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Abstract:

The present thesis wishes to offer a new class of high efficiency
multiphase DC-DC converters. A brief presentation of the L- and
C-switching structures proposed in the literature by Boris
Axelrod, Yefim Berkovich and Adrian Ioinovici which are inserted
in classical and bidirectional converters resulting 17 new hybrid
structures, has been presented in the thesis. After a comparative
study of the hybrid converters, one topology has been chosen
and a method for increasing the efficiency, reducing the size
through reducing the numbers of inductors without affecting the
circuit operation and the dc voltage transfer function have been
proposed. Analytical study, operating modes, simulation and
experimental results have been included in the thesis. A
synthesizing method for getting new multiphase hybrid
converters is proposed. Also, 11 new topologies of multiphase
hybrid DC-DC converter were proposed by the author. The
validation of one of the multiphase hybrid converter proposed by
the author is realised. Analytical study, system description,
operating modes, simulation and experimental results have been
included in the thesis for two-phase converter, and the deduction
of the relationship was extended to n-phase converter.
Simulation was realised in CASPOC Simulation Program and
SABER Simulator. The proposed converter can be used as an
interface between the renewable energy system (PV or fuel cell
system) and the dc load/inverter/battery.
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Nomenclature

List of notations

AC- alternative current

DC- direct current

DC-DC- direct current- direct current

d- duty cycle in steady state

di- duty cycle of the first converter in steady state
d»- duty cycle of the second converter in steady state
D, Do, D1, D2, D3, D4, Ds, De- diodes

D11, D21, D31- diodes of phase one

D12, D22, D32- diodes of phase two

Do1- output diode of phase one

Doz- output diode of phase two

fs- switching frequency

Fout- output frequency

n- number of phases

torr- time period when the power switch is off

ton- conduction time, time period when the power switch is on

S, Si1, Sz, S3- power switches
Ts- power switch period

List of Abbreviations, Acronyms
CCM- continuous conduction mode

DCM- discontinuous conduction mode

DSP- digital signal processing

e.g.- for example

IGBT- insulated-gate bipolar transistor

M- voltage gain(dc voltage transfer function)
MOSFET- metal-oxide-semiconductor field-effect transistor
PCB- printed circuit board

PFC- power factor correction

PV- photovoltaic

PWM- pulse width modulation

RE- renewable energy

RMS- root mean square

List of Symbols

C, Co, Cy4, Cy, C5, Cp, Cup- capacitors [F]
Ci- input capacitor [F]

Co- output capacitor [F]

GS, GS;, GS;3, GS3, GS4 - gate signal

i- current [A]

ic, ic1, ica, icp, icab- Capacitor current
irc- input capacitor current

irp- input phase current
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irp1- input current of phase one

itp2- input current of phase two

iren- input current of phase N

iL, iLo, iL1, iL2- inductor current

iL11, iL21- currents in inductances of phase one
iL12, iL22- currents in inductances of phase two
ioc- output capacitor current

iop- output phase current

iop1- output current of phase one

iop2- output current of phase two

iopn- output current of phase N

is, i51, is2- switch current

Ip- RMS current in the diode

Ipav-average current value in the diode

Ipo- RMS current in the output diode

Iboav- average current value in the output diode
Iic- RMS current in the input capacitor

Iic 1- RMS current in the input capacitor, rectangular part
Iic A- RMS current in the input capacitor, triangular part
Iin- input current of the converter

I,- RMS current in the inductors

I 1av- dc inductor current of the phase one

I av- average current in the inductor

I avr- rated average inductance current

I nav- dc inductor current of the individual phases

Iinavr- dc inductor current of the individual phases at rated power

Iout - output current of the converter

Is- RMS current in the switch

Isav- average current value in the power switch

L, L1, Lz- inductors [H]

L11, Lz1- inductors of phase one [H]

L12, Lo2- inductors of phase two [H]

Lin, L2n- inductors of individual phases [H]

Leq- equivalent inductor value

Lm- transformer magnetizing inductance

M- mutual inductance

ni, Nz, n3- windings turns number of the transformer
Np, Np1- number of turns in the primary coil

Ns- number of turns in the secondary coil

Pinr- rated input power [W]

R, Ra, Rp- converters resistance [Q]

t- time

U, ULo, UL1, U2- inductor voltage or voltage across inductor [V]
Usi, Us2, Us3, Uss- switch voltage [V]

Ua, Up- input/output voltage for bidirectional converter [A]
Uin- input voltage [V]

Uout- output voltage [V]

Ubat- battery voltage [V]

Uin1- input voltage (source) 1[V]

Uin2- input voltage (source) 2[V]

Uinr- input voltage at rated power
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Uoutr- output voltage at rated power
Ay ... - maximum inductor current variation

AiLn- current variation in n inductors
Adpp,, . - Maximum acceptable static input voltage variation

Ay, . ~ Maximum current variation of the dc-phase current in the inductances

Aoyt ., - Maximum acceptable output voltage variation.
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Introduction

Motivation

The evolution of modern power electronics is of main concern in the modern

economy. Many applications starting of from automotive and continuing with
industrial and renewable energy require step-up or step-down converters
respectively, with a higher/lower conversion ratio.
In a DC-DC converter the input voltage is converted to an output voltage having
larger or smaller amplitude, opposite or, the same and isolated or nonisolated
polarity, with respect to the input side. Classical DC-DC converters are unable to
provide very high step-up or step-down conversion ratios. On the other side,
utilization of transformers to achieve higher/lower conversion ratios comes with a
decrease in efficiency.

Boris Axelrod, Yefim Berkovich and Adrian Ioinovici [1]-[6], propose several
simple switching structures, consisting by either two capacitors and two-three
diodes (C-switching), or two inductors and two-three diodes (L-switching) that can
be inserted in classical converters in order to get new converter topologies. The new
structures have a very large step-up or step-down conversion ratio compared to the
classical converters.

The multiphase converter is a circuit where the same "“n”- converter
topology are connected in parallel both at the input and at the output, at a common
input and output capacitor of the converter, forming the different phases that are
controlled with phase shift.

One basic goal of this study is to try to extend the existing knowledge and
techniques obtained from classical multiphase converters to the hybrid multiphase
converters.

w

Thesis outline

In this work, different hybrid multiphase DC-DC converter topologies are
proposed, analytically studied, digitally simulated and validated through practical
experiments. The dissertation consists of 5 chapters and is organized as follows.

Chapter 1 was thought as a general introduction to DC-DC converters.
Different structures of DC-DC converters for renewable energy systems encountered
in the literature are presented by the author through a comprehensive literature
survey.

The survey was done via a classification of these DC-DC converters in three classes:
classical converters, bidirectional converters and association of converters.

A special focus was made on the parallel and multiphase converters that are
the subject of the thesis.

Chapter 2 presents the L and C-switching structures proposed by Boris
Axelrod, Yefim Berkovich and Adrian Ioinovici. These structures are inserted in
classical and bidirectional converters resulting in new hybrid structures. The possible
hybrid structures are presented in Table 2.1, and the new conversion ratios are
presented in Table 2.2.

A comparative analysis of the hybrid converters is performed by the author.
Such an analysis is very important before making a choice for a hybrid converter.
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Different hybrid DC-DC converter topologies, with switched capacitor or switched
inductor cells inserted in the classical or bidirectional converters are studied and
simulated. From this study a synthesizing method for multiphase hybrid converters
is proposed.

A method for increasing the efficiency, reducing the size through reducing
the numbers of inductors in the hybrid L-converter without affecting the circuit
operation and the dc voltage transfer function, is also proposed.

In Table 2.3 eleven new multiphase converters with hybrid structures that
are possible to be implemented are proposed by the author.

In Chapter 3 one hybrid step-up structure has been chosen due to its
advantages and a complete description with an analytical study, operating modes,
waveforms, and design parameters is provided. A method for improving the
drawbacks of the circuit is also described and compared with the help of digital
simulation.

The digital simulation results are validated by experimental results obtained
from a laboratory prototype.

In Chapter 4 the hybrid step-up structure that was analyzed in Chapter 3,
is used to build multiphase converter. A two-phase hybrid Boost L-converter is
designed.

The new converter is analytically studied, the operating modes are presented,
together with the main waveforms and design parameters. Experimental results
validated the simulation and theoretical analyses for these types of converters. An
analysis and a comparation between single phase structures and two-phase
structures are also performed. The main features of the multiphase converters are
evaluated at the end of this chapter.

The thesis ends with Chapter 5, that summarizes the conclusions, original
contributions of the author and possible future work.

Thesis objectives
- to perform a review of the main DC-DC converters used for renewable
energy systems developed in the literature;
- to analyse and compare the switching cells structures;
- to analyse and compare the hybrid converters;
- to present the main methods and rules (synthesizing method) to generate
new multiphase hybrid converters;
- to propose a new class of multiphase DC-DC converter topologies based on
hybrid structures;
- to study both analytically and through digital simulation the proposed
converters;
- to build and test laboratory prototypes in order to practically validate the
theoretical results and simulations.
Theoretical concepts developed throughout the chapters are supported and
validated by simulations as a preliminary phase.
Single phase hybrid Boost L-converter and two-phase hybrid Boost L-converter are
compared through experimental results obtained from a laboratory prototype. The
laboratory prototypes were built at the University of Applied Science Wilhelmshaven,
in the Power Electronic laboratory, number L122a.
For experimental results and efficiency calculation of the converters the following
technical equipment was used:
- LeCroy waverunner LT354M Oscilloscope;
- LeCroy APO15 Current Probe;
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Universal Waveform Generator Wavetek 40 MHz;

Electronic Load EA-EL 9160-100;

Multichannel Precision Power Meter Electronic Systems ZES ZIMMER LMG
450.

For text editing, design and simulation media the author used the following tools:

for text editing: Microsoft Office Word 2007;

for calculations and graphics: Mathcad Prime 2.0, Matlab R2011a and
Microsoft Office Excel 2007;

for circuit simulation program: CASPOC package, Saber Simulator;

for schematic and layout design: EAGLE PCB design software.
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CHAPTER 1. DC-DC Converters for RE Systems -
A General Review

1.1. Introduction

The growing market for renewable energy technologies has resulted in a
rapid growth in the need of power electronics. Most of the renewable energy
technologies produce dc power and hence power electronics and control equipment
to process this power, or, to convert the DC into AC power [7] - [8] is required.

The task of a power converter is to process and control the flow of electric
energy by supplying voltages and currents in a form that is optimally suited for user
loads [9] - [10].

An ideal converter controls the flow of power between the input and output with
100% efficiency [11] - [12]. To define basic topologies, it is assumed that no losses
occur in power processing. A power converter is composed by:

- non-linear elements, mainly electronic switches used in commutation mode;

- linear reactive elements, like capacitors, inductances and transformers.

These components are used for intermediate energy storage but also for voltage
and current filtering, and represent an important part of the size, weight, and cost
of the converter, and can reduce its lifetime [13].

The power converter can be designed with different topologies and with one or
several intermediate conversion stages. The topology will mainly depend on the type
of the load, dc level of the input and the output voltage and the power level
processed.

In a RE system, the DC-DC converter converts a dc input voltage, to a dc
output voltage, with a magnitude lower or higher than the input voltage.

The DC-DC converter is always presented in a stand-alone PV system. In this type
of system, the PV energy has to be stored in a battery, to guarantee the energy
when the sun is not present. In grid connected systems is widely used to extract the
maximum PV energy from the PV module/array.

Different DC-DC converters, with different constraints are required due to the
distinction between stand alone and grid connected PV systems.

Several DC-DC converters for PV systems and their corresponding control
have been presented in literature. Between them the most remarkable are:

- the classical converters - Boost, Buck, Buck-Boost;

- bidirectional converters - Boost/Buck, Zeta-Sepic, half-bridge/current-fed
push-pull, full-bridge/center tapped push-pull;

- association of converters - multi-input connection, multilevel connection,
cascaded connection, series connection, parallel connection and multiphase
connection.

The first converters used in PV systems were the classical Boost, Buck and Buck-
Boost converters [14] - [19]. These converters are still adequate and are used in
photovoltaic applications for battery charging or for a system in which high-step-
up/down of the voltage is not needed.

The bidirectional DC-DC converter along with energy storage has become a
widely used option not just for PV systems and renewable energy [20]-[27], but
also for hybrid vehicles, fuel cell vehicles, in automotive domain and so forth [28] -
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[34]. It reduces the cost, improves efficiency and also improves the performance of
the system.

The different associations of power converters are widely used solutions
today in various applications, not just in PV systems. For instance, the multi-input
DC-DC converters are used in renewable energy generation systems and automotive
industry [35] - [44]. The multilevel converter can be used in the utility interface for
renewable energy systems, high-power applications, flexible AC transmission
systems, traction drive systems and industrial voltage motor drives [45] - [51]. In
embedded fields such as computers and satellites, in order to achieve more robust
architectures through the concept of redundancy, we can note complex distributed
architectures with more than three stages in cascade connection [52] - [54], and in
parallel connection. In railway systems, there are new series topologies linked to the
parallel ones that achieve high voltage levels and supply locomotive motors. Parallel
connection is also used in the systems of low voltage levels but with high current
levels, in the case of point of load or voltage regulator modules and for
uninterruptible power supplies [55] - [58].

The multiphase configuration is very popular in battery storage systems for small
renewable energy [59]. Also it can be used as power supply for high performance
microprocessors [60] - [61], in applications such as motor drives, power factor
correction equipment and for uninterruptible power supplies [62] - [66].

A lot of electrical problems are solved through interconnection of power converters.
New optimized structures with new or even improved characteristics can be
achieved with new techniques of inter-connections.

This chapter is an overview of the DC-DC converters for PV Systems
described in the literature.

1.2. Classical converters
1.2.1. Step-up Boost Converter
The simplest step-up DC-DC converter structure used for RE systems is the

Boost converter [17], [19], [67]-[68]. The circuit diagram of Boost converter is
presented in Figure 1.1, [69] - [70].

- Sy

Figure 1.1. Circuit diagram of the Boost converter [70]

As the name of the converter suggests, the converter is able to produce a dc
output voltage that is higher in magnitude than the dc input voltage.
When the switch S is in the on state, diode D is off, and the current in the Boost
inductor increase linearly. When the switch S is turned off, the energy stored in the
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inductor L is released into the output through the diode D, adding to the input
voltage source, and setting the output voltage to the desired value as a function of
the converter’s duty cycle [70] - [72]. The author is using this converter in [72].
The converter waveforms in CCM are presented in Figure 1.2.

According to the inductor volt-second balance, product over a period of
steady-state operation is zero. For the Boost converter this implies that:

Uin -dTs = (Uout —Uin)-(1-4d) - Ts (1.1)

from which the dc voltage transfer function (voltage gain), defined as the ratio of
the dc output voltage to the dc input voltage turns out to be:

M- Yout 1 (1.2)
Uin 1-d '
U|_ F 3 | ! I
| I |
Ui 1 I
0 » T
Ui Uaue

[(dT. | (1-d)-1, 1d-T. 1 (1-d)-T.
! i

iL » I

;

]

X

A

0
“Tout

Figure 1.2. Main waveforms associated to the Boost converter [70]

Advantages [73]:
- simplicity;
- low number of components;
- the ability to achieve up conversion without a transformer;
- low cost;
- and, a good efficiency.
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Disadvantages [73]:
- limited power level;
- high output ripple due to all of the off-time energy coming from the output
capacitor C;
- difficult control at start-up as the energy is delivered to the load in the off
state of the transistor and the switch is in parallel to the input.

1.2.2. Step-down Buck converter

The Buck converter is one of the most basic and simple topologies of step-
down converter. As the name of the converter suggests, the main function is to
reduce or “buck” the dc input voltage to a lower dc output voltage.

The circuit diagram of Buck converter is presented in Figure 1.3, and, the converter
waveforms are presented in Figure 1.4.

Figure 1.3. Circuit diagram of the Buck converter [70]

When the switch S is in the on state the diode D is reverse biased. When the
switch S is in the off state, the diode conducts to sustain an uninterrupted current in
the inductor [7], [70].

According with the inductor volt-second balance, product over a period of steady-
state operation is zero. For the Buck converter this is written as:

(Uin —Uout)'de = _Uout(l—d)‘Ts (1.3)

from which the dc voltage transfer function turns out to be:

U
M:J—_“tzd (1.4)
n
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“Uoutp- = =
d-Tg (1-d)-Ts 4 d-Ts (1-d)-T, ,
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Figure 1.4. Main waveforms associated to the Buck converter [70]

Advantages [73]:
- simplicity;
- low number of components;
- the facility for control;
- the ability to achieve down conversion without a transformer;
- low cost.
Disadvantages [73]:
- limited power level;
- dc path from input to output in the event of a shorted switch element, which
can make secondary circuit protection more difficult.

1.2.3. Buck—Boost converter

As the name of the converter suggests, the converter is able to produce an
output voltage magnitude that can be either higher or lower than the input voltage.
With the switch on, input voltage is applied across the inductor and the inductor
current increases, while the diode is maintained off. When the switch is turned off,
the voltage across the inductor reverses in polarity and the diode conducts. During
this interval the energy stored in the inductor supplies the load and recharges the
capacitor.

The circuit diagram of Buck-Boost converter is presented in Figure 1.5 and,
the converter waveforms are presented in Figure 1.6.
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The polarity of the output voltage is opposite to that of the input voltage [7], [70].

il

D

O

IL

g

Figure 1.5. Circuit diagram of the Buck-Boost converter [70]

According with the inductor volt-second balance, product over a period of steady-
state operation is zero. For the Buck-Boost converter one obtains:

Uin 'de = —Uout(l_d)' Ts

A

—C R %Uout

r

Hence, the dc voltage transfer function of the buck-boost converter is:

M = Uout __ d
Uin 1-d
1 |
UL F 3 I |
1 |
l--lin !
0 >t
Uout -
d-T, | (1-d)-T, !d-T. ! (1-d)-1. !
: 1 1 |
- 1 I I 1
i 4 | 1 1 |
| 1 1 |
1 1 I
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| [ 1 |
| ! 1 |
0 T T T t e t
1 ! I 1
| 1 1 |
ok | ] I
's | | 1 I
1 I I I
1 |
0 } >t
i 1 1 |
| 1 1 |
;A 1 1 |
ic 1 : 1 I |
| 1 1 |
1 |
~\\I \:
0 >t
Tout |

Figure 1.6. Main waveforms associated to the Buck-Boost Converter [70]
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Advantages:

- the ability to combine the functions of a step-up and step-down converter;

- simplicity;

- low number of components;

- the polarity of the output voltage is opposite, without using a transformer.
Disadvantages:

- higher semiconductor stresses than in Buck or Boost converter;

- does not provide electrical isolation between input and output.

1.3. Bidirectional DC-DC converters

The developments of bidirectional DC-DC converters becomes an important
topic in power electronics and are playing an important role in the applications
involving renewable energy generating systems such as fuel cells and photovoltaic
systems.

