are required. In the 1970s and the 1980s they were used mainly in
industrial inductive heating applications for metal melting [9], being introduced
in the early 1990s into the medical sector as high-intensity magnetic-field gener-
ators [10]. In the last part of that decade they were also applied in telecommuni-
cations networks [11], in efficient lightning applications [12–16], and in domestic
inductive heating [17, 18]. Nowadays, resonant converters represent the core of
future charging solutions such as wireless charge for electric vehicles [19,20] while
they continue to be applied in the fields mentioned above.

1.1 Basics of resonant converters

A resonant power converter, as depicted in Fig. 1.2, is composed of: (a) a
switch network, (b) the resonant tank and (c) a rectifier or a load. The switch
network can be realized with a half-bridge or a full-bridge topology, whereas the
resonant tank can present different configurations based on the position and the
number of reactive elements (inductors and capacitors).

Figure 1.2: General scheme of a resonant converter.

Depending on the circuit configuration, hundreds of different 2nd, 3rd and
4th order resonant tanks exist. Fig. 1.3 shows the five most common resonant
tanks applied in resonant power supplies: the series resonant converter (SRC)
(Fig. 1.3a), the parallel resonant converter (PRC) (Fig. 1.3b), the series-parallel
LCC-type resonant converter (LCC) (Fig. 1.3c), the series-parallel LLC-type res-
onant converter (LLC) (Fig. 1.3d) and the series-parallel LCLC-type resonant
converter (LCLC) (Fig. 1.3e).

This work is focused on analyzing these general structures, which are charac-
terized by their different input-output voltage transfer function H(s) and their
input and output impedance transfer functions Zi(s) and Zo(s) respectively. As
shown in Fig. 1.4, series resonant converters only allow to reduce the first har-
monic of the input voltage, whereas parallel resonant converters allow to increase

3
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Chapter 1. Introduction

(a) (b)

(c) (d)

(e)

Figure 1.3: Resonant tank structures for (a) series resonant converter (SRC), (b)
parallel resonant converter (PRC), (c) LCC resonant converter, (d) LLC resonant
converter and (e) LCLC resonant converter.

or reduce it, depending on the switching frequency.
Regarding third order tanks, the LLC and LCC permit a flexible operation,

as their response is based on a combination of the behavior of the series and
parallel resonant converters, depending on the switching frequency and the load.
Generally, the LLC and the LCC may be seen as a modification of the SRC and
the PRC respectively, presenting a similar input-output behavior under particular
conditions. The fourth order LCLC tank also presents a combination of series and
parallel resonant converters, and it is typically used in applications where a large
gain ratio is required.

In general, resonant converters are characterized by their capability of achiev-
ing zero voltage switching or zero current switching, reducing the switching losses
and being able to switch at higher frequencies when compared with hard-switching
converters. This characteristic enables the use of reactive components of reduced
values, which is especially important if the converter requires inductors, as they
typically limit the size and weight of the resulting converter.

4
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1.1 - Basics of resonant converters

(a)

(b)

Figure 1.4: Bode plot of the input-output transfer function H(s) of the: (a) SRC,
(b) PRC.

ZVS or ZCS are accomplished by phase-shifting voltage and current across
the switches, or equivalently, at the input of the resonant tank. Given that the
resonant tank is composed of passive reactive components, it is possible to design
a tank with a predefined resonant frequency and to set a switching frequency
with enough deviation with respect to the resonant frequency that provides ZVS
or ZCS.

ZVS is accomplished when the resonant tank input current is lagging behind
the resonant tank input voltage and ZCS when the opposite condition is given.
Taking as example the circuit shown in Fig. 1.5a it is possible to visualize how
ZVS and ZCS are accomplished. In Fig. 1.5b it is shown that if the current is
negatively phase-shifted with respect to the voltage, i.e., when the voltage leads
the current, there exist a time when the diodes D2 and D3 (or its opposites
in the next semicycle) are activated while Q2 and Q3 drain-source voltages are
approximately zero. During that period it is possible to activate the switches at
zero voltage (i.e.: ZVS) before the current becomes negative.

ZCS is obtained similarly if the current leads the voltage, as illustrated in
Fig. 1.5c. In that situation, before deactivating Q1 and Q4, the current is negative
and flows through the associated diodes, and it is possible to turn them off at any
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Chapter 1. Introduction

(a)

(b) (c)

Figure 1.5: (a) Series resonant example, (b) ZVS operation, (c) ZCS operation.

time. On the contrary, the devices to be activated (Q2 and Q3) will experience a
hard turn-on.

ZVS and ZCS may be obtained with any resonant structure depending on
whether the input impedance is inductive or capacitive respectively. In order to
illustrate this, Fig. 1.6 shows the Bode plots of the input impedance gain |Zi| for
the SRC, PRC and LCC. In the SRC, ZVS is accomplished at frequencies higher
than the resonant frequency. In the PRC, the frontier between ZVS and ZCS
depends on the load. In presence of a light load, ZVS and ZCS are accomplished
as in the SRC. In presence of a heavy load, there exist an intersection between
capacitive and inductive behavior below the resonant frequency f0, identified as
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1.1 - Basics of resonant converters

(a)

(b)

(c)

Figure 1.6: Bode plot of the input impedance |Zi| of: (a) SRC, (b) PRC and (c)
LCC.

fm. In such case, accomplishment of ZVS and ZCS has to be analyzed for specific
load and resonant tank design.

Similarly, the complexity of the response obtained in 3rd or higher order con-
verters requires to study the Bode plot of the input impedance in order to discern
at which frequencies ZVS or ZCS are obtained. In the case of the LCC, three
different regions can be identified. The first one is for frequencies below f0, which
defines the resonant frequency for short-circuited load. In this region ZCS is al-
ways accomplished. In the second region, above the resonant frequency for an
open-circuit load f∞, ZVS is always accomplished. In the region between f0 and
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Chapter 1. Introduction

f∞, both ZVS and ZCS can occur depending on the load and resonant tank design.
Further details of ZVS and ZCS accomplishment in the LCC resonant converter
can be found in [21, Chapter 18].

Throughout this work, the different resonant tank structures depicted in Fig. 1.3
will be analyzed. For clarification, Table 1.1 presents their input-output transfer
functions, whereas Table 1.2 presents their input impedance transfer functions.

Table 1.1: Input-output transfer functions of the SRC, PRC, LCC, LLC and LCLC

Converter |H(s)|
SRC RCss

LCss2+RCss+1

PRC 1
LCps2+L

R
s+1

LCC RCss
LRCsCps3+LCss2+R(Cs+Cp)s+1

LLC
LpRCss2

LpLsCss3+RCs(Ls+Lp)s2+Lps+R

LCLC
LpRCss2

LpLsCpCsRs4+LpLsCss3+R(LsCs+LpCp+LpCs)s2+Lps+R

Table 1.2: Input impedance transfer functions of the SRC, PRC, LCC, LLC and
LCLC

Converter |Zi(s)|

SRC LCss2+RCss+1
Css

PRC
LRCps2+Ls+R

RCps+1

LCC
LRCpCss3+LCss2+R(Cp+Cs)s+1

Cs(RCps+1)s

LLC
LpLsCss3+RCs(Ls+Lp)s2+Lps+R

Cs(R+Lps)s

LCLC
LpLsCpCsRs4+LpLsCss3+R(LsCs+LpCp+LpCs)s2+Lps+R

Cs(LpCpRs2+Lps+R)s

1.2 Motivation and goals

Due to the complexity of the large signal analysis of resonant converters, pre-
vious works have focused mainly on the description of different resonant struc-
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1.2 - Motivation and goals

tures and their characteristics, on the modeling of the converter dynamics based
on the fundamental harmonic approximation (FHA) [22–26] or on the study of
different resonant structures and the determination of its advantages and disad-
vantages [27, 28]. In the FHA, the resonant tank is assumed to respond only to
the fundamental component of the input voltage vs(t), as shown in Fig. 1.7.

Figure 1.7: Waveforms at the input of the resonant tank in a full-bridge topology.

Previous approaches typically employ frequency modulation for regulation pur-
poses [29–31], such that switches are driven by a controller and a voltage controlled
oscillator (VCO) that generates the switching pattern. A general small-signal
modeling technique for frequency modulated resonant converters was introduced
by Robert W. Erickson in [21,32]. This modeling approach, which is based on the
aforementioned FHA, links the envelope of the AC signal with the changes in the
switching frequency, describing with exactitude the behavior of frequency mod-
ulated resonant converters. This approach is considered to be the conventional
modeling and control technique of resonant power converters.

However, resonant converters can also be driven by the oscillating signals gen-
erated by the converter itself. Such an approach is known as self-oscillating con-
trol of resonant converters [33–35]. In contrast with VCO-based converters, self-
oscillating converters do not require any additional oscillator to operate.

Self-oscillating resonant converters are becoming increasingly popular among
designers due to their inherent control advantages: they allow a much closer oper-
ation to the resonant frequency than conventional frequency-controlled converters
while preserving zero-voltage switching, and present very simple realizations.

In spite of the simplicity of the control mechanism, the mathematical descrip-
tion of the self-oscillating mode is relatively complex as it is proved by a number
of works reported in the last years. Some of these works have based their pro-
cedures on the application of the same FHA principles [36–38]. However, there
exist different literature that explains the behavior of these converters by using
the describing function [39], by applying frequency-domain analysis based on the

9

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 1. Introduction

use of Hamel locus [35] or by employing state-plane analysis [40,41] for obtaining
the trajectory described by the limit cycle [42–48].

Specifically, the describing function has been used in [39] to predict the steady-
state behavior of the converter by separating the system in two parts, i.e. the
resonant stage and a non-linear block made up of the input bridge and the non-
linear controller. Later, a closed-loop frequency-domain analysis with a relay and
the use of the Hamel locus has been presented in [35] to determine the mode of
oscillation for a given value of the relay hysteresis width in a LCLC converter.
The notion of band-pass signal [49] has been used in [42] under the form of a time-
varying phasor describing a sinusoid whose frequency and phase change with time.
A large-signal phasor-transform model for a LCC converter has been derived and
later linearized assuming self-oscillation, and its information has been employed
by a FPGA to appropriately determine the changes of polarity of the series-
inductor current. It has been also shown that the power factor control in self-
oscillating mode could be combined with an additional control loop to obtain
output voltage regulation. The start-up of a series resonant converter using an
ON-OFF control based on the changes of polarity of either the inductor current or
a linear combination of inductor current and capacitor voltage has been justified
in [43] by the increase of the stored energy during the transient state and verified
by means of simulation. The previous idea is the basis for the two-loop control of
the series resonant converter reported in [44]. There, an internal loop implements
an ON-OFF control based on the changes of polarity of a linear combination of
the inductor current and its reference, which, in turn, is provided by an outer
loop made up of a PI compensator processing the output voltage error. A similar
approach is found in [45] in which an external loop establishes the constants of
the mentioned linear combination that constitutes the inner loop.

The basic problem underlying the inherent self-oscillating behavior in all the
mentioned works is to find the parametric conditions for the existence of the result-
ing limit cycle together with an accurate prediction of its amplitude and period.
In all the previous literature, the analysis has been made for ad-hoc applications,
so that a common framework for different situations does not exist. This is due
to the fact that the existing reports tackle the problem by assuming first the ex-
istence of limit cycle and then establishing both amplitude and frequency of the
oscillation by means of the describing function approach [13, 39, 50], by means
of generalizations of this technique like the Hamel locus cited before [35] or by
using alternative techniques such as Tsypkin’s method [12]. Moreover, it is also
necessary to ensure the stability of the mechanism generating the self-oscillation,
which has not been disclosed so far. Also, in those works where closed-loop control
has been used to change the operating point of the self-oscillation, regulation has
been achieved without any dynamic model [45,47].

10

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
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This work is motivated by the need of a general approach describing the be-
havior of self-oscillating resonant converters of different order that can be used to
systematically find the parametric conditions for the existence of a limit cycle of
known amplitude and frequency. In addition, this thesis investigates a small-signal
dynamic model that links the effects of self-oscillating control on the switching
frequency of the resonant converters with the purpose of voltage amplitude regu-
lation.

The resulting general framework will provide a simple procedure for design-
ing robust and cost-efficient self-oscillating converters, facilitating its inclusion in
future commercial solutions where the use of resonant conversion is of interest,
such as induction heating [51], LED [52–54] or fluorescent [55–57] lightning so-
lutions, charge of electric [58–60], hybrid [61] or fuel-cell vehicles [62] or wireless
charging [63,64].

1.3 Objectives

The main objectives of this thesis are:
• Define general restrictions to ensure the generation of self-oscillation and its

stability.
• Describe a new general procedure to find parametric conditions that result

in self-oscillations of known amplitude and frequency.
• Provide a novel FHA-based dynamic model of self-oscillating resonant con-

verters, allowing the synthesis of controllers with tight performances.
• Demonstrate the benefits of self-oscillation in view of its potential industrial

applications.

The thesis is organized as follows: Chapter 2 provides the fundamental prin-
ciples in the operation of self-oscillating resonant converters. In Chapter 3 a
general procedure for analyzing the behavior of 2nd order resonant converters un-
der self-oscillation is presented and the value of the restriction to accomplish in
such structures is established. In that chapter, simple steps for the design of a
2nd order self-oscillating converter of defined amplitude and period are provided.
The resulting procedure is then applied in the design of a practical application
based on a self-oscillating PRC. Chapter 4 presents a new model for self-oscillating
converters based on FHA and introduces static and dynamic models for 2nd or-
der structures. The resulting model is applied in the design of an output voltage
controller for a PRC and its performance is compared with the performance of
standard FM controllers designed under similar conditions. An extension to 3rd
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Chapter 1. Introduction

order resonant converters of the analytical procedure presented in Chapter 3 is
covered exhaustively in Chapter 5, with special emphasis in the stability study.
As in Chapter 3, the resulting design procedure is applied in the implementation
of a practical application based on a LCC converter. Finally, in Chapter 6 the
previous procedure is applied in 4th order structures with the aim of deriving
simple design guidelines for such structures.
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Chapter 22
Principles of

self-oscillating resonant
power converters

T his chapter develops the framework that defines the behavior and operation
of a self-oscillating resonant converter. The generation of the self-oscillating

response is based on the change of sign of a single state-variable or on the change
of sign of a combination of state-variables.

Throughout the chapter, the advantages and disadvantages of this approach
and also general design rules for obtaining a self-oscillating resonant converter are
presented.
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Chapter 2. Principles of self-oscillating resonant power converters

2.1 Theoretical framework

As said in Chapter 1, a common framework for the analysis, modeling and
control of self-oscillating resonant converters does not exist in the literature. In
most cases, previous works have been focused on the study of different switching
laws that improve the response or controllability of a desired variable in ad-hoc
applications. In those cases, control laws are set-up empirically without previous
modeling [45,47].

The approach presented here gives a simple design guideline, resulting in stable
and robust self-oscillating resonant converters.

In this chapter, the self-oscillating converter is described as a variable structure
system (VSS) [65], controlled by a function that depends on a single state-variable
or on a combination of different state-variables. A specific condition, typically
based on the analysis of the change of sign of the selected variable, generates a
change in the structure of the system by varying the polarity of the voltage at the
input of the resonant tank. If the resonant tank is designed with a low damping
ratio ξ, this variation leads to a behavior where the variable under observation
changes its sign again, modifying the structure of the system. This repetitive
behavior results in a growing output voltage and current entering into a limit
cycle and producing a self-oscillating resonant pattern.

It is worth noting that the behavior of self-oscillating converters has no relation
with sliding-mode regimes. For clarification of the operation principle, an example
made with the parallel resonant converter is depicted below. The power stage of
a parallel resonant converter (PRC) and its equivalent circuit based on the first-
harmonic approximation are shown in Figs. 2.1a and 2.1b respectively.

In this circuit a small damping ratio
(
ξ =

√
LC

2ReqC = 1
2Q

)
can be obtained if theQ

factor
(
Q = ω0ReqC = Req√

L
C

)
is sufficiently large, this value being directly related

to the gain of the resonant tank
(
H(s) = 1/

(
s2

ω2
0

+ s
Qω0

+ 1
))

at the resonant
frequency.

Fig. 2.2 shows the behavior of the current and voltage in a PRC circuit with
low damping ratio and unchanging structure. The response of the circuit for the
structure where S1 − S4 are activated and S2 − S3 deactivated (u = 1) can be
seen in the blue line, whereas the opposite configuration (u = 0) is shown in red.
It can be seen that when the input voltage of the resonant tank is positive, the
current changes its sign from positive to negative several times before arriving
to a steady-state value defined by Vg/Req. Similarly, when the input voltage is
negative, the current oscillates many times before reaching its steady-state value
−Vg/Req. Thus, there exist two different focus and a variable that intrinsically
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2.1 - Theoretical framework

(a)

(b)

Figure 2.1: (a) Power stage of a parallel resonant converter. (b) Equivalent circuit
based on the first harmonic approach.

changes its sign. Throughout this thesis, it is assumed that the variation of the
structure is conditioned to the existence of these focuses.

If the system changes its structure in agreement with, for example, the change
of sign of the current through the inductor iL(t), it is possible to obtain stable
oscillations at the output of the resonant tank produced by the resulting change

Figure 2.2: PRC phase-plane trajectory assuming constant input voltage: vs = Vg

for u = 1, vs = −Vg for u = 0.
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Chapter 2. Principles of self-oscillating resonant power converters

of polarity of the tank input voltage vS(t). In such case, the generation of the
limit cycle is synthesized by composing the portions of the resulting oscillation
generated between the focus of each structure, producing a growing spiral that
eventually becomes an ellipse. The structure control law is stated as u = sg(iL),
where u is the control variable and function sg(iL) is defined as:

sg(iL) :=
{

1, iL ≥ 0
0, iL < 0 (2.1)

Fig. 2.3 depicts the response of the PRC under changes of the structure defined by
the previous control law. Network topology Ton, or equivalently, u = 1 (S1−S4 ⇒
ON and S2 − S3 ⇒ OFF ) holds for iL ≥ 0 while network topology Toff , or
equivalently u = 0 (S2 − S3 ⇒ ON and S1 − S4 ⇒ OFF ) holds for iL < 0. It
can be seen that, with that behavior, current and voltage grow and arrive to a
steady-state amplitude when limit cycle is reached.

In general, any resonant system can auto-start and self-oscillate if the structure
of the circuit changes with the sign of a state-variable with a defined focus pro-
vided that the system is sufficiently underdamped. These restrictions represent a
general necessary rule for obtaining a self-oscillating behavior but not sufficient
for assuring the stability of the response. In the case of 2nd order converters,
self-oscillation only depends on the design of the resonant tank and the load,
as the damping ratio is directly related with the input-output transfer function
H(s). Nevertheless, in 3rd and higher order structures additional conditions are
required for assuring the self-oscillation. These additional conditions are defined
in the upcoming chapters.

Although there exist different eligible state-variables and combinations for hav-
ing self-oscillation, this work focuses on the use of the sign of the current through
the inductor [43] as the basic rule. Fig. 2.4 depicts the operation principle under
this control rule. It can be seen that the polarity at the input of the resonant
tank changes when the current crosses zero, as a result of the change of structure
generated by the switch of the active MOSFET’s. In consequence, the sign of the
current iL(t) is equal to the sign of the voltage vS(t).

Therefore, the resulting circuit presents naturally a behavior of loss-free resistor
[66, 67], as the fundamental-harmonic of the input voltage and the input current
at the resonant tank are always in phase. Due to that, a unitary power factor
and a loss-free resistor behavior are obtained in steady-state in the connection
between the input port and the load, which makes it particularly suitable for high-
frequency high-efficiency and low EMI applications [68]. In addition, this general
approach allows to obtain a resonant converter designed for a defined switching
frequency and gain and with inherent auto-startup without the requirement of
inserting any additional circuitry. It is simple to implement, as only a current
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(a)

(b)

Figure 2.3: Response of a VSS PRC controlled by u = sg(iL): (a) Phase-plane
trajectory, (b) Time-domain response.

sensor and a comparator are required. Besides, this control method represents a
robust solution for fixed load applications, as the system will operate by its own
nature at a fixed operation point during all its life-time. Note, however, that with
this approach it is not possible to control the voltage at the output. It can be
seen that any load variation produces automatically a gain variation and a new
voltage and power level at the output.

17

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 2. Principles of self-oscillating resonant power converters

(a)

(b)

Figure 2.4: Operation under VSS approach with u = sg(iL): (a) Circuit scheme,
(b) Switching pattern diagram (x-marks: switching instants).

2.2 Voltage control switching law

In order to regulate the output voltage, a modification of the switching law
is required. As an example, the switching instant can be a function of the sign
of the current and the amplitude of the output voltage. Under that situation,
the system changes its structure some instants before or after the current zero-
crossing, varying the switching frequency as a result.

In a second order system, a linear combination of the state-variables iL and vC ,
or their normalized forms jL and mC , can be employed to generate the switching
instants of the resonant converter. In [46], the switching instants occur when
|s1jL + s2mC | = Vconst holds, being s1, s2 and Vconst constants.

Equivalently, this new class of VSS-based controller can also be expressed as

u = sg(jL − k mC). (2.2)

This form, which appeared previously in [43–45], has the advantage that it has a
straightforward representation in the state-plane and, more importantly, that the
value of parameter k is directly related to the angle between vs1(t) and jL(t).

It is worth to remark that a normalization of the variables is applied in order to
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2.2 - Voltage control switching law

analyze the effect of each state-variable weighted in comparison with a common
base value, resulting in equally weighted quantities and giving a circular limit
cycle in all cases. If normalization is not done, then k is no longer related to the
angle between the current and the voltage. In second order systems, such as the
SRC and PRC, the normalization is as follows:

mC = vC
Vg

(2.3)

jL = R0
Vg
iL (2.4)

where R0 =
√

L
C and where Vg is the power source voltage.

In order to clarify the operation principle, Fig. 2.5 shows the behavior of the
system under the previous simple switching law based only on the sign of the cur-
rent (u = sg(jL)) while Fig. 2.6 represents the behavior under the new switching
law resulting from the combination of jL and mC (u = sg(jL − k mC)). In this
figure, it can be seen that the angle between mC(t) and jL(t) is equal to α and
that the slope of the switching boundary is k = tan(α). Hence, from Fig. 2.5c,
when k > 0 (positive α) the converter operates above the resonant frequency and
when k < 0 (negative α) it operates below resonance. In other words, variable
switching instants controlled by the angle α, or reciprocally its slope k, are intro-
duced, which makes possible to regulate the output voltage by varying the angle
as a function of the desired controlled parameter.

An analytic expression of α given by the input impedance phase can be derived
in the PRC as follows, with Q = ω0ReqC = Req/R0 and damping ratio ξ = 1

2Q :

α =∠Zi(s)|s=jωsw = ∠

−
(
j ωsw
ωo

)2
+ j ωsw

Qωo
+ 1

jCωsw + 1
Req

 =

=∠

−
(
j ωsw
ωo

)2
+ j ωsw

Qωo
+ 1

jCωsw + 1
Req


 1

Req
− jCωsw

1
Req
− jCωsw


= ∠

((
ωo
Q
− jωsw

)(
−
(
j
ωsw
Qωo

+
(

1−
(
ωsw
ωo

)2
))))

=

= arctan
(
−Qωsw

ωo

(
1− 1

Q2 −
(
ωsw
ωo

)2
))

.

(2.5)
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Chapter 2. Principles of self-oscillating resonant power converters

(a)

(b) (c)

Figure 2.5: Normalized response of the PRC controlled by u = sg(jL): (a) phase-
plane trajectory (x-marks: switching instants), (b) time-domain waveforms, (c) Bode
diagram of Zi(s) = vS1(s)

jL(s) .

