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Abstract

Semiconductor lifetime and power density are considered to be two important develop-
ment directions of power converter design in the future. Especially in some high dynamic
application, the operation condition is changing frequently causing the temperature swing
of semiconductor, and it leads to thermal expansion and contraction which affects the life-
time or reliability of semiconductor. A high maximum temperature or a large temperature
swing leads to short lifetime. Meanwhile, high power density is a general trend. If the size of
a whole system is limited, a high power density converter enables more functionality of the
system. Also, high power density also leads to high portability. Works have been done to use
interleaved and high switching frequency converter to get a high power density. However,
those converters such as interleaved buck converter do not help to improve semiconductor
reliability because it can only operate in synchronous conduction mode (SCM) and trian-
gular current mode (TCM).

In this work, a 20kW DC/DC converter for highly dynamic application is designed. The
four-switch buck-boost converter is chosen because of its flexibility and its possibility to
get longer semiconductor lifetime and higher power density. It is possible to offer a free-
wheeling interval in which no voltage is applied on the inductor, the transferred power can
be regulated by adjusting the duty cycle of this interval. In addition, an optimal modu-
lation scheme is proposed for this topology which further helps improve the reliability of
semiconductor. An optimal power stage design is given which is a two-stage interleaved
structure. Plus, a close-loop control strategy is given according to the design.

The proposed modulation scheme is tested with a low voltage level prototype, and the per-
formance prediction is verified.

v





Contents

Abstract v

List of Figures ix

List of Tables xiii

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

1.2 Objectives of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Literature review 5
2.1 High power density non-isolated DC/DC converter . . . . . . . . . . . . . . . . . 5

2.2 Semiconductor technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.1 MOSFET & IGBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.2 SiC & GaN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2.3 Semiconductor switch power cycle (Lifetime) . . . . . . . . . . . . . . . . . 11

3 Modelling of main component of four-switch buck-boost converter 13
3.1 Semiconductors modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.1 Zero voltage switching modelling . . . . . . . . . . . . . . . . . . . . . . . . 13

3.1.2 Switching losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.1.3 Conduction losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.4 Gate Drive Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

3.1.5 Diode losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2 Inductor modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.1 Magnetic reluctance model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.2.2 Inductor core losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.2.3 Inductor winding losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Thermal modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

4 Modulation scheme 41
4.1 Modulation I: S4 hard switching modulation. . . . . . . . . . . . . . . . . . . . . . 41

vii



viii Contents

4.2 Modulation II: S3 hard switching modulation . . . . . . . . . . . . . . . . . . . . . 45

4.3 Modulation III: High trapezoidal current modulation . . . . . . . . . . . . . . . . 48

4.4 Modulation IV: High triangular current modulation . . . . . . . . . . . . . . . . . 51

4.5 Modulation V: Zero voltage switching modulation . . . . . . . . . . . . . . . . . . 55

4.6 Numerical Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.7 Modulation VI: Proposed low loss swing modulation . . . . . . . . . . . . . . . . 61

5 Power stage optimal designing 65
5.1 Two stage structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 Interleaved structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

5.3 Inductor design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

5.4 Thermal consideration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.5 Overall efficiency ,temperature swing and power density estimation . . . . . . . 72

6 Close loop control 75
6.1 Overview of close-loop control structure . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2 Current mode control. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3 Balance controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.4 Duty cycle calculation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

6.5 Zero cross detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

6.6 Simulation result . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

7 Testing andMeasurement 85
7.1 Testing setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.2 Experimental Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8 Summary andOutlook 91
8.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

8.2 Future work and outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

A Appendix A 95

Bibliography 97



List of Figures

1.1 Application of the DC/DC converter . . . . . . . . . . . . . . . . . . . . . . . . . 2

2.1 Interleaved DC/DC buck/boost converter . . . . . . . . . . . . . . . . . . . . . 6

2.2 Interleaved DCDC converter ripple cancellation . . . . . . . . . . . . . . . . . . 6

2.3 Coupled inductor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.4 Interleaved buck-boost converter . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.5 Interleaved four-switch buck-boost converter . . . . . . . . . . . . . . . . . . . 8

2.6 Sychronous Conduction Mode and Triangular Current Mode . . . . . . . . . . 8

2.7 To illustrate free-wheeling interval . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.8 Electrons energy band . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.9 Different materials bandgap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.10 Failure of power cycle as a function of temperature and temperature swing . . 11

3.1 A general bridge leg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 Example of ZVS commutation from S2 to S1 . . . . . . . . . . . . . . . . . . . . 14

3.3 Output capacitance as function of drain to source voltage . . . . . . . . . . . . 15

3.4 Required charge for ZVS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.5 MOSFET with external capacitance . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.6 Generic-switch switching characteristics . . . . . . . . . . . . . . . . . . . . . . 18

3.7 MOSFET equivalent circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.8 The switching energy from datasheet and approximation (a) Switching on en-
ergy as funcion of Id s . (b) Switching off energy as funcion of Id s . (c) Switching
on energy as funcion of junction temperature T j . (d) Switching off energy as
funcion of junction temperature T j . (e) Switching on energy as funcion of
external gate resistor Rg . (f ) Switching off energy as funcion of external gate
resistor Rg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

3.9 Equivalent circuit of MOSFET during switching off . . . . . . . . . . . . . . . . 22

3.10 On resistance as function of channel current and the junction temperature . 23

3.11 Example of Appere’s law in the case of winding on a magnetic core with an
airgap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.12 Magnetic electrical analog . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.13 Basic geometry for air gap calculation . . . . . . . . . . . . . . . . . . . . . . . . 27

3.14 A typical geometry of air gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.15 3D airgap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.16 The derivation of 3D fringing factor . . . . . . . . . . . . . . . . . . . . . . . . . 29

3.17 Round core air gap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.18 B-H characteristic of a inductor . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

ix



x List of Figures

3.19 Illustration of eddy current losses . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.20 Example of iGSE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.21 Winding example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.22 Winding example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.23 Heat conduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.24 Thermal layout of a through hole device . . . . . . . . . . . . . . . . . . . . . . 38

3.25 The equivalent thermal circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.26 The thermal layout of a SMD device . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.27 The equivalent thermal circuit . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.1 Inductor current waveform, inductor voltage waveform and gate signal of
each switch of Modulation I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2 The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 . (b)t

′′
0 ∼

t1. (c) t1 ∼ t
′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T . . . . . . . . . . . . . . . . . . . . . 43

4.3 Power regulation of Modulation I. . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4.4 Inductor current waveform, inductor voltage waveform and gate signal of
each switch of Modulation II . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.5 The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 . (b)t

′′
0 ∼

t1. (c) t1 ∼ t
′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T . . . . . . . . . . . . . . . . . . . . . 47

4.6 Power regulation of Modulation II. . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.7 Inductor current waveform, inductor voltage waveform and gate signal of
each switch of Modulation III . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.8 The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 . (b)t