The bidirectional converters have the capability of reversing the direction of
the current flow and thereby the power flow, while maintaining the voltage polarity
of both dc sources. Due to this ability they are being used in the applications for
renewable energy systems for energy storage devices such as batteries or super-
capacitors.

High efficiency, lightweight, compact size and high reliability are some important
requirements for the bidirectional converter.

1.3.1. Bidirectional Boost/Buck DC-DC converter

The converter in Figure 1.7 is a combination of two well-known topologies,
Boost and Buck. The converter requires just one inductor. To obtain the double
sided power flow in bidirectional DC-DC converters, the switch should carry the
current on both directions. The bidirectional power flow is achieved by replacing the
switch and the diode from a classical Boost/Buck converter, with a MOSFET/IGBT in
parallel with a diode [74] - [77].

The equivalent circuit of the converter in step-up mode, and, step-down
mode are presented in Figure 1.8 and Figure 1.9 respectively.

Ll 52

- i
+ ) +
_ U, S \E D, Up _

Figure 1.7. Circuit diagram of the bidirectional Boost/Buck DC-DC converter [77]
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S,
L,
— 17T
D,

+
+ Cp==
C) u, s, \:ﬁ D, v s Re

Figure 1.8. Equivalent circuit of the converter in step-up mode [77]

The voltage gain in step-up mode is:

Y __1_ (1.7)
U, 1-d
L, S2
_— 17
D,
2 i :
Ra Ua_-_ Ca S, D, Uy, B
Figure 1.9. Equivalent circuit of the converfer in step-down mode [77]
The voltage gain in step-down mode is:
Ua
~a _¢ 1.8
Up ( )

This converter has the advantage of simple structure and easy control.

1.3.2. Bidirectional Boost/Buck DC-DC converter with coupled
inductors

The bidirectional converter presented in Figure 1.10, employs coupled
inductors with the same winding turns in the primary and secondary sides. The
switches are synchronously controlled with duty cycle d.

In step-up mode, Figure 1.11, to achieve a high step-up voltage gain, the primary
and secondary windings of the coupled inductor are charged in parallel and
discharged in series.

In step-down mode, Figure 1.12, to achieve high step-down voltage gain, the
primary and secondary windings of the coupled inductor are charged in series and
discharged in parallel [77].
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5,

Figure 1.10. Circuit diagram of the bidirectional Boost/Buck converter with coupled inductors

S, \ D,
L
v, S
", N
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inductors U,
e
L
L
D, L, I |

Figure 1.11. Equivalent circuit of the Boost/Buck converter in step-up mode [77]

The voltage gain in step-up mode is:

%:1+d

U, 1-d

[77]
*
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Figure 1.12. Equivalent circuit of the Boost/Buck converter in step-down mode [77]

The voltage gain in step-down mode is:

Uy __d

= (1.10)
U 2-d
The waveforms of this converter are presented in Figure 1.13.
A Y
Us;, Usy — Ugy, Usz |_|
1] . >t >t
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1 1 1 1
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Figure 1.13. Waveforms of the Boost/Buck converter in step-up and step-down modes [77]
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This converter exhibits higher step-up and lower step-down voltage gains
and lower average values for the switch current compared to the conventional
bidirectional DC-DC Boost/Buck converter.

1.3.3. Bidirectional Zeta-Sepic DC-DC converter

The bidirectional converter presented in Figure 1.14 is a combination of the
Zeta and Sepic converters. The active converter, depends on what direction the
power flows. When power flows from source U, to Uy, the Zeta converter is active,
and when power flows from source Uy to U, the SEPIC converter is active. The
authors [78] - [79], consider that this converter is a possible candidate to
substitute the conventional bidirectional buck-boost converter in some practical
applications, such as renewable power supply systems.

D, Ip
_H_ R —
C.p Zeta Mode
11 L - 2
il L
4—

S -
A Sepic Mode
S, P

YRR RCRE SN Ot

Figure 1.14. Circuit diagram of the Zeta-Sepic converter [79]

The voltage gain is for both converter modes the same, namely:
U __d_ (1.11)
Us 1-d

The equivalent circuit of the converter when switch S; is conducting is
presented in Figure 1.15, and when switch S; is conducting is depicted in Figure
1.16.

Dy
Cab Lz
= .
[ 1]

51
[

O %

Figure 1.15. Equivalent circuit of the Zeta-Sepic converter when switch S1 is conducting [79]
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Figure 1.16. Equivalent circuit of the Zeta-Sepic converter when switch S2 is conducting [79]

The Zeta-Sepic converter waveforms are similar to the ones for the Zeta
when the Zeta converter is active, and to the SEPIC converter, when the Sepic
converter is active, as shown in Figure 1.17.
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Figure 1.17. Main waveforms when Zeta converter is active, and when Sepic converter is

active [79]

The main advantage of this converter is that it has the capability to operate
in step-up and step-down modes no matter in what direction the power is flowing.
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1.3.4. Bidirectional half-bridge/current-fed push-pull DC-DC
converter

The bidirectional converter presented in Figure 1.18 is a combination of two

topologies namely half-bridge and current-fed push-pull, and it can be used in PV
applications as a battery charger/discharger.
The primary side of the converter is a half bridge and is connected to the dc mains.
The secondary side, connected to the battery, represents current-fed push-pull. The
transformer provides galvanic isolation between the dc mains and the battery [80].
This bidirectional DC-DC converter provides the desired bidirectional flow of power
for battery charging and discharging using only one transformer.
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Figure 1.18. Circuit diagram of the bidirectional half-bridge/current-fed push-pull converter

[(80]

This converter has two modes of operation:
- forward/charging mode - the dc mains powers the load converters and
provides the battery charging current, Figure 1.19;
- backup/current-fed mode - the converter operates in this mode on failure of
the dc mains, the battery discharges to supply the load power, Figure 1.20.
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Figure 1.19. Equivalent circuit of the bidirectional half-bridge/current-fed push-pull converter
in forward/charging mode [80]
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Figure 1.20. Equivalent circuit of the bidirectional half-bridge/current-fed push-pull converter

in current-fed/backup mode [80]

D4

The waveforms corresponding to operating modes are presented in the next figure.
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Figure 1.21. Waveforms of the bidirectional half-bridge/current-fed push-pull converter during
the forward/charging mode and current-fed/backup mode [80]

Advantages [80], [81]:

- reduced part count due to use of the same components in both directions of

power flow;
- low stresses on the switches;
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- galvanic isolation;
- low ripple in the battery charging current;
- minimal number of active switches.

1.4. Other DC-DC converter structures

There are many researches in this field of power converter looking for
efficient high step-up or step-down converter suitable for RE systems. Below are
presented some different structures.

1.4.1. Forward Converter

The Forward converter, Figure 1.22, is a derived version of the Buck
converter, by adding the transformer and diode D, between the switch and the
diode D3. Due to the transformer, the forward topology can be used as either a
step-up or a step-down converter. The transformer is reset while switch S is in the
off state. While switch S conducts, the input voltage Ui, is applied across the
transformer primary winding. This causes the transformer magnetizing current to
increase. When switch S turns off, the transformer magnetizing current forward
biases diode Di, and hence voltage Ui, is applied to the second winding. This
negative voltage causes the magnetizing current to decrease, and when it reaches
zero, diode D; turns off. If the number of turns of the primary and tertiary is the
same, the voltage stress on the transistor is twice the dc input voltage and the duty
cycle d must be less than 0.5. Because its core size requirements are smaller, it is
popular in low-medium- power applications (up to several hundreds of watts) [7],
[15],[73], [82] - [84].
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Figure 1.22. Circuit diagram of the Forward converter [7]

In Figure 1.23 the main waveforms for the Forward converter are presented.
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Figure 1.23. Main waveforms of Forward converter [7]

A disadvantage of the Forward converter is that the input current is
pulsating. A non pulsating input current can be obtained by inserting an input LC
filter between the input dc source and the switch [7], [15], [82], [83].

The main advantages of the forward topology are its simplicity and flexibility [73].

1.4.2. Cuk converter

Named after its inventor, the Cuk converter, Figure 1.24, can be obtained
by using the duality principle of the Buck-Boost circuit.
Similar to the Buck-Boost, the Cuk converter provides a negative-polarity output
voltage with respect to the common terminal of the input voltage. When the switch
is on, the diode is off and the capacitor C; is discharged by the inductor L, current.
With the switch in the off state, the diode conducts the currents of the inductors L
and L, whereas capacitor Ci is charged by the inductor Ly current [7], [14], [15],
[70], [73].

The dc voltage transfer function of the Cuk converter is the same to that of
the Buck-Boost converter:

mYout - _d (1.12)
Uin 1—d
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L

Figure 1.24. Circuit diagram of the Cuk converter [70]

In Figure 1.25 the waveforms for the Cuk converter are presented.
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Figure 1.25. Main waveforms of Cuk converter [70]

The topology is unique in that the primary and secondary are connected through a
capacitor, even this does not represent galvanic isolation.

Continuous currents at both the input and the output of the converter, is an
important advantage of this topology. A transformer (isolated) version of the Cuk
converter can be obtained by splitting capacitor C; and inserting a high frequency
transformer between the splitted capacitors [70].
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Disadvantages of the Cuk converter include a high number of passive
devices and high current stresses related to the switch, diode, and capacitor C;.

1.4.3. Sepic converter

The SEPIC - Single-Ended Primary Inductance Converter, Figure 1.26, has
many similarities to the Cuk converter:
- contains two inductors and two capacitors;
- can realize a step-down and a step-up voltage conversion, depending on the
value of the duty cycle;
- draws a non-pulsating input current;
- also, exhibits the desirable feature that the switch control terminal is
connected to ground[6].
The main difference between them is that the Sepic is a non-inverting converter,
and, due to the pulsating output current requires a large output capacitor for
filtering [7], [14], [15], [70], [82].
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Figure 1.26. Circuit diagram of the Sepic converter [6]

The dc voltage transfer function of the Sepic converter is the same to that of the
Buck-Boost converter, with, the difference that now the load voltage has the same
polarity as the input voltage.

moYour __d (1.13)

In Figure 1.27 the waveforms for the Sepic converter are presented.
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Figure 1.27. Main waveforms of the SEPIC conlverter [6]
An isolated version of the SEPIC converter is also reported.
1.4.4. Zeta Converter

The Zeta converter is known as the inverse-SEPIC, because this converter
can be obtained by interchanging the power input and the power output ports of the
SEPIC converter.

The non-isolated version is presented in Figure 1.28 , and it is obvious that
it is a cascade of a Buck-Boost and a Buck stage in which the redundant switches
were removed. The switch is positioned as in a buck converter [6], [14], [82].

S C, L,
- I _—

L =

Figure 1.28. Circuit diagram of the Zeta converter [6]
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The dc voltage transfer function of the Zeta converter is the same to that of the
SEPIC converter:
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Figure 1.29. Main waveforms of the Zeta converter [6]

The disadvantage of the Zeta converter is that exhibits a pulsating input
current.
An isolated version of Zeta converter can be obtained by inserting a high frequency
transformer, replacing inductor L; by two windings.

1.4.5.Flyback Converter

The Flyback converter, Figure 1.30, [6] is one of the oldest converters. This
converter is an isolated version of the Buck-Boost converter. The inductor of Buck-
Boost converter has been replaced by a transformer, and for this reason this
converter is sometimes also called a “Flyback transformer”. Also, it contains a
switch, a diode and a filter capacitor C. The transformer is modelled by an ideal
transformer and its magnetizing inductance Lm. The transformer magnetizing
inductance Ln can be used to store the magnetic energy, and is a very important
design parameter. Its value determines the boundary between CCM and DCM, [6],
[14], and [82].
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An inverting Flyback converter is obtained if the diode, the filter capacitor, and the
polarity of the transformer are reversed.
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Figure 1.30. Circuit diagram of the Flyback converter [6]

The dc voltage transfer function of the converter is:

M:UOUt: d &

1.15
Un (1-d) Np ( )

In Figure 1.31 the waveforms for the Flyback converter are presented.
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Figure 1.31. Main wavefbrms of the Flyback converter [6]

Advantages [6], [82]:
- the simplest isolated topology;
- very low parts count;
- the transformer provides dc isolation;
- can be used as either a step-down or a step-up converter;
- can be either an inverting or non-inverting converter;
- multiple outputs can be obtained by adding additional secondary windings to
the transformer, each with its own rectifier and output low-pass filter.
Disadvantages [6], [82]:
- the Flyback converter has poor cross regulation in comparison with buck-
derived transformer-isolated converters such as the Full Bridge and Forward
circuits.

BUPT



Association of power converters 41

1.5. Association of power converters

The inter-connection of power converters is the respond to the request of
the industry for designing new and more advantageous power conversion structures
that must support the continued development of the converters to avoid failures.
The inter-connection of these converters can consist of multi-input connection,
multilevel connection, cascaded connection, series connection, paralleled connection
and multiphase connection of power converters.

This new conversion structures with improved performances offer new
electrical characteristics that with only one converter are not be possible to be
achieved. Because in this work the author is focused only on converters that are
used for renewable systems and their control, only the cascaded, series, and the
parallel association are analysed and their main principles will be mentioned below
[68].

1.5.1. Cascaded converters

Cascaded architectures is presented in Figure 1.32 [85]. Two power
converters can be cascaded if the output port of the first power converter is directly
connected to the input of the second one.

The cascaded converters can be both of same characteristic and structure,
or totally different structures depending on applications. By association of the same
DC-DC converters higher voltage ratio and reduced current ripple can be achieved.
The cascaded converters are used where it is necessary to achieve a very high
conversion ratio without transformers or, to assure several different functions in the
structure [68].

For instance, in photovoltaic systems this cascaded connection can be composed by
a simple DC-DC structure with its MPPT control and another simple DC-AC structure
which allows the grid connection [86].

Power Power
Uin converter converter

Figure 1.32. Cascaded connection of power converters [68]

Below are enumerated some different structures of cascaded converters
with application in PV systems.
a) Buck-Boost converter
The simplest cascaded converter is the classical Buck-Boost converter, presented in
Figure 1.5, which can be obtained by cascade connection of a Buck and Boost
converter.
b) €uk converter )
Another simple structure of the cascade converter is the Cuk converter, Figure 1.24,
which can be obtained by cascade connection of a Boost and Buck converter.
c) Zeta converter
Zeta converter it is a cascade of a Buck-Boost and a Buck stage, Figure 1.28.
d) Cascaded Buck converters
In Figure 1.33 are presented two Buck converters in a cascade [87].
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Figure 1.33. Circuit diagram of cascade of two Buck converters [87]

The converter provides a larger step-down ratio than a normal Buck, but
requires two switches.
The dc voltage transfer function of the converter is:

M:%:cﬂ (1.16)
n

This converter is also known as a quadratic converter. A slight modification
in the position of the switch S; results in a single switch converter with the same
voltage transfer function.

The cascaded two Buck converter with single switch is presented in Figure 1.34.
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Figure 1.34. Circuit diagram of cascade of two Buck converter with a single switch [87]

This converter is less efficient than the classical Buck converter due to the
two-stages [87] - [88], but is very useful for high frequency applications when
large step-down conversion ratios are needed.

e) Cascade Boost converter

This cascade topology of two Boost converters, Figure 1.35, can be
attractive for large-scale PV systems due to its high-voltage-gain.

The main advantages of this topology are that it can meet the requirements of
generating a high output voltage with a relatively high efficiency and can be
operated with high switching frequency to improve power density.

The voltage stresses of the first stage are low and, to reduce the switching
losses, the second stage can be designed to operate at a lower switching frequency
[89] - [91].

The converter requires two switches which results in increased complexity
and cost.
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Figure 1.35. Circuit diagram of cascade of two Boost converters [90]

To reduce the complexity and cost, in the same manner like for cascaded
Buck converter, the two switches can be integrated into one switch, Figure 1.36,
[91] - [93].
L2 Du

. B

Figure 1.36. Cascade of two Boost converter with single switch [88]
The circuit is simplified compared to two Boost converters.
1.5.2. Series converters

Figure 1.37 shows the block diagrams of series power converters. As the
name of the connection suggests, two power converters can be connected in series
when the input and/or output port of the first power converter is series connected to
the input and/or output port of the second one, creating a new structure.

The series connections increase/decrease the voltage and involve a major
power transfer capability. For this reason, in PV systems the output port can be
directly connected to an inverter and in order to adapt the output voltage according
to the requirements, this kind of structures normally use converters that can
operate in step-up and step-down mode [85], [94].

In Figure 1.37 a) is presented a series-input series-output connection, also
called SISO connection. This can be used in high voltage converters, where
converter modules share the input and output voltages.

In Figure 1.37 b) is depicted a series-input parallel-output connection, also
called SIPO connection. This can be used in step-down applications, where input
converter modules share the input voltages, and due to the outputs that are parallel
connected the output current handling capability is increased.

In Figure 1.37 c) is shown a parallel-input series-output connection, also
called PISO connection. This can be used in step-up applications, where the high
input current its split and shared among several modules of the converter, while the
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output voltage is built-up from output voltages of the modules. The main
disadvantage of this connection is that the system requires a complex control.

In Figure 1.37d), output port of the first converter is series connected to the
output port of the second one, and so on. The main advantage of this series
connection compared to the series connection in Figure 1.37a), b) and c) is that has
the possibility to use different sources at each input, because the input port is not
connected in series. One example is presented in Figure 1.38, and is known as
integrated Buck/Buck converter [85], [94].

Power U Power
Uin converter out Uin converter Yout
[ Power :I I: Power [~
converter converter
a) b)
Power - = Power
Uin converter Yout Un | converter Uout
1 Power :I — Power ]
converter Uin converter
c) d)

Figure 1.37. Series connection of power converter [85]

The Integrated Buck/Buck Converter

The input sources of the converter can provide power to the load
simultaneously or individually, [38], [40], [95] - [96].
Due to this, it is obvious that it exhibits four operating modes:

- input source Uin1 provides power to the load - switch S; is on and the
switch S; is off;
- input source Uin, provides power to the load - switch S, is on and the

switch S; is off;
- the energy stored in the inductor L is being released to the load - both
switches, S1 and S; are off;
- input sources Uin1 and Uinz provide power to the load - both switches, S
and S; are on [96].
The output voltage of the converter is:
Uout = Uin1-di +Ujn2 -d2 (1.17)

where d; is the duty cycle of switch S; and d> is the duty cycle of switch S..
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Figure 1.38. Circuit diagram of the integrated Buck/ Buck converter [96]

In Figure 1.39 the waveforms of the integrated Buck/Buck converter are

presented.

rF 9
Usy

v
=

L J
-

L J
[

A

> i

Figure 1.39. Waveforms of the integrated Buck/ Buck converter [96]
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Switches S; and S, have different turn-on and turn-off times, at the same
switching frequency.

The main advantages of this converter is that more power is available, it has
the possibility to combine different renewable energy sources with the electric grid
and the energy storage units, and the power flow in the system can be continuous
even if one of the voltage sources is damaged.