This result allows to eliminate the tangent function in k, and to obtain an
explicit relationship between the switching frequency ωsw and k.

k = tan(α) = −Qωsw
ωo

(
1− 1

Q2 −
(
ωsw
ωo

)2
)
. (2.6)

Similarly, the relationship between the switching frequency and k can be de-
rived for the SRC, which results in

k = tan(α) = Q

(
ωsw
ωo
− ωo
ωsw

)
(2.7)
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2.2 - Voltage control switching law

(a)

(b)

Figure 2.6: Normalized response of the PRC controlled by u = sg(jL −KmC): (a)
phase-plane trajectory (x-marks: switching instants), (b) time-domain waveforms.

In general, it is possible to obtain a direct relationship between the switching
frequency ωsw and k in other resonant structures by modifying the state-variables
in the switching law.

If closed-loop regulation is required, k(t) can be used to control the operation
of the converter. In Fig. 2.7, a block diagram of this control law is illustrated. The
normalized values of the inductor current and capacitor voltages can be obtained
by means of operational amplifiers in case of a constant input voltage. Also a

Figure 2.7: Block diagram of the new control based on u = sg(jL − k(t)mC).
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Chapter 2. Principles of self-oscillating resonant power converters

multiplier is required in order to carry out the multiplication between the state-
variable mC(t) and the control variable k(t).

2.3 Summary

General principles and restrictions for enabling self-oscillation in any resonant
converter have been discussed in this chapter and different variable structure
switching laws have been proposed. The first switching law is based on chang-
ing the polarity of the input voltage as a function of the sign of the current
across the inductor, and allows the system to naturally self-oscillate at the reso-
nant frequency. The output depends entirely on the parameters of the resonant
tank and the load and therefore the amplitude of the output voltage is not regu-
lated. The second switching law allows to regulate the phase angle between two
state-variables while keeping self-oscillation, which results in variable switching
frequency. Therefore, this parameter can be controlled in order to regulate the
amplitude of the output voltage.
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Chapter 33
Second order resonant

structures: analysis,
design and applications

I n this chapter an analytic procedure for describing the operation of 2nd order
resonant structures is presented. The analysis is based on the change of struc-

ture as a result of a change of sign of the input inductor current, as defined in the
previous chapter. The resulting second order differential equations are solved to
construct a piecewise phase-plane trajectory which provides insight into the gen-
eration of a stable limit cycle and predicts its amplitude and period. Parametric
conditions for the existence of self-oscillation are derived from the analysis, and
its validity is verified by experimental results. Finally, a practical application is
designed to illustrate the feasibility of the proposed approach in engineering.
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Chapter 3. Second order resonant structures: analysis, design and
applications

3.1 Limit cycle generation

As in the previous chapter, the analysis that follows is exemplified with the
PRC, although it can also be extended to the SRC. Fig. 3.3a depicts the power
stage of a PRC, whereas Fig. 3.3b presents its equivalent circuit.

(a)

(b)

Figure 3.1: (a) Power stage of a parallel resonant converter. (b) Equivalent circuit
based on the first harmonic approach.

A model based on the first harmonic approximation is used in the equivalent
circuit of Fig. 3.3b to represent the effect of the rectifier and load by Req = RLπ

2

8
[21]. The differential equation relating input and output voltages is given by

d2vC
dt2

+ 1
CReq

dvC
dt

+ vC
LC

= vS(t)
LC

(3.1)

where vS(t) = Vg during Ton and vS(t) = −Vg during Toff . Assuming a damping
factor ξ such that 0 < ξ < 1, the solution of (3.1) in Ton interval for zero initial
conditions [69,70] can be expressed as follows

vC(t) = e
− t

2ReqC

{
−Vg cosωdt−

Vg
2ReqCωd

sinωdt
}

+ Vg (3.2)

where ωd = ωo
√

1− ξ2, ωo and ξ being respectively the natural oscillation fre-
quency and the damping factor given by ωo = 1√

LC
and ξ = 1

2CReqω0
.

Current iL(t) in the same interval is given by

iL(t) = C
dvC
dt

+ vC
Req

(3.3)
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3.1 - Limit cycle generation

From (3.2) and (3.3), we derive

iL(t) = e
− t

2ReqC

{
− Vg
Req

cosωdt+ 1
ωd

[
Vg
L
− Vg

2Req2C

]
sinωdt

}
+ Vg
Req

(3.4)

Similar expressions for vC(t) and iL(t) can be obtained for Toff interval by
simply changing Vg by its opposite −Vg.

Assuming vS(t) = Vg ∀ t, this would result in a steady-state regime with
coordinates v∗C = Vg, i∗L = Vg/Req, where superscript (*) denotes steady-state.
Reciprocally, vS(t) = −Vg ∀ t would lead to a symmetrical steady-state point
v∗C = −Vg, i∗L = −Vg/Req, as previously illustrated in Fig. 2.2. Current iL(t) will
cross the border iL = 0 if a high quality factor Q is imposed,

QPRC = ω0ReqC = Req√
L
C

= 1
2ξ . (3.5)

Then, as described in the previous chapter, it is possible to obtain stable oscil-
lations at the output of the resonant tank by changing the input voltage as a
function of the sign of the inductor current iL. A simulation of a PRC circuit
switching under that condition is shown in Fig. 3.2, illustrating the generation of
the limit cycle. This example presents a Q value of 14.5.

Similarly, a limit cycle can be obtained in the SRC by applying the same
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Figure 3.2: VSS made up of the two substructures of the PRC with C = 10.5 nF,
L = 8µH, Req = 400 Ω, Vg = 20 V.
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control law. Also, in this case a system with a high quality factor Q is required.
The value of Q is defined as

QSRC = R0
Req

=

√
L
C

Req
(3.6)

Thus, an underdamped system can be obtained by selecting sufficiently heavy
load. An example for the configuration of Fig. 3.3 is proposed. The design presents
an inductor value of 9.1 µH and a capacitor value of 5.68 nF with an output load
of Req = 5 Ω and an input voltage of 12 V, leading to a QSRC value of 8. The
limit cycle obtained by numerical simulation is depicted in Fig. 3.4a, showing that
the system self-oscillates and arrives to a limit cycle as expected.

(a)

(b)

Figure 3.3: (a) Power stage of a series resonant converter. (b) Equivalent circuit
based on the first harmonic approach.

It is also worth to remark that the input-output transfer function H(s) of a
SRC circuit operating at the resonant frequency ω0 presents always a value of
1, as demonstrated in Equation (3.7). As a result, in self-oscillation the output
voltage equals the first harmonic of the resonant tank input voltage. Time-domain
waveforms of the previous simulation, depicted in Fig. 3.4b, illustrate this case.
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3.1 - Limit cycle generation

H(jω0) = ReqCjω0
−LCω2

0 +ReqCjω0 + 1 =

= ReqCjω0

−LC 1
LC +ReqCjω0 + 1

= 1
(3.7)

(a)

(b)

Figure 3.4: Response of a VSS SRC controlled by u = sg(iL): (a) Phase-plane
trajectory, (b) Time-domain response. L = 9.1µH, Cs = 5.68 nF, Req = 5 Ω, Vg =
12 V.
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3.2 Determination of amplitude and period in the limit
cycle

Equation (3.2) is now modified to describe the behavior of vC(t) in the PRC for
network topology Ton during a generic interval t2 < t < t3 and initial conditions
vC(t2) = − vC2n and iL(t2) = 0, and with τ = t− t2.

vC(τ) = e
− τ

2ReqC

{
(−vC2n − Vg) cosωdτ −

(−vC2n + Vg)
2ReqCωd

sinωdτ
}

+ Vg (3.8)

As seen in Fig. 3.2, variable vC2n symbolizes the voltage amplitude at switching
instants from negative to positive current value while vC2n+1 symbolizes the oppo-
site situation, with n increasing after a complete cycle. Therefore, the voltage at
the negative to positive switching instants is described by [vC2, vC4, vC6, ..., vC2n ,
..., −VC ], whereas the opposite situation is described by [vC1, vC3, vC5, ..., vC2n+1 ,
..., VC ]. Note than when in capital letters, this notation refers specifically to the
value at the limit cycle or, equivalently, in steady-state (e.g.: VC), whereas in
lowercase letters it refers to any generic switching instant (e.g.: vC2n).

Expression (3.8) has its maximum value vCM at instant τc given by

ωdτc = tan−1
(
− 2ξ

√
1− ξ2vC2n

Vg + vC2n(1− 2ξ2)

)
+ π (3.9)

vCM = e−ξω0τc
√
V 2
g + vC2n

2 + 2VgvC2n(1− 2ξ2) + Vg (3.10)

Under conditions of high Q, it is apparent that ξ << 1, or equivalently, 1 −
2ξ2 ≈ 1 and ωd ≈ ωo, so that expressions (3.9) and (3.10) become

ω0τc ≈ tan−1
(
− 2ξvC2n

Vg + vC2n

)
+ π (3.11)

vCM = e−ξω0τc(Vg + vC2n) + Vg (3.12)

If the generic interval t2 < t < t3 corresponds to any Ton interval of the growing
spiral, then the maximum value vCM is vC2n (see Fig. 3.2), as it corresponds to
the switching instant. Hence, it can be defined that

vC2n = e−ξω0τc
(
Vg + vC2n−1

)
+ Vg (3.13)
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3.3 - Establishment of restrictions for self-oscillation

Besides, in the limit cycle, the ratio 2ξvC2n
Vg+vC2n

can be approximated by 2ξ, and
therefore expression (3.11) becomes

ω0τc ≈ tan−1(−2ξ) + π ≈ −2ξ + π ≈ π (3.14)

Introducing (3.14) in (3.13) yields

VC = Vg
1 + e−ξπ

1− e−ξπ ≈
2Vg
πξ

(3.15)

which is exactly the maximum value of the capacitor voltage in steady-state at
resonant frequency considering the first harmonic approximation

VCM,FHA = 4
π
VgQ = 2Vg

πξ
(3.16)

Moreover, from (3.14), the period of the limit cycle will be given by

T = 2τc = 2π
ω0

(3.17)

which is the period that corresponds to the resonant frequency of the converter.

3.3 Establishment of restrictions for self-oscillation

A point of interest for the self-oscillation of resonant converters is to establish
a minimum Q such that the system enters into the limit cycle. In the PRC, when
the switching boundary is as defined previously iL(t) = 0, this is equivalent to
finding whether the current trajectory crosses the zero axis for some t > 0 if
iL(0) = 0. For an initial capacitor voltage vC(0) = −vC2n , the current trajectory
shown in (3.4) can be rewritten as follows

iL(θ) = e
− θ

2ReqCωd

{
− Vg
Req

cos θ + 1
ωd

[
Vg + vC2n

L
− Vg

2Req2C

]
sin θ

}
+ Vg
Req

(3.18)

where the angle θ = ωdt is adopted for convenience. It can be shown that vC2n = 0
corresponds to the worst case for which the switching boundary may not be crossed
if Q is not sufficiently large.

Assuming e−
θ

2ReqCωd ≈ 1, the first term of the trajectory

Vg
Req
− Vg
Req

cos θ (3.19)
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is always positive, whereas the second term

1
ωd

[
Vg + vC2n

L
− Vg

2R2
eqC

]
sin θ (3.20)

can be rewritten as[
(Vg + vC2n) 1

R0
√

1− ξ2 − Vg
ξ

QR0
√

1− ξ2

]
sin θ (3.21)

with R0 =
√

L
C .

It can be seen that 1
R0
√

1−ξ2
≥ ξ

QR0
√

1−ξ2
if ξ ≤ 1 ↔ Q ≥ 0.5, which was

already assumed for an underdamped response. Thus, the second term is negative
at θ = 3π

2 , being more negative with increasing values of vC2n . As a consequence, a
minimum value ofQ is required in order to ensure reaching the switching boundary
in the worst case, which occurs during start-up given that the current presents its
lowest value.

Fig. 3.5 shows the start-up trajectory of the current for different values of Q.
It can be observed that, for a large Q, the switching boundary is reached at an
angle approximately equal to π, the difference between the switching angle θ and
π being equal to β = θ − π.

Linearization of trajectory (3.4) with a first-order Taylor approximation at
angle π allows solving the equation for the switching instant β. This first-order
Taylor approximation of the damped sinusoidal terms in (3.4) can be expressed
as

e
− θ

2ReqCωd cos θ ≈ e−
π

2ReqCωd

(
β

2ReqCωd
− 1

)
(3.22)

e
− θ

2ReqCωd sin θ ≈ −βe−
π

2ReqCωd (3.23)
and then, the switching angle can be derived as

β = Lωd
Req

(
1 + e

− π
2ReqCωd

)
(3.24)

This approximation remains valid only for sufficiently small values of β. If a
rather arbitrary upper bound of β is chosen, e.g. β = π/4, the switching angle
will then satisfy

Lωd
Req

(
1 + e

− π
2ReqCωd

)
≤ π

4 (3.25)
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3.4 - Stability analysis

Figure 3.5: Current trajectory of a parallel resonant converter during startup with
iL(0) = 0, vC = 0 for three different quality factors Q = [2, 3.15, 10] . Steady state
current Vg/R (dash-dotted), linearization of the trajectory at θ = π (dotted) and
crossing of the switching boundary iL(t) = 0 (circles).

whose exponential term can be linearized to yield

Lωd
Req

(
1 + 1− π

2ReqCωd

)
≤ π

4 (3.26)

Since L > 0 and C > 0, this expression can be simplified to obtain an inequality
that depends solely on Q

π
(
Q2 − 2

)
− 4

√
4Q2 − 1 ≥ 0 (3.27)

which can be reduced to Q ≥ 3.15.
This result, while approximated, represents a valid and restrictive calculation

of the lower bound for Q. Equal or larger values of Q guarantee the self-oscillation
and allow the converter to reach the limit cycle described in the previous sections.

3.4 Stability analysis

Proving the stability of limit cycles in power converters often requires a dedi-
cated involved analysis leading sometimes to general analytic results [71] or to a
mixture of analytical and numerical demonstrations [72]. In this work a different
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approach based on the analysis of the exact behavior obtained in Section 3.2 is
proposed. As the system is defined by a growing spiral that becomes an ellipse
in the limit cycle, it is possible to describe a recurrence between the switching
points of the phase-plane, which can be analyzed for the assessment of stability.

From (3.13) and (3.14), it can be found that

vC2n = −Vg
(

1 +
Vg + vC2n−1

Vg
e−ξπ

)
(3.28)

where n=[ 1, 2, 3, . . . ]
If vC2n is the last negative-to-positive boundary crossing, the next switch will

happen at vC2n+1 , which can be defined by the increase of the spiral as:

vC2n+1 = Vg

[
1 + Vg − vC2n

Vg
e−ξπ

]
=

= Vg + (Vg − vC2n) e−ξπ =

= Vg +
(
Vg + Vg

(
1 +

Vg + vC2n−1

Vg
e−ξπ

))
e−ξπ =

= Vg + Vge
−ξπ + Vge

−ξπ + Vge
−2ξπ + vC2n−1e

−2ξπ

(3.29)

leading to

vC2n+1 = Vg(1 + 2e−ξπ + e−2ξπ) + vC2n−1e
−2ξπ (3.30)

The previous expression can be simplified as follows

vC2n+1 = Vg(1 + e−ξπ)2 + vC2n−1e
−2ξπ (3.31)

where ξ is the damping factor defined by ξ =
√
LC/(2CReq) and Req = RLπ

2/8.
It can be observed that (3.31) describes a stable system since the term multi-

plying vC2n−1 is less than unity.
The evolution of the recurrence can be described as follows, defining G =

Vg(1 + e−ξπ)2 and r = e−2ξπ:
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3.5 - Simulation results

n = 1 −→ vC3 = G+ vC1r

n = 2 −→ vC5 = G+Gr + vC1r
2

n = 3 −→ vC7 = G+Gr +Gr2 + vC1r
3

.

.

.

n −→ vC2n+1 = G+Gr +Gr2 + ...+Grn−2 + vC1r
n−1

= G(1 + r + r2 + ...+ rn−2) + vC1r
n−1

(3.32)

and the stability of the recurrence can be proved by finding the limit of vC2n+1

when n tends to ∞

lim
n→∞

vC2n+1 =
↑

lim
n→∞

vC1rn−1 =
↑
r<1

0

G

1− r = Vg(1 + e−ξπ)2

1− e−2ξπ = Vg(1 + e−ξπ)
1− e−ξπ (3.33)

leading to the same result shown in (3.15).
Fig. 3.6 verifies by simulation the previous theoretical prediction for initial con-

ditions situated at each possible quadrant of the phase-plane. It can be seen that
all the trajectories reach the limit cycle irrespective of the their initial conditions.

3.5 Simulation results

In order to validate the previous analysis, a simulation of the PRC with the
converter parameters of Table 3.1 and the switching law based on the sign of the
inductor current is made.

Table 3.1: Set of parameters of the VSS PRC simulation

Parameter Value
Vg 20 V
L 8 µH
Cp 10.5 nF
Req 400 Ω

Applying (3.16) and (3.17) it is possible to predict the amplitude and the
frequency of the simulated output voltage in steady-state, which can be compared
with the simulation results in order to verify its validity:
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Figure 3.6: Trajectories reaching the limit cycle from different initial conditions: (1)
second quadrant (2) first quadrant (3) fourth quadrant (4) third quadrant.

QPRC = Req√
L
Cp

= 14.5 (3.34)

ξ =
√

(LC)
2CpReq

= 1
2Q = 0.035 (3.35)

VCM,FHA = 2Vg
πξ

= 370V (3.36)

fsw = 1
T

= ω0
2π =

1√
LCp

2π = 550 kHz (3.37)

Simulation results depicted in Fig 3.7a confirm the generation of the limit
cycle in the phase-plane while Fig 3.7b shows the waveforms in time-domain.
The results gathered in this figure exhibit a peak output voltage of 369 V and a
switching frequency of 549 kHz, verifying the validity of the previous calculations.
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Figure 3.7: Response of a self-oscillating VSS PRC with a load of Req = 400Ω: (a)
limit cycle generation, (b) waveforms of vCp and iL.

With the aim of verifying the minimum Q boundary of 3.15, a corresponding
load (Req = 87 Ω) is introduced in the simulation. The results are shown in
Fig. 3.8. It can be seen that the system is able to auto-start and self-oscillate with
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an output peak voltage of 77 V. Lower values of Q preclude the self-oscillation.
As an example, the response for a Q value of 2.5 (or equivalently, a load of
Req = 65 Ω) is depicted in Fig. 3.9. It can be seen that the current does not cross
zero at startup since the system is not sufficiently underdamped. As a result, the
structure of the converter does not switch, being unable to self-oscillate.
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Figure 3.8: Output voltage vCp and resonant tank input current iL of a self-
oscillating VSS PRC with a load of Req = 87 Ω and a Q value of 3.15.
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Figure 3.9: Output voltage vCp and resonant tank input current iL of a self-
oscillating VSS PRC with a load of Req = 65 Ω and a Q value of 2.5.
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3.6 - Limitation on the implementation: the propagation delay

3.6 Limitation on the implementation: the propaga-
tion delay

One of the main limitations that arises in the experimental realization of a
self-oscillating resonant converter comes from the inherent propagation delays in
the circuit. In the previous section, an ideal circuit without any propagation
delay has been simulated, demonstrating the effectiveness of the proposed design.
However, components such as gate drivers present a propagation delay shifting
the effective switching instant. As a result, they generate a phase-shift between
the voltage and the current at the input of the resonant tank, so that the voltage
is lagged with respect to the current. In turn, the switching frequency is reduced.
The higher the delay, the lower the oscillating frequency is.

With the aim of illustrating the impact of delays in a real implementation,
a PRC prototype is designed with the parameters of Table 3.2. Fig. 3.10 shows
the circuit scheme of both power stage and VSS controller. The power stage is
made up of an H-bridge circuit and a resonant tank. The H-bridge employs 4
MOSFETs, which are activated by a driver stage based on the IC ADUM7234.
The resonant tank has been built with a ceramic (C0G) capacitor of 10.7 nF
and an air-gap-based AC inductor of 7.3 µH, this implying a Q value of 11.5 for a
resonant frequency of 570 kHz and an equivalent load resistance of R = 300 Ω. The
VSS controller employs a LT1116 comparator to establish the change of polarity
of the input voltage in agreement with the zero-crossings of the inductor current,
which is measured by a current sense transformer (CST) with a transformer ratio
1:8. The output signal of the comparator activates a circuit adding a dead time to
avoid short-circuits during transitions. This stage, which is composed by two logic
gates, is then connected to the driver circuitry described above. The experimental
prototype can be seen in Fig. 3.11.

Fig. 3.12 shows steady-state waveforms of the PRC in self-oscillating mode.
The corresponding experimental generation of the limit cycle is illustrated in
Fig. 3.13. The results obtained verify, as expected, that the phase-shift between
current and voltage is not 90o and that the phase displacement between the in-
ductor current and the first harmonic of the input voltage is not 0o either. The
resulting frequency mismatch is of 23 kHz, mainly caused by the existence of a
176 ns delay in the activation of the MOSFET switches with respect to the cur-
rent zero-crossing. Fig. 3.14 illustrates this fact. The overall delay obtained is
the result of the response of the comparator, logic gates and driver stage, which
introduce 13 ns, 37 ns and 126 ns respectively.

In conclusion, for guaranteeing an operation of the converter under the ex-
pected conditions it is required to select components with very small propagation
delay ratios or to introduce a delay compensation network that switches the struc-

37

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 3. Second order resonant structures: analysis, design and
applications

ture at a defined time before the current crosses zero. The next section shows a
practical application of second order resonant converters and explores different
compensation networks that mitigate the effects of propagation delays.

Driver circuit

Vg
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RC 
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Figure 3.10: Circuit scheme of the parallel resonant converter with the proposed
VSS-based controller.

Table 3.2: Set of parameters of the VSS PRC prototype

Parameter Component Value
Vg - 12 V
Cin X7R 11 µF
S1−4 IPB200N15NS3 -
L Air-core inductor 7.3 µH
C C0G/NP0 10.7 nF
R Resistor 300 Ω

CST Transformer 1:8
Rsens SMD Resistor 5 Ω
RDT Potentiometer < 500 Ω
DDT SDM03U40 -
Driver ADuM7234 -
Q - 11.5
f0 - 570 kHz
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3.6 - Limitation on the implementation: the propagation delay

Figure 3.11: Image of the experimental prototype: (a) resonant tank, (b) current
sensor and comparator, (c) driver and (d) dead time circuit.

Figure 3.12: Experimental waveforms of the PRC in self-oscillation.
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Figure 3.13: Experimental limit cycle generation of the PRC in self-oscillation.

Figure 3.14: Delay between inductor current zero-crossing and activation of the
MOSFETs.
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3.7 - Application: 6.78 MHz GaN FET PRC designed for Wireless Power
Transfer

3.7 Application: 6.78 MHz GaN FET PRC designed
for Wireless Power Transfer

Resonant converters represent the core of high-frequency wireless power trans-
fer (WPT) systems, which offer easy-to-use single and multi-device charging for
devices such as smartphones, tablets or small laptops [73, 74]. This application
area has been gaining attention and various solution approaches have been ad-
dressed in a number of papers [74–82]. Challenges include maintaining soft switch-
ing and optimum power transfer in the presence of variations in coupling, resonant
tank, and power level.

Due to the novelty of this field of study, no single standard has been established
so far. Nevertheless, two main references can be used depending on the type of
application: the Qi standard and the AirFuel Alliance standard [78].

Both are supported by major manufacturers and are arising as the reference
standards for the design of compatible battery chargers. Despite of that, these
standards are not compatible between them, as their specifications are very dif-
ferent.