′′
0 ∼

t1. (c) t1 ∼ t
′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T . . . . . . . . . . . . . . . . . . . . . 49

4.9 Power regulation of modulation III . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.10 Inductor current waveform, inductor voltage waveform and gate signal of
each switch of Modulation IV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.11 The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 . (b)t

′′
0 ∼

t1. (c) t1 ∼ t
′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T . . . . . . . . . . . . . . . . . . . . . 54

4.12 Power regulation of modulation IV . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.13 Inductor current waveform, inductor voltage waveform and gate signal of
each switch of ZVS Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

4.14 The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 . (b)t

′′
0 ∼

t1. (c) t1 ∼ t
′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ t3. (g)t3 ∼ t

′′
3 . (h)t

′′
3 ∼ T . . . . . . . . . 57

4.15 Power regulation of ZVS modulation. . . . . . . . . . . . . . . . . . . . . . . . . 59

4.16 Losses on each switch in terms of different modulation scheme (a)S1. (b)S2.
(c) S3. (d)S4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.17 Inductor Area-product in terms of different modulation schemes . . . . . . . 61

4.18 Power regulation of the proposed low loss swing modulation. . . . . . . . . . 62

4.19 Losses on each switch for proposed low loss swing modulation scheme (a)S1.
(b)S2. (c) S3. (d)S4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.1 Switching energy of C2M0080120D and GS66516 . . . . . . . . . . . . . . . . . 66

5.2 Two-stage four-switch buck-boost converter . . . . . . . . . . . . . . . . . . . . 66



List of Figures xi

5.3 Operation sequence of two-stage converter . . . . . . . . . . . . . . . . . . . . 67
5.4 Losses of each switch (a)S1. (b)S2. (c) S3. (d)S4. . . . . . . . . . . . . . . . . . . 68
5.5 Total inductor volume and required capacitance . . . . . . . . . . . . . . . . . 69
5.6 Phase current ripple and total output current ripple . . . . . . . . . . . . . . . 69
5.7 Overall Power stage structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
5.8 Phase current ripple and total output current ripple . . . . . . . . . . . . . . . 71
5.9 2D cross section of designed inductor . . . . . . . . . . . . . . . . . . . . . . . . 72
5.10 Total current ripple and phase current ripple corresponding to 360V . . . . . . 72
5.11 3D modelling of one phase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.1 Overview of close-loop control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
6.2 Current mode control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.3 Balance controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
6.4 Illustration of each duty cycles . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
6.5 Illustration of zero crossing detection . . . . . . . . . . . . . . . . . . . . . . . . 81
6.7 Illustration of ZCD principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
6.6 Illustration of ZCD principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
6.8 Close loop control simulation result in terms of 630V output . . . . . . . . . . 82
6.9 Close loop control simulation result in terms of 360V output . . . . . . . . . . 82
6.10 Balance control simulation result . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7.1 Prototype structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
7.2 Measurment setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.3 Measurment setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.4 Inductor voltage waveform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.5 Switch on transition of each switch (a)S1. (b)S2. (c) S3. (d)S4. . . . . . . . . . . 88
7.6 Experimental data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88





List of Tables

3.1 Switching energy approximation coefficient . . . . . . . . . . . . . . . . . . . . 21
3.2 Switching energy approximation coefficient . . . . . . . . . . . . . . . . . . . . 21
3.3 Switching energy approximation coefficient . . . . . . . . . . . . . . . . . . . . 22
3.4 On-resistance approximation coefficient C 2M0080120D . . . . . . . . . . . . 24
3.5 On-resistance approximation coefficient of GS66516T . . . . . . . . . . . . . . 24
3.6 Steinmetz parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.7 Thermal and electrical domain equivalence . . . . . . . . . . . . . . . . . . . . 37

5.1 Inductor parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
5.2 Recommended TIM design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.3 Overall losses, temperature and efficiency . . . . . . . . . . . . . . . . . . . . . 73

6.1 Signals corresponding to Fig-6.1 . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

7.1 Prototype specification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

A.1 Losses on each switch Modulation of I . . . . . . . . . . . . . . . . . . . . . . . . 95
A.2 Losses on each switch of Modulation II . . . . . . . . . . . . . . . . . . . . . . . 95
A.3 Losses on each switch of Modulation III . . . . . . . . . . . . . . . . . . . . . . . 96
A.4 Losses on each switch of Modulation IV . . . . . . . . . . . . . . . . . . . . . . . 96
A.5 Losses on each switch of Modulation V . . . . . . . . . . . . . . . . . . . . . . . 96

xiii





1
Introduction

1.1. Background

Over the last several decades, science and technology are developing rapidly. A significant
change happens to people ’s lives in many respects. For instance, personal communication
technology is an obvious example which developed greatly. In 1980s, people’s cell phone
was weighing 2 kilograms with single calling function. However, today, almost everyone
has a tiny smartphone, people can use it to do many things, for instance photographing,
surfing the Internet, video chatting, mobile payment, etc. People could never image those
activities could be done within a cell phone back to 1980s. Another example is the rapidly
developing renewable energy which is one of the most popular topics due to the increas-
ingly serious environment and energy crisis. More and more renewable energies are ap-
plied in daily life, for instance electrical vehicles are getting more and more popular all
over the world. In addition to this, the computer science, robotics and artificial intelligence
are all rapidly developing.

Integrated circuits (ICs) development does a great contribution to the technologies men-
tioned above and the demands of integrated circuits will keep rising. The state-of-the-art
equipment for the automated production of integrated circuits are wafer scanners. In 1998,
deep ultraviolet (DUV) lightsources were replaced by a more advanced one extreme ultravi-
olet (EUV) lightsource. The extreme ultraviolet (EUV) reduces the wavelength from 193nm
to 13.5nm, and smaller features can be produced on the integrated circuits. The wafer must
be extremely accurately positioned in six motion degrees-of-freedom in a highly dynamic
condition [21].

Fig. 1-1 shows the general structure of the power supply block in the wafer stage of the
scanner. The 3-phase AC is rectified to a 960V DC by a rectifier, and it is converted to
630V &360V respectively. It is used to drive the long stroke and short stroke motors of the
scanner. This thesis is focusing on the DC/DC converter which is non-isolation one in the

1
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Figure 1.1: Application of the DC/DC converter

1.2. Objectives of this thesis

The thesis is focusing at the 20kW DC/DC converter for the application mentioned in the
previous section. The specification of this converter is:

• Input voltage: 960V

• Output voltage: 630V and 360V

• Maximum power: 20kW

• Power density: 15kW/L

The content of this thesis is

• To select the most possible topology for this application

• To Determine the optimal modulation scheme

• To have a good modelling of each part of the converter

• To have an optimal design of the converter

• To work on hardware to verify the performance prediction

Due to the application, the DC/DC converter is working in a high dynamic condition, in
other word, the transferred power is varying frequently. Therefore, the semiconductor
switch power cycle (lifetime) is important to increase reliability and save maintenance cost.
Hence, the first goal in the design is a longer semiconductor switch power cycle. Secondly, a
higher power density is the second goal in the design. High power density is a general trend.
It enables more functionalities within a limited volume, and possibilities to be portable.



