
 

Digital control for minimizing the size of multiple-output DC-DC
converters
Citation for published version (APA):
Turhan, M. (2019). Digital control for minimizing the size of multiple-output DC-DC converters. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Electrical Engineering]. Technische Universiteit Eindhoven.

Document status and date:
Published: 10/10/2019

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://research.tue.nl/en/publications/986cd895-5663-4846-b491-8628928d953f


Digital Control for Minimizing the Size

of Multiple-Output DC-DC Converters

Mert Turhan



This research is part of the research programme ASLS with project number

12759, and is jointly financed by the Netherlands Organisation for Scientific

Research (NWO) and Philips Lighting (now Signify).

Printed by Ipskamp Printing

A catalogue record is available from the Eindhoven University of Technology

Library ISBN: 978-90-386-4859-0

Copyright c© 2019 by Mert Turhan. All rights reserved.



Digital Control for Minimizing
the Size of Multiple-Output

DC-DC Converters

PROEFSCHRIFT

ter verkrijging van de graad van doctor aan de Technische Universiteit
Eindhoven, op het gezag van rector magnificus prof. dr. ir. F.P.T.

Baaijens, voor een commissie aangewezen door het College voor
Promoties, in het openbaar te verdedigen op dinsdag 10 oktober 2019

om 11:00 uur.

door

Mert Turhan

geboren te Karabük, Turkije



Dit proefschrift is goedgekeurd door de promotor. De samenstelling van

de promotiecommissie is als volgt:

voorzitter: prof. ir. A. M. J. Koonen

promotor: prof. dr. E. A. Lomonova

copromotoren: dr. J. L. Duarte

ir. M. A. M. Hendrix

leden: prof. dr. -ing A. Mertens (Leibniz Universität Hannover)

prof. ir. C. G. E. Wijnands

dr. ir. H. Huisman

adviseur: dipl. -ing. R. Elferich (Signify Netherlands B.V.)

Het onderzoek dat in dit proefschrift wordt beschreven is uitgevoerd in

overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening.



Summary

Minimizing the Size of Multiple-Output DC-DC Converters

Using Digital Control

In various application areas, such as consumer electronics, efficient power

processing converters that are as small as possible are mandatory. As

a consequence, there is a steady demand for miniaturized high power-

density converters. Switched-capacitor converter (SCC) technology of-

fers a viable way to meet this demand, because the energy density of

capacitors proves to be much higher than that of inductors. However,

their inherent fixed output characteristics prevent the widespread use of

SCCs. As a rule, the output voltage is regulated at the cost of efficiency

by varying the converter output impedance. Moreover, multiple-output

converters are widely used where several independent-supply voltages

are required. Compared with conventional single-output converters, the

motivation for integrating multiple outputs is to reduce the size of the

device and to use fewer active and passive components. Usually these

converters regulate only the output that is defined as the master one;

the other outputs depend on the load conditions. This is why post-

regulators are necessary to adjust the additional outputs. Besides the

obvious efficiency loss, these control schemes based on analog methods

are not sufficiently flexible to control these converters.

In this thesis, hybrid switched-capacitor circuit topologies for single and

multiple output dc-dc converters with a reduced number of active and



passive components are explored in order to ensure maximum utilization

of the available freedom for (digital) control.

Firstly, to create single-output dc-dc converters with the ability to min-

imize inductor size, a hybrid switched capacitor converter (HSCC) is

proposed. To achieve a continuous conversion ratio, an extra switch

plus a diode are added to the conventional SCC, creating an additional

inductor charging path. In this way, the extended circuit can achieve

output voltage adjustment. To verify the analyses a 100W prototype

was built, and its maximum efficiency was measured as 96.2%. It is

then compared with a four-level boost converter (FLBC) to prove the

concept of size minimization while taking efficiency into account, and it

was shown that the proposed converter is 12% smaller than the FLBC.

Secondly, a pulse-width modulation (PWM)-pulse-frequency modula-

tion (PFM) method was introduced to two-output converters that have

only a single magnetic coil and a single active switch. Furthermore,

three-output converter topologies are proposed where the third output

is controlled by phase delay (PD). In these converters only two mag-

netic coils and two active switches are required to regulate the three

outputs. These two-output and three-output converters use fewer ac-

tive switches and inductors than conventional two- and three-output

individual converters, respectively.

There is a practical difficulty with PD in that the switching frequen-

cies of the signals should be the same. By employing a burst method

scheme, the active switches do not operate at the same switching fre-

quency and PD modulation can be achieved. A novel PWM pattern

in burst mode is proposed to merge the PWM-PFM and PWM-PD

methods and thereby obtain PD control parameters. The new PWM-

PFM-PD approach makes it possible to control five outputs. This is

demonstrated with an independently PWM-PFM-PD controlled five-

output buck converter that uses only two active switches and two mag-

netic cores. Three less active switches and three less magnetic cores are

required to obtain five controllable outputs by using this method. All



of these multiple converters were implemented and experimental results

validate the analysis and design procedure.

Reducing the number of components increases the complexity of the

controllers and could worsen the cross regulation. It is for this reason

that modeling and digital control design methods which make viable this

kind of multiple output converters are introduced. The state-space av-

eraging (SSA) technique is able to describe a multiple output converter

with state variables that are operated at different switching frequen-

cies and different modes, i.e. continuous conduction mode (CCM) and

discontinuous conduction mode (DCM). Large and small signal mod-

els of the converter are compared with the simulation results to make

sure they match. Then, a state space feedback method that depends

on pole-placement is applied to the small signal model of the converter

to regulate all outputs independently. This controller is merged with a

error-cancellation algorithm that reduces steady-state errors. In order

to independently validate results, a prototype of the complete system

with a F28379D microcontroller is presented.

Finally, to improve size minimization still further, the output capacitors

of a multiple-output converter are coupled through a discrete capacitor

to obtain a coupled capacitor that is duality of a coupled inductor. In

this way it is demonstrated that it is possible to use smaller output

capacitors without compromising the ripple specification.
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Chapter 1

Introduction

”Why do you stay in prison when the door is so wide open.”

Mevlânâ Celâledd̂ın-i Rûmı̂



2 Chapter 1 Introduction

1.1 Background

Power electronic converters are energy processing circuits that convert

electric signals to appropriate voltage or current levels. The demand for

such converters is growing steadily, due to the increasing use of digital

devices, electric motor drivers, battery chargers, and solar panels, etc.

Power electronic converters are usually available in four classes: ac-ac,

ac-dc, dc-dc and dc-ac. Specifically, consumer electronic devices such as

light emitting diode (LED) drivers and cellular battery chargers require

low-power ac-dc converters.

For example, the nominal voltage of a laptop battery is 10.8V. However,

this can vary between 9V and 12.6V, depending on the state of battery

charge. Moreover, other ancillary supply voltages in a laptop are 5V

and 3.3V for the universal serial bus (USB) and central processing unit

(CPU), respectively, and these need to be kept constant. Clearly a

power electronic circuit with two controllable output voltages is prefer-

able to two separate power electronic circuits for regulating output of

the battery voltages (Furthermore, laptop sizes are decreasing, so the

space available for power electronic circuits is becoming more limited

as well).

Linear dc-dc converters provide a solution to the need to step-down

the input voltage. However, they create an intercalated voltage drop in

series with the output (to regulate the input voltage), and this results

in power dissipation. Apart from draining the battery faster, this power

dissipation leads to higher volume converters, especially when the ratio

between the input and output voltage is high.

It is clear that electronic designers aim to produce reliable, efficient,

low-cost converters that are as small as possible.
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1.2 Switched-Mode Power Supplies

Figure 1.1 illustrates conventional (a) buck and (b) boost converters.

In order to get the desired output voltage, a suitable pulse-width mod-

ulation (PWM) voltage is applied to the gate of the active switch Q.

During the turn-on time, which is defined by the duty cycle δ, the in-

ductor L is charged. After that, during the time that Q is switched off,

the energy in the inductor is transferred to the output. The inductor is

the energy storage component, and this type of converters is known as

inductor-based.

+
−

Vin

Q

D
C

L

R +
−

Vin

Q

D

C

L

R

(a) (b)

Figure 1.1: (a) A conventional buck converter. (b) A conventional
boost converter.

According to the inductor’s volt-second balance, the conversion ratios

of buck and boost converters in continuous conduction mode (CCM)

are
Vo
Vin

= δ and (1.1)

Vo
Vin

=
1

1− δ
, (1.2)

respectively. The output voltage Vo can therefore be adjusted by chang-

ing δ. If the components used are ideal, the efficiency of the converter is

100%. This advantage – adjustable output voltage without power loss

– makes these converters very popular.
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The biggest drawback of inductor-based switched-mode power supplies

(SMPSs) is that they have a bulky magnetic component. The induc-

tor can take up as much space as the rest of the SMPS’s components

combined.

1.3 Switched-Capacitor Converters

Capacitor(s) are the energy storage components that are used in switched-

capacitor converters (SCCs). Examples of a step-down (voltage divider)

SCC and a step-up (charge pump) SCC are shown in Figure 1.2a and

b, respectively, where the switched-capacitors are marked as CS . When

switch Q1 is turned on, energy from the input voltage source Vin is

transferred to CS , after which it is transfered to the output load R

when switch Q2 is turned on. This energy transfer is nearly instanta-

neous and cannot be controlled by duty cycle.

+
−

Vin
R

(a) (b)

+
−

Vin
R

Q1

D1

D2

Q2

CS

Co Co
Q2

Q1

D1 D2

CS

Figure 1.2: (a) A step-down switched-capacitor converter (SCC).
(b) A charge pump SCC.

In Figure 1.2, the conversion ratios of the step-down and step-up SCCs,

assuming with ideal components, are

Vo
Vin

= 0.5 and (1.3)

Vo
Vin

= 2, (1.4)
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respectively. As shown in (1.3)-(1.4), there is no control parameter that

can be used to adjust the output voltage. Most of the control strategies

are based on changing the output impedance of the SCC to create a

voltage drop [1]. The regulation concept is therefore similar to that of

linear regulators and, as such, rather unsatisfactory.

Another downside is that SCCs need many switches (see Figure 1.2),

and this further increases the size of the converter.

The energy density of a capacitor is much higher than that of an induc-

tor (see Table 1.1). For instance, the energy density of a surface-mount

device (SMD) aluminum electrolytic capacitor Panasonic 4.7µF/400V,

is 5420 times higher than that of a SMD power inductor Coilcraft

47µH/1.8A. For SMD ceramic capacitors, the energy density is even

higher (Table 1.1).

Many research papers [1–3] compare SCCs with SMPSs with respect to

peak efficiency and maximum output power. Their main conclusion is

that at this point SCCs are more suitable for low-power dc-dc convert-

ers, especially when they are implemented with integrated circuits.

Table 1.1: The energy density of typical capacitors and inductors

Type Manufacturer
and Value

Volume Energy Den-
sity

SMD Aluminum Elect.
Capacitor

Rubycon
4.7µF/400V

578mm3 651µJ/mm3

SMD Multilayer Ce-
ramic Capacitor

Murata Man.
22µF/25 V

23mm3 2200µJ/mm3

SMD Power Inductor Coilcraft
47µH/1.8A

618mm3 0.12µJ/mm3

SMD Power Inductor Wurth Elek.
51µH/0.2A

19mm3 0.05µJ/mm3
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1.4 Hybrid DC-DC Converters

Multilevel dc-dc converters can be used to increase the frequency or re-

duce the voltage across the inductor to reduce both weight and volume.

For instance, flying capacitors are added to share the energy storage

task with the inductor. One example of this principle is a three-level

buck converter (see Figure 1.3a) [4], which requires more switches than a

conventional buck converter. Although the number of switches is higher

than for conventional dc-dc converters, the total chip size area of the

switches can be smaller because of lower voltage stress. Balancing of the

flying capacitors of the multilevel dc-dc converters is another drawback,

but an additional circuit or controller can be used to solve this problem

[4].

+
−

Vin
R

(a) (b)

+
−

Vin
R

Q1

D1

D2

Q2

CS

Co Co
Q2

Q1

D1 D2

CS

L L

Figure 1.3: (a) A conventional three-level buck converter that
can be viewed as a step-down hybrid switched capacitor converter
(HSCC). (b) A three-level boost converter or, a charge pump HSCC.

To overcome the inefficient energy transfer and current stresses of SCCs,

hybrid switched-capacitor converters (HSCCs) also offer solutions. How-

ever, these circuits still do not allow to adjust the output voltage, so

a solution for continuously adjusting the output voltage of a HSCC is

proposed in Chapter 2. As shown in Figure 1.3, HSCC topologies are

equivalent to multilevel dc-dc converters when only a single switched

capacitor is used. If the number of switched capacitors becomes greater

than one, the location of the inductor and switches is essential, as ex-

plained in Chapter 2.
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1.5 Multiple-Output DC-DC Converters

Multiple-output dc-dc converters are preferred in low-power-electronics

applications when different output voltage levels are needed, because

the cost and size of a multiple-output converter is usually less than

that the sum of individual converters. A typical multiple-output dc-dc

converter is shown in Figure 1.4a. As only the main output voltage is

regulated, the auxiliary outputs vary with respect to the so-called cross-

regulation properties. Cross regulation is the effect that a change in one

output voltage causes other output voltages to change, too. The reason

for this is related to unwanted coupling between transformer windings.

In practice, non-ideal components also influence cross-regulation.

Regulating several output voltages independently can be accomplished

by using post-regulators. These are placed on the secondary side of the

transformer, as shown in Figure 1.4b. For instance, linear regulators

can be used as post-regulators to create an adjustable voltage drop in

series with the output. However, this voltage drop results in power dis-

sipation. The poor efficiency means relatively large heatsinks must be

used, especially when a high conversion ratio and high current is re-

quired. Linear post-regulators are therefore only feasible for low-power

applications.

As an alternative to linear regulators, SMPSs, generally conventional

buck converters as shown in Figure 1.4b, can be used as post-regulators.

Obviously, this results in more complex circuitry.

A post-regulator option for higher power multiple-output applications

is the so-called magamp. A magamp post-regulator uses an inductor

which operates in two alternate operating modes: saturated and un-

saturated. When the main output is supplied, the magamp inductor

prevents energy being transferred to the auxiliary output. When the

inductor saturates, it lets the energy flow through to the auxiliary out-

put. In this way, the auxiliary output can be controlled with good
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+
−

Vin

V2

+

-

V3

+

-

Linear

V1

+

-

Controller

V4

+

-

Regulator

Mag. Amp.
Control

+
−

Vin

Controller

(a)

(b)

V1

+

-

V2

+

-

V3

+

-

SMPS

Figure 1.4: (a) A multiple-output flyback converter with only mas-
ter output regulation. (b) A multiple-output flyback converter with
three different post regulators: a linear regulator, a switched-mode

power supply (SMPS), and a magamp regulator.

accuracy and high efficiency. However, a drawback of this approach is

that relatively expensive and bulky inductive components are added to

the auxiliary outputs.

The research in [46] shows a PWM-pulse-frequency modulation (PFM)

method that uses two dc-dc converters with a common active switch.

One converter operates in CCM, while the other works in discontin-

uous conduction mode (DCM). Therefore, only one active switch is

needed for two outputs. Related to this, paper [47] presents a single

active switch two-output flyback-forward converter with a single trans-

former. Likewise, the PWM-phase delay (PD) method presented in [49]

makes it possible to use one active switch less. It is shown in Chap-

ter 3 that PWM-PFM and PWM-PD control methods can be used with
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new topologies that have less components than shown in [56], and it is

demonstrated that a new PWM-PFM-PD method can reduce the num-

ber of components even more.

1.6 Modeling and Digital Control for

Multiple-Output DC-DC Converters

1.6.1 Modeling of Multiple-Output DC-DC Converters

Modeling involves predicting how a system behaves based on only obser-

vation of its response to input signals. The general methodology results

in so-called black-box models. Or a system can be defined by including

physical, economic and/or social information. When this information is

used, it is referred to as gray-box models [5]. Power electronic convert-

ers modeling is based on physical information, which includes describing

state variables in a mathematical form.

Active switches can be turned on or off by external signals: On the

other hand, diodes turn on and off depending on the network states

[6]. Depending on whether the switches and diodes are on or off, the

power converter can be described by a set of linear sub-circuits. For

instance, a buck converter has two sub-circuits when operated in CCM

and three sub-circuits when operated in DCM (Figure 1.5). Changing

the time duration of these states regulates the energy transfer between

the energy storage components in the converter.

An ”Averaged Model” represents the time averaged behavior of the

state variables. As shown in Figure 1.6, averaging removes information

detail on switching intervals. Many models of PWM converters in DCM

have been proposed in the past two decades [7, 8]. However, these do

not include converters where only some of the inductors are operated

in DCM, while the others use CCM. Chapter 4 discusses these kind of

multiple-output converters in more detail.
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+
−

Vin

Q

D
C

L

R

+
−

Vin C

L

R C

L

R C R

(only in DCM)

(a) (b) (c)

Figure 1.5: Example of a buck power converter: sub-circuits of
the buck converter when Q is (a) on or (b) off or (c) when inductor

current iL is zero.

t

iL,

T 2T 3T

iL

iL

iL

αT (α+1)T

iL
iL

Figure 1.6: Sampled-data and averaged-data models of the inductor
current of a buck converter in CCM and DCM

1.6.2 Digital Control of Multiple-Output DC-DC

Converters

Naturally, in the past controllers were analog circuits. However, the

more complicated control algorithms become, the harder it is to im-

plement them with analog control circuits. This is why digital control

circuits are becoming increasingly popular for advanced solutions.

Figure 1.7 show an example of a control structure for a multiple-output

dc-dc converter, a two-output buck converter with a digital controller.

Output voltages v1, v2 and inductor currents, iL1, iL2 are scaled to

make them compatible for an analog-to-digital converter (ADC). An
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anti-aliasing filter should be added to the input amplifiers to restrict

the bandwidth of the signal. After the amplifiers and filters, the analog

measurement signals are converted into digital form by sampling, after

which they are sent to a digital signal processor (DSP) as shown in

Figure 1.7. The signals are compared with references to calculate their

error. Depending on the errors and the response of the DSP controller,

digital pulse-width modulation (DPWM) signals are created.

+
−

Q

Vin

D2

D1

C1
L

R1

C2 R2

v1

v2

iL1
iL2

amp.

ADCDPWM

Control Structure

amp.

amp.

amp.

fs

DSP

Figure 1.7: A two-output fly-buck converter with a digital control
structure

Controlling multiple-output converters is more difficult than for a single-

output converter, because of cross-regulation, multiple control param-

eters, more state variables to keep track of, etc. Controllers for single-

input multiple-output (SIMO) converters that cope with cross-regulation

are described in [9, 10]. For instance, in order to solve the cross-

regulation problem, paper [11] proposes a time multiplexing control

approach. However, none of these approaches addresses the problem of

how to model and control multiple inductors operated in different con-

duction modes and at different frequencies. Chapter 4 describes mod-

eling and digital control methods for multiple-output dc-dc converters
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that are able to handle these problems.

1.7 Research Objectives

Can capacitors be used as energy stored components to make power con-

verters smaller?

As already mentioned, the energy density of capacitors is much higher

than that of inductors. However, more switches are required for SCCs.

Moreover, regulation of the SCC output voltage leads to power losses

(as with linear regulators), and it results in bigger volume switches

and heatsinks. On the other hand, in principle inductor-based dc-dc

converters regulate output voltages without any power loss. This is

why there is an optimization problem: one needs to determine whether

an SCC or an inductor-based dc-dc converter is smaller when based on

the same specifications.