At this moment a vast majority of new mobile phones complies with the Qi
standard while AirFuel Alliance is being introduced in portable power-demanding
devices such as phablets, tablets and laptops. This last standard defines a minor
classification of the transmitting powers into different categories, the standard
requirements being established only up to class 3. Therefore, in this section,
the device designed will be a class 3 compliant transmitter. A list of the main
characteristics of each standard and the specific restrictions imposed by class 3 is
shown below.

Qi standard
• Frequency of operation: 110 kHz nominal (up to 205 kHz)
• Distance: 0-30 mm
• Power: 5 W
• Devices: 1 at a time

Airfuel Alliance standard
• Frequency of operation: 6.78 MHz ± 150 kHz
• Distance: 50 mm
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• Power:
– Class 2 = 10 W (smartphone, phablet)
– Class 3 = 16 W (tablet)
– Class 4 = 33 W (small laptop)
– Class 5 = 50 W (regular laptop)

• Devices: Multiple devices at the same time

Airfuel Alliance Class 3 transmitter restrictions
• Maximum load resistance: 57 Ω
• Maximum AC mean output power: 16 W
• Minimum AC mean output power: 6.5 W
• Maximum AC output voltage (RMS): 38 V
While the specifications of this standard are not freely available to the gen-

eral public, there exist literature that allows to establish its main design restric-
tions [20,74–82]. Note that previous literature cites the AirFuel Alliance with its
previous name, the ”Alliance for Wireless Power” or its acronym ”A4WP”.

3.7.1 Converter design

Fig. 3.15 shows the circuit diagram of the converter prototype: it is composed
of a full-bridge resonant converter with a parallel resonant tank. The prototype
can be configured as an inverter or it can also be configured as a rectifier in order
to accomplish DC-DC conversion.

As indicated previously, the switching network will produce a square wave of
subintervals Ton (u = 1) and Toff (u = 0) at the input of the resonant tank by
sensing the sign of the current.

The AirFuel Alliance standard specifies an input voltage between 8 and 32 V
and a maximum AC peak output power of 32 W for a load of 57 Ω [75]. In the
design presented here, an input voltage of 12 V is assumed. An AC output voltage
of 42 V peak, or equivalently, 30 V RMS is derived from the power and load values
indicated before. The nominal switching frequency is equal to fsw = 6.78 MHz,
with a tolerance of ± 150 kHz, and the load applied is R = 57 Ω.

One of the advantages of the proposed self-oscillating design methodology is
the simplicity of the steps to follow for obtaining the parameters of the resonant
tank. Next, the design steps to obtain the values of the resonant tank components
are summarized.
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(a)

(b)

Figure 3.15: Circuit diagram of: (a) inverter PRC, (b) DC-DC PRC

Self-oscillating PRC resonant tank design steps

1. Define input and output voltage of the application.
2. Define the desired switching frequency ω0 and the load R. Take into

account that higher loads produce higher output power levels and lower
loads produce lower output power levels.

3. Calculate Q (Q|ωsw=ω0 = |H(jω0)|).
4. Evaluate if Q ≥ 3.15 is accomplished. If not, the system will not

be able to self-oscillate and the design has to be discarded.
5. Calculate the value of the capacitor with C = Q

ω0R
.

6. Calculate the value of the inductance with L = 1
ω02C .

A value of Q of 3.5 is obtained with the parameters previously selected, result-
ing in L and C values of 382 nH and 1.44 nF respectively. Note that the resonant
tank parameters have been obtained for the inverter configuration with resistance
R.
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The following subsections briefly describe the design considerations related to
current sensing and the full-bridge realization of the circuit using GaN devices.

3.7.1.1 Current sensor design

This application requires accurate current sensing, given that the generation
of the switching pattern entirely depends on the sensed current waveform. The
sensing stage requires sufficiently large bandwidth, high-speed, and noise rejection
in order to reproduce the current signal at 6.78 MHz. Moreover, parasitics can
affect the response of the sensor and may require compensation.

A classification of different sensing techniques, accounting for the fundamental
frequency of the waveform, has been presented in [83, Table I]. Two main sensing
techniques can be identified as suitable for high-frequency applications: (i) a
current sensing transformer [84–86] or (ii) a series resistor sensed over a high-speed
differential amplifier [83,87,88]. As presented in [85,86] and [89], current sensing
transformers require compensation of the parasitic effects generated between the
windings by opposing the magnetic fields with a specific wiring design. In contrast,
the shunt resistor sensor does not require any special procedure in order to operate
at 6.78 MHz, and in consequence, this is the approach employed in this work.
It is worth noting that the differential amplifier must exhibit appropriate gain,
bandwidth and common-mode voltage rejection ratio. A high slew-rate THS4151
differential amplifier has been used in this case.

3.7.1.2 Full-bridge inverter design

Due to the high switching frequency and the power level desired for the consid-
ered application, switches presenting low gate charge and reduced recovery times
are preferred.

Although the state-of-the-art Silicon FETs could reach the desired switching
frequency, their parasitic effects would affect the generation of the self-oscillating
signal and the overall efficiency. Therefore, GaN FETs (EPC8004, RDS(on) =
110 mΩ, QG = 370 pC) have been used in this work, minimizing the parasitic
effects that may affect the generation of the self-oscillating signal and the overall
efficiency. Two LM5113 half-bridge drivers are used for the activation of the
switches due to its high-performance characteristics.

3.7.1.3 Summary of selected components

Table 3.3 summarizes the selected components taking into account the restric-
tions denoted on the previous subsections.
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Table 3.3: Summary of components selected in the design stage

Component Code or Value
L (Design) 382 nH
C (Design) 1.44 nF

Differential Amplifier THS4151
eGaN FET EPC8004

Driver LM5113

3.7.2 Delay Compensation Network

One of the main limitations of the proposed self-oscillating approach is due to
the adverse effects of propagation delays over the synchronization between the sign
of the tank input current and the polarity of the tank input voltage, as described
in Section 3.6. With the present design, the overall propagation delay predicted
is approximately 60 ns, which produces a reduction in the switching frequency of
40%. Hence, a delay compensation network is required in order to eliminate these
effects and accomplish the standard requirements.

Two different compensation networks are proposed:
• A phase-leading RL circuit inserted at the input of the current-sensing differ-

ential amplifier.
• An adjustable hysteresis applied to the input of the current polarity comparator.

3.7.2.1 Phase-leading RL delay compensation network

This compensation network is based on an analog RL circuit that phase-shifts
the voltage signal sensed by the shunt resistor RSENS , as shown in Fig. 3.16.
Phase-shift can be adjusted by changing the value of RD as defined by Eq. (3.38),
where τ is the value of delay to be compensated. The output of the sensor is
then compared with zero so that the zero-crossings of the compensated waveform
activate the corresponding switches.

τ = LD
RD

(3.38)

Advantages of this solution are that it can process high bandwidth waveforms
and that it remains invariable with respect to load changes. Nevertheless, this
approach introduces losses and the compensation is sensitive to temperature vari-
ations and components tolerance. In addition, compensation can not be adjusted
automatically, so the RL approach can be considered less practical compared to
the hysteresis-based approach discussed next.
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Current sensor with RL delay compensation
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Figure 3.16: Phase-leading RL delay compensation network.

3.7.2.2 Hysteresis-Based delay compensation network

It is also possible to compensate the delay by changing the instant when the
switching pattern is generated with an adjustable hysteresis function. This hys-
teresis allows the user to set a comparison value different than 0, enabling the
system to switch at a defined time before the zero-crossing point of the cur-
rent. As the system exhibits an approximately constant delay, compensation can
be successfully achieved by setting a constant hysteresis value. In addition, the
hysteresis value can be adjusted to obtain ZVS operation while maintaining the
switching frequency very close to the resonant frequency.

Current sensor with hysteresis delay compensation
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Figure 3.17: Hysteresis delay compensation network.

Fig. 3.17 depicts the block diagram of this compensation network. A rising-
edge activated monostable is introduced in order to keep 50 % duty cycle, such
that compensation is achieved equally during Ton and Toff . The comparators are
in inverse configuration, such that there exists a period when both are activated,
corresponding to the sensed current signal within +Vth and −Vth. The outputs
of the comparators are later combined with a NAND or an AND gate, which
establishes the clock switching pattern of the monostable. The AND gate can be
employed in case of delays below one half of the on/off periods, whereas the NAND
gate must be provided in case of delays between one half and the entire period.
In the proposed prototype, every on/off period lasts 80 ns, so that the reported
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delay of 60 ns requires the NAND gate. Fig. 3.18 illustrates the generation of the
delay-compensated driving signal with the AND and the NAND gates. The range
of operation of the two different circuits is highlighted.
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Figure 3.18: Hysteresis-based compensation chronogram: (a) NAND gate, (b) AND
gate.

The proposed hysteresis-based circuit has several merits, including low latency,
accuracy and the capability of compensating delays longer than half of the switch-
ing cycle. However, the circuit also presents some limitations. First, the hystere-
sis compensation may inhibit the auto-startup of the self-oscillation. The initial
trajectory of the input current may not present sufficient amplitude to intersect
+Vth/−Vth values, thus preventing the switching of the monostable and blocking
the start-up of the power converter. The issue can be solved by introducing a
startup-ramp behavior in the hysteresis level generator. The hysteresis is zero in
initial conditions and increases up to the desired steady-state value with a suffi-
ciently gentle slope. In order to maintain a simple implementation, this behavior
has been realized with a RC low-pass filter. The scheme of the filter circuit is
depicted in Fig. 3.19. A potentiometer has been introduced in order to regulate
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Figure 3.19: Lowpass filter of the hysteresis threshold enabling the self-oscillating
start-up.

the ramp slope depending on the current level at the output.
In addition, although the propagation delay is constant, the effectiveness of the

hysteresis compensator depends on the resonant frequency and the load. There
are no frequency problems involved due to the fixed-frequency nature of the ap-
plication, but load changes may modify the delay compensation associated to the
nominal hysteresis level, given that the delay compensation depends on the cur-
rent amplitude, and this constrains the operation of the compensation circuit to
a limited range of loads. In this sense, it must be noted that heavier loads result
in higher input currents, which for the same hysteresis level Vth correspond to
larger compensations and higher switching frequencies. In the present case, if the
maximum load (R = 57 Ω) is associated to the maximum switching frequency fsw
= 6.93 MHz (6.78 + 0.15 MHz), then the range of loads for which the standard
is accomplished equals R=[37, 57] Ω.

It is worth to point out that the range of validity depends on the power level
of the design and also on the required compensation. The limits are basically
established by the length of the zone surrounding the hysteresis level, which de-
pends on the slope of the approximately sinusoidal input current as illustrated in
Fig. 3.20. It can be seen in the figure that for those levels in which the slope of the
current can be considered linear, changes of current amplitude do not cause large
changes in the switching frequency. Thus, the effects of this limitation may be
potentially mitigated if the required delay values correspond to the region right
before of after the zero crossings, where the influence of the current amplitude is
minimal.

Regarding soft-switching, the hysteresis-based compensation network facili-
tates the accomplishment of ZVS if less than half semi-cycle is compensated (i.e.,
if the AND gate is used). Opposite to the behavior described above, lighter loads
correspond, in this case, to higher switching frequencies, allowing the circuit to
resonate closer to the inductive zone of the input impedance, and facilitating
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(a) with NAND gate (b) with AND gate

Figure 3.20: Effect of load variation over the hysteresis applied. Circles: Switching
instants for different loads.

the discharge of the parasitic capacitances in the switches. The differences be-
tween the AND and the NAND gate circuits can be more intuitively identified in
Fig. 3.20.

3.7.3 Simulation Results

In order to illustrate the operation of the circuit under the desired specifica-
tions, a LTSPICE simulation of the resonant converter with the designed hysteresis
compensation network is made. Vth has been adjusted in the simulation to com-
pensate the delay and a startup ramp of 2 µs has been established for enabling
auto-startup.

Fig. 3.21 shows the startup and the steady-state waveforms of the input cur-
rent, the input voltage and the hysteresis levels, confirming that the switching
frequency with the selected delay compensation network is 6.78 MHz.

Although the hysteresis compensation network is more difficult to implement
than the RL circuit, simulation results have shown that it is able to compensate
the delay with lower error due to the independence of the compensation on the
components tolerances. Results obtained at nominal load and frequency shows
a difference of 4 ns between the two types of compensation, which implies a
reduction of the delay of 93.3% in the RL compensation network and 98.3% in
the hysteresis solution. As a result the hysteresis compensation network has been
selected for this application.
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(a)

(b)

Figure 3.21: Simulation waveforms: (a) Input current and voltage, (b) Zoomed-in
waveforms in steady-state. Square wave: resonant tank input voltage (vs), sinusoidal
wave: inductor current (iL).

3.7.4 Experimental Results

An experimental prototype of the resonant converter with the proposed hys-
teresis compensation network has been built following the specifications reported
above. Resonant inductance and capacitance values have been modified to 300 nH
and 1.2 nF respectively in order to account for the parasitic inductance of the cir-
cuit.

Fig. 3.22 shows the scheme of the circuit for inverter and rectifier configura-
tions. As depicted, the inverter configuration is obtained if the load is directly
connected at the output. Then, the rectifier configuration is obtained if the load
is substituted by a full-wave rectifier and a LC filter. In both cases Vth is set-up
by adjusting an external voltage divider. Table 3.4 summarizes the components
employed in the prototype, while Fig. 3.23 shows a picture of the prototype, which
has a total size of 78 x 78 x 10 mm (width x length x height) and a weight of 75
grams.
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Figure 3.22: Circuit scheme for inverter and rectifier configurations. Inverter con-
figuration: blue box, rectifier configuration: red box. Hysteresis threshold circuit:
yellow box.

Figure 3.23: Picture of the prototype board.
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Table 3.4: Summary of components of the experimental prototype

Component Code or Value
L (Exp.) 300 nH
C (Exp.) 1.2 nF (C0G)

Vg 12 V
Cin 22.1 µF

Differential Amplifier THS4151
eGaN FET (Si) EPC8004

Driver LM5113
RSENS 0.3 Ω
RA,RX 402 Ω
RB,RY 2010 Ω

R1,R2,R3,R4 100 kΩ
RDA 4 kΩ

RDB,RR 100 kΩ
CR 250 pF

NAND gate NC7S08
JK monostable SN74F109DR

Comparator LT1116
Diodes (Rect.) PMEG10020ELRX
Lf (Rect.) 1 µH
Cf (Rect.) 0.47 µF
R, RL 57 Ω

3.7.4.1 Inverter configuration

Fig. 3.24 illustrates the experimental behavior of the circuit in steady-state
self-oscillating operation with the proposed delay compensation. The converter is
able to auto-start and self-oscillate by simply applying power to the input port.

The self-oscillating pattern generates a 12 V square-wave at the input of the
resonant tank, which oscillates at a frequency of 6.7 MHz thanks to the delay
compensator. At this frequency, an average output power delivery of 16 W for a
load R = 57 Ω is obtained, with an overall efficiency of 98 %. For comparison, Fig.
3.25 shows the operation of the converter with no delay compensation, illustrating
the phase-shift between the input current and the input voltage.

The converter operates near the ZVS mode at the nominal switching frequency.
In Fig. 3.24, it can be seen that the square wave exhibits a small oscillation at the
end of the negative cycle, which denotes that ZVS is not fully achieved in that
case. An additional test, whose result is depicted in Fig. 3.26, shows that ZVS
can be achieved if a slightly higher switching frequency, within tolerance limits of
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the Airfuel standard, is imposed (6.85 MHz).
Finally, it is worth noting that the prototype does not include an specifically

designed WPT inductor, i.e.: it can not transfer wireless power at the moment.
Nonetheless, accomplishment of the AirFuel Alliance class 3 WPT standard has
been verified, as its power stage specifications are fully achieved.

Figure 3.24: Input voltage, input current and capacitor voltage waveforms in nom-
inal conditions.

vSH1

iL

td

Figure 3.25: Positive input voltage and input current waveforms without delay
compensation.
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Figure 3.26: Input voltage, input current and capacitor voltage waveforms for a
switching frequency of 6.85 MHz.

3.7.4.2 Rectifier configuration

In addition, the applicability of this circuit as a small form factor wired battery
charger for mobile phones is validated under its rectifier configuration.

A switching frequency of 6.78 MHz is obtained for an average output power of
6 W with a load RL = 57 Ω, as depicted in Fig. 3.27. The results comply with
the requirements established by class 3 receiver of AirFuel Alliance standard,
which defines an average charging power of 6 W for each individual receiver. It
can be observed that the input current and the input voltage are not in phase,
which results in an important reduction of the input power. The power efficiency
in this prototype is 83 %, which is significantly lower than that of the inverter
configuration mainly due to the losses introduced by the diode bridge.

Figure 3.27: Input/output current and voltage waveforms in the rectifier configura-
tion.
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3.8 Summary

In this chapter an analytical procedure establishing with exactitude the restric-
tions for having self-oscillation in 2nd order structures has been presented. The
analytical predictions have been validated by simulation and the effect of propaga-
tion delays in the experimental implementation of a self-oscillating converter has
been discussed. Finally, the design of a practical application has been presented
in order to verify the feasibility of the concepts developed in the chapter. Differ-
ent delay compensation networks have been introduced and their performances
verified.
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Chapter 44
Modeling and control of

second order resonant
structures

I n this chapter, a new modeling and control approach for self-oscillating resonant
power converters is described. The desired self-oscillating control is based on the

variation of the angle α introduced in Chapter 2 by means of the variation of the
associated parameter k. Therefore, static and dynamic k-to-switching frequency
models for 2nd order self-oscillating systems are obtained. These models are
appended to the existent switching frequency-to-output voltage envelope model
introduced in [32], in order to obtain the complete k-to-output behavior. This
methodology links the properties of the self-oscillating voltage control proposed
in Chapter 2 with the features of the previous conventional frequency modulation
(FM) control presented in Chapter 1 [29–31].

The complete model is used for the synthesis of a switching angle controller
able to regulate the output voltage of a PRC. The performance of the PRC with
the switching angle controller is then compared with the response of the same
converter controlled with conventional FM control in order to evidence the benefits
of this new approach.
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4.1 Static modeling

The self-oscillating control law applied and presented previously in Chapter 2
is based on the variation of the switching instant by means of a variable switching
boundary instead of the fixed boundary defined by the sign of the inductor current.
The control of the switching instants, then, depends on the angle between both
boundaries, as illustrated in Fig. 2.6a. An analytic expression of the angle α for
the PRC reproduced in Fig. 4.1 can be obtained as follows:

α =∠Zi(s)|s=jωsw = ∠

−
(
j ωsw
ωo
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k = tan(α) = −Qωsw
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)2
)
. (4.2)

with Q = ω0RC = R/R0 and damping ratio ξ = 1
2Q .

Figure 4.1: Circuit diagram of the PRC.
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Assuming that the converter operates near the resonant frequency, the previous
expression can be linearized around that point, where ωsw = ωo + ω̂sw:

k(ωo + ω̂sw) =
(ωo + ω̂sw)

(
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(4.3)

and considering that 2Q � 1/Q, this equation can be rewritten as:

k = 1
Q

+ 2Q
(
ωsw
ωo
− 1

)
. (4.4)

Fig. 4.2 shows the exact nonlinear function (4.2) and its approximated linear
expression (4.4) for a range of values of k, corresponding to α angles between [-75,
75] degrees. The linear approximation is in good agreement with the nonlinear
original expression and provides a direct way to relate the value of k and the
switching frequency of the converter. Because this is a direct consequence of the
linear phase shape around ωo, the valid frequency range of this expression shrinks
with larger values of Q. In the example of Fig. 4.2, where values of Q up to 40
are shown, the model can be considered valid for α ∈ [-75, 75] degrees, providing
a wide valid frequency span around resonance.

Figure 4.2: Exact switching frequency of the PRC with respect to parameter k for
three different values of Q = [10, 20, 40] and its linear approximation.
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If k is considered constant, this linear model can be used to obtain the steady-
state characteristics of the converter by conventional frequency domain methods.
For example, the amplitude of the output voltage in the PRC will be defined only
by the design of the resonant tank, the load applied and the parameter k:
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k− 1

Q

)
ωo
2Q+ωo

)∣∣∣∣Vs1

=
∣∣∣∣∣
(

1
LCs2 + L

Rs+ 1

)
|
s=j
((
k− 1

Q

)
ωo
2Q+ωo

)∣∣∣∣∣Vs1

=

∣∣∣∣∣∣ 1
1 +

(((
k − 1

Q

)
ωo
2Q + ωo

) (
−LC + j LR

))
∣∣∣∣∣∣Vs1

(4.5)

where H(s) = vC(s)
vs1(s) is the input to output voltage transfer function of the resonant

tank.
The result in (4.4) shows clearly that a simple gain relates k to ωsw. The DC

gain established by equation (4.6) is expressed with the variables in incremental
form due to the small-signal nature of the model and with time dependence due
to its variable nature, i.e.: k(t) = K + k̂(t), ωsw(t) = Ωsw + ω̂sw(t), α(t) =
A + α̂(t), and with venv(t) = Venv + v̂env(t) being the output voltage envelope
and Genv(s) being the existent switching frequency-to-output voltage envelope
transfer function. Further details about the switching frequency-to-output voltage
envelope transfer function Genv(s), developed by R. W. Erickson, can be found
in [21,32,90–92].

ω̂sw = ωo
2Qk̂. (4.6)

Fig. 4.3a shows the k̂-to-ω̂sw DC model of a PRC with the self-oscillating
voltage control law (u = sg(jL−KmC)) appended to the switching frequency-to-
output voltage envelope transfer function, while Fig. 4.3b depicts the model of a
PRC with the standard FM control approach, which depends only on the previous
frequency-to-output model. Note that the time dependence of the incremental
variables may be omitted in the figure for convenience.

In comparison with standard FM circuits, it is clear that self-oscillating control
reduces the uncertainty on DC gain variation due to the dependence of ω̂sw on Q
in (4.6) and the dependence of Q on the load. Increasing load variations generate
higher Q values that reduce the increments of the DC gain in the frequency-to-
output model.

Fig. 4.4a depicts the Bode plots of the control-to-output transfer function
of a parallel resonant converter designed with the parameters of Table 4.1. The
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4.1 - Static modeling

(a) (b)

Figure 4.3: Block diagram of the small-signal DC model of the system considering:
(a) the self-oscillating control (u = sg(jL−k(t)mC)), (b) the standard FM controller.

responses of the converter with conventional FM control and self-oscillating control
are shown in dashed and solid lines respectively. Three different loads, or in
other words, three different quality factors Q = 11, 15, 30 are shown for the same
switching frequency. While the conventionally controlled converter presents a
DC gain variation of approximately 10 dB, self-oscillating control reduces this
uncertainty to negligible values. This reduced DC gain variation can be observed
in Fig. 4.4b, where changes in the switching frequency are considered in order to
compensate for changes in the load, thus maintaining the same output voltage
amplitude. Although the load range has been increased, it can be seen that, for
this set of parameters, self-oscillating control reduces the uncertainty of the DC
gain by a factor of approximately 1/2.

Table 4.1: Parameters of the parallel resonant converter design example

Parameter Value
Vg 12 V
Venv 160 V
L 8.3 µH
C 10.5 nF

fo = ωo
2π 540 kHz

Extension to the SRC
Following the same procedure presented in (4.1), (4.2), (4.3) and (4.4), it is

possible to derive an analytic expression of α for the series resonant converter
using the corresponding ∠Zi(s)|s=jωsw and noting that in the SRC Q = Ro

R .
The resulting nonlinear expression is

k = tan(α) = Q

(
ωsw
ωo
− ωo
ωsw

)
, (4.7)

whose linear approximation is similar to the one found for the PRC:

k = 2Q
(
ωsw
ωo
− 1

)
(4.8)
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Chapter 4. Modeling and control of second order resonant structures

(a)

(b)

Figure 4.4: Effects of self-oscillating control on DC Gain: (a) Bode plots of Genv(s)
and ωo

2QGenv(s) for different quality factors Q = 11, 15, 30. (b) DC Gain versus load R,
considering appropriate switching frequency changes for constant input/output gain.