1.3. Thesis outline 3

1.3. Thesis outline

In Chapter 2, some possible non-isolation DC/DC converter topologies are introduced at
first. The advantages and disadvantages of these topologies are described. The most pos-
sible topology is selected. Next, The semiconductor technology which is suitable for high
power and high frequency application is introduced as well.

In Chapter 3, all the modelling methods used to analyse and design in this thesis are intro-
duced. It first starts with a zero voltage switching method modelling including the principle
and the way to ensure the zero voltage switching. An advanced way based on datasheet to
estimate losses on semiconductor switches is introduced, including switching losses, con-
duction losses and gate losses. Furthermore, advanced inductor modelling methods are
introduced which are better than conventional methods, including air gap reluctance cal-
culation method, core losses calculation and winding losses calculation method. In the
end, the thermal modelling is given.

In Chapter 4, five modulation schemes of the four-switch buck-boost converter are ana-
lyzed analytically one by one, typical inductor waveforms are given and the switching se-
quence of each switch is illustrated. The numerical comparison is given in terms of losses,
loss swing and inductor size. According to the analytical and numerical analysis, zero volt-
age switching modulation has a smallest losses and loss swing. Furthermore, in order to
further reduce the loss swing, a new modulation scheme is proposed.

In Chapter 5, an optimal power stage densign is described. It first starts with proposing
a two-stage four-switch buck-boost converter in order to reduce the switching losses in a
single switch, this structure reduces the voltage across the switch by half. Therefore a GaN
switch can be implemented in the two-stage structure. After that, the number of phase is
determined by several aspects including the losses in each switch, total inductor volume
and output capacitance value. Consequently three phases would be the optimal choice.
A mechanical 3D modelling is given. The thermal design according to the recommenda-
tion provided by the manufacturer is illustrated. Finally the overall estimation efficiency,
temperature swing and power density are given.

In Chapter 6, the control strategy is illustrated. This chapter starts with showing the overall
control system block. Afterwards, each part of the control system is explained respectively.
The main control strategy is explained at first. It is a current mode control with two feed-
back loops. The voltage is always controlled to the reference value no matter how the load
changes. Because of the two stage structure, a balancing controller is required which can
keep the high and low stage operating at a same condition. The duty cycle of each switch
is calculated instantaneously by the micro-controller or FPGA, so the equations to calcu-
late the duty cycle are illustrated in this chapter. Next, the way to ensure the zero voltage
switching is also explained. It is done by using zero crossing detection. Finally, the simula-
tion result is given.

In Chapter 7, a 48/12 four-switch buck-boost converter is used to verify the proposed low
loss swing modulation. The test setup is illustrated at first. It follows with some measure-
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ment result. Finally the comparison between the traditional zero voltage switching modu-
lation and proposed zero voltage switching are given.

In Chapter 8, the summarize of the thesis and the conclusion of each chapter are given.
Also, there are still many works to be done in terms of this topic, so the outlook and future
work are discussed in the end.



2
Literature review

The DC/DC converter is defined as power electronics circuit which converts a DC voltage to
another DC voltage with a certain power transfer requirement. More than 10 non-isolation
DC/DC converter topologies are developed over the last decades, including buck converter,
buck-boost converter, Cuk converter, SEPIC converter. Today, a high power density is a
general trend in many application, multiphase and high switching frequency are two solu-
tion to reach a high power density. Furthermore, some new semiconductor technologies
are also implemented by engineers to reach a high power density. In this chapter, topolo-
gies introduced in literature are discussed in section 2.1, the optimal one is selected. The
new generation semiconductor switches, wide bandgap devices are briefly introduced in
section 2.2.

2.1. High power density non-isolated DC/DC converter

In high power applications, multiphase or interleaved structure is the most common used
solution. The interleaved DC/DC converter has inherent advantages[14]:

• The output current ripples can be greatly reduced making the output capacitor much
smaller

• When multiphase converter is considered, it is possible to improve the transient re-
sponses due to a smaller filter

• Multiphase converters release the current stress on devices

5
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L

C1

C2

+

-

+

-

L

L

Figure 2.1: Interleaved DC/DC buck/boost converter

Fig.2-1 shows a multiphase DC/DC converter[22], which is a three phases bidirectional
DC/DC converter. Each phase in the multiphase converter has a 360/n phase shift, where
n is the number of phases. Fig. 2-2 shows output voltage ripple cancellation [22]. As shown
in Fig. 2-2, it is affected by the number of phases and the duty cycle.

Figure 2.2: Interleaved DCDC converter ripple cancellation

[22]

In [33], a three phases buck converter is implemented with 100kW power. A 36-phase inter-
leaved converter is reported in [31], the prototype has a 95% efficiency at full load (1000W).
State of the art engineering for multiphase DC/DC converter proposes the use of three to
five paralleled buck stages to build the converter [20][8].

For multiphase DC/DC converter, intercell transformers can be implemented to further
reduce the volume and increase the power density[5] [6] . As illustrated in Fig. 2-3[6] , three
windings share a same core which reduce the inductor volume for a large extent.
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Figure 2.3: Coupled inductor

Apart from the interleaved buck converter, the interleaved buck-boost converter is also
proposed in literature[24]. Semiconductor switches suffer from large current stress in this
topology, in addition, the polarity is inversed at two sides which makes the control more
complicated.

+

- +

-

Figure 2.4: Interleaved buck-boost converter

In [1][30][32], a non-inverting four-switch buck-boost converter is discussed, as illustrated
in Fig.2-5. The most important advantage of this topology is the flexibility. Taking the
Phasea in Fig. 2-5 as an example, several operation modes can be achieved as follows

• Buck mode: Always open Sa4 and close switch Sa3

• Boost mode: Always open Sa2 and close switch Sa1

• Buck-boost mode: Switch Sa1 & Sa4 and Sa2 & Sa3 diagonally

Therefore, this topology is suitable for many applications.
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L

L

L

Sa1

Sa2

Sb1

Sb2

Sc1

Sc2

Sa3

Sa4

Sb3

Sb4
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Figure 2.5: Interleaved four-switch buck-boost converter

Among these three topologies illustrated above, for the multiphase buck converter and
multiphase buck-boost converter, there are two operation modes Synchronous Conduc-
tion Mode (SC M) [23][13] and Triangular Current Mode (TC M) [9][25]. Taking the mul-
tiphase buck converter as an example, the inductor waveform of the T C M and SC M are
shown in Fig. 2-6 for minimum and maximum output power. In SCM operation, the peak-
to-peak inductor current is kept constant and independent of the output power. As a result,
the inductor current waveform is pushed up and down for a large extent, and the losses on
each device swing a lot. The TCM operation has a better performance, because the mini-
mum inductor current is kept constant IL,mi n . The output power is regulated by changing
the frequency. However, the switching frequency will increase significantly when the out-
put power decreased from maximum to minimum. In addition, the frequency variation
strongly limited by the time delays in the measurement and control circuit[12].