Power losses caused by regulation can be canceled by adding inductor(s)

to a SCC, making it an HSCC. To reduce the size of the inductor, capaci-

tor(s) are added to an inductor-based dc-dc converter, likewise making it

an HSCC. It is analyzed whether HSCCs are a feasible option for power

supplies. In Chapter 2, it is proposed that running HSCCs op-

erated at resonance in order to use a smaller inductor. One of

these solutions is compared to a multilevel dc-dc converter in terms of

size and efficiency. The proposed topology does not need any controller

or circuitry to balance the voltage across the capacitors as they balance

naturally.

Are HSCCs suitable for multiple outputs?

As also mentioned there are some multiple-output SCCs. The loads are

connected to different nodes of an SCC or additional switches are added

to obtain multiple outputs. However, the efficiency and regulation prob-

lems associated with SCCs are still an issue in these converters.
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One way to obtain auxiliary outputs in SMPSs is to add addi-

tional windings. This method can be also applied to HSCCs.

Is it possible to obtain regulated multiple outputs without any additional

components?

The answer to this question is ”No”, because components are required to

create alternate output paths. At least one output capacitor is needed

for every added output. However, it is proposed to use all con-

trollable parameters of the PWM signals in order to regulate

outputs with the use of a minimum number of active switches.

A PWM signal has two controllable features: duty cycle and frequency.

Two PWM signals have five controllable features: two duty cycles, two

frequencies and one phase delay. Then, using all controllable degrees

of freedom, new multiple-output converters with a reduced number of

switches are proposed. A novel PWM signal pattern is presented that

uses phase delay information with different switching frequencies. Be-

cause it is not intended to add magnetic cores, additional windings are

integrated instead. Chapter 3 shows that five independently reg-

ulated outputs are possible by using only two magnetic cores

and two active switches.

A digital state-feedback controller is developed and it is proved

that it can regulate the new multiple-output dc-dc converter.

How to model an arbitrary multiple-output converter with

general interval switching frequencies and operating in differ-

ent modes (CCM and DCM) is shown in Chapter 4.

1.7.1 Contributions by Co-workers in the Mega-LED

Project

This study is part of the Mega-LED project, which is a research project

involving two PhD students. Mega-LED was funded by the Netherlands

Organisation for Scientific Research (NWO, former STW) and Philips
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Lighting (now called Signify) in the framework of an Advanced Sus-

tainable Lighting Solutions (ASLS) partnership program. During the

research, we collaborated with Juan C. Castellanos from the Mixed-

Signal Microelectronics Department at Eindhoven University of Tech-

nology, and the step-down version of the HSCC in an integrated circuit

was designed by him. A full explanation of the operational principles

and design of the integrated circuit can be found in [12–18]. The PhD

thesis produced by Juan C. Castellanos [18] focused on the IC imple-

mentation of hybrid LED drivers, under the supervision of Prof. Euge-

nio Cantatore and Dr. P.H. Harpe in the Mixed-signal Microelectronics

group, which is now led by Prof. P. Baltus. Juan’s main contribu-

tions to this project, suitably acknowledged in the various publications

involving co-authorship, are summarized below:

• An integrated circuit (IC) of a hybrid Dickson SCC, which can

adjust its output voltage by PWM, was designed and implemented

[15].

• An integrated circuit of a self-resonant HSCC type LED driver

was designed and implemented. The switches of this driver turn

on and turn off softly, not withstanding manufacturing variations

in the passive components and the load [13, 14].

• Dynamic output resistance optimization [16] and a zero-current

detector with an adjustable threshold [13, 14] were proposed to

improve the efficiency of the HSCCs.

• Two embedded current sensing strategies were designed and im-

plemented for HSCCs [13, 14].

• A modular configuration (in parallel or in stacked) of a low voltage

H-SCC LED driver ICs was introduced and validated experimen-

tally for high-input voltage applications.
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1.8 Scope and Outline of the Thesis

This dissertation is separated into five chapters to address the main

contributions. Therefore, an overview of the thesis outline is presented

in Table 1.2.

Chapter 1 provides a brief background description of dc-dc converters.

The advantages and drawbacks of dc-dc converters with respect to their

size and regulation abilities are discussed.

Chapter 2 explores hybrid-switched-capacitor circuit topologies with an

increasing degree of size minimization, and evaluates them with respect

to potential utilization of the available freedom for (digital) control.

The resulting circuits ensure that the switched capacitors are charged

and discharged softly due to the use of zero-current switching (ZCS)

techniques, and that the inductor can be used for output voltage ad-

justment. The operation stages and steady-state characteristics are

described. Besides the theoretical analysis, experimental results for a

step-up SCC are presented.

Chapter 3 is devoted to multiple-output dc-dc converters. Firstly, a

PWM-PFM method is introduced for two-output converters that have

only a single coil and a single active switch. Secondly, three-output

converter topologies are proposed where the third output is controlled

by PD. In these converters only two inductors and two active switches

are required to regulate three outputs. Finally, a method to obtain

PD at various switching frequencies is discussed, and a PWM-PFM-PD

controlled five-output buck converter is presented.

Chapter 4 introduces modeling and a digital control method for multiple-

output dc-dc converters. State-space modeling is applied to the five-

output converter, and the outcome is compared to simulation results.

Then, a digital controller is applied to the obtained plant model, and the

chapter closes by presenting experimental results to verify the analysis.
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Chapter 5 contains the main conclusions of this study, and it presents

the main contributions made by this research.

Table 1.2: Overview of the proposed converters throughout the
thesis

Chapter SCC Multiple-output converters
two- three- five- n- outputs

2 •* •
3 •* •* •*
4 •*
5 • • • • •

Appendix B •*

*Including experimental verification



Chapter 2

Hybrid Switched-Capacitor

Converters

Parts of this chapter are published in [12–14, 16, 17, 84]
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2.1 Introduction

The demand for miniaturized high-power-density converters is steadily

increasing. Switched-capacitor converter (SCC) technology is a viable

option to meet this demand. Figure 2.1a shows a conventional step-

up SCC. In this circuit, switches are triggered alternatively to send a

pulse current through the switched capacitor when it is charging and

discharging. The magnitude of this pulse current depends on the voltage

across the switched capacitor and the switching frequency. However, its

inherent fixed-ratio output voltage characteristic prevents widespread

use of SCCs. As a rule, the output voltage is regulated at the cost of

efficiency by varying the converter output resistance.

Conventional switched-mode power supplies (SMPSs), such as buck and

boost converters, have been combined with an SCC in attempts to

smoothly adjust the output voltage [19, 20]. However, the size of these

circuits is dominated by their magnetic components; therefore, they

are hard to implement as integrated circuits. Other major drawbacks

of SCCs are their inefficient energy transfer at low switching frequen-

cies, and markedly increased switch current stresses. To overcome these

drawbacks, merged two-stage power converters have been presented in

[21, 22]. These topologies achieve output voltage regulation, soft charg-

ing and high-power density by using a small inductor. This aggregation

approach has been shown to be suitable for low-voltage and low-power

levels [21, 22].

Conventional SCC topologies are not efficient for high-power applica-

tions [34]. Since the current stress of the conventional SCC is high,

[23–31] propose charging and discharging the capacitors by using a con-

trolled resonance current. The goal is eliminating the switching losses

and efficiently transferring energy to the switched capacitors. An induc-

tor is added to a conventional SCC, as shown in Figure 2.1a, to derive

a quasi-resonant (QR) SCC shown in Figure 2.1b. Unfortunately, the

output voltage adjustment range of these converters is still limited.
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A controlled resonance current is a ZCS technique that can be used to

softly charge and discharge the switched capacitor in a three-level boost

converter which can adjust its output voltage. Therefore, a three-level

boost converter is superior to a ZCS QRSCC with a single switched

capacitor [84]. If a three-level boost converter is designed to be ZCS,

its number of components and size are the same as those of a ZCS

QRSCC. However, multilevel dc-dc converters such as three- and four-

level boost converter have a balance problem. In order to solve this

issue, an additional RLC circuit is added to naturally balance a four-

level boost converter [4]. Moreover, SCCs have the advantage of being

high density converters in high conversion-ratio applications. The level

number of a multilevel converter does not imply a high conversion ratio.

Resonant SCCs with a wide continuous conversion range and switched-

resonator converters are shown in [32, 33]. However, the capacitor volt-

ages are zero or become negative in some cases, making it difficult to add

multiple switched capacitors to increase the conversion ratio. In other

words, they lose their advantage of being high power density converters

in applications where high conversion-ratio is necessary.

This chapter proposes a PWM controlled step-up QRSCC as depicted in

Figure 2.1c. To achieve PWM, an extra switch plus a diode is added to

the ZCS QRSCC shown in Figure 2.1b, enabling an inductor-charging

stage [17]. Thanks to the ZCS technique, the resulting circuit ensures

that switched capacitors are charged and discharged softly, and the in-

ductor can also be used for output voltage adjustment. The energy stor-

age components in a step-up converter (the inductor L and a switched

capacitor CS) are shown in Figure 2.1c. To increase the conversion ra-

tio, the number of switched capacitors must be changed as shown in

Figure 2.2. The operation of the converter has three main switching

stages: charging the switched capacitor (see Figure 2.3a), charging the

inductor (see Figure 2.3c), and discharging the switched capacitor (see

Figure 2.3d). The amount of energy stored in the inductor depends on

its charging time. In the second stage, this energy is transferred to the
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Figure 2.1: (a) A conventional switched-capacitor converter (SCC).
(b) A zero-current-switching (ZCS) quasi-resonant (QR) SCC. (c)

The proposed continuous conversion converter.
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Figure 2.2: The proposed converter with i switched capacitors is a
natural extension of Figure 2.1c.

output. Thus, the output voltage is adjusted by changing the charging

time as described in the next section.
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Figure 2.3: Equivalent circuits of the step-up switched-capacitor
quasi-resonant PWM converter with two switched capacitors. (a)

Stage 1. (b) Stage 2 and Stage 5. (c) Stage 3. (d) Stage 4.

2.2 The Operating Stages of the Step-Up

Circuit

The equivalent circuits of the operating stages of a QR PWM SCC with

two switched capacitors are shown in Figure 2.3. Five stages occur in
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steady-state operation. To simplify the circuit analysis, it is assumed

that the semiconductors are ideal. Making this assumption, the main

waveforms of the step-up converter are shown in Figure 2.4 and the

stages are described as follows.

• Stage 1 (t0 - t1) : At time t0, the switch Q2 is turned on. Thus,

the switched capacitor starts to be charged by a resonant circuit,

as shown in Figure 2.3a. As can be seen in Figure 2.4, the voltage

across the switched capacitors varies sinusoidally, which means

soft charging, according to:

vCS1 = Vin − 0.5∆VCS cos(ωt′), (2.1)

vCS2 = VC1 − 0.5∆VCS cos(ωt′), (2.2)

where

VC1 =
Vo + Vin

2
, (2.3)

t′ = t− t0, (2.4)

ω =

√
1

L(CS1 + CS2)
. (2.5)

The capacitance of the first switched capacitor CS1 is equal to the

capacitance of the second switched capacitor CS2. ∆VCS is the

ripple voltage on CS1 and CS2, and is formulated as:

∆VCS =
Ts

4CS1
(Iin −

t23Vin
L

√
t23

3Ts
). (2.6)

Ts is the switching period, and t23 is the time it takes to charge

the inductor. If t23 is zero,

∆VCS =
TsVo
RCS1

, (2.7)
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Figure 2.4: Main waveforms of the step-up switched-capacitor
quasi-resonant PWM converter.

where R is resistance of the load. The current through the induc-

tor is described by:

iL =
0.5∆VCS

Z
sinωt′, (2.8)

where

Z =

√
L

CS1 + CS2
. (2.9)



24 Chapter 2 Hybrid Switched-Capacitor Converters

The time interval of stage 1 is given by:

t01 =
π

ω
. (2.10)

• Stage 2 (t1 - t2) : After the resonance stops at t1, there is no

longer any current flow through any switch. Then Q2 is turned

off under zero-current switching conditions. The load is supplied

by the output capacitor C2, as shown in Figure 2.3b, which de-

picts the equivalent circuit of this stage. The voltages across the

switched capacitors reach their maximum and are described by:

V max
CS1

= Vin + 0.5∆VCS (2.11)

and

V max
CS2

= VC1 + 0.5∆VCS . (2.12)

• Stage 3 (t2 - t3) : At time t2, switches Q1 and Q3 are commanded

to turn on. The current flowing through the inductor iL is zero.

The equivalent circuit for this stage is represented in Figure 2.3c.

The duration of this stage t23 is equal to the on-state interval of a

conventional boost converter and is determined by PWM control.

The duty cycle of the converter δ is defined as:

δ =
t23

Ts
. (2.13)

In stage 3, the inductor L is charging and iL rises to its maximum

value at time t3, given by:

ILpk =
δTsVin
L

. (2.14)

• Stage 4 (t3 - t4) : At t3, when Q3 is turned off, a second res-

onance between L, the switched capacitor CS1, the input source

and the load starts. It can be seen in Figure 2.3d that the switched

capacitors are softly discharged in this stage. The voltages across
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the capacitors and the inductor current are described by:

vCS1 = (VC1 − Vin) + (2Vin − VC1 + 0.5∆VCS) cosωt′′

+ ZILpk sinωt′′,
(2.15)

vCS2 = (Vo − Vin) + (2Vin − Vo + 0.5∆VCS) cosωt′′

+ ZILpk sinωt′′,
(2.16)

iL = ILpk cosωt′′

+
(4Vin − VC1 − Vo + ∆VCS)

Z
sinωt′′,

(2.17)

where

t′′ = t− t3. (2.18)

When the inductor current is equal to zero, the resonance stops.

The time interval of stage 4 is described by:

t34 =
arctan

( ILpkZ
1.5Vo−3.5Vin−∆VCS

)
ω

. (2.19)

If the voltage ripple of the switched capacitor is small enough, the

time interval of stage 4 can be shown to be:

t34 =
ILpkL

(Vo − 3Vin)/2
. (2.20)

• Stage 5 (t4 - t5) : After the resonance stops at time t4 there

is no current flow through any switch, as in stage 2, as shown

in Figure 2.3b. Energy to the load is supplied from the output

capacitor. When the gate signal of Q1 goes low, the switch is

turned off under zero current conditions. At the end of stage 5,

the voltages across the switched capacitors are:

V min
CS1

= Vin − 0.5∆VCS , (2.21)

V min
CS2

= VC1 − 0.5∆VCS . (2.22)
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At t=t5, where t5=Ts-t0, Q2 is turned on again, and the cycle is

restarted.

2.3 Voltage Conversion Ratio

To obtain the voltage gain of the proposed converter, it is assumed that

all components are ideal. The conversion ratio is derived from:

VinIin = VoIo = V 2
o /R, (2.23)

by calculating the average value of the input current, Iin, considering the

waveforms shown in Figure 2.4. It can be formulated for the converter

with two switched capacitors that:

Iin =< iL(t01) > + < iL(t23) > + < iL(t34) >

=
Vo
R

+
VinTsδ

2

2L
+

2Vo
R
.

(2.24)

The output voltage can be calculated from (2.23)-(2.24), and the results

of this calculation are shown in Table 2.1. To increase the conversion

ratio, the number of the switched capacitors can be increased, as shown

in Figure 2.2.

The ideal conversion ratio as a function of the duty cycle is shown in

Table 2.1 when the voltage ripple of the switched capacitors is ignored.

Figure 2.5 shows conversion ratios that are obtained by numerical cal-

culation and simulation. These are based on δ at different loads. It

can be seen that the numerically calculated conversion ratios match the

simulation results.

For all loads with i=2, the minimum conversion ratio is approximately

3 when Q3 is not active. To reduce the conversion ratio to less than 3,

the number of switched capacitors should be reduced. At the maximum

duty cycle the output voltage reaches nearly 5.5 times the input voltage

when the load is 300 Ω. The more the load resistance R increases, the
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more the output voltage increases. Thus, load variation should be taken

into account in the design stage.

0 0.05 0.1 0.15 0.2 0.25 0.3
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Figure 2.5: Conversion ratios of the proposed converter with two
switched capacitors, depending on duty cycle δ for different loads R.
These results are obtained by using (2.26) from Table 2.1 and verified

with LTspice IV simulation.

Table 2.1: Conversion ratios of the proposed converter, depending
on the total number (i) of switched capacitors.

Switched capacitor(s)
Vo
Vin

1 1 +

√
1 +

δ2TsR

2L
(2.25)

2
3

2

(
1 +

√
1 +

2

9

δ2TsR

L

)
(2.26)

i
i+ 1

2

(
1 +

√
1 +

2

(i+ 1)2

δ2TsR

L

)
(2.27)
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2.4 Design Criteria

Table 2.2: The inductor and the switched-capacitor groups. The
inductor and the capacitors are selected according to current and
voltage range. Efficiencies are found through simulation of the circuit
shown on Figure 2.2 when Vin=40V, Vo=140V and R=196Ω. The

maximum voltages are obtained when the output power is 100W.

Group L / C1, C3 Size (mm) Eff. / Max Current Max Vo

1 1µH / 2x0.22µF
12x12x6

90.5% / 16.7A 168V
2x1.2x0.7

2 2.2µH / 2x0.1µF
12x12x6

93.7% / 11.7A 161V
2x1.2x0.7

3 3.3µH / 2x0.66µF
12x12x6

95.0% / 10.8A 156V
2x1.2x0.7

4 4.7µH / 2x0.047µF
12x12x6

95.4% / 9.2A 152V
3.2x2.5x1.3

5 5.6µH / 2x0.041µF
12x12x6

95.6% / 8.5A 149.5V
4.5x3.2x1.5

The proposed converter can be properly designed by following the steps

outlined below.

First, the closer the converter is operated to the ideal value (i+1),

the less energy the inductor stores. If stage 3 (the inductor charging

stage) is not used, the converter operates like a conventional QR SCC.

Depending on the desired minimum conversion ratio, the total number

of the switched capacitors is:

min
( Vo
Vin

)
> i+ 1. (2.28)

Second, the resonance frequency fr=ω/2π, must be higher than the

switching frequency fs, and the total duration of t23 together with t34

must be less than the switching period in order to operate Q1 and Q2
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under ZCS. Put differently,

fr > fs, (2.29)

and

t23 + t34 < Ts. (2.30)

Third, the smaller the ripple voltage of the switched capacitors, the less

conduction loss there is, because the ripple voltage increases conduction

losses by affecting the peak current of the resonance. Furthermore, the

voltage across the switched capacitor must be higher than zero at any

time. Therefore, the maximum ripple voltage of the switched capacitors

must be smaller than the input voltage,

∆VCS1,2,...i =
TsVo

RC1,2,...i
< Vin. (2.31)

Fourth, as shown in Table 2.1, the output voltage range depends on the

load, the inductor value, the switching frequency and the duty cycle.

The minimum inductor value can be defined according to the desired

output voltage and load, and it is formulated as:

Lmin =
t223

2 Vo
Vin
.( VoVin − (i+ 1))

R. (2.32)

When the inductance value decreases, the output voltage increases for

the same duty cycle. Table 2.2 shows the efficiencies and the maximum

output voltages that can be obtained for different inductor and capacitor

groups. The resonance frequencies are selected to be approximately the

same for each inductor and capacitor group. As shown in Table 2.2, the

more the value of the inductor decreases, the higher the current stresses

become.

Depending on the demand, the value of the inductor and the capacitors

should be taken into account for the maximum output voltage and the



30 Chapter 2 Hybrid Switched-Capacitor Converters

current stress. Because the current stress decreases when the value of

the inductance increases, the size of this magnetic component does not

change. The disadvantage of a higher inductance value is that it limits

the maximum output voltage.