1.5.3. Parallel converters

One of the most used interconnection techniques is the parallel connection
of converters. It can be used for isolated and non-isolated converters. First time this
connection, was used in the inverter uninterruptible power systems to increase
output power capacity and system reliability [57].

Figure 1.40 shows the block diagram of a parallel power converter.

As the name of the connection suggests, two power converters are connected in
parallel when the input and output ports of the first power converter are parallel
connected to the input and output ports of the second one. The input and output
voltage of all the phases is the same, as they are connected in parallel.

The main characteristic of this kind of structures is the distribution of
current between the branches. This distribution can be identical or not and depends
on the current control strategy that is used as well as the mismatches that exist
between different phases.

Power
Uin Uuut
converter

— Power
converter

Figure 1.40. Parallel connection of power converters [85]

The parallel connection of converters involves a major power transfer
capability, simplicity of control, reduction of the thermal and electric stresses in the
components, gain in robustness and reliability [68], [85], [97] - [98].

1.6. Multiphase converter

Several solutions and their control were presented in the literature for inter-
connection of the converters [59], [99]- [103].

The physical connection of the multiphase looks exactly the same like
parallel connection, Figure 1.40.
We make distinction between parallel configurations and multiphase configurations.
The main difference is the method of how their main switches are controlled.

The parallel configuration is operated by having the main switches
synchronously controlled (e.g. when a switch from first power converter turns on, so
does the switch from the second power converter and vice versa). The main
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advantage of parallel configuration is that the control circuit must only provide a
single switching signal [103].

In multiphase converters the switch are asynchronously controlled with a
phase shift between the switch gate drivers [59], but with a common frequency.

Figure 1.41 shows the switching signals for 2-phase converter. The result of
the phase delay allows multiphase configurations to exhibit higher overall efficiency
due to ripple cancellation, smaller output filter requirements and smaller output
voltage ripple [104]-[107]. The output voltage ripple is reduced because the output
frequency is increased by the number of phases. Higher output frequency makes the
output ripple easier to be filtered which allows smaller components and further
increase in efficiency [59], [103], [108]-[110].
In a parallel configuration since both main switches are synchronized, the input and
output currents will be the same frequency as in the components inside each
converter and this makes both input and output filtering requirements more
challenging than in multiphase configurations [59] where frequency is doubled.
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Figure 1.41. Switching signals for a 2-phase converter [59]

a) The two-phase Buck converter
In Figure 1.42 is presented a two-phase buck converter [111].
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Figure 1.42. Circuit diagram of the two-phase Buck converter [111]
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The main advantage of this converter compared to the single phase Buck
converter is that this converter can significantly reduce the output current ripple.
If the number of phases is increased the output current ripple will be even smaller.
The main disadvantage of this converter is the individual inductor current
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ripple, which is the same like in single phase Buck converter. Large inductor current
ripples decrease the converter efficiency. One way to solve this problem is to use
coupled inductors, like in [111]. The coupled inductors are represented as an ideal
1:1 transformer, two leakage inductances, and a magnetizing inductance. The ideal
transformer is out of phase connected with the polarity dots on opposite ends.
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Figure 1.43. Waveforms of the two-phase Buck converter [111]

The circuit diagram of the two-phase Buck converter with coupled inductors
is presented in Figure 1.44.
Figure 1.45 shows the waveforms of two-phase Buck converter with coupled
inductors.
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Figure 1.44. Circuit diagram of a two-phase Buck converter with coupled inductors [111]
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Figure 1.45. Waveforms of two-phase Buck converter with coupled inductors [111]

Both circuits have four operating modes.
The coupling coefficient has a significant effect on the inductor current ripples
although it does not affect output current ripple [111].
b) The two-phase Boost converter

In Figure 1.46 a two-phase Boost converter is presented. Due to the
multiphase configuration, at the output the circuit will have just a single capacitor
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and the output voltage will have the ripple twice than operating switching frequency
of each individual Boost converter. The frequency multiplication effect also occurs in
the input side of the converter, and will reduce the input filters and improving the
quality of the input current [112] - [113].
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Figure 1.46. Circuit diagram of the two-phase Boost converter [112]

Figure 1.47 shows the waveforms of the two-phase Boost converter.
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Figure 1.47. Waveforms of the two-phase Boost converter [112]
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One advantage is the amount of peak to peak ripple on the input current that should
be half of each individual inductor current [112].

The dc voltage transfer function of the two-phase Boost converter is the same as
that for the Boost converter:

U 1
n -

1.7. Boost converter used for a measuring system

In [71] and [67], the author presents the development of a low cost system
for testing and monitoring the performance of PV modules in outdoor conditions.
This system was used to ensure the performance of the PV module through testing
and monitoring, as well as saving collected data to a database.

This database can be accessed through a graphical interface on a laptop

connected to the system using serial interface. The error sources of this system are
reduced to minimum because the human operators interfering with the system only
through the graphical user interface.
Also, a Two Diode Model with series and parallel resistances was used to estimate
the parameters of the electrical equivalent circuit for the PV module. This model was
simulated in CASPOC 2009. The outdoor measurements were compared with the
performances obtained through simulation, to prove the efficiency of the model.
Figure 1.48 shows the block diagram of the system which is based on a PV cell, a
step-up DC-DC converter and the measuring system.

\/

PV cell >

DC-DC Measuring
Converter system

Figure 1.48. Block diagram of the monitoring system

The measuring system consists of one master unit and a variable number of
slave units. The communication between master and slave is realized through
RS485, and the slaves are powered through the communication cable, Figure 1.49.

BUPT



52 DC-DC Converters for RE Systems - A General Review
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The measuring system is supplied with 12 V, energy taken from a DC-DC converter.
As only 5V are needed to supply the integrated circuits, a voltage regulator is used.
The purpose of the DC-DC converter is to ensure that the output voltage will
be step-up from an unregulated 5V to a constant 12V at a switching frequency of 21
kHz. The 5V input voltage is from PV cell and the 12V output voltage will be the
input voltage for the measurements system. We chose a classical Boost converter to
step-up the voltage. We design, simulate and construct this DC-DC Boost converter
which is one of the main modules in the solar measuring system, and in Figure 1.50,

Figure 1.49. Block scheme of the measuring system

is presented the circuit that we used.

For the beginning of the simulation we consider for the input voltage a fix
value of 5V and for this value the duty cycle that we used is d=0,583. The Boost
converter consists of inductor Li=35uH, switching device IGBT which is driven by a
typically PWM signal, diode Dj, capacitor C;=5mF, and a resistance R;=10Q
(measuring system it is like a load for the Boost converter, and we show this
through the R;). In Figure 1.51 is presented a picture with the image of practical

, L1 D1

Figure 1.50. Design circuit of Boost converter [71]

implementation of the monitoring system.
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Figure 1.51. General scheme of the monitoring system [67]

Details about this system proposed and implemented by the author can be found in
the articles [71], [67] and [114].

1.8. Conclusions and contributions

The present chapter was thought as an introduction to DC-DC converters for
RE systems. The author presented an overview of some of the most popular, more
complex and more challenging DC-DC converters for RE systems, described in the
literature.

A special focus was made on the classical and multiphase converters, which is the
subject of the thesis.

For each converter is presented a short description of the circuit, diagram of
the circuit, the transfer function and the waveforms. Also, are presented the
advantages and disadvantages of the presented converters.

Throughout this chapter it was shown that circuit diagram of some of the converters
are very simple, with few components, and some of them very complex. Such an
analysis is very important before making a choice for a converter.

This chapter is a survey of the DC-DC converters used in RE systems and

therefore all the author’s contributions in this chapter are theoretical.
The main author’s personal contribution is the comprehensive literature survey in
the DC-DC converters from all the points of view discussed in this chapter. The
author made a summary of the current status of the converters used in RE systems,
from a theoretical and practical point of view and the most important features of
each of the converters are highlighted.
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Also the author implemented a low cost system for testing and monitoring

the performance of PV modules in outdoor conditions, and is using a classical Boost
converter like that one presented in this chapter. Details of this systems and
converter simulation have been published in [67] and [71].
[67] is ISI - Web of Knowledge - Thomson Reuters indexed, and published in
“Advances in Electrical and Computer Engineering”, in 2013, and [71] is ISI - Web
of Knowledge - Thomson Reuters and IEEE Explore 2013 indexed and published at
2012 10% International Symposium on Electronics and Telecomunications
Proceedings (ISETC '12).
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CHAPTER 2.Multiphase Converters with Wide
Conversion Ratio Using Hybrid Structures

2.1. Introduction

The multiphase converters generated with the methods presented in chapter
1.6, include in their architectures classical converters. As a major contribution of
this thesis, the concept of synthesizing multiphase DC-DC converters will be
extended, from classical to hybrid structures. For this reason the operation of these
hybrid converters is analysed and simulated. A comparative study of the hybrid
converters is performed before making a choice for a hybrid structure.

A hybrid structure is characterized by a higher input to output voltage
conversion ratio compared to a classical converter in step-up, and a lower
conversion ratio in step-down mode. )
The hybrid DC-DC converters result from classical Buck, Boost, Buck-Boost, Cuk,
Sepic and Zeta structures by inserting a switching cell.

These switching cells structures can be of two types: “step-down” or “step-up” [3]-
[5].

The C-switching cells presented in Figure 2.1 are a structure, including two

capacitors and two or three diodes.

Cy

D,
Ca

1 a)

Cy

Il

] H
c)

Figure 2.1. C-switching structures: a) Step-up 1; b) Step-up 2; c) Step-down 1[4]

The “step-up” C- or L-switching structures are combined with the Boost,
Buck-Boost, Cuk, Zeta and Sepic converters, to get a step-up dc transfer function
[3], [4].

The “step-down” C- or L-switching structures can be combined with the
Buck, Buck-Boost, Cuk, Zeta and Sepic converters in order to get a step-down dc
transfer function [4] - [5].
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The L-switching cells presented in Figure 2.2, include two inductors and two-three
diodes.

Al

1Y

Figure 2.2. L-switching structures: a) Step- down 1; b) Step- down 2; c) Step-up 1[4]

As will be seen further, in the step-down C-switching structures the
capacitors are discharged in parallel when the active switch is “on”, and the
capacitors are charged in series when the active switch is “off”.

In the step-up C-switching structures, when the active switch of the
converter is “on” the capacitors are discharged in series, and when the active switch
is “off”, the capacitors are charged in parallel [4], [6].

In the step-down L-switching structures when the active switch is “on”, the
inductors are charged in series and when the active switch is “off”, the inductors are
discharged in parallel.

The inductors are charged in parallel, in the step-up L-switching structures
when the active switch is “on”, and when the active switch is “off” the inductors are
discharged in series [4], [6].

In Table 2.1 the hybrid converters topologies are presented as they result
after inserting the L or C - switching structures in the classical converters, while, in
Table 2.2 the output voltage equation is provided [3] - [5], [115] - [117].
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Table 2.1. Hybrid converter [3] - [5]

Converter Converter diagram
name
L, L,
i 1¥T i
s
1. Hybrid
Buck

=C; \o.
converter
with C—D u;, D;
C- - 4 C3:
switching BI ED.;

structure
step-down

1 ZS D, =C;

11

Rg Ul:lut

Ly
1¥T 1

_I S 1N 1N

2. Hybrid
Buck
converter + U

with in —_—
L-switching N ¢ R§ Usut
structure
step-down
1
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L, '[:j L,
- J_ % J_ -
Cl C2
3. Hybrid
Boost
converter ﬂ;
with U -

C- " = pS
switching ? R? Yout
structure
step-up 1

H v
D,
B -
Do, u
4. Hybrid L D,
Boost _- DI
converter

with
L-switching .
structure ﬂu- c==
step-up 1 + U - T Rg Uout

v
L, Dy
L1
| S
5. Hybrid N
Buck-Boost 4
— D
converter G Ao,

with

NGO T B AR
switching u 3T R? out
structure
step-down A

1 /o, T
1
Table 2.1. (continued 1) Hybrid converter [3] - [5]
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with
C_
switching
structure
step-up 1

6. Hybrid
Buck-Boost
converter

1¥l

s

C;—

R§ l-'out

7. Hybrid
Buck-Boost
converter
with
L-switching
structure
step-up 1

R § UDl.It

8. Hybrid
Cuk
converter
with
C_

Ly

Le
TAL

switching

structure

step-down
1

C,

D

i
=1

Lz

D4S

C == R§ Ugut

Table 2.1. (continued 2) Hybrid converter [3] - [5]
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Bt -
D, L
ZSp, i} ]
L. D, Cy L
9. Hybrid — Bt A
Cuk
converter
with
L-switching +
structure - JUin

step-up 1

G3E RS Uew

Lo

IF 1

S
—-

L, C
]
L

10. Hybrid
Cuk
converter -
with Un s |14
L-switching H
structure
step-down
1

Rg l-'out

11. Hybrid
Cuk
converter

with H
C- l-'in SJlﬁ
switching H
structure

step-up 2

Table 2.1. (continued 3) Hybrid converter [3] - [5]

BUPT



Introduction 61

12. Hybrid
Sepic
converter
with
C_
switching
structure
step-down
1

Ly

L1 1l

~N LLl
D, C;

Z8p,

D,
N
|

L I
C o= R§ Uout

13. Hybrid
Sepic
converter
with
L-switching
structure
step-down
2

Cym=

Rg I-'uut

14. Hybrid
Sepic
converter
with
L-switching
structure
step-up 1

L2
I# 1

G == Rg Uout

Table 2.1. (continued 4) Hybrid converter [3] - [5]
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15. Hybrid
Zeta
converter
with
C_
switching
structure
step-up 2

Rg UDut

16. Hybrid
Zeta
converter
with
L-switching
structure
step-down
1

17. Hybrid
Zeta
converter
with
L-switching
structure
step-up 1

y I

Table 2.1. (continued 5) Hybrid converter [3] - [5]
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Table 2.2. Output voltage equation for hybrid converters [3] - [5]

Converter name

Output voltage

1. Hybrid Buck converter with C-switching

d

structure step-down 1 Uout = Z_—d “Uin
2. Hybrid Buck converter with L-switching d
structure step-down 1 Uout = Z_—d “Uin
3. Hybrid Boost converter with 1+d
C-switching structure step-up 1 Uout = m “Uin
4. Hybrid Boost converter with 1+d
L-switching structure step-up 1 Uout = m “Uin
5. Hybrid Buck-Boost converter with d
C-switching structure step-down 1 Uout = m “Uin
6. Hybrid Buck-Boost converter with 2.d
C-switching structure step-up 1 Uout = m “Uin
7. Hybrid Buck-Boost converter with 2.d
L-switching structure step-up 1 Uout = m “Uin
8. Hybrid Cuk converter with d
C-switching structure step-down 1 Uout = 2.(1-d)
9. Hybrid Cuk converter with (1+d)-d
L-switching structure step-up 1 Uout = 1-d

10. Hybrid Cuk converter with d
L-switching structure step-down 1 Uout = 2.(1-d)
11. Hybrid Cuk converter with 1+d
C-switching structure step-up 2 Uout = m “Uin
12. Hybrid Sepic converter with d
C-switching structure step-down 1 Uout = a-d)(z2-d) Uin
13. Hybrid Sepic converter with d
L-switching structure step-down 2 Uout = m
14. Hybrid Sepic converter with (1+d)-d
L-switching structure step-up 1 Uout = v
15. Hybrid Zeta converter with 2.d
C-switching structure step-up 2 Uout = ﬁ “Uin
16. Hybrid Zeta converter with d
L-switching structure step-down 1 Uout = 2(1-d)
17. Hybrid Zeta converter with (1+d)-d
L-switching structure step-up 1 Uout = ?

As it is obvious from the formulae above, a hybrid structure can be
characterised by a higher or lower input to output voltage conversion ratio
compared to the classical converter it is derived from in step-up/step-down mode.
Also it can be seen that some of the converters exhibit the same formula for the
output voltage, even if they have different structures.
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We will highlight which converters have the same output voltage and which

one has the highest/lowest conversion ratio.

Step-up hybrid converters with the same output voltage are:

hybrid Boost converter with C-switching structure step-up 1, hybrid Boost
converter with L-switching structure step-up 1 and hybrid Cuk converter
with C-switching structure step-up 2;

1+d

Uout:m'uin (2.1)

hybrid Buck-Boost converter with C-switching structure step-up 1, hybrid
Buck-Boost converter with L-switching structure step-up 1 and hybrid Zeta
converter with C-switching structure step-up 2;

2-d

Uout =——-U; 2.2
out =35 "Uin (2.2)
hybrid Cuk converter with L-switching structure step-up 1, hybrid Sepic
converter with L-switching structure step-up 1 and hybrid Zeta converter
with L-switching structure step-up 1;
(1+d)-d .

o Un (2.3)

Uout =

A comparison between the conversion ratios of the step-up hybrid converters it is
presented in Figure 2.3.

Uﬁutfuin 5

4
s — Ugut =%-Um / | /
¢ — Uout = (1 ;fi{ d -Uip
3,5
3 Uput = % -Uin /
2,5 7 /
: A V)
15
1 =
0,5 /"’/
0~ H/ » d
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,8 1

Figure 2.3. Comparison between conversion ratios of the step-up hybrid converter
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As it can be seen from equations above and from the comparison between
the conversion ratios of the step-up hybrid converters, the highest conversion ratio
is achieved for the converters that use equation 2.1.

The converters that have the same formula from the hybrid converter in step-down
configuration are:

- hybrid Buck converter with C-switching structure step-down 1 and hybrid
Buck converter with L-switching structure step-down 1;

d
Uout = E'Uin (24)

- hybrid Buck-Boost converter with C-switching structure step-down 1, and
hybrid Sepic converter with C-switching structure step-down 1;

d
Uout:m‘uin (2.5)

- hybrid Cuk converter with C-switching structure step-down 1, hybrid Cuk
converter with L-switching structure step-down 1, hybrid Sepic converter
with L-switching structure step-down 2, and hybrid Zeta converter with L-
switching structure step-down 1;

d

Uout = 55—+ Ui 2.6
out 2.(1-d) in ( )

A comparison between the conversion ratios of the step-down hybrid converters is
performed in Figure 2.4.
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Uout/Uin 5 7Y 7
. = Uout = ﬁUm //
%4 d
gy i~ /
5 oul (l_d)(z_d) n /
3 - d
Uspjp = ————-U;
. out 2-(1-d) in
2 ‘/
15
1 /‘
< /’/ (g //
0 e —~ } » d
0 0,1 0,2 0,3 04 0,5 0,6 0,7 08 0,9 1

Figure 2.4. Comparison between conversion ratios of the step-down hybrid converter

As it can be seen from equations above and from the comparison between
the conversion ratios of the step-down hybrid converters, the lowest conversion
ratio it is achieved for the converters that used equation 2.4.

This chapter continues with the analysis of the hybrid converters.