IL,min

Pmax

Pmin

TCM

(a) TCM.

Pmax

Pmin

SCM

(b) SCM.

Figure 2.6: Sychronous Conduction Mode and Triangular Current Mode

As illustrated previously, four-switch buck-boost converter is a very flexible converter which
makes more operation modes possible to overcome drawbacks of T C M and SC M . As illus-
trated in Fig.2-7(a), it shows one of the modulation schemes, and at the end of each cycle
there is a free-wheeling interval in which no voltage is applied on the inductor (Switch S2

and S4 are switched on), and output power can be regulated by adjusting the length of free-
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wheeling interval. As a result, the switching frequency is not increasing while the current
waveform is not going up and down.

0

0

Pmax

Pmin

(a)

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(b)

Figure 2.7: To illustrate free-wheeling interval

In conclusion, an interleaved four-switch buck-boost converter would be the optimal topol-
ogy for the application in this thesis.

2.2. Semiconductor technology

2.2.1. MOSFET & IGBT

There are many kinds of transistors available for switch-mode power supply (SMPS) to-
day. Metal-oxide semiconductor field effect transistor (MOSFET) and insulated-gate bipo-
lar transistor (IGBT) are two most popular devices.

The MOSFET is a three-terminal (Gate, Drain, Source) fully-controlled switch. The gate
control signal is applies between the gate and source, and its switch terminals are the drain
and source. The gate terminal is made of metal, the other two terminals are made of metal
oxide. The IGBT is also a three terminal (Gate, Collector, emitter) fully-controlled switch.
The gate signal is applied between the gate and emitter, and its switch terminals are the
drain and emitter.These two transistors have their own advantages[10].

MOSFET:

• Higher switching speed.

• Higher dynamic performance.

• Lower gate-to-drain capacitance

• Lower thermal impedance which allows more power dissipation

• Smaller rise and fall time

IGBT:

• Mature production techniques resulting in a lower cost.
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• Higher durability to overloads.

• Improved parallel current sharing.

• Smoother turn-on/-off waveforms.

• Lower input capacitance.

2.2.2. SiC & GaN

Si based devices have some important limitations in terms of its voltage blocking capabil-
ity, operation junction temperature and switching frequency[15]. As a result, a new gener-
ation of power semiconductor switches are required. Novel and innovative power devices
based on wide bandgap semiconductors are developed to overcome the limitation of Si
devices. SiC (Silicon carbide) and GaN (Gallium Nitride) are the two most popular new de-
vices with better performance.

Conduction Band

Valence Band

Energy of  electrons

Bandgap

Figure 2.8: Electrons energy band

Material Bandgap

Si 1.12

GaAs 1.4

3C-SiC 2.3

6H-SiC 2.9

4H-SiC 3.2

GaN 3.39

Diamond 5.6

Figure 2.9: Different materials bandgap

The movement of free electrons is the reason why materials are capable to conduct. In con-
ductor materials, electrons are free to move while in non-conductor materials electrons are
fixed by chemical bond. Those electrons fixed by chemical bond are in valence band while
free electrons are in conduction band. Bonded electrons need enough energy to jump from
valence band to the conduction which in between is called bandgap. Materials like carbon,
silicon and phosphorus have strong capability to bond the electrons and low conductivity.
For instance, pure silicon and carbon are crystal can not conduct. They are Group 4 ele-
ment, if Group 5 elements such as phosphorus and arsenic are doped into silicon, there is
one more free electrons corresponding to N-type semiconductor. In a same way, if Group 3
elements are doped into silicon, there is one more hole corresponding to P-type semicon-
ductor. Compared to silicon, the capability to bond electrons of carbon is stronger, so more
energy is required to break the the chemical bond between silicon and carbon, as a result,
the bandgap of SiC is wider than pure Si. The same also applies to GaN, although gallium it-
self is weaker than silicon, nitrogen is a very strong elements. Because these wide bandgap
material needs more energy to be conducted, they are naturally capable to handle a higher
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voltage and a higher temperature. As a result, the die of them can be much smaller and
also the depletion region. Consequently, smaller parasitic parameters, especially parasitic
capacitance and on-resistance is reachable. Because of the smaller parasitic capacitance,
it takes less time to charge and discharge, so the switching losses are much smaller and
higher switching frequencies are possible. In section 2.3 semiconductor failure power cy-
cle or lifetime is introduced briefly.

2.2.3. Semiconductor switch power cycle (Lifetime)

The temperature of semiconductor switch rises and falls according to the operating condi-
tions as illustrated in Fig. 2-6 and Fig. 2-7(a) (different power level). The interior structure
of the semiconductor is exposed to the heat stress caused by the temperature rise and fall
and thus suffers fatigue and deterioration. Fig. 2-10 shows the general relation of semicon-
ductor power cycle and temperature.
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Figure 2.10: Failure of power cycle as a function of temperature and temperature swing

As illustrated, the failure power cycles are inversely proportional to junction temperature
swing and maximum junction temperature. In another word, a longer semiconductor life-
time can be obtained by a lower maximum temperature or a smaller temperature swing.





3
Modelling of main component of

four-switch buck-boost converter

Based on goals, increasing the lifetime of semiconductor switches and getting a high power
density, good models are required to analysis, design and optimize the four-switch buck-
boost converter, including semiconductor modelling, inductor modelling and thermal mod-
elling. The performance of converters are mostly dominated by these three aspects. Al-
though filters are required in the input and output side, they are not dominated. Hence in
this chapter, the following models are introduced.

• Zero voltage switching modelling

• Semiconductors modelling

• Inductor: Magnetic circuit modelling and loss modelling

• Thermal modelling

3.1. Semiconductors modelling

The zero volatge swithing principle is explained in section 3.1.1. In section 3.1.2 to 3.1.5
an advanced and accurate semiconductor losses estimation model, based on datasheet, is
provided including switching losses, conduction losses, gate losses and diode losses.

3.1.1. Zero voltage switching modelling

The maximum temperature is one of the domination of semiconductor device lifetime,
smaller maximum temperature leads to longer lifetime. Switching loss is one of the main
contribution of temperature rising, and it could be quite large in hard switching operation.

13
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Soft switching can reduce the losses to a large extent, hence, it is worth investigating and
implementing.

