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Summary

Towards miniaturized LED drivers:
A model-centric design framework for

switched-capacitor converters

The appearance of high brightness light-emitting diodes (LEDs) has changed the
lighting industry. Currently, we are in the so called ‘LEDification’ period, during
which traditional light sources will be gradually replaced by solid-state lighting tech-
nology. This transition will transform lighting in two respects. First, efficiency and
reliability will be improved as LED lamps use 75% less energy and last 25 times
longer than their conventional counterparts. Second, new concepts in fixtures and
in lighting controls will be introduced.

LEDs have a small form factor, which increases the flexibility of light fixture con-
struction and enables completely new lamp designs. LEDs produce the full range
of visible color and their light intensity can be precisely adjusted. These features
permit to tune the perceived atmosphere in a room according to the desires of the
people present. Smart LED lamps will add connectivity, thus allowing to remotely
adjust the local light color and intensity using phones, tablets, web services, or ded-
icated controls. The functionalities of a LED lamp are enabled by its LED driver.
The LED driver is a power converter circuit that transforms raw electrical power
coming from the energy source to a current that properly supplies the lamp. Until
now, in order to facilitate fast development and cheap implementation, existing solu-
tions have been designed using discrete, however, this approach presents limitations
when trying to reduce the driver volume or adding connectivity.

This dissertation explores the possibilities for implementing an integrated solution
based on the two main technologies used to realize switched mode power supplies
(SMPSs). Switched capacitor converters (SCCs) have been specifically used as dc-dc
LED drivers for low-power (< 500mW) battery supplied back-lighting applications.
They provide a compact solution with no magnetic materials when neither efficiency
nor regulation is critical, however, they do not scale to general lighting applica-
tions. Therefore, in the latter case inductor-based converters (IBCs) have been
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the preferred solution. These drivers provide excellent efficiency and tight current
regulation that suit the characteristics of a LED load very well, however, they are
suboptimal when integration is considered. This thesis merges the good integration
characteristics of SCCs with the tight and efficient current regulation performance of
IBCs, and uses the results to explore the field of highly-integrated power converters
for general lighting dc-dc LED drivers.

Chapter 2 presents a new power converter circuit based on the so-called hybrid-
switched capacitor converter, abbreviated as H-SCC. This topology explores the
usage of a SCC where the load is supplied from an LC filter connected to a switching
node of the SCC topology. This combines the advantages of both converter types
– the SCC’s excellent integration characteristics for power switches, and the IBC’s
high performance current regulation. The SCC stage allows to decrease the blocking
voltage of the switches, and to reduce the value of the output inductor. This makes it
possible to integrate the converter in a low voltage process and potentially increases
the power density. The output inductor enables to provide tight current regulation
without compromising the converter efficiency, something which is not possible with
a pure SCC. In addition to this, the H-SCC has the possibility to provide multiple
outputs, which, for example, allow to supply both a LED load and low-voltage
auxiliary circuits.

The H-SCC cannot be studied using existing analysis methods. That is why, in
Chapter 3, the quantified charge flow analysis (QFA) approach is proposed as a new
methodology to obtain the equivalent output resistance model (ORM) parameters
of any node in a SCC. Moreover, QFA includes two effects that were not hitherto
covered: the effects of the duty cycle, and the charge stored in the output capacitor.
Multi-output capacitive converters are covered in the second part of Chapter 3.
The equivalent output resistance model (ORM), limited to single output SCCs, is
replaced by the equivalent output transresistance model (OTM) that enables to
predict cross-coupling effects between outputs. A systematic procedure to calculate
the OTM transresistance parameters for any SCC topology is possible with the QFA
matrix notation (Section 3.2.3).

Chapter 4 is completely devoted to the verification of the new proposed method-
ologies for modeling single and multiple-outputs H-SCCs. The predictive trends
of QFA match both circuit simulations and experimental measurements. At the
same time, QFA improves accuracy of the existing charge flow analysis (CFA) for
both non-infinite values of the output capacitance, and for variations in the duty
cycle.

An experimental converter was designed and built to demonstrate the application
of the presented CFA methodology and the power conversion characteristics of the
H-SCC as a LED driver. The converter was implemented using discrete components
and designed for 12W output power and an input voltage of 24V (compliant with
the EMerge Alliance standard for track lighting). The design of this converter was
accomplished using the model-centric design flow described in Chapter 5. This design
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flow allowed the optimal sizing of all capacitors and switches. The experimental
results are presented in Chapter 6. They validate the H-SCC as a suitable power
converter circuit to drive a LED load. The converter features 85.5% efficiency at full
load (945mA), and a peak efficiency of 96% at 528mA.

In conclusion, the presented H-SCC is demonstrated to work as a power conversion
circuit capable to supply a high-brightness LED with high efficiency, thus validating
the proposed topology as a LED driver. In addition, the H-SCC circuit provides
a secondary output voltage for auxiliary loads such as a µ-controller, which allows
connectivity and advanced light control. These features are enabling the forthcom-
ing landscape of smart-LED drivers, where power conversion and control will be
combined. It must be emphasized that the H-SCC topology is not restricted to LED
loads, and can also be used for other power conversion applications. The design and
optimization of the H-SCC LED driver was performed using the quantified charge
flow analysis (QFA) method introduced in this thesis, and would not have been
possible with the conventional analysis approaches for SCCs. In addition, QFA was
demonstrated to be more accurate than conventional methods. Using its matrix
notation and the proposed equivalent transresistance model (OTM), QFA is able to
model the SCC with multiple outputs. Generally speaking, QFA and OTM provide a
solid framework for the analysis of advanced topologies based on switched capacitor
converters i.e the H-SCC.





Contents

Summary i

Preface ix

Nomenclature xi

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 The LED as a load . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 LED drivers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Linear regulators . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.2.2 Inductor based converters . . . . . . . . . . . . . . . . . . . . 5
1.2.3 Capacitor based converters . . . . . . . . . . . . . . . . . . . 7

1.3 An overview of integrated LED drivers . . . . . . . . . . . . . . . . 9
1.4 Hybrid-switched capacitor converter . . . . . . . . . . . . . . . . . . 10
1.5 Research goal and objectives . . . . . . . . . . . . . . . . . . . . . . 12

1.5.1 Scientific contributions . . . . . . . . . . . . . . . . . . . . . . 13
1.5.2 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Hybrid-switched capacitor LED driver 17
2.1 Fundamentals of a SCC . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.1.1 Conversion ratio . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.1.2 Output voltage regulation . . . . . . . . . . . . . . . . . . . . 21
2.1.3 Multiple conversion ratio converters . . . . . . . . . . . . . . 22
2.1.4 Output nodes in a switched capacitor converter . . . . . . . . 23

2.2 Hybrid-switched capacitor converter . . . . . . . . . . . . . . . . . . 24
2.2.1 Output regulation . . . . . . . . . . . . . . . . . . . . . . . . 27
2.2.2 Power inductor . . . . . . . . . . . . . . . . . . . . . . . . . . 28
2.2.3 Power switches . . . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.4 Multiple outputs . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3 H-SCC LED drivers . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.1 LED driver with a second auxiliary output voltage . . . . . . 37
2.3.2 Single-stage dc-dc with extended conversion range . . . . . . 38

2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39



vi Contents

3 Modeling of H-SCC 41
3.1 Single output converters . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.1.1 The output resistance model . . . . . . . . . . . . . . . . . . 42
3.1.2 Revisiting the charge flow analysis . . . . . . . . . . . . . . . 45
3.1.3 Load model: voltage sink versus current sink . . . . . . . . . 45
3.1.4 Formulating the quantified charge flow analysis . . . . . . . . 47
3.1.5 Solving the charge multiplier vectors . . . . . . . . . . . . . . 51
3.1.6 SSL equivalent resistance . . . . . . . . . . . . . . . . . . . . 54
3.1.7 FSL equivalent resistance . . . . . . . . . . . . . . . . . . . . 55
3.1.8 Model parameters . . . . . . . . . . . . . . . . . . . . . . . . 56

3.2 Multiple Output Converter . . . . . . . . . . . . . . . . . . . . . . . 58
3.2.1 The output transresistance model . . . . . . . . . . . . . . . . 58
3.2.2 Linking QFA and the transresistance parameters . . . . . . . 59
3.2.3 QFA matrix notation . . . . . . . . . . . . . . . . . . . . . . . 61
3.2.4 Slow switching limit transresistance matrix . . . . . . . . . . 63
3.2.5 Fast switching limit transresistance matrix . . . . . . . . . . 63
3.2.6 Multi-output model parameters . . . . . . . . . . . . . . . . . 63

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4 Model validation 65
4.1 Verification for a single output converter . . . . . . . . . . . . . . . . 65

4.1.1 Measuring equivalent output resistance . . . . . . . . . . . . 66
4.1.2 Fixed dc-output . . . . . . . . . . . . . . . . . . . . . . . . . 67
4.1.3 Floating PWM-output . . . . . . . . . . . . . . . . . . . . . 74

4.2 Verification for multiple outputs converter . . . . . . . . . . . . . . . 77
4.2.1 Measuring transresistance matrix parameters . . . . . . . . . 77
4.2.2 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . 78
4.2.3 Experimental results . . . . . . . . . . . . . . . . . . . . . . . 80

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

5 Design of the H-SCC LED driver 85
5.1 Selection of the architecture . . . . . . . . . . . . . . . . . . . . . . . 86
5.2 Model-centric based design of the power train . . . . . . . . . . . . . 87

5.2.1 Sizing of the capacitors . . . . . . . . . . . . . . . . . . . . . 91
5.2.2 Sizing of the transistors . . . . . . . . . . . . . . . . . . . . . 91
5.2.3 Sizing of the inductor . . . . . . . . . . . . . . . . . . . . . . 92

5.3 OTM for the LED driver . . . . . . . . . . . . . . . . . . . . . . . . . 92
5.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Experimental results 95
6.1 Open-loop measurements with a resistive load . . . . . . . . . . . . . 95

6.1.1 Measurements for a resistive load on the LED output . . . . 95
6.1.2 Measurements with a resistive load on the auxiliary output . 102

6.2 Closed-loop measurements with the LED load . . . . . . . . . . . . . 106
6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107



Contents vii

7 Conclusions and recommendations 109
7.1 A hybrid converter eminently suitable for integration . . . . . . . . . 110
7.2 The modeling methodology . . . . . . . . . . . . . . . . . . . . . . . 111

7.2.1 H-SCC with multiple outputs . . . . . . . . . . . . . . . . . . 111
7.3 A hybrid-switched capacitor LED driver . . . . . . . . . . . . . . . . 112
7.4 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

8 List of publications 115
8.1 Published articles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
8.2 Published patents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
8.3 Filed patents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

A Energy transfer in SMPS 117
A.1 Switched inductor converters . . . . . . . . . . . . . . . . . . . . . . 117
A.2 Switched capacitor converters . . . . . . . . . . . . . . . . . . . . . . 118

B Approximation RSCC 121

C Optimization of H-SCC 127
C.1 Optimal capacitance breakdown . . . . . . . . . . . . . . . . . . . . . 127
C.2 Optimal switch area breakdown . . . . . . . . . . . . . . . . . . . . . 128

D Experimental LED driver 131
D.1 Closed-loop control design . . . . . . . . . . . . . . . . . . . . . . . . 131

D.1.1 Small signal analysis . . . . . . . . . . . . . . . . . . . . . . . 131
D.1.2 Closed-loop compensation network . . . . . . . . . . . . . . . 133
D.1.3 Load step transient . . . . . . . . . . . . . . . . . . . . . . . . 135

D.2 Measurement of RSCC . . . . . . . . . . . . . . . . . . . . . . . . . . 136
D.2.1 Measurement of the converter’s efficiency . . . . . . . . . . . 136
D.2.2 Measurement of the converter’s equivalent output resistance . 137

Bibliography 139

Curriculum Vitae 145

Acknowledgements 147





Preface

The light bulb is one of the most disruptive inventions from our past history. Elec-
trical lighting was definitely a revolution in the early 19th century society; for the
first time in history people had a clear, reliable and safe source of artificial light,
embedded in a single device easy to distribute and control. The apparition of the
electrical light bulb was also, without doubt, the trigger for the commercialization
of electric power and the deployment of the first power distribution networks [1].
The impact was to such a degree that it settled two capital sectors of the present
industry, the lighting and the electric power distribution, with world recognized com-
panies such as Philips, General Electric and Osram. Actually, both sectors are so
closely related that often we use the word light when we mean electricity. In short,
a single invention changed our society forever, bringing light and electricity to our
homes.

To date, with the emergence of the high brightness white light-emitting diodes
(LEDs), we are immersed in the LEDification period. LEDification means: the
transition from the inefficient traditional light sources to LED solid-state lighting
(SSL) technologies, with the benefit of using 75% less energy, and lasting 25 times
longer. At the same time, LED lighting offers a new wider range of possibilities.
From the design perspective, this means being able to change the shape and place
of the fixtures and the light colors. Going to connected lighting systems will change
the way we interact with the lamps and how the lamps interact with us and the en-
vironment, therefore setting the scene for the so-called smart-lighting or smart-LED
introduction. In conclusion, LED lighting has a parallel to the revolution triggered
by that first light bulb, when a single new technology brought two innovations at
once.





Nomenclature

Matrices are bold uppercase, and vectors are bold lowercase.

Charge multipliers notation

Operator Description

A(x,y) Parenthesis operator gives the element of the xth row and
yth column of matrix A

: Colon operator creates a index vector, i.e. x : y generates
[x, x+ 1, · · · , y]

[· · · ]T Vector or matrix transpose
end Last index of the array

Symbol Description

A Net charge multiplier matrix
Ac Capacitor net charge multiplier matrix
Ar Switch charge multiplier matrix
a Net charge multiplier vector
ac Capacitor net charge multiplier vector
ar Switch charge multiplier vector
B Pumped charge multiplier matrix
b Pumped charge multiplier vector
Dj Normalized jth phase period
G Redistributed charge multiplier matrix
g Redistributed charge multiplier vector
i Subscript element instance
j Superscript phase instance
K Redistributed charge multiplier outer product matrix
Kr Switch charge multiplier outer product matrix
m Conversion ratio



xii Nomenclature

m Conversion ratio column vector
x Subscript converter output instance

Mathematical symbols

Symbol Units Description

AT m2 Total area
C F Capacitance
CT F Total capacitance
Cds F Drain-source capacitance
Co F Output capacitance
D - Duty cycle
E J Energy
EL J Normalized inductor energy
fsw Hz Switching frequency
Iout A Average output current
L H Inductance
Lo H Converter output inductance
Lout H Normalized converter output inductance
Imax A Maximum peak current in a SMPS inductor
m - Conversion ratio
mi - Switched capacitor intrinsic conversion ratio
mx - Switched capacitor x-node conversion ratio
N - Number of levels of a switched capacitor converter
nx - Switched capacitor converter node
ndc - Switched converter dc-node
P W Power
Pout W Output power
Psw W Switching losses
Psw W Normalized switching losses
Qsrc C Voltage source charge
q C Charge
R Ω Resistance
Ron Ω on-switch resistance
RSCC Ω Switched-capacitor equivalent output resistance
RSSL Ω Slow switching limit equivalent output resistance
RFSL Ω Fast switching limit equivalent output resistance
RESR Ω Capacitor equivalent series resistance
R� Ω m2 Resistance per unit area
S - Switch
Tsw s Switch period



Nomenclature xiii

t s Time
Vblk V Blocking voltage in a switch
Vds V Switch drain-source voltage
Vfw V LED forward voltage
Vout V Average output voltage
Vsrc V Reference voltage in a closed-loop driver or control
Vsrc V Average source voltage
Vtrg V SCC target voltage
Vx V Switching node voltage
Z Ω Transresistance
ZSCC Ω Switched-capacitor equivalent transresistance matrix
ZSSL Ω Slow switching limit equivalent transresistance matrix
ZFSL Ω Fast switching limit equivalent transresistance matrix
∆m - Dynamic conversion ratio range
∆I A Inductor peak-to-peak current ripple
∆V V Switching node peak-to-peak voltage ripple
∆Vfw V LED forward voltage variation range
η % Electrical efficiency
ηtrg % Target electrical efficiency of the converter
εr % Relative error
τ s First-order time constant

Abbreviations

Acronym Description

ac Alternating current
BCM Boundary conduction mode
caps. Capacitors
CCM Continuous conduction mode
CFA Charge flow analysis
CMOS Complementary metal-oxide semiconductor
dc Direct current
EMI Electromagnetic interferences
FSL Fast switching limit
H-SCC Hybrid switched capacitor converter
HV High voltage
IBC Inductor based converter
IC Integrated circuit
IP Intellectual property
KVL Kirchhoff’s voltage laws
KCL Kirchhoff’s current laws
LED Light emitting diode



xiv Nomenclature

LC Inductor-capacitor
LDO Low-dropout regulator
LoE Lighting-over-ethernet
mux Multiplexer
ORM Equivalent output resistance model
OTM Equivalent output transresistance model
PCB Printed circuit board
PoE Power-over-ethernet
PSiP Power system on-chip
PSoC Power system in-package
PWM Pulsed width modulation
QFA Quantified charge flow analysis
RC Resistor-capacitor
RF Radio frequency
SCC Switched capacitor converter
SMPS Switched mode power supply
SSL Solid-state lighting / Slow switching limit
VLSI Very large integration scale
s.s. Steady-state
sel Multiplexer selection channel



Chapter1
Introduction

”There is a crack. A crack in everything.
That’s how the light gets in.”

– Leonard Cohen in Anthem

1.1 Background

To date, the lighting industry is under the biggest transformation of its history with
the emergence of the high brightness light-emitting diodes (LEDs) [2–4]. In the
close future, all the traditional lighting technologies, incandescent and fluorescent,
will be replaced by solid-state lighting (SSL) technologies. This transformation is
generally referred to as ‘LEDification’ [5–7]. The clear benefit of SSL is a reduction
in the power consumption [8]. Moreover, SSL technologies offer a new wide range of
possibilities. The design of the light fixtures can be more flexible due to the small
form factor of the LED [9]. LED lights can produce the full range of visible colors,
adjusting the atmosphere of the room according to the mood of the people inside.
A further innovation in the LED world is to add connectivity [10], placing them in
the growing trend of internet-of-things [11], or, specifically for lighting, internet-of-
lights [10, 12, 13].

The functionalities of a LED lamp are enabled by the LED driver. The LED driver is
the power converter circuit that transforms the raw electrical power from the energy
source to a current that properly supplies the LED load. Currently, LED drivers
are designed using discrete components that facilitate fast development and cheap
implementation, however, the discrete assembly approach limits the possibilities of
reducing the converter’s volume and cost. Moreover, adding new functionalities in
a discrete circuit requires more components, thus increasing cost and volume of the
driver. Therefore, new technologies for LED drivers enabling more functionality and
less volume with a lower cost will become crucial in the development of future SSL
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technologies.

1.1.1 The LED as a load

A light emitting diode or LED is a non-linear load with the well-known voltage-
current (V − I) characteristic of a diode, shown in figure 1.1. For voltages below the
forward voltage (Vfw), practically no current flows and it behaves as an open circuit.
For voltages above Vfw the curve rises steeply and the current increases strongly as
a function of the voltage. The LED has to be operated at a specific point P (see
figure 1.1) in order to provide the desired light output. Light colour and intensity
will influence the necessary bias current. Due to the steepness of the V − I curve,
the practical way to bias a LED is to supply it with a dc-current.

+ −
V

I

v

i

Vfw

∆Vf

Vbias

Ibias
P

Vbias

∆Vbias

Figure 1.1 Idealized LED voltage-current characteristic indicating the bias
point P. Notice that the curve does not present the typical expo-
nential characteristic of a pn-junction since it is idealized including
the effects of the internal dynamic resistance.

The characteristics of a LED are subject to manufacturing tolerances and second
order effects like thermal deviations and ageing. Therefore the V −I characteristic is
not static and requires the driver to adapt to the load in order to keep the light output
constant. Variations in the V − I curve can be associated with three main effects.
First, Vfw has a negative dependence on the temperature, lowering its value as the
pn-junction temperature increases. Second, the LED ages [14–17] due to internal
effects of the pn-junction (e.g. electromigration, metal diffusion and nucleation) and
external thermal degradation of the coating phosphores, which results with a change
in the light output, color and intensity, over time. This effects has to be diminished
by adapting the bias point. And third, due to production tolerances, LEDs will
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vary in colour, luminous flux, and forward voltage; even for products from the same
batch. Table 1.1 shows the tolerance in forward voltage for four commercial devices,
observing a deviation of around ±10%.

Figure 1.1 graphically presents how the tolerances in Vfw produce a displacement in
the V − I characteristic, requiring to modify the Vbias within a certain range ∆Vbias
in order to keep Ibias constant. In addition to the variations associated with the
load, LED lamps have to cope with perturbations and tolerances caused by being
subjected to the energy supply.

Table 1.1 Electrical characteristics of multiple commercial LEDs.

Model Mnf.
Vfw [V] If Lum. CCT

min. typ. max. [mA] [lm] [K]

L130-4080003000W21 Lumileds 5.8 6.1 6.6 120 110 4000

CLA1A XB-D - 2.9 3.5 350 122 5000

NF2L757GR Nichia - 6.32 7.1 150 124 3000

ASMT-AN00-NUV00 Avago 2.8 3.2 3.5 350 90 4000

1.2 LED drivers

Examining the characteristics of a LED as a load, we clearly understand that a LED
has to be properly biased in order to provide the desired light output. Moreover,
this desired light output has to be unperturbed by the tolerances in the electri-
cal characteristics of the LED, and independent of the perturbations of the energy
source.

The implementation of a LED driver depends on the energy source and the converter
technology. LED drivers can be classified by the type of the input source, either dc-
power or ac-power (mains connected) drivers. Mains connected drivers are not in
the scope of this dissertation and they will not be covered. This dissertation focuses
on dc-dc LED drivers since the upcoming low-voltage dc grids [18, 19] combined
with SSL are a promising technology with a better system efficiency [20–22]. LEDs
need dc-power, by using dc grids a transformation stage is eliminated in the driver,
thus lowering power losses. Currently, different dc-grid standards are being pushed
by companies and organizations. For example, Philips is proposing lighting-over-
ethernet [22] (LoE) using the power-over-ethernet (PoE) standard for LED lighting
systems. Another example is the EMerge Alliance with a 24V standard for a track
lighting system [23, 24].

The EMerge Alliance standard is used in the experimental LED driver presented in
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this dissertation in order to give an application of a dc-dc driver linked to the future
trends in SSL. dc-dc drivers can be classified in three main technologies as explained
in the subsequent sections.