2.2. Hybrid Buck converter with C-switching structure step-
down 1

The hybrid Buck converter with C-switching structure step-down 1 consists
of a classical Buck converter in which is inserted a C-switching cell step-down 1.

In order to reduce the input current ripple, an input inductor L; is inserted.

Figure 2.5 shows the circuit diagram with the corresponding on and off
states [4], [116]-[117]. While the power switch turns off, the capacitors are
charged in series from the input voltage source. When the switch is on these two
capacitors are discharged in parallel.
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R§ Uaut

Li L
L 1 19T ]
s
=—C; ZSDz
l--Iin DE |_
(WA | Cz—=
7] Ap. ’
75 o, =C;
1
a)
L1 I—Z
o 1 19T -
s
=—cC, AD:
D
CT)U“‘ ril 1 Cam=
/] Da
D, =cC,
b)
L1 |_2
- | 13T -
T
=—C, /D2
Dz
U.
in NI [
“ o, i
ZS Dy = C2
|
c)

Figure 2.5. Hybrid Buck converter with C-switching structure step-down 1: a) circuit diagram;

b) switched-on (ton) state;

c) switched-off (tofr) state [4]

BUPT



68 Multiphase Converters with Wide Conversion Ratio Using Hybrid Structures

Writing the voltage-second balance across the inductors it results that:

d
Uout =E'Uin (2.7)

In Figure 2.6 a comparison between conversion ratios as function of the
duty cycle, for the classical Buck and hybrid Buck C-converter it is presented.

Uﬁut,lrUin 11 Y
=== Buck converter

1 -
st Hybrid Buck cofverter ”

3
0,9 £
3
e /
-
08 r
rd
7 /
0,7

06
- L

s e //
r
0.4 e’ e
o’ -~
03 — ‘ f..--‘
0,2 e’ =
, L’ =
01 s _‘/
S
0 » d

0 01 0,2 03 0.4 05 0,6 0,7 0,8 09 1

Figure 2.6. Comparison between conversion ratios of a hybrid Buck DC-DC C-converter and a
classical Buck DC-DC converter

As it can be seen from equation 2.7 and from Figure 2.6, a lower conversion
ratio can be achieved compared to classical Buck converter. The output voltage is
reduced (2-d) times than in a classical Buck converter. For this reason, this
converter have been reported in [116]-[117], as an alternative to high frequency
transformer converters. Also, it can be used in automotive applications where
extremely large ranges of voltage conversion ratios are necessary, in RE systems,
and in power DC sources. The disadvantage of this converter compared to the
classical Buck is that the number of the component is increased.

The hybrid Buck C-converter is simulated in the Caspoc package.

Figure 2.7 depicts the simulation schematic, while Figure 2.8 enfaces the simulated
waveforms for the gate signal of the switch S, the current through the inductor L,
the voltage across inductor Li, the current through the inductor L;, the voltage
across the inductor L, and the output voltage. The converter was simulated for a
duty cycle of 50% with an input voltage of 120V.
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SCOPE10
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Figure 2.7. CASPOC simulation diagram for the hybrid Buck DC-DC C-converter

1 SIGNAL1

10.005m 10.010m 10.015m 10.020m 10.025m 10.030m 10.035m 10.040m 10.045m 10.050m
Time(s)—

Figure 2.8. Simulation results for the hybrid Buck DC-DC C-converter
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4DI[L1]

3

30

25

10

10m 10.005m  10.010m  10.015m  10.020m  10.025m _ 10.030m _ 10.035m _ 10.040m  10.045m  10.050m
Time(s)—

. i
10m 10.005m 10.010m 10.015m 10.020m 10.025m 10.030m 10.035m 10.040m 10.045m
Time(s)—

10m 10.005m 10.010m 10.015m 10.020m 10.025m 10.63Dm 10.035m 10.040m 10.045m
Time(s)—

Figure 2.8. (continued 1) Simulation results for the hybrid Buck DC-DC C-converter
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5 VIL2]

“tom 10005m  10010m  10.015m  10020m  0.025m  10030m  100%m  10040m  10.045m  10.050m
Time(s)—

im 2m 3m 4m Sm 6m m 8m 9m 10m
Time(s)——

Figure 2.8. (continued 2) Simulation results for the hybrid Buck DC-DC C-converter
This up to down order: signal, iL1, UL, iz, Uz, and Uout

2.3. Hybrid Buck converter with L-switching structure step-
down 1

The hybrid Buck converter with L-switching structure step-down 1 consists
of a classical Buck converter in which an L-switching cell step-down 1 is inserted.
The L-switching cell consists of two inductors and two diodes. The output inductor
and the diode from the classical Buck converter are replaced by the two inductors
and two diodes from the L-switching structure.

Figure 2.9 shows the circuit diagram with the corresponding on and off state
[4], [115] - [118].

While the power switch turns on, the inductors are charged in series from the input
voltage source. When the switch is off these two inductors are discharged in
parallel.
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L1

1¥Y1

| s D, D2
Uin ——
Co= Rg Ugut
v

Lz
a)
L

1¥1
s 0.

)
ra

c)
Figure 2.9. Hybrid Buck converter with L-switching structure step-down 1: a) circuit diagram;
b) switched-on (ton) state; c¢) switched-off (torr) state [4]
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Applying the voltage-second balance across inductors, the same output
voltage equation to that one for the Buck converter with C-switching structure is
obtained:

d
Yout = 5—Uin (2.8)

As it can be seen from equation (2.8) and from Figure 2.6 a lower
conversion ratio can be achieved compared to classical Buck converter.

The hybrid Buck L-converter is simulated in Caspoc Simulation program,
Figure 2.10. The output voltage is reduced (2-d) times than in a classical Buck
converter.
In Figure 2.11, the simulated waveforms for the gate signal of the switch S, the
current through inductor L; (which is the same with the current through L), the
voltage across inductor Li, the current through the output capacitor and the output
voltage are depicted. The converter was simulated for a duty cycle of 40% with an
input voltage of 120V.

SCOPE7 SCOPE4
) - - B SCOPE1
~ N
L SCOPES L »
I SCOPES
D1 ._'——Dzzk Q
N | ik .H_—
@ : SCOPE2
vitd120 |
' off Rl
,!-,? 3 Ground
TIME  SIGNAL _ |SCOPE10 . SCOPE5
@ ;IWE SIGNALT o |
5-DC
K
-EaPhase

Figure 2.10. CASPOC simulation diagram for the hybrid Buck converter with L-switching
structure step-down 1
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SIGNAL1
2

100.005m 100.010m 100.015m 100.020m 100.025m 100.030m 100.035m 100.040m 100.045m 100.050m
Time(s)—

500m-

100m 100.005m 100.010m 100.015m 100.020m 100.025m 100.030m 100.035m 100.040m 100.045m
Time(s)—

100005m  100.010m  100.015m  100.020m  100.025m  100.030m  100.035m  100.040m  100.045m  100.050m
Time(s)}—

Figure 2.11. Simulation results for the hybrid Buck DC-DC L-converter
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100005m  100.010m  100.015m  100.020m  100.025m  100.030m  100.035m  100.040m  100.045m  100.050m
Time(s)—

100005m  100010m  100015m  100.020m  100.025m  100030m  100.035m  100.040m  100.045m  100.050m
Time(s)—
Figure 2.11. (continued 1) Simulation results for the hybrid Buck DC-DC L-converter
This up to down order: signal, i1, uLi, ica and Uout

2.4. Hybrid Sepic converter with L-switching structure step-
down 2

The hybrid Sepic converter with L-switching structure step-down 2 consists
of a classical Sepic converter in which an L-switching cell step-down 2 is inserted.
The L-switching cell consists of two inductors and two diodes. The output inductor
and the diode from the classical Sepic converter are replaced by the two inductors
and the two diodes from L-switching structure.

Figure 2.12 presents the circuit diagram with the corresponding on and off
states [4], [5].

While the power switch turns on, the inductors are charged in series, and when the
switch is off the inductors are discharged in parallel.
Voltage-second balance equation across the inductor leads to:

d

U . E—— Y F 2.9
out 2.(1-d) in ( )
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Figure 2.12. Hybrid Sepic DC-DC L-converter: a) circuit diagram; b) switched-on (ton) state;
c) switched-off (tofr) state [5]
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In Figure 2.13 a comparison between conversion ratio as a function of the
duty cycle, for classical Sepic and hybrid Sepic L-converter is presented.

uautfuin 10 Fy
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Figure 2.13. Comparison between conversion ratio of a hybrid Sepic DC-DC L-converter and
classical Sepic DC-DC converter

As it can be seen from equation (2.9) and from Figure 2.13, a lower
conversion ratio can be achieved compared to the classical Sepic converter. These
hybrid converters presented many advantages: good efficiency, less voltage stress
on the switches, allowing for a choice of lower-rated transistors and diodes, what
conducted to lower conduction losses, and good transient performance. The Sepic
converter is used in many low power applications where there is no need of DC
isolation [4]-[5].

In Figure 2.14 the Caspoc simulation diagram of the hybrid Sepic L-
converter is presented. Figure 2.15 enfaces the simulated waveforms for the gate
signal of the switch S, the current through inductor Li, the voltage across inductor
L1, the current through L, (which is the same to the current through L3), the voltage
across inductor L, and the output voltage. The converter was simulated for a duty
cycle of 50% and with an input voltage of 120V.
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Figure 2.14. CASPOC simulation diagram for the hybrid Sepic DC-DC L-converter
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Time(s)—

Figure 2.15. Simulation results for the hybrid Sepic DC-DC L-converter
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Figure 2.15. (continued 1 ) Simulation results for the hybrid Sepic DC-DC L-converter
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7 VIL2]

100.005m 100.010m 100.015m 100.020m 100.025m 100.030m 100.035m 100.040m 100.045m 100.050m
Time(s)—

70VIOUTI
65

100005m  100010m  100016m  100020m  100.025m  100.030m  100.035m  100.040m  100.045m  100.050m
Time(s)—

Figure 2.15. (continued 2) Simulation results for the hybrid Sepic DC-DC L-converter
This up to down order: signal, iL1, UL, iz, Utz and Uout

The output voltage is two times lower than in a classical Sepic converter.

2.5. Hybrid Boost converter with C-switching structure step-
up 1

The hybrid Boost converter with C-switching structure step-up 1 consists of
a classical Boost converter in which a C-switching cell step-up 1 is inserted.
The C-switching cell consists of two capacitors and two diodes. The output capacitor
from a classical Boost converter was splitted into two capacitors, and the rectifier
diode was duplicated. Also for reducing the output current ripple, an output inductor
is inserted.

Figure 2.16 presents the circuit diagram with the corresponding on and off
states, [1]- [2], [4], [119].
While the power switch turns off, the capacitors are equally charged by the energy
stored in the inductor L;. When the switch is on these two capacitors are discharged
in series to the load.
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Figure 2.16. Hybrid Boost DC-DC C-converter: a) circuit diagram; b) switched-on (ton) state;
c) switched-off (torr) state [1]
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Applying the voltage-second balance on the inductors results that:

I+d (2.10)

Uout = ——-
out i-d

In Figure 2.17 it is presented a comparison between conversion ratio against
the duty cycle, for classical Boost and hybrid Boost C-converter.
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Figure 2.17. Comparison between conversion ratio of a hybrid Boost DC-DC C-converter and
classical Boost DC-DC converter

As it can be seen from equation 2.10 and from Figure 2.17, the output
voltage is increased (1+d) times compared to classical Boost converter. The circuit
is simple and has some significant features of extended output voltage, less output
voltage ripple and less input current ripple as compared with the classical Boost.
This converter can be used in UPS applications, for charging the batteries, or for
power conditioners for fuel cell systems [1]- [2], [119].

The Caspoc simulation diagram of the hybrid Boost C-converter is shown in
Figure 2.18. The converter has been simulated for a duty cycle of 60% with an input
voltage of 40V and switching frequency fs=100 kHz.

The simulated waveforms for the gate signal of the switch S, the current
through inductor L;, the voltage across inductor L;, the current through L;, the
voltage across inductor L,, and the output voltage are presented in Figure 2.19.
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Figure 2.18. CASPOC simulation diagram for the hybrid Boost DC-DC C-converter

SIGNAL1
2

30m 30.005m 30.010m 30.015m 30.020m 30.025m 30.030m 30.035m 30.040m 30.045m 30.050m
Time(s)—

Figure 2.19. Simulation results for the hybrid Boost DC-DC C-converter
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Figure 2.19. (continued 1) Simulation results for the hybrid Boost DC-DC C-converter
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Figure 2.19. (continued 2) Simulation results for the hybrid Boost DC-DC C-converter
This up to down order: signal, iL1, uLi, iz, Utz and Uout

2.6. Hybrid €uk converter with C-switching structure step-up
2

The hybrid Cuk converter with C-switching structure step-up 2 consists of a
classical Cuk converter in which a C-switching cell step-up 2 is inserted.
The C-switching cell consists of two capacitors and two diodes. This C-switching cell
only plays the role of the original energy-transfer capacitor, and is not cascaded
with the original converter. The capacitor from a classical Cuk converter was
splitted in two capacitors, and the rectifier diode was duplicated.

Figure 2.20 presents the circuit diagram with the corresponding on and off
state [3]-[4].
While the power switch turns off, the capacitors are equally charged by the energy
stored in inductor L;. When the switch is on these two capacitors are discharged in
series to the load.
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Figure 2.20. Hybrid Cuk DC-DC C-converter: a) circuit diagram; b) switched-on (ton) state;
c) switched-off (torr) state [4]
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Invoking voltage-second balance principle across inductors one obtains:

1+d (2.11)

Uout = ——-
out i-d

In Figure 2.21 a comparison between conversion ratio as function of the duty cycle,
for classical Cuk and hybrid Cuk C-converter is presented.
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Figure 2.21. Comparison between conversion ratio of a hybrid Cuk DC-DC C-converter and
classical Cuk DC-DC converter

As it can be seen from equation 2.11 and from Figure 2.21 a higher
conversion ratio can be achieved compared to classical Cuk converter.

The simulation circuit diagram of the hybrid Cuk C-converter is presented in
Figure 2.22. The output voltage is increased (1+d)/d times than in a classical Cuk
converter.

Figure 2.23 exhibits the simulated waveforms for the gate signal of the
switch S, the current through inductor L;, the voltage across inductor L;, the current
through L,, the voltage across inductor Lz, and the output voltage. The converter
was simulated for a duty cycle of 60% with 40V input voltage and switching
frequency of fs=50 kHz.
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Figure 2.22. CASPOC simulation diagram of the hybrid Cuk DC-DC C-converter
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Figure 2.23. Simulation results for the hybrid Cuk DC-DC C-converter
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Figure 2.23. (continued 1) Simulation results for the hybrid Cuk DC-DC C-converter
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Figure 2.23. (continued 2) Simulation results for the hybrid Cuk DC-DC C-converter
This up to down order: signal, iL1, uLi, iz, Utz and Uout

2.7. Hybrid Boost converter with L-switching structure step-
up 1

The hybrid Boost converter with L-switching structure step-up 1 consists of
a classical Boost converter in which an L-switching cell step-up 1 is inserted.
The L-switching cell consists of two inductors and three diodes. The input inductor
from the classical Boost converter is replaced by the two inductors in the new hybrid
converter [4], [103], [120] - [122].

Figure 2.24 presents the circuit diagram with the corresponding on and off
states [103], [121].
While the power switch turns on, the inductors are charged in parallel from the input
voltage source. When the switch is off these two inductors are discharged in series.
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Figure 2.24. Hybrid Boost DC-DC L-converter: a) circuit diagram; b) switched-on (ton) state;

c) switched-off (tofr) state [103].
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Applying the voltage-second balance on inductors the output voltage is obtained as:

Uout Z%'Uin (2.12)

As it can be seen from equation 2.12 and from Figure 2.17 a higher
conversion ratio can be achieved compared to classical Boost converter. This
converter can be used as a interface between the PV system and the load, as a
high-intensity-discharge lamp ballast for automobile headlamps, fuel cell conversion
systems and battery back-up systems for UPS [121] - [122].

Figure 2.25 shows the Caspoc circuit diagram for the hybrid Boost L-
converter. The output voltage is increased (1+d) times than in a classical Boost
converter. The converter was simulated for a duty cycle of 50% with 40V input
voltage and a switching frequency of fs=100 kHz.

Figure 2.26 presents the simulated waveforms for the gate signal of the
switch S, the input phase current ip, the current through diode Di, the current
through inductor L; (which is the same with the current through inductor L;), the
voltage across inductor Ly, the current through switch S, the output phase current
iop, the current through the output capacitor Co (in simulation denoted C;), the
output current and the voltage of the circuit.
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Figure 2.25. CASPOC circuit diagram for the hybrid Boost DC-DC L-converter
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Figure 2.26. Simulation results for the hybrid Boost DC-DC L-converter
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(continued 1) Simulation results for the hybrid Boost DC-DC L-converter
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Figure 2.26. (continued 2) Simulation results for the hybrid Boost DC-DC L-converter
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Figure 2.26. (continued 3) Simulation results for the hybrid Boost DC-DC L-converter
This up to down order: signal, i, ip1, iL1, U1, is, iop, ioc, iout @nd Uout

For the hybrid Boost L-converter extended study, digital simulation and
practical implementation have been carried out, and are presented in detail in the
next chapter.

2.8. Multiphase DC-DC converters synthesis using hybrid
structures

The hybrid DC-DC converters presented in the previous sections, Table 2.1,
will be used in multiphase configurations.

The rules to generate multiphase converters are the same as presented in
the previous chapter. The input and output port of the first power converter is
parallel connected to the input and output port of the second one, Figure 1.40. The
converters used for paralleling are assumed to be identical topologies. Each
converter is controlled by interleaved switching signals, which means that each
switch switches at a different time moment, with a phase shift between the switch
gate drivers (360°/n against one to another), Figure 1.41, but with the same
frequency and the same value of the duty cycle. In these circuits the different
phases are connected to a common input source and a common output
capacitor/filter of the converter.

The dc voltage transfer function of the multiphase converter is the same to that of
the hybrid converter that is using and the equation is provided in Table 2.4.