Fig.3-1 shows a bridge leg which is commonly seen in switched mode power converters.
The switch S1 or S2 in the bridge can be seen as a combination of three components which
are a transistor, a diode and a capacitor. The diode is the body diode of the device or an
external diode if the device does not have it internally. Sometimes, even there is a body
diode inside the switch, people will use an external one, especially schottky diode, to reduce
the diode reverse recovery losses during commutating. The capacitor represents the output
capacitor of the device. It is defined as the sum of the gate to drain capacitance and drain
to source capacitance, Coss =CDS +CGD .

iT2 iD2 iC2

IL

L

S1

S2

C1

iT1 iD1 iC1

Vbus A

Figure 3.1: A general bridge leg

The zero voltage switching (Z V S) principle can be explained as follows. In Fig. 3-1, assum-
ing the commutating transition is from S2 to S1, and the inductor current is flowing from
the right side to the left side. The detailed commutation procedures can be illustrated with
Fig. 3-2 which shows the current flowing path during each time interval[3].

-iT2

-iC2 iC1

iD1

iT1

Vds
Ids

t1 t2

500

400

300

200

100

0

0

-3

3

6

-6

-9

t3 t4 t5

Figure 3.2: Example of ZVS commutation from S2 to S1

• t = t1
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At time instant t1, the gate signal of switch S2 is turned off, the current is flowing in
the transistor of switch S2 at this moment and will keep flowing in the transistor for a
short interval before the gate voltage fall below its threshold voltage.

• t = t2

At time instant t2, the gate voltage of S2 reaches its gate threshold voltage, and its
channel resistance rises dramatically. Therefore, the current starts to flow on the leg
capacitance, mostly on C2 at this moment. Meanwhile, the leg capacitance (Cleg =
C1 +C2) is charged.

• t = t3

At time instant t3, the transition happens when C1 becomes larger than C2. Starting
from this moment, the current is mainly flowing on the capacitance C1 ,and Cl eg is
further charged.

• t = t4

At this moment, the drain to source voltage vd s2 reaches the bus voltage, and the volt-
age across the switch S1 is zero which makes the diode D1 conducting. Now a positive
gate signal can be applied to switch S1. The current will still flow on the diode D1 for
a short time before it reaches the gate threshold voltage.

• t = t5

When the gate voltage reaches the threshold voltage, the switch S1 is switched on un-
der a zero voltage.

The same principle also applies to the commutation from the top switch to the bottom
switch. Fig.3-3 shows the output capacitance as a function of drain to source voltage across
it, in terms of a SiC MOSFET C 2M0080120D manufactured by W ol f speed [29] and a GaN
GS66516T manufactured GaN Sy stem[26]. As shown in Fig. 3-3, when the drain to source
voltage is small the capacitance is large and vice versa. Hence, during the commutation
explained above, the current is mainly flowing on the C2 at first and then going to the C1.
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(a) C2M0080120D.

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0  O u t p u t  c a p a c i t a n c e

V d s ( V )

Cp
ac

ita
nc

e(µ
F)

G S 6 6 5 1 6 T

(b) GS66516T.

Figure 3.3: Output capacitance as function of drain to source voltage
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In order to ensure a zero voltage switching, enough charges should be provided to charge
the leg capacitance Cleg =C1 +C2. In other words, a large enough offset current I0 at com-
mutation instant is required. The current I0 can be calculated by the following steps, given
by[11]

• step 1
The first step is to determine how many charges are needed for a certain switch. It can
be derived by

Q1 =
∫ Vbus

0
Coss(v)d v (3.1)

Meanwhile, parasitic capacitance existing of the PCB should be taken into considera-
tion, which is around 200nF ∼ 500nF . Therefore, the total charge required is

Qr eq = N ·Q1 +QPC B (3.2)

where N is the number of switches on the bridge in total.

• step 2
The charge provided by the current, as illustrated by Fig. 3-4, is calculated by

Q2 =
∫ t4

t2

iL(t )d t =
∫ t3

t2

[I0 + VL1

L
(t − t3)]d t +

∫ t4

t3

[I0 + VL2

L
(t − t3)]d t (3.3)

Vds
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900

-300

t3 t4

iL

Qreq

I0

vL

Figure 3.4: Required charge for ZVS

• step 3
It is very hard to determine the time interval length t2 ∼ t3, and t3 ∼ t4, but the dead
time from t1 to t5 is fixed. Therefore we can use the dead time tdead to calculated Q2

and make a certain compensation.

• step 4
The relationship Q2 ≥Qr eq should be fulfilled. By solving the inequation, a minimum
current I0 which ensure the zero voltage switching can is obtained.
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However, although zero voltage switching can be obtained, there is still switching off losses
caused by the overlap of drain to source voltage and transistor current as illustrated in next
section Fig. 3-6. The switching off losses could be quite large when the switched off at
a high current or a high voltage. In order to reduce the switching off losses, an external
capacitance can be connected in parallel, as illustrated in Fig.3-5, to slow down the rising
of drain to source voltage.

Figure 3.5: MOSFET with external capacitance

3.1.2. Switching losses

As mentioned in the previous chapter, there are several modulation schemes for the se-
lected topology, and hard switching happens to some of them discussed in Chapter 4.
In addition, the zero voltage switching discussed in last section also has turn-off losses.
Hence, it is important to have a detailed modelling of switching losses and conduction
losses.

The ideal semiconductor switch has the following characteristics:[16]

• Block arbitrarily large forward and reverse voltages with zero current flowing when it
is off.

• Conduct large currents with a small voltage drop when it is on.

• Switch transistion happens instantaneously when gate signal changes.

However, obviously real devices is not ideal, they do not have these ideal characteristics
and always have power dissipation in real application. If the power dissipation is too high,
the device temperature will exceed the limitation and will not only destroy themselves but
also damage other components in the system. Hence, power dissipation of semiconductors
should be analysed.

Fig. 3-6 illustrates the typically drain-source voltage and current waveform during switch-
ing transition (switch-on and switch off).
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Vds Ids

Eon Eoff
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td(on) td(off)
tri tfv trv tfi

Figure 3.6: Generic-switch switching characteristics

When the switch is open, it can be turned on by applying a positive signal to switch gate, as
illustrated in Fig.3-6. During the turn-on transition, the current is built up after a short de-
lay time tdon and a rise time tr i . Just after the current Id flows entirely through the transistor,
the diode can become reverse biased and the switch voltage fall to a small on-state value in
a voltage fall time t f v . The waveform in Fig. 3-6 shows that large values of switch voltage
and current are present simultaneously during switch-on interval. The energy dissipation
in the device during switch-on can be approximated by

Eon = 1

2
Vd s Id (t f v + tr i ) (3.4)

When the device has to be switched-off, the positive signal is removed from the gate termi-
nal of the switch. During the turn-off transition, the voltage is built up after a short turn-off
delay time tdo f f and a voltage rise time tr v . The current in the switch falls to zero with a
current fall time t f i , and large values of voltage and current occur simultaneously during
the transition. The switching energy losses during this transition can be calculated by

Eo f f =
1

2
Vd s Id (tr v + t f i ) (3.5)

The average switching power dissipation can be calculated by

Ps = 1

2
× fs × (Eon +Eo f f ) (3.6)

where fs is the switching frequency.