1.2.1 Linear regulators

Linear regulators place a dissipative series element between the source and the LED
load. The series element limits the LED current, providing the necessary voltage
drop between the source and the load. The excess of voltage between the source
and the load is dissipated in the series element, and is literally burned in the form
of heat; therefore these drivers are very inefficient if the LED voltage is not close to
the source voltage. Another limitation is that linear drivers only provide step-down
conversion, and therefore they cannot work when the voltage of the load is higher
than the input supply.

+−Vsrc

Rseries Iout

+

−

Vout

(a)

Vout/Vsrc

η

10.7

100%

70%

(b)

Figure 1.2 Linear driver, (a) functional schematic, (b) efficiency as a function
of the conversion ratio.

The circuit of figure 1.2a shows a functional schematic of a linear driver. The series
element can be implemented with just a resistor or with an active device. The first
will impose a current depending on the input source and the load conditions; the
second will provide regulation of the bias point for variations in the source and in
the load.

Linear drivers are simple to implement with a few components, as shown in the
schematic of figure 1.3. They have a very low cost and take almost no area, being
indeed the perfect solution for integration.

The graph in figure 1.2b presents the variation of the driver efficiency with respect
to the conversion ratio

m =
Vout
Vsrc

. (1.1)

We can see that the efficiency of the driver is the ratio between the input and output
power, thus

η =
Po
Pi

=
VoutIout
VsrcIout

=
Vout
Vsrc

= m. (1.2)
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Iout =
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Rsense

Figure 1.3 Low-dropout (LDO) LED driver regulator. The load current Iout
is fixed by the voltage Vref , despite perturbations in Vsrc and the
LED voltage (Vfw).

Therefore in a linear regulator the efficiency is related to the conversion ratio of the
converter. The higher the difference between input and output, the lower the effi-
ciency. For instance, assuming that a LED driver has to have a minimum efficiency
of 80%, the maximum conversion ratio would be m = 0.8.

1.2.2 Inductor based converters

Inductor based converters (IBCs) are switched mode power supplies 1 (SMPS) that
employ magnetic reactive elements, i.e. inductors and transformers, to store energy
and provide efficient electrical power conversion. The magnetic component is the
main passive element in the converter, allowing to process electrical energy by storing
it in a magnetic field.

IBCs provide conversion (step-up, step-down and/or inversion) for a broad dynamic
range, without compromising the converter efficiency. On top of their power con-
version capabilities, IBCs can also provide galvanic isolation, which in high voltage
supplied applications is generally compulsory in order to guarantee the safety of
the users against electrical hazards. These characteristics make IBCs the preferred
solution for the LED industry. Figure 1.4a shows a Buck converter, one of the
most popular implementations for LED drivers in dc-dc applications. Figure 1.4b
presents the regulation characteristic of a generic inductor based converter. The the-
oretical efficiency of these converters is 100% for the whole conversion ratio range,
as demonstrated in appendix A.1, however, in a real implementation the parasitics
in the components reduce the converter’s efficiency.

The main disadvantage of IBCs is their use of magnetic components. In practice,
inductors dominate the volume of the converter as shown in figure 1.5. The three-
dimensional nature of these components limits their integrability, especially in stan-
dard integration processes. Current research in the field is providing solutions for

1Electronic power supplies that provide efficient power conversion by commuting between dif-
ferent circuit configurations (modes).
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Figure 1.4 Inductor based converter, (a) buck converter schematic, (b) effi-
ciency as a function of the conversion ratio, comparing the theo-
retical and a practical implementation.

power inductors, however they are far from being mature enough for commercial
use.

Figure 1.5 dc-dc step-down inductor based converter with the inductor
marked by the colored square. Vin = 4.75V − 23V , Vout =
1.0V − 17V and Iout = 3A.

From the standpoint of switch technology, inductive converters have yet another
disadvantage with respect to integration. Generally, the switches in an inductive
converter have to fully block the highest operational voltage of the converter, be-
ing the input voltage, the output voltage or the sum of them. Depending on the
application, the range is from ten to a few hundred volts. Using high voltage de-
vices has three main drawbacks: first, the losses in the devices scale quadratically
with the blacking voltage. Second, the switching performance is worst than lower
voltage devices, because high voltage devices have more parasitics that produces
higher switching loss. Finally, the available high-voltage devices in standard VLSI
technologies are less performant and more expensive than dedicated discrete tech-
nologies.
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1.2.3 Capacitor based converters
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Figure 1.6 2:1 switched capacitor converter. (a) converter schematic, (b) ef-
ficiency as a function of the conversion ratio.

Switched capacitor converters (SCCs) are SMPSs composed only of switches and
capacitors. One of the disadvantages of these converters is that they are by nature
lossy, as demonstrated in appendix A.2. Nevertheless, they find different areas of
application thanks to other advantages like not using magnetics and monolithic in-
tegration. Initially used for voltage multiplication [25–27], more recently they are
used in applications that need voltage regulation and power conversion as well [28]
(see figure 1.7a). Compared to inductor based converters, the absence of magnetic
elements places them in a good position for high density power systems and inte-
grated solutions, such as power system in-package (PSiP) or power system on-chip
(PSoC).

SCCs have a fixed ratio of conversion between the input and the output determined
by the topology. The output voltage of the converter under no load conditions is
defined as the target voltage (Vtrg). The converter performs at high efficiency when
the load voltage is close to the target voltage. Similar to linear drivers, the effi-
ciency of the converter drops as the difference between the load and target voltage
increases. The converter cannot supply a voltage above the target voltage. Fig-
ure 1.6a shows a step-down converter with a conversion ratio of one half, thus a 2:1
SCC, and figure 1.6b shows the efficiency with respect to the conversion ratio. As
the ratio between the input and the output voltage becomes smaller than one-half,
the efficiency drops linearly, similar like that in a linear regulator. For ratios above
one-half the converter is not operative. A common practice to extend the regula-
tion margins of these converters is to have topologies with a gear box that provides
multiple ratios of conversion [29, 30]. These are also known as multi-ratio voltage
converters.

The main limitation of SCCs is that they cannot directly provide voltage-to-current
regulation, a necessary feature of a LED driver. Nevertheless, by indirect means the
output current can be controlled through adding a linear regulator in series with
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(a)

(b)

Figure 1.7 dc-dc step-down switched-capacitor converter [28], (a) converter
PCB board, (b) die photo of the chip. Vin = 7.5V − 13V , Vout =
1.0V and Iout = 1A. Source: [28]

the converter output, compromising the converter efficiency. This approach is very
popular for back-lighting LEDs in battery supplied devices 2, where high integrability
was more relevant than the power efficiency. These back-lighting LED drivers use
a SCC stage to convert the battery voltage to above the LED string voltage, and

2Two examples of commercial SCC based LED drivers ICs are the MAX8879 from Maxim and
the TPS60230 from Texas Instruments.
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by means of linear drivers the output current is adjusted to properly bias the LED.
Adopting that architecture for general lighting could be a solution, however, when
scaling the voltages and currents to the requirements of general lighting applications
the resulting driver would be infeasible and inefficient.

From the viewpoint of integration the main advantage of SCC is that they use
no inductors. Integrated capacitors have a better energy density than integrated
inductors. The mechanical structure of the capacitors, a stack of metal-isolator-
metal, is much easier to replicate on a small scale. With respect to the switch
technology, SCCs have the advantage of distributing the operational voltages of
the converter over the different components, thus reducing the voltage stress of
the switches and capacitors. Actually, reducing the voltages in the converter has
different advantages. First, low voltage integrated capacitors have higher energy
density. Second, lower voltage switches have better switching performance and lower
associated losses. Finally, lower voltage devices require less silicon area.

1.3 An overview of integrated LED drivers

With regard to the integration of power supplies, we can identify two clear ap-
proaches, i.e. power system on-chip (PSoC), and power system in-package (PSiP).
PSoCs integrate all converter functions, power train and control, on a single die,
using the available on-die reactive components. Currently, the standard VLSI pro-
cesses offer capacitors and inductors with low energy densities, generally provided for
radio frequency (RF) purposes. PSiPs integrate the converter in a single integrated
circuit (IC) package, allowing to use multiple dies with different technologies and
dedicated miniaturized discrete components. Currently there are a few commercially
available PSiP LED drivers offered by Linear Technology [31].

There is yet another approach in the integration of power supplies, where the IC
integrates the power train and the control, using off-package passive components.
In reality, this is a widely adopted and dominant solution among the different IC
manufacturers that provide LED dedicated drivers for the three main applications:
screen back-lighting, general lighting and automotive. In order to fulfill these appli-
cations, manufacturers offer two possible IC solutions: stand-alone controllers, and
integrated power train and controller. These application specific drivers facilitate
development by reducing component count and design time, however, the flexibility
in the design of new topologies that help integrability and improve the power den-
sity is very limited since the driver topologies are already fixed by the available ICs.

In back-lighting, the commercial ICs integrate a power train, control unit and a
communication interface. Back-lighting applications require multiple LED channels,
therefore these drivers implement the power train architecture shown in figure 1.8.
A SMPS (inductive or capacitive) converts the supply voltage to a voltage above



10 Introduction

IC DIE

S
M

P
S

(w
it

h
o
ff

-c
h

ip
p

a
ss

iv
es

)

Intensity
Controller

+−Vsrc

Figure 1.8 Block diagram of a commercial LED driver IC used in back-lighting
applications.

the LED strings, and a linear regulator in series with each LED string channel
enables to individually control the current for each channel [32, 33]. In general
lighting and automotive applications the dedicated commercial ICs implement only
inductor based converters such as buck, boost, or flyback topologies. These products
provide a solution from the power conversion point of view without integrating
other functionalities. With an innovative approach and looking towards the future
connected lamps, GOOEE [34] provides a two chip solution: a LED driver chip with
off-chip passives, and a dedicated µController unit for connected lights. GOOEE
solution enables a LED lamp with smart functionality such as sensing, data logging
and cloud connectivity.

1.4 Hybrid-switched capacitor converter

A background of the different driver technologies and the state-of-the-art of LED
driver integration was given in order to contextualize our first research question:

Is it possible to create an integrated LED driver IC?

From the previously given background, it seems that SCC are the most promising
technology in the integration of power converters, so this leads to our second research
question:

Can we drive a high brightness LED with just a switched capacitor converter?

Based on the aforementioned characteristics, a SCC based driver seems to be, a
priori, a bad choice when considering its characteristics in terms of regulation and
voltage conversion: a SCC can only provide voltage-to-voltage conversion in discrete
steps. Owing to the fact that, as previously mentioned, a LED load is generally
supplied by current due to its abrupt V − I characteristics, this is not appropriate.
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One possible solution would be to design a SCC with enough conversion steps,
however, the necessary granularity in the conversion steps would make the converter
practically infeasible due to the large number of capacitors and switches. Another
solution would be to combine the SCC with a linear regulator, which is indeed a
commercial solution in screen back-lighting for low-power battery supplied devices,
but is not applicable for high power LED drivers. Despite all these limitations in
power management, a SCC based driver would be an interesting candidate from
the standpoint of integration. First, SCCs allow to address high-voltages using a
low-voltages process, which would potentially enable the implementation of a power
converter using low-voltage processes. Second, because they do not use magnetic
materials, they are very interesting in terms of volume reduction.

Looking at the SCC limitations with respect to high efficiency and tight current reg-
ulation, an inductive converter seems to be a more suitable solution since it excels
in both these characteristics. However, it does not have such promising integration
characteristics: the switches in an inductive converter scale with the input voltage,
limiting the possibilities of its implementation in standard CMOS low-voltage pro-
cess. That is why we propose a compromise solution between both SMPS technolo-
gies by combining a SCC with an inductor [35–42], in what we call a hybrid-switched
capacitor converter, abbreviated to H-SCC.

SCC POWER TRAIN OUTPUT
FILTER

+−Vsrc
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C2

C3 C4
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+

−

Vout

C5

Figure 1.9 Proposed LED driver topology, based on the combination of a SCC
with an inductive output filter. The output filter is connected to
an internal switching node of the SCC.
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A H-SCC combines a SCC with a buck-like output filter. The SCC stage implements
the power train, generating a switching voltage node for the filter, and distributing
the voltages over the devices. The LC output filter supplies the LED load from
one of the internal nodes of the power train, providing current regulation without
compromising the SCC efficiency. In addition, this combination of converters enables
to reduce the size of the inductor compared to a pure IBC and takes advantage of
better integration characteristics of the SCCs. Therefore, the H-SCC is the selected
topology candidate for a highly-integrated and miniaturized LED driver, and the
main topic of this PhD research work.

1.5 Research goal and objectives

Looking at the current driver designs, we can say that the initial driving forces in
driver design: cost, power and light quality, resulted in effective solutions based on
discrete components. However, discrete drivers cannot easily satisfy the design in
terms of miniaturization and smartability3. The implications of these two concepts
are opposing. Providing smart functions to the driver requires to add more compo-
nents, therefore increasing the volume and PCB area, while miniaturization requires
to make the driver smaller. Actually, this dilemma has its analogy in the mobile
phone industry. After the first generations of mobile phones, the requirements in
terms of functionality could only be satisfied by a system-on-chip (SoC), where the
maximum functionality was integrated in a single IC. Based on smart-phone anal-
ogy, this dissertation moves the research for future highly miniaturized LED drivers
to the domain of Power Systems on-Chip/in-Package(PSoC/PSiP), where miniatur-
ization and integration of functionalities can be easily achieved. This thesis only
addresses the topic from the standpoint of dc-dc LED drivers, and does not address
ac-dc applications.

The work done in this thesis was motivated and founded by the Power and Con-
nectivity Systems department of Philips Research, in The Netherlands. The goal
is to explore the future possibilities within the scope of LED drivers, with the aim
to identify new architectures that enable high power density and integration. First
goal is achieving higher power density, which is generally one of the main targets
of any research in power electronics since it helps in the miniaturization of power
supplies. Second goal is integration thus finding a solution that is more suitable to
be implemented in an IC than the current SMPS technologies. The last was actu-
ally the rationale for the research topic. This landed us with the second research
question that triggered the dissertation:

3The capability to enable a device with extra functionalities beyond its standard use such us
connectivity, sensing and processing. This is a growing necessity in the context of the forthcoming
internet-of-things era [43].
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Can we drive a high brightness LED with just a switched capacitor converter?

The answer was no, at least not in an efficient way that makes a driver feasible. In
fact this negative answer gave us a different approach to face the problem. Instead
of selecting one of the conventional SMPS converter circuits, a buck or a SCC, and
attempting to implement it in an integrated design, we first looked for different
power circuit architectures that suited the characteristics of the LED load, and at
the same time, the requirements for an integrated solution. This approach brought
us to research power converter circuits for LED drivers at the system level, and
not technological aspects related with a VLSI implementation. Therefore, detailed
technological aspects are not covered in this dissertation.

We found that a switched capacitor converter (SCC) combined with an inductor
is a proper architecture for a LED driver with high efficiency. We defined this as
the hybrid-switched capacitor converter, abbreviated H-SCC. With the topology
defined, the other research objectives naturally followed: a converter model and
a design methodology were necessary to implement an experimental LED driver
based on the new topology. The accomplishment of these objectives leads to the
main scientific contribution of the dissertation: a new power circuit architecture,
and a solid analysis framework to study new circuits based on advanced uses of
SCCs.

Subsequently, in order to contextualize this research with the industry, an exper-
imental LED driver is designed for the 24V EMerge Standard with 12W output
power. It features two outputs, one for the LED load and another for low-voltage
auxiliary electronics to provide connectivity to the converter; in this way showing
the multi-output nature of the H-SCCs converters.

Owing to the fact that this research was founded by a private research institution
(Philips Research, The Netherlands), all the intellectual property (IP) generated
during the research needed to be protected. A total of nine patents were filed, four
of them already published, with the aim to cover the H-SCC topic completely. The
list of the filed patents is included in Chapter 8. Owing to the IP restrictions of
Philips the journal publications have been delayed.

1.5.1 Scientific contributions

The main scientific contributions of the performed research are:

• A new dc-dc LED driver converter based on the combination of a switched
capacitor converter with an inductive output filter (Chapter 2). This new
converter is named hybrid-switched capacitor converter (H-SCC).

• The first analysis methodology for SCC that can infer the equivalent output
resistance (RSCC) of any node in the converter (Chapter 3), thus allowing
the study and analysis of the new H-SCC. This new methodology is named
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quantified charge flow analysis (QFA) [37, 44]. In addition, QFA improves the
existing charge flow analysis (CFA) method by including the effects of the duty
cycle and the stored charge in the output capacitor.

• The first circuit representation, named equivalent output transresistance model
(OTM) [38, 44], for a SCC with multiple output nodes, along with the QFA ma-
trix notation that solves the transresistance parameters of OTM (Chapter 3).
The transresistance parameters model the cross-coupled effects between the
different converter outputs.

• A dedicated H-SCC LED driver for the 24V EMerge Alliance standard. The
related model-centric design procedure for the optimal implementation of the
converter (Chapter 5) proves the high efficiency of the converter (Chapter 6).

1.5.2 Thesis outline

This thesis is divided in eight chapters. The first chapter starts by giving the back-
ground of the research topic, visiting the characteristics of the LED load, the different
LED driver technologies, and the state-of-the-art of integrated converters. It intro-
duces the hybrid-switched capacitor converter (H-SCC) as the proposed solution for
an integrated LED driver, and it finishes presenting the research goals, scientific
contributions and the thesis outline.

Chapter 2 is devoted to the description of this new H-SCC topology, presenting
the configuration and operation of the converter. The benefits compared to a buck
converter are given for the output inductance and the switching losses, and compared
with different metrics. The chapter closes by presenting the specific LED driver
topology used in the experimental setup.

Chapter 3 is devoted to analysing and modeling of the H-SCC. It is essential to
have accurate models to assess the design of capacitive converters due to their lossy
nature and large number of capacitors and switches. This chapter first introduces
the new quantified charge flow analysis (QFA) that allows to infer the equivalent
output resistance model (ORM) parameters. Subsequently, a new circuit represen-
tation model, named equivalent output transresistance model (OTM) for capacitive
converters with multiple outputs is given. The QFA methodology is then extended
for multiple output converters, providing a complete modeling framework to solve
new architectures based on switched capacitor converters.

Chapter 4 validates QFA for both single output and OTM for multiple output con-
verters by comparing the model parameters from both circuit simulations and an
experimental setup. When possible, the achieved results with QFA are confronted
with the existing modeling methods.

Chapter 5 presents an experimental LED driver circuit assembled on a printed circuit
board (PCB) with discrete components. The driver is designed for the 24V input,
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low voltage standard for track lighting, defined by the EMerge Alliance, and has
two outputs. The main output supplies a 12V LED with 945mA at 85.5% efficiency.
The peak efficiency is 96% at 528mA. The second output delivers 4V at 500mA
and is designated to supply auxiliary control circuits. The experimental results are
presented in Chapter 6.

Chapter 7 summarizes this work. Recommendations for future research are given as
suggestions.





Chapter2
Hybrid-switched capacitor LED
driver

Driving high power LEDs using a switched capacitor converter (SCC) is a challenge.
The SCC provides good performance in voltage-to-voltage conversion, but it can not
directly provide regulated current. In low power applications this is solved by using a
linear regulator in series with the LED string, however that is not a valid solution for
general lighting where high power and high current are needed. Combining switched
capacitors with inductors can provide efficient converters for LED lighting, where
the use of an inductor enables a tight and efficient regulation, and the use of switched
capacitors allows to reduce the voltage stress in the components, reducing both the
switching losses and the volume of the inductor.

The hybrid-switched capacitor converter (H-SCC) that is introduced in this chapter
is a merge of a switched capacitor and an inductive converter. The first section
introduces the SCC, preparing the reader to understand the operation of the H-SCC.
The second section presents the H-SCC topology and operation. The third section
presents a LED driver circuit based on the H-SCC topology, being the converter
used for the experimental prototype.

Contributions of this chapter are published in:

– J. Delos, T. Lopez, M.A.M. Hendrix, and E. Alarcon. Compact driver, notably for a light
emitting diode, having an auxiliary output, 03 2015. URL https://www.lens.org/lens/

patent/WO_2015_040564_A1

– J. Delos, T. Lopez, M.A.M. Hendrix, and E. Alarcon. Compact power conversion device with
continuous output regulation range, 03 2015. URL https://www.lens.org/lens/patent/WO_

2015_040575_A1

https://www.lens.org/lens/patent/WO_2015_040564_A1
https://www.lens.org/lens/patent/WO_2015_040564_A1
https://www.lens.org/lens/patent/WO_2015_040575_A1
https://www.lens.org/lens/patent/WO_2015_040575_A1
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2.1 Fundamentals of a switched capacitor con-
verter
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Figure 2.1 3:1 Dickson converter.

SCCs are a family of SMPS circuits that provide power conversion using only
switches and capacitors. A SCC has two or more operation modes, referred to as
phases, and each operating mode is associated with a different circuit arrangement
of the capacitors. The SCC is sequentially switching between the different modes,
providing a voltage conversion between input and output. The Dickson and Ladder
topologies (figures 2.1 and 2.2 respectively) are the preferred SCC approaches used
in this dissertation. These have been selected since they share similar characteristics
that favour the design of H-SCCs. Despite the fact that the presented examples are
based on these two topologies, the presented analysis holds for any other well-posed1

SCC topology [45].

1The net equations (KVL) of a well-posed converter provide a solvable system with an unique
solution for all capacitor voltages.
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Figure 2.2 3:1 Ladder converter.

2.1.1 Conversion ratio

Both circuits, figures 2.1 and 2.2, are two phase converters that provide a step-down
conversion ratio of 1

3 . During the first phase the odd switches are closed, resulting
in the circuit of figure 2.3a for the 3:1 Dickson. During the second phase, the even
switches are closed, resulting in the circuit of figure 2.3b for the 3:1 Dickson. In
this thesis the SCC converters are referred to as N :1 Topology name, where N is the
number of levels of the topology.

When the converter is unloaded and in steady-state (s.s.), its topology determines
the average voltage on the capacitors, and so its conversion ratio. Therefore, the
capacitor voltages and the conversion ratio of the converter can be obtained by
solving a system of linear equations defined by applying Kirchhoff’s voltage law
(KVL) for each circuit mode2. The following example uses the 3:1 Dickson converter
of figure 2.1 to solve the target voltage (the output voltage when the converter is not
loaded) and the conversion ratio of the converter. Starting with the KVL equations
of the first phase (see figure 2.3a)

Vsrc − VC1 − VC2 = 0,

Vout − VC2
= 0,

Vout − VC3
= 0.