In Table 2.2, the efficiency of the converters in group 5 is clearly the

highest. However, the demonstration circuit is designed for a maximum

output voltage of 160V, and this is why group 2 is selected.

2.4.1 Voltage and Current Stresses

The voltage and current stresses of all switches are shown in Table 2.3.

In the proposed dc-dc converter the voltage stress of the switches is

always smaller than the output voltage. For instance, the maximum

voltage across switch Q1, Q2 is equal to the input voltage. When the

voltage ripple of the switched capacitors is neglected, the maximum

voltage across Q3 is (Vo-Vin)/i.

The maximum current that passes through Q1, Q3 and D3 is ILpk as

shown in Table 2.3. This depends on the duration of the inductor-

charging interval, the output voltage, and the load conditions. The

current stress of Q2 is equal to the amplitude of the resonant current.

Table 2.3: Voltage and current stress of the switches

Component(s) Voltage Stress Current Stress

Q1 Vin ILpk
Q2 Vin 2∆VCS/Z
Q3 (Vo+(i-1)Vin)/i -V min

CS1
'

(Vo-Vin)/n
ILpk

D1, D4, D2i (Vo-Vin)/i (2∆VCS/Z)/i
D2, D5, D2i+1 (Vo-Vin)/i ILpk/i

D3 (Vo+(i-1)Vin)/i -V min
CS1

'
(Vo-Vin)/i

ILpk
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2.4.2 Conduction Losses

As mentioned in Section 2.2, there are 5 stages in this converter. There

is no current flow during stage 2 and stage 5, and these stages should

be as short as possible. This is why the conduction losses of stage 2 and

stage 5 are not taken into account.

The simplified equivalent circuits of stage 1, stage 3 and stage 4 are

illustrated in Figure 2.6a-c, respectively. Figure 2.6a and Figure 2.6c

show that all the switched capacitors are connected in parallel with

diodes. This is why, even if the number of the switched capacitors and

diodes increases, it does not affect the load-dependent conduction losses.

As shown in Figure 2.6a, in stage 1 the current of the switched capac-

itors is limited by the inductor, and the resonance current of stage 1

determines the conduction loss in this stage:

Pcon1 = (RD1 +RCS1 +RL +RQ2−on)I2
L1(RMS) + VD1IL1(AV), (2.33)

where

IL1(RMS) =

√
t01

2Ts

2∆VCS
Z

, (2.34)

IL1(AV) =
2t01

πTs

2∆VCS
Z

. (2.35)

Stage 3 is the same inductor-charging stage as for the conventional boost

converter, and the simplified equivalent circuit is shown in Figure 2.6b.

The conduction loss in stage 3 depends on the duration of the inductance

charging interval and the inductance value, and it is formulated as:

Pcon2 = (RQ1−on +RL +RD1 +RQ3−on)I2
L2(RMS) + VD3IL2(AV), (2.36)

where

IL2(RMS) =

√
δ

3
ILpk, (2.37)

IL2(AV) =
δ

2
ILpk. (2.38)
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Figure 2.6: Simplified equivalent circuits of (a) stage 1, (b) stage 3
and (c) stage 4.

In stage 4 the stored energy of the switched capacitors and the inductor

is transferred to the output. Figure 2.6c shows the equivalent circuit of

stage 4, and its conduction loss is

Pcon3 = (RQ1−on +RL +RCS1 +RD2)I2
L3(RMS) + VD2IL3(AV). (2.39)

If ILpk is larger than the maximum of the resonant current,

IL3(RMS) '
√
t34

3Ts
ILpk, (2.40)
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IL3(AV) '
t34

2Ts
ILpk. (2.41)

If not,

IL3(RMS) '
√
t34

2Ts

(4Vin − VC1 − Vo + 2∆VCS)

Z
, (2.42)

IL3(AV) '
2t34

πTs

(4Vin − VC1 − Vo + 2∆VCS)

Z
. (2.43)

2.5 Experimental Results

To validate the analysis a step-up converter with two switched-

capacitors was built. The specifications and component values of the

prototype are given in Table B.3. Gate signals were obtained from a

signal generator (33500B Series Trueform Waveform Generator, 20&30

MHz). In order to regulate the output voltage, the gate signal of Q3

was adjusted manually.

Figure 2.7, Figure 2.8 and Figure 2.9 show the voltage and current wave-

forms of Q1, Q2 and Q3 when the converter works at Vin=30 V, output

voltage Vo=110 V, and output current Io=0.6 A. The data of the wave-

forms was obtained by using a TPS2000B Digital Storage Oscilloscope,

and the figures were produced with Matlab.

The experimental results of the converter confirm its functionality and

validate the theoretical analysis. It is clear that Q1 and Q2 are oper-

ating under ZCS as shown in Figure 2.7 and Figure 2.8. The currents

of Q1 and Q2 drop to zero before the switches turn off. The current

through Q3 reaches 3.2 A, as can be seen in Figure 2.9b. The current

stress can be reduced by increasing the inductance value, as mentioned

in the design criteria section. It can be seen in Figure 2.10 that dur-

ing discharge of the switched capacitors the negative amplitude of the

inductor current is the same as that of a conventional ZCS SCC. The

reason why the positive amplitude is higher than the negative ampli-

tude is of course the additional inductor charge stage, as can be seen in
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Figure 2.10a. The measured and calculated efficiency of the converter

at constant load, constant Vin, and varying duty cycle, is plotted in

Figure 2.11. The maximum efficiency was measured as 96.2% at 40 W

output power. It should be noted that power loss of the control circuit

and gate drivers is not included in the efficiency calculation.

Table 2.4: Parameters of the Experimental Prototype

Parameter Value Model

CS1, CS2 0.1µF
C1, C2 10µF
L 2.2µH MSS1260
Q1, Q2, Q3 IRF530
D1, D2, D3,
D4

MBR10100

Drivers UCC27519DBVT
Controllers UC3525
fs 215kHz
Vin 30-40V
Po(max) 100W
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Figure 2.7: Measured (a) voltage and (b) current waveforms of
switch Q1.
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Figure 2.8: Measured (a) voltage and (b) current waveforms of
switch Q2.
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Figure 2.9: Measured (a) voltage and (b) current waveforms of
switch Q3.

Figure 2.12 shows the power loss distribution for different i and differ-

ent output powers when i is 2, as calculated by simulation. In order

to analyze the converter at the same power for different i, the output

voltage is chosen as 120V, 160V and 200V for i being 2, 3 and 4, respec-

tively. Even though the conversion ratio is increased by i, the losses are
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Figure 2.10: Measured (a) voltage waveform of switched capacitor
CS1 and (b) current waveform of inductor L.
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Figure 2.11: Measured and calculated efficiency curves of the
proposed converter (PWM-controlled QRSCC) for different output
power. These results are obtained by using experiments, LTspice IV,

and the model in Section 2.4.2.

approximately the same.
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Figure 2.12: Loss distribution of the proposed quasi-resonant
switched-capacitor converter (QRSCC). The switching loss is approx-

imately 10% of the total loss.

2.6 Comparison Between the Proposed

Converter and a Four-Level Boost

Converter

As mentioned before, using capacitors as the energy storage components

in a HSCC can make the converter still smaller. To put this in per-

spective for the quasi-resonant switched-capacitor converter (QRSCC)

with two switched capacitors, the four-level boost converter (FLBC), as

shown in Figure 2.13, is compared with the proposed converter with re-

spect to volume and efficiency. For this purpose the same specifications

are used for both, which means that the input voltage range is 30V-

40V, the output voltage range is 120V-180V, the switching frequency
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is 215kHz, and the output power is 100W. Furthermore, the FLBC is

operated in resonant and quasi-resonant modes as is the case for the

proposed converter [35]. In this way, the current stress can be kept the

same, and conduction losses are comparable. Although the flying capac-

itor voltages may become unbalanced due to non-idealities, no balance

circuit or control method is taken into account when calculating the

approximate size of the FLBC.

+
−

D2

Q1

Q2

L

Vin

Cf1

R

D3

Co

Cf2

D1

Q3

Figure 2.13: Four-level boost converter topology (FLBC).

To calculate the approximate volume of a magnetic component, its en-

ergy handling capability can be calculated [36], and the volume is then

formulated as a function of the volume-area product Ap(cm
4):

Volind = KVolA
0.75
p = KVol

(2E(104)

BmJKu

)0.75
. (2.44)

where the energy handling capability E is 0.5LI2
pk, Kvol is a constant

related to volume, Bm is the flux density, J is the current density, and

Ku is the window utilization factor. The inductance value and current

stress of the inductor are chosen to be the same in both converters. In

order to calculate the volume of the capacitors, an aluminum electrolytic

capacitor, type 10µF/200 EE Series from Panasonic, is chosen as a

reference. Based on the energy of this capacitor the volumes of the

other capacitors can be estimated. Voltage ripple is kept the same for

both converters. The total size of the semiconductors including their

heatsinks can be smaller for the proposed converter, although it has

more switches than the FLBC. The voltage stresses of the first and
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second active switches of the proposed converter are dependent on the

input voltage. However, the voltage stress of the switches of the FLBC

Vsw depends on the output voltage Vo and the ripple of the flying

capacitor Vfc, this being formulated as:

Vsw =
Vo
3

+
∆Vfc

2
. (2.45)

To ensure a fair comparison, metal oxide semiconductor field effect tran-

sistors (MOSFETs) and diodes are chosen from the same brand and

family. Taking safety margins into account, the active switch IRF530

and the diode MBR10100 are selected for the proposed QRSCC, and the

active switch IRF640 and the diode MBR10200 for the FLBC. In order

to estimate the volume of the heatsinks, the cooling system performance

index (CSPI) is used [37]. The volume is described as a function of the

semiconductors losses and CSPI:

Volheatsink =
Ploss

(Tj − Ta)CSPI
, (2.46)

where Ploss is the conduction and switching loss of the semiconductors,

Tj is the junction temperature, and Ta is the ambient temperature.

The power loss of the semiconductors as required by (2.46) was obtained

by simulation, giving a CSPI equal to 22 W/K.liter according to [38]

(material of the heatsink was chosen to be aluminum).

The total volume of both converters is shown in Figure 2.14. The pro-

posed converter is 12% smaller than the FLBC. Even though the size

of the capacitors and the number of the semiconductors of the FLBC is

less than that of the QRSCC, the voltage stress of the semiconductors

of the FLBC is higher. This leads to more power loss and a bigger

heatsink. The efficiencies of the FLBC and the proposed QRSCC are

92.7% and 95.1%, respectively.
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Figure 2.14: Size comparison between a proposed quasi-resonant
switched-capacitor converter (QRSCC) with two switched capacitors

and a four-level boost converter (FLBC).

2.7 Step-Down Type Hybrid

Switched-Capacitor Converter

The boost HSCC mentioned in the previous sections achieves a higher

output voltage than the input voltage, but there are some variants that

are capable of generating lower output voltage. The conventional step-

down SCC in Figure 2.15a is a 2x voltage divider topology. The switched

capacitor(s) of this SCC charge and discharge impulsive-like, and this

leads to power losses. This is why an inductor is added to this SCC

to form the QR SCC shown in Figure 2.15b. The problem with both

these converters is their discrete conversion ratio. The position of the

inductor can be changed, as shown in Figure 2.15c. Thus, a hybrid

switched-capacitor converter topology known as the three-level buck

converter topology is obtained where the inductor is charged directly

when Q1 and Q2 are simultaneously turned on. The output voltage can

therefore be regulated with a continuous conversation ratio.

As shown in Figure 2.16, to increase the conversion ratio, again the

number of switched-capacitors can be increased. In pure resonance, an

output voltage Vo=Vin/(i+1) is generated under ideal conditions.
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Figure 2.15: (a) A voltage divider switched-capacitor converter.
(b) A hybrid switched-capacitor converter. (c) A hybrid switched-

capacitor converter or a three-level buck converter.
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Figure 2.16: Hybrid switched-capacitor converter (HSCC) topology
or three-level buck converter topology with i number of switched

capacitors.

2.7.1 Operating Principle and Experimental Results

An integrated circuit version of the step-down dc-dc HSCC was designed

using 0.18µm commercial complementary metal oxide semiconductor

(CMOS) technology [13]. In this section, a brief description of all the
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states of a 0.5 step-down dc-dc HSCC is provided. The work described

in [12–14, 17, 18] can be used as a reference for the details of the HSCC:

• Stage 1: In this state, switches Q1 and Q2 are triggered together

causing the current of the inductor to increase in a linear fashion.

This state is used when the conversion ratio must be higher than

0.5.

• Stage 2: Only Q1 is switched on. The resonance between induc-

tor L and the switched-capacitor charges CS1 softly.

• Stage 3: When the inductor current reaches zero, the switches

Q1 and Q2 are turned off under zero-current switching.

• Stage 4: In this state, switch Q2 is turned on, and the energy in

the switched-capacitor CS1 is softly transferred to the load R.

The working sequence of the HSCC converter is stage 1→ stage 2→
stage 3→ stage 1→ stage 4→ stage 3 in order to achieve a conversion

ratio that is more than 0.5. To obtain a 0.5 conversion ratio and one

that is less than 0.5, the sequences are stage 2→ stage 4 and stage 2→
stage 3→ stage 4→ stage 3, respectively.

A dc-dc resonant HSCC operating in the MHz range with and without

an output capacitor was implemented as a 7.7mm2 (the effective area of

the whole converter) on-chip LED driver in [12] and a die photo of the

circuit is shown in Figure 2.17. The specifications of this circuit are as

follows: the capacitors and switches of the LED driver are integrated on

a single IC die, fabricated in a low-cost 5V 0.18µm bulk CMOS technol-

ogy. The (external) inductor is (0.7mm2) 100nH, the peak efficiency of

the circuit is 93%, and the power density is 0.26W/mm2 (0.34W/mm3).
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Figure 2.17: Die photo of the HSCC LED driver chip built as in
[12, 18]. The flying capacitor Cfly, switches, capacitors of gate drivers

Cs1, Cs2, Cs3 and Cs4, and additional circuitry are identified.

2.8 Multiple-Output Hybrid

Switched-Capacitor Converter

The size and cost of an HSCC is potentially less than that of other types

of dc-dc converters as mentioned in Section 2.6. Moreover, it is known

that multiple-output converters can be smaller than their combined

individual converters [56, 95, 96]. This is why merging the HSCC with

a multiple-output converter is a good move when the aim is to design

a smaller dc-dc converter. There are papers [39, 97–100] which propose

this idea. However, the output voltages are not controllable and vary

with changes in the input voltage.

The study reported in [40] presents a regulated multiple-output HSCC

as shown in Figure 2.18. An inductor is connected to the switch nodes

with square voltage waveforms. As a result, output voltages can be reg-

ulated over a limited range depending on the duty cycle. A disadvantage

is that each regulated output needs an extra inductor. Moreover, if the

same switch node needs to be used for more than one output, additional

switches are needed to control them independently (see Figure 2.19).

The problem with using inductors for output is that they are relatively
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Figure 2.18: A multiple-output hybrid switched-capacitor converter
(HSCC) [40].

bulky, and their size dominates the converter volume. The study re-

ported in [41] proposes an additional switch per output. Note that this

circuit then merely needs a single inductor. This idea can be applied

to the HSCC as shown in Figure 2.19. The converter operates in DCM

and the inductor current in each period is transferred to each output

at a time. The more outputs there are, the more the current ripple

increases. This concept therefore demands higher output capacitance.

Moreover, these type of SIMO converters obviously suffer from poor

cross-regulation [42].

Another way to obtain multiple outputs is to use a single converter, such

as a flyback or forward converter, with multiple secondary windings.

Usually these converters regulate only the output that is defined as the

master [43]. This idea is applied to a conventional buck converter in [57,

58] and is shown in Figure 2.20a. The second output is not regulated,

and output variation depends on the cross-regulation properties. How

to regulate multiple outputs that are obtained by additional windings

is explained in the next chapter. Only one additional winding and a

single diode are needed to obtain extra outputs. Moreover, this idea
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Figure 2.19: A single-inductor multiple-output hybrid switched-
capacitor converter (HSCC).

can be applied to the HSCC as shown in Figure 2.20b. The converters

can thus be much smaller.

2.9 Summary

A PWM-controlled step-up quasi-resonant switched-capacitor converter

(QRSCC) is proposed in this chapter (Figure 2.1c). A step-up converter

prototype with two switched capacitors was constructed, and its opera-

tion verified. The proposed converter uses a resonant inductor to both

regulate the output voltage and softly charge the switched capacitors.

Adjusting the output voltage is implemented by adding an additional ac-

tive switch to the conventional HSCC. In other words, PWM-controlled

continuous conversion is a feature of these step-up QRSCCs.

Without an inductor-charging stage the conversion ratio of SCCs is of

course fixed. The minimum conversion ratio can be set by the number

of switched capacitors. The conduction loss of the converter is shown
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Figure 2.20: (a) A fly-buck type two-output buck converter.
(b) A fly-buck type two-output hybrid switched-capacitor converter

(HSCC).

to be independent of the voltage gain. To verify the analysis, a 100W

prototype was built, and it was found that the maximum efficiency

is 96.2%. In order to evaluate the usefulness of the converter, it was

compared to a four-level boost converter. It was demonstrated that the

size of an HSCC is potentially smaller than such a multilevel converter.

The same method that was used for the step-up HSCC was then applied

to a step-down HSCC (Figure 2.16), and a brief description of the step-

down converter was given.

This chapter discusses the methods that are suitable to obtain multiple

output HSCCs. In the next chapter, the details of these multi-winding,
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PWM-PFM, PWM-PD and PWM-PFM-PD methods are presented in

depth.
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Chapter 3

A Family of Reduced Size

Multiple-Output DC-DC

Converters

Parts of this chapter are published in [56, 83]
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3.1 Introduction

Chapter 2 introduced hybrid switched-capacitor converters (HSCCs)

that provide output voltages with a continuous conversion ratio; and it

was shown that these converters can be smaller and more efficient than

multilevel dc-dc converters. Moreover, multiple-output methods can be

applied to these converters in order to make them even smaller [87–90].

However, one of the main drawbacks of a multiple-output converter is

its potentially substandard cross-regulation [91–94]. If there are no con-

duction losses or leakage inductance effects, closed-loop regulation of the

master output regulates all outputs in CCM [43]. Nevertheless, perfect

cross-regulation is not possible under real-life conditions. This is why

in most cases post-regulators must be applied to adjust the additional

outputs [44, 45].

The single-switch pulse-width modulation (PWM) - pulse-frequency

modulation (PFM) converter uses PFM in order to regulate the sec-

ond output voltage [46, 47]. This converter has two separate inductors.

One of the output circuits operates in CCM, while the other operates

in discontinuous conduction mode (DCM). Both outputs can be con-

trolled independently by orthogonally modulating both the duty cycle

and the switching frequency of the single active switch. The work de-

scribed in [48] is based on such a PWM-PFM method, however instead

of DCM, the second output is controlled in zero-current-switching (ZCS)

quasi-resonant (QR) mode. A further PWM-phase delay (PD) control

method produces a regulated third output [49, 50]. In this case, two

active switches are required. The active switches are operated at the

same switching frequency, which is a requirement for implement the

PD, and then it possible to adjust the third-output voltage by the PD.