However, the approach discussed above is an ideal way which has a large gap with reality
switching performance. The real switch performance is highly dependent with gate driver,
gate resistor value, junction temperature and parasitic parameters as illustrated in Eq. 3-7
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Psw (Ion , Io f f ,Von ,Vo f f ,T j ,Vg ate,on ,Vg ate,o f f ,Rg ate,on ,Rg ate,o f f ) =
1

T

Nsw ,on∑
i=1

Eon(Ion,i ,Von,i ,T j ,Vg ate,on ,Rg ate,on)+

1

T

Nsw , off∑
i=1

E off
(
I off i ,V off ,i ,T j ,V gate, off ,R gate, off

)
(3.7)

Where:
- Nsw,on and Nsw,o f f are the number of turn-on and turn-off switching transitions within a
pulse period T .
- Eon and Eo f f are the turn-on and turn-off switching losses energies with a function of the
current and voltage at the switching instant, also corresponding to junction temperature
T j , gate voltages Vg ate,on and Vg ate,o f f and the gate resistances Rg ate,on and Rg ate,o f f .

It can be modelled by the following approach. Fig. 3-8 shows the switching energy of
C 2M0080120D as a function of drain to source current, as a function of junction temper-
ature and as a function of gate resistor at a certain drain source voltage and a certain gate
voltage given in the datasheet. These curves can be approximated by second order equa-
tions (E q.3− 8 ∼ E q.3− 10), which are also illustrated in Fig. 3-8. However, most manu-
facturers do not give the switching energy data as a function of drain to source voltage and
gate drive voltage VGS continuously, but just few points are given. In this case, for drain to
source voltage, a proportional approximation can be used.

E(T j )|Rg ate,r e f ,Vg s,r e f ,Id s,r e f = a0 +a1T j +a2T 2
j (3.8)

E(Id s)|T j ,r e f ,Vg s,r e f ,Rg ate,r e f = b0 +b1Id s +b2I 2
d s (3.9)

E(Rg )|T j ,r e f ,Vg s,r e f ,Id s,r e f = c0 + c1Rg + c2R2
g (3.10)

It is worth noting that an offset should be compensated to the switching-off energy. The
reason is explained as follows. Fig. 3-7 illustrates a switch including the body diode and
output capacitance. Manufacturer measures the switching energy by measuring the drain
to source voltage Vd s and the drain to source current Id s (It is not able to measure the tran-
sistor current IT directly). However, the switching losses only occur on the transistor of the
switch, therefore, the switching energy given in the datasheet contains the energy storing
in output capacitance. Hence, an offset needs to be compensated.
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Figure 3.7: MOSFET equivalent circuit
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Figure 3.8: The switching energy from datasheet and approximation (a) Switching on

energy as funcion of Id s . (b) Switching off energy as funcion of Id s . (c) Switching on energy

as funcion of junction temperature T j . (d) Switching off energy as funcion of junction

temperature T j . (e) Switching on energy as funcion of external gate resistor Rg . (f)

Switching off energy as funcion of external gate resistor Rg .
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The coefficients a0, a1, a2, b0,b1,b2, and c0,c1,c2 in Eq. 3-8, Eq. 3-9 and Eq. 3-10 can be
derived by MATLAB function pol y f i t . The coefficient are given in Table. 3-1. A generalized
function is derived by combining Eq. 3-8, Eq. 3-9 and Eq. 3-10 together, which is given by

Esw =Esw,r e f |TJ=TJ,ref,Ids=Ids,ref,VGS=VGS,ref

· (1+α1∆TJ +α2∆T 2
J )(1+β1∆ID +β2∆I 2

D)(1+γ1∆Rg +γ2∆R2
g )

(3.11)

Id s = 20A,Vd s = 800V ,Rg = 2.5Ω Vd s = 800V ,T j = 25◦,Rg = 2.5Ω T j = 25◦, Id s = 20A,Vd s = 800V

Switching on energy approximation coefficients

a0

281.0878

a1

-0.618

a2

0.0024

b0

31.6567

b1

-0.0029

b2

0.5921

c0

214.5801

c1

19.8994

c2

-0.3310

Switching off energy approximation coefficients

a0

137.9872

a1

-0.2292

a2

0.0016

b0

52.7374

b1

-0.96

b2

0.2449

c0

100.59

c1

13.0836

c2

-0.0979

Table 3.1: Switching energy approximation coefficient

Id s = 20A,Vd s = 800V , Rg = 2.5Ω,T j = 25◦C

Switching on energy approximation coefficients Er e f = 262.3µJ

α1

-1.859e-3

α2

8.959e-6

β1

8.940e-2

β2

2.210e-3

γ1

6.810e-2

γ2

-1.236e-3

Switching off energy approximation coefficients Er e f = 132.7µJ

α1

-1.8462e-3

α2

1.9811e-5

β1

0.1094

β2

3.0323e-3

γ1

0.1559

γ2

-1.2122e-3

Table 3.2: Switching energy approximation coefficient

Table. 3-3 given the parameters for switch selected in Chapter 5 (GS66516T ). The manu-
facturer gives the switching on energy as a function of drain to source voltage vDS , drain to
source current IDS and junction temperature T j , the switching off energy as a function of
vDS and IDS . Hence, the equations are given as

Eswon =Esw,r e f |Vds=Vds,ref,Ids=Ids,ref,TJ=VTj,ref

· (1+α1∆Id s +α2∆I 2
d s)(1+β1∆Vds +β2∆V 2

ds)(1+γ1∆T j +γ2∆T 2
j )

(3.12)

Eswo f f =Esw,r e f |Vds=Vds,ref,Ids=Ids,ref

· (1+α1∆Id s +α2∆I 2
d s)(1+β1∆Vds +β2∆V 2

ds)
(3.13)
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Id s = 20A,Vd s = 200V , Rg on = 10Ω, Rg o f f = 1Ω T j = 25◦C

Switching on energy approximation coefficients Er e f = 48.9µJ

α1

3.45e-2

α2

1.9866e-4

β1

21.03

β2

5.26e-2

γ1

0.2624

γ2

-5.59e-6

Switching off energy approximation coefficients Er e f = 4.52µJ

α1

5.834e-2

α2

1.32e-3

β1

5.7e-3

β2

3.87e-6

Table 3.3: Switching energy approximation coefficient

It should be noted that the switching energy data given by the datasheet is measured under
hard switching on and hard switching off condition. If zero voltage switching off happens,
in other words the current goes from source to drain during the transition, the losses only
occur on the body diode, and it is extremely low. The way to calculate the losses is illus-
trated in Section 3.1.5.

As mentioned in the last section, even in zero voltage switch condition, there is still switch-
ing off losses, and an external capacitor can help reduce it. If an external capacitance is
connected, the switching off losses can be approximated as follows. Fig.3-9 shows the sim-
plified equivalent circuit of MOSFET during switching off.