The same DC gain is obtained for the small-signal model of the SRC, so that
the concepts introduced previously are equally applicable.

4.2 Dynamic modeling

The model in Fig. 4.3a does not consider the transient response of the switching
frequency when a change in k(t) is experimented. Therefore, it is required to
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4.2 - Dynamic modeling

derive a dynamic model that describes the behavior of the circuit under such
circumstances.

As depicted in Fig. 4.5, the proposed switching angle control presents two main
dynamic features. First, after a change in k̂(t), there exist a shift of the switching
frequency during the next half-period. In addition, the settling time of ω̂sw(t) is
determined by the time constant of the state variables and the quiescent operating
point K. The high-frequency dynamics is caused by the reduction of the period of
the next semicycle after a change on k̂(t), as shown in Fig. 4.5a. As a result, the
overall time of the cycle is shorter and, in consequence, the frequency is higher.
The low-frequency dynamics is generated by the inherent settling time associated
to the change of phase-shift produced by the k̂(t) variation. This effect can be
observed in Fig. 4.5b, where both time-domain transients are depicted. ω̂sw1(t)
is the small-signal variation of the switching frequency produced by the high-
frequency transient and ω̂sw2(t) is the variation produced by the low-frequency
transient.

Assuming linearity, it is possible to study the influence of both types of vari-
ation on the switching frequency separately and to formulate the output of the
switching angle control as a combination of two transfer functions appended to
the previous frequency to output voltage envelope transfer function.

4.2.1 High-frequency response

In general, ∆k̂ will be small with respect to K if the system is designed cor-
rectly. This is because small frequency variations generate large output voltage
variations due to the high Q factor. Under this condition, ∆ω̂1 can be approxi-
mated by a proportional relationship between the switching frequency in steady-
state (when it describes an angle approximately equal to π) and the switching
frequency during the first half period (when it describes an angle equal to π−∆α̂).

∆ω̂1 = Ωsw
π

∆α̂, (4.9)

where the angle ∆α̂ is defined as

∆α̂ = arctan(K + ∆k̂)− arctan(K)

= arctan
(

∆k̂
K2 +K∆k̂ + 1

)
(4.10)
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Chapter 4. Modeling and control of second order resonant structures

(a)

(b)

Figure 4.5: Changes in the switching frequency due to a time-varying k(t) = K+k̂(t).
(a) State-plane normalized trajectory of a PRC after a change in k̂. (b) Time-domain
waveforms.

Considering ∆k̂ ' 0 due to the small value of the variation, ∆α̂ could be
approximated as

∆α̂ ' ∆k̂
K2 + 1 (4.11)

with ∆k̂ = k̂(n)− k̂(n− 1) and ∆α̂ = α̂(n)− α̂(n− 1).
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4.2 - Dynamic modeling

Using (4.9) and (4.11), a discrete-time model can be derived as follows

ω̂sw1(n) = Ωsw
π

1
K2 + 1

(
k̂(n)− k̂(n− 1)

)
, (4.12)

or equivalently

ω̂sw1(z)
k̂(z)

= Ωsw
π

1
K2 + 1(1− z−1). (4.13)

This model can be appended to a sampler and a zero-order holder, in order
to account for the inherent sampling, and transformed into a continuous-time
transfer function using the equivalence z−1 = e−sT and a first-order Padé approx-
imation.

The transfer function that models the switching frequency shift can then be
written as

ω̂sw1(s)
k̂(s)

= Ωsw
π

1
K2 + 1

sT(
1 + sT2

) (4.14)

4.2.2 Low-frequency response

It is required to establish a relationship between k̂ and output voltage varia-
tions in order to explain in detail the origin of the low-frequency response. Fig.
4.6 shows the time-domain waveforms of jL, mC and jL−KmC , for two different,
but constant, values of k. In the first case (K = 0), jL − KmC is equal to jL
and the switching signal only depends on the sign of the inductor current, not
on its amplitude. As a consequence, the settling time of jL does not affect the
switching instants and τ is equal to zero. As K increases, the dependence of the
switching instants on the amplitudes of the inductor current and the capacitor
voltage grows, given that sg(jL − KmC) depends on such amplitudes. Due to
that, the dynamics associated with the variation of these amplitudes affect the
overall response of the controller.

The low frequency dynamics between k̂(t) and ω̂sw(t) can also be modeled by
the same discrete-time domain methods described above. In this case, the model
is assumed to be a first order low-pass filter for simplicity. The response of a first
order low-pass filter is defined by

x(k) = τ

T + τ
x(K − 1) +K

T

T + τ
u(k) (4.15)

Applying equation (4.15) in the system analyzed results in

ω̂sw2(n) = τ

T + τ
ω̂sw2(K − 1) + ω0

2Q
T

T + τ
k̂(n) (4.16)
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Chapter 4. Modeling and control of second order resonant structures

or equivalently
ω̂sw2(n)
k̂(n)

=
ω0
2QT

T + τ − τz−1 (4.17)

where ω̂sw2(n) is the low-frequency response, as shown in Fig. 4.5b, and τ is a
time constant that depends on the time constant of the resonant tank.

Following the same procedure of the previous section and after the transfor-
mation from discrete time domain, the continuous time domain response model
is obtained:

ω̂sw2(s)
k̂(s)

= ωo
2Q

1
1 + τs+ sT2

, (4.18)

Factor sT2 is included due to the existent sampling time after discretization and
application of the bilinear transformation.

In the PRC, the inductor current and capacitor voltage settle with a time
constant τ of the following form [69]:

τ = 2RC (4.19)

Consequently, the settling time of ω̂sw approaches 2RC when K grows due to its
dependence on the amplitude of the variables and is characterized by the dominant
dynamics of this system. Therefore, it can be assumed that the time constant τ
grows following a sinusoidal function of the state variables, such that a general

Figure 4.6: Time-domain waveforms of the PRC for two different values of K [0, 1].
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4.3 - Complete model

model can be written as:

τ = 2RC sin(arctan(|K|)) = 2RC |K|√
1 +K2

. (4.20)

This model provides a direct way to relate the value of K and the settling time
of the switching frequency and establishes the dependence of the settling time
on the amplitude of the variables. Fig. 4.7 depicts this dependence relationship,
showing the percentage values of τ with respect to 2RC for a range of values of
K corresponding to angles between [0, 85] degrees. Note that the absolute value
of K is used in order to avoid negative time constants when K < 0.

Figure 4.7: Settling time τ as a function of |K|.

4.3 Complete model

Both high-frequency and low-frequency dynamic models are appended to the
DC gain model obtained previously and the existent frequency-to-output transfer
function in order to obtain the complete model. The block diagram of the complete
small-signal model between the control variable k̂ and the output v̂env is depicted
in Fig. 4.8. While this result has been derived with the PRC in mind, it is worth
noticing that it is also valid for the SRC.

In order to validate the model, Bode plots of the control-to-output transfer
functions for two frequencies below resonance fsw = [525 kHz, 500 kHz] are shown
in Fig. 4.9. The values of the parameters used to plot the Bode diagram are those
indicated previously in Table 4.1: L = 8.3 µH and C = 10.5 nF.
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Chapter 4. Modeling and control of second order resonant structures

Figure 4.8: Block diagram of the complete small-signal model.

Table 4.2: Operating point values

Q fsw K

11.8 525 kHz -0.5
11.8 500 kHz -1.4
17.8 525 kHz -0.8
17.8 500 kHz -2.2

Fig. 4.9a shows the analytic small-signal model response (solid line) against
a simulation of the switched circuit (circle marks) for Q = 11.8 (R = 330 Ω),
whereas Fig. 4.9b shows the same results for Q = 17.8 (R = 500 Ω). The resulting
values of K are enumerated in Table 4.2. It can be seen that the model is in good
agreement with the simulation results and that it remains valid up to frequencies
below 200 kHz. In addition, the switching angle control cancels the effects of the
double pole below the switching frequency that appears in the control-to-output
transfer function with conventional frequency modulation. As a consequence,
with the switching angle control, the phase is well above 180◦ for the range of
frequencies that can be of interest for feedback, and the system dynamics are
similar to those of a first order system [46]. These aspects suggest that closed-
loop regulation by means of a switching angle controller can outperform standard
frequency modulation controllers due to larger feedback bandwidth and improved
robustness.

Additionally, experimental results were taken under equal design conditions
to verify the previous simulations and the overall modeling approach. The ex-
perimental circuit scheme, shown in Fig. 4.10, is made up of an H-bridge circuit,
employing four MOSFETs (IPB200N15N3 G), and a resonant tank composed of a
ceramic capacitor and an air-gap-based inductor whose corresponding values are
given in Table 4.1. A LT1116 comparator is employed in order to establish the
change of polarity of the control signal and a 1:8 current transformer for current
sensing purposes. Voltage and current normalization are made with an LT1362CS
operational amplifier, while multiplication is made with a AD734 multiplier. Op-
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4.3 - Complete model

(a) Q = 11.8 (R = 330 Ω)

(b) Q = 17.8 (R = 500 Ω)

Figure 4.9: Response of the proposed model and a simulation for two different
switching frequencies: 1) 525 kHz. 2) 500 kHz. Solid-line: analytic model. Circle
marks: simulation results.

eration below resonance (k < 0) is imposed. Fig. 4.11 depicts four measurements
of the frequency response, matching those shown in the simulations. The mea-
surements have been carried out with a Venable FRA-3120 network analyzer and
a small ac signal k̂ is added to the DC value of the input K in open loop and the
envelope of the output voltage is measured as the output.

It can be observed a good agreement between the solid lines (analytic model)
and the experimental measurements (x marks), validating the model obtained
and the modeling technique applied. Although there exist minor discrepancies
in phase responses above 50 kHz, these differences are not usually a problem for
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Chapter 4. Modeling and control of second order resonant structures

Figure 4.10: Parallel resonant converter with a switching control law based on
u = sg(jL −KmC).

closed-loop control, given that effective bandwidths are typically lower and that
phase responses are always above -180◦.

4.4 Control

A switching angle controller is derived from the previous complete model in
order to regulate the output voltage. Its structure and response is compared
throughout this section with standard FM approaches. A block diagram of the
proposed regulated converter and the classic FM approach are shown in Figs. 4.12a
and 4.12b respectively. It is worth to point out that the output voltage envelope
sensing is carried out by means of a peak detector and that the FM realization
requires a voltage-controlled oscillator (VCO). All the synthesized controllers fol-
low a PI structure consisting of an integrator for zero steady-state error, a phase
leading zero for appropriate phase margin, and an additional high frequency pole
for noise immunity.

In order to unify the design criteria, all the controllers must satisfy a minimum
phase margin φM of 45◦ and a gain margin GM above 10 dB. Moreover, the power
stage of the converter where these controllers will be eventually applied is similar
to the one in the previous section. A nominal load of 420 Ω, a worst-case load of
650 Ω and a desired output voltage envelope Venv of 160 V are established, giving
the parameters of the operating points of the controllers summarized in Table 4.3.

It is worth to point out that a nominal load of 420 Ω is selected in order to
compare the response of the switching angle controller in the worst-case scenario,
given that for this load it presents the maximum DC gain value (see Fig. 4.4b).
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4.4 - Control

(a) Q = 11.8 (R = 330 Ω)

(b) Q = 17.8 (R = 500 Ω)

Figure 4.11: Response of the proposed model and experimental results for two
different switching frequencies: 1) 525 kHz. 2) 500 kHz. Solid-line: analytical model.
X marks: experimental measurements.

Table 4.3: Controller operating point values

R Venv Q K fsw

420 Ω 160 V 15.2 -2.1 520 kHz
650 Ω 160 V 21.3 -3.2 515 kHz

Additionally, a worst-case load of R = 650 Ω is selected taking into account that
for that value the DC gain of the frequency-to-output transfer function is near its
maximum value (see Fig. 4.4b).

71

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 4. Modeling and control of second order resonant structures

(a)

(b)

Figure 4.12: Closed-loop block diagram of the resonant converter with: (a) switching
angle controller, (b) FM controller.

4.4.1 Design of controller for self-oscillating converter

The previous k-to-output model obtained for the PRC converter presents four
poles and two zeros at low frequency range, and certain high frequency compo-
nents. As depicted in Fig. 4.13, two of these poles are naturally compensated
by the two zeros that exist in the nearest frequencies, so that the design of the
controller is focused on compensating the remaining poles.

Figure 4.13: Pole-zero diagram of the complete k-to-output model.

72

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



4.4 - Control

Due to the reduced-order dynamics of the self-oscillating system, it is not
necessary to implement a complex controller for obtaining benefits with respect to
standard systems. As introduced before, a simple PI controller with an additional
pole is designed. Equation (4.21) defines its transfer function.

Gc, SO(s) = 3300 1 + 6.9 · 10−6s

s(1 + 2.8 · 10−6s) = 8132 s+ 145 · 103

s(s+ 357 · 103) (4.21)

Fig. 4.14 shows the loop gain of the PRC converter with the Gc, SO(s) controller,
considering the nominal load of R = 420 Ω. A phase margin of 45◦ together with
a gain margin of 17 dB can be easily achieved with a crossover frequency of
approximately 25 kHz. Note that in this work this controller is named switching
angle controller or Gc, SO(s).

Figure 4.14: Bode plot of the loop gain in the switching angle controller designed.

4.4.2 Comparison between controllers for self-oscillating and FM
converters

Two different FM controllers are designed applying the frequency-to-output
transfer function Genv(s) for comparison purposes. The first is designed for the
nominal load for the fastest regulation and the second one is designed for the
worst-case load to be robust against large load variations. In order to compare
under equal conditions all their performances, the design criteria applied in the
FM cases are the same than in the switching angle controller, and similar PI
structures with an additional pole are applied.
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Chapter 4. Modeling and control of second order resonant structures

4.4.2.1 Design of controllers for conventional FM converters

Nominal-load design
For the nominal-load situation (R = 420 Ω), a PI controller with an additional

pole is designed. Equation (4.22) defines the obtained transfer function of the
controller:

Gc,FM1(s) = 1520 1 + 8.5 · 10−6s

s(1 + 2.5 · 10−6s) . (4.22)

A Bode plot of the loop gain with this controller is depicted in Fig. 4.15. A
phase margin of 45◦ and a gain margin of exactly 10 dB are provided with a
crossover frequency of approximately 20 kHz.

Figure 4.15: Bode plot of the loop gain in the FM controller designed for the nominal
load.

Maximum-load design
Similarly as in the previous case, the second controller is designed considering

the worst-case load of R = 650 Ω.
It is found that the crossover frequency required for satisfying a minimum phase

margin of 45◦ and a gain margin of 10 dB is lower than in the previous cases: fc =
5 kHz (Fig. 4.16). Besides, the use of a zero for improved phase margin provides
a relatively small amelioration due to the influence of the resonant complex pole
in Genv(s) at high frequencies, and for that reason it is eliminated.

These aspects result in a simpler and more conservative controller which presents
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4.4 - Control

the following transfer function:

Gc,FM2(s) = 426 1
s(1 + 3 · 10−5s) . (4.23)

Figure 4.16: Bode plot of the loop gain in the FM controller designed for the worst-
case load.

4.4.2.2 Simulation results

In order to verify the properties of the previous controllers, summarized in
Table 4.4, load and input voltage transients are simulated and their responses are
illustrated in Figs. 4.17 and 4.18. The objective is to obtain a regulated AC peak
output voltage of Venv = 160 V from an input of Vg = 12 V.

Table 4.4: Controller specifications

Controller Type R design GM (dB) φM(◦) fc

(Gc,SO)
Switching angle PI + HF pole 420 Ω 17 dB 45◦ 25 kHz

(Gc,FM1)
Nominal-load FM PI + HF pole 420 Ω 10 dB 45.5◦ 22 kHz

(Gc,FM2)
Maximum-load FM PI 650 Ω 13.5 dB 45◦ 5 kHz
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4.4 - Control

First, the three different controllers have been tested in presence of load dis-
turbances. Fig. 4.17 shows a detail of the voltage regulation waveforms when the
load changes from its nominal value R = 420 Ω to the worst-case R = 650 Ω at
t = 100 µs and goes back to R = 420 Ω at t = 600 µs. It can be seen that while
the switching angle controller Gc, SO(s) (solid line) rejects the disturbance with
a voltage deviation of 24 V and a settling time below 50 µs, the FM controller
Gc,FM1(s) (dashed-line) becomes unstable and can not regulate the output voltage
for this range of loads. The conservative controller Gc,FM2(s) (dash-dotted line)
leads to a stable response in both operating points, but at the expense of worse
disturbance rejection properties. The output voltage deviation and settling time
obtained with it are about 40 V and 250 µs respectively.

Then, the same controllers have been tested in presence of input voltage dis-
turbances. In Fig. 4.18, the input voltage Vg switches back and forth between
12 V and 14 V. Under that situation, the FM controllers Gc,FM1(s) and Gc,FM2(s)
present voltage shifts above 20 and 30 V respectively, while the switching angle
controller Gc, SO(s) presents a spike of only 10 V. Besides, this controller yields a
well damped waveform with a settling time lower than 50 µs, in contrast with the
poor responses of the conventional controllers.

4.4.3 Experimental results

Previous results are validated experimentally with the aim of contrasting the
effectiveness of the model that has been derived and the control that has been
synthesized.

A 100 W experimental prototype of a PRC has been built following the speci-
fications established in Table 4.1. The power stage is the same as in Section 4.3
and its detailed scheme can be seen in Fig. 4.19.

Frequency Response Verification
A measurement of the response of the system for the new loads and frequencies

applied on the control design (520 kHz/420 Ω and 515 kHz/650 Ω) is carried out
in Fig. 4.20.

A good agreement can be observed between the solid lines (analytic model)
and the experimental measurements (x marks). As in Section 4.3, although there
exist minor discrepancies in phase responses above 50 kHz, these differences do not
affect the performance of the designed closed-loop control. Its effective bandwidth
is lower than 1

10 of the switching frequency and the phase responses in all situations
are always above -180 ◦.
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Chapter 4. Modeling and control of second order resonant structures

Figure 4.19: Scheme of a parallel resonant converter with the proposed switching
angle controller.

Figure 4.20: Comparison between the proposed model and experimental results for
two different switching frequencies and loads: 1) 520 kHz/420 Ω, 2) 515 kHz/650 Ω.
Solid-line: analytical model. X marks: experimental measurements.

Closed-loop responses
In Figs. 4.21 and 4.22, waveforms under load and input line variation are shown

respectively. Again, the AC output voltage envelope is Venv = 160 V and the input
voltage is Vg = 12 V. The AC voltage has been enlarged and its envelope outlined
for easy comparison with the simulation results. Transients have been carried out
by means of a standard relay controlled by an external signal generator.
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4.4 - Control

(a) R = 420 Ω → 650 Ω (b) R = 650 Ω → 420 Ω

Figure 4.21: Output voltage measurement under load variations (Vg= 12 V).

(a) Vg = 12 V → 14 V (b) Vg = 14 V → 12 V

Figure 4.22: Output voltage measurement under input voltage variations
(R= 420 Ω).

An excellent agreement can be observed between the solid lines of Figs. 4.17
and 4.18, and the waveforms in Figs. 4.21 and 4.22. This verifies the correctness
of the analytic derivations and the good performance of the proposed control
approach. Therefore, the switching angle controller offers better rejection ratios
and reduced settling times than its FM counterparts and is able to keep the output
voltage stable under a wider range of loads.

Start-up responses
Fig. 4.23 shows the output voltage start-up responses under no load conditions,

static load of 420 Ω and static load of 650 Ω.
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Chapter 4. Modeling and control of second order resonant structures

(a) No load conditions

(b) R = 420 Ω (c) R = 650 Ω

Figure 4.23: Startup waveforms of the output voltage for different loads. Top
waveform (contracted): 60 V/div, 2 ms/div. Bottom waveform (enlarged): 30 V/div,
10 µs/div.

In Fig. 4.23a it is demonstrated that the converter can start and operate with-
out any load at the output, guaranteeing that any temporary loss of the load will
not damage the circuit. Moreover, in the case of 420 Ω and 650 Ω loads, it is shown
a fast start-up response of 20 µs and 30 µs respectively, where the output voltage
reach 50% of the nominal value (160 V). After that, a dynamic slow-response
appears until the desired output voltage is reached, with a duration of 10 ms and
9 ms respectively. As predicted by the proposed model, larger loads correspond
to lower DC gains of the control-to-output transfer function and, consequently, to
narrower control bandwidths and increased settling times.

It is worth to remark that the switching angle controller allows the soft-start
of the circuit without need of including any additional devices, specific starting
circuit or startup control laws.
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4.5 - Summary

4.5 Summary

In this chapter a new modeling technique for self-oscillating resonant converters
has been presented. Specific static and dynamic models for the PRC and the SRC
have been obtained and described in detail, leading to a novel complete model
for 2nd order self-oscillating resonant converters. Afterwards, an output voltage
controller for the PRC has been synthesized with the complete model and verified
by simulation and experimentally. The switching angle controller regulates the
output voltage by varying the parameter k of the voltage control switching law
presented in Chapter 2 (u = sg(jL − k(t)mC)). Besides, the response obtained
with this new switching angle controller has been compared with the behavior of
two different standard FM controllers, demonstrating the benefits of the proposed
approach.
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Chapter 55
Third order resonant
structures: analysis,

design and applications

I n this chapter, the generation of a three-dimensional limit cycle in 3rd order
resonant converters is analyzed. In the proposed approach, the three state-

variables are associated in two phase-planes, and each individual plane is analyzed
separately. Then, the resulting expressions are combined in order to obtain a
description of the behavior of all the state-variables.

With that methodology, the restrictions for the existence of self-oscillation are
determined with exactitude in a 3rd order circuit and the unconditional stability
of the system is demonstrated.

As a result, a simple design procedure for 3rd order self-oscillating converters
is introduced, which leads to a desired self-oscillating response. A practical appli-
cation based on a self-oscillating LCC converter is designed following the previous
procedure and its performance is verified by simulation and experimentally.
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Chapter 5. Third order resonant structures: analysis, design and
applications

5.1 Determination of amplitude and period in the limit
cycle

The analysis that follows is exemplified with the LCC resonant converter, al-
though it can be extended to the LLC. The power stage of a LCC converter and
its corresponding equivalent circuit are shown in Figs. 5.1a and 5.1b respectively.
Transfer functions H(s) and Y (s) relating respectively input to output voltage
and inductor current to input voltage (input admittance) are defined as

H(s) = vCp(s)
vs(s)

=
s/LCp

s3 + s2

RCp
+ Cs+Cp

LCsCp
s+ 1

LCsCpR

(5.1)

Y (s) = 1
Zi(s)

= iL(s)
vs(s)

=
1

LCpR
s(CpRs+ 1)

s3 + s2

RCp
+ Cs+Cp

LCsCp
s+ 1

LCsCpR

(5.2)

(a)

(b)

Figure 5.1: (a) Power stage of the LCC resonant converter. (b) Equivalent circuit.

In order to describe analytically the generation of a three-dimensional spiral
that eventually converges into a limit cycle, three hypotheses on the poles of the
system will be assumed, their justification being given in the following subsections.