Some researchers have used the PWM-PFM and PWM-PD methods

with isolated dc-dc converters [51–54]. However, extra active switches

are required to implement these converters. The study reported in [55]

outlines a PWM-PFM-PD control method, but the converter can adjust

only three output voltages.
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This chapter first describes the use of the PWM-PFM method for two-

output converters that have only one coupled inductor and one active

switch. Next, a three-output converter topology is proposed in which

the third output is controlled by PD. Subsequently, PWM-PFM and

PWM-PD methods are merged, and a PWM-PFM-PD method is pro-

posed to control a five-output converter [56]. Finally, alternative PWM-

PFM-PD controlled five-output converter topologies are proposed. The

proposed solutions use only two active switches and two magnetic cores

to adjust five output voltages independently. Two active switches have

five independent control parameters, i.e. duty cycle δ1 and switching fre-

quency f1 of the first gate signal, duty cycle δ2 and switching frequency

f2 of the second gate signal, and finally phase delay δPD between the

first and the second gate signals. Two of the outputs are adjusted us-

ing PWM in CCM, while the other two use PFM in DCM, and the

fifth load is regulated by PD. Using ”burst mode” in one of the two

switches enables the use of PD operation for signals that do not have

the same frequency. This technique creates the opportunity to regulate

five outputs with a significantly reduced number of active and passive

components.

Section 3.2 presents PWM-PFM controlled two-output converters. Sec-

tion 3.3 describes PWM-PD controlled three-output converters. Finally,

Section 3.4 covers PWM-PFM-PD controlled five-output converters.

Each section has design criteria and experimental results. In addition,

Section 3.4 compares the five-output converter with alternative multiple

output converters. A summary is provided in Section 3.5.

3.2 PWM-PFM Controlled Two-Output

Converters

The PWM-PFM method for two-output dc-dc converters with one ac-

tive switch is introduced in [46]. In the paper, one output is controlled

by PWM and the other by PFM. One of the inductors is designed for
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CCM, and the other for DCM. While the duty cycle of the switch de-

termines both output voltages, its switching frequency only adjusts the

output voltage in DCM. Hence both output voltages can be regulated

independently, subject to DCM constraints.

Another way to obtain auxiliary outputs without using additional ac-

tive switches is to place multiple windings onto the inductor of a buck

converter [57, 58]. The primary of the coupled inductor is used for the

first output, and the secondary voltage is rectified and filtered to create

a second output. This second output depends on the turns ratio of the

coupled inductor, n. The polarity of the coupled inductor determines

whether energy is transferred to the secondary in flyback or forward

mode.

The first output is regulated by the PWM of the active switch, while a

zener diode or a linear regulator is often included on the secondary side

to regulate the second output voltage [44, 45]. These methods of course

reduce the efficiency of the converter.

PFM can be used as a control parameter to regulate the second output

when it is operated in DCM. The magnetizing inductance of the coupled

inductor is used for the PWM output, and the leakage inductance is used

for the PFM output. The two-output buck converter that is shown in

Figure 3.1a is explained in this chapter. Note that the exact same

approach is possible for other dc-dc converters, e.g. the boost and

buck-boost converters that are depicted in Figure 3.1b and Figure 3.1c.

3.2.1 Two-Output Fly-Buck Converter

Using a fly-buck converter (Figure 3.1a) as a simple two-output con-

verter is proposed in [59, 60]. Only one of the outputs is controlled,

causing severe cross-regulation issues for the second output. In order to

remediate the cross-regulation problem, adding an active switch to the

secondary of the coupled inductor was proposed in [61].
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Figure 3.1: (a) A two-output buck converter. (b) A potential two-
output boost converter. (c) A potential two-output buck-boost con-

verter.

As an alternative to the conventional uncontrolled fly-buck converter,

Figure 3.2a shows a two-output buck converter whose second output

is obtained from a flyback type coupled inductor with magnetizing in-

ductance L1 and substantial leakage inductance L2. The steady-state

equation of the first output voltage v1 is the same as for the conventional

buck converter. When the first switch Q1 is off, energy is transferred to

the secondary. The steady-state equation of the second output voltage

v2 is:
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v2 = n(V1 − Vin
β

1− δ + β
)

= nVin(1− δ)
(
− 0.5 +

(δ − 1)R2ts
4L2

+√
4L2

2 + 4(1 + δ)L2R2ts + (δ − 1)2R2
2t

2
s

4L2

)
,

(3.1)
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Figure 3.2: (a) A fly-buck type two-output buck converter. (b)
Voltage and current waveforms of the magnetizing and leakage in-
ductances of the coupled inductor vL1, iL1-niL2, vL2 and iL2, respec-

tively.

where n is the turns ratio of the coupled inductor, Vin is the input

voltage, δ is the duty cycle of the switch Q1, and β is the normalized

(ts) demagnetizing interval of the leakage inductor L2 (see Figure 3.2b).
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Figure 3.3: Conversion ratio of the second output, M2=v2/Vin,
versus the duty cycle δ at different switching frequencies fs combined
with the second load R2 of the fly-buck converter when the turns
ratio of the coupled inductor n is 1. For the other components, see

Table 3.1. Results are obtained by using (3.1).

As shown in (3.1), the switching period ts is a possible control param-

eter of v2. This explains why the switching frequency, fs=1/ts, can be

used to restrain the cross-regulation problem without adding additional

components. Figure 3.3 is constructed from (3.1) to show the regulation

that is possible with the switching frequency.

From Figure 3.3 it can be deduced that it is preferable to adjust the

second output in the fly-buck mode when the duty cycle is higher than

50%. This is because more energy can be transferred during the switch-

off period to support a wider range of load conditions.
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Design Criteria

L2’s value depends on the turns ratio of the coupled inductor, n. How-

ever, n needs to be known to calculate L2. The minimum value of n

is:

min(n) = lim
β→0

v2

v1
, (3.2)

and so n can be calculated from (3.1) by numerical iteration. If a

higher L2 inductance is needed, it can be increased by additional inverse

windings [62] or by changing the overlap ratio of the secondary winding

[63].

Inductor L2 is needed to adjust the second output v2. L2’s inductance

should be relatively small compared to the magnetizing inductance in

order to correctly operate this second output in DCM. Moreover, L2 is

also used to restrict the peak value of the inductor current iL2,pk. It

follows that

iL2,pk = (nV1 − V2)(1− δ)ts/L2. (3.3)

For the fly-buck converter, the peak current of niL2 should be lower

than the minimum current of iL1 if a conventional buck converter is

used:

niL2,pk < IL1 −∆iL1, (3.4)

where ∆iL1 is the ripple of iL1, as iL1-niL2 cannot be negative because

of the diode D1. When this condition is false, iL1 decreases and the first

output voltage drops. Instead of a diode, a MOSFET can be used to

allow iL1-niL2 to become negative.

Experimental Results

A fly-buck converter whose output voltages are 15V/1.5A and 5V/0.8A

was built. The parameters of the prototype are shown in Table 3.1. The

15V output was chosen as the reference output because the available

power from the reference output is higher than that from the second

output.
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Table 3.1: Components of the fly-buck and forward-buck two-
output prototypes.

Component Value Model

C1 2x22µF TMK325B7226MM
C2 47µF C1210C476M4PACTU
L1 150µH produced in-house

(turns ratio is 1/0.7)
L2 3.5µH
Q1 MTD3055VL

Gate Driver LTC4440
D1, D2 CD214B-B230LF
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Figure 3.4: Experimentally measured output voltages of the pro-
posed fly-buck two-output converter for different fs (R1=10Ω and

R2=6.25Ω).

Figure 3.4 shows that v2 changes for different switching frequencies.

The duty cycle δ is kept the same for both these plots. There is a small

change in v1 when fs changes because of cross-regulation. Figure 3.4

shows that the voltage range of the second output is slightly larger

when δ is higher.

In Table 3.2, the control values and efficiencies of the circuit at different

loads are given. When the first output current i1 is changed from 0.75A

to 1.5A, δ must be increased from 58.7% to 64.5%. Note that δ is
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Table 3.2: Experimental results of the fly-buck converter
(Vin=24V)

v1(V) v2(V) i1(A) i2(A) δ(%) fs(kHz) η(%)

15.02 5.02 0.75 0.81 58.7 27.0 91.4
15.02 5.02 1.00 0.81 61.1 66.0 92.5
15.02 5.02 1.25 0.80 63.2 79.0 93.1
15.00 5.03 1.50 0.81 64.5 84.0 93.5
15.01 5.01 1.50 0.60 65.3 117.0 93.8
15.02 5.01 0.75 0.60 60.7 97.0 93.2
15.02 5.03 1.50 0.40 64.3 184.0 94.4
15.01 5.00 0.75 0.40 63.8 183.0 94.0
15.02 5.00 1.50 0.20 64.2 420.0 94.3
15.00 5.01 0.75 0.20 63.5 410.0 94.3

the control parameter of v2. Therefore, it is possible to increase fs from

27kHz to 84kHz to keep v1 at 5V. Even if fs is not a control parameter of

v1, δ is slightly changed from 64.5% to 64.2% when the second output

current i2 is changed from 0.8A to 0.2A. The reason for this slight

change is again due to cross-regulation issue. An appropriate PWM-

PFM method can keep the output voltages the same at both operating

points.

As shown in Table 3.2, the minimum efficiency of the circuit is 91.4%

when i1 is at the minimum operating point. The more i1 increases,

the more the efficiency increases. The efficiency at the lower switching

frequencies is generally lower than the efficiency at the higher switching

frequencies. This is because the ripple of iL2 decreases when fs increases.

The conduction losses also decrease because of this reason.

3.2.2 Two-Output Forward-Buck Converter

Figure 3.5a shows a two-output forward-buck converter where the sec-

ond output is obtained by introducing a forward-mode coupled inductor.

The circuit is the same as for the fly-buck circuit, except that the po-

larity of the coupled inductor is reversed. When Q1 is switched on,
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Figure 3.5: (a) Forward-buck type two-output buck converter. (b)
Voltage and current waveforms of the magnetizing and leakage in-
ductances of the coupled inductor vL1, iL1+niL2, vL2 and iL2, re-

spectively.

energy stored in magnetizing inductor is transferred to the secondary.

The conversion ratio of the first output voltage M1 is the same as for the

conventional buck converter. The value for the second output voltage

v2 can be calculated by the following equation:

v2 = n(Vin
δ

δ + β
− V1)

= nδVin

(
− 0.5− δR2ts

4L2
+√

4L2
2 +R2ts(8L2 − 4δL2 + δ2R2ts)

4L2

)
.

(3.5)
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Figure 3.6: The conversion ratio of the second output of the
forward-buck two-output converter, M2=v2/Vin, versus the duty cy-
cle δ at different fs, and the second load R2. The turns ratio of the
coupled inductor n is 1. For the other components, see Table 3.1.

Results are obtained by using (3.5).

As shown in Figure 3.6 and (3.5), the switching frequency ts=1/fs can

be used to adjust the second output voltage. Also, Figure 3.6 shows that

the conversion ratio range increases when the duty cycle δ decreases.

This is the opposite situation to that of the fly-buck converter (see

Figure 3.3 and Figure 3.6). The polarity of the transformer can be

selected, depending on δ as required by the application, to create the

widest possible voltage range for the second output. In particular, if

δ is less than 0.5, the forward-buck topology is selected, otherwise the

fly-buck topology is more appropriate.

Design Criteria

The minimum value of the turns ratio n is:

min(n) = lim
β→0

v2

Vin(1− δ)
. (3.6)

The initial n-value can be computed from (3.5) by using numerical

procedures.
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A leakage inductance L2 is needed to adjust the second output v2. The

peak value of the inductor current iL2,pk is required for the selection

process:

iL2,pk = (n(Vin − V1)− V2)δts/L2. (3.7)

For the forward-buck type, the average of the current iL2 must be lower

than the minimum current of iL1:

ave(niL(2)) < IL1 −∆iL1. (3.8)

This is because iL1+niL2 cannot be negative because of the diode D1.

This is the same reasoning as applies to the fly-buck type.

Experimental Results

A forward-buck converter with outputs of 12V/1.5A and 5V/0.6A was

designed and built. The parameters of the prototype, which were the

same as for the fly-buck converter, are shown in Table 3.1. Figure 3.7

shows the experimental results of the change in v2 versus fs, same as

for the fly-buck converter. The change in fs from 50kHz to 500kHz

causes (approximately) a 3.5V drop in v2 when δ=0.42. V1 changes only

+0.4V from 50kHz to 500kHz, because of cross-regulation issues. This

is enough to control the two-outputs independently, as Table 3.3 shows.

The control values and efficiency of the forward-buck converter under

different load conditions are also shown in Table 3.3. The efficiency

at lower switching frequencies is generally lower than that at higher

switching frequencies, matching the behavior of the fly-buck converter.

3.3 PWM-PD Controlled Three-Output

Converters

The PWM-PD method for non-isolated three-output dc-dc converters

with two active switches is presented in [49, 50]. It requires two square
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Figure 3.7: Experimentally measured output voltages of the pro-
posed forward-buck two-output converter depending on fs (R1=12Ω

and R2=8.3Ω)

Table 3.3: Experimental results of the forward-buck converter
(Vin=24V)

v1(V) v2(V) i1(A) i2(A) δ(%) fs(kHz) η(%)

12.02 5.06 0.754 0.610 51.9 45.0 91.7
12.06 5.01 1.000 0.605 52.5 45.0 91.7
12.03 5.03 1.252 0.606 53.1 40.0 91.9
12.02 5.00 1.518 0.602 53.6 40.0 91.6
12.02 5.01 1.502 0.300 52.9 97.0 93.1
12.07 5.01 0.751 0.300 51.8 110.0 93.3
12.03 5.01 1.503 0.101 52.7 380.0 93.3
12.03 5.00 0.748 0.101 51.2 470.0 92.9

wave voltages and builds a third square voltage from them. The first

and the second output voltage are controlled by δ1 and δ2, respectively.

The third output is adjusted by the duty cycle δ3, which is equal to

the total of δPD and δ2 in [49, 50]. This is why a third switch is not

needed to obtain a third output; however, additional diodes and an

extra magnetic core must be added [49, 50].

A PWM-PD controlled three-output converter which needs only two

inductors is shown in Figure 3.8. In order to obtain the third adjustable
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output, additional windings are added to the inductors L1 and L2 of the

buck converters. To use this method, the switching frequencies of the

active switches should be the same. The polarity of the windings can

be chosen in two ways, and boost or buck-boost converters may be used

instead of buck converters. The secondaries of the coupled inductors

are connected in series so that the combined leakage inductance of the

coupled inductors, L3, can be used to adjust the third output. This

third output is adjusted by the duty cycle δ3, which is a function of the

phase delay δPD between the gate signals of Q1 and Q2.
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Figure 3.8: PWM-PD controlled three-output forward-type buck
converter.

3.3.1 A PWM-PD Controlled Fly-Buck Type

Three-Output Converter

The secondary windings of the coupled inductors of the two buck con-

verters are connected in series. L3 is equal to the total leakage induc-

tance of the first and second coupled inductors. The polarity of the

secondaries is similar to that of a flyback converter. When the voltage

across both magnetizing inductors is negative, the energy is transferred
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Figure 3.9: The gate voltage of the switches vG1 and vG2, and the
voltage waveform of the tertiary inductor, vL3 of (a) a fly-buck type

converter and (b) a forward-buck type three-output converter.

to the secondary. The duty cycle δ3 of this third output square wave is

δ3 = (1− δ2 − δPD), (3.9)

as shown in Figure 3.9a. The third output voltage v3 of the fly-buck

type converter can thus be calculated as:

v3 =(2L3n(V1 + V2 − Vin)− δ2
3nR3tsVin+

[n2(8δ2
3L3R3ts(V1 + V2)Vin+

(−2L3(V1 + V2 − Vin) + δ2
3R3tsVin)2)]

1
2 )/4L3.

(3.10)

Design Criteria

The minimum value of n is:

min(n) = lim
β→0

v3

v1 + v2
. (3.11)
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The current passing through L3, iL3,pk, is formulated as:

iL3,pk = (n(V1 + V2)− V3)δ3Ts/L3. (3.12)

Experimental Results

A fly-buck three-output converter was built to verify the preceding anal-

ysis. The parameters of the prototype were the same as for the two-

output converters and are shown in Table 3.1. Figure 3.10 shows the

experimental results for v3 and how they change as a function of the

phase delay. The first output, 15V/1.5A, and the second, 12V/1.5A, are

kept the same for different third-output voltages. The cross-regulation

at 50kHz is 2-3V for v1 and v2 as shown in Figure 3.10. Note that the

change in v1 and v2 is only 0.2V at higher frequencies.
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Figure 3.10: Experimentally measured output voltages of the pro-
posed fly-buck three-output converter, depending on different phase

delays δPD (Vin=24V, R1=10Ω, R2=8Ω and R3=7.5Ω).

Table 3.4 shows the operating points, control parameters and efficiencies

of the converter for different loads. When δPD or δ3 is chosen as the
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control parameter for the third output, the output voltages can be kept

the same at different loads. For example, when only the third load is

changed in the first four rows, then the related control parameter, the

phase delay, is able to keep the third output constant, i.e. 3.3V.

The efficiency of the converter η is 94.4% at the rated load, and it can

be even higher for other loads, as shown in Table 3.4.

Table 3.4: Experimental results with a fly-buck type three-output
converter (Vin=24V and fs=150kHz)

v1(V) v2(V) v3(V) i1(A) i2(A) i3(A) δ1(%) δ2(%) δPD(%) η(%)

15.00 12.02 3.32 1.498 1.498 0.442 65.4 52.7 20.5 94.4
15.00 12.01 3.30 1.498 1.497 0.309 65.4 52.7 24.3 94.7
15.01 12.01 3.30 1.498 1.496 0.152 65.4 52.7 28.6 95.1
15.01 12.00 3.30 1.499 1.496 0.074 65.4 52.7 30.7 95.1
15.04 12.03 3.31 0.753 0.750 0.077 64.2 51.6 31.2 95.3
15.02 12.03 3.30 0.252 0.252 0.078 63.0 50.6 31.9 92.6
15.25 12.12 3.30 0.256 0.253 0.300 55.5 33.6 7.7 91.9

3.3.2 A PWM-PD Controlled Forward-Buck Type

Three-Output Converter

The forward-buck type three-output converter is the same as a fly-buck

type three-output converter, except for the polarity of the secondary

windings. The polarity of the secondaries is similar to that of a for-

ward converter. When the voltage across both magnetizing inductors is

positive, energy is transferred to the secondary.

The δ3 of the forward-buck circuit is:

δ3 = (δ1 − δPD), (3.13)
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as shown in Figure 3.9b. The third-output voltage v3 can be calculated

as:
v3 = (−2L3n(V1 + V2 − Vin)− δ2

3nR3tsVin+

[n2(−8δ2
3L3R3ts(V1 + V2 − 2Vin)Vin

+ (2L3(V1 + V2 − Vin) + δ2
3R3tsVin)2)]

1
2 )/4L3

(3.14)

Design Criteria

The minimum value of n is:

min(n) = lim
β→0

v3

Vin − (v1 + v2)
. (3.15)

The current of L3, iL3,pk, is formulated as:

iL3,pk = (n(2Vin − V1 − V2)− V3)δ3ts/L3. (3.16)

Experimental Results

The same components used for the fly-buck type were used to build

a forward-buck three-output converter. Figure 3.11 shows the exper-

imental results of v3, as a function of δPD. Figure 3.11 shows that

cross-regulation for the forward-buck converter at 50kHz is appreciably

worse than at the other switching frequencies.

Table 3.5 shows the operating points, control parameters, and efficien-

cies of the forward-buck type converter for different loads. It can be

seen that δPD or δ3 is a valid control parameter of the third output.

The efficiency of the converter η is 94.4% at the rated load. The effi-

ciency values of the converter are similar to those for the fly-buck type.