Rg

Cgd

CdsG

Ids

Ig IT IC

Figure 3.9: Equivalent circuit of MOSFET during switching off

At the beginning of switching off, the drain to source current is divided to Ig , IT and IC as
illustrated in Fig. 3-9. According to the equivalent circuit, the following equation can be
derived.

dVd s

d t
= IC

Cd s
= Ig

Cg d
(3.14)

Assuming the Ig =Vth / Rg , and the time required to charge the Cg d can be calculated by

t =
∫ Vd s

0 Cg d dVd s

Ig
(3.15)
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If the drain to source capacitance is larger, with the same charge time, the drain to source
voltage is smaller, as a result, the switching off losses is lower.

3.1.3. Conduction losses

The other major contribution to the power loss in switches is the average power dissipated
during the on-state Pon which is proportional to the drain to source on-resistance Rd s and
to the squared RMS value of the current flowing on the switch. Assuming the junction
temperature changing of MOSFET is negligible during every single cycle, the equivalent
conduction losses can be calculated by:

Pcon = RDS(on) · I 2
rms (3.16)

where Irms is determined by

Irms =
√

1

TL

∫ TL

0
IS(t )dt (3.17)

The drain to source on-resistance Ron is dependent on the junction temperature and on
the drain to source current. It can be modelled by the following approach[3]. Fig. 3-10
shows the drain source on-resistance as a function of drain-source (Fig. 3-10 (a))current
and as a function of junction temperature (Fig. 3-10(b)). The on-resistance curve can be
approximated by a 2nd order function,

RDSon (T j )|Id s,r e f ,Vg s,r e f = a0 +a1T j +a2T 2
j (3.18)

RDSon (Id s)|T j ,r e f ,Vg s,r e f = b0 +b1Id s +b2I 2
d s (3.19)
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(a) On-resistance as a fucntion of T j
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(b) On-resistance as a fucntion of Id s

Figure 3.10: On resistance as function of channel current and the junction temperature
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The coefficients a0, a1, a2 and b0,b1,b2 in Eq.3-18 and Eq.3-19 can be derived by MATLAB
function pol y f i t . Take the silicon carbide MOSFET C 2M0080120D as an example, the
coefficients are given in Table. 3-4. A generalized function is derived by combining Eq.3-18
and Eq. 3-19 together, which is given by

RDS(on) =
[

RDS(on)
∣∣
TJ=TJ,ref,ID=ID,ref,VGS(on)=VGS(on),ref

· (1+α1∆TJ +α2∆T 2
J

) · (1+β1∆ID +β2∆I 2
D

)
]

(3.20)

Where:
- ∆T j is the deviation between junction temperature and reference junction temperature
∆T j = T j −T j ,r e f

- ∆ID is the deviation between drain source current and reference drain source current
∆ID = ID − ID,r e f

T j = 25,Vg s = 20V IDS = 20A,Vg s = 20V

a0

75.7399

a1

0.0527

a2

0.0089

b0

75.7985

b1

0.0839

b2

0.0018

Rr e f = 80mΩ

α1

6.221e-3

α2

1.113e-4

β1

1.949e-3

β2

2.25e-5

T j ,r e f

25◦C

IDS,r e f

20 A

Table 3.4: On-resistance approximation coefficient C 2M0080120D

For the switch selected in Chapter 5(GS66516T), parameters are given in Table. 3-5.

GS66516T Rr e f = 25mΩ IDS = 18A,Vg s = 6V T j = 25

α1

-5.03e-3

α2

6.9e-5

β1

7.8e-3

β2

2.70e-5

Table 3.5: On-resistance approximation coefficient of GS66516T

Hence, a more accurate on state drain to source resistance Rd s,on is derived.

3.1.4. Gate Drive Losses

Gate drive losses is a power loss ascribed to device gate charging. It depends on the gate
electric charge (or the gate capacity) of the semiconductor device. The gate charge loss can
be calculated by

PG = (
Qg

)×Vg s × fs (3.21)

where Qg is device gate electric charge, Vg s is gate drive voltage, fs is the switching fre-
quency.
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3.1.5. Diode losses

As discussed in the previous section, there is a body diode in MOSFET or external diode
anti-parallel contacted with the device. During the transition, especially in ZVS (Zero-
Voltage-Switching) condition, the diode will conduct the current for a short time in which
power dissipation is existing. This power dissipation can be calculated by

Pdi ode =
∫ t

0
I (t )VF d t fs (3.22)

where VF is the forward voltage of the body diode, I (t ) is the current flowing on the diode.
It should be noted that the forward voltage VF is dependent by junction temperature and
current, but it just conducts for a short time, so it can be negligible.

3.2. Inductor modelling

3.2.1. Magnetic reluctance model

An inductor is a passive two-terminal electrical component stores energy in a magnetic
field when current flows through it. Especially in switched converters, inductors are key
components. The inductor is also one of the components which contributes to the volume
and losses largely.

The inductance value L is defined as[16]

L = Nφ

i
or Nφ= Li (3.23)

where N is the number of turns, i is the current flowing on the inductor, and φ is the mag-
netic flux crossing a certain area, which can be obtained by the surface integral of the
B − f i eld or the flux density representing the density of flux lines per unit area, the unit
is weber per square meters Wb/m2 or tesla (T ).

φ=
Ï

A
Bd A (3.24)

On the other hand, the flux density can also be defined as

B =µrµ0H (3.25)

The magnetic reluctance can be defined as

R = l

µ0µr A
(3.26)

and another relation can be obtained by Ampere’s law

φR = Ni (3.27)
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With Eq. 3.21 and Eq. 3.25, the required winding turn is :

L = N2

Rtot
→ N =

√
L ·Rtot (3.28)

The peak flux density can be derived as :

R = F

Φ
= N · I

B ·Ae
→ Bpk =

N · Ipk

R ·Ae
(3.29)

Where :
- Ipk is the peak current through the inductor.

With the theory above, we can analyze the magnetic inductor, the magnetic circuit can
be transferred to electrical circuit by analogy. Fig. 3-11 shows a typical E-core inductor and
Fig. 3-12 shows its electrical analog, which helps to analyse the magnetic characteristic[16].
With this method, an accurate reluctance calculation is required.

Φ2 Φ3

Φ1

Φ1

Figure 3.11: Example of Appere’s law in the case of winding on a magnetic core with an

airgap

R3

R2 R2

i2 i3

R1

Rg

R1
R4 R4

R3

Ni

i1

Figure 3.12: Magnetic electrical analog

The reluctance of within the ferrite core, shown in Fig. 3-12 is expressed as :
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Rfe =
le

µ0µfeAe
(3.30)

Where:
- le is the effective magnetic path length.
- Ae is the effective core cross section .

The flux in the air gap called fringing flux tends to have a larger cross section area. Relative
permeability of air gap isµr ≈ 1 whereas for the core material is usually much greaterµr >>
1. The magnetic flux is forced to flow through the gap which represents significantly greater
reluctance than a comparable length of the core.