Hypothesis 1: It is assumed that the poles of the system consist of one negative
real pole and two complex conjugates poles with negative real part due to the
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5.1 - Determination of amplitude and period in the limit cycle

Figure 5.2: Pole-zero diagram of the LCC expected by hypothesis 1.

passive nature of the circuit, as depicted in Fig. 5.2.
Under this assumption, (5.3) holds. Unknown parameters include α, ξ and ω0.

s3 + s2

RCp
+ Cs + Cp

LCsCp
s+ 1

LCsCpR
= (s+ α)(s2 + 2ξω0s+ ω2

0) (5.3)

5.1.1 Analysis in a generic Ton interval

Two different focuses can be obtained in a LCC resonant converter depending
on the structure of the system: a positive one, defined by (iL∗, vCs∗, vCp∗) =
[0, Vg, 0] for vs = Vg, and a negative one, defined by (iL∗, vCs∗, vCp∗) = [0,−Vg, 0]
for vs = −Vg. Thus, if the simple control law presented in Chapter 2 (u = sg(iL))
is applied, a three-dimensional spiral that becomes an ellipse at the limit cycle can
be obtained. Fig. 5.3 shows the generation of a limit cycle under such conditions.

In this analysis, the projection in two planes of the three-dimensional trajectory
in Fig. 5.3 will be analyzed separately and the resulting equations will be combined
later in order to obtain a description of the amplitude and period of the limit
cycle. An example of the associated plane formed by the inductor current and the
parallel capacitor voltage is depicted in Fig. 5.4. As it can be seen, variable vCp2n

symbolizes the voltage amplitude at switching instants from negative to positive
current in this phase-plane, while variable vCs2n symbolizes the same situation in
the phase-plane iL − vCs. Similarly, variables vCp2n+1 and vCs2n+1 symbolize the
opposite situation in each corresponding phase-plane, with n increasing after a
complete cycle (n=1,2,3,...). Note that in the limit cycle the notation is in capital
letters and without dependency on n (i.e., VCp and VCs).

Assuming that the converter is in the Ton interval with initial conditions
vCs(tK) = −vCs2n , iL(tK) = 0, vCp(tK) = −vCp2n , where tK is the initial instant
of such interval, then the input voltage will be vin(t) = Vg. Since the free-response
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applications

Figure 5.3: Three-dimensional trajectory representation of the LCC converter.
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Figure 5.4: Trajectory representation of the LCC converter in the phase-plane iL −
vCp.

of the circuit is given by Ae−αt+Be−ξ ω0 t sin ωdτ+Ce−ξ ω0 τ cosωdt, the expression
of the series capacitor voltage will be

vCs(τ) = Ae−ατ +Be−ξ ω0 τ sin ωdτ + Ce−ξ ω0 τ cosωdτ + Vg (5.4)

where ωd = ω0
√

1− ξ2, τ = t − tK and A,B,C are constants corresponding to
the solution of the homogeneous differential equation of the system.

86

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



5.1 - Determination of amplitude and period in the limit cycle

On the other hand, since vL(t) = LdiL/dt and iL(t) = Cs dvCs/dt, the inductor
current and voltage will be expressed as

iL(τ) = −CsAαe−ατ − Cse−ξω0τ (Bξω0 + Cωd) sin ωdτ+
+ Cse

−ξω0τ (Bωd − Cξω0) cosωdτ
(5.5)

vL(τ) = LCsAα
2e−ατ + (−2LCsB ξ ω0 ωd + LCsCξ

2ω2
0−

− LCCsω2
d)e−ξω0τ cosωdτ + (LCsBξ2ω2

0 − LCsBω2
d+

+ 2LCsCξωdω0)e−ξω0τ sin ωdτ

(5.6)

Moreover, parallel capacitor voltage is the difference between the voltages pre-
viously described:

vCp(t) = Vg − vCs(t)− vL(t) (5.7)

Besides, at the beginning of the interval (i.e. t = tK), or equivalently at τ = 0,
it can be written that

dvCs(0)
dt

= iL(0)
Cs

= 0 (5.8)

In addition, if expression (5.6) is particularized at initial instant (τ = 0) it is
found that

vL(0) = LCsAα
2 − 2LCsBξω0ωd+ LCsCξ

2ω2
0 − LCCsω2

d =
= Vg + vCs2n + vCp2n

(5.9)

Since ωd2 = ω0
2(1− ξ2), (5.9) becomes

Aα2 − 2Bξω0ωd + Cω2
0(2ξ2 − 1) = Vg + vCs2n + vCp2n

LCs
(5.10)

Moreover, particularizing expression (5.4) at τ = 0 and introducing relation-
ship (5.8) result in

vCs(0) = A+ C + Vg = −vCs2n (5.11)

dvCs(0)
dt

= iL(0)
Cs

= 0 = −Aα+Bωd − Cξω0 (5.12)
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Chapter 5. Third order resonant structures: analysis, design and
applications

Finally, expressions (5.10), (5.11) and (5.12) can be compacted as follows:

 1 0 1
−α ωd −ξ ω0
α2 −2ξ ω0 ωd ω2

0 (2ξ2 − 1)


AB
C

 =

 −Vg − vCs2n

0
Vg+vCs2n+vCp2n

LCs

 (5.13)

Solving (5.13) for A, B and C, yields

A = 1
∆

(
(Vg + vCs2n)ω2

0 −
Vg + vCs2n + vCp2n

LCs

)
, (5.14)

B = 1
ωd∆

 Vg + vCs2n + vCp2n

LCs
(ξω0 − α)+

+ (Vg + vCs2n)ω0α(ξα− 2ξ2ω0 + ω0)

 , (5.15)

C = 1
∆

(
Vg + vCs2n + vCp2n

LCs
− (Vg + vCs2n)(2ξω0α− α2)

)
, (5.16)

where ∆ = ω2
0 (2ξ2− 1)− 2ξ2 ω0

2 ωd + 2ξ ω0 ωdα−ωdα2 = ωd
[
2ξω0α− α2 − ω0

2].
Besides, Ton interval will end at instant τ0 for which iL(τ0) = 0. Substituting

it in equation (5.5) leads to:

Aαe−ατ0 = e−ξω0τ0 ((Bξω0 + Cωd) sin ωdτ0+
+ (Bωd − Cξω0) cosωdτ0)

(5.17)

A second hypothesis is now considered in order to find the value of τ0 satisfying
equation (5.17).

Hypothesis 2: It is assumed that the time constant associated to α is much
larger than the time constant associated to ξω0, i.e., α is the dominant pole of
the system, as depicted in Fig. 5.5.

This hypothesis implies that the term Ae−ατ will be practically constant along
the generic Ton interval, and therefore its time derivative will be approximately
zero in such interval. Note that this fact is equivalent to impose α = 0 in (5.9) -
(5.17). Hence, (5.17) can be expressed as follows:

e−ξω0τ0 ((Bξω0 + Cωd) sin ωdτ0 + (Bωd − Cξω0) cosωdτ0) = 0 (5.18)
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5.1 - Determination of amplitude and period in the limit cycle

Figure 5.5: Pole-zero diagram of the LCC resulting from the application of
hypothesis 2.

whose solution is

ωdτ0 = arctan
(
Cξω0 −Bωd
Bξω0 + Cωd

)
+ π (5.19)

In addition, imposing α = 0 in (5.15) and (5.16) results in

Bωd |α=0= −(Vg + vCs2n + vCp2n)(ξω0)
LCsω2

0
(5.20)

Bξωd |α=0= −(Vg + vCs2n + vCp2n)(ξω0)ξ2

LCsω2
0

(5.21)

C |α=0= −Vg + vCs2n + vCp2n

LCsω2
0

(5.22)

Cωd |α=0= −Vg + vCs2n + vCp2n

LCsω2
0

ωd (5.23)

Therefore, replacement of (5.20) - (5.23) in equation (5.19) leads to

ωdτ0 = arctan

 0
−(Vg+vCs2n+vCp2n )ξ2

LCsωd
+ −Vg+vCs2n+vCp2n

LCsω2
0

ωd

+ π = π (5.24)

such that τ0 can be written as
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τ0 = π

ωd
(5.25)

5.1.2 Signal amplitude in the limit cycle

Note that at this point, a generic Ton interval of the system has been analyzed.
Now, the analysis assumes steady-state conditions, such that the initial and final
values of the variables can be established considering symmetric trajectories form-
ing the ellipse of the limit cycle. Then, variables vCs2n and vCp2n are substituted
by VCp and VCs denoting their steady-state value.

Assuming that τ0 is the duration of Ton interval in the limit cycle, it is possible
to establish that vCs(τ0) = VCs due to the symmetry of the limit cycle associated
to the phase-plane iL - vCs, and in consequence, (5.4) can be defined as

vCs(τ0)|α=0 = Ae−ατ0
∣∣
α=0+B|α=0e

−ξπ sin π+C|α=0e
−ξπ cosπ+Vg = VCs (5.26)

and from this previous expression, noting that sin π = 0,

A|α=0 − C|α=0e
−ξπ + Vg = VCs (5.27)

Applying α = 0 in (5.14) allows to obtain

A|α=0 = −(Vg + VCs) + Vg + VCs + VCp
LCsω2

0
(5.28)

and substituting the values of A and C given by expressions (5.28) and (5.22) in
(5.27) leads to

− (Vg + VCs) + Vg + VCs + VCp
LCsω2

0
+ VCs + VCp

LCsω2
0

e−ξπ + Vg = VCs (5.29)

which can be simplified as

Vg

(
1 + e− ξπ

LCsω2
0

)
= VCs

(
2LCsω2

0 − 1− e− ξπ
LCsω2

0

)
− VCp

(
1 + e− ξπ

LCsω2
0

)
(5.30)

Finally, from (5.30) the following relationship between the input voltage Vg
and the voltages of the series and parallel capacitors VCs2n and VCp2n is obtained:

Vg(1 + e− ξπ) = VCs(2LCsω2
0 − 1− e− ξπ)− VCp(1 + e− ξπ) (5.31)

Similarly, if the limit cycle corresponding to the phase plane iL − vCp is con-
sidered, the following condition will be satisfied,
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5.1 - Determination of amplitude and period in the limit cycle

vCp(τ0) = VCp (5.32)
where VCp can be substituted by (5.7), leading to

vCp(τ0) = Vg − vCs(τ0)− vL(τ0) = Vg − VCs − vL(τ0) (5.33)

Following equation (5.6) and applying ωdτ0 = π, vL can be expressed as

vL(τ0)|α=0 = 2LCsξω0ωdB|α=0e
−ξπ + LCsC|α=0e

−ξπ(ω2
d − ξ2ω2

0) (5.34)

In order to describe the system as a function of α, ξ and ω0, a third hypothesis
is introduced.

Hypothesis 3: A very small damping factor is assumed, namely ξ << 1, which
allows to consider that the natural oscillation frequency ω0 and the damped nat-
ural oscillation frequency ωd are approximately equal.

Under this assumption, and introducing (5.34) into (5.33) and (5.33) into
(5.32), a final expression relating the input voltage Vg and the voltages of the
series and parallel capacitors VCs and VCp for the phase-plane iL − vCp is ob-
tained:

Vg(1 + e−ξπ) = VCs(1− e−ξπ) + VCp(1− e−ξπ) (5.35)

Therefore, equations (5.31) and (5.35) can be expressed in matrix form as
follows:

(
2LCsω2

0 − 1− e−ξπ −1− e−ξπ
1− e−ξπ 1− e−ξπ

)(
VCs
VCp

)
=
(
Vg(1 + e−ξπ)
Vg(1 + e−ξπ)

)
(5.36)

Solving (5.36) for VCs and VCp yields the capacitor voltage amplitudes in the
limit cycle:

VCs = Vg(1 + e−ξπ)
LCsω2

0(1− e−ξπ) (5.37)

VCp = Vg(1 + e−ξπ)(LCsω2
0 − 1)

LCsω2
0(1− e−ξπ) = VCs(LCsω2

0 − 1) (5.38)

Now, identifying ω0 and ξ in terms of the converter parameters is mandatory
in order to establish a design procedure.
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Chapter 5. Third order resonant structures: analysis, design and
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5.1.3 Determination of the oscillation frequency in the limit cycle

The difference of magnitude between the time constants associated to α and
ξω0 has allowed to establish the duration τ0 of a generic Ton interval. The subse-
quent particularization in the case of the limit cycle permits to conclude that the
period of the limit cycle is 2τ0 due to the cycle symmetry, and that the angular
oscillation frequency is the damped natural oscillation ωd. Besides, the hypoth-
esis of small damping factor has led to equate the damped natural oscillation
frequency with the natural oscillation frequency ω0.

Now, the frequency for which the input impedance exhibits a resistive behavior
is determined in order to express the limit cycle oscillation frequency in terms of
the circuit parameters.

From (5.2), the expression of the input impedance is derived as:

Zin(s) = 1
Y (s) = LRCpCss

3 + LCss
2 +R(Cs + Cp)s+ 1

Cs(1 +RCps)s
(5.39)

and particularizing (5.39) in s = jω0 yields to

Zin(jω0) = −jLRCpCsω0
3 − LCsω0

2 + jR(Cs + Cp)ω0 + 1
jCs(1 + jRCpω0)ω0

=

= 1− LCsω2
0

jCsω0 (1 + jRCpω0)

(5.40)

Assuming that natural oscillation frequency ω0 is given by

ω0 =
√
Cs + Cp
LCsCp

(5.41)

expression (5.40) becomes

Zin(jω0) =
1− Cp+Cs

Cs

jCsω0 (1 + jRCpω0) =

= −1
jCpω0(1 + jRCpω0)

(5.42)

Therefore, if the parameters R, Cp and ω0 fulfill the following condition

RCpω0 >> 1 , (5.43)
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5.1 - Determination of amplitude and period in the limit cycle

where RCpω0 is the Q value of the parallel capacitor, the input impedance will
be resistive, leading to the following expression:

Zin(jω0) = 1
RCp

2ω02 (5.44)

Similarly, introducing condition (5.43) in (5.1) yields to

H(jω0) = −jRCpω0 (5.45)

Under these conditions, if the input voltage is approximated by its first har-
monic, i.e.vs(t) ≈ vs1(t) = Vm cosω0t, where Vm = 4Vg/π, the expressions of
inductor current and parallel capacitor voltage will be given by

iL(t) = Vm
RCp(Cs + Cp)

LCs
cosω0t (5.46)

vCp(t) = Vm ω0CpR sin ω0t (5.47)

From (5.46) and (5.47) it can be concluded that the LCC behavior under these
conditions is similar to that of the PRC at the resonant frequency. Moreover,
condition (5.43) allows to consider that the capacitors are connected in series,
so that their respective voltages are proportional, i.e., they are in phase. Thus,
taking into account the relationship established in (5.38), it is found that

VCs
VCp

= 1
LCsω2

0 − 1 = 1
Cs+Cp
Cp

− 1
= Cp
Cs

(5.48)

or equivalently

vCs(t) = Cp
Cs
vCp(t) = Vmω0

Cp
2

Cs
R sin ω0t (5.49)

It can be also verified that the maximum value of expression (5.49) coincides
with (5.38), which verifies the validity of the previous expressions.

5.1.4 Establishment of damping ratio ξ

Identification of the coefficients of the third order polynomial in (5.3) results
in the following set of equations:

1
RCp

= 2ξω0 + α (5.50)

93

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
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Cs + Cp
LCsCp

= ω2
0 + 2ξω0α (5.51)

1
LRCsCp

= αω2
0 (5.52)

Simultaneous fulfillment of (5.41) and (5.51) implies that the constraint
ω0 >> 2ξα must be satisfied. Hence, α can be derived from (5.52) as

α = 1
R(Cs + Cp)

(5.53)

Introducing (5.53) into (5.50) leads to

2ξω0 = Cs
Cp

1
R(Cs + Cp)

= KCα (5.54)

where KC = Cs
Cp

, so that

ξω0 = KCα

2 (5.55)

As it can be seen in expression (5.55), the accomplishment of the pole separa-
tion hypothesis only depends on parameter KC . Therefore, the selection of a high
KC ratio in the design stage is only required in order to accomplish hypothesis
2, guaranteeing that the subsequent predictions on amplitude and frequency of
the limit cycle will be valid. A minimum KC of 8 is established, since this value
implies a time constant associated to α 4 times higher than the time constant
associated to ξω0. Lower values of KC does not guarantee the accomplishment of
the restriction, as the effect of α can not be neglected.

Finally, the damping factor can be expressed in terms of KC as,

ξ = KC

2(KC + 1)RCp

√
KCLCp
KC + 1 . (5.56)

5.1.5 Simulation results

In order to verify the previous calculations, a simulation of a LCC converter
has been carried out. The converter has the following parameters: Vg = 24 V,
L = 16µH, Cs = 500 nF, Cp = 50 nF, R = 100 Ω. Fig. 5.6 displays the time
domain waveforms, while Fig. 5.7 depicts the limit cycle generation in the planes
iL− vCs and iL− vCp. These results are in perfect agreement with the theoretical
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5.1 - Determination of amplitude and period in the limit cycle

predictions, confirming the validity of the previous analysis. It is worth mention-
ing that the roots of the characteristic polynomial (5.3) for the previous set of
parameters are located in −18200 and −90, 9× 103 ±j 1167, 7× 103 rad/s, which
is in perfect agreement with the values predicted by expressions (5.41), (5.53)
and (5.56). Besides, from the observation of the waveforms of Fig. 5.6, it can be
deduced that the oscillation frequency is f0 = 187 kHz, i.e. ω0 = 11.7×105 rad/s,
which is exactly the value predicted by expression (5.41). The maximum values
of voltages vCs(t) and vCp(t) in Fig. 5.6 are VCs = 18 V and VCp = 180 V, which
coincides with the values predicted by (5.37) and (5.38) as well as with those
provided by (5.47) and (5.49) respectively. Note that voltages in both capacitors
are proportional, as predicted by the analysis presented in Section 5.1.3.

Figure 5.6: Simulated time-domain waveforms of the inductor current and capacitor
voltages in the self-oscillating LCC described in Section 5.1.5.

5.1.6 Experimental validation

With the aim of validating the previous calculations, an experimental proto-
type of the LCC resonant converter has been implemented taking into account
the set of parameters employed in the previous simulations and the control law
u = sg(iL).

Fig. 5.8 shows the scheme of the implemented prototype. The power stage
consists of an H-bridge connected to a resonant tank. The bridge uses 4 MOSFETs
(IPB200N15N3) activated by a stage based on driver UCC27211. The steady-state
waveforms of current and output voltage of the LCC resonant converter in self-
oscillating operation are shown in Fig. 5.9a. The circuit exhibits an oscillation
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Figure 5.7: Simulation of the limit cycle generation in a self-oscillating LCC resonant
converter: (a) phase-plane iL − vCs, (b) phase-plane iL − vCp.

frequency of 180 kHz generating an output voltage of 175 V and supplying 130 W
to the load with an efficiency of 86%. Fig. 5.9b illustrates the corresponding
generation of the limit cycle. It can be observed that Figs. 5.9a and 5.9b agree
with the simulation results depicted in Figs. 5.6 and 5.7b. A comparison between
the predicted and experimental values can be seen in Table 5.1, showing a good
agreement between them. The propagation delay has been mitigated by selecting a
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5.1 - Determination of amplitude and period in the limit cycle

high-speed driver, resulting in 70 ns delay, and a relatively low switching frequency.

Table 5.1: Comparison between expected values and experimental results obtained
at steady-state in Section 5.1.6

Parameter Theoretical value Experimental value
f0 186.2 kHz 180 kHz

vCp,peak 180 V 175 V
iL,peak 10.5 A 10.5 A

Figure 5.8: Experimental self-oscillating LCC converter.

(a) (b)

Figure 5.9: Experimental results of the self-oscillating LCC: (a) time-domain wave-
forms iL and vP , (b) limit cycle generation in the phase-plane iL − vP .
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5.2 Stability analysis

In the previous section, the frequency and amplitude of the limit cycle have
been obtained. However, the convergence of the spiral into an elliptical limit cycle
has to be ensured or, equivalently, the parametric conditions for such convergence
have to be found. With this purpose, the generation mechanism is described now
by means of a discrete-time model established by the zero current crossings in
each phase plane.

Taking into account the analysis made in Section 5.1.1 and the description of
the system provided by equations (5.22), (5.27) and (5.28), a generic Toff interval
in the phase-plane iL − vCs of Fig. 5.7a can be described as

vCs2n = vCs2n−1 +
−Vg − vCs2n−1 − vCp2n−1

LCsω2
0

+
−Vg − vCs2n−1 − vCp2n−1

LCsω2
0

e−ξπ

(5.57)

vCs2n = −Vg
1 + e−ξπ

LCsω2
0

+ vCs2n−1

(
1− 1 + e−ξπ

LCsω2
0

)
− vCp2n−1

1 + e−ξπ

LCsω2
0

(5.58)

Equivalently, a generic Toff interval in the phase-plane iL − vCp of Fig. 5.7b
can be described as

vCp2n = −Vg(1 + e−ξπ) + vCs2n−1(1− e−ξπ)− vCp2n−1e
−ξπ (5.59)

Moreover, the following Ton interval in each situation will be characterized by
the next equations:

vCs2n+1 = Vg
1 + e−ξπ

LCsω2
0

+ vCp2n

(
1− 1 + e−ξπ

LCsω2
0

)
− vCp2n

1 + e−ξπ

LCsω2
0

(5.60)

vCp2n+1 = Vg(1 + e−ξπ) + vCp2n(1− e−ξπ)− vCp2ne
−ξπ (5.61)

Introducing (5.58) and (5.59) in (5.60) and (5.61), the subsequent discrete-time
model can be obtained after simplification:

(
vCs2n+1

vCp2n+1

)
=
(
φ11 φ12
φ21 φ22

)(
vCs2n

vCp2n

)
+
(

Γ1
Γ2

)
Vg (5.62)
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with

φ11 =
(

1− 1 + e−ξπ

LCsω2
o

)2

− 1− e−2ξπ

LCsω2
o

=

= KC
2 − 1−KC + 2e−2ξπ +Kce

−2ξπ − 2Kce
−ξπ

(1 +KC)2

(5.63)

φ12 = 1 + e−ξπ

LCsω2
0

(
e−ξπ − 1 + 1 + e−ξπ

LCsω2
0

)
=

=

(
1 + e−ξπ

)
+
(
(KC + 2)e−ξπ −KC

)
(1 +KC)2

(5.64)

φ21 =
(
1 + e−ξπ

)(
1− 1 + e−ξπ

LCsω2
o

− e−ξπ
)

=

= 1 + e−ξπ

1 +KC

(
KC − (2 +KC)e−ξπ

) (5.65)

φ22 = e−2ξπ −
(

1− e−2ξπ

LCsω2
o

)
=

= (KC + 2)e−2ξπ − 1
1 +KC

(5.66)

Γ1 =

(
1 + e−ξπ

)2

LCsω2
0

(
1 + 1

LCsω2
0

)
(5.67)

Γ2 =
(
1 + e−ξπ

)(
1− 1− e−ξπ

LCsω2
0

+ e−ξπ
)

(5.68)

Then, the trajectory will be stable if the eigenvalues of the discrete-time system
in (5.62) are located within the unit circle. The corresponding characteristic
polynomial is given by X(λ) = λ2 + bλ+ c, whose coefficients are:

b = −φ11 − φ22 = −KC
2 + 2 + 2KC + 2KCe

−ξπ − (KC + 2)2e−2ξπ

(1 +KC)2 (5.69)
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c = φ11φ22 − φ12φ21 = (1−KCe
−ξπ)2

(1 +KC)2 (5.70)

Jury’s criterion [93] is applied to the 2nd order algebraic equation X(λ) in
order to determine if the eigenvalues are located within the unit circle. This cri-
terion establishes that the eigenvalues will be inside the unit circle if the following
conditions are fulfilled:

1. X(1) > 0⇒ 1 + b+ c > 0⇒ 1 > e−2ξπ

2. X(−1) > 0⇒ 1− b+ c > 0⇒ KC
2(1+e−2ξπ)+2(1+KC)e−2ξπ > 2KCe

−ξπ

3. |c| < 1⇒
∣∣∣1−KCe

−ξπ
∣∣∣ < 1 +KC

Condition 1
Condition 1 will be fulfilled if 1+ b+ c > 0 is accomplished. Introducing (5.69)

and (5.70), the following expression holds

1+−KC
2 + 2 + 2Kc + 2Kce

−ξπ − (KC + 2)2e−2ξπ

(1 +KC)2 + 1− 2Kce
−ξπ +KC

2e−2ξπ

(1 +KC)2 > 0⇒

⇒ 1 +KC
2 + 2Kc −K2

C + 3 + 2Kc > (4 + 4Kc)e−2ξπ ⇒

⇒ 1 > e−2ξπ

(5.71)

It can be observed that this condition is always satisfied, since 2ξπ > 0.