Based on these rules, and using the hybrid converters mentioned above, eleven new
multiphase converters with hybrid structures are possible to be implemented. The
result of this analysis is presented in Table 2.3. The structure that cannot been
integrated in the multiphase converters are the C-switching structure step-up 1,
that is integrated in Boost and Buck-Boost converter forming the hybrid Boost and
Buck-Boost converter, the L-switching structure step-down 1 integrated in Buck,
Cuk and Zeta, and also the L-switching structure step-down 2 that is integrated in
Sepic converter.
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Table 2.3. Possible combination for multiphase converters with hybrid structure

Converter Converter diagram
name
L1 Lagy
- I 19T -
e,
=—=C5 ZSDn
) C) 7 Ao. T r Vou
Multiphase Ko, T
hybrid
Buck
converter }
with C- Liz L2z
switching — - 1 14T -
structure S
step-down
1 —c;, ADs
Dsa
(W]
[ %] ZSDﬂ
Ko =—Cxn
I
Dy Lii
Day
Da: B
2. Ui"'C|== L2 Dy SIJE Co=— R Uout
Multiphase
hybrid 1
Boost
converter
with
L- D12 L1
switching
structure Di;
step-up 1 D1, Pt
Las D3> S, |
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Li1 Dax
L1
- 1 14T i
s,
=Cj1 2:011
Ui, Ds. L. 4
() Pt N T R B
3.
Multiphase Ko =—Cx
hybrid
Buck-
Boost l
converter
with C- Liz Day
switching —- 1 1§ g
structure s,
step-down
1 —Cis ZAD1z
D33
N I Laz
| %]
ZSDZZ —==Ca2
1
D41
L1
vl l N
S
A
I Li1 yDn
Dz
* JUin
C) u Co— R ; Usut
4, I L
Multiphase SZDn 2
hybrid
Buck-
Boost l
converter [:z
. L
with L- 19T 1
switching S
structure 2
step-up 1
I Liz SZDIZ
Dzz
[N
4|
Sznzz I L2z
1
Table 2.3. (cont.1) Possible combination for multiphase converters with hybrid structure
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L1 11
~J 11
Lis Dy Ciy Las
L ZRp.,
Cay Das
IL L1
1 I
D -
C_E_) u,, FLIE 41 SZ Co R= U,
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Multiphase
hybrid Cuk
converter
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c- i< I
switching Lia Di2 Cia Laz
structure — 4B, -
step-down Cza D>
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Py Da2 N7
[
—
Dll Lll
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Lay Das C Lss
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with
L- — o ———_——
switching D12 L1 |
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S: Jie DHSE
Table 2.3. (cont.2) Possible combination for multiphase converters with hybrid structure
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Ly

7.
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converter
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C- Liz

switching
structure
step-up 2

Lis
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C- i< I
switching Lis D1, Ci2

structure L 2K,
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pie
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Table 2.3. (cont.3) Possible combination for multiphase converters with hybrid structure

BUPT



Multiphase DC-DC converters synthesis using hybrid structures 101

Bt -
Dy Lis
ZSDJI II H
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— Bt
=
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Table 2.3. (cont.4) Possible combination for multiphase converters with hybrid structure
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11
l!l 1 11} -
s, Cy Lz
. L1 SZDH
+ Uin [)31
- u Da ZK Co =—
11. Lo
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Table 2.3. (cont.5) Possible combination for multiphase converters with hybrid structure

Table 2.4. Output voltage equations for multiphase hybrid converters

Converter name

Output voltage

1. Multiphase hybrid Buck converter with C-

Yout = 1= ay (2—d)’

d
switching structure step-down 1 Uout = Z_—d “Uin
2. Multiphase hybrid Boost converter with L- 1+d
switching structure step-up 1 Uout = m “Uin
3. Multiphase hybrid Buck-Boost converter U 3 d Ui
with C-switching structure step-down 1 out = (1-d)-(2-d) in
4. Multiphase hybrid Buck-Boost converter 2.d
with L-switching structure step-up 1 Uout = m “Uin
5. Multiphase hybrid Cuk converter with C- d
switching structure step-down 1 Uout = m “Uin
6. Multiphase hybrid Cuk converter with L- (1+d)-d
switching structure step-up 1 Uout = ? “Uin
7. Multiphase hybrid Cuk converter with 1+d
C-switching structure step-up 2 Uout = m “Uin
8. Multiphase hybrid Sepic converter with C- d )
switching structure step-down 1 Uin
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9. Multiphase hybrid Sepic converter with L- (1+d)-d
switching structure step-up 1 Uout = v -Ujp
10. Multiphase hybrid Zeta converter with C- 2.d

switching structure step-up 2 Uout = m -Uin

11. Multiphase hybrid Zeta converter with L- (1+d)-d
switching structure step-up 1 Uout = v -Ujn

Table 2.4. (continued 1) Output voltage equations for multiphase hybrid converters

2.9. Conclusions and contributions

At the beginning of this chapter the author presented the structure of the C-
and L-switching cells proposed by A. Ioinovici et al. These C- and L-switching cells
are inserted in the classical structures of Buck, Boost, Buck-Boost, Cuk, Sepic and
Zeta converters, resulting in new hybrid class of converters.

Throughout this chapter it was shown that the circuit diagram of some of
these converters are very simple, with a few components, and some of them are
very complex. A hybrid structure is characterized by a higher or lower input to
output voltage conversion ratio compared to a classical converter in step-up or step-
down mode. A comparison between conversion ratios of hybrid converter structures
and classical converter structures is made. Even if they have different topologies
some of the converters exhibit the same formula for the output voltage. The author
highlights which converters have the same output voltage and which one has the
highest or lowest conversion ratio.

The author analysis all the 17 converters, but in this thesis just 6
converters, one with each switching cells and with highest or lowest conversion ratio
are presented. From author viewpoint, for each selected converter a short
description of the circuit, diagram of the circuit, the transfer function and the
waveforms from simulation are presented. Also, the advantages and disadvantages
of the dc converters are emphasized.

At the end of the chapter, the concept of synthesizing multiphase DC-DC
converters was extended, from classical to hybrid structures. The possible
combinations to obtain multiphase converters with hybrid structure are presented in
Table 2.3, and the output voltage equations are presented in Table 2.4.

The author contributions in this chapter can be summarized as follows:

- comparative analysis of the hybrid with classical converters;

- deduction of the dc voltage transfer function for hybrid converters;

- the analytical study, validated by simulation of the hybrid converters, made
in Caspoc Simulation Program;

- a synthesizing method for multiphase hybrid converters is proposed;

- 11 new multiphase converters with hybrid structures that are possible to be
implemented, are proposed by the author;

- deduction of the dc voltage transfer function for multiphase hybrid
converters, confirmed by simulation.

BUPT



CHAPTER 3. Hybrid Boost converter with L-
switching structure step-up 1

The hybrid Boost L-converter is one of the converters that have the

possibility to be implemented in multiphase configuration.
This converter provides higher gain and higher efficiency than the traditional Boost,
and is used for many applications such as power factor correction (PFC), generation
of backlight voltages for LCD displays, solar cell energy conversion systems [121],
fuel cell energy conversion systems, battery back-up systems for uninterruptible
power supplies, and high intensity discharge lamp ballast for automobile head lamps
[89].

This chapter describes the step by step process wherein a hybrid Boost L-
converter, which originally uses non-coupled inductors, is modified to use coupled
inductors resulting in both efficiency increase and lower price. To validate the
operation of the converter [4], an analytical description is provided together with
design equations, digital simulations and experimental results.

In Figure 2.24 the circuit diagram is presented with the corresponding on and off
states [103], [121].

The converter diagram with currents of this hybrid converter is presented in
Figure 3.1.

In the on state the inductors are connected in parallel and the current of
both inductors flows through the input phase and through the switch element. In the
off state the inductors are connected in series and the inductor current flows
through the output diode.

The voltage across the inductors is given by:

ton: U =Ujp (3.1)

Uout —Uin

> (3.2)

tofrr UL = -

It can be seen from the above formulae, that the voltage across the
inductors is positive in the on state, and negative in the off state. In circuit
operation the positive and negative voltage-time-area across the inductors must
always be the same.

With this condition the conversion ratio of the hybrid boost DC-DC L-converter can
be calculated as:

1+d
Yout = —5Uin (3.3)

It can be observed that the hybrid Boost DC-DC L-converter exhibits the
same conversion ratio like hybrid Boost DC-DC C-converter.
Compared to classical Boost converter, a higher conversion ratio can be achieved as
it can be seen from equation 3.3 and from Figure 2.17.
The dc gain of the hybrid Boost DC-DC L-converter is higher than that of the
traditional Boost converter by a factor of (1+d).
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To ensure a better understanding, this chapter continues by presenting and
discussing the power part of the hybrid converter.

The power part consists of an input network with two inductors and three
diodes, a step up circuit with the power switch S and diode Do, and dc-link
capacitors at the input and output sides of the converter. Based on the circuit
structure, we can observe that the energy can be transferred only in one direction
from input to output (left to right) [103].

I:}:l L;[
Imn ip Doigp  Tou
. - zls D3 N > >
4irc H is ¥ioc
L;l_ [)2
-
+ s
- Un == C JE Co == R?Uuut

Figure 3.1. Circuit diagram of hybrid Boost DC-DC L-converter [103]

For calculations it is assumed that all elements of the converter are lossless,
the voltage and currents at the input and output are ideally dc-values, and the
converter is pulse width modulation controlled [103], [123].

3.1. Hybrid Boost DC-DC L-converter - input circuit

As presented above, in the on state the inductors are connected in parallel
and the current of both inductors flows in the input phase and through the switching
element. In the off state the inductors are connected in series and the current flows
through the inductors and the output diode. In this topological state, the input
phase current ip is the same to the inductor current. It is assumed that only the
average value of the input phase current will determine converter input current, In,
while the AC-current component will flow through capacitor C; [103], [123].

The current waveforms at the input of the hybrid Boost converter are
presented in Figure 3.2, for d<0.5, d=0.5, and d>0.5.

The first waveform shows that the currents through inductors L (i.1) and L, (i2) are
the same. The inductor current rises in the on state and falls in the off state,
therefore a triangular current is generated.

In the middle is presented the input phase current ip, which in switched-on state is
double than the inductor current.

The lower waveform presents the input capacitor current, irc.

BUPT



106 Hybrid Boost converter with L-switching structure step-up 1

it =0, =0, I Ai
ol / l

Ty

b)
Figure 3.2. Current waveforms at the input of a single phase hybrid Boost DC-DC converter
a) d=0.3 b) d=0.5 c) d=0.7 [103]
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Figure 3.2. (continued 1) Current waveforms at the input of a single phase hybrid Boost DC-DC
converter a) d=0.3 b) d=0.5 c) d=0.7 [103]

In order to calculate the required inductance and capacitance in the circuit,
it is necessary to state the conditions for circuit operation. First, we need to know
the rated output voltage and also the minimum input voltage at rated power that
should be transferred. With these conditions, the conversion ratio of the circuit for
rated input power Pinr transfer is fixed.

In this operation point the dc-input current and the average current Iav in the
inductors can be calculated. It is assumed that this average current Iav is the
maximum dc-value in the inductors. This means that the possible power of the
converter is lower in case of higher and higher in case of lower duty cycles.

The average current value Iav depends on the duty cycle d according to the
relationship [103].

Imn
I =_—in_ 3.4
LAV 1+d ( )

In Figure 3.3 is shown the possible power transfer that depends on the duty
cycle for three different converter designs.
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Figure 3.3. Maximum power transfer in case of fixed output voltage [103]

The inductivity must be calculated for the maximum inductor voltage-time-area
within the pulse periods and the maximum acceptable current variation during this
time. In the switched-on state ton, the input voltage Ui, is connected across the
inductors and therefore [103]:

Upn -t
Ly =Ly == 0n (3.5)

The input voltage Uiy, is expressed in the formula below as a function of the output
voltage and the duty cycle and thus (3.5) becomes [103]:

L1 :LZ :UOUt'TS d(l_d)
Aip 1+d

(3.6)

Considering the full duty cycle range, after calculation, the voltage-time-area within
the pulse periods reaches its maximum for a duty cycle of approximately 41%.
For this duty cycle the converter inductance is specified as:

Ly =1, =Yout Ts (3 57) (3.7)
Al
max
The maximum acceptable current variation AiLmax is chosen normally between 10%-

30% of the rated average inductance current I avr similar to CCM design:
A =(0.1+0.3)- I R (3.8)
The RMS current in the inductors Ly and L, is given by the equation:

.2
2 A
IL: ILAV + 1L2

(3.9)
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These inductors can be built as individual or mutually coupled inductors. Using
coupled inductors can help in ripple current reduction and in getting lower
dimension/size of the inductors.

It is continued with the calculation of the input side capacitor value. The
worst case scenario could happen when the converter input current is ideally dc, and
the overall AC-current of the input phase flows in the capacitor. This AC-current in
the capacitor produces an AC-voltage at the input that is over imposed in the dc-
input voltage. For this reason the maximum acceptable voltage variation across the
capacitor must be chosen during the capacitor dimension [103].

Cr = Ic ton (3.10)
or
cr =2 Ts g (1-q) (3.11)
Aufnmax

The current-time-area depends on the duty cycle having its maximum at 50% and
at the rated inductance current I avr.

In practice, the acceptable static voltage variation at the converter input is chosen
lower than 1% of the rated input voltage Uinr [103]. Hence

cp = HAR Ts \ith Aupy - <0.01-Ujng (3.12)
4~AUI,-,maX

At the input of the DC-DC converters electrolytic capacitors are often used.
The main design criteria for these capacitors are their RMS-current values [103].
The RMS-current in the input capacitor is calculated as a function of the duty cycle

given the average inductance current I av and the maximum current ripple AiLmax .

: 2
= . ld-(1-d)+ AL ax .d2~(1—d)2.(1+3.d)
Irc = Iiay \/d (1-d) [ILAV } 12 1saf B2 2) (3.13)

The result can be split into two. One is dependent on the average current I ay, and
the other is dependent on the triangular current variation in the inductors.

In the next figure the RMS current in the capacitor is shown. The maximum
value of the capacitor current is higher than the half of the dc inductor current I av.
However the current variation has only a small influence on the total RMS current in
the capacitor.
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Figure 3.4. RMS current in the input capacitor of a single phase hybrid Boost DC-DC converter
[103]

It is continued with the calculation of the other currents in the circuit.
The current through diodes D; and D; is the same. The average current value of
diodes D; and D, Ipav, depends on the duty cycle d, and the average current I ay.
Ipay =114y - d (3.14)

The RMS-current in the diodes D; and D is described by the formula below:

2 42
Ip=|lIiay° + 12 -d (3.15)

The current through the diodes D3 and the output diode Do is the same. The average
current value of diode Ds and Do, Ipoav depends on the duty cycle d, and the
average current I av.

Ipoav =Iiav -(1-4d) (3.16)
The RMS-current in the diodes D3 and Do is described by the formula below:
.2
IDo—‘/[ILAV2+—A;L2 J~(1—d) (3-17)

The average current value of the switch S, Isay, also depends on the duty cycle d,
and the average current I ay.
Ispy =2 -1I14y -d (3.18)
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The RMS-current in the switch S is described by the formula below:

. 2
Is :z\/[rLAVZ +%)-d (3.19)

3.2. Hybrid Boost DC-DC L-converter — output circuit

As has been presented, in the on state, the current in the output phase iop is

zero, because the inductors are connected in parallel, and the current of both
inductors flows in the input phase and through the switching element. In the
switched-off state the inductors are connected in series and the current flows
through the inductors and the output diode. In this topological state the output
phase current igp is the same as the inductor current.
It is assumed that only the average value of the input phase current would flow in
the converter input current, I, while the AC-current component would flow through
the capacitor C; and the average value of the output phase current will flow in the
converter output Io. [103], [123].

In Figure 3.5, the current waveforms at the output of the hybrid Boost
converter are presented, for d<0.5, d=0.5, and d>0.5.

A triangular current shape is generated by the currents through the inductors L1 (iL1)
and L; (i2), that are the same and are presented in the first waveform. In the
middle is presented the output phase current iop.

The lowest waveform presents the AC-current in the output capacitor. This current
can be calculated by subtraction of output phase current iop and output current Ioyt.

i A iL: lLl:iL.’. ]L.-\V All
o . / !
T =

=y

e || 1,

Jut |

a)
Figure 3.5. Current waveforms at the output of a single phase hybrid Boost DC-DC converter
a) d=0.3 b) d=0.5 c) d=0.7 [103]
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Figure 3.5. (continued 1) Current waveforms at the output of a single phase hybrid Boost DC-
DC converter a) d=0.3 b) d=0.5 ¢) d=0.7 [103]

It is continued with the calculation of the of the output capacitor value. The
worst case scenario could happen when the converter output current is an ideally
DC value, and the entire AC component of the output phase current flows through
the capacitor. This AC-current in the capacitor produces an AC-voltage at the output
that is over imposed in the dc component. For this reason the maximum acceptable
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voltage variation across the capacitor must be chosen in order to calculate the
output capacitor value.

The current-time-area in the capacitor within the pulse periods can be describe as a
function of the output current and the duty cycle resulting in [103]:

Co - JoutTs 4 (3.20)
AUOUE rax
or, equivalently
Co=-2avTs 4. (1-4q) (3.21)
AUOUE 1 ax

The current-time-area depends on the duty cycle exhibiting its maximum at 50%
duty cycle and at the rated inductor current I avr.

In practice, the acceptable steady state voltage variation at the converter output is
chosen lower than 1% of the rated output voltage Uour [103]. Thus the output
capacitor value is:

Co=-TARTs with augye, _ <0.01-Upyr (3.22)
4. AUOUE oy

Also, on the output side of the hybrid Boost converters electrolytic
capacitors are often used.
For the capacitors design [103], the RMS-current in the output must be calculated.
In the next formula the RMS-current is derived as a function of the duty cycle for dc

inductor current I.ay and a maximum inductor current ripple AiLmax .

Ioc =1 -d~(1d)+[AiLmaXJ2. a2 (1-dp (3.23)
oc — v Iiav 12.(1+dP-(3-2-42) '

The result can also be split in two parts. One is dependent on the average inductor
current I ay, and the other is dependent on the triangular current variation in the
inductances.

In Figure 3.6 the RMS capacitor current, Co, is shown.
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Figure 3.6. RMS Current in the output capacitor of a single phase hybrid Boost DC-DC
converter [103]

The maximum value is a little bit higher than half of the dc inductor current I ay. The
current variation AiLmax also has only a small influence on the total RMS current in

the output capacitor.

3.3. Simulation of the Hybrid Boost DC-DC L-converter

The simulation models of the hybrid Boost L-converter shown in Figure 2.25

were created in Caspoc simulation program in order to verify its theoretical
properties. The input power supply is modelled by a constant voltage source Ui,. The
gate signal for the MOSFET is generated by using a squarewave signal generator. In
Figure 2.25 the inductors of the converter are not coupled.
Figure 3.7 shows the simulation diagram of the hybrid Boost DC-DC L-converter
with coupled inductors. Based on the ripple current, it is made a comparation
between the Boost L-converter in the case of individual or mutually coupled
inductors.

If the inductors are magnetically coupled, saw they can improve the
electrical performance and reducing the cost, through the reducing the weight and
size of the converter.

On the “coupling mode” of the inductors, inductors L; and L, are coupled
together and share the same winding orientation. Consequently, the equivalent
inductor value Lgq is given by:

Leg=Li+Ly+2-M (3.24)

where M is the mutual inductance.
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Figure 3.7. CASPOC simulation diagram for the hybrid Boost DC-DC L-converter coupled
inductor

The hybrid Boost DC-DC L-converter with coupled inductors is simulated in
CASPOC Simulation Program. All the components including MOSFET, diodes, coupled
inductors are assumed to be ideal.