(2.1)

2Well-posed converters [45] provide a solvable system with a unique solution. Converters that re-
sult in undetermined or overdetermined linear systems are non-well-posed converters, and generally
require a modification of the circuit.
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(a) First phase, odd switches are closed and even switches are open.
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(b) Second phase, even switches are closed and odd switches are open.

Figure 2.3 Equivalent circuits of the modes in 3:1 Dickson converter of fig-
ure 2.1

The KVL equations of the second phase (see figure 2.3b) result in

VC1
− VC2

− VC3
= 0,

Vout − VC3
= 0.

(2.2)

Selecting the linear independent equations from (2.1) and (2.2), a solvable system
can be formulated as 

Vsrc − VC1 − VC2 = 0

VC1 − VC2 − VC3 = 0

VC2 = Vout

VC3 = Vout

. (2.3)

Solving it results in

Vout = VC3
= VC2

=
Vsrc

3
,

VC1
=

2 Vsrc
3

,

(2.4)

hence the conversion ratio is

mi =
Vout
Vsrc

=
1

3
. (2.5)
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This result demonstrates that in s.s. and unloaded condition the conversion ratio is
only defined by the topology of the converter, and is independent of the capacitor
values. This analysis does not hold for transients. From here on, the topology
defined conversion ratio will be referred to as the intrinsic conversion ratio mi,
which is inversely proportional with the number of levels of the topology, thus mi =
1/N .

2.1.2 Output voltage regulation

As previously demonstrated, a SCC has a fixed conversion ratio (mi) under no-
load condition that is only defined by its topology and not by its operation regime.
Therefore the converter cannot provide voltage regulation by modulating its intrinsic
conversion ratio3.

+−mi Vsrc

RSCC Io

Ro

+

−

Vout

+

−

Vtrg

Figure 2.4 Output resistance model of a switched capacitor converter.

In practice, when the converter is loaded the voltage at the output Vout drops with
respect to Vtrg as a function of the output current and RSCC

4. That is why a SCC
is modeled with the equivalent output resistance model of figure 2.4, explained in
detail in Section 3.1.1. Therefore, Vout can be regulated by modulating the value
of RSCC [28], dropping the excess voltage in this series resistor. Obviously, the
efficiency of the converter is affected like in a linear regulator (1.2). The efficiency
of the converter can be written as a function of Vsrc and Vout, giving

η =
Po
Pi

=
Vout Io

mi Vsrc Io
=

Vout
mi Vsrc

. (2.6)

In figure 2.5 is compared the efficiency of a linear regulator and a linear regulated 2:1
SCC, showing that below Vout/Vsrc = 1/2 the 2:1 SCC has better efficiency, however
above 1/2 the SCC is no longer operative. Anyway, in both cases the efficiency drops
as the output voltage decreases.

3Topologies with multiple conversion ratios can switch between different mi values to improve
the overall efficiency, however, in any case these intrinsic conversion ratio values are fixed by the
topology and cannot be modulated

4RSCC depends on the switches on-resistance, the capacitor values, and the converter transient
operation. The characteristics of it are covered in Chapter 3
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Figure 2.5 Maximum theoretical efficiency plotted as function of Vout/Vsrc

between a linear regulator and a 2:1 SCC linearly regulated.

2.1.3 Multiple conversion ratio converters
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Figure 2.6 Multiple conversion ratio converter: (a) circuit schematic, and (b)
maximum theoretical efficiency as a function of the conversion ra-
tio.

Multiple conversion ratio converters extend the regulation margins and increase the
conversion efficiency. The conversion characteristics and limitations of a 2:1 SCC
are shown in figure 2.5. First, the converter is only operative for conversion rations
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below 1/2. Second, as Vout/Vsrc moves below the intrinsic conversion ratio of the
converter (mi = 1/2) the efficiency decreases linearly. Other topologies, like the one
of figure 2.6a, have multiple intrinsic conversion ratios - 1

3 , 1
2 , 2

3 and 1 - that extend
the operation margins and increase the efficiency of the converter as shown in the
plot of figure 2.6b.

2.1.4 Output nodes in a switched capacitor converter

The previous section presented SCCs with the load connected to a node that provides
a fixed conversion ratio. Actually, that is the most common way of employing these
converters, however, a SCC can supply the load from other nodes. As shown in
figure 2.7, two different types of nodes can be identified: node a, a fixed voltage dc-
node; node b, a floating switching node that we defined as a pulse width modulated
node (PWM-node).

+−Vsrc

S1

S2

S3

S4

B → PWM node

A→ dc nodeCfly

Cdc

(a)

t

VB(t)

(b)

t

VA(t)

(c)

Figure 2.7 (a) Schematic of a 2:1 SCC with the two types of nodes identified:
node A is a dc-node, and its voltage transient voltage is plotted in
(c). Node B is a PWM-node, and its transient voltage is plotted
in (b).

Fixed voltage dc-nodes are the common output nodes of a SCC. A dc-node supplies
the output with a fixed conversion ratio defined by the topology, and with a low
voltage ripple thanks to the capacitor in parallel with the load. The capacitors that
are connected between a dc-node and ground are dc-capacitors (Cdc) as shown in
figure 2.7. A SCC can have one or more dc-capacitors. Topologies that reduce
the number of dc-capacitors tend to have a better capacitor utilization, since these
capacitors do not contribute to transport charge [45].

The use of floating pulse width modulated-nodes (PWM-nodes) was not reported
until a couple of recent publications [35, 36] presented the advantages of using them.
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PWM-nodes were considered internal to the converter without any added function-
ality, however, the conversion possibilities of SCCs can be further enhanced by using
these nodes. PWM-nodes are accessible from the terminals of flying capacitors
(Cfly), delivering a floating pulse-width-modulated (PWM) voltage with an added
dc offset of a fraction of the input voltage with respect to ground. The magnitudes
are related to the SCC topology. The pulsating voltages can be connected to an
inductive-capacitive (LC) low-pass filter, allowing to supply a low-ripple dc-voltage
to the load. Furthermore, the PWM voltage at the node can be controlled by ad-
justing the duty cycle of the SCC, enhancing the regulation capabilities of these
outputs compared to the fixed conversion ratio of the dc-nodes. Notice that in the
Dickson and Ladder topologies, N coincides with number of the different available
PWM-nodes, for that reason N is defined as the number of levels.

2.2 Hybrid-switched capacitor converter

+−Vsrc
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S2

S3

S7

S6

S4

S5

n1

n2

n3 n4

C1

C2

Lo

C3

+

−

Vout

Vx

Co

Figure 2.8 3:1 H2-Dickson topology with the inductor connected to the second
PWM-node.

A Hybrid Switched Capacitor Converter (H-SCC) uses a low pass filter to supply a
dc voltage from a PWM-node. The hybrid configuration of the 3:1 Dickson converter
with the output filter connected to the node n2 is shown in figure 2.8. The low-pass
filter is composed of inductor Lo and capacitor Co that removes high frequency ac-
components present at the switching node. From this point on, the hybrid variation
of a SCC topology will be denoted by adding an Hx in front of the topology’s name,
where the superscript refers to the used output, thus the converter in figure 2.8 is
now referred to as 3:1 H2-Dickson. For the sake of clarity, the operation of an H-SCC
is illustrated with the 3:1 Dickson converter used previously. For this converter the
steady-state (s.s.) voltages were already solved in section 2.1.1. Except for the added
filter, the SCC topology has the same circuit structure as in the original converter,
and so do the steady-state voltages on the capacitors. The two switching modes of
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Figure 2.9 Transient voltage at the switching node Vx of the 3:1 H2-Dickson
in figure 2.8

the converter are shown in figures 2.10a and 2.10b, displaying the average voltage
values of the capacitors. Through a graphical inspection, it can be seen that the
voltage at the switching node Vx is different in each switching cycle, producing the
PWM-voltage shown in figure 2.9. The unloaded voltage at the switching node Vx
over an entire switching period Tsw is defined with a discontinuous function as

Vx(t) =


1
3Vsrc : 0 < t ≤ DTsw

2
3Vsrc : DTsw < t ≤ Tsw,

(2.7)

whereD corresponds to the duty cycle of the odd switches. The output filter averages
the voltage at the switching node Vx, therefore the mean value Vout can be obtained
by integrating (2.7) over an entire switching cycle (Tsw),

Vout =
1

Tsw

∫ Tsw

0

Vx(t)dt (2.8)

Vout =
1

Tsw

(∫ DTsw

0

1

3
Vsrc dt+

∫ Tsw

DTsw

2

3
Vsrc dt

)
(2.9)

Vout =
2−D

3
Vsrc, (2.10)

thus the node conversion ratio of the converter for the second node (n2) is

m2 =
Vout
Vsrc

=
2−D

3
, (2.11)
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Figure 2.10 Switching modes of 3:1 H-Dickson loaded at the second node:
(a) in phase 1 odd switches are closed, and (b) in phase 2 even
switches are closed.

where the subscript of m denotes the node of the converter. The numbering of the
nodes is done from top-bottom to left-right, see the circuit schematic of figure 2.8.
In the 3:1 H2-Dickson there is actually a plurality of PWM-nodes. Figure 2.11 plots
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n1

n2

n3
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Figure 2.11 Transient voltage at the different PWM-nodes of the 3:1 H-
Dickson converter of figure 2.8.

all the switching voltages available in the converter. The square-wave voltages are
equally spaced to cover the range from 0 to Vsrc with a voltage ripple of Vsrc/3.
This equal spacing is unique to the Dickson and Ladder circuits compared to the
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other SCC topologies. In fact, the amplitude of the PWM voltages is fixed by the
intrinsic conversion ratio mi, hence

∆Vx = miVsrc. (2.12)

Notice that an H-SCC shares many of the characteristics of a buck converter, the
most common dc-dc topology used as a LED driver. Adding the output filter to
a SCC complements this converter by providing tight current regulation, overcom-
ing the intrinsic limitation of a SCC in this respect. However, it requires magnetic
elements, challenging the integration of the converter. The following sections intro-
duce the characteristics of this new hybrid topology, using the buck converter as a
reference.

2.2.1 Output regulation

In contrast with the classical SCC, the conversion ratio of an H-SCC converter can be
adjusted. It depends on the duty cycle (D) of the driving signals, and consequently
it can be adjusted to provide regulation of the load without directly affecting the
converter’s efficiency. The trend curves of the converter efficiency with respect to
the conversion ratio for three different converters: a 3:1 H3-Dickson, a 3:1 Dickson,
and a buck converter are compared in figure 2.12. For instance, the dc-node of the
3:1 Dickson has an intrinsic conversion ratio mi = 1

3 , and it provides regulation at
the cost of efficiency. Using the third PWM-node (n3) of the same Dickson converter
of figure 2.8, the converter has an adjustable conversion ratio given by

m3 =
D

3
, (2.13)

where D is the duty cycle of the odd numbered switches. In this case the efficiency-
conversion curve is flat within the regulation margins, and drops for extreme duty
cycles because of, not yet discussed5, internal losses of the SCC stage. Furthermore,
the curve of an H-SCC is similar to the one of the buck converter but with a smaller
dynamic range. Ideally, a buck converter provides any conversion ratio between 0
and 1 with 100% efficiency. It is the same case for an H-SCC, however, the conversion
ratio is segmented in different ranges. Each segment is associated with a different
PWM-node of the converter, and these have a limited dynamic range of regulation
(∆m). Table 2.1 presents the conversion characteristics for the different nodes of
the 3:1 H-Dickson topology of figure 2.8. It can be seen that the dynamic range of
conversion (∆m) is the same across all the PWM-nodes and equal to the intrinsic
conversion ratio of the converter (mi). This characteristic is also shared between
the two topologies used in this dissertation, Dickson and Ladder.

5The details of the loss mechanisms in SCC and H-SCC are covered in chapter 3.
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Figure 2.12 Comparison of regulation-efficiency characteristics between con-
verters.

Table 2.1 Node conversion ratio, mx, and intrinsic conversion ratio, mi, at
the different nodes of a 3:1 H-Dickson converter.

Node n1 n2 n3 n4 ndc

Conversion ratio mx
2+D

3
2−D

3
D
3

1−D
3

1
3

Range of conversion 1 · · · 2
3

2
3 · · ·

1
3 0 · · · 1

3 0 · · · 1
3 -

Dynamic conversion range ∆m 1
3

1
3

1
3

1
3 -

2.2.2 Power inductor

Like the buck converter, an H-SCC uses an inductor-capacitor (LC) low-pass filter to
supply the dc voltage to the load. The use of an inductor challenges the integration of
the converter, nevertheless the added advantages in terms of regulation and efficiency
justify its use. At the same time, the inductor benefits from the reduced voltage
excursion present on the PWM-nodes, which relaxes its requirements in terms of
inductance and size.

The inductance value of the power inductor in a buck type converter configuration
is

Lo =
∆Vx D(1−D)

∆I fsw
, (2.14)

where ∆I is the peak-to-peak current amplitude in the output inductor, and D the
duty cycle of the buck high side switch. From (2.14) it can be seen that the size
of the power inductor is directly proportional to the amplitude of the square-wave
voltage at the switching node (∆Vx), while for a buck converter it is equal to the
source voltage, as shown in the plot from figure 2.13b. Specifying (2.14) for a buck
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Figure 2.13 Inductor based converter, (a) synchronous buck converter
schematic, (b) transient voltage at the switching node during
two switching periods.

converter, gives

Lo,buck =
Vsrc D(1−D)

∆I fsw
. (2.15)

Contrary to the buck converter, in the H-SCC the square-wave voltages are floating
with respect to ground (see figure 2.9) and their ripple amplitude ∆Vx depends
on the converter’s topology. In the case of the Dickson and Ladder converters the
amplitude of the voltage ripple, ∆Vx, is the same for all of the PWM-nodes and
equal to

∆Vx = mi Vsrc, (2.16)

therefore solving (2.14) for a Dickson or a Ladder H-SCC gives

Lo,HSCC =
mi Vsrc D(1−D)

∆I fsw
. (2.17)

An important remark is that the duty cycles (D) in (2.17) and in (2.15) are not cor-
related, therefore the two equations cannot be directly compared. The normalized6

inductor values for Buck, 3:1 H-Dickson and 4:1 H-Dickson converters are plotted
in figure 2.14. The plot shows a concave function for the buck converter where
the highest inductance value is when the converter operates at 50% conversion ra-
tio. In contrast, the curves corresponding to H-SCCs present multiple parabolic
peaks, where each of them corresponds to a selected node of the H-SCC converter.
For instance, looking at the dashed line plotted for the 3:1 H-Dickson converter of
figure 2.8, the first parabola spans m3 between 0 and 1/3, where an inductor is con-
nected to n3 or n4. The second parabola spans m2 between 1/3 and 2/3, where an
inductor is connected to n2. The last parabola spans m1 between 2/3 and 1, where
the inductor is connected to n1. The reduction in inductance value with respect to
the buck converter ranges from m = 0.5 to the extremes where the inductance takes
the same values for all the topologies.

6Normalization given for Vsrc = 1V , Tsw = 1s and ∆I = 1A.
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Figure 2.14 Inductance value for buck, 3:1 H-Dickson and 4:1 H-Dickson con-
verters as function of the conversion ratio; results are normalized
for Vsrc = 1V , Tsw = 1s and ∆I = 1A.

The physical size of the inductor (Lo) is proportional to the peak energy stored in
it, and it can be computed from the maximum current (Imax) through the induc-
tor

EL,max =
1

2
I2
maxLo. (2.18)

In this comparison we will considered that both converters are designed to operate
in continuous conduction mode (CCM), therefore, the minimum inductance value
occurs when they operate in boundary conduction mode (BCM). When a buck or
H-SCC converter operates in BCM, the minimum current is equal to zero and the
peak current is equal to twice of the output current of the converter. Thus, under
BCM the maximum inductor current is

Imax = ∆I = 2Iout (2.19)

By substituting (2.19) and (2.15) into (2.18), the inductor peak energy for a buck
can be found

EL,buck =
IoutVsrcD(1−D)

fsw
. (2.20)

In a buck converter the source voltage can be written as

Vsrc =
Vout
D

, (2.21)

thus by substituting (2.21) into (2.20), the El,buck yields to

EL,buck =
Vvout
D

IoutD(1−D)

fsw
=

(1−D)

fsw
Pout. (2.22)
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By substituting (2.19) and (2.17) into (2.18), the inductor peak energy for an H-SCC
using Dickson or Ladder stages can be found as

EL,HSCC =
mi Iout Vsrc D(1−D)

fsw
. (2.23)

Actually, we can say that

Vsrc =
Vout
m

, (2.24)

where m is the conversion ratio of the converter. Subsequently, by substituting
(2.24) into (2.23), the resulting expression of the inductor maximum energy yields
to

EL,HSCC =
Vout
m

mi Iout D(1−D)

fsw
=
mi D(1−D)

m fsw
Pout. (2.25)

In figure 2.15 are plotted (2.22) and (2.25). It can be seen that both figures present
the same trend of reducing the peak energy as the conversion ratio increases. With
regard to the inductance value (see figure 2.14), the peak energy stored in the in-
ductor, and hence the volume, is dramatically reduced in case of using an H-SCC
topology. As it can be seen in figure 2.16, the plot is symmetric with respect to
m = 0.5, the reduction in volume is very effective in most of the conversion ratio
range of the converter and decreasing at the two extremes. It must be noticed that
for topologies with more levels N increases and mi decreases, the reduction of the
inductor volume rises and the effective region spans a larger range of the conversion
ratio.

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8

1

Vout/Vsrc

E
L

[J
]

Buck

3:1 H-Dickson

4:1 H-Dickson

Figure 2.15 Peak energy storage for buck, 3:1 H-Dickson, and 4:1 H-Dickson
converters as a function of the conversion ratio. Results are nor-
malized for Pout = 1W and fsw = 1Hz.
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Figure 2.16 Peak energy storage normalized with respect to a buck converter
for a 3:1 H-Dickson and a 4:1 H-Dickson converter as function of
the conversion ratio.

2.2.3 Power switches

The large number of switches used in an H-SCC has different advantages with regards
to miniaturization of the converter. In fact, in an H-SCC the blocking voltage applied
to the different switches is a fraction of the input voltage, in contrast to the buck
converter where each of the switches have to block the full input voltage. Therefore,
SCCs can be implemented with switches rated at lower voltage values than the
source voltage. Reducing the blocking voltage of the switches has the following
advantages:

• Low voltage devices take less silicon area in the standard integration processes.
However, more switches are needed,

• Switching performance is better since the lower voltage switches are smaller
in area, and have less parasitic capacitance, and as a consequence they can
switch faster,

• Switching losses of the converter are reduced since they have a quadratic rela-
tionship with the blocking voltages of the switches (Vblk).

From the three above-mentioned advantages, the two first facts are mainly technology-
related, hence their benefits are not trivial to be quantified. In contrast, the last
fact can be assumed to be technology-independent and easily quantified, using the
switching losses [46] given by

Psw =
1

2
fsw Cds V

2
blk. (2.26)
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In the buck converter of figure 2.13a the blocking voltage of the switches is Vsrc,
thus using (2.26) the switching losses are

Psw,buck = fsw Cds V
2
src, (2.27)

notice that a back converter has to switches.

The blocking voltages of the 3:1 H-Dickson are

Vds =

S1, S3 · · ·S7 → 1
3Vsrc

S2 → 2
3Vsrc,

(2.28)

using (2.26) the switching losses for the 3:1 H-Dickson converter can be formulated,
resulting in

Psw,HSCC =
6

2
fsw Cds

(
1

3
Vsrc

)2

+
1

2
fsw Cds

(
2

3
Vsrc

)2

. (2.29)

Rearranging (2.29) yields to

Psw,HSCC =
5

9
fsw Cds V

2
src. (2.30)

By dividing (2.27) and (2.30), we can obtain the ratio between the two convert-
ers

Psw,HSCC
Psw,buck

=
5

9
. (2.31)

The result shows that by using an H-SCC we can achieve a reduction of the switching
losses of almost one half with respect to the buck converter, even when the H-SCC
converter is using five more switches than the buck converter. Applying (2.26) with
the blocking voltages defined for the N:1 Dickson and Ladder converters in table 2.2,
the formulation of the switching losses can be generalized, resulting in

Psw,dickson =
2N − 1

N2
V 2
src fsw Cds, (2.32)

Psw,ladder =
1

N
V 2
src fsw Cds. (2.33)

Normalizing them with respect to the power losses of the buck converter (2.27),
yields

Psw,dickson =
2N − 1

N2
, (2.34)

Psw,ladder =
1

N
. (2.35)
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Table 2.2 Switch blocking voltage of Dickson and Ladder converters.

Converter N:1 Dickson (N ≥ 3) N:1 Ladder (N ≥ 2)

# Switches 4 +N 2 N

Vblk

6 → Vsrc
N

(N − 2) → 2Vsrc
N

Vsrc
N

Equations (2.34) and (2.35) are plotted in figures 2.17, showing the switching loss
ratio normalized with respect to the buck converter. It can be seen that both
converters reduce the switching losses. In fact, as N increases, losses decrease,
although the number of switches increases as well. Reducing the switching loss will
enable to operate the converter at higher frequencies, which is also effective in the
reduction of the inductor.
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Figure 2.17 Switching losses ratio for Dickson and Ladder converters normal-
ized with respect to the buck converter.

These results are given from a qualitative perspective. Consequently a couple of
considerations have to be pointed out regarding the practical implementation of an
H-SCC. First, losses are obtained assuming that Cds is the same for all the switches
in both converters. In a practical converter each device has a different Cds value
defined by two of the device parameters; Cds is directly proportional to the rated
Vblk voltage and inversely proportional to the channel resistance Ron. Theoretically,
lower voltage switches have smaller Cds, but the final value will also depend on its
Ron. Second, H-SCC has a larger number of devices in series in the current path
compared to a buck, that only has only one switch in the current path in both modes.
Therefore to take advantage in the reduction of the switching losses, a proper H-SCC
design balances them with the number of switches in series.
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2.2.4 Multiple outputs

The use of the internal nodes of the SCC allows to provide multiple outputs with
a single power train. For instance, the converter could be simultaneously loaded at
the PWM-nodes and at the dc-node, providing different conversion ratios for each
output. The conversion ratio at the dc-node (or nodes) is given by the intrinsic
conversion ratio of the converter mi, independent of the variations in the duty cycle
of the driving signal, yet this fixed output can be linearly regulated to adjust the
output voltage. The conversion ratio for the other PWM-nodes is a function of D
and determined for each node by the node conversion ratio mx. In the case of using
multiple PWM-nodes, all the outputs will depend on D, hence it will not be possible
to have independent regulation for each of the outputs. This is because in order to
guarantee the proper operation of a SCC, all switches are associated with a phase,
hence they can not be independently controlled.
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−

Vout,1

Cfly

Cdc

Figure 2.18 2:1 H-SCC with two outputs; R1 is supplied by the dc-node and
R2 is supplied by the first PWM-node.