As is evident from (3.10) and (3.14), δ3 is the obvious control parameter

for the third output. The maximum range of δ3 is 50% when δ1 and

δ2 are 50%. As shown in Figure 3.12, the more δ1 and δ2 decrease or

increase, the more the range of δ3 decreases. As to the voltage range

aspect, both have the same advantages and disadvantages.
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Figure 3.11: Experimentally measured output voltages of the pro-
posed forward-buck three-output converter depending on different

phase delays δPD (Vin=24V, R1=10Ω, R2=8Ω and R3=7.5Ω)..

Table 3.5: Experimental results for a forward-buck type three-
output converter (Vin=24V and fs=150kHz)

v1(V) v2(V) v3(V) i1(A) i2(A) i3(A) δ1(%) δ2(%) δPD(%) η(%)

14.99 12.07 3.30 1.512 1.500 0.456 65.5 53.0 14.4 94.4
14.99 12.07 3.31 1.511 1.500 0.303 65.5 53.0 23.1 94.7
14.99 12.05 3.31 1.512 1.500 0.150 65.5 53.0 32.2 94.9
15.02 12.02 3.31 1.516 1.491 0.075 65.5 53.0 47.5 94.9
15.00 12.10 3.30 0.751 0.751 0.075 64.1 52.0 38.9 95.1
15.02 12.04 3.30 0.252 0.250 0.307 63.0 50.7 23.1 90.7
15.02 12.06 3.30 0.251 0.250 0.075 63.0 50.8 38.0 92.1
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Figure 3.12: The range of the third duty cycle δ3 for different first
and second duty cycles δ1 and δ2.

3.4 PWM-PFM-PD Controlled Five-Output

Converters

In this section, the PWM-PFM controlled two-output and the PWM-

PD controlled three-output converters are merged to obtain five inde-

pendently controlled outputs. The resulting PWM-PFM-PD controlled

five-output converter, which has only two coils and two active switches,

is shown in Figure 3.13a. In order to obtain the extra three adjustable

outputs, two additional windings are added to the inductors of the buck

converters and flyback diodes are then connected to the secondaries of

these coupled inductors to construct the third and the fourth output.

The leakage inductors L3 and L4 are designed to control the third and

the fourth output voltage in DCM. Therefore, the total of the leakage

inductance of the coupled inductors L5, which is obtained by connecting
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the tertiaries of the coupled inductors in series with diodes, can be used

to adjust the fifth output by PD.

In order to use the PD method with non-equal frequency waveforms, it is

proposed that the second switch operates in ”burst” mode. The second

switching frequency f2 is synchronized to the first switching frequency,

f1=1/ts. It is then possible to insert a PD between the starting points

of the signals as shown in Figure 3.13b and Figure 3.13c. Frequency f2

can be represented by:

f2 = kf1. (3.17)

The PWM signal is divided into segments depending on the required

number of pulses, k. In burst mode, the turn-on time of the second

signal is affected by the demagnetizing ratio of the fourth inductor β2

as can be seen in Figure 3.13b and Figure 3.13c. When the inductor

current drops to zero, the next segment is triggered. The inductor

voltage waveform of the fifth output for the fly-buck type converter vL5

is divided into k pulses as shown in Figure 3.13b. δ3 in burst mode is:

δ3 = (1− δ2 − δPD − β2(k − 1)/k). (3.18)

The range of δ3 in burst mode is reduced by k and β2 for the fly-buck

type’s fifth output. As shown in Figure 3.13c, instead of dividing the

PWM signal into equal sub-pulses, there is a gap between the pulses in

the case of a forward-buck type converter. This gap is needed for the

demagnetizing duration of iL4 to operate the fourth output in DCM. In

other words, the demagnetizing duration does not affect the range of

δ3, and (3.13) can be used for the forward-buck type converter in burst

mode. The forward-buck type converter for the fifth output is preferable

to the burst mode as it has a wider effective range and operates with

less adverse effects.
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Figure 3.13: a) PWM-PFM-PD controlled five-output converter.
Waveforms of gate voltages, current through the fourth inductor iL4

and the voltage across the fifth inductor vL5 when the fifth output is
connected in b) a fly-buck type and c) forward-buck type converter.
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3.4.1 Topology Comparison

One method to reduce the size of a converter is to reduce the total num-

ber of components, e.g. by sharing common functionality as mentioned

in the previous sections. Comparisons in this respect for the proposed

five-output converter with similar research in [64–67] are summarized

in Table 3.6. Figure 3.14 shows the reviewed multiple-output dc-dc

converters, i.e. (a) the integrated multiple-output synchronous buck

converter (IMOSBC) from [64], (b) the multiple-output narrow-band

resonant converter (MONBRC) from [65], (c) the multiple-output two-

transistor forward converter (MOTTFC) from [66] and (d) the single-

input multiple-output dc-dc converter (SIMOC) from [67].

Table 3.6: Comparison of multiple-output converters.

References IMOSBC MONBRC MOTTFC SIMOC Proposed
[64] [65] [66] [67]

Switches 6 4 4 1 2
Diodes 0 20 12 5 5

Magnetic
components

5 6 2 3 2

Capacitors 5 16 4 5 5
Outputs 5 5 4 3 5

The IMOSBC uses fewer switches and diodes than those of its indi-

vidual converters, but Figure 3.14a shows that it does not have less

magnetic components. The MOTTFC from [66] and SIMOC from [67]

are conceived to minimize cross-regulation, because the converters can

not regulate all their outputs independently. Although the MONBRC

regulates all outputs independently, it has more components than those

of five individual converters, as shown in Figure 3.14b. As can be seen in

Table 3.6, the proposed converter has the least number of components

per output when compared to the others.
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Figure 3.14: Multiple-output dc-dc converters from the literature:
which are (a) an integrated multiple-output synchronous buck con-
verter (IMOSBC) in [64], (b) a multiple-output narrow-band resonant
converter (MONBRC) in [65], (c) a multiple-output two-transistor
forward converter (MOTTFC) in [66] and (d) a single-input multiple-

output dc-dc converter (SIMOC) in [67].

TMONBRC, MOTTFC and SIMOC are designed for high conversion

ratios. However, the proposed topology can use forward converters in-

stead of the buck converters for its first and second outputs, thereby

also achieving high gain.

Design Criteria The design rules for the PWM-PFM and PWM-PD

converters can also be used for PWM-PFM-PD converters. As an ex-

ample, the design of a five-output converter is shown in this subsection.
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Table 3.7: Experimental results for a five-output converter
(Vin=24V)

v1(V) v2(V) v3(V) v4(V) v5(V) i1(A) i2(A) i3(A) i4(A) i5(A)

Case 1 15.17 12.11 -5.08 4.76 3.28 1.54 1.54 0.81 0.57 0.45
Case 2 15.09 11.99 -5.00 4.74 3.30 0.75 0.98 0.50 0.39 0.30
Case 3 15.04 12.13 -4.91 5.28 3.32 0.76 1.53 0.65 0.79 0.31
Case 4 15.15 12.10 -4.80 4.76 3.37 1.52 1.03 0.58 0.77 0.48
Case 5 15.12 12.13 -4.98 5.13 3.39 1.52 1.54 0.41 0.80 0.47
Case 6 15.00 11.96 -5.06 5.38 3.30 1.50 1.49 0.62 0.61 0.45
Case 7 15.16 12.10 -5.00 5.16 3.40 1.54 1.56 0.60 0.80 0.31

Table 3.8: The control parameters of a five-output converter at the
operating points shown in Table 3.7

η(%) δ1(%) δ2(%) δ3(%) f1(kHz) k

Case 1 92.9 67.28 54.70 11.84 85.5 3
Case 2 93.5 64.67 52.07 15.46 129.5 3
Case 3 92.5 59.40 53.78 7.04 66.3 2
Case 4 92.7 66.26 51.80 13.57 51.0 5
Case 5 93.0 65.91 54.53 9.91 69.7 5
Case 6 92.6 64.89 53.20 10.37 88.5 2
Case 7 92.9 66.84 55.10 3.12 65.2 3

The input voltage Vin is 24V, and the outputs are 15V/1.5A, 12/1.5A,

-5V/0.8A, 5V/0.6A and 3.3V/0.45A, respectively.

The first and second outputs are operated in CCM. Therefore, the

heaviest loads, 15V/1.5A, 12/1-1.5A, are selected for these outputs. The

topology can be selected to be buck, boost or buck-boost depending on

the input voltage. Moreover, δ1 and δ2 should be close to 0.5, depending

on the δ1 and δ2 values, in order to ensure a wide δ3. In this chapter,

the requirement is a buck converter; and so only the buck converter is

analyzed.

The third and fourth outputs are operated in DCM, and a fly-

buck or forward-buck type is selected according to the δ1 and δ2 values,
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because how the range of the fly-buck and forward-buck type converters

changes depends on the δ1 and δ2 values, as mentioned in Chapter 2.

Given these considerations, the -5V and +5V outputs are chosen for

these outputs and the fly-buck topology is used because δ1,2 ≥ 0.5.

Accordingly, the turn ratios of the coupled inductors n1 and n2 are

chosen to be 0.707.

The fifth output voltage is 3.3V. The forward-buck type in burst

mode is selected to control this output by PD, as discussed before.

The design of this output is similar to that of the third and fourth

output. The turns ratio of the coupled inductor’s n3 is calculated from

(3.13), depending on the maximum and minimum load values. n3 is

selected to have the same value, 0.707, as n1,2.

The parameters of the five-output converter prototype are the same as

for the two-output converter, and can be found in Table 3.9. It was

simulated in LTspice, and the range of the control parameters is shown

in Figure 3.15. The applied control parameters and load resistors were:

δ1=0.63, δ2=0.52, δ3=0.16, f1=125kHz, k=1, R1 = 10Ω, R2 = 8Ω,

R3 = 6.25Ω, R4 = 8.33Ω and R5 = 7.3Ω.

Table 3.9: Components of the five-output converter prototypes.

Component Value Model

C1, C2 2x22µF TMK325B7226MM
C3, C4, C5 47µF C1210C476M4PACTU

L1, L2 150µH produced in-house
(turns ratios are 1/0.7/0.7)

L3, L4 3.5µH
L5 7.3µH

Q1, Q2 MTD3055VL
Gate Drivers LTC4440

D1, D2, D3, D4, D5 CD214B-B230LF

The duty cycle δ1 is used to control the first output voltage v1. This δ1

is also a control parameter of v3, however, there are some constraints
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such as minimum and maximum δ1 as can be seen in Figure 3.15a.

Moreover, the first output must be operated in CCM to prevent f1 af-

fecting v1. This explains the restricted operating window for v1 that

is shown in Figure 3.15a. The same approach is valid for the second

output, where δ2 has only limited control over v2, as can be seen in

Figure 3.15b. Again, there is the necessity to operate v2 in CCM. Fre-

quency f1 and k are the control parameters of the third and the fourth

output, respectively, and they adjust v3 and v4 as shown in Figure 3.15c

and Figure 3.15d. R3 and R4 are important parameters to design the

third and fourth output, because changes in R3 and R4 are quite effec-

tive for v3 and v4. Duty cycle δ3 is a control parameter of v5 as shown

in Figure 3.15e. The load change is also an important criterion for the

fifth output.

3.4.2 Experimental Results with the five-output

prototype

After the design and the simulation were complete, a hardware proto-

type was built as shown in Figure 3.16, and tested in order to verify the

analysis.

A two-channel waveform generator was used to generate all PWM sig-

nals. The second output of the waveform generator is a single signal,

of which the duty cycle, phase delay, and number of pulses can be con-

trolled independently, as shown in Figure 3.17.

Table 3.7 and Table 3.8 show the operating points, control parameters

and efficiencies of the five-output converter for a number of different

loads. The efficiency varied between 92.5% and 93.5%.
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3.5 Summary

This chapter explains the methods used to obtain additional outputs

from converters without increasing the number of switches and magnetic

components. First, two PWM-PFM controlled two-output topologies,

fly-buck and forward-buck types, are shown. These two-output convert-

ers have only one switch and one coupled inductor but are still able to

regulate two outputs independently. When two separate converters are
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Figure 3.16: Five-output converter prototype.
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Figure 3.17: Experimental waveforms of the gate voltages vG1 and
vG2, and current through the third and fourth leakage inductors when

δ1=56.4%, δ3=57.3%, δ2=16%, f1=58.5kHz and k=3.

compared with these two-output converters, one active switch and one

magnetic core less are used in these converters.

Secondly, two topologies with PWM-PD control are shown. These

three-output converters need only two switches and two coupled induc-

tors to regulate three outputs independently. One active switch and one



3.5 Summary 79

magnetic core less are required to obtain three outputs. The two-output

and three-output converters were built and tested. The experimental

results validated the analysis and design procedure.

Next, it is discussed how to obtain PD at different frequencies. A PWM-

PFM-PD method is shown that exploits the full control potential of

two separate pulse train signals. Finally, this new signal pattern is

applied to a five-output converter which needs only two switches and

two coupled inductors to control five outputs. Three active switches

and three magnetic cores are saved by using the proposed PWM-PFM-

PD method. However, reducing the number of components increases the

complexity of the controllers and the extent to which the output voltages

influence each other. The modeling and digital controller design to

counteract these latter negative characteristics are discussed in the next

chapter.
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Chapter 4

Modeling and Digital

Control of Multiple-Output

DC-DC Converters

Parts of this chapter are published in [56, 83]
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4.1 Introduction

Voltage regulation of a multiple-output dc-dc converter is generally im-

plemented by sensing and controlling a single “master” output. The

other outputs change depending on their cross-regulation characteris-

tics [43]. If there are no conduction losses and no leakage inductance in

continuous conversion mode (CCM), closed-loop regulation of the mas-

ter output regulates the other outputs acceptably well [43]. However,

perfect cross-regulation may not be possible to achieve under real-life

conditions.

Only a single parameter of the pulse-width modulation (PWM) signal,

typically the duty cycle, is used as the control parameter. Actually,

a PWM signal has two possible control parameters: duty cycle and

switching frequency. In order to have phase shift as a control param-

eter, more than one PWM signal is needed; and, for p PWM signals,

there are p duty cycles, p switching frequencies and p-1 phase shift

control parameters. With 3p-1 control parameters, 3p-1 outputs can

be controlled [56]. However, to obtain and use phase shift information,

the switching frequencies should be the same and synchronized. In the

previous chapter, ways to obtain phase shift at different switching fre-

quencies were discussed. Modeling of dc-dc converters that are operated

at a single switching frequency is well known. However, modeling of the

proposed multiple-output converter, which is operated at two different

switching frequencies, needs special discussion in this chapter.

For discrete-time modeling the relationship between the mode sequences

of state variables is crucial. For instance, for the five-output converter

(see Figure 4.1) the demagnetizing time of iL3 (β1ts) can be higher

than the total of the phase shift time added to the demagnetizing time

of iL4 (β2ts) as shown in Figure 4.2. Therefore, at least two models, with

β1 < β2 and β1 > β2, are required for this condition when using discrete-

time modeling. In addition, the sequence of the state variables is of

no consequence with state-space averaging, because there is almost no
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cross-regulation between these state variables. Furthermore, the study

reported in [68] shows that the asymptotic stability of the averaged

system model implies the asymptotic stability of the actual system.

In this chapter, two PWM signals are used to describe the PWM-pulse-

frequency modulation (PFM)- phase delay (PD) control scheme. In

this way, five output voltages can be regulated independently. First, a

state-space averaging (SSA) model is developed for the multiple-output

converter. The large-signal models are nonlinear, and the models are

linearized around a desired operating point by Taylor-expansion. After

obtaining large and small signal models of the five-output converter,

the models are verified by simulation. Using the small signal model

results, the dominant poles of the system are placed in the desired

points. Then, to reduce the steady state error of the system, an error

cancelation algorithm is proposed. Finally, the experimental results of

the prototype are given to verify the analyses.

4.2 Modeling

Figure 4.1 shows the schematic of the five-output converter that is mod-

eled in this chapter. All components of the converter are considered to

be ideal. Ten state variables; iL1, vC1, iL2, vC2, iL3, vC3, iL4, vC4, iL5

and vC5, are required to model the converter.

When burst mode is on (k>1), the waveforms of iL2 and iL4 are changed

as shown in Figure 4.2. In this case, the frequency of iL4 is different

from the main frequency, f1. One of the advantages of SSA is that the

state variables can be averaged independently from each other. This is

why the equations for each state variable at each stage are described

and averaged.

There are two stages for the first inductor: when the active switch is

on and when it is off. This explains why the two stages of the inductor
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Figure 4.1: Schematic overview of the five-output converter.

current can be described similarly to a conventional buck converter:

L1
diL1(t)

dt
= Vin − vC1, ∆t = δ1ts and (4.1)

L1
diL1(t)

dt
= −vC1, ∆t = (1− δ1)ts. (4.2)

The total current flowing through C1 is iL1 + iL3 + iL5, because of the
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coupled inductor. Therefore, the four stages of voltage across the ca-

pacitor can be described as:

C1
dvC1(t)

dt
= iL1 − n1iL3 −

vC1

R1
,

∆t = β1ts + (1− δ1 − β3)ts,

(4.3)

C1
dvC1(t)

dt
= iL1 −

vC1

R1
, ∆t = (δPD − β1)ts, (4.4)

C1
dvC1(t)

dt
= iL1 + n3iL5 −

vC1

R1
, ∆t = δ3ts and (4.5)

C1
dvC1(t)

dt
= iL1 − n1iL3 + n3iL5 −

vC1

R1
, ∆t = β3ts. (4.6)
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If β1 is higher than δPD, there are three stages:

C1
dvC1(t)

dt
= iL1 − n1iL3 −

vC1

R1
,

∆t = δPDts + (1− δ1 − β3)ts,

(4.7)

C1
dvC1(t)

dt
= iL1 + n3iL5 −

vC1

R1
,

∆t = δ3ts − (β1 − δPD)ts and

(4.8)

C1
dvC1(t)

dt
= iL1 − n1iL3 + n3iL5 −

vC1

R1
,

∆t = β3ts + (β1 − δPD)ts.

(4.9)

Because each state variable’s active time interval is kept the same, this

change from four to three stages does not affect the SSA model. For

instance, the total time of state variable iL3 is (1− δ1 + β1)ts in both

cases.

There are two stages for the second inductor: when the second active

switch is on, and when it is off. These two stages of the inductor current

can be described as:

L2
diL2(t)

dt
= Vin − vC2, ∆t = δ2ts and (4.10)

L2
diL2(t)

dt
= −vC2, ∆t = (1− δ2)ts. (4.11)

The stages (4.10) and (4.11) are divided into several segments when the

burst mode is on. However, the total interval of these stages does not

change, as shown in Fig. 4.2.
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There are four stages for the second capacitor that can be described as:

C2
dvC2(t)

dt
= iL2 − n2iL4 −

vC2

R2
, ∆t = (1− δ2)ts, (4.12)

C2
dvC2(t)

dt
= iL2 −

vC2

R2
,

∆t = (δ2 − δ3 − β3)ts,

(4.13)

C2
dvC2(t)

dt
= iL2 + n3iL5 −

vC2

R2
,

∆t = (δ3 + β3 − β2)ts and

(4.14)

C2
dvC2(t)

dt
= iL2 − n2iL4 + n3iL5 −

vC2

R2
, ∆t = β2ts. (4.15)

When the burst mode is on, the stages of the second capacitor change

as follows:

C2
dvC2(t)

dt
= iL2−n2iL4−

vC2

R2
, ∆t = (1−δ2 +β2(k−1)/k)ts, (4.16)

C2
dvC2(t)

dt
= iL2 −

vC2

R2
,

∆t = (δ2 − β2(k − 1)/k − δ3 − β3)ts,

(4.17)

C2
dvC2(t)

dt
= iL2 + n3iL5 −

vC2

R2
,

∆t = (δ3 + β3 − β2/k)ts and

(4.18)

C2
dvC2(t)

dt
= iL2 − n2iL4 + n3iL5 −

vC2

R2
, ∆t = (β2/k)ts. (4.19)

Although the burst mode affects the active time interval of each stage,

it does not affect the total duration of each current period, which is

similar to the situation with vC1. Therefore, the SSA model does not

change when the burst mode is active. For instance, the total time

interval of state variable iL4 is (1− δ2 + β2) whether the burst mode is

on or off. For this reason, only (4.12) - (4.15) need to be taken into

consideration.
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The third inductor is operated in discontinuous conduction mode

(DCM). This is why there are three active time segments for the third

inductor. They can be described as:

L3
diL3(t)

dt
= n1v1 − vC3, ∆t = (1− δ1)ts, (4.20)

L3
diL3(t)

dt
= n1(v1 − Vin)− vC3, ∆t = β1ts and (4.21)

L3
diL3(t)

dt
= 0, ∆t = (δ1 − β1)ts. (4.22)

There are two stages for the third capacitor:

C3
dvC3(t)

dt
= iL3 −

vC3

R3
, ∆t = (1− δ1 + β1)ts and (4.23)

C3
dvC3(t)

dt
= −vC3

R3
, ∆t = (δ1 − β1)ts. (4.24)

The fourth inductor is operated in DCM, same as the third inductor.