Two different levels for the input voltage were chosen to compare the
properties of simulation models of the hybrid converter. The simulated values of
input voltage were Uj,=40V and U;,=60V, and the duty cycles were d=50% and
d=33.3% respectively with fs=50 KHz.

After calculation, the following parameters resulted for the Boost L-converter:
Li=L»=411.775uH, C;=62.5 pF, Co=20.833 pF.

Figure 3.8 presents the simulated waveforms in the case of coupled
inductors with the input voltage Uin=40V. They are presented as follows: the input
phase current i, the current through the switch S, the current through the inductor
L> (which is the same with the L;), the current through the diode D;, the output
phase current iop, the current through the output capacitor Co (in simulation noted
C,), and the output current and voltage of the circuit.
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Figure 3.8. Simulation results for the hybrid Boost DC-DC L-converter with coupled inductors,

Uin=40V and d=50%
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Figure 3.8. (continued 1) Simulation results for the hybrid Boost DC-DC L-converter with
coupled inductors, Uin=40V and d=50%
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Figure 3.8. (continued 2) Simulation results for the hybrid Boost DC-DC L-converter with
coupled inductors, Uin=40V and d=50%
This up to down order: signal, iw, is, iL2, ip1, iop, ioc, iout @and Uout

The inductor current in the case of coupled inductors swings between 4.875

and 5.118A that is 0.243Ap-p. The dc value is 4.9965 A, with a ripple of 4.75%.
In the case of individual inductors, the swing is between 4.753A to 5.239A that is
0.486Ap-p (at the same frequency of 50 kHz). This dc value is 4.996A with a ripple
of 9.28%. Through this is demonstrated that the coupled inductors reduces the
current ripple compared to that of uncoupled inductors. Also, from Figure 3.8 and
Figure 2.26 we can see that the converter using coupled inductors will have the
same current ripple as the original non-coupled inductors, at a reduced switching
frequency (only 50kHz for coupled inductors, instead of 100kHz for uncoupled)
which leads to a boost in efficiency.

As it was anticipated, using coupled inductors helps with the reduction of the
ripple current leading to smaller size of the inductors.

This chapter continues with the simulation of hybrid Boost converter with
coupled inductors, for Uin=60V, duty cycle d=33.3%, and switching frequency fs=50
kHz, which will be compared with the results of uncoupled inductors.

Figure 3.9 presents the simulated waveforms in the case of coupled
inductors for the input phase current i, the current through switch S, the current
through inductor L, (which is the same with current through L1), the current
through diode Dji, the output phase current iop, the current through the output
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capacitor Co (in simulation denoted as C;), the output current and the output
voltage of the circuit.
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1om 10.010m 10.020m 10,030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.090m

Time(s)—
o0 [PMOSFET1]
1
1
14
12,
1
4
2|
10m 10.010m 10.020m 10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.090m
Time(s)—

10m 10.010m 10.020m 10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.090m 10.100m
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Figure 3.9. Simulation results for the hybrid Boost DC-DC L-converter with coupled inductors,
Uin=60V and d=33.3%
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Figure 3.9. (continued 1) Simulation results for the hybrid Boost DC-DC L-converter with

coupled inductors, Un=60V and d=33.3%
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Figure 3.9. (continued 2) Simulation results for the hybrid Boost DC-DC L-converter with
coupled inductors, Uin=60V and d=33.3%
This up to down order: iw, is, iL2, ip1, iop, ioc, iout @and Uout

The inductor current in the case of coupled inductors swings between 3.580A and
3.824A that is 0.244Ap-p. The dcis 3.702 A, with a ripple of 6.380%.
In the case of individual inductors, the swing is between 3.466A to 3.956A that is
0.49Ap-p (at the same frequency of 50 kHz). This dc is 3.711A with a ripple of
12.39%. These results again confirm that using coupled inductors helps in the
reduction of the ripple current with positive effect in inductors size and weight.

In order to verify the simulation results presented above a prototype of
hybrid Boost DC-DC L-converter was built.

3.4. Experimental results for the hybrid Boost DC-DC L-
converter

The laboratory prototype of the hybrid Boost L-converter was built and
tested in order to verify the theoretical assumptions and simulation results. This
prototype, from Figure 3.10, operates at 50 kHz. The schematic and layout design
were done using EAGLE PCB design software. The semiconductor devices chosen for
constructing the hybrid Boost converter are the HiPerFET power MOSFETS,
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IXFH50N20, and HiPerFRED diode DPG10|200PM. Arduino Uno is employed to
generate the control pulses required for MOSFET.

The rated power of the circuit is 300W and the output voltage is 120V, and 150V.
The currents are measured with current probes.

Y SN —_—
Figure 3.10. Image of the experimental hybrid Boost DC-DC L-converter

In Figure 3.11, the input voltage waveform of the converter with duty cycle d=1/3 is
shown.

The duty cycle of the converter is obvious from the Figure 3.12, where the current
of the switch is represented. In Figure 3.13 the input phase current is depicted. The
current in the two inductors is represented in Figure 3.14. The output phase current
is presented in Figure 3.15. In Figure 3.16 and Figure 3.17, the output current and
output voltage respectively are shown.
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c3

Figure 3.11. Input voltage waveform when d=1/3
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Figure 3.12. MOSFET current waveform when d=1/3

BUPT



124 Hybrid Boost converter with L-switching structure step-up 1

Figure 3.13. Input phase current waveform when d=1/3
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]

Figure 3.14. The current in the inductors when d=1/3
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Figure 3.15. Output phase current waveform when d=1/3
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Figure 3.16. Output current waveform when d=1/3
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Figure 3.17. Output voltage waveform when d=1/3

Then, the waveforms of the converter when a duty cycle d=1/2 is used are
presented. In Figure 3.18, the input voltage is shown. The duty cycle of the
converter results from Figure 3.19, where the current of the switch is represented.
In Figure 3.20 the input phase current is enfaced. The current in the two inductors
is represented in Figure 3.21. The output phase current is presented in Figure 3.22.
In Figure 3.23 and Figure 3.24, the current and output voltage respectively is
shown.
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Figure 3.18. Input voltage waveform when d=1/2
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Figure 3.19. MOSFET current waveform when d=1/2
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Figure 3.20. Input phase current waveform when d=1/2

. EILJ:ILZ]‘; : 2 s s

/

Figure 3.21. Current in the inductors when d=1/2
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Figure 3.22. Output phase current waveform when d=1/2
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Figure 3.23. Output current waveform when d=1/2
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Figure 3.24. Output voltage waveform when d=1/2

Finally the voltage and current waveforms of the converter for a duty cycle

d=2/3 are presented. In Figure 3.25, the input voltage is shown. The duty cycle of
the converter is obvious from the Figure 3.26, where the switch current is shown.
In Figure 3.27 the input phase current is represented. The current in the two
inductors is represented in Figure 3.28. The output phase current is presented in
Figure 3.29. In Figure 3.30 and Figure 3.31, the current and output voltages
respectively are shown.
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Figure 3.25. Input voltage waveform when d=2/3
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Figure 3.26. MOSFET current waveform when d=2/3
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Figure 3.27. Input phase current waveform when d=2/3

Figure 3.28. Current in the inductors when d=2/3
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Figure 3.29. Output phase current waveform when d=2/3

Figure 3.30. Output current waveform when d=2/3
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Figure 3.31. Output voltage waveform when d=2/3

The experimental results obtained validate the simulation results and the theoretical
consideration. Thereby a very good accordance between them is shown.

The current, voltage and power from the input and output are measured,
and with these results the efficiency is calculated, Figure 3.34. The measurements
were performed starting from the output power of 30W up to the rated power of
300W and a little beyond. The output voltage of the converter is approximately
120V and the input voltage is 60V at d=1/3. A comparison with the simulation is
presented in Figure 3.34. The simulation was done in SABER, Figure 3.32, with the
real model of the component. Even that, small difference is obvious from the figure.
These differences are due to semiconductor devices, switching and conduction

losses, and temperature and component tolerances that affect the efficiency.
D1 L2 D4

I : A o . A > ‘ ‘

vVt e | 2 R1
— D3 l

L1 D2 ‘

T

Figure 3.32. Saber simulation diagram for the hybrid Boost DC-DC L-converter

BUPT



Experimental results for the hybrid Boost DC-DC L-converter 135

To calculate the efficiency from Saber simulator we measured the average of
the output power and input power. The measurements were performed starting
from the output power of 30W until approximately 320W. One measurement from
simulation it is presented in Figure 3.33. First waveform it is the output power and
last one it is the input power (from up to down order).
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Figure 3.33. Simulation results for the hybrid Boost DC-DC L-converter
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Figure 3.34. Efficiency vs output power d=1/3
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The maximum efficiency reached is 94.3% for simulation for an output
power of 90W, and 93.2% for measured for an output power between 100W and
150W. The efficiency at rated power is 92.5% respective 92.8% from simulated.
Over the whole power range efficiency is higher than 90.5%.

The effort for the input and output capacitor in case of a single-phase DC-DC
Boost L-converter is very high.
In the next chapter a method for reducing the capacitor currents is presented.

3.5. Conclusions and contributions

This chapter describes a hybrid Boost L-converter. The analytical
description, the design formulae and the waveforms of the circuit it was presented.
A comparative analysis based on the ripple current of the hybrid converters with
coupled and uncoupled inductors was performed before making a choice for the
multiphase hybrid converter. The coupled inductors reduce the current ripple
compared to that of uncoupled inductors at half. Also, using coupled inductors it is
possible to decrease the phase switching frequency without increasing the inductor
current ripple or to have the same frequency and reduce the value of the inductor.
This means that the inductor size is decreased, resulting in an increase in efficiency
and lower price in the same time.

To validate and confirm the theoretical calculations, the author designed a
single phase Boost L-converter and simulated this circuit in CASPOC simulation
program. Two different levels of the input voltage were set to compare the
properties of this converter through simulation. The values of the input voltages
were Uip,=40V and Uj,=60V, and the duty cycle were d=50% and d=33.3%
respectively. The simulation waveforms are compared to theoretical calculations and
to the waveforms associated to them, and a very good agreement is accomplished.
A laboratory prototype is implemented. The experimental results validated the
concept and the waveforms of the prototype are shown.

The chapter ends with the diagrams of the efficiency for the implemented
laboratory prototype and simulated circuit in Saber with “real” models, in the case of
Uout=120V, d=1/3, and an output power variation between 30W to 300W.

The most important contribution from this chapter is the modification of the
hybrid converter proposed by A. Ioinovici in [4] by coupling the inductors and
obtained a new hybrid converter with a single core, instead of two cores for
inductor, and with reduced current ripple at half. Other contribution result from this
one, and they can be summarized as follows:

- deduction of the design relationship;

- deduction of the operating condition for CCM and static characteristic;

- the analytical study, validated by simulation of the hybrid converters with
coupled inductor, made in Caspoc Simulation Program;

- Matlab and Mathcad program for theoretical study and data processing;

- comparative analysis between hybrid converter with coupled and uncoupled
inductors;

- the laboratory prototype built in order to validate the theoretical results;

- Saber simulation with “real” component for efficiency calculation and
comparison with the measurements from the laboratory prototype;
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the scientific validation of this hybrid structure with coupled inductor by
publishing them in [103] indexed ISI - Web of Knowledge - Thomson

Reuters, and published in Hindawi Publishing Corporation, International
Journal of Photoenergy, 2014.
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CHAPTER 4. Multiphase Hybrid Boost DC-DC L-
converter

A new multiphase hybrid Boost converter, with wide conversion ratio as a

solution for a renewable energy system is presented in this chapter. The proposed
converter can be used as an interface between the renewable energy system (PV or
fuel cell system) and the dc load/inverter/battery.
With a multiphase design, the filter circuit effort can be significantly reduced. In this
circuit the different phases are connected in parallel both at the input and at the
output at a common input and output capacitor of the converter and are controlled
with phase shift, Figure 4.1. The hybrid Boost DC-DC L-converter presented in the
previous chapter is used in a multiphase design [103], [120].

Iy Ip iipy fopl iop low

Toc

Iic
Usn C) O == Phase 1 = Co | Uou

Tip2 Top2

Phase 2

.

Phase N

Figure 4.1. The architecture of a multiphase hybrid boost DC-DC converter [120]

The total input current is divided in the different phases with 1/n. Because
of the interleaved switching, the multiphase converters exhibit several benefits
compared to conventional converters. The AC-currents in the input and output
capacitors can be substantially reduced. In addition, the frequency of the capacitor
currents is increased.
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With suitable circuit design the effort of the inductances can also be decreased.
Another advantage of the multiphase converter is that the load current is divided
between the phases of the multiphase converter, so it allows the heat generation to
be spread across a larger area.

To prove the operation of the two-phase converter the mathematical
analysis is provided that is validated by several circuit simulations and practical
measurements in a two-phase converter prototype, Figure 4.2. Also, the efficiency
measurements of the two-phase converter are presented.
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Figure 4.2. Schematics of a two-phase hybrid boost DC-DC converter [120]

To ensure a better understanding the input and output circuits of the multiphase
DC-DC converter will be calculated. The current ripple in the circuit for single-phase
and two-phase hybrid Boost converter will be compared to each other.

This multiphase converter has the advantage of reduced value and physical size of
the input and output capacitors as well as reduced effort for the inductors.

4.1. Multiphase hybrid Boost DC-DC L-converter - input
circuit

For a two-phase hybrid Boost converter the currents waveforms at the input
of the circuit are shown in Figure 4.3, for d=0.3, d=0.5, and d=0.7. The first
waveform shows the currents in both inductances of phase one, Li1 (it11), La1 (i21).
The second waveform shows the input current of phase one ip1. Represented
underneath with green are the currents in both inductances Liz (iL12), L22 (i22), and
input current of phase two ip2 respectively. The triangle shaped inductance currents
of the two phases are shifted with half period. During the on state the input current
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140 Multiphase Hybrid Boost DC-DC L-converter

of each phase is half of the inductor current in a single-phase converter. In this
circuit the overall input phase current I;p consists of the sum of all the input phase
currents. The overall input phase current Ip with the dc-component I, is the fifth
waveform, Figure 4.3.
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Figure 4.3. Input currents of a two-phase DC-DC converter with duty cycles a) d=0.3,
b) d=0.5, c) d=0.7 [120]
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Figure 4.3. (continued 1) Input currents of a two-phase DC-DC converter with duty cycles a)
d=0.3, b) d=0.5, ¢) d=0.7 [120]

For this circuit it is assumed that only the dc-current is flowing in the circuit
input. In these conditions, the relationship between the input current I, and the dc
inductor current of the individual phases, Iinav, can be calculated resulting in [103]:

IIn
I =—21 4.1
LnAv n-(1+d) ( )

The AC-component of the overall input phase current I is flowing through
the input capacitor. This current is clearly smaller compared to a single-phase
hybrid Boost converter. Additionally, the capacitor current frequency is doubled. For
these reasons the filter effort is reduced.

The calculation of the circuit inductances and capacitors for an n-phase
design can be accomplished in the same way as for single-phase circuits. The same
approach for a single-phase converter is applied. Taking into account that the input
current is divided between the different phases, the maximum current variation in
the inductances of the individual phases is estimated at the maximum dc current
and rated power [103].

Uppr - T
L1,,:L2n=%~(3—2«/§) (4.2)

Ln max
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For design, the maximum current variation AianaX is selected between 10%-30%

of the dc phase current in the inductances at rated power [103].
AianaX :(0.1+0.3)-ILnAVR (4.3)

The amplitude of the triangular current variation in the inductors is dependent on
the duty cycle of the converter. Because the duty cycle in all phases has the same
value, the current variations in all inductors are the same.

d-(1-d)

- i 4.4
(1+d)-(3-242) ALn max (4.4)

Al Ly,

Compared to the single-phase design, the capacitor current is reduced and
the current frequency is increased by the number of phases. For the capacitor
design in general, the allowable static voltage variation is selected smaller than 1%
of the rated input voltage. For this value, the input capacitance of the multiphase
hybrid boost converter will be calculated as [103]:

Iinar - Ts i ;
Cr=——AR "°s  with Aup, <0.01-Ujpr (4.5)
4-n- Aupy max

For these DC-DC converters, electrolytic capacitors are used often. The main design
criterion of these capacitors is the RMS-current load. For this reason the RMS-
current in the input capacitor C; will be calculated. It is assumed that the switching
processes in the phases are ideal, and it is accepted that the input current is an
ideal dc-value. The worst case scenario will occur if the capacitor is loaded with the
total AC-current component. In Figure 4.3 the input capacitor current is represented
for a two-phase DC-DC hybrid Boost converter. It is obvious that the capacitor
current can be split into two different components: a rectangular part and a
triangular part. The RMS-current of these two components have been calculated in
[103].

In the formula below is shown the RMS current result of the rectangular part
for multiphase converters.

2 2 0 1 .. 0 1
JILnAV'n (d_ﬁj{ﬁ_d] if HSdSF
2 2 1 2 . 1 2
I -n“-|d-=|-|=-d f —<d<=
(B (a3} (3-¢) o feass
2 2 2 3 . 2 3
I -n“-|d-=|1=-d f —<d<=
(B (33 3-a) o Feas]

Icn = (4.6)

° (]

° [ ]

2 2 n-1 n .. h—-1 n
I -n“-|d- | —=-d if <d<-—
Vw7 (=222 (7-e] o tsae]
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For the RMS current of the rectangular part for a multiphase circuit design it
is necessary to consider that the dc inductor current I ,av becomes smaller as the
number of phases is increased. For example, the dc inductor current Iinav in a two-
phase converter is only half of the corresponding current in a single-phase
converter. With this fact in mind the rectangular component of the input capacitor
current can clearly be reduced with a multiphase design.

In the formula below is shown the RMS current result of the triangular part
for multiphase circuit design [103].

Iica =
n{[Z-(nu)-d]Z-[d-gj3+[0-(n+o)-d]2-[,11-dﬂ
a2 if Qe
tnmx 12.3-22F -(1+0p non
i 3
n-[4—(n+2)-d]2-[d—1j L2-(n+1) c/]2 ——d ]
42 — " if lsdsg
tmx 12.3-202F -(1+0p nen
i 3
n~[6—(n+3)-d]2-[d—2j +[4-(n+2). d]z ——d ]
42 — " if zsds2
tnmex 12-(3-202f (1+ P non
n-{[2~n—(n+n)-d]2 [d—nl] [(2-n—2)—(n+n—1)-d]2-[:—dj?
42 if 1=legen
tnmx 12.(3-202F -(1+0F 4 4
(4.7)

The current variation Ai/_nmax is selected according to the rated average inductor

current Inav for the circuit design. This means that with the same circuit design and
an increased number of phases, the current variation is reduced.

The geometrical addition of rectangular and triangular RMS-components
results in the total capacitor current for an n-phase hybrid boost DC-DC converter
[103].