Figure 2.18 shows a converter with two output voltages. One load (R1) is connected
to the dc-node with an output voltage approximated by

Vout,1 =
1

2
Vsrc. (2.36)

the other load (R2) is connected to the first PWM-node with the output voltage
function

Vout,2 =
1 +D

2
Vsrc. (2.37)

The voltage Vout,2 can be regulated by means of D.
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2.3 H-SCC LED drivers

The buck converter is one of the most used topologies for LED drivers in dc-dc appli-
cations. It has excellent current regulation and a continuous output current thanks
to the inductor connected in series with the output, as shown in figure 2.19a.
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Figure 2.19 (a) buck based LED driver schematic, (b), transient voltage at
the switching node(thick line), average output voltage (dashed
line), and forward voltage limits (dotted lines).

It can be seen in figure 2.19b that the voltage swing at the switching node (Vx)
of a buck converter goes from ground to Vsrc providing the full conversion ratio
range, between 0 and 1. Actually, this regulation range is often much wider than
the margins of variation in the LED’s forward voltage, as shown in figure 2.19b.
The dashed line represents the average output voltage V̄o, thus the LED’s forward
voltage Vfw, and the dotted lines represent the forward voltage variation boundaries
∆Vfw, being around ±10%. In chapter 1.1.1 a detailed discussion was given about
the characteristics of the LED as a load.

S2 Lo

Co

+

−

Vout
S3

Vx

(a)

t

Vx(t)

Tsw 2Tsw

Vsrc

Vsrc
2
3

Vsrc
1
3

0

∆Vfw

Vout

(b)

Figure 2.20 (a) switching node detail of a 3:1 H-Dickson based LED driver,
(b) transient voltage at the switching node (thick line), average
output voltage (dashed line), and forward voltage limits (dotted
lines).

The abrupt V −I characteristic of the LEDs is an advantage for the reduced conver-
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sion range of the H-SCC. Contrary to the buck converter, the H-SCC has a smaller
voltage swing on the switching node. Figure 2.20 shows that the voltage limits of the
switching node in an H-SCC can accommodate the variations of the LED forward
voltage. As previously described in Section 2.2.1, the dynamic conversion range
at the outputs depends on the intrinsic conversion ratio mi of the SCC stage, and
therefore this dynamic range can be adjusted to the requirements of the load.

2.3.1 LED driver with a second auxiliary output voltage
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Figure 2.21 5:1 H3-Dickson LED driver for 24V EMerge Alliance standard
for track lighting application. The driver has two outputs, a
12V , 12W LED string, and 4.8V , 400mW to supply low power
auxiliary loads.

Figure 2.21 shows the dc-dc LED driver with an auxiliary output voltage [42] pre-
sented in chapter 5 as a proof of concept for this dissertation. The converter features
two outputs: the main output Vout supplies the LED load and normally delivers the
largest amount of power. The output voltage can be controlled using the duty cycle
D, thus its value is given by

Vout = Vsrc
4−D

5
. (2.38)

The secondary output Vaux supplies the low voltage electronics dedicated to the con-
trol of the driver, providing functionalities such as connectivity, control and stand-by
operation. The secondary output has no direct means of regulation and provides a
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fixed conversion ratio equal to

Vaux = Vsrc
1

5
. (2.39)

Nevertheless, the voltage at this output can still be controlled by means of a linear
regulator.

2.3.2 Single-stage dc-dc with extended conversion range

On the one hand, the reduced voltage swing at Vx enables a reduction of the output
inductor size, but on the other hand, it shrinks the conversion to a narrow range
between 3/5 and 4/5. Using the same topology, the conversion ratio of the converter
can be extended to the full range between 0 and 1, like in a buck converter, when
a multiplexer [39] is introduced between the different floating PWM-nodes and the
power inductor as shown in figure 2.22. With this enhancement the power inductor
can now be connected to any of the available PWM-nodes of the SCC stage. The
main drawback in this configuration is that the multiplexer introduces extra con-
duction and switching losses, and its implementation requires extra switches ratted
at a higher voltage than the ones used in the switched capacitor stage.
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Figure 2.22 5:1 H-Dickson LED driver with a multiplexer that enables to
connect the different switching nodes to the power inductor.
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2.4 Summary

In this chapter the hybrid switched capacitor converter (H-SCC) is introduced. First,
the main operation and performance characteristics of the SCC are presented, with
special emphasis on the limitations that these converters have with respect to load
regulation.

Subsequently, the H-SCC is described as a combination of a SCC with an inductor.
Such a hybrid combination allows to achieve a much better regulation than possible
with the pure SCCs. In fact, the regulation enhancements of the H-SCC make the
converter comparable to an inductive converter, especially to the buck one. For
that reason two metrics are presented to qualitatively evaluate the benefits of these
converters with respect to integration. These metrics show that when using an
H-SCC instead of a buck converter, the inductor size and switching losses can be
reduced. Finally, the last section is dedicated to exploring the possibilities of the
H-SCCs for LED driving, presenting different dc-dc driver architectures.

In conclusion, the H-SCC is a new power converter topology composed of a SCC
and an inductor. The SCC implements a power train structure where the SCC’s
conversion ratio adds a new variable to the design of the converter. Modifying
this variable allows to adjust the voltage stress of the switches, capacitors, and
inductors, and favors the integrability of the converter. The inductor extends the
regulation margins, allowing to control the output voltage using the duty cycle
without compromising the converter’s efficiency.





Chapter3
Modeling of hybrid switched
capacitor converters

”Se vogliamo che tutto rimanga come è, bisogna che tutto cambi.”
– Giuseppe Tomasi di Lampedusa in Il Gattopardo

The H-SCC is impossible to study using the two main existing SCC models. Neither
the Generic and unified model [47] from Ben-Yaakov and Evzelman nor the charge
flow analysis (CFA) [48] from Makowski and Maksimovic are adequate to describe
the special characteristics of the H-SCC, such as using the PWM-nodes as outputs,
or using multiple nodes as outputs. This chapter presents a new methodology, so-
called quantified charge flow analysis (QFA), that allows to solve a SCC with a load
connected to either a PWM-node or a dc-node; and a new circuit representation,
so-called equivalent output transresistance model (OTM), that allows to model an
H-SCC with multiple outputs.

This chapter is based on three publications [37, 38, 44], and it is divided in two sec-
tions, where the first section is devoted to single output capacitive converters. This

Contributions of this chapter are published in:

– J. Delos, T. Lopez, M. Hendrix, E. Alarcon, and E. Lomonova. On the impedance modeling
of switched capacitor converters with arbitrary output nodes. In Power Electronics and
Applications (EPE), 2013 15th European Conference on, pages 1–10, Sept 2013. doi: 10.
1109/EPE.2013.6634655

– J. Delos, T. Lopez, E. Alarcon, and M. A. M. Hendrix. On the modeling of switched
capacitor converters with multiple outputs. In Applied Power Electronics Conference and
Exposition (APEC), 2014 Twenty-Ninth Annual IEEE, pages 2796–2803, March 2014. doi:
10.1109/APEC.2014.6803700

– J. Delos, J.C. Castellanos, M. Turhan, M.A.M. Hendrix, E. Lomonova, and E. Alarcón.
Improved model for advanced architectures based on switched capacitor converters. IET
Power Electronics, pages , submitted, May 2016
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section starts by giving an overview in modeling of SCC, presenting the well-known
equivalent output resistance model (ORM), and explaining the characteristic curve
of the equivalent output resistance (RSCC). The limitations of the existing methods
are exposed. Subsequently CFA is reformulated to QFA by doing a thorough analy-
sis of the charge flow in a capacitive converter and identifying the associated charges
that cause losses. The second section is devoted to multiple output capacitive con-
verters. The section describes the new OTM, and develops QFA matrix notation
that used to obtain the OTM parameters. The chapter concludes by summarizing
the contributions of the new analysis methodology and circuit model representa-
tion.

3.1 Single output converters

Switched capacitor converters are considered two-port converters with a single input
and a single output as shown in the block diagram of figure 3.1. The input port Vin
is connected to a voltage source Vsrc, and the output Vout port feeds the load. The
converter provides a voltage conversion (m) between the two ports that steps up,
steps down and/or inverts the polarity of the input voltage. Currently, all available
models are only proposed for such a two port configuration.

This section starts by revisiting the classical model of single output SCCs, in order
to understand the limitations of the existing analysis methods. Afterwards, a new
approach is introduced that also covers the characteristics of the H-SCC.

+−Vsrc

+

−

Vin
Vout
Vin

= m

+

−

Vout Load

Figure 3.1 Block diagram of a two port SCC.

3.1.1 The output resistance model

The behavior of SSCs is modeled with the well-known model ORM [49, 50] that is
composed of a controlled voltage source and an equivalent output resistance, RSCC ,
as shown in figure 3.2. The output voltage provided by the converter in steady state
and under no-load conditions is defined as the target voltage, Vtrg. The controlled
voltage source provides Vtrg, being the value of the voltage supply Vsrc multiplied
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Figure 3.2 Equivalent output resistance model of a switched capacitor con-
verter.

by the intrinsic conversion ratio mi defined by the converter topology, thus

Vtrg = mi Vsrc. (3.1)

When the converter is loaded, the voltage at the output, Vout, drops proportionally
with the load current. This effect is modeled with the resistor RSCC , which accounts
for the produced losses. The output voltage using ORM is obtained as

Vout = mi Vsrc − Io RSCC . (3.2)

In order to solve (3.2), it is necessary to obtain two model parameters: the intrinsic
conversion ration mi and RSCC . The first can be easily solved using Kirchhoff’s
Voltage Laws as explained in Section 2.1.1. The second is more complex and
actually is the main challenge in the modeling of SCCs.

Currently, there are two different methodologies to infer the RSCC , plotted in 3.3.
On the one hand, S. Ben-Yaakov [47, 51, 52] has claimed a generalized methodology
based on the analytical solution of each of the different R-C circuits of the converter,
reducing them to a single transient solution. The methodology achieves a high accu-
racy for small converters, but for the analysis of advanced architectures becomes too
complex to apply. On the other hand, M. Makowski and D. Maksimovic [48] pre-
sented a methodology based on the analysis of the moving charge between capacitors
in steady-state, so-called charge flow analysis (CFA). The methodology is simple to
apply and results in a set of linear expressions easy to operate for further analysis.
Based on CFA, M.Seeman [45] developed different metrics allowing to compare per-
formance of capacitive and inductive converters. Although both methodologies are
valid to infer the ORM parameters of a SCC, none of them is valid to describe the
effects of a loaded PWM-node, which is fundamental to the study of the H-SCC.
CFA has a clean and simple way of describing the loss mechanism. For that reason,
this methodology has been chosen in this dissertation to study the H-SCC.

The aforementioned RSCC accounts for the loss when the converter is loaded. All
losses in the converter are, in fact, dissipated in the resistive elements of the con-
verter: on-resistance (Ron) of the switches and equivalent series resistance of the
capacitors (RESR). The origin and magnitude of the losses depends on the oper-
ation region, which is a function of the ratio between the switching frequency and
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Figure 3.3 RSCC as function of the frequency with the two asymptotic limits,
SSL and FSL, identified.

the time constants (τ) of RC circuits contained in the converter. The RSCC as a
function of fsw is shown in figure 3.3.

A SCC has two well-defined regimes of operation: the slow switching limit (SSL)
and the fast switching limit (FSL). Each of the two regimes defines an asymptotic
limit for the RSCC curve. In the SSL, the converter operates at fsw much lower than
the charge and discharge time constants (τ) of the converter’s capacitors, thereby
allowing appreciable charge and discharge of the capacitors. As shown in figure 3.4a,
the capacitor currents present an exponential-shaped waveform. In this regime of
operation the losses are determined by the charge transfer between capacitors. That
is why reducing the switch channel resistance does not decrease the losses. Instead, it
will produce sharper discharge current impulses, producing higher electromagnetic
disturbances. In the SSL, losses are inversely proportional to the product of the
switching frequency and the capacitance values, limited by the SSL asymptote, as
can be seen in figure 3.3.

In the FSL, the converter operates with fsw much higher than the time constants of
the converter’s capacitors, limiting the charge and discharge transients. As shown in
figure 3.4b, currents have piece-wise linear waveforms. In this operation regime, the
losses are dominantly determined by the parasitic resistive elements (Ron, RESR),
and therefore changes in the capacitances or the frequency do not affect the effi-
ciency1. In the FSL, RSCC is constant and limited by the FSL asymptote as can be
seen in figure 3.3 .

1The switching losses are not modeled by RSCC .
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Figure 3.4 Current waveforms through the capacitors in each of the two op-
eration regimes.

3.1.2 Revisiting the charge flow analysis

CFA is based on the conservation of charge in the converter’s capacitors during an
entire switching period in steady state [48]. Under this condition, the converter is
studied in two well-defined operating regimes: the slow switching limit (SSL) and
the fast switching limit (FSL). In SSL, losses are then dominated by the charge
transfer between the capacitors, therefore only these loss mechanisms are studied.
In FSL, losses depend on the conduction through the parasitic resistive elements,
therefore only the conduction losses are studied. This division in the study of the
converter reduces the complexity of the problem and enables a simplified yet accurate
analysis.

CFA uses charges instead of currents. The analysis is done using charge multipliers,
which consist of a normalization of the charge with respect to the total charge
delivered at the converter’s output (qout). Hence a charge multiplier is defined
as

ax =
qx
qout

, (3.3)

where the charge qx is flowing through the xth circuit element of the converter.

3.1.3 Load model: voltage sink versus current sink

In order to model a SCC, CFA [48] makes three main assumptions:

1. Since the load is normally connected to the dc-output in parallel with a large
capacitor, it is modeled as an ideal voltage source, as shown in figure 3.5a.
This assumption eliminates the capacitor connected in parallel with the load,
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neglecting the effect of this output capacitor on the equivalent output resis-
tance.

2. The method only considers the dc-output as the single load point of the con-
verter, imposing a unique output on the converter.

3. The duty cycle is not included in the computation of the capacitor charge
flow. Consequently, modulation of the switching period is assumed to have
no influence on the amount of charge flowing in the capacitors, leading to less
accuracy in the SSL region for duty cycles different from 50%.

These assumptions reduce the accuracy and limit the flexibility to model SCCs, in-
cluding the H-SCCs (previously introduced in chapter 2) . In order to overcome these
limitations, the presented methodology makes three different assumptions:

1. The load is a constant current sink with a value equal to the average load
current, as shown in figure 3.5b . Using this approach, the charge delivered
by the converter to the load can be evaluated for each switching phase j as

qjout = Dj Iout
fsw

= DjIoutTsw = Djqout, (3.4)

where Iout is the average output current and Dj is the duty cycle corresponding
to the jth phase.

2. Any of the converter nodes can be loaded. Since the load is modeled as a
current sink, it can now be connected to any of the converter nodes without
voltage-biasing them.

3. When the load is connected to a dc-node, the associated dc-capacitor of the
node is no longer neglected, thus the effects of the output capacitor are included
in the equivalent output resistance.

+−Vsrc
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S4
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+−Vout

(a) Load as a voltage sink.
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S2

S3

S4

C1

C2 Iout

(b) Load as a current sink.

Figure 3.5 The load modeled as a voltage sink in the CFA (a) and as a current
sink in the QFA (b).
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3.1.4 Formulating the quantified charge flow analysis

The equivalent output resistance (RSCC) encompasses the basic losses produced in
the converter due to charge transfer. As aforementioned, CFA [48] assumes an in-
finitely large output capacitance in parallel with the load. This assumption leads to
inaccuracies in the prediction of RSCC when the output capacitor is comparable in
value to the flying capacitors [53]. Actually, the root cause for this inaccuracy lies
in the wrong quantification of the charges that produce losses in the converter.

Looking in detail to the charge circulation in a SCC operating deep in the SSL, we
can identify two different charge flows during each circuit mode:

Redistributed charge flows between capacitors in order to equalize their voltage
differences. By evaluating them the capacitor charge transfer losses can be
obtained.

This charge flow is associated with a charge or discharge of the capacitors,
happening right after the switching event and lasting for a short period of
time2

Pumped charge flows from the capacitors to the load, where it is consumed,
thereby producing useful work. This charge delivery is associated with a dis-
charge of the capacitors, lasting for the entire phase time.

Besides these two charge flows, we quantify another charge necessary for the analy-
sis:

Net charge is the difference in charge between the beginning and the end of a
switching event. In a two phase converter, the net charges are quantified asNet charge, phase 1→ q1 = q(DTsw)− q(0)

Net charge, phase 2→ q2 = q(Tsw)− q(DTsw),

where q(t) is the charge in a capacitor at instant t, and qj is the net charge of
the phase j.

Based on this principle, all net charges in the capacitors can be obtained by
applying Kirchhoff’s current law (KCL), but using charges instead of currents.
Therefore, the circuit can be solved for the net charges, applying the capacitor
charge balance as

∀ Ci :

phases∑
j=1

qji = 0. (3.5)

2The duration of the charge/discharge depends on the time constant of the associated RC circuit.
Although theoretically the duration of this transient lasts for the full switching period, the major
part of the charge is transferred in the first moments after switching phases. For that reason we
say that it lasts a short period of time.
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The resulting charges are then gathered in the charge multiplier vector a as

aj =
[
ajin a

j
1 a

j
2 · · · ajn

]
=

[
qjin q

j
1 q

j
2 · · · qjn

]
qout

, (3.6)

where the superscript denotes the jth phase, qin is the charge supplied by the
voltage source, and qi is the net charge in the ith capacitor Ci. Notice that the
vector is composed of charge multipliers, because the charges are normalized
with respect to total output charge qout.
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C2 C3 Iout

Redistributed charge

Pumped charge

(a)

+−Vsrc

C2

C1 C3 Iout

(b)

Figure 3.6 Charge flows in a Dickson 3:1 converter during the two switching
phases when loaded at a dc-node with an infinitely large output
capacitor C3 .

The loss mechanisms of SCCs can be better understood based on the redistributed
and pumped charge flows. For instance, figure 3.6 shows the charge flows for a
3:1 Dickson converter assuming an infinitely large output capacitor C3. In such a
converter, the charge flow through capacitors C1 and C2 is always either redistributed
between them or goes towards the big capacitor C3, and only capacitor C3 supplies
charge to the load. Therefore, since the charge flow in C1 and C2 is always between
capacitors, it produces losses. However, for a finite value of the output capacitor, or
for converters loaded from an internal node, there is always the possibility that all
capacitors contribute to pumping charge to the load [53]; a phenomenon that was
not considered in CFA. In the scenario of figure 3.7, a 3:1 H2-Dickson has its load
connected to the second PWM-node. As in the previous case, there is redistributed
charge between the different capacitors, but at the same time, all capacitors pump
charge to the load as well. Therefore all capacitors contribute in delivering charge
to the load, which actually reduces RSCC .

CFA [45, 48] only uses the net charge in order to quantify the produced losses in
the SSL region, which results in an overestimation of the charge responsible for the
losses (the redistributed charge). The methodology proposed in this dissertation,
referred to as quantified charge flow analysis (QFA), identifies these different charge
flows, and achieves a closer estimation of the losses in the converter by independently
quantifying each of them. The nature and effects of the three different charge flows
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Figure 3.7 Charge flows in a Dickson 3:1 converter when loaded at one of the
PWM-nodes during the two switching phases.
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Figure 3.8 Two possible voltage waveforms that show the capacitors in a SCC
operating in the corner region of RSCC curve. The ripples are as-
sociated with the charge flow mechanisms: (top) unipolar capaci-
tor discharge (dc capacitor), (bottom) bipolar capacitor discharge
(flying capacitor).

can be better analyzed and understood by studying the voltage waveforms on the
converter capacitors during an entire switching cycle. Looking at the plots of figure
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3.8, we can associate the voltage ripple to the previously defined charge flows:

Net voltage ripple ∆vn is the voltage variation measured at the beginning and
at the end of each of the switching events (on→off, off→on ). As a matter of
fact, this net ripple is associated with the net charge, therefore by using (3.6)
the net voltage ripple can be formulated as

∆vnji =
qji
Ci

=
aji
Ci
qout. (3.7)

Notice that the capacitor charge balance principle is reflected in the net voltage
ripple. The sum of all net ripples on each capacitor during a switching cycle
must be zero. This explains why ∆vn1 = ∆vn2 in the two-phase converter
used in the example of figure 3.8.

Pumped voltage ripple ∆vp is the voltage variation associated with the discharge
of the capacitor by a constant current. Thanks to modeling the load as a cur-
rent sink, the pumped ripple can be associated to a linear current discharge,
thus the pumped ripple can be obtained for each switching phase as

∆vpji = Dj I
j
i

Ci
Tsw, (3.8)

where Iji is the current flowing through the ith capacitor Ci. Actually, the
current flowing in each individual capacitor Ci during each jth phase is a
function of the output current, therefore it can be expressed as a function of
Iout as

Iji = bji Iout, (3.9)

where bji is a constant obtained from determining the current in each capacitor
of the converter for all the different circuit modes. Substituting (3.9) and (3.4)
into (3.8), the pumped voltage ripple can be expressed with charge multipliers
as

∆vpji = Dj b
j
i

Ci
IoutTsw = Dj b

j
i

Ci
qout. (3.10)

Like the previous case, the bji elements are gathered in the pumped charge
multiplier vector b as

bj =
[
bj1 b

j
2 · · · bjn

]
=

[
Ij1 I

j
2 · · · Ijn

]
Iout

, (3.11)

where the j denotes the circuit phase, and Ii is the pumped current flowing
in the ith capacitor Ci. The vector is normalized with respect to the output
current Iout.
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Redistributed ripple ∆vr is the voltage variation associated to a transient ex-
ponential charge or discharge. It is produced by the charge redistribution
between capacitors and happens just after each switching event. The redistri-
bution ripple can be quantified as

∆vrji = ∆vnji −∆vpji . (3.12)

Substituting (3.7) and (3.10) into (3.12), the redistributed ripple is formulated
in terms of charge multipliers as

∆vrji =
qout
Ci

gji =
qout
Ci

[
aji −D

jbji

]
, (3.13)

where gji is the redistributed charge multiplier of the jth phase and the ith

capacitor. The redistributed charge multiplier vector g is actually defined as

gj = acj −Djbj , (3.14)

where ac is the capacitor charge multiplier vector, a sub-vector of a that only
contains the charge multipliers associated to the capacitors.