It therefore has three stages:

L4
diL4(t)

dt
= n2v2 − vC4, ∆t = (1− δ2)

ts
k
, (4.25)

L4
diL4(t)

dt
= n2(v2 − Vin)− vC4, ∆t = β2

ts
k

and (4.26)

L4
diL4(t)

dt
= 0, ∆t = (δ2 − β2)

ts
k
. (4.27)

As seen in (4.25) - (4.27), the period of the states is different from the

other stages because of the burst mode. However, after averaging, iL4’s

state equations do not have information on the period anymore. The

involvement of the missing period information in the related equation

is explained in the following section.

There are two stages for the fourth capacitor:

C4
dvC4(t)

dt
= iL4 −

vC4

R4
, ∆t = (1− δ2 + β2)

ts
k

and (4.28)

C4
dvC4(t)

dt
= −vC4

R4
, ∆t = (δ2 − β2)

ts
k
. (4.29)
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There are three stages for the fifth inductor, which is operated in DCM:

L5
diL5(t)

dt
= n3(2Vin − v1 − v2)− vC5, ∆t = δ3ts, (4.30)

L5
diL5(t)

dt
= n3(Vin − v1 − v2)− vC5, ∆t = β3ts and (4.31)

L5
diL5(t)

dt
= 0, ∆t = (1− δ3 − β3)ts. (4.32)

There are two stages for the fifth capacitor:

C5
dvC5(t)

dt
= iL5 −

vC5

R5
, ∆t = (δ3 + β3)ts and (4.33)

C5
dvC5(t)

dt
= −vC5

R5
, ∆t = (1− δ3 + β3)ts. (4.34)

4.2.1 Averaging and Correcting

Suppose the dynamics of a state variable xl of a dc-dc converter can be

described by a piecewise-linear state-space model as:

ẋl(t) = a1xl(t) for t ∈ [0, q1ts) (4.35)

ẋl(t) = a2xl(t) for t ∈ [q1ts, (q1 + q2)ts) (4.36)

ẋl(t) = aixl(t) for t ∈ [(q1 + q2 + ..qi−1)ts, (q1 + q2 + ..qi)ts) (4.37)

where l is the number of state variables, qi is the switching function, i is

the number of the switching stage (the sub-circuit), and ai are the state

coefficients. Then the SSA technique can be applied to a state variable

that has multiple switching functions according to the following average

model:

〈ẋl〉(t) = [q1a1 + q2a2 + ...qiai]〈xl〉(t). (4.38)

Generalizing this procedure, it was taken into account that a state vari-

able may depend on all other state variables. For instance, state vari-

able iL1 has two stages, as can be seen in (4.1) and (4.2), and each state

equation is multiplied by the related switching interval in SSA. When
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(4.1) and (4.2) are multiplied by the related switching interval δ1ts and

(1− δ1)ts, they become:

L1〈 ˙iL1〉(t) = (〈vin〉(t)− 〈vC1〉(t))δ1ts + (−〈vC1〉(t))(1− δ1)ts, (4.39)

And, after simplification:

〈 ˙iL1〉(t) = ts
(δ1〈vin〉(t)− 〈vC1〉(t))

L1
. (4.40)

Now consider that all state variables (iL1, vC1, iL2, vC2, iL3, vC3, iL4,

vC4, iL5, vC5) and input(s) (vin) in Figure 4.1 are subjected to this

averaging, then the differential equations that describe the multiple-

output converter can be defined in vector notation as:

ẋ = Aavx, (4.41)

in which the state vector x and coefficient matrix Aav are:

x = [〈iL1〉, 〈vC1〉, 〈iL2〉, 〈vC2〉, 〈iL3〉,

〈vC3〉, 〈iL4〉, 〈vC4〉,〈iL5〉, 〈vC5〉, 〈vin〉]T ,
(4.42)

Aav =

0 − 1
L1

0 0 0 0 0 0 0 0
δ1
L1

1
C1
− 1
C1R1

0 0 −n1h1
C1

0 0 0
n3h3
C1

0 0

0 0 0 − 1
L2

0 0 0 0 0 0
δ2
L2

0 0 0 − 1
C2R2

0 0 −n2h2
C2

0
n3h3
C2

0 0

0
n1h1
L3

0 0 0 − h1
L3

0 0 0 0 −n1β1
L3

0 0 0 0
h1
C3

− 1
C3R3

0 0 0 0 0

0 0 0
n2h2
L4

0 0 0
−h2
L4

0 0 −n2β2
L4

0 0 0 0 0 0
h2
C4

− 1
C4R4

0 0 0

0
−n3h3
L5

0
−n3h3
L5

0 0 0 0 0
−h3
L5

n3(2δ3+β3)
L5

0 0 0 0 0 0 0 0
h3
C5

− 1
C5R5

0

0 0 0 0 0 0 0 0 0 0 0



,

(4.43)

where

h1 = (1− δ1 + β1), (4.44)
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h2 = (1− δ2 + β2) and (4.45)

h3 = (δ3 + β3). (4.46)

PWM converters that are operated in CCM have two switching inter-

vals: the active switch is either on (q1) or off (q2). In CCM, the average

of the products ˙iL (derivatives of the inductor current) is the same as

the product of the averages; and SSA is equal to explicit averaging of

the circuit equations. Contrary to CCM, DCM operation involves an

additional interval where the inductor current and therefore its aver-

age is zero, and the average of this third interval is zero, as shown

in Figure 4.2. In addition, in DCM the average of the product terms

[q1a1 + q2a2 + q3a3]iL is not the same as the averaged product of the

individual waveforms. The studies described in [69, 70] explain this sit-

uation and offer a correction matrix. The difference between the actual

average and SSA charging currents is shown, based on [69] in Table 4.1.

The matrix M corrects the mismatch of the inductor currents in DCM

as follows:

M = diag
[
1 1 1 1 1

(1−δ1+β1) 1 1
(1−δ2+β2) 1 1

(δ3+β3) 1
]
.

(4.47)

With this correction matrix, the modified SSA model in (4.41) becomes:

ẋ = AavMx. (4.48)

Table 4.1: Charging capacitors over the entire period using an in-
ductor operating in DCM.

SSA Equivalent Actual Equivalent
Charging Current Charging Current

iL3,pk(1− δ1 + β1)2/2 iL3,pk(1− δ1 + β1)/2

iL4,pk(1− δ2 + β2)2/2 iL4,pk(1− δ2 + β2)/2

iL5,pk(δ3 + β3)2/2 iL5,pk(δ3 + β3)/2
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4.2.2 Full-Order Averaged Models

It is possible to calculate what the average of the inductor currents

is from the peak value of the inductor currents without requiring the

demagnetizing duration ratios β1, β2 and β3. The peak current of the

inductor currents is defined as:

iL3,pk =
(n1v1 − v3)(1− δ1)ts

L3
, (4.49)

iL4,pk =
(n2v2 − v4)(1− δ2)(ts/k)

L4
and (4.50)

iL5,pk =
(n3(2vin − v1 − v2)− v5)δ3ts

L5
. (4.51)

The average of the inductor currents can then be written as:

〈iL3〉 =
iL3,pk(1− δ1 + β1)

2

=
(n1v1 − v3)(1− δ1)(1− δ1 + β1)ts

2L3
,

(4.52)

〈iL4〉 =
iL4,pk(1− δ2 + β2)

2

=
(n2v2 − v4)(1− δ2)(1− δ2 + β2)(ts/k)

2L4
, and

(4.53)

〈iL5〉 =
iL5,pk(δ3 + β3)

2

=
(n3(2vin − v1 − v2)− v5)δ3(δ3 + β3)ts

2L5
.

(4.54)

The demagnetizing duration ratios of the inductors operated in DCM

can be found from the average value of the inductor currents, (4.52)

- (4.54). Hence, the new demagnetizing constraints for the multiple

output converter are:

β1 =
2L3〈iL3〉

ts(n1v1 − v3)(1− δ1)
− (1− δ1), (4.55)
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β2 =
2L4〈iL4〉

(ts/k)(n2v2 − v4)(1− δ2)
− (1− δ2) and (4.56)

β3 =
2L5〈iL5〉

ts(n3(2vin − v1 − v2)− v5)δ3
− δ3. (4.57)

Substituting these magnetizing durations, (4.55) - (4.57), into (4.48)

gives the following full-order averaged model for the converter:

ẋ = Af(x, u)x (4.58)

with

Af (x, u) =

0 − 1
L1

0 0 0 0 0 0 0 0
δ1
L1

1
C1
− 1
C1R1

0 0 − n1
C1

0 0 0
n3
C1

0 0

0 0 0 − 1
L2

0 0 0 0 0 0
δ2
L2

0 0 1
C2
− 1
C2R2

0 0 − n2
C2

0
n3
C2

0 0

0 0 0 0 a1 0 0 0 0 0
n1(1−δ1)

L3

0 0 0 0 1
C3

− 1
C3R3

0 0 0 0 0

0 0 0 0 0 0 a2 0 0 0
n2(1−δ2)

L4

0 0 0 0 0 0 1
C4

− 1
C4R4

0 0 0

0 0 0 0 0 0 0 0 a3 0
n3δ3
L5

0 0 0 0 0 0 0 0 1
C5
− 1
C5R5

0

0 0 0 0 0 0 0 0 0 0 0


,

(4.59)

where

a1 =
2

ts(1− δ1)

(
1− n1vin

(n1vC1 − vC3)

)
, (4.60)

a2 =
2

(ts/k)(1− δ2)

(
1− n2vin

(n2vC2 − vC4)

)
and (4.61)

a3 =
2

tsδ3

(
1− n3vin

(n3(2vin − vC1 − vC2)− vC5)

)
, (4.62)

x = [〈iL1〉, 〈vC1〉, 〈iL2〉, 〈vC2〉, 〈iL3〉,

〈vC3〉, 〈iL4〉, 〈vC4〉,〈iL5〉, 〈vC5〉, 〈vin〉]T ,
(4.63)

u = [δ1, δ2, f1, k, δ3]T . (4.64)

The state matrix includes switching frequency information, as shown in
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(4.59) - (4.62). Therefore, the model is able to predict correctly even

when the frequencies are different and the burst mode is active. In

fact, the frequency information of iL4 is defined as ts/k in (4.61), and,

depending on the value of k, the state variable iL4 changes correspond-

ingly.

4.2.2.1 Comparison of the Large Signal Model to Circuit

Simulation Results

In this section, the large-signal model described by the state matrix

(4.59) is compared to the simulation results for the circuit. Non-ideal

parameters of the components, such as the equivalent series resistance

(ESR) of the inductor and the voltage drop of the diodes, are not taken

into account. The parameters used are: Vin=24V, n1=n2=n3=0.6,

L1=L2=150µF, L3=L4=4µF, L5=8µH, C1=C2=C3=C4=C5=40µF,

R1=R2= R4=10Ω, R3=7.7Ω, R5=6.4Ω, f1=150kHz, k=1, δ1=0.625,

δ2=0.5 and δ3=0.225. The comparison results are shown in Figure 4.3.

They were obtained by Matlab 2017b and LTspice IV, respectively.

As shown in Figure 4.3, the simulation and the model results are approx-

imately equal, although there is a difference in the damping coefficients.

The difference between the steady-state values is less than 0.1%.

Now, all parameters are kept the same as used for Figure 4.3, but k

is changed to 2 (burst mode is on). As k is the control parameter of

v4, all output voltages except v4 are the same as in Figure 4.3. The

simulation and model results for the fourth output voltage can be seen

in Figure 4.4 when the burst mode is on (k=2). The model was verified

for a number of switching frequencies and found to be accurate.

4.2.3 Linearization

The large-signal model is nonlinear since the state matrix Af in (4.59)

changes for each operating point. The matrix can be rewritten in the
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Figure 4.3: Comparison of the large-signal model (4.58) with sim-
ulation results for output voltages when k = 1 (non-burst mode).
The simulation results were obtained by using ideal components of

LTspice IV.

following form:

ẋ = F(x, u) ≈ A(x∗, u∗)(x− x∗) + B(x∗, u∗)(u− u∗), (4.65)
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Figure 4.4: Comparison of the large-signal model (4.58) with the
simulation results for the fourth output voltage when k = 2 (burst

mode).

where the state variable and the input vectors are:

x = [〈iL1〉, 〈vC1〉, 〈iL2〉, 〈vC2〉, 〈iL3〉,

〈vC3〉, 〈iL4〉, 〈vC4〉,〈iL5〉, 〈vC5〉, 〈vin〉]T ,
(4.66)

u = [δ1, δ2, f1, k, δ3]T . (4.67)

The function in (4.65) is linearized by taking the first-order Taylor ap-

proximation around the operating point [u∗,x∗], according to:

∂(x− x∗)

dt
=
∂F(x, u)

∂x

∣∣∣∣
x∗,u∗

(x−x∗)+
∂F(x, u)

∂u

∣∣∣∣
x∗,u∗

(u−u∗), (4.68)

where
∂F(x, u)

∂x

∣∣∣∣
x∗,u∗

= A(x∗, u∗) is the Jacobian matrix of F(x, u)

with respect to the x vector, and
∂F(x, u)

∂u

∣∣∣∣
x∗,u∗

= B(x∗, u∗) is the

Jacobian matrix of F(x, u) with respect to the u vector. The Jacobians
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are described by:

A(x∗, u∗) =

0 − 1
L1

0 0 0 0 0 0 0 0
δ1
L1

1
C1
− 1
C1R1

0 0 − n1
C1

0 0 0
n3
C1

0 0

0 0 0 − 1
L2

0 0 0 0 0 0
δ2
L2

0 0 1
C2
− 1
C2R2

0 0 − n2
C2

0
n3
C2

0 0

0 a1 0 0 a2 a3 0 0 0 0 a4

0 0 0 0 1
C3

− 1
C3R3

0 0 0 0 0

0 0 0 b1 0 0 b2 b3 0 0 b4
0 0 0 0 0 0 1

C4
− 1
C4R4

0 0 0

0 c1 0 c2 0 0 0 0 c3 c4 c5
0 0 0 0 0 0 0 0 1

C5
− 1
C5R5

0

0 0 0 0 0 0 0 0 0 0 0


(4.69)

and

B(x∗, u∗) =



∆1Vin
L1

0 0 0 0

0 0 0 0 0

0
∆2Vin
L2

0 0 0

0 0 0 0 0
d1 0 d2 0 0
0 0 0 0 0
0 e1 e2 e3 0
0 0 0 0 0
0 0 0 g1 g2
0 0 0 0 0
0 0 0 0 0


, (4.70)

where

a1 =
2n2

1VinF1

(1−∆1)(n1VC1 − VC3)2
, (4.71)

a2 =
2F1

(1−∆1)

(
1− n1Vin

(n1VC1 − VC3)

)
, (4.72)

a3 =
−2n1VinF1

(1−∆1)(n1VC1 − VC3)2
, (4.73)

a4 =
2F1n1

(1−∆1)(n1VC1 − VC3)
+
n1(1−∆1)

(L3)
, (4.74)

b1 =
2KF1n

2
2Vin

(1−∆2)(n2VC2 − VC4)2
, (4.75)

b2 =
2KF1

1−∆2

(
1− n2Vin

n2VC2 − VC4

)
, (4.76)
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b3 =
−2KF1n2Vin

(1−∆2)(n2VC2 − VC4)2
, (4.77)

c1 = c2 =
−2F1n

2
3Vin

∆3(n3(2Vin − VC1 − VC2)− VC5)2
, (4.78)

c3 =
2F1

∆3

(
1− n3Vin

n3(2Vin − vC1 − VC2)− VC5

)
, (4.79)

c4 =
−2F1n3Vin

∆3(n3(2Vin − VC1 − VC2)− VC5)2
, (4.80)

c5 =
2F1n3(n3(VC1 + VC2) + VC5)

∆3(n3(2Vin − VC1 − VC2)− VC5)2
. (4.81)

d1 =
−2F1

(1−∆1)2

(
1− n1Vin

n1V1 − V3

)
, (4.82)

d2 =
2

1−∆1

(
1− n1Vin

n1V1 − V3

)
, (4.83)

e1 =
−2KF1

(1−∆2)2

(
1− n2Vin

n2V2 − V4

)
, (4.84)

e2 =
2k

1−∆2

(
1− n2Vin

n2V2 − V4

)
, (4.85)

e3 =
2F1

1−∆2

(
1− n2Vin

n2V2 − V4

)
, (4.86)

g1 =
2

∆3

(
1− n3Vin

n3(2Vin − V1 − V2)− V5

)
and (4.87)

g2 =
2F1

∆2
3

(
1− n3Vin

n3(2Vin − V1 − V2)− V5

)
. (4.88)

VC1, VC2, VC3, VC4, VC5 and Vin are the operating points of

vC1, vC2, vC3, vC4, vC5 and vin, respectively. ∆1,∆2,∆3, F1 and K

are values of the control parameters δ1, δ2, δ3, f1 and k, respectively at

the desired operating points.



4.2 Modeling 99

4.2.3.1 Comparison of the Small-Signal Model to Circuit

Simulation Results

The small signal model, defined by the state-space matrices (4.69) and

(4.70), is validated with the simulation results of the circuit. The used

parameters were the same as for the verification of the large signal

model. As shown in Figure 4.5, the small signal model matches quite
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Figure 4.5: Comparison of the small-signal model (4.68) with sim-
ulation results for all output voltages. The simulation results were

obtained by using ideal components of LTspice IV.
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well with the simulation results. The results of the model and simulation

were obtained by using Matlab 2017b and LTspice IV, respectively.

4.2.4 Discretization

The obtained SSA models in (4.65) are continuous, and they need to be

discretized to be applicable to digital control. The discrete model can

be described as:

x[k + 1] = Φ[k]x[k] + Γu[k], (4.89)

y[k] = Cx[k], (4.90)

where

Φ = eAts (4.91)

Γ =

∫ ts

0
(eA(ts−τ)dτ)B = A−1(Φ− I)B, (4.92)

where I is the identity matrix, and ts is the sampling time of the discrete

model. As ts is equal to the switching period of the converter, it is a

variable.

The analog-to-digital converter (ADC) of the system microcontroller is

triggered by this variable switching period, as depicted in Figure 4.6.

The microcontroller captures the inputs with a sample-hold circuit, and

the data is kept constant until the next sample. The microcontroller

also holds the outputs after the starting point of the PWM sequence.