2 2
Iic = IIC +IICA (4.8)
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4.2. Multiphase hybrid Boost DC-DC L-converter - output
circuit

The current waveforms at the output of a two-phase hybrid Boost converter
are presented in Figure 4.4, for different duty cycles. The first waveform shows the
current in both inductances of phase one, Li1 (iL11), L21 (it21). The output current of
phase one iop1, is shown in the second waveform. Represented underneath with
green are the currents in both inductances Li> (iL12), L22 (i22), and output current of
phase two iop2 respectively. The triangular inductor current of the two phases is
shifted half period to each other. During the off state the inductors are connected in
series and the current flows to the output phase, similar to the single-phase
converter. In this circuit the overall output phase current Iop consists of the sum of
all the output phase currents. The overall output phase current Iop with the dc-
component Iout is shown as the fifth waveform in the figure. It is assumed that only
the DC-current is flowing in the circuit output and the total AC-component of the
overall output phase current Igp is flowing in the output capacitor. This current is
clearly smaller and the frequency of the capacitor current is doubled compared to a
single-phase hybrid Boost converter [103].
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Figure 4.4. Output currents of a two-phase DC-DC converter with duty cycles: a) d=0.3,
b) d=0.5, c) d=0.7 [120]
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Figure 4.4. (continued 1) Output currents of a two-phase DC-DC converter with duty cycles:
a) d=0.3, b) d=0.5, c) d=0.7 [120]

Compared to a single-phase design, the output capacitor current is reduced and the
current frequency is increased by the number of phases. For capacitor design in
general, the allowable static voltage variation is selected smaller than 1% of the
rated output dc voltage. The necessary output capacitance of the multiphase hybrid
Boost converter is calculated as [103]:

Co=—TnAV Ts  \ith Augyr, . <0.01-Upyr (4.9)
4-n- AuOUtmax

With similar considerations related to the input capacitor, for these DC-DC
converters electrolytic capacitors are used often and the main design criterion of
these capacitors is the RMS-current. For this reason the RMS-current in the output
capacitor Co will be calculated. The output capacitor current can also be split in a
rectangular and a triangular part.
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The RMS-current of the rectangular part is given by the formula below

[103]:
\/ILZnAV«nZ-[d—%J(%—d] if %sds%
\/IanV-nz(d—%J-[%—d) if %sds%
\/ILZHAV«nZ-(d—%]»(%—d) if %sds%
ITocm = (4.10)
\/IanV-nZ-(d—”;lj(%—d] if ”;lsds%

The output capacitor RMS-current that is produced by the rectangular component is
exactly the same as that in the input capacitor. Also, in this formula must be
assumed that the average inductor current I;nav becomes smaller when the number
of phases is increased.

The next formula shows the output capacitor RMS component produced by
the triangular part in multiphase converters [103].
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Ioc 4
3 3
2 n.dz{@_l)z.(d_g) +<n_oy.[;_d” L
Ai : if —<d<=
tnmax 12.(3-22f (1+ d nen
n-d?. (n—Z)Z-[d—,11]3+(n—1)2-[5—d]3]
A2 8 if Lea<?
tnmax _ 12.(3- 22 (1+dp nen
n.d?. (n—3)2~[d—2j3+(n—2)2~[3—dj3
42 - - " " if gsdsz
tnmax 12.(3- 202 (1+dP nen
3 3
n~d2{(n—n)2-(d—n;1j +[n—(n—1)]2~[g—dj] ;
2 . if I=2cgl
Yo 12.3-242f -(1+ ap S
(4.11)

The geometrical addition of rectangular and triangular RMS-components results in
the total RMS capacitor current for an n-phase hybrid boost DC-DC converter [103].

2 2
Ioc = [B3e 1+ 13c (4.12)

In Figure 4.5, the normalized RMS-current in the input capacitor C; and in
Figure 4.6 the RMS-current in the output capacitor Co of a multiphase DC-DC
converter is shown. The current load of the capacitor decreases with the increasing
number of phases. The influence of the rectangle RMS-component in both capacitors

is the same and clearly dominates (see dotted lines, AianaX = 0). The maximum

capacitor current component produced by the rectangular part is smaller by a factor
of n for n-phase converters compared to the single phase design.

The load in the input and output capacitors produced by the triangular current is
imposed by the inductor design. This capacitor current is not dependent on the
power processed. If the converter is operated with rated output power this current
has only a small influence on the overall capacitor current.
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The capacitor currents are represented in the figure with a current variation

of:

The influence of the triangular current in the output capacitors is smaller as
in the input side of the converter. The calculations demonstrate that the triangular
current component has only a small influence on the total current in the input and
output capacitor of multiphase converters. Therefore, in practice the triangular
current in the inductances can be selected larger. Therefore the dynamics of the
hybrid boost DC-DC converter can be improved and beyond that the inductor and

Qi o =0.5 Iinpy

capacitor efforts of the circuit can be substantially reduced.
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Figure 4.5. RMS input capacitor currents of a one-, two- and three-phase converter [103]
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Figure 4.6. RMS output capacitor currents of a one-, two- and three-phase converter [103]

Besides the calculated current in the capacitors, also is flowing harmonics
current produced by switching processes of the phases [124]. This current has been
examined also in [125] - [127] for another converter. These results can also be
used for a hybrid Boost converter. The additional current can substantially
contribute in the output capacitors, heating up the capacitors at small loads. But,
with higher output power the calculated capacitor current dominates. However, it
can’t be made a statement for all semiconductor types. Beyond that, this additional
current is dependent on the switching frequency of the converter.

The multiphase interleaved Boost L-converter design involves the selection
of the number of phases, the inductors, the input and output capacitors, the power
switches and the diodes.

The multiphase interleaving structure has more inductors than the single
phase converters. Since the inductor is the largest and heaviest component in a
power converter this will lead to an increase in the complexity of this converter. In
previous chapter a solution was found to reduce the number of core and the
complexity of the converter, through the coupling of the inductors. With this
solution, like in the case for a single phase, it is also possible to decrease the
inductor current ripple and to have the same frequency, or to have the same value
of the inductor and reduce the switching frequency. Both situations will lead to an
increase in efficiency.

Advantages, disadvantages as well as possible improvements of the
proposed topology will be presented. The most important features are: simplicity,
cost, efficiency and size. In order to evaluate this, the proposed multiphase two-
phase Boost L-converter is designed, simulated and practically implemented for the
following values:
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- Upn=40V;

- fs=50 KHz;

- duty cycle d=50%.
After calculations the following parameters resulted for the Boost L-converter:

- Li1=Ll21=L12=L2=823.55 uH;

-  (Ci=15.625 pF;

- Co0=5.208 pF.
For a fair comparison, the two-phase Boost L-converter is designed and simulated
with the same value of the inductors, input and output capacitors, like the one that
is practical realized.
Also:

- L11=L,1=822 UF;

- L12=L22=830 pF;

- C=22 pF;

- Co=5.5pF.

The proposed system with coupled and uncoupled inductors will be
designed and tested by computer simulations. Detailed simulations analysis for the
current and voltage ripple of the converter will be performed and, a laboratory
prototype will be built and tested for coupled inductors to validate the improved
converter.

4.3. Simulation of the two-phase hybrid Boost DC-DC L-
converter

The simulation models of the two-phase hybrid Boost L-converter with
coupled and uncoupled inductors were created in Caspoc simulation program to
verify its theoretical properties. The input power supply is modelled by a constant
voltage source Uin. The gate signals for the MOSFETs are generated by using 2
squarewave signal generators. According to the duty ratio, switching sequences of
each phase can be overlapped or not. All the components, including MOSFETs,
diodes, coupled inductors are assumed to be ideal. It is important to note that
components used in the simulation have the same values to the components
purchased for the hardware prototype.

Models of multiphase boost converters with uncoupling and direct coupling
will be compared through simulation.

Table 4.1, Table 4.2, and Table 4.3 compare the simulation results for multiphase
hybrid Boost L-converter in the case of uncoupled and directly coupled inductors.

Table 4.1. Simulation results for uncoupled and directly coupled inductor d=1/3

p Two-phase converter Two-phase converter
arameters - .

uncoupled inductor coupled inductor

Average Ripple | Ripple | Average | Ripple | Ripple

[%] [%]

iL11 1.856 0.485 | 23.1 1.856 0.245 | 12.37
iL12 1.833 0.487 23.4 1.859 0.244 | 12.31
Tout 2.477 0.019 | 0.76 2.485 0.017 | 0.68
Uout 118.9155 0.911 | 0.76 119.3 0.84 0.70
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Table 4.2. Simulation results for uncoupled and directly coupled inductor d=1/2

Parameters Two-phase ;onverter Two-phase_ converter
uncoupled inductor coupled inductor
Average Ripple | Ripple | Average Ripple | Ripple

[%] [%]
iL11 2.501 0.485 | 17.67 | 2.505 0.243 | 9.25
iL12 2.498 0.486 | 17.73 | 2.496 0.243 | 9.28
Tout 2.499 0.002 | 0.08 2.499 0.001 | 0.04
Uout 119.96 0.118 | 0.09 119.96 0.063 | 0.05

Table 4.3. Simulation results for uncoupled and directly coupled inductor d=2/3

Parameters Two-phase c_onverter Two-phase_ converter
uncoupled inductor coupled inductor
Average Ripple | Ripple | Average Ripple | Ripple

[%] [%]
iL11 2.993 0.493 | 15.21 | 2.939 0.247 | 8.06
iL12 2.979 0.493 | 15.28 | 2.934 0.247 | 8.07
Tout 1.977 0.023 | 1.15 1.976 0.019 | 0.95
Uout 148.301 1.698 | 1.13 148.25 1.412 | 0.94

The results presented in the Table 4.1, Table 4.2, and Table 4.3 demonstrates that
the inductor current ripple is not reduced even with the interleaved PWM method,
unless the inductors are coupled.

The directly coupled interleaved Boost L-converter effectively reduces the inductors
current ripple by approximately two times compared to that of uncoupled inductors.
Therefore, two-phase Boost L-converter with coupled inductors provide a reduced
inductor current ripple, two cores for the inductors instead of 4, which lead to

reduced parts count, volume and weight of the converter.

The simulated waveforms of two-phase Boost L-converter in the case of
coupled inductors are presented. In Figure 4.7 the circuit diagram of the converter

is presented.
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Figure 4.7. CASPOC circuit diagram for the two-phase hybrid Boost DC-DC L-converter coupled
inductor

Figure 4.8 shows the resulted waveforms from Caspoc Simulation, based on
the design parameters. Uiy, in this case it is 60V, I;n=5A, resulting an input power

in=300W.

In Figure 4.8 are presented the PWM pulses applied to switch 1, Signal 1,
corresponding to first phase of the converter, respective the PWM pulses applied to
switch 2, Signal 11, corresponding to the second phase of the converter. Further it
is presented the overall input phase current which consists of the sum of all the
input phase currents, in our case phase one and phase two. There is 180° phase
shift between Signall and Signalll, so the inductor current I.1; and I 12 also exhibit
180° phase shift. The currents of phase one through inductors Li1 and L1 are equal,
also the currents of phase two through inductors Li> and L., are equal. Here in
Figure 4.8, fifth waveform is represented just one of them. It is continuing with the
figure of switching current, and the voltage stresses of the switch which is the same
value to that the output voltage.

Output current of phase 1, and phase 2 and the overall output phase current
which consists of the sum of all the output phase currents, in our case phase one
and phase two, are presented after voltage of the switch from Figure 4.8.

In the last images the output capacitor current, and the output current and voltage
of the converter are presented.
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Figure 4.8. Simulation results for the two-phase hybrid Boost DC-DC L-converter with coupled
inductors, d=33.3%
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Figure 4.8. (continued 1) Simulation results for the two-phase hybrid Boost DC-DC L-converter
with coupled inductors, d=33.3%
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Figure 4.8. (continued 2) Simulation results for the two-phase hybrid Boost DC-DC L-converter

with coupled inductors, d=33.3%
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Figure 4.8. (continued 3) Simulation results for the two-phase hybrid Boost DC-DC L-converter
with coupled inductors, d=33.3%
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Figure 4.8. (continued 4) Simulation results for the two-phase hybrid Boost DC-DC L-converter
with coupled inductors, d=33.3%
This up to down order: signal and signal 2, iw, i1, ite2, iL11 @and iL12, is1, Usi, iop1, iopz, iop, ioc, iout
and Uout

In the multiphase topology each inductance value is larger by a factor of
“n”. Also, the current in each inductor is smaller by a factor of “n”, compared to a
single phase Boost converter. In practice this means that the value of “n” inductors
is almost equal to the value of single stage inductor.

The inductor current peak-to-peak ripple is measured to be 0.245A in first phase of
the converter, and 0.244A in the second phase of the converter, fulfilling the 10-
30% ripple requirement.

The peak-to-peak ripple input current is substantially reduced by

interleaving. The current magnitude reduction can either reduce the input filter
capacitor size or prolong the input capacitor life time by reducing the power loss of
the electrolytic capacitor. Considering both the magnitude and the frequency
factors, the input capacitor filter requirements can be significantly reduced.
In addition, the capacitor current ripple and the overall input and output phase
current ripple frequency is increased 2 times compared to the switching frequency.
However, the input and output phase currents of phase 1 and 2 are still at switching
frequency.

For an n-phase converter the improvement in frequency will be even more.
The capacitor current ripple and the overall input and output phase current ripple
frequency will be n-fs, where fs, is the operating/switching frequency of each
converter.

Figure 4.9 shows the resulted waveforms from Caspoc Simulation, for an
input voltage Uin=40V, I;,=7.5A, resulting an input power Pir=300W.

First, in Figure 4.9 the PWM pulses applied to switch 1, Signal 1, and the PWM
pulses applied to switch 2, Signal 11, are presented. There is 180° phase shift
between Signall and Signalll. Further it is presented the overall input phase
current, the input current of phase 1, and the input current of phase 2.

The inductor current I1; and I;> has 180° phase shift. The currents of phase one
through inductors Li; and Ly; are equal, also the currents of phase two through
inductors Li» and Ly, are equal. Here in the figure is represented only one of them.
Current and the voltage associated to the switch which is depicted in Figure 4.9. The
switch voltage stress equals the output voltage.

Output current of phase 1, and 2 and the overall output phase current, are
presented after the switch voltage. It is obvious from the figure that the ripple peak-
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to-peak input and output currents at this duty cycle are the smallest. In the last
images are presented the output capacitor current, and the output current and

voltage of the converter.

The ripple of the output current and voltage of the converter at this duty cycle is

minimal, almost inexistent.
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Figure 4.9. Simulation results for the two-phase hybrid Boost DC-DC L-converter with coupled
inductors, d=50%
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Figure 4.9. (continued 1 ) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=50%
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Figure 4.9. (continued 2 ) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=50%
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Figure 4.9. (continued 3 ) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=50%

10.010m 10.020m 10.030m 10.040m 10.070m 10.100m



162 Multiphase Hybrid Boost DC-DC L-converter

200VIOUT]

T N S
160

1400

100

80,

60;

40

N

n : : : : :
10m 10.010m 10.020m 10.030m 10.040m 10.050m 10.060m 10.070m 10,080m 10.090m 10.100m
Time(s)—

Figure 4.9. (continued 4 ) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=50%
This up to down order: signal 1 and signal 2, iw, itp1, iz, iL11@nd iLi2, is1, Usi, iop1, fopz2, iop, ioc,
iout and Uout

The amount of ripple current cancellation depends on the operating duty
cycle. The sum of the ripple input phase currents is smaller than the individual ripple
phase currents of phase 1, and phase 2. In case of a 50% duty cycle operation, the
ripple of the output current and the output voltage of a two-phase Boost converter
cancel out completely.

The value of the currents and the ripple of the current is approximately the same to
the one resulted from the calculations. This means that the simulation validated the
theoretical considerations.

The resulted waveforms from Caspoc Simulation, for Uix=30V, I1n,=10A,
resulting an input power Pi,=300W is presented in Figure 4.10.

In Figure 4.10 the PWM pulses applied to switch 1, Signal 1, and the PWM
pulses applied to switch 2, Signal 11, are presented first. How it is obvious from the
figure the PWM pulses are overlapped. Further it is presented the overall input
phase current, the input current of phase 1, and the input current of phase 2.

The phase shift between Signall and Signalll is 180°, so the inductor current I i1
and I12 also has 180° phase shift. The currents of phase one through inductors Li;
and L»; are equal, also the currents of phase two through inductors Li> and Ly are
equal. Here in the figure is represented only one of them. Current and the voltage
associated to the switch are depicted in Figure 4.10. The switch voltage stress
equals the output voltage.

Output current of phase 1, and 2 and the overall output phase current are presented
after the switch voltage. The output capacitor current, and the output current and
voltage of the converter are presented in the last images.
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Figure 4.10. Simulation results for the two-phase hybrid Boost DC-DC L-converter with coupled
inductors, d=66.7%
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Figure 4.10. (continued 1) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=66.7%
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Figure 4.10. (continued 2) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=66.7%
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Figure 4.10. (continued 3) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=66.7%
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Figure 4.10. (continued 4) Simulation results for the two-phase hybrid Boost DC-DC L-
converter with coupled inductors, d=66.7%
This up to down order: signal 1 and signal 2, iw, itp1, iz, iL11@nd iLi2, is1, Usi, iop1, fopz2, iop, ioc,
iout and Uout

Two-phase Boost L-converter operates with the same switching frequency
like the single phase Boost L-converter, but, the switches operate with a phase shift
between them.

The switching signals for the main switches of two-phase Boost L-converter
having a phase shift of 180 degrees between the switching signals is presented in
Figure 4.9. The result of the phase delay allows multiphase configurations to exhibit
higher overall efficiency due to ripple cancellation; smaller input filter requirements,
smaller output filter requirements and smaller output voltage ripple. The output
voltage ripple is reduced because the output frequency is increased by the number
of phases compared to the individual switching frequency.

Higher frequency makes the output ripple easier to be filtered which allows
for smaller components and further increase in efficiency. The switching frequency
of each phase is 50 kHz, thus creating an expected output frequency of 100 kHz due
to frequency multiplication effect of two-phase topology. Looking at Figure 4.10, a
full period occurs approximately between 10.013ms and 10.023ms and therefore:

1
p =
(10.023-10.013)-1073

Fou = 100kHz (4.14)

Through this it is demonstrated the frequency multiplication that takes place at the
output phase of the converter.

In the same way the author demonstrates that interleaving can also reduce
significantly the input filter capacitor requirement or prolong the input capacitor life
time by reducing the power loss of the electrolytic capacitor. The comparison
between the interleaved two-phase hybrid Boost L-converter and the single phase
hybrid Boost L-converter has been done using simulation and through the
measurements on a laboratory prototype.