In conclusion, to solve the converter using QFA, it is necessary to obtain the charge
multiplier vectors. The steps to obtain them are discussed in the following sec-
tion.

3.1.5 Solving the charge multiplier vectors

+−Vsrc

S1

S2

S3

S7

S6

S4

S5

C1

C2

Iout

C3

Figure 3.9 3:1 H2-Dickson with the load connected to the second PWM-node.

The charge multiplier vectors are solved for the converter of figure 3.9 (3:1 H2-
Dickson), using QFA. We obtain first, the net charge multiplier vectors, and then
the pumped charge multiplier vectors. As aforementioned, the net charge multiplier
vectors are determined by solving the converter by applying the capacitor charge
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balance condition (3.5). Therefore, considering the two circuit modes of the converter
shown in figure 3.10, the converter can be solved by creating a single system of linear
equations.
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−

+
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−

+

V3
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(a) First mode, odd switches are closed and even switches are open.
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−

+
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−
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q23

(b) Second mode, even switches are closed and odd switches are open.

Figure 3.10 The two switching modes of 3:1 H-Dickson of figure 2.8.

The node equations for the first phase (figure 3.10a) are:

q1
in − q1

1 = 0,

q1
1 − q1

2 − q1
3 − q1

out = 0.
(3.15)

The node equations for the second circuit mode (figure 3.10b) are:

q2
in = 0,

q2
2 − q2

3 = 0,

q2
1 + q2

2 + q2
out = 0.

(3.16)

Applying (3.4) for q1
out and q2

out, the phase output charges are expressed as a function
of the total output charge qout, as

q1
out = D qout,

q2
out = (1−D) qout,

(3.17)

where D corresponds to the duty cycle of the odd switches. The charge flow in the
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capacitors is constrained by the null charge balance condition of (3.5), hence

∀ Ci :

phases∑
j=1

qji →



q1 ← q1
1 = −q2

1 for C1;

q2 ← q1
2 = −q2

2 for C2;

q3 ← q1
3 = −q2

3 for C3.

(3.18)

By substituting (3.17) and (3.18) into (3.15) and (3.16), we can formulate a system
of linear equations as 

q1
in − q1 = 0

q2
in = 0

q1 − q2 − q3 = Dqout

q1 + q2 = (1−D)qout

q2 − q3 = 0

, (3.19)

solving the system yields

q1
in = q1 =

2−D
3

qout,

q2 = q3 =
1− 2D

3
qout.

(3.20)

Substituting (3.20) into (3.6), the solution is presented in charge multiplier vector
form

a1 =
1

3

[
2−D 2−D 1− 2D 1− 2D

]
, (3.21)

a2 =
1

3

[
0 D − 2 2D − 1 2D − 1

]
. (3.22)

The pumped charge multipliers are obtained by individually solving the currents in
each circuit mode. For the sake of brevity, only the circuit associated to the first
mode of the converter will be solved in detail.

The sign conventions for voltages and currents are defined in figure 3.11. Therefore
for this first switching mode we have two node equations,

Iin − I1 = 0, (3.23)

I1 − I2 − I3 − Iout = 0, (3.24)
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Figure 3.11 First circuit mode with the current conventions to solve the
pumped charge multipliers.

and two more mesh equations

Vsrc − V1 − V2 = 0,

V2 − V3 = 0.
(3.25)

Owing to the fact that the current-voltage relation in a capacitor is C dVc
dt = Ic,

and using the mesh equations (3.25), we can define the relations between currents
as

I2 = −I1
C2

C1
,

I3 = I2
C3

C2
= −I1

C3

C1
.

(3.26)

Substituting (3.26) into (3.24) and isolating I1, we obtain the pumped charge mul-
tiplier for C1 phase 1:

I1 = Iout
C1

C1 + C2 + C3
= Ioutb

1
1. (3.27)

The rest of the pumped charge multipliers can be found by solving for the remaining
currents, and for the other circuit modes. Arranging them in the corresponding
vector form gives

b1 = 1
β1

[
C1 −C2 −C3

]
β1 = C1 + C2 + C3,

b2 = −1
β2

[
C1c2 + C1C3 C2C3 C2C3

]
β2 = C1C2 + C1C3 + C2C3.

(3.28)

3.1.6 Slow switching limit equivalent resistance

The SSL equivalent output resistance (RSSL) accounts for the losses produced by
the capacitor charge transfer, therefore RSCC can be obtained by evaluating the
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losses in the capacitors. The energy lost in a charge or discharge of capacitor C is
given by

Eloss =
1

2
C ∆vc

2, (3.29)

where ∆Vc is the voltage variation in the process. Previously, we defined that the
redistributed ripple is associated with the capacitor charge transfer. Therefore, sub-
stituting (3.13) into (3.29), we obtain the loss due to capacitor charge transfer

Eji =
1

2
(∆vrji )

2
Ci =

1

2

qout
2

Ci
2 gji

2
Ci =

1

2

qout
2

Ci
gji

2
. (3.30)

The total SSL power loss in the circuit is the sum of the losses in all of the capacitors
during each phase multiplied by the switching frequency fsw. This yields

PSSL = fsw

caps.∑
i=1

phases∑
j=1

Eji =
fswqout

2

2

caps.∑
i=1

phases∑
j=1

1

Ci
gji

2
. (3.31)

The losses can be expressed as an equivalent output resistance. By dividing (3.31)
by the square of the output current

RSSL =
PSSL

Io
2 =

PSSL

(fswqout)
2 =

1

2fsw

caps.∑
i=1

phases∑
j=1

1

Ci
gji

2
, (3.32)

and expanding gji as defined in (3.13). The output SSL resistance as a function of
the net and redistributed charge multipliers is obtained as

RSSL =
PSSL

Io
2 =

PSSL

(fswqout)
2 =

1

2fsw

caps.∑
i=1

phases∑
j=1

1

Ci

[
aji −D

jbji

]2
. (3.33)

3.1.7 Fast switching limit equivalent resistance

The equivalent output resistance of FSL, RFSL, accounts for losses produced in the
resistive circuit elements, i.e. the on-resistance of the switches and the equivalent
series resistance (ESR) of the capacitors (RESR).

The power dissipated by a resistor Ri from a square-wave pulsating current is given
by

PRi = Ri D
j I2

i , (3.34)

where Ri is the resistance value of the ith resistive element. The value of Ii (peak
current) through the resistor can also be defined by its flowing charge qi as

Ii =
qi

Dj Tsw
=

qi
Dj

fsw. (3.35)
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As outlined in [45], the charge flowing through the parasitic resistive elements can
be derived from the charge multiplier vectors (a), providing the switch3 charge
multiplier vectors ar. Using the switch charge multiplier, (3.35) can be redefined as
a function of the output charge (or the output current) as

Ii =
arji
Dj

qout fsw =
arji
Dj

Iout. (3.36)

Substituting (3.36) into (3.34) yields

PRi =
Ri
Dj

arji
2
I2
out. (3.37)

The total loss accounting for all resistive elements and phases is then

PFSL =

elm.∑
i=1

phs.∑
j=1

Ri
Dj

arji
2
I2
out. (3.38)

Dividing by I2
out yields the FSL equivalent output resistance as

RFSL =

elm.∑
i=1

phases∑
j=1

Ri
Dj

arji
2
. (3.39)

3.1.8 Model parameters

Finally, the two model parameters of the converter,RSCC and mi, are formulated.
First, RSCC is obtained using the analytical approximation, given in [54, 55], that
combines (3.32) and (3.39) in a simple design equation

RSCC ≈
√
RSSL

2 +RFSL
2. (3.40)

A recent publication [56] claims a better approximation, however, the better accu-
racy is limited to a specific operation regime as presented in appendix B.

Second, the conversion ratio of the converter can be computed with the source net
charge multiplier, the first element in aj , as

m =
Vtrg
Vsrc

=

phases∑
j=1

ajin. (3.41)

3These charge multiplier vectors also account for other resistive elements, not only the switches,
such as RESR
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For instance, we can obtain the conversion ratio of the 3:1 H-Dickson converter of
figure 3.9 used in the previous example, applying (3.41) to the already solved a
vectors of (3.22), resulting in

m2 =

2∑
j=1

ajin =
2−D

3
+ 0 =

2−D
3

, (3.42)

where the subscript in m refers to the second node of the converter. Notice that the
result coincides with the conversion ratio obtained in the previous chapter (2.11),
where the same converter was solved using a different approach.
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3.2 Multiple Output Converter

Another advantage that a SCC offers is provision of multiple outputs using a single
SCC stage. In this multi-port configuration, the energy supply is connected to the
input port, and the converter provides multiple output ports with different conver-
sion ratios. A clear application was presented by P. Kumar in [36] with the Triple
Output Fixed Ratio Converter (TOFRC), where a 2:1 Ladder converter combined
with two inductors provides three fixed output voltages using a single SCC stage.

+−Vsrc

+

−

Vi

V1
Vi

= m1

Vn
Vi

= mn

+

−
Vn Load n

+

−
V1 Load 1

Figure 3.12 Block diagram of the general multiple output port configuration
of a SCC.

3.2.1 The output transresistance model

When considering a converter with multiple outputs, load effects have to be taken
into account for all the outputs. Actually, when the converter is loaded, a voltage
drop appears on all outputs of the converter. Therefore, the output current of an
output node is influenced by other outputs. In order to model these effects a new
circuit representation based on transresistance parameters is proposed and defined
as the equivalent output transresistance model (OTM).

+−m1Vsrc

+ −

I1Z11 + I2Z12 + · · ·+ InZ1n

I1 +

−

V1

+−mnVsrc

+ −

I1Zn1 + I2Zn2 + · · ·+ InZnn

In +

−

Vn

Figure 3.13 Output equivalent transresistance model for a generic multi-
output SCC.

The proposed model is shown in figure 3.13, where each output is represented by
using two controlled voltage sources connected in anti-series. The first source pro-
vides the target voltage associated with the output, taking its value from the input
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voltage, Vsrc, multiplied by the respective conversion ratio associated to that out-
put, mx. The other source produces a voltage drop associated with the losses in the
converter. The current delivered by each loaded node adds a specific contribution
to the converter losses. Therefore, this voltage source takes the value given by the
linear combination of all the converter output currents weighted by their associated
transresistance parameter Z.

Zxy produces a voltage drop at the output x proportional to the current (i.e. charge)
delivered by the output y. It can be seen that the transresistance factor Zxx corre-
sponds to the voltage drop of the same output where the current is delivered, thus
this parameter is the same of the output resistance for that node

RSCC,x = Zxx, (3.43)

where x is the node output number. Since all the transresistance factors relate
current to voltage, they are in Ohms.

With the proposed model, the converter behavior can be described as

vout = m · Vsrc − ZSCC · iout, (3.44)

where Z is the transresistance matrix, vout is the output voltage vector, iout is the
output current vector, and m is conversion ratio vector.

3.2.2 Linking QFA and the transresistance parameters

+−m1Vsrc

+ −

I1Z11 + I2Z12

I1 +

−

V1

+−m2Vsrc

+ −

I1Z21 + I2Z22

I2 +

−

V2

Figure 3.14 OTM for a two-output SCC.

Using the transresistance parameters, the losses of the converter can be computed.
For a two-output converter, modeled as shown in figure 3.14, the losses associated
with each output are

Pout,1 = I2
1Z11 + I1I2Z12 (3.45)

Pout,2 = I1I2Z21 + I2
2Z22, (3.46)

and the total converter losses are

Ptotal = Pout,1 + Pout,2 = I2
1Z11 + I2

2Z22 + I1I2 (Z12 + Z21) . (3.47)
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The total losses of a two output converter can also be described with charge multi-
pliers, applying the QFA methodology described in the previous section. In order to
make the analysis clearer, the phases are ignored and losses are computed in just a
single capacitor. The results can be extended for any converter with any number of
phases and capacitors. In the case of multiple-output converters, each of the individ-
ual outputs produces a redistributed charge flow through the capacitors that can be
individually quantified, gi,1 being the redistributed charge multiplier associated with
the first output, and gi,2 associated with the second output. The total redistributed
charge qr is the sum of each output’s individual contributions as

qr = (gi,1 qo,1 + gi,2 qo,2). (3.48)

Considering losses in the SSL region (3.31), the losses produced in capacitor Ci of
the two output converter are evaluated from the total redistributed losses resulting
in

PCi = fsw
1

2 Ci
qr

2 = fsw
1

2 Ci
(gi,1 qo,1 + gi,2 qo,2)2. (3.49)

Expanding terms and substituting qo,1 = I1/fsw and qo,2 = I2/fsw into (3.49)
yields

PCi =
1

2 fsw Ci
(I2

1 g
2
i,1 + I2

2 g
2
i,2 + 2 I1 I2 gi,1 gi,2). (3.50)

It can be seen that the transresistance parameters of (3.47) match directly with the
redistributed charge multipliers in (3.50) as

Z11 = g2
i,1
/

2fswCi

Z22 = g2
i,2
/

2fswCi

Z12 + Z21 = gi,1gi,2
/
fswCi

.

Therefore the general expressions of the SSL transresistance parameters are given
as a function of the redistributed charge multipliers as

Zssl,xx =
1

2fsw

caps.∑
i=1

phas.∑
j=1

(
gji,x

)2

Ci
, (3.51)

Zssl,xy + Zssl,yx =
1

fsw

caps.∑
i=1

phas.∑
j=1

gji,xg
j
i,y

Ci
. (3.52)

The same analysis can be done for the FSL, but in this case the losses are computed
for a single resistive element of the converter (i.e. switch on-resistance). As in the
SSL case of a multiple-output converter, each of the individual outputs produces
a charge flow through the switches that can be individually quantified, ari,1 being
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associated with the first output, ari,2 associated with the second output, etc. The
total switch charge multiplier is the sum of the individual switch multipliers as

ari = (ari,1 qo,1 + ari,2 qo,2). (3.53)

Substituting (3.53) in (3.38), the power dissipated in Ri of the dual output converter
becomes

PRi =
Ri
D

(I2
1 ar

2
i,1 + I2

2 ar
2
i,2 + 2 I1 I2 ari,1 ari,2), (3.54)

leading to a similar polynomial solution as in the previous case. Hence, the general
expressions for the FSL transresistance parameters are

Zfsl,xx =

swts.∑
i=1

phas.∑
j=1

Ri
Dj

(
arji,x

)2

, (3.55)

Zfsl,xy + Zfsl,yx = 2

swts.∑
i=1

phas.∑
j=1

Ri
Dj

arji,xar
j
i,y. (3.56)

Notice that (3.52) and (3.56) do not provide the individual expressions for the cross
transresistance parameters Zxy and Zyx. Actually, the individual quantification of
these parameters is related to the sequence order of the different circuit modes for
the converter, but this relation is still under research4 . Fortunately, two-phase
converters do not have ordinality in sequence of the switching modes, resulting in
a symmetry of these parameters that makes the ZSCC matrix symmetric. Con-
sequently, the generic expressions of the transresistance parameters for two phase
converters are reduced to two,

Zssl,xy =
1

2 fsw

caps.∑
i=1

phas.∑
j=1

gji,xg
j
i,y

Ci
, (3.57)

Zfsl,xy =

swts.∑
i=1

phas.∑
j=1

Ri
Dj

arji,xar
j
i,y. (3.58)

3.2.3 QFA matrix notation

The ORM parameters for a single output SCC are obtained by solving the three
charge multiplier vectors, as described by the QFA methodology of section 3.1.4.
Actually QFA stands also for a SCC with multiple outputs, however, in this case
there is a specific set of three charge multiplier vectors associated for each output.
Thus, for a given converter, these different vectors are collected in a matrix, where

4Converters with more than 2 phases are beyond the scope of this dissertation.
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each column corresponds to a converter output and each row corresponds to a circuit
component.

Therefore the net charge multipliers are collected in a matrix as

Aj =



out1 out2 · · · outn

Vsrc ajin,1 ajin,2 · · · aj1,n
C1 aj1,1 aj1,2 · · · aj2,n
...

...
...

. . .
...

Cp ajp,1 ajp,2 · · · ajp,n

, (3.59)

where the elements of the first row ajin,x correspond to the net charge multiplier

associated to the charge delivered by the input voltage source to the xth output.
The remaining rows are associated with the net charge in the capacitors. Therefore
a1,1 describes the net charge multiplier in capacitor C1 due to the charge delivered
at the first output node of a converter with p capacitors and n outputs.

Likewise, the pumped charge multipliers are collected in the following matrix

Bj =



out1 out2 · · · outn

C1 bj1,1 bj1,2 · · · bj1,n
C2 bj2,1 bj2,2 · · · bj2,n
...

...
...

. . .
...

Cp bjp,1 bjp,2 · · · bjp,n

, (3.60)

where all the elements are associated with the converter capacitors.

On the other hand, the switch charge multipliers lead to the following matrix

Arj =



out1 out2 · · · outn

S1 arj1,1 arj1,2 · · · arj1,n
S2 arj2,1 arj2,2 · · · arj2,n
...

...
...

. . .
...

Sp arjp,1 arjp,2 · · · arjp,n

, (3.61)

where all the elements are associated with the converter switches. This matrix can
be extended with the equivalent series resistance (ESR) of the capacitors, but for
the sake of clarity they are not included in the present calculations.

The converter is described with two transresistance matrices: ZSSL for the SSL and
ZFSL for the FSL.
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3.2.4 Slow switching limit transresistance matrix

The redistributed charge multiplier matrix can be obtained from the matrices A and
B as

Gj = Acj −DjBj , (3.62)

where Ac is the capacitor charge multiplier matrix, a sub-matrix of A that only
contains the net charge multipliers to the capacitors.

The redistributed charge corresponds to the charge that flows between capacitors;
therefore it is the root cause of losses associated with the SSL operation regime [45].

The SSL transresistance factors can be individually obtained from the redistributed
charge multipliers as described in (3.57). In order to obtain the transresistance
matrix directly, the operation in (3.57) is performed in two steps. First, the outer
product of each row of Gj is taken with itself as

Kj
i = [Gj

(i,1:end)]
TGj

(i,1:end), (3.63)

where the matrix Ki contains all the possible products of the ith row. Since each
row in G is associated with a capacitor, there is a matrix Ki for each capacitor Ci.
Second, with this set of K matrices the transresistance matrix is obtained as

ZSSL =
1

2fsw

phas.∑
j=1

caps.∑
i=1

1

Ci
Kj
i . (3.64)

3.2.5 Fast switching limit transresistance matrix

For the FSL, the transresistance matrix is obtained using the switch charge multi-
pliers contained in matrix Ar. The operation to obtain the transresistance matrix
as described in (3.58) is performed in two steps. First, a set of matrices are obtained
by taking the outer product of each row of Ar with itself as

Krji = Arj(i,1:end)[Arj(i,1:end)]
T , (3.65)

yielding a matrix for each row in Ar associated with a switch on-resistance (Ri).
Second, with the set of matrices Kr the FSL transresistance matrix is obtained
as

ZFSL =

swts.∑
i=1

phas.∑
j=1

i

Dj
Krji . (3.66)

3.2.6 Multi-output model parameters

Finally the two model parameters of the converter, equivalent output transresis-
tance matrix ZSCC and conversion ratio vector m, are formulated. First, ZSCC is
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approximated using the same analytical approximation of (B.1) that combines the
two transresistance matrices of the switching limits, (3.64) and (3.66) in a simple
design equation. The total transresistance values are approximated as

ZSCC(x,y) ≈
√

ZSSL(x,y)
2 + ZFSL(x,y)

2. (3.67)

The conversion ratio vector is obtained as

m =

phas.∑
j=1

[
ajin,1 a

j
in,2 · · · a

j
in,n

]T
, (3.68)

where ajin,x corresponds to the net input charge multiplier, ain, of the jth phase and

the xth output for an n-output converter, as defined in (3.6) previously.

3.3 Summary

This this chapter is devoted to the study and analysis of advanced architectures
based on capacitive converters, specifically the H-SCC for a single and multiple
outputs.

On the one hand, a new analysis method is given, so-called quantified charge flow
analysis (QFA). It solves the two parameters of the equivalent output resistance
model (ORM): intrinsic conversion ratio, mi, and the equivalent output resistance
RSCC , for both node types in a SCC: dc-node and PWM-node.In addition QFA takes
into account two effects that are not included in the existing charge flow analysis
(CFA): the variations of the duty cycle for the SSL region and the stored charge in
the output capacitor. Both effects modify the ORM parameters.

On the other hand, a new circuit representation model, so-called equivalent output
transresistance model (OTM), is given. It enables to a describe SCC with multiple
outputs. QFA is reformulated to a matrix notation in order to infer the OTM
parameters.

The following chapter verifies the accuracy of QFA in predicting the model pa-
rameters for both models ORM and OTM. QFA results are compared with circuit
simulations and experimental results.



Chapter4
Model validation

The quantified charge flow analysis (QFA) is verified against both behavioural cir-
cuit simulations and an experimental circuit. Using behavioral circuit simulations,
from PLECS, enable a fair comparison to evaluate the accuracy of QFA since in
both cases are evaluated only the losses produced by both the charge transfer be-
tween capacitors and conduction through resistive elements (switches and parasitics).
Nevertheless, a multi-output converter was built with the purpose to validate QFA
against experimental data. The converter was designed to mitigate any other source
of loss not included in QFA, such as switching losses, driving losses, etc. These other
loss mechanisms can be added to QFA as described in [45]; however, including them
is out of scope for QFA presented in the previous chapter.

This chapter is divided in two sections. The first section compares the ORM pa-
rameters predicted using QFA with the parameters obtained in PLECS for a single
output SCC. The results are presented for both output types: the conventional use,
loading the converter at a dc-output, and the hybrid use, loading the converter
at a PWM-output. The second section assess the accuracy of QFA in the predic-
tion of the OTM parameters using both transient simulations and an experimental
setup.

4.1 Verification for a single output converter

The 3:1 Dickson converter, introduced in the previous chapter, was used as a test cir-
cuit. The accuracy of QFA in the prediction of RSCC was checked against transient
circuit simulations with PLECS, giving the results for both output types, dc-node
and PWM-node, as shown in figures 4.8 and 4.2 respectively. The converter param-
eters used in all simulations are in table 4.1.

In order to keep the converter operating properly, the load current Iout was adjusted
for each simulation by fixing the efficiency to η = 95%. Hence, the load current is
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Table 4.1 3:1 Dickson design parameters used in PLECS.