Condition 2
Condition 2 implies the accomplishment of the inequality 1− b+ c > 0, which

leads to

1+KC
2 − 2− 2Kc − 2Kce

−ξπ + (KC + 2)2e−2ξπ + 1− 2Kce
−ξπ +K2

Ce
−2ξπ

(1 +KC)2 > 0⇒

⇒ KC
2(1 + e−2ξπ) + 2(1 +KC)e−2ξπ > 2Kce

−ξπ

(5.72)

Making the change of variable e−ξπ = x, the inequality (5.72) leads to g(x) > 0
where
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g(x) =KC
2(1 + x2) + 2(1 +KC)x2 − 2KCx =

=
(
KC

2 + 2(1 +KC)
)
x2 − 2Kcx+KC

2 (5.73)

Note that g(x) has a minimum at x = KC
KC

2+2(1+KC) since

dg(x)
dx

= 2
(
KC

2 + 2(1 +KC)
)
x− 2Kc = 0 (5.74)

d2g(x)
dx2 = 2

(
KC

2 + 2(1 +KC)
)
> 0 (5.75)

The value of the minimum is given by

g(x)min = − KC
2

KC
2 + 2(1 +KC)

+KC
2 > 0 , (5.76)

since KC
2 + 2KC + 1 > 0. Thus, condition 2 is also fulfilled regardless of the

parameters of the circuit.

Condition 3
Condition 3 is fulfilled if |c| < 1 is accomplished. From (5.70), condition 3

results in
∣∣∣1−KCe

−ξπ
∣∣∣ < 1 +KC , which is always satisfied.

Therefore, it can be concluded that the generation of the spiral in the LCC
self-oscillating resonant converter is always stable.

Similarly, it can be demonstrated that imposing VCs (k + 1) = VCs (k) and
VCp (k + 1) = VCp (k) in (5.62) yields to expressions (5.37) and (5.38), corrobo-
rating the validity of the model.
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5.3 Application: LCC self-oscillating ballast for IEFL
lamps

During the last decade, efficient lightning solutions have been intensively re-
searched due to their impact on worldwide energy consumption and the need of
reducing the overall energy waste in the world. In this section, a ballast for driv-
ing one of the new lightning solutions that appeared in the market, the Induction
Electrodeless Fluorescent Lamp (IEFL), is designed.

The IEFL is based on a general fluorescent lamp with the peculiarity that
the gas filled vacuum tube is energized by a magnetic field generated with an
external inductor. It does not have electrodes directly connecting the gas of the
lamp with the electric circuit. In the IEFL, the magnetic field generated in the
external inductor produces a gas discharge inside the bulb, allowing its ignition
and obtaining finally a light flux.

The elimination of the electrodes extends the lamp’s life between 5-7 times
in comparison with an standard fluorescent lamps. As stated in [94], ”induction
has ultra long life, most often twice as long as LED, 5-13 times longer than
metal halide and high-pressure sodium lamps, and 5-7 times longer than standard
fluorescent lamps”. In addition, this technology reproduces the colors of natural
sunlight closer than any other, facilitating the adaptation of the human eye to the
artificial light.

Despite its recent introduction on the market, induction lightning concept is
not new. First application was made by Nikola Tesla in 1891 [95], when he lit 200
lamps without wires. However, the lack of manufacturing techniques impeded its
massive production until the last decade.

Due to the growing interest of the industry in this technology, major manufac-
turers such as Philips and Osram have presented their own solutions for obtaining
affordable lamps compliant with all the safety regulations. Philips induction lamps
operate at a frequency of 2.6 MHz and present rounded bulb shapes, similar to
a standard bulb but with an inductor in the center of the lamp. Osram lights
operate at a frequency of 250 kHz and present rectangular shapes. Benefits of
Philips technique are a higher coupling coefficient and improved light extraction
while Osram presents reduced EMI emissions and higher luminous efficacy [96].

The ballast implemented in this chapter employs the Osram development due
to its benefits. Osram commercializes a range of IEFL lamps from 70 W to 150 W.
The ballast is designed for the highest power level available, 150 W, in order to
validate the effectiveness of self-oscillating technique in high-power applications.

Existent ballast designs in the literature [97–100] are typically based on LCC
resonant converters due to their higher input impedance and higher voltage gain
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with respect to 2nd order converters. Therefore, a self-oscillating LCC resonant
tank is selected for the ballast design.

5.3.1 Operation of the circuit

Generally a fluorescent lamp presents two different behaviors depending on
its lightning state. The first one is characteristic of the startup, as the electrons
inside the gas bulb need to be energized in order to produce light. That process,
called ignition, presents high impedance values and requires high input voltages
and powers. After startup, the lamp emits light, entering into the second state,
known as steady-state. In that situation the impedance is stable and lower than
before, and only the dynamics produced by the heating of the lamp will produce
small variations of its value. Thus, the gain of the ballast has to vary accordingly
to each state in order to operate the lamp correctly.

The circuit design is based on the switching control law u = sg(iL) for sim-
plicity of the design and cost-efficiency. Therefore, the frequency depends only on
the circuit parameters, in contrast with most of existing contributions based on
frequency modulation [100]. Consequently, variations of the load will generate a
modification of the gain in the approach here proposed.

As stated in Chapter 1, load variations will produce different results in 3rd
order structures from those in 2nd order. While 2nd order structures increase or
reduce their gain over a fixed resonant frequency, 3rd order structures also vary
the resonant frequency between two boundaries. These boundaries are defined by
the frequency at no-load conditions, which is obtained short-circuiting the output,
and the frequency at infinite load, which is obtained in open-circuit conditions.
In [21] both resonant frequencies are identified as f0 and f∞ respectively. The
same notation has been adopted here:

f0 = 1
2π
√
LCs

(5.77)

f∞ = 1
2π
√
L(Cs‖Cp)

(5.78)

An example of this behavior is illustrated in Figs. 5.10 and 5.11, where Bode
plots of transfer functions H(s) and Zi(s) for different loads are depicted. The
resonant tank parameters of the example are: L = 33µH, Cs = 130 nF and
Cp = 13 nF. With that parameters, f0 = 76.8 kHz and f∞ = 255 kHz. In Fig. 5.11
the input impedance for zero and infinite loads, defined as Zi0(s) and Zi∞(s), are
depicted in discontinuous red and blue lines respectively. Both situations define
the boundaries of the possible impedance variation. In addition, in Fig. 5.10 the
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behavior of the LCC is observed. It can be seen that if the switching frequency
is near f0 the circuit behaves like a SRC, while if the switching frequency is near
f∞ it behaves like a PRC.
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Figure 5.10: Bode plot of the transfer function H(s) for different loads.
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Figure 5.11: Bode plot of the transfer function Zi(s) for different loads.

Previous figures demonstrate that the desired behavior is accomplished in a
LCC operating with u = sg(iL), as higher loads will produce higher gains and
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

viceversa. Therefore, it is possible to implement a LCC self-oscillating ballast that
offers the required ignition and steady-state gains depending on the impedance
of the lamp in each situation, provided that some constraints are accomplished.
These constraints come from the requirement of having high Q and KC factors for
the existence of self-oscillation. Moreover, the ignition gain depends entirely on
the behavior of the lamp, as the resonant tank design is determined in steady-state
conditions.

Thus, the design of the resonant tank for steady-state conditions has to be
done first and then the value of the ignition gain has to be obtained and the
accomplishment of the minimum and maximum ignition voltage restrictions has
to be verified.

Therefore, the overall ballast design procedure follows these steps:
1. Establishment of the resonant tank parameters for steady-state design.
2. Analysis of the ignition gain with the previous resonant tank. If the gain is

equal or higher than the minimum required for igniting the lamp, the design
can continue. Otherwise, redesign the parameters.

3. Evaluation of the accomplishment of the minimum and maximum ignition
voltage restrictions given by the lamp’s manufacturer.

4. Introduction of a safety limiting circuit if required, in order to limit the
parameters above the maximum ratings during ignition.

In the following sections the previous steps are applied and described in detail.

5.3.2 Converter design

Since the accomplishment of the design restrictions depends on the ignition
and steady-state lamp impedances, the definition of these parameters for the lamp
under study is required. The lamp selected for this work is the Osram Endura
150 W. Different approaches, based on the analysis of the existent models for this
lamp in the literature [101,102] and the behavior of commercial ballast [103] have
been analyzed in order to establish the lamp impedance.

In [101], a model of the lamp’s input impedance as a function of the active
power supplied is proposed. A comparison between this model and a simplified
model, presented in [102], is shown in Fig. 5.12. The model of [101] is depicted
in purple while the model of [102] is depicted in red. Both models show a similar
response for powers over 75 W, resulting in an impedance of 200 Ω at steady-
state. Besides, all of them indicate that impedance for low power is very high
but they differ about the value at startup. Thus, the ignition impedance has to
be established by analyzing the response of a ballast commercialized by the same
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[101]

[102]

Figure 5.12: Osram Endura 150 W IEFL lamp model comparison. In purple, model
presented in [101] and in red, model presented in [102].

company.
An Osram QUICKTRONIC Endura 150/240 S ballast has been tested together

with an Osram Endura 150 W lamp. Fig. 5.13 depicts the response of this ballast
at ignition, steady-state and slow warm-up (100 s). Fig. 5.13a presents an overview
of the different states that presents the lamp when it is started. First, a slim
peak is shown, corresponding with the ignition period. After that, the lamp
starts lightning and the impedance falls to its steady-state value. Then, it can
be seen that the output voltage and current increase slowly, following the warm-
up of the lamp, which stabilize when the steady-state temperature is reached.
Corresponding output voltage and current levels for ignition and steady-state are
depicted in Figs. 5.13b and 5.13c. The ignition period is about 250 µs and the
peak voltage reached is 1700 V. The lamp presents a highly inductive behavior
under that situation, generating a variation of the peak current between 1.5 to
4.2 A peak. For that reason, the data points of the measurements in Fig. 5.13b
are saved and the average impedance value during this period is analyzed. The
envelope of the voltage and current is calculated with those data and depicted
in Fig. 5.14a. For simplicity in the calculation, the previous results are divided
into 8 different sections. The average value of each section is obtained and Ohm’s
law is applied over each average value in order to obtain the impedance of each
section. The results obtained have been depicted in Fig. 5.14b. An average
ignition impedance of 1500 Ω is obtained and it is considered during the design of
the resonant tank. Significant difference between models and commercial ballast
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(a)

(b)

(c)

Figure 5.13: Response of a commercial ballast: (a) ignition detail, (b) steady-state
detail, (c) ignition and slow warm-up. Light blue lines: output current, dark blue
lines: output voltage.
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response is observed. In this thesis, it has been considered that the experimental
ballast response is more representative of the real conditions. Note, however, that
the measured impedance of the commercial ballast in steady-state agrees with
both models.

(a)

(b)

Figure 5.14: Analysis of the ignition impedance: (a) Data acquired from a commer-
cial ballast, (b) Average impedance per section.

The minimum and maximum ignition voltage allowed by the lamp have to be
defined in order to evaluate the correctness of the design. In [ [101], Fig. 114]
an experimental measurement of the ignition of the same lamp with a novel LCC
ballast is illustrated. It can be seen that the ignition peak voltage is 1000 V, which
has been considered the minimum ignition voltage. Since the manufacturer does
not provide absolute maximum ratings, the voltage provided by the commercial
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ballast (1700 V) is considered the maximum voltage allowed by the lamp.
This application is designed for operating in a future building with a DC mi-

crogrid distribution. Nowadays, a general standard that defines the parameters of
a DC network distribution in buildings does not exist. However, existent litera-
ture [104–107] describes a distribution network for homes based on a high voltage
bus (∼ 380 - 400 V) and a low voltage bus (∼ 48 V). The latter is the recom-
mended for lightning in the previous literature. Additionally, 48 V DC distribution
is being employed in electric vehicles according to the LV 148 standard [108–110],
implying that future vehicle-to-grid applications will require a 48 V DC bus in
buildings. For that reason, an input voltage of 48 V is selected for this design.
Moreover, a KC of 10 is also applied.

Table 5.2 summarizes the parameters of design of the converter. The power
stage is the LCC converter depicted in Fig. 5.8.

One of the advantages of the application of the self-oscillation with the previous
constraints indicated in Section 5.1.2 is its straightforward design technique. The
procedure for selecting the values of L, Cs and Cp is summarized next,

Self-oscillating LCC resonant tank design steps

1. Define input and output voltage in steady-state.
2. Define the desired switching frequency ω0 and the load R.
3. Calculate Q (Q|ωsw=ω0 = |H(jω0)| = Vout/Vin, if ξ << 1).
4. Evaluate if Q ≥ 3.15 is accomplished. If not, the system will not

be able to self-oscillate and new parameters have to be selected.
5. Calculate the value of the parallel capacitor with Cp = Q

ω0R
.

6. Select KC ≥ 8 (KC = Cs/Cp). Take into account that KC value
will determine the amplitude of the voltage across the series capacitor
Cs. Verify if the capacitor voltage ratio is higher than the amplitude
imposed byKC . Otherwise, reduceKC if possible or discard the design.

7. Calculate the value of the series capacitor with Cs = KCCp.
8. Calculate the value of the inductance with L = 1+KC

ω2
0KCCp

.

The equations for Cs (Cs = KCCp) and Cp (Cp = Q
ω0R

) are derived from the
restrictions imposed by equations (5.43) and (5.55) in Sections 5.1.3 and 5.1.4,
while the equation for L (L = 1+KC

ω2
0KCCp

) is obtained from (5.52) and (5.53).
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Table 5.2: Design parameters of a self-oscillating LCC ballast

Parameter Value
Vg 48 V

vCp,peak, ignition min 1000 V
vCp,peak, ignition max 1700 V
vCp,peak, steady − state 250 V

Q, ignition min 20.8
Q, ignition max 35.4
Q, steady − state 4.1
Zlamp, ignition 1500 Ω

Zlamp, steady − state 200 Ω
fsw, lamp 250 kHz

KC 10

The set of parameters in Table 5.2 results in the resonant tank summarized
in Table 5.3. Given that these values are not commercially available, a set of
alternative values and the resulting values of Q, f0 and vC, peak have been included
in the table.

Table 5.3: Resonant tank design for steady-state conditions

Parameter Value obtained Commercial value
L 34.3 µH 33 µH
Cs 130 nF 130 nF
Cp 13 nF 13 nF
f0 250 kHz 254.85 kHz
Q 4.1 4.16

vCp,peak 250 V 253.76 V

Then, the ignition gain obtained with that design has to be calculated in order
to check if the resulting voltage is inside the ignition limit parameters. If equation
(5.47) is applied, a peak output voltage of 1500 V is found at ignition. This voltage
is higher than the minimum required for igniting the lamp (1000 V) and less than
the offered by the commercial ballast (1700 V), which represents a safe operative
value. Additionally, Fig. 5.15 shows the effect of load variation over the resonant
tank designed. A peak gain value of 28 for a 1400 Ω load, and a peak gain value of
4.2 for a 200 Ω load are observed, validating the previous theoretical calculation.
Thus, the design of the resonant tank is valid and the converter can operate as
desired.
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

Figure 5.15: Gain variation as a function of the load for the LCC design selected:
L=33 µH, Cs=130 nF and Cp=13 nF.

5.3.3 Simulation results

In order to verify the effect of the proposed converter, a simulation of a LCC
converter with the proposed resonant tank and the lamp model from [101] has
been carried out. Fig. 5.16 shows the output voltage and current during ignition
and steady-state. An ignition output peak voltage of 1500 V and an steady-state
peak voltage of 248 V have been obtained, in agreement with the expected values
in Table 5.3. A steady-state output power of 148 W average has been obtained
at a self-oscillating switching frequency of 247 kHz, confirming that the desired
power level and frequency of operation of the lamp are achieved, and verifying
the theoretical predictions.

5.3.4 Experimental prototype and results

An experimental prototype has been implemented with the parameters pre-
viously selected in order to verify the effectiveness of the proposed approach.
Although the prototype presents the same structure than the circuit in Fig. 5.8,
the selection of different components has been required in order to adapt its op-
eration to the switching frequency and power levels of the ballast. A detailed
description of the modifications in each stage is covered below. The control law,
as indicated in the previous section, is u = sg(iL).
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Figure 5.16: Simulation waveforms of the output voltage and current at ignition
and steady-state with the selected resonant tank design: L=33 µH, Cs=130 nF and
Cp=13 nF.

5.3.4.1 Components selection and stage design

In the circuit schema of Fig. 5.8 four main stages can be identified, which are:
• Full bridge inverter
• Current sensor
• Controller circuit: Comparator, dead time and driver
• Resonant tank

Full bridge inverter
No changes have been required in the MOSFET selection, given that the Infi-

neon device IPB200N15N3 [111] presents a voltage and current maximum ratings
of 150 V and 50 A respectively, higher than the 48 V and 30 A required.

Current sensor
The current sensor stage is composed of a transformer and a resistor that

transduces current measurement into voltage. Although its structure is the same
as in Section 5.1.6, new components have been selected. These new components
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

present better parameters in order to adapt this stage to the higher current am-
plitudes of this prototype. It is worth to remark that current at ignition can reach
peaks of 30 A.

Therefore, a new 1:20 transformer and a resistor of 15 Ω are introduced, result-
ing in a ratio of 20 A equal to 15 V. The transformer is composed by a toroidal
ferrite core and is developed in-house for this application. Equivalently, a SMD
resistor is introduced in order to avoid inductive parasitic effects of larger pack-
ages and 15.6 V zener diodes are introduced for limiting higher voltages produced
by higher sensed currents.

Controller circuit
No remarkable modifications are introduced in that stage. The same compara-

tor (LT1116) is selected as it presents reduced propagation delays and it is able
to sense a ± 15 V input and generate a 0-5 V square signal with a complemen-
tary output. Moreover, the same driver (Texas Instruments UCC27211 [112]) is
also applied as it presents a high performance in comparison with other similar
components.

Resonant tank components
A commercial inductor specifically designed for high AC currents is selected in

this application: the Coilcraft AGP4233-333 [113]. Its ferrite core and flat solid
wire section allows to reduce parasitic effects and decreases drastically the losses
at the current level required in steady-state (10 A peak to peak). Additionally,
1600 V C0G capacitors are selected for the resonant tank due to the high input
voltage existent at ignition.

Summary of components
Table 5.4 summarizes the components of the experimental prototype.

5.3.4.2 Results

Fig. 5.17 illustrates the ignition and steady-state operation of the previous
circuit. It is observed a total ignition time of 3.75 ms, a voltage peak of 1050 V
and a power of 150 W average during this period. In comparison with the results
obtained with the commercial ballast, this circuit increases the startup time by
3,5 ms, reducing the ignition voltage by 650 V. Zoom over ignition period, shown
in Fig. 5.18, validates that no inrush current or voltage is present.

Moreover, a stable switching frequency of 215 kHz and an inductor peak current
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Table 5.4: Experimental VSS self-oscillating LCC ballast parameters set

Parameter Component Value
Vg - 48 V
Cin X7R 11 µF
Q1−4 IPB200N15NS3 -
L Coilcraft AGP4233-333 33 µH
Cs C0G/NP0 130 nF
Cp C0G/NP0 13 nF

Current sensor Transformer 1:20
Rsens SMD Resistor 15 Ω

Comparator LT1116 -
Driver UCC27211 -

Figure 5.17: Ignition and steady-state experimental results of the LCC lamp ballast.

of 19 A is obtained during the ignition period, as seen in Fig. 5.19a. Output
current shows a peak value of 700 mA, presenting a reduction of 85% (∆iout =
−3.8 A) with respect to the commercial ballast. The voltage and current reduction
of this approach with respect to the commercial ballast is accomplished due to a
reduced phase-shift between output voltage and current during ignition. Besides,
as it can be seen in Figs. 5.19b and 5.20 constant sinusoidal signals and a smooth
transition between ignition and steady-state are obtained, in contrast with the
variable signals obtained in the commercial ballast.
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

Figure 5.18: Output voltage and input current in the startup from CI = 0.

A zoom of the steady-state signals, shown in Figs. 5.19c and 5.21, depicts an
output peak voltage of 277 V and peak current of 1 A whereas inductor peak cur-
rent is 5.5 A. Switching frequency at steady-state is 215 kHz and power delivered
to the lamp is 130 W average, obtaining an efficiency of 85%. Table 5.5 summa-
rizes the expected values and the experimental results obtained at steady-state,
showing a good agreement.

Table 5.5: Comparison between expected values and experimental results obtained
at steady-state

Parameter Theoretical value Experimental value
f0 255 kHz 215 kHz

vCp,peak 254 V 277 V
iL,peak 5.8 A 5.5 A
iout,peak 1.27 A 1 A

Pout,average 150 W 130 W
Q 4.16 4.53

Additionally, the effectiveness of the circuit under the variations produced by
the low-frequency dynamics of the impedance in steady-state is verified. As it
can be seen in Fig. 5.22, the circuit is able to follow the impedance variation
within safe and desired power and voltage levels. The maximum output power is
obtained in steady-state, ensuring the safeness of the proposed ballast in ignition
and steady-state conditions.
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(a)

(b)

(c)

Figure 5.19: Detail of: (a) Ignition, (b) Transition between ignition and steady-state,
(c) Steady-state.
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

Figure 5.20: Output voltage and output current during transition between ignition
and steady-state.

Figure 5.21: Experimental input and output steady-state values.

Therefore, the effectiveness of the self-oscillating LCC converter as a IEFL
ballast is verified. Benefits obtained with this approach are increased safety and
robustness, cost-efficiency and longer operative life due to the reduction of the
stress over the components. The major drawback is an increased ignition period in
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Figure 5.22: Experimental input and output steady-state waveforms.

comparison with the commercial ballast, although the difference is not noticeable
for the human eye.

Fig. 5.23 shows a picture of the prototype with its main parts identified. Its size
is 137 x 63 x 80 mm (width, depth and height respectively) and weights 200 grams.
Fig. 5.24 presents a picture of the lamp under operation, while Fig. 5.25 illustrates
the experimental setup, which consist of three different power sources, the proto-
type and an external relay in conjunction with a signal generator for its activation.
Power sources A and B are used as power supplies for the driving and the auxil-
iary circuitry respectively, whereas power source D is the main DC input source.
Relay G of Fig. 5.23 and the signal generator E of Fig. 5.25 are introduced only
for safety reasons during the test. They are used as a ON-OFF switch, emulating
a domestic power switch. Fig. 5.26 illustrates the overall setup with the lamp in
the background.

5.3.5 Gain limiters

Although this application does not require any specific gain limitation at ig-
nition, it is desirable to introduce it for safety reasons. Unexpected variations
of the input voltage or the impedance can modify the gain in a way that unsafe
output values are produced. Besides, in order to extend the feasibility of this
ballast concept to other lamps with higher impedances, such as the High Pressure
Sodium (HPS) lamps, it is worth to discuss different possible solutions to limit
the gain.
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5.3 - Application: LCC self-oscillating ballast for IEFL lamps

Figure 5.23: Picture of the experimental prototype board. Parts:(a) DC input, (b)
Current sensor, (c) Resonant tank (LCC), (d) Dead-time circuit, (e) Driver circuit,
(f) AC output, (g) activation relay.