The input ripple current waveform of a single-phase Boost L-converter and
of a two-phase Boost L-converter is shown in Figure 4.11 and Figure 4.12
respectively.
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Figure 4.11. Simulation waveform for input current for the single phase hybrid Boost L-
converter in the case of d=50%

2 I0P]

10m 10.010m 10.020m 10.030m 10.040m 10.050m 10.060m 10.070m 10.080m 10.080m 10.100m
Timel(s)——

Figure 4.12. Simulation waveform for input current for the two-phase hybrid Boost L-converter
in the case of d=50%

In Figure 4.11 the higher magnitude of ripple from single phase is obvious.
Through multiphase not only the ripple magnitude is reduced, but the ripple
frequency is increased with the number of phases, in this example two times.
Considering both the magnitude and the frequency factors, the input capacitor filter
can significantly be reduced.

Figure 4.13 and Figure 4.14 show the output current ripple for single phase
and two-phase respectively.
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Figure 4.13. Simulation waveform for output current for a single phase hybrid Boost L-
converter in the case of d=50%
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Figure 4.14. Simulation waveform for output current for a two-phase hybrid Boost L-converter
in the case of d=50%

The output current ripple for single phase is again higher than that of the coupled
two-phase converter. This leads to increased filtering effort at the output of the
single phase converter. In Table 4.4 a comparation between the single phase
converter and the two-phase Boost L-converter, at d=33.3% is presented.

Table 4.4. Simulation results for the coupled inductor single and two-phase Boost L-converters

when d=1/3
Parameters Single phase converter Two-phase converter
coupled inductor coupled inductor
Average Peak-to-peak Average Peak-to-peak

Ripple Ripple

i 5.613 4.069 4.706 2.116
i1 2.847 2.22
ip2 2.851 2.23
iL11 3.702 0.244 1.856 0.245
iL12 1.859 0.244
iop1 1.911 3.822 0.988 1.977

BUPT



170 Multiphase Hybrid Boost DC-DC L-converter

ior2 0.989 1.979
iop 2.785 1.983
ioc 0.308 1.983
Tout 2.474 0.068 2.485 0.017
Uout 118.74 3.244 119.3 0.84

Table 4.4. (continued 1) Simulation results for the coupled inductor single and two-phase
Boost L-converters when d=1/3

From Figure 4.11 - Figure 4.14 it can be observed that the ripple frequency
at the input and output is twice than that in single phase case, therefore increasing
the number of phases, the frequency of input and output currents also increases.
This allows for a faster transient response, and less filtering capacitors at both the
input and the output. The peak-to-peak ripple of the input current, output current
and output voltage of the converter is lower in the two-phase case. The input
current ripple in single phase is ~50% higher than that in two-phase. The ripple in
the output voltage of two-phase converter is approximately ~75% lower than that
in single phase, Table 4.4. Also the output current ripple is ~75% lower than that in
single phase.

As observed from Table 4.4, for the same value of the inductance, the
inductor current in two phase is shared equally among the inductors, and peak-to-
peak ripple has the same value in the case of single and two-phase converter
because both converters use the coupled inductors. The value of the capacitor
decreases to half than the value in single phase, due to the use of multiphase
interleaving.

Even if the converter has more components than in single phase, the value of the
components is optimized, making the converter more compact.

The current ripples of the switches and the diodes are still large. The switch voltage
stress is equal to the output voltage, which is large in high output voltage
applications. The factor that decides in choosing the number of phases is that the
ripple content, which is reduces with the increase the number of phases. Also there
is a restriction to the increase in the number of phases because if the number of
phases is further increased without significant reduction in ripple content, the
number of the components increases and hence the cost increases, too.

Examining the above data the advantages of multiphase Boost L-converter are
evident. One important advantage provided by the multiphase converter is that the
load current splits among the n-phases of the multiphase converter, allowing the
heat generation on each of the switches to be spread across a larger area. The
output current and voltage ripples are reduced in multi-phase with an increase in
efficiency.

Therefore, through this, the author demonstrates that two-phase converter
is a better choice. The laboratory prototype was built and tested to demonstrate the
concept.
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4.4. Practical Measurements for the two-phase hybrid Boost
DC-DC L-converter

The technical description and the components value of the experimental
prototype of a two-phase Boost L-converter were presented in Chapter 4.3. In order
to verify and validate the simulation results already presented an actual hardware
implementation has been developed.

In Figure 4.15 the experimental setup of the converter is shown. The rated
power of the circuit is 300W and the output voltage is 120V. In the circuit, the
inductor coils of the same phase are coupled to each other. Because of this, the
effort of the inductors is clearly reduced. The connections to the inductors are
provided with loops for simple current measurements. For the measurements of the
current in the capacitors semiconductor current transformers were used. The
transformer-transmission factor of 20 is used in each case. At the output of the
transformers, the currents are measured with current probes.

The semiconductor devices chosen for constructing the two-phase
interleaved Boost L-converter are the HiPerFET IXFT50N20power MOSFET transistor
and HiPerFRED DPG10|200PM diode.

All switches operate at a constant switching frequency, fs equal to 50 kHz. Each
phase is driven by gate drive signals and for gate driving the TLP250 circuit is used.

The cores used are ETD 59N87 from Siemens Matsushita Components. In
the two-phase converter the author used two cores. Each channel shares a core.
The phases of the converter have the same switching frequency fs, but the phases
are shifted by 360°/n. The input and output of the each converter are paralleled
such that the ripple frequency at the input and output is n-fs.

The efficiency plot resulted from the hardware measurements will also be
presented.
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Figure 4.15 (continued 1) Image of the experimental two-phase hybrid Boost DC-DC
L-converter [120]

The voltage and current waveforms of the converter with duty cycle d=1/3
are first presented.
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In Figure 4.16 the input current and voltage are shown. The input voltage is
60V and the dc-current is 5A. With these values, obviously the power is 300W.
The switches operate with a phase shift between the switch gate drivers. For two
phase converter the shift between the phases is half of the switching period. This
can be seen better from the Figure 4.17 and Figure 4.18, where the current and
voltage of the switch in the first and second phase are respectively represented.
During the on state the current is twice the current in the inductor coils. In Figure
4.19 the input phase current ip which consists of the sum of the currents ip; and ip2
are represented. The current in the two inductor coils of first and the second phases
is represented in Figure 4.20. The dc values of the inductor currents are slightly
smaller than 2A, approximately equal with the simulated value.
The output currents of the individual phases are presented in Figure 4.21. In Figure
4.22 the output current and output voltage are shown.
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Figure 4.16. Input current and voltage waveforms when d=1/3 [120]
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Figure 4.19. Input current and input phase current of the first and second phase when d=1/3
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Figure 4.20. Current in the inductors of the first phase and second phases when d=1/3 [120]
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Figure 4.21. Output phase current of the first and second phases when d=1/3
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Figure 4.22. Output current and output voltage waveforms when d=1/3 [120]
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We continue with the voltage and current waveforms of the converter with a
duty cycle d=1/2, input voltage 40V and the dc-current 7.25A. With these values,
the input power is 290W.The input current and voltage is represented in Figure
4.23. For two phase converter the shift between the phases is half of the switching
period, and can be seen in Figure 4.24.

The current and voltage of the switch in first and second phase are
represented in Figure 4.25 and Figure 4.26 respectively. During the on state the
current is twice as the current in the inductor coils. In Figure 4.27 the input phase
current ijp which consists of the sum of the currents i1 and iz is represented. At
this duty cycle the AC-component of current i is only a triangle waveform. In
Figure 4.28 the current in the two inductor coils of first and the second phase is
shown. The dc values of the inductor currents are approx. 2.5A. The output currents
of the individual phases are presented in Figure 4.29 and Figure 4.30. In Figure 4.31
the output current and output voltage are represented.
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Figure 4.23. Input current and voltage waveforms when d=1/2 [120]
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Finally voltage and current waveforms of the two-phase hybrid Boost L-
converter for a duty cycle of d=2/3 are presented. The input voltage is 30V and the
dc-current is 10A, Figure 4.32. With these values, the input power is 300W. The
current and voltage of the switch in first and second phase are represented in Figure
4.33 and Figure 4.34. During the switched-on state the current is twice the current
in the inductor coils. In Figure 4.35 the input phase current i;p which consists of the
sum of the currents i1 and iz is represented. The current in the two inductor coils
of first and the second phase is represented in Figure 4.36. The dc values of the
inductor currents are approx. 3A.

The output currents of the individual phases are presented in Figure 4.37. In
Figure 4.38 the output current and output voltage are shown.
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Figure 4.32. Input voltage and current waveforms when d=2/3
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Figure 4.33. MOSFET voltage and current of the first phase when d=2/3

5 ps u"-"' H'—"" U
40.0 ¥ =
B:2e2eb 1
2 .J'Ilr_'Jl ) A -
S 4
e
;; / 52 E
Zero Level T ‘
) A I

Figure 4.34. MOSFET voltage and current of the second phase when d=2/3
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The values from calculations and simulations are compared with practical
measurements. Thereby a very good accordance between them is shown.

Besides the numerous current and voltage waveforms, the efficiency of the
complete circuit is calculated for each duty cycle and is presented in Figure 4.41 and
Figure 4.42.

For this purpose, current, voltage and power from the input and output are
measured, and with these results the efficiency is calculated in each case. The
measurements were performed starting from the output power of 30W up to the
rated power of 300W and a little beyond. The output voltage of the converter is
approximately 120V in each case and the input voltage is 60V in the case of d=1/3
and 40V in the case of d=1/2.

The simulations for comparison the efficiency of the converter were made in
Saber simulator in the same conditions like the measurements. In Figure 4.39 s
presented the circuit diagram of the Saber simulation, and in Figure 4.40 it is shown
one result of the measurements. The average value of the output and input power
was taken in account.
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Figure 4.39. Saber circuit diagram for the two-phase hybrid Boost DC-DC L-converter

First waveform it is the output power and last one it is the input power (from up to
down order).
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At the input voltage of 60V and d=1/3, the efficiency is higher in the case of
two-phase converter compared with the single-phase converter. This is due to the
lower effort for the input and output capacitor and faster transient performance.

Also, from the Figure 4.41 can be seen a small difference between efficiency
for simulated two-phase converter and measured two-phase converter. Even if the
simulations are made in Saber with the “real” models of the semiconductor devices,
appear small difference due to the real component, switching losses and conduction
losses.

The maximum efficiency reached is 95.5% between the output power of
100W and 150W. The efficiency at rated power is 94.8%. Anyway, efficiency is
higher than 92% over the whole power range.
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Figure 4.42. Efficiency vs output power d=1/2

Because the conduction losses of the main switches and diodes increase
with d, the efficiency of the converters get lowers with d. For this reason, at the
input voltage of 40V and d=1/2, the converter efficiency is 93.6% at 120W, and
92.3% at rated output power.

4.5. Conclusions and contributions

This chapter describes a hybrid multiphase Boost L-converter proposed by
the author. The kernel of this circuit is the step-up hybrid Boost L-converter which
was presented in Chapter 3, but built in a multiphase design. To ensure that all
phases of the converter operate at the same switching frequency and with phase-
shift between them, the author used interleaving switching strategy.

After analyzing this new multiphase hybrid Boost L-converter, developing the
theoretical quantitative relationships, and sketching the waveform, the validation of
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the new structure was performed. The frequency of the capacitor currents is
increased by the number of phases.

To validate and confirm the theoretical equations, the author designed a two-phase
Boost L-converter and simulated this circuit in CASPOC simulation program. The
simulated waveforms where compared to theoretical one, and a very good
agreement both qualitatively and quantitatively is obvious.

One advantage, that is evident from the Figure 4.2, is that the multiphase
configuration allows the combination of output capacitor from each individual Boost
into just a single output capacitor. Another major advantage of multiphase is the
improvement of input and output characteristics due to frequency multiplication
produced by multiphasing of input and output current. This produces smaller input
and output filtering requirements as well as faster transient performance compared
to the single phase converter. Due to the frequency multiplication property of the
multiphase, the output voltage will actually have the frequency of the ripple
component twice(in our case) than operating switching frequency of each individual
boost converter, n:fs. In turns this property doesn't have any effect on the
inductors, diode and switches.

The numbers of the inductors are increased due to the multiphase structure.
This will lead to an increase in the complexity of the converter. The author applies
the solution that was found in Chapter 3, of coupling the inductors to reduce the
cores number and the complexity of the converter. The analysis and simulation of
the circuit in the case of coupled and uncoupled inductors are presented. A
comparation between them is made. The conclusion is that the coupled interleaved
Boost L-converter effectively reduces the inductors current ripple by approximately
half compared to that of uncoupled inductors and it is only two cores for the
inductors instead of four, which will lead to reduced parts count, volume and weight
of the converter.

A comparation based on the ripple current in the case of single and two-phase Boost
L-converter was made as well.

Experimental waveforms from hardware measurement are presented at the end of
this chapter and validated the theoretical and simulation analyses. The
disadvantages of this circuit are the increased number of components compared
with single-phase hybrid converter.

The measured efficiency for two-phase converter is compared with the simulated
efficiency from Saber simulator for two- and single-phase converter, and is obvious
that for two-phase converter the efficiency is higher. The measured efficiency is
above 94% when d=1/3 and above 92%, when d=1/2 over the whole power range.

The most important contribution brought in this chapter is the validation, as
an example for the family, of one of the multiphase hybrid converters proposed by
the author. The important number of advantages compared with single-phase hybrid
converters is stressed out.

Other contributions to this chapter are:

- the analytical study of the multiphase hybrid converter;

- developing the theoretical quantitative relationships, the operating condition
for CCM, static characteristic and the waveforms of the multiphase hybrid
converter;

- Matlab and Mathcad program for theoretical study and data processing in
case of coupled and uncoupled inductors;

- design and simulation in Caspoc Simulation Program, of the two-phase
hybrid converter, in case of coupled and uncoupled inductors;
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comparative analysis between two-phase hybrid converter with coupled and
uncoupled inductors through simulation;

comparative analysis between two-phase hybrid converter with coupled
inductors and single-phase hybrid converter through simulation;

validation and confirmation of the theoretical equation, through simulation.
Also, a very good accordance between the simulated waveforms compared
to theoretical one for two-phase converter, is shown;

a laboratory prototype built in order to validate the theoretical and
simulated results;

Saber simulation with “real” component for efficiency calculation, and
comparison with the measurements from the laboratory prototype for two-
and single-phase converter;

the scientific confirmation of this two-phase hybrid structure with coupled
inductor by publishing them in [103] and [120]. [103] is indexed ISI -
Web of Knowledge - Thomson Reuters, and published in Hindawi Publishing
Corporation International Journal of Photoenergy, 2014, and [120] is
indexed IEEE at “16th European Conference on Power Electronics and
Applications, EPE'14-ECCE Europe”, Lappeenranta 2014.

BUPT



CHAPTER 5. Conclusions and Contributions

5.1. Conclusions

The focus of this thesis is to extend the existing knowledge and techniques
in the field of multiphase DC-DC converters for use in renewable energy systems,
from classical multiphase converters, to the hybrid multiphase converters. For this,
the author presents the L- and C-switching structures proposed by Boris Axelrod,
Yefim Berkovich and Adrian Ioinovici. These structures are inserted in classical and
bidirectional converters resulting in 17 new hybrid structures, and these structures
are studied and simulated by the author. Also a comparative analysis of the hybrid
converters is performed. The results of simulation of 6 of the hybrid converters, one
with each switching cell, are presented in the thesis.

A method for increasing the efficiency, reducing the size through reducing
the numbers of inductors in the hybrid Boost L-converter without affecting the
circuit operation and the dc voltage transfer function, is also proposed. The design
and simulation of the proposed converter was performed and explained. Moreover,
to exhibit the potential of the proposed converter, a hardware prototype was built
and tested.

A synthesizing method for multiphase hybrid converters is proposed. Based
on synthesizing method, from 17 hybrid converters that were analysed, just 11 can
be used in multiphase design. So, 11 new topologies of multiphase hybrid DC-DC
converter were proposed, and 1 was analytically studied, simulated, and practical
implemented. All the equations necessary for the design of such a circuit is
presented. Laboratory prototype of Boost converters has been built to confirm the
theoretical results. The desigh methods are validated through simulation and
experimental results. Comparison between the specification of single phase and
multiphase is thoroughly examined.

5.2. Contributions

The author contributions summarized below are in fact a reunion of contributions
from each chapter, and can be summarized as follows:

1. The comprehensive literature survey of the DC-DC converters used in RE
systems, from all the points of view, is discussed in Chapter 1. Including this study
in the thesis is justified by the fact that the new L- or C-switching structures are
inserted in the classical, bidirectional or associated converters resulting the new
hybrid converters.

2. A synthesizing method, 11 new multiphase converters with hybrid
structures that are possible to be implemented and the dc voltage transfer function,
is proposed by the author in Chapter 2. It begins with the analytical study of the
hybrid converter, continued with a comparative analysis of the hybrid with classical
converters and ends with the validating of these converters by simulations in Caspoc
Simulation Program.
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3. After coupling the inductors of the hybrid converter proposed by A.
Ioinovici in [4], a new hybrid converter with a single core, instead of two cores for
inductor, and with reduced current ripple at half is obtained;

- a comparative analysis between coupled and uncoupled inductors,
was given for a duty cycle of 1/2, respectively 1/3. From this analysis, the
importance of the coupled inductors resulted;

- a analytical study, validated by simulation, and confirmed by
laboratory prototype of the hybrid converters with coupled inductor, was
made;

- the output voltage is increased (1+d) times compared to classical
Boost converter.

- the efficiency at rated power is 92.5% from measurements,
respective 92.8% from Saber simulation with real components.

- the effort for the input and output capacitor is very high.

4. A validation of one of the multiphase hybrid Boost converter proposed by

the author is the most important contribution from Chapter 4.

The advantages of the proposed topology are as follows:

- ripple of the input and output current are reduced;

- ripple frequency of the input and output current are increased with
the number of phases;

- provide a reduced inductor current ripple;

- two cores for the inductors instead of 4;

- with these multiphase hybrid converter the effort for the input and
output capacitor is reduced compared with the single phase hybrid
converter.

- smaller voltage ripple with the same filter, or we can use a smaller
sized filter to obtain the same ripple performance;

- increase converter power rating by paralleling phases not by
paralleling multiple devices;

- reduced thermal looses;

- the converter has an efficiency above 94% when d=1/3 and above
92%, when d=1/2 over the whole power range, determined from laboratory
prototype, and 95.5% when d=1/3 from Saber simulation with real
components.

5.3. Future works

The thesis leaves open the following research direction:

1. To further improve the efficiency of the multiphase Boost converter, a
solution will be to investigate the soft switching techniques. If the soft switching
techniques can be applied to the main switch, the switching frequency can may go
up to few MHz. As a result, the filter and the inductors will be much smaller
compared with that of 50 kHz multiphase hybrid Boost converter proposed in the
thesis.

2. The extension of application for the proposed converter in other power
conversion systems or other industries, like telecommunication, bio-medical which is
dominant by series-parallel resonant converter, and automotive.
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3. Analytical study, simulation and practical implementation for the other
10 multiphase configurations.

4. Investigate whether is possible to develop small signal models for the
new proposed topologies
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