Parameter Value Unit

Vsrc 10 V

Ron 100 mΩ

Ci 100 nF

η 95 %

obtained by

Iout = mx Vsrc
1− η

RSCC,QFA
, (4.1)

where mx is the conversion ratio for the given output and RSCC,QFA is the pre-
dicted output resistance by QFA. Fixing the efficiency guarantees that the same
average output voltage is present across all the simulations, since rearranging (2.6)
gives

Vout = mx Vsrc η. (4.2)

Thus fixing a high efficiency value guarantees that the voltage at the load is close
to the target voltage (Vtrg = mxVsrc). The load current is small enough to prevent
the converter’s capacitors from discharging, thus avoiding to bring the converter in
an undesired operating regime.

4.1.1 Measuring equivalent output resistance

+−Vsrc VVin
SCC
U.T.

A

Iout S1

IloadV Vout

Figure 4.1 Schematic diagram of the experimental arrangement used to mea-
sure RSCC .

Figure 4.1 shows the configuration used to measure RSCC in the circuit simulator.
The RSCC is computed by measuring the converter in two states, while keeping its
driving signals constant (fsw and D):

1. Under no-load condition (S1 open). The target voltage, Vtrg, and the intrinsic
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conversion ration, mi, are determined as

Vtrg = Vout, (4.3)

mi =
Vout
Vin

. (4.4)

2. Loading the converter (S1 closed), RSCC is computed using (4.3) as

RSCC =
Vtrg − Vout

Iout
. (4.5)

4.1.2 Fixed dc-output

Figure 4.2 shows the converter loaded at the dc-node. The simulations were per-
formed with 100mΩ on-resistance switches and 100nF (unless specified) capacitors.
Connecting the load at the dc-node is the common way of using of a SCC. There-

Vsrc

S1

S2

S3

S7

S6

S4

S5

C1

C2

C3 Iout

Figure 4.2 3:1 Dickson circuit used to validate QFA accuracy in the prediction
of RSCC for the dc-node. Odd numbered switches belong to phase
1, even numbered switches belong to phase 2, and D corresponds
to the duty cycle of phase 1.

fore the accuracy of QFA is compared with the existing methodologies, specifically,
with the charge flow analysis (CFA) [45, 48] and a recent extension proposed by van
Breussegem. Van Breussegem’s enhancement [53] includes the effects of the stored
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charge in the output capacitor, thus improving the accuracy of the old model for
small values of the output capacitance.

Figure 4.3 shows RSCC for a sweep in duty cycle (D) between 10% and 90%, simu-
lated at four different frequencies: 100kHz, 1MHz, 10MHz and 100MHz; thus cov-
ering both the SSL and the FSL region. Looking at the relative error of QFA with
respect to the PLECS simulation, it can be seen that the two extreme simulations
(figures 4.3 top and bottom) achieve the highest accuracy with a relative error εr
lower than 1% at 100kHz and 3% at 100MHz. For these two simulations the con-
verter operates in the well-defined switching limits, SSL and FSL, therefore the losses
are precisely described by QFA. The other two simulations, 1MHz and 10MHz, have
errors between 5% and 20%. The accuracy is reduced since the converter operates
between two switching limits, hence RSCC is approximated from the two asymp-
totical functions. Independent of QFA accuracy, it can be seen that the predictive
trends (in all four plots of figure 4.3) are consistent with the variations in the duty
cycle.

Figure 4.4 presents a comparison of the previous results with the aforementioned
existing methodologies. The plotted results evidence limitations in the prediction
of RSCC , and that QFA achieves always the best match with the measured data.
It can be seen that the existing methods do not include the effects of the duty
cycle in their predictions, leading to a big mismatch when the converter operates
in the SSL region and its vicinity. As described in Section 3.1.3, the reason for
this inaccuracies is caused by the voltage sink load assumption used in CFA, which
neglects the effects of the duty cycle. Moreover, CFA assumes a duty cycle of 50%,
therefore van Breussegem’s modification would be, under this assumption, better.
In the FSL region all analysis methodologies achieve the same accuracy.

Another cause of inaccuracies in CFA is given by the fact that the effects of the
stored charge in the output capacitor are not included. Therefore CFA becomes
inaccurate when Co is comparable in value to the rest of the converter capacitors.
RSCC and the relative error (εr) between the PLECS results and QFA predicted
values are given as a function of the switching frequency in figures 4.5 and 4.6,
presenting results for two values of the output capacitance (C3), respectively 100nF
and 10µF. The results are parameterized for different duty cycles: 23.3%, 50%, and
76.7%.

Looking at both figures, 4.5 and 4.6, we see that all predicted results achieve prac-
tically the same accuracy for the largest value of Co. Inspecting both plots in
detail, we observe that the highest inaccuracies are in the SSL region for the low
frequency range. Between the two existing analysis, CFA has a higher accuracy for
D = 23.3%, and in the other cases van Breussegem’s modification achieves a smaller
error. Actually, in CFA assumes D = 50% when operating in the SSL region, there-
fore van Breussegem’s modification should be, under this assumption, better. In any
case, the results show clearly that the best accuracy is achieved with the proposed
methodology (QFA), keeping the relative error within the same limits for all differ-



4.1 Verification for a single output converter 69

10

20

30

R
S
C
C

[Ω
]

fsw = 100kHz

0.4

0.6

0.8

1

ε r
[%

]

1

2

3

R
S
C
C

[Ω
]

fsw = 1MHz

2

4

6

8

ε r
[%

]

0.2

0.4

0.6

R
S
C
C

[Ω
]

fsw = 10MHz

0

10

20

ε r
[%

]

20 40 60 80

0.2

0.4

duty cycle [%]

R
S
C
C

[Ω
]

fsw = 100MHz

20 40 60 80

0

1

2

duty cycle [%]

ε r
[%

]

PLECS QFA

Figure 4.3 RSCC and relative error (εr) as a function of the duty cycle from
the dc-node of the converter in figure 4.2. The plotted relative
error is between the results from PLECS and QFA.

ent scenarios. We can observe in all plots the lowest accuracy is around the elbow
of the RSCC curve, since the values are approximated from the two asymptotical
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converter in figure 4.2. The plots compare the simulation re-
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van Breussegem’s approximation.

limits.
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Figure 4.5 RSCC for the dc-node and relative error (εr) between the
PLECS results and predicted values using QFA, CFA, and van
Breussegem’s approximation. Results of the converter in figure 4.2
for three different duty cycles (top-to-bottom): 23.3%, 50% and
76.7%; and using the same value of 100nF for all capacitors.

The influence of Co in RSCC can be better visualized in the plot of figure 4.7.
The results are given for the converter operating with D = 50%. The � markers
represent the measured values of RSCC , and the solid lines the different modeling
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Figure 4.6 RSCC for the dc-node and relative error (εr) between the PLECS
results and the predicted values using QFA, CFA, and van
Breussegem’s approximation. Results of the converter in figure 4.2
for three different duty cycles (top-to-bottom): 23.3%, 50% and
76.7%; and an output capacitor (C3 = 10µF) hundred times bigger
than the flying capacitors (C1 = C2 = 100nF).

methodologies. We can see that as the output capacitor reduces, RSCC reduces as
well, until at a certain minimum point it starts increasing again. From the three
methodologies, only the proposed in this work (QFA) follows the measured data.
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The reason for the decrease of the output resistance value is that a smaller output
capacitor allows the other capacitors to contribute in delivering charge to the load.
However, reducing the output capacitor increases the voltage ripple at the output
node. In this respect, [57] exploits, in a integrated implementation, the advantages
of minimizing Co to reduced RSCC and increase the power density.
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Figure 4.7 RSCC as a function of output capacitance. The plot compares the
PLECS results with the predicted values using QFA, CFA, and
van Breussegem’s approximation.
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4.1.3 Floating PWM-output

Figure 4.8 shows the 3:1 Dickson converter loaded at the PWM-node. The simu-
lations were performed with 100mΩ on-resistance switches and 100nF capacitors.
Figure 4.9 presents a sweep in duty cycle for different frequencies, respectively:

Vsrc

S1

S2

S3

S7

S6

S4

S5

C1

C2

C3

Iout

Figure 4.8 3:1 H2-Dickson circuit used to validate QFA accuracy in the predic-
tion of RSCC for the PWM-node. Odd numbered switches belong
to phase 1, even numbered switches belong to phase 2, and D
corresponds to the duty cycle of phase 1.

100kHz, 1MHz, 10MHz and 100MHz. Like the results for the dc-node, the two ex-
treme cases, top and bottom, present the highest accuracy with εr below 2%. This is
because the converter operates in the deep regions of the two well-defined operation
limits: SSL (top plot) and FSL (bottom plot). Outside the deep operation limits
the accuracy decreases, being up to an order of magnitude lower. This is because
the values are approximated from the two asymptotic limits.

Figure 4.10 presents RSCC for a sweep of the switching frequency fsw, showing
the well-known characteristic curve of RSCC . Results are presented for different
duty cycles. Consistent with the previous results, the accuracy is always reduced
in the elbow of the curve where the converter operates in between the two limiting
regions. At the same time, extreme duty cycles show smaller relative error (εr).
Independently of QFA accuracy, it can be seen that predictive trends, in all presented
results, are consistent for variations in duty cycle and frequency.
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Figure 4.9 RSCC as a function of the duty cycle from the PWM-node of the
converter in figure 4.8. The plotted relative error is between the
results from PLECS and QFA. The results are given for different
switching frequencies fsw (top-to-bottom): 100kHz, 1MHz, 10MHz
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4.2 Verification for multiple outputs converter

The 2:1 SCC of figure 4.11 was used to validate the multiple output SCC model
(OTM). The predicted values of the transresistance matrix ZSCC were compared
with simulation results from PLECS, and measured data from the experimental
board of figure 4.15.

Vsrc

S1

S2

S3

S4

C1

C2 I3

+

−

V3

I2

+

−

V2

I1

+

−
V1

Figure 4.11 2:1 SCC circuit used for the experimental setup presenting all the
available outputs.

4.2.1 Measuring transresistance matrix parameters

Figure 4.12 shows the configuration used to measure the ZSCC matrix, both in the
circuit simulator and in the experimental setup. In the case of the experimental
setup, the currents where measured using three different meters of type Keithley®

SourceMeter 2440 (one for each channel). The voltages were measured with four
different meters of type Keithley® Meters 2000, one for the input voltage and three
for the output channels.

The ZSCC was computed by measuring the converter in two steps. The driving
signals fsw and D were kept the same for both measurements:

1. Operating with no load (S1,S2,S3 open). The target voltage Vtrg and the
conversion ratio m were determined,

Vtrg,x = Vx, (4.6)

mx =
Vout,x
Vin

. (4.7)
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+−Vsrc VVin
SCC
U.T.

A

I3

S3

Load 3VV3

A

I2

S2

Load 2VV2

A

I1

S1

Load 1VV1

Figure 4.12 Experimental arrangement used to test and measure the ZSCC

matrix.

The measured target voltages are grouped in a column vector as

vtrg =


Vtrg,1

Vtrg,2

Vtrg,3

 (4.8)

2. Measurements when the converter is loaded. A single output is loaded by
closing one of the Sx switches. The output voltages and the load current are
measured. The measured voltages are grouped in the Vout matrix, where the
first column corresponds to the measured voltages when Load 1 is connected,
the second column when Load 2 is connected, etc. The measured output
currents are stored in the vector iout. Subsequently the ZSCC was obtained as

ZSCC =
vtrg1−Vout

I iout
, (4.9)

where 1 is a three-ones row vector, and I is the identity matrix.

4.2.2 Simulation results

The experimental circuit was simulated for the two operation modes SSL and FSL.
Results are shown in figures 4.13 and 4.14 respectively. Each operation mode has
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Table 4.2 Simulation profiles associated with the different operation modes.

Mode fsw C Ron

SSL 10kHz 1µF 100mΩ

FSL 10MHz 1µF 100mΩ

been simulated with the parameters shown in table 4.2. In each simulation the duty
cycle of the driving signal was swept from 10% to 90%.

In both cases the predicted values compare favorably with respect to the simula-
tion results. The predicted values follow the trend of the simulation results. The
measured relative error was always less than 4%.
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Figure 4.13 Comparison of the transresistance parameters computed with a
PLECS simulation and QFA in the SSL regime.
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Figure 4.14 Comparison of the transresistance parameters computed with a
PLECS simulation and QFA in the FSL regime.

4.2.3 Experimental results

In the figure 4.15 is shown the experimental set-up of a 2:1 SCC converter board.
The converter uses four MOSFETs TN0104 from Supertex with typical on-resistance
of 1.5Ω and two ceramic capacitors of 10µF. The outputs were loaded using three
independent constant current sinks that fixed an averaged output current of 1mA.
Each currents sink was implemented with a MOSFET TN0104.

The transresistance parameters were measured in two different scenarios. In the first
one, the converter was operated with fsw = 5kHz for a sweep in D between 10% and
90%. In the second scenario, the converter was operated with D = 50% for a sweep
in fsw between 10kHz and 2MHz. The results for each scenario are shown in figures
4.16 and 4.17 respectively, where they are compared with PLECS simulations and
QFA predictions.

QFA predictions match the measured values with less than 10% error. All tran-
sresistance parameters computed using QFA, with the exception of parameters Z31

and Z13, follow the trend with respect to the duty cycle. Z31 and Z13 have a big-
ger error since these values are obtained from measuring a very small voltage drop,
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2:1 SCC

Current sink loads

Figure 4.15 Built demonstration board for the 2:1 SCC.

below 1mV1, produced by the cross-coupling effects between outputs, therefore, the
measurements are more sensitive to noise. It can be seen in figure 4.17 that the
measured transresistance parameters of the second output, Z2x, raise with respect
to PLECS and QFA results at the FSL, which is caused by the parasitic inductance
due to the large loop associated with PCB track that connects C2. The rest of the
experimental results that fall out of the QFA trend, also present an evident mis-
match with respect to the results with PLECS, therefore, the potential cause of the
error is due to the measuring setup. In any case, it is demonstrated that predictive
trends of QFA for the transresistance parameters are consistent for variations in D
and fsw.

1Given that QFA predicts Z13 = Z31 = 614mΩ and Iout = 1mA, the estimated voltage drop
due to cross-coupling between outputs 1 and 3 is V13,31 = Z13Iout = 614µV.
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Figure 4.16 Experimental results of the 2:1 SCC, for fsw = 5kHz. Compari-
son of the transresistance parameters measured (� markers) and
those predicted by QFA (solid line).
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4.3 Summary

Quantified charge flow analysis (QFA) is a valuable method for inferring the equiva-
lent output resistance model (ORM) parameters of a SCC when it is either loaded on
a dc-node or on a PWM-node. It is the first methodology capable of predicting the
ORM parameters for the H-SCC. Moreover, the equivalent output transresistance
model (OTM) gives a new circuit representation for an SCC with multiple outputs
and allows to model the cross-coupling effects between outputs, a feature which is
impossible with the existing ORM.

The accuracy of QFA was verified using both behavioral circuit simulations (PLECS)
and an experimental converter. The measured error between QFA and PLECS was
less than 3% when the converter operates in the SSL and FSL regions, and below
20% everywhere else. The experimental measurements on average showed an error
below 10%. In addition, this chapter has demonstrated that CFA is inaccurate in the
SSL region, especially when the output capacitor is comparable in size to the flying
capacitors. CFA does not cope with variations of the duty cycle, leading to a wrong
estimation of RSCC . The computation time for both RSCC and ZSCC parameters
is dramatically reduced by using QFA since it is based on an analytical model. To
compute the nine transresistance parameters, matrix ZSCC, for the 2:1 SCC using
transient circuit simulations in PLECS took 50s. In comparison, solving them with
QFA only required 100ms.

In conclusion, QFA and OTM provide a solid framework for the analysis of advanced
topologies based on switched capacitor converters i.e, the H-SCC.
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Figure 5.1 H-SCC LED driver block diagram.

The experimental converter was built with the goal to validate the performance of
the H-SCC LED driver. The circuit was built using discrete components following
the specifications of table 5.1. The driver was designed to be compliant with the
24Vdc EMerge Alliance Open Space Standard [23, 24] used in track lighting systems.
As described in the block diagram of figure 5.1, the driver was designed to have two
outputs. The main output supplies a LAFL-C4L-1000 LED [58] from Lumileds with
12V forward voltage, 12W output power and 1000lm luminous flux. The secondary
output of 3.3V serves to supply other supporting circuits for the driver, such as a
microprocessor or a wireless communication unit. The converter efficiency was set
to be higher than 85%. The switching frequency was fixed to be 2.77MHz in order
to take advantage of the higher radiated electromagnetic interferences (EMI) limit
of the EN55015 standard that applies to electrical lighting devices.

The H-SCC LED driver is composed of two boards, the power train and the LED
current controller. The power train was designed using the SCC model described
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Table 5.1 LED driver design specifications

Items Value Unit

Vsrc 24 V

VLED 11-13 V

PLED 12 W

ILED 1 A

∆ILED ± 10 %

Vaux > 3.5 V

Iaux 200 mA

η > 85 %

fsw 2.77 MHz

in Chapter 3. This model enabled the optimum sizing of capacitors and switches,
following a model-centric design process. The small-signal analysis of the H-SCC
and design of the control board are presented in appendix D.1.

5.1 Selection of the architecture

A 5:1 H3-Dickson converter satisfied the voltage requirements of the two outputs,
providing a 12V output for the LED load and a voltage above 3.5V for the auxiliary
output from a 24V voltage source1. The driver schematic is shown in figure 5.2.
The third PWM-node Vx supplies the LED load through an LC filter and has a
conversion ratio of

m3 =
Vout
Vsrc

=
2 +D

5
. (5.1)

The LED output (VLED) provides a target voltage2 range between 9.6V and 14.4V
(for the full range of duty cycle), and covers the full range of LED forward voltage
defined in table 5.2 as extracted from the data sheet. The converter was designed
for a worst case 13.2V output voltage and 1A output current. The auxiliary output
(Vaux) is supplied from the dc-node with a fixed voltage conversion of

mdc =
1

5
, (5.2)

that provides a target voltage of 4.8V. This secondary output is expected to be used
for digital circuits that are generally supplied with around 3.3V, therefore the aux-
iliary output is expected to be adjusted by means of a LDO linear regulator.

1Output voltages given for D = 50%.
2The target voltage is measured when the converter is operating without a load.
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Figure 5.2 5:1 H3-Dickson LED driver for the 24V EMerge Standard with two
outputs. The LED load is supplied from the third output node
providing 12V and 1A. The secondary output is supplied from the
dc-node providing 3.3V, with Iaux = 200mA and ILED = 1A, for
the auxiliary low-voltage loads.

Table 5.2 Forward voltage (Vfw) characteristic of the LAFL-C4L-1000 from
Lumileds.

Load Ifw [mA] Tmin = −40◦C Tmax = 130◦C T = 25◦C

Full 1000 13.2V 11.8V 12.7V

Min. 200 12.15V 10.84V 11.54V

5.2 Model-centric based design of the power train

As we already know, a SCC is by nature lossy, therefore its efficiency depends on
the values of the capacitors and switches. The presented model in Chapter 3 accu-
rately predicts the output resistance of an H-SCC, hence the losses of the converter.
The design of the experimental converter is described in the flow-chart of figure 5.3.
Starting from the specified efficiency in the requirements, the target equivalent out-
put resistance (RSCC,trg) can be determined. In our case the converter has to have
an efficiency higher than 85%, providing 12W output power at 1A output current.
Therefore we aimed to have a 90% target efficiency (ηtrg) for the SCC stage. A 5%
loss overhead was allowed for other sources of losses, such as the output inductor re-
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sistance, sensing circuits and switching losses3. Using the specified values the target
output resistance can be computed as

RSCC,trg =
Po(1− ηtrg)

I2
o

=
12W (1− 0.9)

1A2
= 1.2Ω, (5.3)

where Po is output power and Io is the output current. Next, the contribution of a
target equivalent output resistance of each switching limit can be determined using
the asymptotic approximation

RSCC ≈
√
RSSL

2 +RFSL
2. (5.4)

The SCC stage is designed to operate in the elbow of the RSCC curve, where

RSSL = RFSL, (5.5)

hence the target equivalent output resistance for the switching limit results in

RSSL,trg = RFSL,trg =
1.2√

2
= 845mΩ. (5.6)

The design flow diagram of figure 5.3 bifurcates from this point onwards. The path
on the left describes the procedure to size the capacitors, and the path on the right
the procedure to size the transistors. The closed form equations of the model are
used in both cases. The values for the capacitors are computed using the asymptotic
limit of the SSL region, given by

RSSL =
1

2fsw

caps.∑
i=1

phases∑
j=1

1

Ci

[
aji −D

jbji

]2
. (5.7)

The values for the on-channel resistance of the switches are determined using the
asymptotic limit of the FSL region, given by

RFSL =

elm.∑
i=1

phases∑
j=1

Ri
Dj

arji
2
. (5.8)

Notice that both equations are a function of the duty cycle (D), thus the converter is
designed for a specific duty cycle, in this case given by the worst case LED voltage.
Manipulating (D.2), the duty cycle is

Dtrg = 5
Vout
Vsrc

− 2 = 5
13.2V

24V
− 2 = 0.75, (5.9)

therefore the sizing of capacitors and switches was done for Dtrg = 0.75.

3The switching losses of the SCC stage are not included in the equivalent output resistance
model, although they can be included using the fundamental analysis of SCC.
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In [45] an optimization of SCCs is proposed based on the switching limit equations
for the equivalent output resistance. The optimization uses the method of Lagrange
multipliers to find a local minimum of the RSSL (equation (5.7)) and RFSL (equa-
tion (5.8)) functions, subject to the area constrains of capacitors and switches. The
result of the minimization provides the relative size breakdown for the capacitors
and the switches, and at the same time, reduces the original degree of the RSSL
and RFSL functions to a single value for the capacitors and for the switches. The
mathematical details of this optimization process applied to the model equations for
the two equivalent output resistance limits are given in appendix C.

As a result of this optimization process, the SSL equivalent output resistance results
in

RSSL =
1

2fswCT
fSSL (x) , (5.10)

where CT is the total capacitance, fSSL is the specific SSL resistance function, and
x is a vector that contains the relative value of the capacitors. The mathematical
derivation of this expression is included in appendix C.1.

The FSL equivalent output resistance results in

RFSL =
R�
AT

fFSL (x) , (5.11)

where AT is the total switch area, R� is resistance per unit area of the used technol-
ogy, fFSL is the specific SSL resistance function, and x is a vector that contains the
inverse relative area of the switches. The mathematical derivation of this expression
is included in appendix C.2.
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O.P. in
RSCC curve?