Figure 5.24: Lamp used in the experiment (Model: Osram Endura 150 W).
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Figure 5.25: Experimental set-up: (a) Drivers supply, (b) Dead time and auxiliary
circuitry supply, (c) Self-oscillating LCC prototype under test, (d) Input power supply,
(e) Signal generator for relay activation and deactivation.

Figure 5.26: Complete experimental set-up with lamp lightning.

120

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



5.3 - Application: LCC self-oscillating ballast for IEFL lamps

Two different gain limiting circuits are proposed and discussed in detail:
• An impedance matching network inserted in parallel with the load.
• A hysteresis gain limiter inserted at the switching stage.

5.3.5.1 Impedance matching network

Its operation principle consists in connecting a variable resistance in parallel
with the load device when an unsafe value is detected. When activated, the load
impedance is reduced, such that the output voltage also decreases. Fig. 5.27
depicts the circuit diagram of this solution.

Figure 5.27: Circuit diagram of impedance matching network.

The main advantages of this approach are a straightforward implementation
and a reduced cost. Nonetheless, it presents major drawbacks such as reduced
efficiency and impossibility to adapt its value to load variations.

This approach can be appropriate, however, if a cheap and simple solution is
desired in circuits with known constant impedances. In such case, it is possible
to calculate the value of the additional resistance. Fig. 5.28 illustrates a circuit
diagram applying this limiter to the circuit proposed in Section 5.3.2.

5.3.5.2 Hysteresis gain limiter

It is also possible to limit the gain by modifying the input voltage accordingly.
As simplicity is desired in this application, a solution based on disconnecting
the input voltage when an unsafe output value is reached is proposed. When
the input is disconnected, voltage at the output of the resonant tank starts de-
creasing following the self-oscillating pattern until it arrives to zero. If the input
is connected again before reaching zero, the amplitude increases until the limit
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Figure 5.28: Scheme of a simple impedance matching network.

cycle is attained again. Therefore, it is possible to keep the output voltage limited
to desired values by connecting and disconnecting the input as a function of the
output value and a hysteresis.

As the resonant tank input cannot remain open, the connection of the low-
side MOSFETs and disconnection of the high-side MOSFETs is required when
limitation is activated in order to close the resonant circuit and disconnect the
input correctly. When a safe value is recovered, the circuit continues to operate. In
the case that the switching control law is of the form u = sg(iL), this behavior can
be accomplished with a combination of different simple logic elements introduced
in the control circuitry. Fig. 5.29 shows the circuit diagram of the limiter, while
Fig. 5.30 depicts the scheme of the overall circuit if the limiter is connected to the
ballast designed in the previous section.

Operation of this limiter is detailed in the chronogram depicted in Fig. 5.31.

Figure 5.29: Circuit diagram of the proposed hysteresis gain limiter.
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Figure 5.30: Scheme of the complete circuit including the proposed hysteresis gain
limiter.

Figure 5.31: Control chronogram of the proposed hysteresis gain limiter. In red:
signals generated by the activation of the limiter.
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Figure 5.32: Simulated response at ignition and steady-state of the complete circuit
including the proposed hysteresis gain limiter. Black line: current limit applied.

When sensed current (vSENS) reaches the positive hysteresis value, the limiter is
activated and Q3-Q4 are connected while Q1-Q2 are disconnected. This situation
remains until sensed current reaches the negative hysteresis value, when normal
operation of the circuit is resumed. Then, if a current value higher than the posi-
tive hysteresis is experimented again, the same operation will restart. Therefore,
the amplitude can be limited by adjusting VH and VL and the resulting current
ripple can be adjusted by increasing or reducing the hysteresis. The efficiency
does not change with this implementation because only the switching pattern is
modified.

A simulation of the circuit in Fig. 5.30 with the parameters of Table 5.3 is
made in order to verify the effectiveness of this approach. Results obtained are
depicted in Fig. 5.32. A current limit of 15 A is introduced and displayed in
the figure with a black line. A hysteresis of ±1 A is also applied, resulting in a
boundary of 16 A. It can be observed that the effectiveness of the circuit as gain
limiter is verified, since the maximum output current reached is 16 A in contrast
with 20 A reached when no limiter is employed.

Finally, the proposed limiter circuit is implemented experimentally with an
ADCMP601 hysteresis comparator, two NC7S04 inverters, two NC7SZ32 OR
gates and two NC7S08 AND gates, adding a total delay of 18 ns. Experimental re-
sults in Fig. 5.33 ratifies the expected responses and corroborates the effectiveness
of the circuit.
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(a)

(b)

(c)

(d)

Figure 5.33: Limiter operation at: (a) Current below limit, (b) Current near limit,
(c) Current crossing the limit, (d) Current higher than the limit. Dark blue: limit
value, Green: peak current sensed (vSENS, pk), Light blue: current through the induc-
tor (iL), Magenta: activation signal of Q1 −Q2 (corresponding to U2(t) and U3(t)).
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5.4 Extension of the analysis to other structures

The general analytical procedure described in Section 5.1 can be extended to
the LLC resonant converter, depicted in Fig. 1.3d. Since the transient analysis
is similar to that of LCC, under equal assumptions on the poles, the only aspect
that has to be explored is finding the conditions that ensure a resistive behavior
of the input impedance.

5.4.1 Determination of amplitude and period in the limit cycle

Following the previous analysis, the relationship between Q value and the
parameters of the circuit has to be defined in order to design an underdamped
system. Then, a relationship between α and ξω0 has to be obtained by analyzing
the coefficients of the denominator of the input-output transfer function H(s).
Input impedance Zi(s) of the LLC is defined in Table 1.2 as

Zi(s) =
CsLpLs

R s3 + Cs(Lp + Ls)s2 + Lp
R s+ 1

Css
(
1 + Lp

R s
) (5.79)

Substituting s = jω0 in (5.79) and imposing that ω2
0 = 1

CsLs
yield

Zi(jω0) =
−Lp
Ls

Csjω0
(
1 + Lp

R jω0
) (5.80)

One of the general self-oscillation features presented in Chapter 2 establishes
that the input impedance presents a phase of 0◦ at the limit cycle. Thus, elimi-
nation of the imaginary part of the previous equation is required in order to fulfill
this condition. As the imaginary part depends on the parameters Lp, R and ω0,
the following constraint is established, which concerns the value of Q for the LLC:

Q = Lpω0
R

>> 1 (5.81)

If the previous hypothesis applies in (5.80), then Zi(jω0) = R, validating the
correctness of the previous ω2

0 = 1
CsLs

hypothesis.
The denominator of H(s) in the LLC is identified in Table 1.1 as:

DenH(s) = s3 + R(Ls + Lp)
LpLs

s2 + 1
LsCs

s+ R

LpLsCs
= (s+ α)(s2 + 2ξω0s+ ω2

0)

(5.82)
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Similarly as in the LCC, if it is considered that the system presents a real pole
and two complex conjugate poles (hypothesis 1), the following relationship can be
defined:

s3 + R(Ls + Lp)
LpLs

s2 + 1
LsCs

s+ R

LpLsCs
= (s+ α)(s2 + 2ξω0s+ ω2

0) (5.83)

Identifying the coefficients of the third order polynomial results in:

R(Ls + Lp)
LpLs

= 2ξω0 + α (5.84)

1
LsCs

= ω2
0 + 2ξω0α (5.85)

R

LpLsCs
= αω2

0 (5.86)

Supposing that ω0 >> 2ξα due to the low damping ratio requirement, (5.85)
can be rewritten as

1
LsCs

= ω0 (ω0 + 2ξα) ' ω2
0 (5.87)

Introducing (5.87) in (5.86) results in

α = R

LpLsCs

1
ω2

0
= R

Lp
(5.88)

Finally, substituting the previous equations in (5.84) leads to

2ξω0 = R(Ls + Lp)
LpLs

− α = R(Ls + Lp)
LpLs

− R

Lp
= R

Ls
(5.89)

Therefore, the relationship between α and ξω0 is established by

ξω0
α

=
R

2Ls
R
Lp

= Lp
2Ls

= Kl

2 (5.90)

with Kl = Lp/Ls.
As a result, if Lp is higher than Ls, the pole-separation hypothesis (hypothesis

2) will be accomplished and the system will self-oscillate.

127

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 5. Third order resonant structures: analysis, design and
applications

Moreover, it is also required to identify the value of the state-variables in
steady-state, in order to define simple design steps for synthesizing a self-oscillating
LLC converter. Evaluating the input-output transfer function H(s) at s = jω0
and introducing ω0

2 = 1/(LsCs), or equivalently, ω2
0LsCs = 1, it is obtained that

H(jω0)LLC = −LpRCsω2
0

−jLpω0 +RCs(Ls + Lp)ω2
0 + jLpω0 +R

=

= −LpCsω2
0

1− Cs(Ls + Lp)ω2
0

=

= −LpCsω
2
0

−LpCsω2
0

= 1

(5.91)

Therefore, this converter presents a similar behavior than the SRC. Conse-
quently, the output voltage is

vC(t) = Vm cos(ω0t) (5.92)

and the current through the series inductor is

iLs(t) = Vm
R

cos(ω0t) (5.93)

with Vm = 4Vg
π .

Moreover, if the system is described in phasor representation, it can be seen
that VCs(jω0) = ILs(jω0) 1

Csjω0
, leading to the following time domain equation:

vCs(t) = Vm
CsRω0

cos (ω0t− 90◦) = Vm
CsRω0

sin (ω0t) (5.94)

Applying the same procedure over iLp taking into account that its phasorial
transformation is ILp(jω0) = Vc(jω0)

jLpω0
, it is obtained that

iLp(t) = Vm
RQ

sin (ω0t) (5.95)

5.4.1.1 Design procedure

The previous constraints lead to the design criteria required for enabling self-
oscillation in a LLC converter. The design procedure is summarized next.
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Self-oscillating LLC resonant tank design steps

1. Define the input voltage Vg in steady-state.
2. Define the desired switching frequency ω0 and the load R.
3. Select a Q value taking into account that Q value is directly related

with the current iLp. The higher the Q, the lower the value of iLp.
4. Verify that the requirement of high Q factor is accomplished

(Q ≥ 3.15).
5. Evaluate if the resulting iLp presents a value inside the design spec-

ifications. Otherwise, select a new Q if possible and recompute the
design.

6. Calculate the value of the parallel inductor Lp with Lp = QR
ω0

.
7. Define a Kl value taking into account that Kl ≥ 8.
8. Calculate the value of the series inductor Ls with Ls = Lp

Kl
.

9. Evaluate the losses of the resulting value of Ls. If the result is out of
design specifications, recalculate with a lower Kl value.

10. Calculate the value of the series capacitor Cs with Cs = 1
ω2

0Ls
.

11. Evaluate the value of vCs with the resulting Cs. Verify if it is inside
design specifications. Otherwise, select a different Kl value and recal-
culate from step 6.

A design example following these steps is proposed. A switching frequency f0
of 500 kHz is desired for a load R = 10 Ω and an input voltage Vg = 12 V. As a low
current iLp is desired, a Q value of 100 is selected. Moreover, a Kl of 10 is selected
in order to keep the inductor values in similar range and Cs sufficiently large for
obtaining a low vCs value. With these parameters, Lp = 318µH, Ls = 31.8µH
and Cs = 3.18 nF. If equations (5.92), (5.93), (5.94) and (5.95) are evaluated with
the previous resonant tank design, the results in Table 5.6 are found.

Table 5.6: Predicted amplitudes of the state-variables of the LLC circuit designed

Parameter Value
vC, peak 15.3 V
iLs, peak 1.53 A
iLp, peak 15.3 mA
vCs, peak 153 V
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A simulation with the same parameters is made in order to verify the previous
hypotheses and calculations. Fig. 5.34 illustrates the obtained results. It can
be seen that the predicted values are in agreement with the simulated results,
validating the previous restrictions and design procedure. Thus, general applica-
bility of the analysis described in Section 5.1 for 3rd order resonant converters is
validated.
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Figure 5.34: Time domain waveforms of the LLC with f0 = 500 kHz, R = 10 Ω,
Kl = 10, Ls = 31.83µH, Lp = 318.3µH, Cs = 3.18 nF.

Moreover, it can be seen that the behavior of the LLC under those conditions is
similar to the SRC with the particularity of having in phase the current through
the inductor Lp and the voltage through the capacitor Cs. This characteristic
allows to represent the resulting three-dimensional limit cycle in a bi-dimensional
plane just by adding the state-variables that are in phase. Fig. 5.35 depicts the
generation of the limit cycle in the previous simulation applying that method.
The axes are defined by:

x1(t) = vCs(t) + iLp(t)(×1Ω) = 4Vg
πR

( 1
Csω0

+ 1
Q

)
sin(ω0t) (5.96)

x2(t) = iLs(t) = 4Vg
πR

cos(ω0t) (5.97)
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Figure 5.35: Compacted representation of the limit cycle generation in the LLC
with f0 = 500 kHz, R = 10 Ω, Kl = 10, Ls = 31.83µH, Lp = 318.3µH, Cs = 3.18 nF.

Although the limit cycle can also be represented in a three-dimensional graphic,
this new representation method facilitates the validation of the limit cycle gener-
ation, giving insight of the stability of the waveforms in a simple graphic.

5.5 Summary

In this chapter a new procedure for analyzing the behavior of 3rd order self-
oscillating resonant converters has been introduced. This methodology has al-
lowed to define with accuracy the restrictions required in order to describe an-
alytically the generation of a spiral that eventually becomes a stable limit cycle
of elliptic type. In addition, the unconditional stability of the resulting limit
cycle has been demonstrated provided that the previous restrictions are accom-
plished. Finally, a practical application for industrial lightning based on a LCC
self-oscillating converter has been designed and its performance has been verified
by simulation and experimentally. In this application, different gain limiters have
been discussed in order to keep the output voltage inside safe levels.

131

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



Chapter 66
Fourth order resonant

structures: analysis and
design

I n chapters 3 and 5, the existence of self-oscillation in second and third order
resonant converters has been justified by describing analytically the generation

of a spiral that converges into an ellipse after having started from zero initial
conditions. The study has combined a time-domain analysis to model the spiral
and a frequency-domain analysis to describe its final behavior in the limit cycle.
As a result, a simple design procedure based on the appropriate selection of the
passive elements has emerged.

However, the extension to fourth order converters like LCLC is not straight-
forward due to the complexity of the time-domain description of the fourth-order
differential equations involved. For that reason, the transient-state associated to
each pole position will not be exhaustively analyzed as in the mentioned chapters,
but rather used as a conjecture to predict which poles will be determinant in the
generation of the limit cycle. Besides, the proved fact that the input impedance
is resistive in the limit cycle will be used again to eventually establish the design
guidelines.
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Chapter 6. Fourth order resonant structures: analysis and design

This approach considered, two main operating modes of the LCLC resonant
converter are designed for self-oscillation, namely, LCLC working as SRC and
LCLC exhibiting a high-gain voltage step-up behavior.

6.1 Amplitude and period of the limit cycle

The amplitude and period of the limit cycle in the LCLC resonant converter
depicted in Fig. 1.3e in self-oscillating operation are now investigated. Two cases
are considered, each of them corresponding to the pole-zero diagrams depicted in
Figs. 6.1a and 6.1b respectively.

The diagram in Fig. 6.1a assumes the same natural oscillation frequency for
the two pairs of complex conjugate poles, while the diagram of Fig. 6.1b considers
a big difference between the two natural oscillation frequencies. In both cases the
constraint LsCs = LpCp will be introduced in the analysis in order to simplify the
design.

(a) (b)

Figure 6.1: Pole-zero diagram of the proposed LCLC converter with: (a) ω02 =
ω01 = ω0, (b) ω02 >> ω01.

6.1.1 Equal natural oscillation frequency

Conjecture
If ξ2 >> ξ1 in Fig. 6.1a, the self-oscillation will be determined by the complex

conjugate pair −ξ1ω0 ± jω0

√
1− ξ1

2.
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6.1 - Amplitude and period of the limit cycle

Note that in any Ton or Toff subinterval, the time component associated to the
pair of complex conjugate poles −ξ2ω0± jω0

√
1− ξ2

2 will be much more damped
exhibiting a very low oscillating frequency, so that it will rapidly decrease to negli-
gible positive values near zero but without crossing this threshold. Therefore, the
zero crossings of input inductor current will be determined by the term associated
to −ξ1ω0 ± jω0

√
1− ξ1

2, which is significantly underdamped.

6.1.1.1 Parameter identification

Expressing the normalized parameters ξ1, ξ2 and ω0 of Fig. 6.1a in terms of
the converter parameters requires first equating the characteristic polynomial of
the LCLC in Table 1.1 with the normalized polynomial derived from the pole-zero
diagram as follows:

s4 + s3

RCp
+
(

1
LpCp

+ 1
LsCs

+ 1
LsCp

)
s2 + s

RCpLsCs
+ 1
LpCpLsCs

=

=
(
s2 + 2ξ1ω01s+ ω01

2
) (
s2 + 2ξ2ω02s+ ω02

2
) (6.1)

If ω02 = ω01 is imposed in (6.1) it is found that

ω4
0 = 1

LpLsCpCs
(6.2)

Besides, since LsCs = LpCp then

ω0
2 = 1

LsCs
= 1
LpCp

(6.3)

Introducing (6.3) and s = jω0 into the input impedance transfer function Zi(s)
of Table 1.2 yields

Zi(jω0) = R. (6.4)
Thus, the behavior of the LCLC converter under these conditions is similar to the
SRC, where the output is equal to the input at the resonant frequency.

In order to obtain the restrictions for the existence of self-oscillation a rela-
tionship between ξ1 and ξ2 has to be established. Identifying the coefficients in
(6.1) leads to:

2(ξ1 + ξ2)ω0 = 1
CpR

(6.5)

2ω2
0(1 + 2ξ1ξ2) = 2

LsCs
+ 1
LsCp

(6.6)
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Chapter 6. Fourth order resonant structures: analysis and design

2ω3
0(ξ1 + ξ2) = 1

LsCpCsR
(6.7)

Then, from (6.5) it is deduced that

ξ1 + ξ2 = 1
2CpRω0

(6.8)

and from (6.6) it is obtained that

ξ1ξ2 =

(
2

LsCs
+ 1

LsCp

)
1

2ω2
0
− 1

2 = 1
4ω2

0LsCp
(6.9)

From (6.8) and (6.9) it is derived :

ξ2 − 1
2CpRω0

ξ + 1
4ω2

0LsCp
= 0 (6.10)

ξ1,2 =
1

2CpRω0
±
√

1
4C2

pR
2ω2

0
− 4

4ω2
0LsCp

2 =

= 1
4CpRω0

± 1
4ω0

√
1

C2
pR

2 −
4

LsCp
,

(6.11)

which results in

ξ1 = 1
4ω0

(
1

CpR
−
√

1
C2
pR

2 −
4

LsCp

)
(6.12)

ξ2 = 1
4ω0

(
1

CpR
+
√

1
C2
pR

2 −
4

LsCp

)
(6.13)
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Therefore:

ξ2
ξ1

=
1

CpR
+
√

1
C2
pR

2 − 4
LsCp

1
CpR
−
√

1
C2
pR

2 − 4
LsCp

=

=

(
1

CpR
+
√

1
C2
pR

2 − 4
LsCp

)2

4
LsCp

=

=
2

C2
pR

2 − 4
LsCp

+ 2
CpR

√
1

C2
pR

2 − 4
LsCp

4
LsCp

=

= 1
2

Ls
Cp

R2 − 1 + 1
2

Ls
Cp

R2

√√√√1 + 4R2

Ls
Cp

(6.14)

and defining
Ls
Cp

R2 = κ, it can be written that

ξ2
ξ1

= 1
2κ
(

1 +
√

1− 4
κ

)
− 1 . (6.15)

Then, a minimum κ value of 8 is required, leading to ξ2 = 5.82 ξ1. If κ = 4 ⇒
ξ1 = ξ2, which does not fulfill the pole separation hypothesis.

6.1.1.2 Design procedure

The previous design-oriented analysis can be summarized in the following steps
for a particular design.

Design steps of a Self-oscillating LCLC resonant converter
acting as SRC

1. Specify input and output voltage in steady-state.
2. Specify the desired switching frequency ω0 and the load R.
3. Select an arbitrary Cp value.
4. Determine a value for κ, taking into account that κ ≥ 8 (κ = Ls

CpR
).

5. Calculate the value of the series inductor Ls from Ls = κR2Cp

6. Calculate the value of the parallel inductor Lp from Lp = 1
ω2

0Cp
.

7. Calculate the value of the series capacitor Cs from Cs = 1
ω2

0Ls
.
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Chapter 6. Fourth order resonant structures: analysis and design

6.1.1.3 Steady-state analysis and two-dimensional representation of
the limit cycle

It is also of interest to determine the amplitude and period of the different
variables in steady-state.

By simple inspection of the converter at the resonant frequency, the following
phasor equations are obtained:

ILs(jω0) = Vs(jω0)
R

(6.16)

VCs(jω0) = −j ILs(jω0)
Csω0

(6.17)

VCp(jω0) = Vs(jω0) = RILs(jω0) (6.18)

ILp(jω0) = VCp(jω0)
Ljω0

= −j Vs(jω0)
Lω0

(6.19)

Equivalently, in the time-domain:

vCp(t) = vscos(ω0t) (6.20)

iLs(t) = vs
R
cos(ω0t) (6.21)

vCs(t) =
vs
R

Csω0
sin(ω0t) (6.22)

iLp(t) = vs
Lpω0

sin(ω0t) (6.23)

with vs = 4Vg
π and ω0 = 1√

LsCs
= 1√

LpCp
.

Now, a LCLC design example is proposed in order to verify the validity of the
previous equations. A switching frequency of 160 kHz and a κ value of 10 are
established for a load of R = 100 Ω and a DC input voltage Vg of 12 V. Moreover,
a parallel capacitor Cp of 10 nF is selected, obtaining the following resonant tank
design: Ls = 1 mH, Lp = 100µH, Cs = 1 nF. Applying these values in (6.20)-
(6.23) leads to the expected voltages and currents, which are summarized in Table
6.1. A simulation made with the same parameters and depicted in Fig. 6.2 shows
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6.1 - Amplitude and period of the limit cycle

the resulting waveforms. Their peak values are indicated also in Table 6.1. It can
be seen a good agreement between the expected values and the simulation results,
verifying the validity of the previous analysis.

0 10 20 30 40 50
−20

0

20

   
v C

p [
V

] 

 Time [µs]

0 10 20 30 40 50
−0.2

0

0.2

   
i L

s [
A

] 

 Time [µs]

0 10 20 30 40 50
−200

0

200

   
v C

s [
V

] 

 Time [µs]

0 10 20 30 40 50
−0.2

0

0.2

   
i L

p [
A

] 

 Time [µs]

Figure 6.2: Time-domain waveforms of a step-down LCLC with Vg = 12 V f0 = 160
kHz, κ = 10, R = 100 Ω, Ls = 1 mH, Lp = 0.1 mH, Cs = 1 nF, Cp = 10 nF.