4.3 Pole Placement by Digital State Feedback

In this section, the output voltage regulation of a multiple-output con-

verter is studied.

PID (proportional-integral-derivative) controllers are still very popular

in many control applications thanks to their simple structure and per-

formance. Integral action, which indicates infinite loop gain at steady
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Figure 4.6: Closed-loop block diagram of a state-feedback controller
with error cancelation function.

state, guarantees zero steady-state tracking error, and zero steady-state

effect of constant output disturbances. In general, the excessive integral

gain yields closed-loop instability. As state variables of multiple input-

multiple output (MIMO) affect each other, oscillation is caused more

critical than for single input-single output (SISO) systems [86]. This is

the reason why regulating a multiple-output converter is complicated:

there are interdependencies between the different outputs. To solve this

kind of regulation problem, digital control provides many options. So-

phisticated algorithms and accurate calculation can be implemented in

microcontrollers or even field programmable gate arrays (FPGAs).

According to [71], the poles of a closed-loop system can be placed in

any desired location by manipulating the state feedback gains. These

techniques can be applied to a system of any order.

Plant
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DAC ADC-L

u (t) y (t)

x (t)
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(Φ, Γ, c)
u [k] y [k]
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Figure 4.7: (a) A regulation system using digital state feedback.
(b) A zero-order hold (ZOH) design model for digital state feedback.
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A multiple-output converter system controlled by a discrete-time control

platform and having variable switching frequency is shown in Figure 4.6.

A system which is regulated by a feedback vector -L is depicted in

Figure 4.7a. All of the state variables u[t] are sampled by ADCs, and

these variables are weighted by the state-feedback gains to result in the

plant input vector u[k]. Next, these variables are transformed back to

the analog domain using digital-to-analog converters (DACs). The ZOH

equivalent of the plant is shown in Figure 4.7b, and it is described with

(4.89). The equation for the feedback gain is:

u[k] = −Lx[k]. (4.93)

Substituting (4.89) into (4.93) gives:

x[k + 1] = Φ[k]x[k] + Γ(−Lx[k]) = (Φ[k]−LΓ[k])x[k]. (4.94)

The vector of feedback gains L is calculated from (4.94), and the eigen-

values of the closed system set to their desired values. The Matlab

function “place” is used to calculate L [72].

4.3.1 Choosing the Settling Interval

The speed of the controller is desired to be as fast as possible. The

deadbeat control is one of the most popular control methods, as the

steady state error goes to zero in a finite number of switching peri-

ods [71]. This approach supplies a faster dynamic response than other

control techniques.

If the poles of a continuous-time closed-loop system are moved far left

in the s domain, the system response becomes faster. Using the fact

that from the formula z = ests it follows that s=-∞ maps to z=0, the

z-domain poles should be moved to the origin of the z plane in order

to make the system as fast as possible. This method is called dead-

beat control. According to the Cayley-Hamilton Theorem, “deadbeat”
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means that the eigenvalues of the (Φ[k]−LΓ[k]) matrix are made zero

when:

(Φ[k]− Γ[k]L)d = 0, (4.95)

where d is the dimension of the system. Therefore,

x[k] = (Φ[k]−LΓ[k])dx[0] = 0. (4.96)

It follows from (4.96) that the regulator moves the poles to zero in or-

der to settle d time steps. In theory, the settling time of the regulator

therefore becomes dts seconds. If the feedback gain is made higher than

described by (4.96), a damped oscillation is observed at half the sam-

pling frequency [73]. Moreover, parameter mismatches of the model,

model uncertainties, and noise from the measurement signals can cause

a steady-state error and reduce the settling time. One of the disadvan-

tages of deadbeat controllers is that measurements are needed to adjust

the feedback gains, using trial and error [74]. The component values

of the converters, such as inductance, capacitance, and resistance, will

vary, e.g. because of temperature effects and aging.

This causes variation in Φ[k] and Γ[k] and thus in the pole locations.

Another drawback of the deadbeat technique is that, because the pro-

cessor forces the control signal to match the state variables to the refer-

ence in dts seconds, the control signal can saturate, and then the settling

time becomes much longer than the expected dts seconds.

As the settling time of buck converters operated at CCM (the 1st and

2nd outputs) is higher than those at DCM (the 3rd, 4th and 5th outputs)

as shown in Figure 4.3, the maximum settling time can be analyzed

depending on these CCM outputs.

A buck converter with an appropriate deadbeat controller was simu-

lated in LTspice IV as seen in Figure 4.8. The parameters of the buck

converter are: inductor 150µH, capacitor 40µF, load 10Ω, switching fre-

quency 150kHz, feedback gains 0.9 (for current) and 1.05 (for voltage).

The duty cycle Vδ1 settles in 2ts when the input voltage Vin is changed
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from 23V to 24V, as can be seen in Figure 4.9a. The maximum duty

cycle is limited to 0.9, and the duty cycle saturates, when the change of

input voltage is increased substantially, such as from 19V to 24V. The

settling time becomes 7ts instead of 2ts, as shown in Figure 4.9b.

Figure 4.8: A buck converter with a deadbeat controller in LTspice
that is used to simulate saturation effects of the controller.

The settling time was chosen as 10ts to make the results robust against

component variations and saturation effects. L was chosen depending

on the settling time, and Bessel polynomials were used for the controller

prototype [71].

4.4 Error Cancelation

4.4.1 Settling Time Detector

In Section 4.3, the steady-state error problem is mentioned. In order to

detect this steady-state error, the system under control first needs to

settle. Accordingly, a settling time detector is used to detect whether

the system is in the steady state, as shown in Figure 4.6a. After the sys-

tem reaches the steady state, the change in the error is approximately

zero. Following reference [75], an analog circuit is used to detect the
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Figure 4.9: The output voltage, duty cycle value, and gate voltage
of a conventional buck converter when the input voltage changes (a)
from 23V to 24V, and (b) from 19V to 24V at 0.5 ms. These results

were obtained using LTspice IV.

settling time of a signal. To detect its change, a signal can be com-

pared to a delayed copy of itself. The input signal and the delayed

signal are therefore connected to two hysteresis comparators, as shown

in Figure 4.10a.

The delayed error signal can be smaller or greater than the error signal
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Figure 4.10: (a) The block diagram of the detection circuit. (b)
Output signals of the comparators and “and” gate as function of the

delayed input signal.

during the transient. Therefore, two hysteresis comparators are used to

cover both cases, as shown in Figure 4.10b. The threshold voltages VT1

and VT2 are selected to be close to the expected error signal Ve, which

is zero, as shown in Figure 4.10b. The comparators are designed with

hysteresis to avoid oscillations at the comparator outputs [75].

4.4.2 Cancelation Algorithm

The system is modeled without considering the voltage drop of diodes,

the losses caused by parasitic components or the uncertainties and the

nonlinear characteristics of components. Therefore, the required con-

trol effort could be larger than the predicted one. In each period, errors

are made in the control parameter calculations, and these ultimately

cause a steady-state error. In order to compensate for this, an error

cancelation scheme is introduced. This circuit becomes active when the

controller error signal stops changing. The required control parameters

are calculated using the small-signal model. Because the calculation

depends on ideal components, in practice cross-regulation issues cause

offsets from the desired output values. This procedure is therefore re-

peated until such time that the output voltages are inside the requested

tolerance band.
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Figure 4.11: Steady-state error(e) cancelation algorithm for the δ1
control parameter.

Figure 4.11 shows the steady-state error cancelation algorithm for the

first output voltage v1. As δ1 is the control parameter of v1, δ1 is

decreased or increased, depending on the amount of error. The same

algorithm is issued for the other output voltages.

4.4.3 Experimental Results with the closed-loop

five-output prototype

As proof of concept, a five-output closed-loop converter was built. The

schematic of the converter is depicted in Figure 4.1. The same power

circuit was used as in the previous chapter. A C2000 Delfino F28379D

microcontroller functioned as a controller to measure the state variables

and to generate all gate signals. A PWM module of the microcontroller

was used for each pulse of the burst mode PWM signal. In total, five

PWM modules were used and these five signals were connected to an OR

gate. The details of obtaining the control signals are explained in Sec-

tion 4.4.4. Measurements circuits were used between the microcontroller
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and the output voltages v1, v2, v3, v4 and v5. The process of measuring

and predicting the inductor currents is discussed in Section 4.4.5.

4.4.4 Gate Signaling

The C2000 Delfino F28379D microcontroller generates the gate signals.

A PWM channel of this microcontroller is assigned to each pulse of the

burst mode PWM signal. Fig. 4.12 shows the waveforms and schematic

diagram of these PWM channel outputs. A total of five PWM channels

were used. All channels were connected to an OR gate, M74HC4078,

as shown in Fig. 4.12. Depending on the required number of pulses,

k, the same number PWM channels are made active. For instance, a

four-pulse PWM signal is shown on Fig. 4.12. The output of the PWM6

channel is zero, and the PWM6 channel is only used when k = 5.

PWM2
PWM3
PWM4
PWM5
PWM6

PWM1

PWM2

PWM3

PWM4

PWM5

PWM6
PWM2’

PWM2’

PWM1

M74HC4078

MCUs F28379D

(a) (b)
δPD Ts

Figure 4.12: (a) Waveforms and (b) schematic of PWM channel
outputs.

PWM1 is the master signal, and the other PWM signals are synchro-

nized to it. The delay time between the other pulses in PWM2 is fixed,

but the delay time between PWM1 and the other gate signals is variable.
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4.4.5 Current Measurement

Shunt resistors were used to measure inductor currents iL135, iL245, iL3,

iL4 and iL5 as shown in Fig. 4.1.

The primary current of the first coupled inductor iL135 is the total of

iL1, iL3 and iL5 as shown in Fig 4.13, and the primary current of the

second coupled inductor iL245 is the total of iL2, iL4, iL5. To calculate

the magnetizing currents iL1 and iL2, the currents iL135, iL245, iL3, iL4

and iL5 must be measured at the same time, as shown in Fig 4.13.

As discussed before, the sampling time is variable because of the variable

switching frequency. Therefore, sampling time is triggered by the PWM

signals. Current iL5 is measured at the middle of the on-time of vG2,

and if the burst mode is on, only the first pulse of the PWM signal is

checked. Currents iL3 and iL1 + iL3 + iL5 are measured at the middle

of the off-time of vG1.

vG1

iL1iL135

vG2

iL3

iL5

ts1 ts2

Figure 4.13: Waveforms of the inductor currents iL1, iL3, iL5 and
iL1 + iL3 + iL5. ts1 and ts2 are the sampling times of these inductor

currents.
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4.4.6 Experimental Results

Experimental results for load and input voltage changes are shown in

Fig. 4.14 and Fig. 4.15. Initially the five-output converter is in steady

state. Each output current is changed one at a time, keeping the the

other output currents constant. Finally, the input voltage is changed.

As shown in Fig. 4.14a, at t=0s, the first output current i1 is stepped

down from 1.5A to 0.75A, and at t=0.5ms, i1 is stepped up from 0.75A

to 1.5A. The change at i1 affects v3, because δ1 is also a control param-

eter of v3. The controller adjusts f1 from 82.4kHz to 66.3kHz in order

to keep v3 at the desired voltage.

Likewise, at t=0s, the second output current i2 is stepped down from

1.5A to 1A, and at t=0.5ms, i2 is stepped back up to 1.5A, as shown in

Fig. 4.14b. The controller reduces δ2 from 67.3% to 66.3% to keep v2

at 12V after the change at t=0s. Since δ2 is a control parameter of v4,

k increases from 3 to 5.

Furthermore, at t=0s, the third-output current i3 is stepped down from

0.8A to 0.5A, and at t=0.5ms, i3 is stepped back to 0.8A, as shown in

Fig. 4.14c. As the main control parameter of v3 is f1, the change of

f1 affects v4 and v5. This happens because they are operated in DCM

and are synchronized to f1. There is some hunting around of v1 and

v2, because of cross-regulation issues. However, the system eventually

finds the steady-state operating points.

Next, at t=0s, the fourth output current i4 is stepped down from 0.6A to

0.4A, and at t=2.5ms, i4 is stepped back to 0.6A as shown in Fig. 4.14d.

k is changed from 3 to 5 after the change at t=0s. This change affects

other outputs, and accordingly f1 decreases from 85.5kHz to 69.7kHz.

This is why the settling time needed for the system to recover from this

change is longer than for the previous changes.

The fifth output current i5 is stepped down from 0.45A to 0.33A at t=0s,

and i6 is stepped back to 0.45A as seen in Fig. 4.15a at t=0.5ms. The
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Figure 4.14: Output voltage responses (a) when the first output
current changes from 1.5A to 0.75A, and from 0.75A to 1.5A; (b)
when the second output current changes from 1.5A to 1A, and from
1A to 1.5A; (c) when the third output current changes from 0.8A
to 0.5A, and from 0.5A to 0.8A; (d) when the fourth output current

changes from 0.6A to 0.4A, and from 0.4A to 0.6A.
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Figure 4.15: Output voltage responses (a) when the fifth output
current changes from 0.45A to 0.3A, and from 0.3A to 0.45A; (b)
when the input voltage changes from 21A to 30V, and from 30V to

21V.

phase delay ratio δPD is the only control parameter of v5. Therefore,

changes of only v5 are observed, as shown Fig. 4.15a, when δPD is

increased from 33.5% to 42.0%.

Lastly, the input voltage is changed from 21V to 30V at t=0s, and from

30V to 21V at t=4ms. This change affects all the outputs, so regulation

is apparent at every output in Fig. 4.15b.

4.5 Summary

In this chapter a discrete converter model and corresponding control

method for multiple-output dc-dc converters with significant cross cou-

pling among the output voltages are proposed. First, the SSA technique

is used to describe the multiple-output converter. A correction matrix
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is implemented for the DCM state variables of the converter. The appli-

cation of SSA to a multiple-output converter, in which state variables

operate at different frequencies, is also explained. Finally, large and

small signal models of the converter are compared with simulation re-

sults, and it is shown that they match.

A pole-placement control method is applied to the small-signal model

of the converter after this model is discretized by a variable sampling

time ZOH. The controller is designed to regulate all output voltages

independently. A tuning method is presented to reduce the steady-state

error; and a digital settling time detector checks whether the system is

in steady state.

Finally, a prototype of the whole system was presented. The controller

was implemented with an F28379D microcontroller, and the measure-

ment results for the five-output converter showed that the analyses were

valid.
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Chapter 5

Conclusions and

Recommendations

”There is no real ending. It’s just the place where you stop the story.”

Frank Herbert
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This research has focused on three topics: hybrid switched-capacitor

converters (HSCCs) with continuous output voltage range, size reduc-

tion of multiple-output dc-dc converters, and modeling and digital con-

trol of multiple-output dc-dc converters with cross-coupled state vari-

ables. The main goal was to derive regulated dc-dc converters which

can be reduced in size by using the opportunities offered by advanced

control theory.

The most relevant conclusions of this thesis are summarized in the fol-

lowing sections. Subsequently, the main contributions and recommen-

dations for future research are presented.

5.1 Hybrid Switched-Capacitor Converters

In Chapter 2 the HSCCs have been analyzed. The goal of the work

described in that chapter was to derive switched-capacitors convert-

ers (SCCs) with adjustable output voltage which have higher efficiency

and power density than conventional dc-dc converters in the same power

range. To achieve this goal, a Dickson charge-pump type was adapted

to conform with a hybrid switched-capacitor topology by adding an

inductor. This method enables the converter to operate at high effi-

ciency over a fixed voltage range. Next, an active switch was applied to

control the energy through the added inductor, and pulse-width mod-

ulation (PWM) was used to regulate the output voltage continuously.

Finally, as a special case, it has been shown that the size of an HSCC

with two switched capacitors is smaller than that of a four-level boost

converter (FLBC), even if the voltage balancing circuit for the FLBC

is not included. The following are the main conclusions of this chapter:

• Switched-capacitors can be charged and discharged softly by using

a small inductor that allows full resonance or limitation of the

current peaks between the devices. As a result, the energy transfer

between capacitors does not lead to a loss of power in principle.
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• If the energy stored in the auxiliary inductor of an HSCC is con-

trolled by PWM, the converter output voltage can be regulated

efficiently. For instance, due to PWM control the efficiency of a

100W HSCC was kept between 87% and 96% over a 30V-40V in-

put voltage range, with the output voltage adjusted between 80V

and 160V.

• The voltage across the switched capacitors in each buffer capac-

itor cell is balanced automatically. Hence, additional balancing

circuits or control methods, similar to those needed for the pro-

posed switched capacitor converters, are not required.

5.2 Multiple Output DC-DC Converters

In Chapter 3 regulated multiple-output dc-dc converters have been pre-

sented. The purpose of developing these converters was to obtain a

cheaper and smaller option than to use individual converters for each

auxiliary output.

PWM-pulse-frequency modulation (PFM), PWM-phase delay (PD) and

PWM-PFM-PD control methods were integrated into the topologies

to avoid the need for extra switches. Moreover, additional windings

were added to the inductors to obtain auxiliary outputs, and therefore

no extra magnetic cores are required. The following conclusions are

supported by this study:

• Fly-buck converters, which have only one active switch and a cou-

pled inductor, are popular when two outputs are required. How-

ever, only one of their outputs is regulated.

A PWM-PFM control method was proposed for two-output con-

verters using one active switch and two separate inductors [46].

In this thesis, this method is extended and applied to fly-buck
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converters. A regulated two-output fly-buck converter was thus

obtained that needs no additional components.

The PWM-PFM controlled fly-buck converter has a wider output

voltage range when the duty cycle can be set above 50%. When

the polarity of a fly-buck converter is inverted, a forward-buck

converter is obtained. In contrast to the fly-buck, this type con-

verter has a wider output voltage range when the duty cycle can

be held below 50%. For instance, when the duty cycle is 25%,

the conversion ratios of fly-buck and forward-buck type convert-

ers are 25% and 75%, respectively. It is the other way around

when the duty cycle is 75%. That is to say, a topology which has

a wide range for the second output can be chosen depending on

conversion ratio of the first output.

This same principle to obtain multiple outputs can be applied

to boost, buck-boost, and other dc-dc converters. Therefore, one

active switch less and one magnetic core less are needed compared

to two individual dc-dc converters.

• Three output voltages can be realised by using two buck convert-

ers using coupled windings, and the PWM-PD method is able to

regulate all outputs. Therefore, one active switch less and one

magnetic core less are required compared to the three individual

dc-dc converters.

• To apply PD control, it is necessary that the switching patterns

have the same switching frequencies. A new PWM signal pattern

is proposed that encodes PD information even when the input

waveforms have different switching frequencies. A PWM-PFM-

PD control method thus becomes feasible, and all controllable

parameters of the switching signals can be used for output reg-

ulation. For instance, with two switching signals there are five

controllable parameters: two duty cycles, two frequencies and
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one phase delay. These parameters are largely independent with

the proposed PWM-PFM-PD method.

• Five-output converters with two active switches and two magnetic

coils have been studied. The proposed PWM-PFM-PD method

can be applied successfully to these converters to regulate these

five outputs independently. The resulting topology compare fa-

vorably to the use of five individual converters.

5.3 Modeling and Digital Control of Multiple

Output DC-DC Converters

In Chapter 3 the analysis of five-output converters operating in open

loop has been presented. To proceed the focus of Chapter 4 is the

modeling and digital control of multiple-output converters. The con-

trollability of cross-coupled converters is a complex issue because of the

possible suboptimal cross-regulation performance. The following con-

clusions are supported by this study:

• In the literature, dc-dc converters, operated either in discontinu-

ous conduction mode (DCM) or in continuous conduction mode

(CCM), were often modeled by state-space averaging (SSA). In

this thesis, the inductors of the proposed multiple-output con-

verter are operated both in DCM and CCM. Nevertheless the SSA

modeling can still be applied when a suited correction matrix for

the DCM operated inductors is used.