Rssl,trg = 845mΩ

SSL optimizer

x = [0.28 0.39 0.23 0.05 0.05]
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With the fixed specs the target RSCC is given by,

RSCC =
Po(1− ηtrg)

I2o
(5.12)

The converter is designed to operate in the elbow of the
RSCC curve, fixing RSSL = RFSL, thus

RSCC =
√
R2

SSL +R2
FSL =

√
2RSSL =

√
2RFSL. (5.13)

Hence RSSL is then given by

RSSL =
RSSC√

2
. (5.14)

Hence RFSL is then given by

RFSL =
RSSC√

2
. (5.15)

Refining the SSL function as

RSSL =
1

fswCT
fSSL(x1, · · · , xn)

xi =
Ci

CT
, CT =

n∑
i=1

Ci.

(5.16)

The discrete implementation only uses one
switch, hence all switches have the same Ron.
For D = 75%, the FSL function gives

RFSL = 3.8Ron. (5.17)

The capacitor breakdown is given by solving

min(fSSL)s.t.(1−
n∑

i=1

xi), (5.18)

for D = 75%, and CT is given by

CT =
min(fSSL)

fswRssl,trg
. (5.19)

Hence Ron is given by

Ron =
Rfsl,trg

3.8
. (5.20)

Figure 5.3 Design flow for the SCC stage.
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5.2.1 Sizing of the capacitors

The sizing of the capacitors is the result of optimizing (5.7) as described in ap-
pendix C.1. The optimization for D = 75% converges with a capacitor breakdown
distribution of

Ci
CT

=
[
0.28 0.39 0.23 0.05 0.05

]
, (5.21)

and a minimum value for the specific SSL resistance of

min(fSSL) = 1.9FΩHz. (5.22)

The total capacitance for the converter is computed as

CT =
min(fSSL)

fsw RSSL,trg
=

1.9FΩHz

2.77MHz 845mΩ
= 810nF. (5.23)

The optimal values for the capacitors are given in table 5.3. The used values are
the best fit to commercially available values. Capacitor C5 was doubled in value to
reduce the ripple voltage present at the Vaux output.

Table 5.3 Capacitor values from the optimization and the used values.

C1 C2 C3 C4 C5 CT RSSL
1

nF mΩ

Optimizer D = 75% 223 320 181 43 43 810 845

Used 220 330 180 39 78 947 835

Voltages
V -

9.6 9.6 9.6 4.8 4.8 9.6 -

1 Value computed for a duty cycle D = 75%.

5.2.2 Sizing of the transistors

Owing to the fact that the converter was implemented with discrete devices, and for
the sake of simplicity, only a single type of transistors was selected. Solving (5.8)
for the same Ron and for Dtrg = 75%, results in

RFSL = 3.8Ron. (5.24)

Hence to satisfy the target RFSL,trg = 845mΩ, the switches must have an Ron
of

Ron =
RFSL,trg

3.8
= 222mΩ. (5.25)
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However, based on the balance between switching losses and conduction losses, we
selected the ZXMN2B01F MOSFETS from ZETEX, featuring Ron = 100mΩ.

Table 5.4 presents RMS current and blocking voltage of each device.

Table 5.4 Switches blocking voltages and RMS currents.

S1 S2 S3 S4 S5 S6 S7 S8 S9

Vds V 4.8 9.6 9.6 9.6 4.8 4.8 4.8 4.8 4.8

Ion A 0.2 0.2 0.2 0.2 0.2 0.4 0.4 0.4 0.4

5.2.3 Sizing of the inductor

The inductor is designed for a ripple of ∆i± 10%, which allowed the current to be
dimmed up to 100mA without bringing the converter to discontinuous conduction
mode (DCM). The value of the output inductor is determined by (2.17), resulting
in

Lo,hscc = mi
VsrcD(1−D)

∆i fsw
=

1

5

24V 0.75(1− 0.75)

0.2 1A 2.77MHz
= 1.62µH. (5.26)

Considering tolerances, we selected the commercial inductor CVH252009 from BOURNS
with nominal value of 2.2µH.

5.3 OTM for the LED driver

Figure 5.4 shows the OTM for the LED driver. Notice that the transresistance
parameters for the same outputs (Zxx) are represented by the RSCC of this out-
put.

Table 5.5 Final parameter values for the two outputs.

D RSCC,LED RSCC,aux ZLED,aux

[%] [mΩ] [Ω] [mΩ]

75 917 1.55 750

50 894 1.39 495

The results of the model parameters using the component values mounted on the
prototype board are given in table 5.5. The results are given for two duty cycles, 75%
and 50%. The first is the value used for the optimization, and the second is the value
used in the open-loop measurements presented in the following chapter. D = 50%
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was used in the open-loop measurements because it was desired to measure the
converter in symmetric operation and with the minimum possible RSCC,LED.

+−2+D
5
Vsrc

RSCC,LED

+ −

IauxZLED,aux

ILED+

−

VLED

+−1
5
Vsrc

RSCC,aux
+ −
ILEDZLED,aux

Iaux +

−

Vaux

Figure 5.4 OTM for the LED driver.

The converter was optimized using only RSCC,LED, although the QFA equations
enable to optimize all OTM parameters. In our case, the first optimization satisfied
the requirements for the secondary output, because in the worst case, with D = 75%,
ILED = 1A, and Iaux = 200mA, its output voltage was still above 3.5V. The output
voltage of the auxiliary output can be computed as

Vaux =
Vsrc

5
−RSCC,auxIaux − ZLED,auxILED, (5.27)

and using the values in table 5.5 we can obtain the voltage for the worst case, which
results

Vaux,wc = 4.8− 1.55× 0.2− 0.75× 1 = 3.74V. (5.28)

Therefore, a LDO linear regulator can be used to provide the 3.3V.

5.4 Summary

In this chapter the design of the experimental H-SCC LED driver was presented.
The LED driver was based on the proposed H-SCC converter architecture introduced
in Chapter 2. The configuration of the converter was a 5:1 H-Dickson converter,
featuring two outputs. A main output for the LED string and a secondary output
for low-voltage electronics is provided, thus clearly proving the multi-output nature
of the H-SCCs. The equivalent output resistance model, introduced in Chapter 3,
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was used to dimension the converter components, switches and capacitors, following
a model-centric based design process to obtain their optimal values. The presented
methodology and optimization could not have been done without using the closed
form equations of the equivalent output resistance model, therefore proving the
necessity of the proposed model.
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Experimental results

The converter was tested with two different scenarios. In the first scenario, the
power train was tested by loading it with a resistor and operating the converter
in open-loop. In the second scenario, the full system was tested as a LED driver,
hence the power train was closed-loop controlled and loaded with a LED string. The
details of the closed-loop controller are described in appendix D.1.2.

6.1 Open-loop measurements with a resistive load

A first set of measurements was done operating the converter in open-loop with
50% duty cycle. The converter was operated with an electronic load in resistive
mode, thus enabling us to perform a load sweep. The measurements were done
independently for each individual output, always loading only one of the two outputs
of the converter. By combining the measured results, the total efficiency at full load,
ILED = 1A and Iaux = 200mA, was estimated to be 87%1. This result is above the
specified 85% minimum efficiency given by the initial requirements.

6.1.1 Measurements for a resistive load on the LED out-
put

Figure 6.1 shows the driver configuration for this measurement set. The electronic
load Rload was connected to the LED output and the auxiliary output was not
loaded. The converter operated in open-loop with D = 50% because it was desired
to measure the best performance of the converter with the minimum possible RSCC ,
and with the same timing for each phase to balance the effects related to the dead-
time.

1The measurements were performed individually for each output, thus the total efficiency was
estimated by combining both measurements.



96 Experimental results

+−Vsrc

S1

S2

S3

S4

S5

S6

S7

S9

S8

C1

C2

C3

C4

Vx
Lo

Co
Rload

+

−

VLED

C5

+

−

Vaux

Figure 6.1 Experimental configuration of the driver with electronic load
(Rload) connected to the LED output.

Measured converter efficiency

The measured efficiency at full load (ILED = 1042mA) was 89.3%, and the converter
achieved its peak efficiency of 91.1% with ILED = 641mA, as shown in the plot of
figure 6.2.
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Figure 6.2 Measured efficiency and output voltage at the LED output with
a resistive load, operating the converter with fsw = 2.77MHz and
D = 50%.

Figure 6.3 presents the efficiency (top) and the power losses (bottom) measured for
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different switching frequencies. It can be seen that in the high current range, between
1A − 550mA, the best efficiency is obtained when the converter is operated with
fsw = 2.77MHz. Below 550mA, the curve corresponding to fsw = 2MHz achieves
the best efficiency, being above 90% for the range between 550 − 300mA. Below
300mA, the curve corresponding to fsw = 1MHz achieves the best efficiency. The
curve corresponding to fsw = 500kHz has the lowest efficiency for the whole current
range. We can see that for the lower current ranges reducing the switching frequency
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Figure 6.3 Efficiency (top) and losses (bottom) versus a sweep in the output
current parameterized for different switching frequencies.

improves the converter efficiency, for instance at 400mA the red curve (fsw = 2M)
has a higher efficiency than the black one (fsw = 2.77M). This is a well-known
behavior in SCC caused by the two main root sources of loss present in the converter:
the switching losses (Psw) and the equivalent output resistance losses (PSCC). These
sources of loss have opposite trends with respect to the switching frequency. On the
one hand, the switching losses increase with the switching frequency, since they are
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given by
Psw = V 2Coutfsw, (6.1)

where V is the switch blocking voltage, and Cout is the switch output capacitance.
On the other hand, the equivalent output resistance losses are given by

PSCC = I2
outRSCC , (6.2)

and decrease with the switching frequency in the SSL region. This is so because
RSCC is inversely proportional with the switching frequency in the SSL region
where these measurements where taken. Figure 6.3 (bottom) shows that the power
losses follow a quadratic function with respect to the load current, thus validat-
ing figure 6.2. We can again see that the curves corresponding to high switching
frequencies present lower power losses for high current values, and that the curves
corresponding to low switching frequencies present lower power losses for the low
current range.

Equivalent output resistance

Figure 6.4 shows RSCC for the LED output and figure 6.5 shows the transresistance
parameter K21 for the auxiliary output with respect to the current through the
LED output. Both plots present a comparison between the fitted measurements and
model predictions with the prototype values. The fitting functions are presented in
appendix D.2. The measured data for RSCC used both functions, and the measured
data for the K21 only uses the voltage function to fit the measured data. The
experimental results show a reduced dispersion between the two fitting methods, and
the predictive trends are in general consistent with them. Notice that both RSCC
and K21 present a excellent match with the predictive trends (see table 6.1) for the
measurements with fsw = 2.77MHz, since the converter and the driving signals were
optimally adjusted at this frequency. Using the same converter adjustments, the
rest of the measurements were automatically taken in batch mode.

The dashed line in figure 6.4 corresponds to the RSCC,trg curve, and table 6.1
presents the equivalent output resistance (with fsw = 2.77MHz and D = 50%)
using the design target values, model prediction results, and experimental measure-
ments. The last two are only presented for RSCC since they cannot be measured for
the asymptotic switching limits RSSL and RFSL

2. The divergence between the tar-
get RSCC (1.2Ω) and the final value (894mΩ) is caused by the smaller on-resistance
of the mounted switches. Instead of mounting switches with 222mΩ channel resis-
tance that resulted from the model centric design methodology in (5.25), we used
100mΩ since they had equal balance between conduction and switching losses at
2.77MHz. Looking to results for the two switching limits, we see a match between
the target and the model value for the SSL. In contrast, in the FSL the model value

2The asymptotic switching limits can only be measured at the frequencies that correspond to
the extremes of the RSCC curve, which are not 2.77MHz.
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Table 6.1 Equivalent output resistance for the LED out-
put measured for fsw = 2.77MHz and D =
50%. Comparison between the design target
value, the model prediction with the prototype
values, and fitted data from the measurements.

Units Target QFA 1 fit Ploss fit Vout

RSCC mΩ 1200 894 877 842

RSSL mΩ 845 823 - -

RFSL mΩ 845 350 - -

K21 mΩ - 495 - 497
1 Results predicted by the model using the values of capacitors

and switches mounted in the prototype.

is smaller than the target value due to the smaller on-resistance of the mounted
switches. The impact of reducing the on-resistance of the switches is clearly shown
in figure 6.4 where the RSCC curve (solid line) has a lower value in the FSL com-
pared to the RSCC,trg curve (dashed line). At the same time, the elbow of the RSCC
curve is shifted to a higher frequency and it is not at 2.77MHz, as is the case for the
RSCC,trg curve. This is a consequence of the converter operating closer to the SSL
region.
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Figure 6.4 Equivalent output resistance for VLED measured with fsw =
2.77MHz and D = 50%. Top, comparison between QFA results
with the prototype values (solid line) and the design target val-
ues (dashed line). Markers are the fitting of the measured data.
Bottom, absolute error between the model predicted curve (solid
line) using the prototype values with respect to the experimental
measurements (markers).
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Figure 6.5 Equivalent output transresistance parameter for the auxiliary out-
put with respect to the LED output current. Measured with
fsw = 2.77MHz and D = 50%. Top, comparison between the
model predicted curve (solid line) and the fitting of the measured
data (markers). Bottom, relative error between the model and the
fitting of the measured data.
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6.1.2 Measurements with a resistive load on the auxiliary
output

Figure 6.6 shows the driver configuration for this measurement set. The electronic
load Rload was connected to the auxiliary output and the LED output was not
loaded. The converter operated in open-loop with D = 50%.
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Figure 6.6 Experimental configuration of the driver with electronic load
(Rload) connected at the auxiliary output.

Converter efficiency

The efficiency of the auxiliary output is shown in figure 6.7 for different operating
frequencies. The black plot belongs to the nominal operating frequency of the con-
verter of 2.77MHz and achieves at full load, 400mA, an efficiency of 71%. The results
present the same well known behavior previously described for the LED output. The
converter achieves better efficiencies switching at lower frequencies for low output
currents due to the reduced switching losses, and in contrast, the converter achieves
better efficiencies switching at higher frequencies for high output currents due to the
reduced equivalent output resistance.

Equivalent output resistance

Figure 6.8 shows RSCC for the auxiliary output and figure 6.9 shows the transresis-
tance parameter K12 for the auxiliary output with respect to the current through
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Figure 6.7 Converter efficiency for the auxiliary output and a sweep of the
output current. Results are presented for different switching fre-
quencies.

the auxiliary output. The fitting of the measured data is consistent for the two dif-
ferent methods over the majority of measured points. At the same time, the model
predicted values that compare favorably with the measured data follow the trends
with respect to the frequency. The measurements were taken using the converter
with the same adjustments as in the previous section, for 2.77MHz and loaded at
the auxiliary output.
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Figure 6.8 Equivalent output resistance for Vaux measured with fsw =
2.77MHz and D = 50%. Top, comparison between QFA predicted
curve (solid line) and the fitting of the measured data (markers).
Bottom, absolute error between the model predicted curve using
the prototype values with respect to the experimental measure-
ments.
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Figure 6.9 Equivalent output transresistance parameter for the auxiliary out-
put with respect to the LED output current. Measured with
fsw = 2.77MHz and D = 50%. Top, comparison between QFA
predicted curve (solid line) and the fitting of the measured data
(markers). Bottom, absolute error between the model predicted
curve using the prototype values with respect to the experimental
measurements.
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6.2 Closed-loop measurements with the LED load

A second set of measurements was done loading the converter with a LAFL-C4L-
1000 LED from Lumileds. The converter was operated in closed-loop at the nominal
switching frequency of 2.77MHz, dimming the output current between 250mA to
950mA. The measured efficiency of the power train (without considering gate driving
losses) at full load with ILED = 945mA was 85.5%, and the peak efficiency was 92%
with ILED = 528mA. This measurements were taken with 27V input voltage since
the closed-loop controller had a very narrow duty cycle range, entering saturation
before full load for 24V input supply.
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Figure 6.10 Converter efficiency operating at 2.77MHz for a sweep in the load
current. The black line corresponds to the measurements with the
LED load and the markers are the measured points. The gray
line is the measurement with the resistive load when D = 50%.

Figure 6.10 presents the efficiency for the converter operating at 2.77MHz, comparing
the measurements with the LED load and the resistive load. The obtained efficiency
curve with the LED load presents a couple of differences compared to the curve of
the previous section 6.1.1 measured with the resistive load. First, the efficiency at
full load is four points lower for the LED driver, being 85.5% compared to the 89.3%
measured with the resistive load. Second, the curve presents different discontinuities
compared with the smooth line measured with the resistive load. These differences
are produced because the converter is operated in closed-loop compared to the fixed
duty cycle of 50% used for the resistive load. Therefore, the duty cycle varies between
each load point, moving the converter from the optimally adjusted operation point
with D = 50%.

As previously described in chapter 3, the equivalent output resistance of a SCC
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Figure 6.11 QFA prediction of RSCC,LED for a sweep in the duty cycle when
the converter operates at 2.77MHz.

is a function of the duty cycle. Actually, it describes a convex function with the
minimum generally placed around the central values of the duty cycle, as shown
in figure 6.11. When the converter operates in closed-loop the duty cycle varies
between each load point, causing a variation of the equivalent output resistance of
the SCC. As shown in figure 6.11, increasing the duty cycle leads to an increase of
the equivalent output resistance, thus harming the converter efficiency. In addition,
these variations in duty cycle bring the converter out of the driving range optimized
for D = 75%, causing much higher losses.

6.3 Summary

In this chapter the experimental results were presented. The converter was tested
in open-loop with a resistive load, and in closed-loop with a LED load, performing
at an efficiency above the 85% specified in the requirements. Furthermore, the
measured equivalent output resistance of the converter compared favorably with the
predictive trends of the model. In conclusion, this chapter demonstrated that an
H-SCC is a valid power converter with high efficiency. It provides two outputs,
a main output for a LED load with current regulation, and a secondary output
for low-voltage auxiliary electronics. In addition, the measurements of the RSCC
presented an excellent match. The achieved results validate the model-centric design
methodology approach described in chapter 5.





Chapter7
Conclusions and
recommendations

This thesis discusses the integration of power converters, and places it in the con-
text of dc-dc LED driver design. The research question that initially triggered this
dissertation was:

Can we drive a high brightness LED with just a switched capacitor converter?

This research goal that combines switched capacitor converters (SCCs) and LED
drivers has expanded the scope of integrated converters to potentially much higher
power levels, from 1W to more than 10W, and to operating voltages as high as,
24V (a popular low dc-voltage standard) or even multiples of that with stacking
techniques. It has broadened the potential off the SCC as a power system on-
chip/in-package (PSoC/PSiP) above its constrained ambition of being a mere power
management component for microprocessors. These milestones were arrived at be-
cause of three principal contributions to the state of the art:

• Unlocking additional features to the hybrid-switched capacitor converter (H-
SCC) topology,

• A new modeling approach to accurately describe and optimize essential char-
acteristics of the new class of circuits,

• Experimental verification of a particular converter topology that was specially
optimized for a discrete, non-IC, implementation.

In this chapter we will take the opportunity to suggest research on topics that could
not be covered in the thesis itself.
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7.1 A hybrid converter eminently suitable for in-
tegration

Switched capacitor converters (SCCs) have been specifically used as dc-dc LED
drivers for low-power (< 500mW) battery supplied back-lighting applications. They
provide a compact solution with no magnetic materials where neither efficiency nor
regulation is critical, however, these solutions do not scale to general lighting appli-
cation. Consequently, in this area inductor-based converters (IBCs) are the preferred
solution. These IBCs provide the excellent efficiency and the tight current regulation
that suits the particular electrical characteristic of the LED load, however, IBCs are
quite unsuitable for integration. Although integrated IBCs demonstrate moderate
power levels (< 5W), they require dedicated miniaturized magnetics that are far too
expensive to make them commercially viable.

The hybrid-switched capacitor converter (H-SCC) has been presented as a combina-
tion of the SCC and IBC that merges the advantages of both: the efficient regulation
of an IBC, and the excellent integration characteristics of a SCC. In this thesis it has
been demonstrated that the conversion ratio of the H-SCC is a function of the duty
cycle of the phase clock, thanks to the addition of an output inductor to an inter-
nal node. Therefore, the conversion range is not constrained by a topology-defined,
fixed, conversion ratio (or intrinsic conversion ratio) such as for the SCC, and the
regulation capabilities are comparable to those of a buck converter. Next, this thesis
has defined multiple metrics to objectively compare the H-SCC to the standard buck
converter. These metrics demonstrate that the inductance value and the switching
losses of an H-SCC are inversely proportional to the number of conversion stages
in its SCC part. For instance, a three stage hybrid-Dickson converter topology (3:1
H-Dickson) theoretically achieves 50% less switching loss and an up to 66% smaller
output inductance value compared to a buck converter (see Chapter 2).

These favorable characteristics of the H-SCC are due to its smaller dynamic conver-
sion span with respect to the buck converter. For the 3:1 H-Dickson this means that
the dynamic conversion range is limited to 1/3, where a standard buck conversion
has 1. However, the 3:1 H-Dickson has available not one, but three nodes, that
together cover full range of conversion: 0 to Vsrc

3 , Vsrc
3 to 2Vsrc

3 ,and 2Vsrc
3 to Vsrc.

The narrow conversion features does not seriously restrict the areas of application of
the converter, as in many cases the full dynamic interval of a buck converter is not
usable, e.g, for LED drivers. The step V −I characteristic of the LED load requires a
very narrow output voltage range, especially fitting for an H-SCC. However, H-SCCs
are definitely not limited to merely driving LEDs.

Most architectural characteristics of the H-SCC have been partially covered in this
thesis and are fully explored in the filed patents (see Chapter 8). The experimental
LED driver exploits multiple features of the H-SCC, e.g. it has two outputs: one
for the LED load and the other for low-voltage auxiliary circuits. The filed patents
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cover alternative aspects of the H-SCC that are beyond the scope of this thesis, for
instance: stacking SCC modules, dual output LED drivers that feature blackbody-
line dimming, ac-to dc conversion, and various related control methods.

7.2 The modeling methodology

The SCC is conventionally modeled with the equivalent output resistance model
(ORM), which describes the converter with two parameters: the conversion ratio
(mx), and the equivalent output resistance (RSCC). Although the existing method-
ologies offer an analytical closed-form solution, they are not applicable to the H-SCC
case. This is because the H-SCC supplies the load from an internal square-wave
voltage (PWM-node), instead of from a dc-voltage (dc-node) as it is done by the
stnadard SCC.