Table 6.1: Output parameters in a SRC-like LCLC design example

Parameter Theoretical value Simulation result
vCp, peak 15.3 V 15.3 V
iLs, peak 153 mA 153 mA
vCs, peak 153.6 V 153 V
iLp, peak 153 mA 153 mA
f0 160 kHz 160 kHz

Moreover, it can be seen that VCs(jω0) and ILp(jω0) present a phase-shift
of -90◦ with respect to VCp(jω0) and ILs(jω0), since both phasors are purely
imaginary. Therefore, it is possible to visualize the generation of the limit cycle
by means of a two-dimensional representation using an appropriate association
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Chapter 6. Fourth order resonant structures: analysis and design

of signals. Thus, the following signals are associated taking into account the
mentioned phase-shift among them:

x1(t) = vCp(t) + iLs(t)(×1Ω) (6.24)

x2(t) = vCs(t) + iLp(t)(×1Ω) (6.25)

Fig. 6.3 depicts a compact representation of the limit cycle obtained in the
previous simulation example, verifying the stability of the generation.

Figure 6.3: Compacted representation of the limit cycle generation in a SRC-like
LCLC with Vg = 12 V f0 = 160 kHz, κ = 10, R = 100 Ω, Ls = 1 mH, Lp = 0.1 mH,
Cs = 1 nF, Cp = 10 nF.

6.1.2 Different natural oscillation frequency

Conjecture
If ω02 >> ω01 and ξ2ω02 >> ξ1ω01 in Fig. 6.1b, the self-oscillation will be

determined by the complex conjugate pair −ξ2ω02 ± jω02

√
1− ξ2

2 .

140

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



6.1 - Amplitude and period of the limit cycle

Note that in any Ton or Toff subinterval, the time component associated to
the pair of complex conjugate poles −ξ1ω01 ± jω01

√
1− ξ2

1 will be less damped
exhibiting a low oscillating frequency, so that it will be practically constant during
the decay of the highly underdamped term created by −ξ2ω02 ± jω02

√
1− ξ2

2 ,
whose zero-crossings will establish the change from Ton to Toff and viceversa.

6.1.2.1 Parameter identification

Taking into account the design constraint LsCs = LpCp, the following identities
can be obtained in (6.1):

ξ2ω02 = 1
2CpR

(6.26)

ω02
2 = 2

LpCp
+ 1
LsCp

= 2Ls + Lp
LsLpCp

(6.27)

ω01
2ω02

2 = 1
Lp

2Cp
2 (6.28)

2ξ1ω01ω02
2 + 2ξ2ω02ω01

2 = 1
LpCp

2R
(6.29)

From (6.27) and (6.28), it can be deduced

ω01
2 =

1
Lp2Cp2

ω022 = Ls
LpCp(2Ls + Lp)

(6.30)

and from (6.26), (6.27), (6.29) and (6.30) it is derived

ξ1ω01 = 1
2CpR

Ls (Ls + Lp)
(2Ls + Lp)2 (6.31)

Hence, from (6.26) and (6.31) we can write

ξ2ω02
ξ1ω01

= (2Ls + Lp)2

Ls(Ls + Lp)
=

(
Lp
Ls

+ 2
)2

Lp
Ls

+ 1
(6.32)

Then, in order to satisfy the hypothesis ξ2ω02 >> ξ1ω01, a minimum value of the
ratio Lp

Ls
(LpLs > 7) is required since for this value ξ2ω02

ξ1ω01
> 10.
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Moreover, (6.27) and (6.30) yield

ω02
2

ω012 = (2Ls + Lp)2

Ls
2 =

(
Lp
Ls

+ 2
)2

(6.33)

Fulfillment of ω02
ω01

> 10 in equation (6.33) will be accomplished if Lp
Ls
> 8. Conse-

quently, denoting Lp/Ls = Kl, a value of Kl greater than 8 has to be selected in
order to have self-oscillation in this configuration. Then, the switching frequency
will be described by equation (6.27).

6.1.2.2 Input impedance

Introducing the constraint design LpCp = LsCs in the expression of the input
impedance of the LCLC converter given in Table 1.2 results in:

Zin(s) = Lp
2Cp

2
s4 + s3

CpR
+
(

2
LpCp

+ 1
LsCp

)
s2 + s

LpCp2R
+ 1

Lp2Cp2

Cs s
(
1 + LpCps2 + Lp

R s
) (6.34)

Moreover, the assumption of self-oscillation due to the pair of poles −ξ2ω02 ±
jω02

√
1− ξ2

2 suggests that the limit cycle will eventually present an oscillation
frequency given by ω02, as it was the case in second and third order convert-
ers. Therefore, the input impedance at that frequency must exhibit a resistive
behavior.

Particularizing the input impedance at s = jω02 yields after some manipula-
tions

Zin(jω02) = RLp
Cs

Kl(Kl + 2)
(Kl + 1)2R2 + Lp

Cp
(Kl + 2)

+jKl + 1
Csω02

R2 + Lp
Cp

(Kl + 2)

(Kl + 1)2R2 + Lp
Cp

(Kl + 2)
,

(6.35)
which implies

tan(]Zin(jω02)) = ImZin(jω02)
ReZin(jω02) = Kl + 1

ω02

R2 + Lp
Cp

(Kl + 2)
RLpKl(Kl + 2) (6.36)

On the other hand, from (6.27) it can be written

ω02 =
√

2Ls + Lp
LsLpCp

=
√
Kl + 2
LpCp

(6.37)
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6.1 - Amplitude and period of the limit cycle

Hence, (6.36) becomes

tan(]Zin(jω02)) =
(Kl + 1)

√
Cp
Lp

Kl(Kl + 2)
√
Kl + 2

(
R+ Lp

RCp
(Kl + 2)

)
(6.38)

Equivalently,

tan(]Zin(jω02)) = (Kl + 1)
Kl(Kl + 2)

3
2

 R√
Lp
Cp

+

√
Lp
Cp

R
(Kl + 2)

 (6.39)

Denominating Qp = R√
Lp
Cp

, (6.39) can be expressed as follows:

tan(]Zin(jω02)) = (Kl + 1)
Kl(Kl + 2)

3
2

(
Qp + Kl + 2

Qp

)
(6.40)

For a given value of Kl, the function f(Qp) =
(
Qp + Kl+2

Qp

)
has a minimum at

Qp =
√
Kl + 2 (6.41)

Therefore, the minimum value of (6.40) will be given by

min, tan(]Zin(jω02)) = (Kl + 1)2
√
Kl + 2

Kl(Kl + 2)
3
2

= 2(Kl + 1)
Kl(Kl + 2) (6.42)

The optimum value of Qp given by (6.41) can be selected by choosing the
appropriate value of R:

R = Qp(OPT )

√
Lp
Cp

=
√
Kl + 2

√
Lp
Cp

(6.43)

6.1.2.3 Input to output transfer function

Now, the input-output transfer function H(s) at the switching frequency (s =
jω02) has to be established in order to obtain the output voltage as a function
of the resonant tank parameters. In this configuration, the transfer function is
obtained from the graphic interpretation of the vectors in the pole-zero diagram,
[ [114], Section 6.4]. Then, the module of H(s) is described as:

|H(s)| = |C| |(s− z1)||(s− z2)|...
|(s− p1)||(s− p2)|... , (6.44)
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Chapter 6. Fourth order resonant structures: analysis and design

where C is a constant determined by the resonant tank structure and |(s − zn)|,
|(s− pn)| are the vector modules associated to zeros and poles respectively.

The phase, then, is determined as follows:

]H(s) = ]C+[](s− z1) + ](s− z2) + ...]− [](s− p1) + ](s− p2) + ...] (6.45)

As C is always a real number , its phase is 0 if it is positive or ±180◦ if it is
negative.

Like in Chapter 5, a very small damping factor ξ2 is assumed, so that

ωd2 ' ω02 (6.46)

as ωd2
2 = ω02

2(1− ξ02
2).

In order to proceed with the analysis, first the constant C has to be established.
From the LCLC input-output transfer function H(s) in Table 1.1, it is obtained
that

H(s) =
1

LsCp
s2

s4 + s3

RCp
+
(

1
LpCp

+ 1
LsCs

+ 1
LsCp

)
s2 + s

RCpLsCs
+ 1

LpCpLsCs

= N(s)
D(s)

(6.47)
Hence,

C = 1
LsCp

(6.48)

Then, the module of the vectors established by the zeros and poles of the
system has to be determined from their graphic representation. Fig. 6.4 identifies
the vectors in the pole-zero diagram evaluated at s = jω02, taking into account
that ωd2 ' ω02. In the case of D1, the module coincides with the length of the
real part of the pole. Then,

|D1| = ξ2ω02. (6.49)

The modules of the rest of the poles are described by the length of the hypotenuse
of the triangles existent between the axes and the vectors. As ξ2 << 1, these
modules can be approximated by the length of the vertical cathetus corresponding
to each vector. Therefore,

|D2| = 2ω02 , (6.50)
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6.1 - Amplitude and period of the limit cycle

Figure 6.4: Pole-zero diagram of the proposed LCLC converter evaluated at
s = jω02.

|D3| = ω02 − ω01 , (6.51)

|D4| = ω02 + ω01 . (6.52)

Similarly, the module of the vector N1 is described by the length of the segment
from the zeros to the evaluation point. Then,

|N1| = ω02
2. (6.53)

Note the inclusion of the square factor due to the existence of a double zero.
Then, for establishing the value of |H(jω02)|, the parameters obtained [(6.48),

(6.49)-(6.53)] have to be introduced in (6.44), leading to
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|H(jω02)| = 1
LsCp

|N1|
|D1||D2||D3||D4|

'

'
ω02

2 1
LsCp

ξ2ω022ω02 (ω02 − ω01) (ω02 + ω01) =

=
1

LsCp

2ξ2 (ω022 − ω012) '
1

LsCp2ξ2ω022 =

= 1
2ξ2

1
LsCp

LpCp
Kl + 2 = Kl

Kl + 2
1

2ξ2
= Kl

Kl + 2
1
22CpRω02 =

= Kl

Kl + 2CpR
√
Kl + 2
LpCp

= Kl√
Kl + 2

√
Cp
Lp
R = Kl√

Kl + 2
Qp ,

(6.54)

where Kl = Lp
Ls

and Qp = R√
Lp
Cp

.

For the optimum value of Qp given by (6.41), expression (6.54) becomes

|H(jω02)| = Kl (6.55)

Besides, as ξ2 << 1, the phase of the input-output transfer function can be
approximated as

]H(jω02) = 2]N1−]D2−]D3−]D4 ' 180◦−90◦−90◦−90◦ = −90◦. (6.56)

6.1.2.4 Design procedure

A simple design procedure, derived from the previous equations, is summarized
next:

Design steps of a self-oscillating LCLC resonant converter for
high-gain voltage step-up operation

1. Specify gain (H(jω0) = Kl, Kl > 8), load resistance R and oscillation
frequency ω0.

2. Obtain the value of the parallel capacitor Cp from Cp = Kl+2
Rω0

3. Calculate the value of the series capacitor Cs from Cs = KlCp.
4. Calculate the value of the parallel inductor Lp from Lp = Kl+2

ω02Cp
.

5. Determine the value of the series inductor Ls from Ls = Lp
Kl

.
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6.1 - Amplitude and period of the limit cycle

Following the previous procedure, a LCLC design example is proposed and its
response is verified by simulation. An input voltage of 12 V and a gain of 10
are established for a load of 15 Ω and a switching frequency of 500 kHz. The
expected output voltage, then, is 157 V. The resulting resonant tank parameters
applying the previous specifications are summarized in Table 6.2 and the results
obtained by simulation with the proposed converter are shown in Fig. 6.5. It can
be seen that the peak output voltage coincides with the desired one. Moreover,
the resulting switching frequency is equal to the specified in the design, validating
the previous procedure. However, a large circulating current is observed in the
resonant tank.

Table 6.2: Parameters of the step-up self-oscillating LCLC design example with
R=15 Ω.

Parameter Value
Kl 10
Cp 255 nF
Cs 2.5 µF
Lp 4.7 µH
Ls 470 nH

Therefore, a new design example with a higher load resistance is proposed. An
output voltage of 1000 V is desired for a load of 36 kΩ and the same input voltage
and switching frequency as in the previous example. Consequently, the resonant
tank design in Table 6.3 is obtained. The results obtained with this configuration
are shown in Fig. 6.6. As in the previous example, the output voltage and the
switching frequency of the simulation are in perfect agreement with the expected
values, confirming the correctness of the previous design procedure. In addition, a
reduced circulating current is observed due to the large load imposed. Therefore,
the use of the self-oscillating step-up LCLC converter is only recommended when
high output voltages and low output powers are desired.

Table 6.3: Parameters of the step-up self-oscillating LCLC design example with
R=36 kΩ.

Parameter Value
Kl 66
Cp 600 pF
Cs 40 nF
Lp 11.5 mH
Ls 174 µH
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Chapter 6. Fourth order resonant structures: analysis and design
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Figure 6.5: Time-domain waveforms of a step-up LCLC with Vg = 12 V,
f0 = 500 kHz, Kl=10 and R = 15 Ω.

6.2 Summary

In this chapter, the design guidelines for a self-oscillating LCLC resonant con-
verter have been derived for two different modes, i.e., SRC and high gain voltage
step-up characteristics. Unlike in second and third order converters, the resulting
design in each case is based on a conjecture and not in a detailed analysis in the
time-domain. This conjecture suggests the pair of poles that eventually would
cause the self-oscillation.

Under the constraint LpCp = LsCs, big separation between two possible pairs
of poles, and the same natural oscillation frequency for both of them, the self-
oscillation is assumed to be caused by the nearest pair of poles to the imagi-
nary axis. Under this assumption, the subsequent steady-state analysis of the
input impedance is similar to that developed in second and third order structures.
Namely, the oscillating frequency of the limit cycle is the natural oscillation fre-
quency of the mentioned pair of poles. As a result, a self-oscillation is produced
in the LCLC converter that behaves like a SRC converter.
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6.2 - Summary
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Figure 6.6: Time-domain waveforms of a step-up LCLC with Vg = 12 V,
VCp = 1000 V, f0 = 500 kHz, Kl=66 and R = 36 kΩ.

The same constraint and assumption on the pair of poles separation but consid-
ering different natural oscillation frequencies suggest a self-oscillation generation
similar to the one in third order converters, i.e., provoked by the farthest pair
of poles from the imaginary axis. The subsequent analysis of the limit cycle in
steady-state reveals that the self-oscillating LCLC operates as high-gain voltage
step-up system.
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Chapter 7. Conclusions

It is well-known that resonant conversion is extensively used in industry due to
the inherent advantages derived from soft-switching such as low switching losses,
high switching frequency operation, and reduced volume and weight of the con-
verter.

Most resonant converters are regulated through a voltage-controlled oscillator
that modifies the switching frequency following the signal provided by the con-
troller. The latter processes the output voltage error and is designed taking into
account the dynamic response of the converter assuming that its state variables
have the nature of band-pass (FM) signals.

Only few resonant converters have been used in self-oscillating operation. All
the examples found in the literature are different cases of self-oscillation without
relation among them, i.e., every reported case is a particular solution. However,
all examples share the problem of delay in the control feedback path.

It could be ventured to say that the lack of a general approach to describe the
resonant converters in self-oscillating operation have prevented its development
for many industrial applications. This problematic issue has been addressed in
this dissertation.

Self-oscillation has been here generated by the appropriate use of the input
inductor current zero-crossings to change the polarity of the input voltage. As a
result, the input current and the first harmonic of the input voltage are in phase,
which ensures a unity power factor to the steady-state operation of the resonant
converter. This fact confers a nature of loss-free resistor (LFR) to the two-port
description of the converter. The self-oscillation generating mechanism has been
proven to be effective in second, third and fourth order structures.

Although the self-oscillation generation is a relatively simple task, the analyt-
ical description of the generation is more involved. It combines time-domain and
frequency-domain analyses to justify that a spiral starting from zero initial condi-
tions eventually converges into an ellipse that corresponds to the steady-state be-
havior of the limit cycle. The stability of the generation has been demonstrated by
proving the stability of the resulting discrete recurrence considering two successive
zero-crossings of the input inductor current after completing a generic oscillation
cycle. This approach has successfully explained the generation of two-dimension
and three-dimension spirals in second and third order converters respectively.

The extension of the previous analytical procedure to fourth order convert-
ers has been interrupted by the complexity of the time-domain analysis involved.
Instead, a conjecture on the dominant poles eventually provoking self-oscillation
has been successfully used to predict the amplitude and period of the limit cycle
in two different operation modes that share the same design constraint. The as-
sumption about the dominant poles on the spiral generation has been analytically
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complemented by the fact that the input impedance is resistive at the oscillation
frequency of the limit cycle.

An interesting property has arisen in the analysis of third and fourth order
converters, i.e., the existence of pairs of variables in phase between them and
90◦ phase-shifted with respect to the rest of variables. This fact has allowed a
two-dimensional description of the spiral generation by means of appropriate com-
binations of the in-phase variables and their posterior assignment to the Cartesian
axes of the phase-plane for a compact representation.

Self-oscillating resonant converters with the previous mechanism to generate
oscillations are a simple procedure to transmit power from a DC source to an AC
load. However, when perturbations from input voltage or output load penetrate
into the system, the amplitude of the output voltage sinusoidal signal is directly
affected. Hence, a voltage regulation loop has to be added.

Inserting a voltage regulation loop has required modeling the dynamic be-
havior of the self-oscillating resonant converter whose switching law is a linear
combination of the input inductor current and the output voltage. Relating the
variations of the constant of that linear combination to the changes of the switch-
ing frequency is the key aspect of the modeling, which has been carried out for
second order converters. The resulting closed-loop regulation based on this model
exhibits larger bandwidth and a better robustness degree than conventional fre-
quency modulation-based controllers.

Potential applications of this class of resonant converters in industry have been
explored in two cases, namely, wireless power transfer and electronic ballast design
for IEFL lamps showing promising results in both cases. The problem of delay
in the control feedback path has emerged in the wireless power transfer due to
the high switching frequency employed (6.78 MHz). The use of an ad-hoc active
network to compensate the delay has contributed to the correct operation of the
self-oscillating converter.
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List of Acronyms,
Parameters and Variables

A4WP Alliance for Wireless Power
AM Amplitude Modulation
CST Current Sense Transformer
FM Frequency Modulation
GaN Gallium Nitride
IEFL Induction Electrodeless Fluorescent Lamp
LCC Series-parallel LCC-type Resonant Converter
LLC Series-parallel LLC-type Resonant Converter
LCLC Series-parallel LCLC-type Resonant Converter
PRC Parallel Resonant Converter
PWM Pulse Width Modulated
SRC Series Resonant Converter
VCO Voltage Controlled Oscillator
VSS Variable Structure System
WPT Wireless Power Transfer
ZCS Zero Current Switching
ZVS Zero Voltage Switching
C Resonant tank capacitor
Cin Converter input capacitor
Cf Filter capacitor
Cp Resonant tank parallel capacitor
Cs Resonant tank series capacitor
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List of Acronyms

fsw Switching frequency of the converter in Hz
f0 Resonance frequency of the converter in Hz
fc Crossing frequency
GM Gain margin
φM Phase margin
H Input to output voltage transfer function
iDC Current across the DC output
if Current across the filter
ig Converter input current
iL Current across the resonant tank inductor
iout Current across the load
jL Normalized current across the resonant tank inductor
Kc Relationship between series and parallel capacitor (Cs/Cp)
Kl Relationship between parallel and series inductor (Lp/Ls)
k(t) Slope of the switching boundary
L Resonant tank inductor
Lf Filter inductor
Ls Resonant tank series inductor
Lp Resonant tank parallel inductor
mC Normalized voltage across the resonant tank output capacitor
Q Quality factor of a resonant converter
R Load at the output of the resonant tank
RL Load at the output of the converter if a rectifier is used
RSENS Current sense resistor
Req Equivalent load seen at the output of the resonant tank if a rectifier is used

(Req = (RLπ)/8)
sg(x) Sign dependent function. It is 1 if x ≥ 0 and 0 if x < 0
Sx FET switch number X
u Structure control variable
Vg Converter input voltage
vC Resonant tank output voltage
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List of Acronyms, Parameters and Variables

vCp Voltage of the parallel capacitor
vCs Voltage of the series capacitor
vC2n Voltage of the capacitor at the nth crossing over the switching boundary
vCs2n Voltage of the series capacitor at the nth crossing over the switching

boundary
vCp2n Voltage of the parallel capacitor at the nth crossing over the switching

boundary
VC Voltage of the capacitor at the limit cycle
VCs Voltage of the series capacitor at the limit cycle
VCp Voltage of the parallel capacitor at the limit cycle
vDC DC output voltage
vs Resonant tank input voltage
vs1 First harmonic of the resonant tank input voltage
Y Inductor current to input voltage transfer function
Zi Resonant tank input impedance
Zo Resonant tank output impedance
ω0 Resonance frequency of the converter in rad/s

ωm Damped oscillation frequency of the converter
ωsw Switching frequency of the converter in rad/s

τ Time constant
ξ Damping ratio coefficient
∆x Difference between two values of variable x
|x| Absolute value of variable x
x∗ Complex conjugate of variable x
x̂ Small-signal value of variable x
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strumentación (SAAEI 2015), July 2015, pp. 549–554.

Patents

[PA1] R. Bonache-Samaniego, C. Olalla, and L. Mart́ınez-Salamero, “Balastro
electrónico auto-oscilante con atenuación de luz para una lámpara y sistema
que lo incluye,” Spanish Patent P201 631 618 (Patent Pending), 2016.

180

UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 



UNIVERSITAT ROVIRA I VIRGILI 
SELF-OSCILLATING RESONANT CONVERTERS: GENERAL APPROACH AND APPLICATIONS 
Ricardo Bonache Samaniego 
 


	Cover
	Cover page
	Acknowledgements
	Table of contents
	Abstract
	Introduction
	Basics of resonant converters
	Motivation and goals
	Objectives

	Principles of self-oscillating resonant power converters
	Theoretical framework
	Voltage control switching law
	Summary

	Second order resonant structures: analysis, design and applications
	Limit cycle generation
	Determination of amplitude and period in the limit cycle
	Establishment of restrictions for self-oscillation
	Stability analysis
	Simulation results
	Limitation on the implementation: the propagation delay
	Application: 6.78 MHz GaN FET PRC designed for Wireless Power Transfer
	Converter design
	Current sensor design
	Full-bridge inverter design
	Summary of selected components

	Delay Compensation Network
	Phase-leading RL delay compensation network
	Hysteresis-Based delay compensation network

	Simulation Results
	Experimental Results
	Inverter configuration
	Rectifier configuration


	Summary

	Modeling and control of second order resonant structures
	Static modeling
	Dynamic modeling
	High-frequency response
	Low-frequency response

	Complete model
	Control
	Design of controller for self-oscillating converter
	Comparison between controllers for self-oscillating and FM converters
	Design of controllers for conventional FM converters
	Simulation results

	Experimental results

	Summary

	Third order resonant structures: analysis, design and applications
	Determination of amplitude and period in the limit cycle
	Analysis in a generic Ton interval
	Signal amplitude in the limit cycle
	Determination of the oscillation frequency in the limit cycle
	Establishment of damping ratio 
	Simulation results
	Experimental validation

	Stability analysis
	Application: LCC self-oscillating ballast for IEFL lamps
	Operation of the circuit
	Converter design
	Simulation results
	Experimental prototype and results
	Components selection and stage design
	Results

	Gain limiters
	Impedance matching network
	Hysteresis gain limiter


	Extension of the analysis to other structures
	Determination of amplitude and period in the limit cycle
	Design procedure


	Summary

	Fourth order resonant structures: analysis and design
	Amplitude and period of the limit cycle
	Equal natural oscillation frequency
	Parameter identification
	Design procedure
	Steady-state analysis and two-dimensional representation of the limit cycle

	Different natural oscillation frequency
	Parameter identification
	Input impedance
	Input to output transfer function
	Design procedure


	Summary

	Conclusions
	List of Acronyms, Parameters and Variables
	List of Figures
	List of Tables
	Bibliography
	List of Publications
	Journal Articles
	Conference Articles
	Patents