• In the literature, the SSA modeling is used for dc-dc converters

that are operated at a single switching frequency. The sub-circuits

of the proposed multiple-output converter operate at two different

switching frequencies and, even so, a SSA model has been intro-

duced in this thesis. The small-signal matrix of the SSA model



120 Chapter 5 Conclusions and Recommendations

shows that it is possible to use two different switching frequencies

as control parameters.

• By using the averaged state-space model, a pole placement con-

troller has been designed to control the multiple output dc-dc

converter. The output voltages can be regulated independently

by this way.

• By not including the non-idealities of components in the model,

and because of temperature and aging effects etc., there are

steady-state errors in the closed-loop system. In order to reduce

these errors, a cancelation loop has been added to the controller,

and it is shown experimentally that the steady-state errors are

reduced.

5.4 Contributions

All innovative ideas have been verified experimentally and compared

with related converters to investigate their merit. The main contribu-

tions of this thesis are listed below:

• In principle, HSCCs can be made smaller than conventional dc-

dc converters. However, the drawback is that the output voltage

regulation of these converters leads to power losses. Methods to

implement a continuous conversion ratio without any power losses

in HSCCs are described in this thesis, and novel HSCC topologies

with continuous conversion ratio are described.

• In order to obtain high conversion ratios, it is shown that ca-

pacitor cells can be added to HSCCs without causing additional

voltage stress or conduction loss. Or, to put it another way, the
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conduction losses and voltage stresses of the switches for the pro-

posed HSCCs extended with capacitor cells are independent of the

voltage gain.

• A new PWM signal pattern is proposed that encodes phase de-

lay information in switching signals with different switching fre-

quencies. This allows to use phase delay as an additional control

parameter in multi-switch converters.

• Methods to reduce the number of active switches and inductors

needed for multiple-output dc-dc converters have been found. In-

dependently regulated multiple-output dc-dc converters topolo-

gies with a reduced number of active and passive components

are proposed. For instance, three active switches less and three

magnetic cores less are required in a five-output converter in com-

parison with five individual dc-dc converters.

• In the literature, the dc-dc converters that operate in either DCM

or CCM mode and using only a single switching frequency are

modeled with SSA. In this thesis, the SSA modeling is adopted

for multiple-output converters where the inductors are operated in

DCM and CCM modes with two different switching frequencies.

The results of this methodology was verified by comparison to

simulation and measured results.

• Closed-loop strategies were presented that allow to independently

regulate the output voltages of a multiple-output converter. A

method for designing a closed-loop system with pole placement

is presented. This system was verified with experiments on a

prototype.
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5.5 Recommendations

This thesis shows that HSCC topologies can have quite high power

densities. In order to make dc-dc converters that include HSCCs even

smaller, in volume ways for reducing the number of components are pre-

sented. This work can be usefully extended in the following directions.

• HSCCs use a small inductor. The parasitic inductance of stan-

dard components can already be sufficient to regulate the output
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voltage when the switching frequency is high enough. It may ulti-

mately be possible to avoid the need to use of a discrete inductor.

• In Chapter 2, a multiple-output HSCC is mentioned that functions

as a two-output three-level buck converter. However, this topol-

ogy was not fully investigated. The inductor of the three-level

buck converter has a winding added to obtain a second output.

The first and second outputs can be regulated by PWM and PD,

respectively. It is shown that additional outputs can be obtained

by adding extra windings without cost of additional separate con-

verters.

• A new PWM signal pattern is proposed in Chapter 3. The number

of pulses of the PWM signal k is limited to integer ratios such as

1, 2, 3... etc. Fractional ratios such as 1.5 , 2.25, 3.1 etc. would

make the output voltage more accurate.

• In Chapter 4, a pole-placement controller is applied to the

multiple-output converter, and a cancelation loop is added to re-

duce the steady-state error. If a method were used to decouple the

state variables, better control performance might be the result.

• In Appendix B, a method is described that reduces the output

voltage ripple multiple-output converters by means of mutual ca-

pacitances. It is shown to be especially suitable for output voltages

that are quite close together, such as in simple multiple LED driv-

ing applications. It is useful to investigate this method in depth

for a range of applications.
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Nomenclature

Notations

Notation Description

x(t) Value of x at time t
X Mean or RMS value of x
x, X Matrix or array
ẋ Time derivative of x
x̃ AC component of x
x∗ Reference value of x
〈x〉 Moving average value of x over a defined

time interval
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Symbols

Symbol Units Description

ax(x = 1, 2, ...) - State coefficient
Aav - Coefficient matrix of

averaged-state-space model
Af - Coefficient matrix of full-

order-state-space model
Ap cm4 Volume-area product of a

magnetic core
Bm T Flux density
C or Cx(x = 1, 2, ...) F Output capacitor
Cfx(x = 1, 2, ...) F Flying capacitor
CM F Mutual capacitor
Co F Output capacitor
CS or CSx(x = 1, 2, ...) F Switched capacitor
D or Dx(x = 1, 2, ...) - Diodes
E J Energy
fr Hz Resonance frequency
fs or fx(x = 1, 2) Hz Switching frequency
I - Identity matrix
i - Number of switched-capacitor

cells
iCM A Current through a mutual ca-

pacitor
iD or iDx(x = 1, 2, ...) A Current through a diode
iL or iLx(x = 1, 2, ...) A Current through an inductor
io A Output current
iQ or iQx(x = 1, 2, ...) A Current through an active

switch
J A/m2 Current density in a cable
k - Number of pulses of a PWM

signal in burst mode
Ku - Window utilization factor of a

magnetic core
Kvol - Constant related to magnetic-

core volume
l - Number of state variables
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Symbol Units Description

L or Lx(x = 1, 2, ...) H Inductor
M - Correction matrix
L - Feedback-gain vector
Mx(x = 1, 2, ...) - Conversion ratio
nx(x = 1, 2, ...) - Turns ratio of a coupled in-

ductor
P W Power
Pconx(x = 1, 2, ...) W Conduction loss
Ploss W Total power loss
R Ω Load
RCSx(x = 1, 2, ...) Ω Resistance of a switched ca-

pacitor
RDx(x = 1, 2, ...) Ω Resistance of a diode
RL Ω ESR of an inductor
RQx(x = 1, 2, ...) Ω On-resistance of a MOSFET
qx(x = 1, 2, ...) - Switching function
Q or Qx(x = 1, 2, ...) - Active switches
vcpx(x = 1, 2) V Output voltage of a compara-

tor
vCS or vCSx(x = 1, 2, ...) V Voltage across a switched-

capacitor
vCM V Voltage across a mutual ca-

pacitor
VDx(x = 1, 2, ...) V Voltage drop of a diode
ve V Error voltage
vfc V Voltage across a flying capac-

itor
vG or vGx(x = 1, 2, ...) V Gate-source voltage of a

MOSFET
vin V Input voltage
vst V Output voltage of the settling-

time detector
vo or vx(x = 1, 2, ...) V Output voltage
vQ or vQx(x = 1, 2, ...) V Voltage across an active

switch
vTx(x = 1, 2) V Treshold voltage
t s Time
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Symbol Units Description

Ta
◦C Ambient temperature

Tj
◦C Junction temperature of a

semiconductor
ts s Switching period
tsx or (x = 1, 2, ...) s Sampling time
u - Input vector
x - State-variable vector
Z or Zx(x = 1, 2) Ω Impedance
ZM Ω Impedance of a mutual capac-

itor
β or βx(x = 1, 2, ...) - Demagnetizing-time ratio

over the switching period of a
inductor

δ or δx(x = 1, 2, ...) - Duty cycle
δPD - Phase-delay ratio over the

switching period
η % Efficiency
ω rad/s Angular frequency

Acronyms

Abbreviation Description

ADC Analog-to-digital converter
CPU Central processing unit
CMOS Complementary metal oxide semiconductor
CCM Continuous conduction mode
CSPI Cooling system performance index
DCM Discontinuous conduction mode
DPWM Digital pulse-width modulation
DSP Digital-to-analog converter
DPWM Digital pulse-width modulation
ESL Equivalent series inductance
ESR Equivalent series resistance
FPGA Field programmable gate array
HSCC Hybrid switched-capacitor converter
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Abbreviation Description

IC Integrated circuit
IMOSBC Integrated multiple-output synchronous buck con-

verter
LED Light emitting diode
MONBRC Multiple-output narrow-band resonant converter
MOTTFC Multiple-output two-transistor forward converter
MOSFET Metal oxide semiconductor field effect transistor
PCB Printed circuit board
PD Phase delay
PFM Pulse-frequency modulation
PWM Pulse-width modulation
QR Quasi-resonant
RMS Root mean square
SCQRC Switched-capacitor quasi-resonant converter
SCC Switched-capacitor converter
SIMO Single-output multiple output
SIMOC Single-input multiple output dc-dc converter
SMD Surface-mount device
SSA State-space averaging
SMPS Switched-mode power converter
USB Universal serial bus
ZCS Zero-current switching
ZOH Zero-order hold
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Appendix B

Ripple Minimization in

Multiple-Output

Converters

Parts of this chapter are published in [85]
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Multiple-output converters are preferable to a number of separate single-

output converters because of the potential for reducing the size and cost.

Using multiphase converters is an option for obtaining auxiliary outputs.

Control schemes for interleaved multiphase converters were proposed in

[76] to reduce the size of input capacitors. Also, interleaved operation

of two or more boost converters with coupled inductors was proposed

to reduce the size of the inductor [77].

High-voltage two-level converters use bulky aluminum electrolytic ca-

pacitors. The size of the electrolytic output capacitor is directly related

to their life span, which decreases at high temperatures [78]. To mini-

mize the capacitor size in a conventional switching circuit, the switching

frequency and the inductor size should be increased. This inherently re-

sults in reduced efficiency and an increase of the converter’s volume. To

reduce the output voltage ripple, interleaving can be used for any par-

alleled converter system [79]. However, this interleaving method is not

commonly applied to multiple-output converters.

In this appendix, it is proposed that the output capacitors of a dual

output converter are coupled in order to minimize the ripple. This idea

can be used for other converter types such as buck and buck-boost.

As an example, two boost converters are chosen. A discrete capacitor,

CM , is connected between output capacitors, C1, C2, of the multiple-

output converter as shown in Figure B.1a. The switches Q1, Q2 are

triggered by interleaved signals as shown in Figure B.1b. As a result,

diode currents iD1, iD2, flow to both output capacitors, and a smaller

size output capacitor can be used.

B.1 Mutual Capacitor

A physical system where mutual capacitance occurs is the four-plate

capacitor described in [80]. It is shown that the electric fields of two

capacitors significantly affect each other when they are sufficiently close
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Figure B.1: a) Two boost converters with a mutual capacitor, b)
Waveforms of gate voltage signals vG1, vG2 and diode currents iD1,

iD2 when the duty cycles, δ1, δ2, are 0.5.

[81]. A four-plate capacitive coupler structure is analyzed where the

cross-coupling capacitance for capacitive energy transfer is taken into

account [82]. The coupled capacitor is modeled as a two-port network,

and the equivalent capacitors of the structure are shown in the dashed

box of Figure B.2a. There is a mutual capacitor, CM , between the two

capacitors C1, C2 in the model. Two currents, I1, I2, inject to C1, C2,

paralleled with loads R1, R2. CM blocks direct current, and only allows

ac transmission.

The equivalent model of the structure is shown as an impedance model

in Figure B.2b. The ripple components of V1 and V2 as a function of

the ac components of I1 and I2 can be formulated as:

Ṽ1 =
Z1Z2

ZM + Z1 + Z2
(Ĩ1 + Ĩ2) +

ZMZ1

ZM + Z1 + Z2
Ĩ1, (B.1)
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Ṽ2 =
Z1Z2

ZM + Z1 + Z2
(Ĩ1 + Ĩ2) +

ZMZ2

ZM + Z1 + Z2
Ĩ2. (B.2)

The voltage across CM is:

ṼCM = Ṽ1 − Ṽ2 =
ZM

ZM + Z1 + Z2
(Z1Ĩ1 − Z2Ĩ2). (B.3)

Now, ZM�Z1+Z2, and when Ṽ CM is given, the mutual impedance is:

ZM =
ṼCM (Z1 + Z2)

Z1Ĩ1 − Z2Ĩ2

. (B.4)
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+
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I1 I2

(a)

(b)

Figure B.2: The equivalent circuit of a coupled capacitor structure.

When CM ’s capacitance is chosen large enough with respect to that of

C1 and C2, ZM becomes negligible. Therefore, the ac components of V1

and V2 become:

lim
ZM→0

Ṽ1 = lim
ZM→0

Ṽ2 =
Z1Z2

Z1 + Z2
(Ĩ1 + Ĩ2). (B.5)

Moreover, since the ripple on CM becomes negligible, the dc voltage

range of CM is:

VCM = V1 − V2. (B.6)
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Therefore, a small size, low voltage, capacitor can be used for CM when

V1 and V2 are close to each other.

B.2 The Output Ripple for Multiple Output

DC-DC Converters

The currents through the output capacitors are:

iC1 = i1 − iR1 − iCM and (B.7)

iC2 = i2 − iR2 + iCM , (B.8)

where i1 and i2 are current source outputs of a converter as shown in

Figure B.2. When CM is chosen to be large enough with respect to C1

and C2, Ṽ CM also becomes negligible, and:

Ṽ1
∼= Ṽ2. (B.9)

In other words,

iC1ZC1
∼= iC2ZC2. (B.10)

The ratio between the currents is C1/C2. If the output capacitors, C1,

C2 are selected to be the same, (B.10) becomes:

iC1
∼= iC2, (B.11)

and the current through the output capacitors can be found to be:

iC1 = iC2 = (i1 − iR1 + iD2 − iR2)/2. (B.12)

For n outputs, it can be shown that:

iC1 = iC2 = iCn = (i1 − iR1 + i2 − iR2 + ...+ in − iRn)/2. (B.13)
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The average of the capacitor currents, iC1,k, iC2,k can be calculated for

each state of the converter. The multiplication of iC1,k and the duration

of the related state, tiC1,k
gives the required charge. The maximum of

charge for all states is to be used for the required capacitance. The

related equation is:

C1 = C2 = ... = Ck =
max(iC1,ktiC1,k

)

Ṽ1

. (B.14)

(B.14) can be used to calculate the output capacitor of the multiple out-

put converter, and it will be shown in the next section that the output

capacitor of these converters can be smaller than those of conventional

buck converters.

B.3 Comparison with Conventional Boost

Converters

The proposed concept can also be applied to any kind of interleaved

converter. In order to validate the advantages, two separate boost con-

verters and an interleaved converter with the same specifications are

simulated. The output voltage ripple of the converters Ṽ1, Ṽ2, the to-

tal energy of C1 and C2 for the conventional boost converters, and the

total stored energy of C1, C2 and CM for the interleaved converter are

shown in Table B.1 and Table B.2. The converters are designed to

have approximately the same output voltage ripple. Duty cycle values

δ1 and δ2 are varied from 0.45 to 0.55. The specifications of the con-

verters are that: Vin is 48V, fs is 100kHz, L1 and L2 are 150µH, P1

and P2 are 150W, C1 and C2 for the conventional boost converters are

15µF, C1 and C2 are 5µF, CM is 20µF for the proposed converter. C1,

are C2 are selected to be 1µF/200 V Kemet multilayer ceramic capaci-

tors for both the conventional and the proposed boost converters. One

disadvantage of ceramic capacitors is that they reduce capacitance at

higher dc voltages, and the capacitance change of these capacitors at



B.3 Comparison with Conventional Boost Converters 137

operating voltages of 96V is approximately -50%. This means that the

capacitance of a single capacitor becomes 0.5µF. The equivalent series

resistance (ESR) of the ceramic capacitors is 0.5Ω.

The total required energy storage is calculated according to the follow-

ing equation:

E = 0.5CV 2
max. (B.15)

As shown in Table B.1 and Table B.2 the total required energy stor-

age of the proposed converter is less than the energy storage of the

separate boost converters. Consequently, the total size of the capac-

itors in the proposed converter is potentially smaller than the size of

the conventional converters’ capacitors. For example, when the values

at δ1=δ2=0.5 are compared, the total stored energy in the capacitors

of the proposed converters approximately three times smaller than the

total energy stored in the conventional converters.

Table B.1: Ṽ1, Ṽ2, and the total energy stored in C1 and C2 of the
conventional boost converters

δ1=0.45 δ1=0.5 δ1=0.55

Ṽ1, Ṽ2 (V) ET Ṽ1, Ṽ2 (V) ET Ṽ1, Ṽ2 (V) ET
δ2=0.45 0.54, 0.54 0.109 0.66, 0.54 0.120 0.80, 0.54 0.135
δ2=0.5 0.54, 0.66 0.120 0.66, 0.66 0.131 0.80, 0.66 0.146
δ2=0.55 0.54, 0.80 0.135 0.66, 0.80 0.146 0.80, 0.80 0.160

Table B.2: Ṽ1, Ṽ2, and the total energy stored in C1, C2 and CM

of the proposed converter

δ1=0.45 δ1=0.5 δ1=0.55

Ṽ1, Ṽ2 (V) ET Ṽ1, Ṽ2 (V) ET Ṽ1, Ṽ2 (V) ET
δ2=0.45 0.27, 0.27 0.036 0.43, 0.30 0.040 0.73, 0.57 0.45
δ2=0.5 0.30, 0.43 0.040 0.28, 0.28 0.044 0.52, 0.41 0.048
δ2=0.55 0.57, 0.73 0.045 0.41, 0.52 0.048 0.42, 0.42 0.053
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B.4 Experimental Results

To validate the analysis of the previous sections, two boost convert-

ers using a mutual capacitor were built as shown in Figure B.3. The

component values used for the prototype are shown in Table B.3. Cree

XHP50 LEDs are chosen for the loads, and per output two of them are

connected in series. Gate signals were obtained from a signal generator

(33500B Series Trueform Waveform Generator, 20&30 MHz).

Figure B.4 shows gate voltages vG1, vG2, and the output voltage ripple

Ṽ1, Ṽ2 of the proposed converter when δ1=δ1=0.5. Figure B.4a and

Figure B.4b are obtained by LTspice IV simulation software and ex-

perimental, respectively, and the figures were produced with Matlab.

The peak-to-peak values of the output ripple voltage of the converter

are approximately 0.22V and 0.3V and are close to calculated values

in Table B.2. The small mismatch may be caused by equivalent se-

ries inductance (ESL) of the capacitors and parasitic inductance of the

printed circuit board (PCB).

Figure B.3: The proposed converter prototype.
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Figure B.4: Gate voltages vG1, vG2 and output voltage ripples Ṽ1,
Ṽ2 of the proposed boost converters when δ1=δ1=0.5. Figure B.4a
and Figure B.4b are obtained by LTspice simulation software and

experimentally, respectively.
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Table B.3: Components of the Experimental Prototype

Components Value Model

C1, C2 5µF, 200V
CM 50µF, 16V
L1, L2 150µH PCV-0-154-

05L
Q1, Q2, Q3,
Q4

5A, 150V SI4488DY

Drivers MCP1402
fs 215kHz
Vin 30-40V

B.5 Summary

In this appendix, a mutual capacitor concept is proposed that minimizes

the output capacitor size of interleaved multiple-output converters. A

dual-output boost converter with a mutual capacitor was constructed

and compared to a single-output boost converter. It was shown that the

total volume of the output capacitors can be minimized. This is benefi-

cial e.g. for high-voltage LED applications where V1-V1�max(V1,V2).
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