Quantified charge flow analysis (QFA) has been presented as the main methodology
to obtain all model parameters (mx,RSCC) for any of the converter nodes. QFA
improves the existing charge flow analysis (CFA) by changing the load model, from
a voltage sink to a current one. Compared to CFA, the new methodology (see
Chapter 3) has the following features:

• Allows to connect the load to any of the, dc and PWM converter nodes,

• Allows to quantify flowing charges that produce the losses in the converter,

• Takes into account the effects of the variations of the duty cycle,

• Takes into account the charge stored in the output capacitor.

QFA has been verified for both the H-SCC and the SCC converter configurations,
respectively. The predictions of QFA match both circuit simulations and experimen-
tal measurements with errors below 3% in the SSL and FSL asymptotic regions of
RSCC , and below 20% in between. In the case of modeling a SCC, QFA significantly
improves (Chapter 4) the accuracy of the CFA in the SSL region. This enhance-
ment is clearly manifested for values of the output capacitance close to the flying
capacitances, and variations in the duty cycle.

7.2.1 H-SCC with multiple outputs

The H-SCC is to be considered as a multi-output converter, and thus the ORM
is not a valid equivalent circuit representation. That is why the equivalent output
transresistance model (OTM) was presented as an alternative circuit representation
for a SCC with multiple outputs. The alternative transresistance parameters quan-
tify the cross-coupled effects between outputs and relate the supplied current at the
loads to the voltage variation present at all of the converter outputs. QFA was cast
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into a matrix notation to allow using it to infer the transresistance parameters of
the alternative model.

Both the output transresistance model and the QFA matrix presentation were veri-
fied with behavioral transient circuit simulations (using PLECS) and an experimen-
tal circuit board, consequently. The achieved results are very accurate (like those
for the single output H-SCC), and matched simulated and experimental values with
worst case errors below 20%. Since QFA is bases on analytical closed-form equa-
tions, the time to compute the transresistance parameters is extremely short. For
instance, to compute the nine transresistance parameters for the experimental 2:1
SCC board (see Chapter 4), PLECS takes about 50s, while the QFA matrix notation
only needs 100ms.

7.3 A hybrid-switched capacitor LED driver

The thesis concluded with an experimental hybrid-switched capacitor LED driver
mounted on a conventional printed circuit board (PCB), using discrete components.
The board was designed for 12W output power at a 2.77MHz operating frequency.
The input voltage was 24V, compliant with the EMerge Alliance standard for track
lighting. This converter has two outputs:

• The first one is for the LED load with an output voltage of 12V,

• The second one is for the low-voltage auxiliary circuits with an output voltage
of 4.8V.

The circuit featured 85.5% efficiency at full load (945mA), and a peak efficiency of
96% at 528mA.

The demonstrator was made possible by the contributions described in the previous
sections. It provided a practical context to position the H-SCC area of integrated
power conversion. Within this context, the H-SCC proves to be an excellent fit:
it provides tight current regulation for the LED load with enough dynamic volt-
age range to allow for dimming. At the same time, it delivers a second output
voltage (impossible with a buck converter) that delivers enough power to supply
low-voltage auxiliary circuits, i.e. a microcontroller that provides smart connec-
tivity. The demonstrator used a very small output inductor of 2.2µH, showing
100mA current ripple, and operated at 2.77MHz, and can be implemented with 10V
switches.

The design of the converter and the dimensioning of its switches and capacitors
was done using the QFA model predictions. To that extent a model-centric design
process was presented, and the results were verified with measurements. The design
process optimized the capacitor values and found the maximal on-channel resistance
for the MOSFETs. Although a discrete converter cannot deliver added value in
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terms of cost, area, and performance, it provides the solid framework and guidelines
for future integrated implementations.

The experimental LED driver demonstrated that an H-SCC is able to drive a high
brightness LED with high efficiency and with tight current regulation, and that the
proposed topology is feasible for integration.

7.4 Recommendations

Research is never finished, if not the beginning of new investigations; and this PhD
work is not an exception. The main goal of this research was to explore the poten-
tial of power systems on-chip/in-package (PSoC/PSiP) in the context of dc-dc LED
drivers, by exploiting the possibilities that offer SCCs. However, their poor capabili-
ties in terms of regulation and efficiency, pointed out early that a single SCC was not
a suitable solution for a highly-efficient and high-power LED driver. Nevertheless,
the story changed when the SCC was combined with an inductor. These so-called
hybrid-switched capacitor converters (H-SCCs) presented enough potential as LED
driver circuit that it was worthy to investigate them.

The achieved results do not conclusively prove that H-SCCs are the preferred con-
verters to use in integrated power circuits, however, this thesis provides new methods
required for the design of advanced architectures of capacitive converters. This work
leads to other possible research areas are summarized as follows:

• Practically prove that H-SCC can increase the power density for a PSoC/PSiP,
with an integrated demonstrator,

• Methods to increase the switching frequency to enable the integration of the
passives (capacitors and inductors) in-package or on-chip, with two possible
approaches:

1. At circuit level, through the soft-switched H-SCC1 that uses the output
inductor to achieve zero voltage switching in the SCC switches.

2. At device level, through fast switching gallium nitride (GaN) devices.

• Explore the implementation of an integrated dc-dc LED driver below 50V and
in the range of 15W using standard CMOS processes in order to find out the
industrial potential of the H-SCC.

• Extend QFA matrix methodology to obtain the transresistance parameters for
circuits with more than two phases.

1This is not the same as a soft-switched SCC where the inductor is used to create resonant energy
transfers between the capacitors, thus eliminating the charge transfers losses between capacitors.
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AppendixA
Energy transfer mechanism in
SMPS

A.1 Switched inductor converters

IBCs are ideally lossless as the transfer of energy between a voltage source and an
inductor is an adiabatic process. This can be demonstrated using the circuit of
figure A.1.

Vsrc

S1
i

l

+

−

Vl

t+ ton

S1

t

i

t

to to + tx

Qsrc

Figure A.1 Circuit used to compute the energy transfer using an inductor.

On one hand, the energy stored in an inductor at time t is given by

EL(t) =
1

2
L i(t)2. (A.1)

The current flowing in the inductor after switch S1 is closed is given by

i(t) =
1

L

∫ t

0

VLdt =
Vsrc
L

t. (A.2)

Substituting (A.2) into (A.1), we can obtain the energy stored in the inductor at
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time tx after closing S1, which results in

EL,tx =
V 2
srctx

2

2L
. (A.3)

On the other hand, the energy delivered by the energy source Vsrc is given by

Esrc = VsrcQsrc. (A.4)

The charge Qsrc delivered by the energy source during a time tx after closing S1

can be obtained by integrating the inductor current (A.2), between to and to + tx,
as

Qsrc =

∫ to+tx

t

i(t)dt =
Vsrc
2L

tx
2. (A.5)

Therefore substituting (A.5) into (A.4) gives the energy delivered by the source,

Esrc,tx =
V 2
srctx

2

2L
. (A.6)

The energy lost while transferring energy between the source and the inductor, is the
difference between the energy delivered by the source (A.6) and the energy stored
in the inductor (A.3), which results in

Eloss = Esrc,tx − EL,tx =
V 2
srctx

2

2L
− V 2

srctx
2

2L
= 0. (A.7)

In conclusion, transferring energy between a voltage source and inductor is lossless,
and that is why inductor based converters achieve very high conversion efficien-
cies.

A.2 Switched capacitor converters

In a SCC the transfer of energy between a voltage source and a capacitor is a non-
adiabatic process, which can be demonstrated using the circuit of figure A.2.

Vsrc

S1
I

C

+

−
V S1

t

v

t

to

Vsrc

Figure A.2 Circuit used to compute the energy transfer using a capacitor.



A.2 Switched capacitor converters 119

On one hand, the energy stored in a capacitor is given by

EC =
1

2
CV 2. (A.8)

After closing the switch at to, the capacitor is charged to Vsrc. The charge delivered
by the source Qsrc to the capacitor is given by

Qsrc = CVsrc, (A.9)

therefore the energy stored in the charged capacitor results in

EC+ =
1

2

Qsrc
Vsrc

Vsrc
2 =

1

2
Qsrc Vsrc. (A.10)

On the other hand, the energy delivered by the energy source is

Esrc = VsrcQsrc. (A.11)

The energy lost while transferring energy between the source and the capacitor is
the difference between the energy delivered from the source (A.11) and the energy
stored in the capacitor (A.10), which results in

Eloss = Esrc − EC+ = Vsrc Qsrc −
1

2
Qsrc Vsrc =

1

2
Qsrc Vsrc. (A.12)

In conclusion, transferring energy between a voltage source and a capacitor is a lossy
process. Actually, half of the used energy is lost, and the other half is stored in the
capacitor. This demonstration holds also for energy transfer between capacitors.
The energy lost is dissipated in the resistive elements of the current path such as
the switch on-resistance and track resistances.





AppendixB
A close view of the RSCC

approximation

Generally RSCC is approximated [54, 55] as

RSCC ≈
√
RSSL

2 +RFSL
2. (B.1)

However, because of the arbitrariness of this approximation, in a recent publica-
tion [56] Makowski proposed a new approach

Rscc,Mak ≈
µ
√
RSSL

µ +RFSL
µ, (B.2)

with µ = 2.54.

+−Vsrc

S1 R1

C

R2 S2

+−Vout

Figure B.1 1:1 SCC used as a reference circuit for the Makowski approxima-
tion.

As shown in figure B.2, the Makowski formulation is based on solving the Minkowski
distance form

Relbow = (Rx
µ +Rx

µ)
1
µ = 2

1
µRx = p Rx (B.3)

at the corner frequency f∠ where Rx = RSSL = RFSL, for a single capacitor under
periodic and symmetric (D = 50%) voltage square excitation in steady-state (see
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f∠

rx

relbow

p

fsw [Hz]
[Ω

]

rscc (CF )
rssl
rfsl

Figure B.2 Equivalent output resistance of the 1:1 converter of figure B.1.
Graphic demonstration of the Minkowski distance p between the
two asymptotic limits (RSSL and RFSL), and the closed form
(CF) of RSCC .

the schematic in figure B.1). The closed form (CF) solution of RSCC of the circuit
used in this approximation is

RSCC =
1

2 c fsw

[
e

−D
τ1 fsw + 1

e
−D

τ1 fsw − 1
+

e
−(1−D)
τ2 fsw + 1

e
−(1−D)
τ2 fsw − 1

]
, (B.4)

τ1 = R1C, (B.5)

τ2 = R2C. (B.6)

Owing to the fact that the proposed solution is limited to D = 50%, the Makowski
approximation is extended to cover variations in the duty cycle by solving µ as a
function of D, as

p =
1

2

[
e

1
D+1

e
1
D−1

+
e

1
1−D+1

e
1

1−D−1

]
, (B.7)

µ =
1

log2 p
. (B.8)

An initial assessment of the different approximations is given for the circuit of Fig-
ure B.1used as a reference in this new formulation. The results are presented for
two different scenarios:

• A converter with homogeneous time constants, thus τ1 = τ2, reproducing the
scenario assumed for the new formulation.

• A converter with heterogeneous time constants, thus 10τ1 = τ2, producing a
case for a less ideal converter.
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Figure B.3 Relative RSCC error between the closed form of RSCC and the
different approximations: Org - Original, Mak - Makowski and
*Mak - extended Makowski. Solved for the circuit in figure B.1
with c = 1µF and R1 = R2 = 1Ω, thus τ1 = τ2.

Let us now discuss the relative error between the closed form solution (B.6) and the
three approximations: original (Org.), Makowski (Mak.), and extended Makowski
(*Mak). In the first case, figure B.3, the time constants are homogeneous. The
extended Makowski formulation presents the best results for all four tested duty
cycles, obviously matching the Makowski approximation for D = 50%. The original
approximation is the second best approximation for the two small values of D, since
µ is closer to 2.

This improved accuracy of the extended Makowski approximation changes when
the τ constants of the converter diverge from each other, as happens in the second
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Figure B.4 Relative error of a single capacitor switching with heterogenous
τ constants (10τ1 = τ2) for the closed form of RSCC and the
different approximations: Org - Original, Mak - Makowski and
*Mak - rectified Makowski. Solved for the circuit in figure B.1
with C = 1µF and R1 = R2 = 10Ω.

scenario of figure B.4. In this case, the original approximation keeps εr below ±5%,
but for D = 10% its larger about −9%. The Makowski approximation is the best in
the lowest D = 10%, but it becomes the worst for the other D values, rising above
5%. The extended Makowski is the best for D = 23%, but it rises to about 10% for
other values of D. Looking at this second scenario, the original formulation would
be the preferred one because it keeps the error within the lowest bounds for all
simulated D values. The results of Figures B.3 and B.4 are only given for a range of
D between 0% and 50%, since p(D), eq. (B.7), is symmetric about D = 50%.
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Considering the results, none of the presented cases shows a clear advantage. It
should be recognized that the Makowski approximation obtains the µ value from its
correlation with the Minkowski distance for a specific converter. Therefore, as the
converter under study diverges from the reference circuit, the accuracy of the new
approximation decreases, becoming possibly worse than the original formulation.
That is why using the Makowski formulation to obtain µ values for complex SCCs
and H-SCCs, is as arbitrary as it is to use the initial proposed value of µ = 2.





AppendixC
Capacitor and switch
breakdown optimization for
H-SCC

The optimal sizing of the switches and capacitors in the experimental H-SCC is the
result of a constrained minimization [45]. The optimization procedure uses the two
equations defined for each switching limit described in Chapter 3. Minimizing the
converter’s SSL output resistance equation provides the optimum relative capaci-
tor breakdown distribution, and minimizing the converter’s FSL output resistance
equation provides the optimum relative switch breakdown distribution.

C.1 Optimal capacitance breakdown

The Capacitance breakdown is obtained by minimizing

RSSL =
PSSL

Io
2 =

PSSL

(fswqout)
2 =

1

2fsw

caps.∑
i=1

phases∑
j=1

1

Ci

[
aji −D

jbji

]2
. (C.1)

This expression can be manipulated and rewritten as a function of the total capaci-
tance CT of the converter

RSSL =
1

2fswCT
fSSL (x) , (C.2)

where:

Xi =
Ci
CT

(C.3)

CT =

n∑
i=1

Ci. (C.4)
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In (C.2), the specific SSL resistance fSSL function returns the equivalent output
impedance normalized with respect to the total capacitance CT and the switching
frequency fsw, as a function of the relative size of each capacitor, contained in x as
[X1, X2, ...]. fSSL is the objective function to be minimized, since it is proportional
to RSSL. The optimization of (C.3) is constrained by (C.4), resulting in

g(x)→ 1−
∑

Xi. (C.5)

The capacitance breakdown is obtained by solving

min (fSSL(x)) subject to g(x) = 0 and 0 < Xi < 1. (C.6)

This optimization reduces the design space for the SSL resistance to only two pa-
rameters: the switching frequency fsw and the total capacitance CT .

C.2 Optimal switch area breakdown

The relative switch breakdown is obtained by minimizing the FSL resistance

RFSL =

elm.∑
i=1

phases∑
j=1

Ri
Dj

arji
2
. (C.7)

The function can be manipulated in order to be defined as a function of the switch
area Asw instead of the on-resistance. Because the switch on-resistance is inversely
proportional to the switch area Asw, multiplied by the resistance per the unit area
R� for a given switch technology,

Ron =
R�
ASW

. (C.8)

RFSL can be rewritten as a function of the total switch area AT as

RFSL =
R�
AT

fFSL (x) , (C.9)

where

Xi =
Asw,i
AT

, (C.10)

AT =

n∑
i=1

Asw,i. (C.11)

In (C.9), the specific FSL resistance fFSL function returns the equivalent output
impedance normalized with respect to the total switch area AT , as a function of
the relative size of each switch area, contained in the elements of x as [ 1

X1
, 1
X2
, ...].
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Minimizing fFSL leads to a solution with the minimum RFSL per unit area, since
it is proportional to RFSL. In order to obtain the switch area breakdown, the
optimization of (C.10) is constrained by (C.11)

g(x)→ 1−
∑

Xi. (C.12)

The solution is therefore

min fFSL(x) subject to g(x) = 0 and 0 < Xi < 1. (C.13)

As in the previous case, the optimization reduces the design space for the FSL
impedance to a single variable, namely the total switch area AT .





AppendixD
Experimental LED driver

D.1 Closed-loop control design

The converter needs a closed-loop control in order to regulate the current through
the LED load. Therefore a second board was built for that purpose, implementing
an error amplifier, a closed-loop controller and a pulse width modulator (PWM)
that generates two phases with a dead-time between them.

Set point
Iout∗

Gc(s) GPWM Gid(s)

Gs(s)

Iout+
εr D φ1, φ2

-

Figure D.1 Closed-loop block diagram.

Due to the fact that the H-SCC has an output inductor, the closed-loop controller
was designed like it is done in an inductive converter. First, the transfer function
of the power train (Gid(s)) was obtained. Subsequently, the closed-loop controller
(Gc(s)) was designed in order to guarantee the stability of the converter and minimize
the error between the set-point (I∗out) and the output current through the LED
(Iout).

D.1.1 Small signal analysis

Figure D.2 shows the equivalent circuit of the H-SCC used for the small signal
analysis. It includes the output resistance model for the SCC stage connected to the
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output LC filter, composed of the inductor Lo and the capacitor Co. For the sake
of simplicity, the equivalent series resistance of Lo and Co are not included.

+−Vsrcmx(D)

il
RSCC Lo

+ −Vl

Co

+

−
Vc

io

Ro

Figure D.2 Equivalent circuit of a hybrid-SCC including the output filter.

Compared to the analysis of a buck converter, the SCC stage adds the RSCC and
modifies the conversion ratio of the converter. The conversion ratio provided by the
SCC stage has two components, a constant gain offset moff and a dynamic gain
m∆, which is controlled by the duty cycle D. Therefore the conversion ratio at the
node x can be written as

mx = moff +m∆D. (D.1)

For the case under study the conversion ratio at the third node is

m3 =
2

5
+
D

5
. (D.2)

thus moffset = 2
5 and m∆ = 1

5 .

The equations for the two state variables (inductor current and capacitor voltage)
can be formulated using (D.1), and they result in

Lo
dIl
dt

=Vsrc(moff +m∆D)− IlRSCC − Vo (D.3)

Co
dVc
dt

=Il − Io. (D.4)

Applying the small signal analysis to (D.3) and (D.4), we can obtain the different
transfer functions of the converter.

Control-to-inductor current:

Gid(s) =
îl

d̂
=
m∆Vsrc
Ro

sCoRo + 1

s2LoCo + s
(
Lo
Ro

+ CoRSCC

)
+ RSCC

Ro
+ 1

, (D.5)

where îl and d̂ are the small signal values of the inductor current and the duty cycle
respectively.



D.1 Closed-loop control design 133

Control-to-output voltage:

Gvd(s) =
v̂o

d̂
= m∆Vsrc

1

s2LoCo + s
(
Lo
Ro

+ CoRSCC

)
+ RSCC

Ro
+ 1

, (D.6)

where v̂o and d̂ are the small signal values of the output voltage and the duty cycle
respectively.

Control-to-output current:

God(s) =
îo

d̂
=
m∆Vsrc
Ro

1

s2LoCo + s
(
Lo
Ro

+ CoRSCC

)
+ RSCC

Ro
+ 1

, (D.7)

where îo and d̂ are the small signal values of the output current and the duty cycle
respectively.

The resulting transfer functions are practically the same as those of a buck converter,
with the exception of two new parameters from the SCC stage: the equivalent output
resistance RSCC , and the dynamic gain (m∆). In a Dickson and Ladder converter
m∆ is equal to the intrinsic conversion ratio mi.

D.1.2 Closed-loop compensation network

Figure D.3 plots the uncompensated gain-loop GodGsGpwm of the converter. The
system proved to be already stable without using a compensation network and had
enough rejection of the switching frequency, 124dB, at 2.77MHz. However, its poor
gain of 4.5dB at low frequencies was not enough to guarantee a small error between
the output current and the set point, and not sufficient to adequately reject line
variations. That is why the gain at low frequencies was increased with an integrator
(Gc(s) = 5000

s ). Figure D.4 plots the compensated loop-gain, showing a phase margin
of Pm = 75◦ and cut-off frequency at fc = 1.31kHz, resulting in an adequate and
smooth closed-loop response of the converter.
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Figure D.3 Bode plot of the open-loop (GodGpwmGs) system without com-
pensation.
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Figure D.4 Bode plot of the compensated open-loop (GcGodGpwmGs) system.
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D.1.3 Load step transient

Figures D.5 and D.6 present a load transient, step-down and step-up, respectively.
The load step was done supplying the converter with 28V and loading it with the
LED string. The measured signals have low-pass filtered with the cut-off frequency
placed at 1kHz.
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Figure D.5 Full-load to half-load transient step-down response when the con-
verter is supplied with 28V .
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Figure D.6 Half-load to full-load transient step-up response when the con-
verter is supplied with 28V .

D.2 Measurement setup for the H-SCC LED driver

Figure D.7 shows the experimental setup used to measure the power converter. Volt-
ages were measured with four different meters of type Keithley® Meter 2000, and
the currents with three different meters of type Keithley® SourceMeter 2440.

D.2.1 Measurement of the converter’s efficiency

The efficiency of the LED output is given by

η =
PLED
Pin

= 100
V2I2
VinIin

, (D.8)
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+−Vsrc

A

Iin

VVin
5:1 SCC

U.T.

Lo
A

I2 Load VLEDVVx Co VV2

A

I1 Load VauxVV1

Figure D.7 Experimental arrangement for measuring the H-SCC LED Driver.

and the efficiency of the auxiliary output is given by

η =
Paux
Pin

= 100
V1I1
VinIin

. (D.9)

D.2.2 Measurement of the converter’s equivalent output re-
sistance

The equivalent output resistance RSCC was determined for different switching fre-
quencies. At each frequency, the output load was swept from no load to full load,
and RSCC was obtained by curve fitting. Two different fitting functions were used to
validate the obtained results. One fitting function is based on the measured power
losses Ploss = Pin − Pout, defined by the following function

Ploss(Iout) = RSCCI
2
out + Psw. (D.10)

The other fitting function is based on the measured output voltage of a SCC, defined
by the following function

Vout(Iout) = Vtrg −RSCCIout. (D.11)

The RSCC of the LED output was determined using the measurements from the
voltmeter connected to the switching node Vx instead of the voltmeter connected to
the output V2. In this way the measured RSCC does not include the series resistance
of the output inductor Lo.
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