As a result, the fringing effect lowers reluctance of the magnetic path and thus increases
inductance of the winding made on such a gapped magnetic core. The traditional air gap
reluctance is given by [16] but no explanation is given, as illustrated in Eq. 3-31

Rg =
lg

µ0
(
a + lg

)(
b + lg

) (3.31)

Where:
- lg is the air gap length.
- a and b are cross section dimension of the airgap.

An advanced approach for air gap reluctance calculation is used in this thesis which is pro-
posed by [17] . This approach has the following advantages:

• The three-dimensionality has been taken into consideration

• It is easy to handle.

• It is capable to calculate the reluctance of different air gap shapes.

• It has a high accuracy

Fig. 3-13 is the most basic air gap geometry which is used as a basis. The reluctance of the
basis is determined by which is given by [17]

h

l w/2

Figure 3.13: Basic geometry for air gap calculation
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R ′
basic = 1

µ0

[
w
2l + 2

π

(
1+ ln πh

4l

)] (3.32)

where parameters w , h and l are as illustrated in Fig. 3-13 .

Normally, there are three kinds of air gap geometries, Fig. 3-14 shows the most typical
central core air gap for E-shape and ELP-shape core in 2D. This geometry can be seen as
the assembling of the basis geometry in Fig. 3-13. The equivalence is illustrated in Fig.
3-14.

h

m lg
R´basic

R´

Figure 3.14: A typical geometry of air gap

lg

a

b
x

y

z

Figure 3.15: 3D airgap

A fringing factor is introduced which is used to describe the reluctance decreases in the
air gap. Taking Fig. 3-15 as the example to explain. In order to consider the three dimen-
sionality, the fringing factor of xz-plane and y z-plane are both considered. In xz-plane,
assuming the air gap length b is infinitely long, and the air gap boundary in the y-direction
is neglected. The fringing factor in this plane is determined by using air gap reluctance R ′

xz

divided by 2D reluctance without fringing effects
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σx = R ′
xz

lg

µ0b

(3.33)

In y z-plane, assuming the air gap length a is infinite, the air gap boundary in x-direction
is neglected. The fringing factor in this plane is determined by using air gap reluctance R ′

xz

divided by 2D reluctance without fringing effects

σy =
R ′

yz

lg

µ0a

(3.34)

With these two 2D fringing factors, the 3D fringing factor can be determined. Fig. 3-16
shows the procedures step by step. The first step, the idealized air gap reluctance without
fringing effect is multiplied by xz-plane fringing factor σx , which is equivalent to the air
gap cross-section area is multiplied by 1/σx . The mid of Fig. 3-16, a new cross section area
Ag ,x which describe the cross section increase resulting from the fringing effect in xz-plane.
Secondly, the new cross section area Ag ,x section area is multiplied by 1/σy resulting the
final cross section area Ag ,x y in which xz-plane and y z-plane are both taken into account
as shown in Fig. 3-16 right side. Hence, the final fringing factor which considers the three-
dimensionality is given by

σ=σxσy (3.35)

b

a

Ag Agxσx

1
Agxy

σy

1

Figure 3.16: The derivation of 3D fringing factor

With the 3D fringing factor given above, the air gap reluctance is calculated by

Rm, airgap =σ
lg

µ0 ·a ·b
(3.36)

This reluctance calculation approach has higher accuracy compared to the conventional
approach, especially for a large air gap condition[17].

Hence, the total reluctance is the sum of Eq-3.30 and Eq-3.36

Rtot = Rfe +Rai r = le

µ0µfeAe
+σ lg

µ0 ·a ·b
(3.37)

For a round cross-section core illustrated in Fig.3-17, the fringing factor is calculated by
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lg
r

Figure 3.17: Round core air gap

σr = R ′
a
µ0r

(3.38)

Where:
- lg is the air gap length.
- r is the radius of the round core.
- R ′ is the 2D air gap reluctance of half of the core leg.

The reluctance of a round core is calculated by

Rg =σ2
r

lg

µ0r 2π
(3.39)

3.2.2. Inductor core losses

There are three physical core loss mechanisms basically: a) hysteresis losses, b) eddy cur-
rent losses, c) residual losses.

Hysteresis losses

For the hysteresis loss, it is due to the reversal of magnetization of magnetic core whenever
it is subjected to alternating nature of magnetizing force. When the core is subjected to an
alternating magnetic field, the domain present in the material will change their orientation
alter every half cycle. The power consumed by the magnetic domains for changing the
orientation after every half cycle is called Hysteresis loss.

Fig. 3-18 shows a B-H curve, even if the current is zero, the material is still containing some
amount of flux, which is known as Retentivity. Any material has a property to retain some
flux and to make that flux zero, a cohesive force is applied. That extra force is Hysteresis
loss.
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B

H

Remanent
Flux
Density

Coersive
Force

Figure 3.18: B-H characteristic of a inductor

Eddy current losses

Eddy current losses caused by the fact that the inductor core itself is composed of conduct-
ing material, so the voltage induced in it by the varying flux produces circulating current in
the core. This current is so called eddy current, the loss caused by this current called eddy
current losses. Fig. 3-19 shows the basic principle of eddy current losses.

Ieddy

B

Figure 3.19: Illustration of eddy current losses

Core losses calculation

The most commonly used equation to calculate core losses is so called Steinmetz Equation:

Pv = k f αB̂β(Ct1T 2 +Ct2T +C t ) (3.40)

Where B̂ is the peak flux density of a sinusoidal flux density waveform with the frequency
f . The left side of the equation Pv is the core losses per unit volume. K , α, β are material
coefficients, which are referred to as the Steinmetz parameters. These parameters are de-
termined by experiment and only valid for a limited f and B̂ range. T is the temperature,
and Ct2, Ct1 and Ct are the temperature coefficients. Some Steinmetz parameters are given
in Table 3-6 [4]
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Material k α β Ct 2 Ct 1 Ct 0

3C90 3.2 1.46 2.75 1.65e-4 3.1e-2 2.45

3C91 2.5 1.4 2.5 1.42e-4 1.3e-2 0.88

3F36 6.83 1.439 3.27 8.39e-5 1.08e-2 1.23

3C98 2.5 1.4 2.85 2.5e-4 0.05 3.5

Table 3.6: Steinmetz parameters

However, the Steinmetz Equation is not accurate enough to calculate core losses in many
conditions because of following reasons:

• The flux density waveform is always non-sinusoidal in power electronic applications,
especially for switched-mode power supply.

• A DC bias premagnetization HDC is not taken into consideration

For the four-switch buck-boost converter, the flux density waveform is always non-sinusoidal,
and a DC bias premagnetization is always existing, so the Steinmetz Equation is not capable
in this application. An improved equation, the improved Generalized Steinmetz Equation
(iGSE), proposed in [18], is applied:

P core, V = 1

T

∫ T

0
ki

∣∣∣∣dB

dt

∣∣∣∣α (∆B)β−αdt , (3.41)

Where the ∆B is the peak-to-peak flux density, and ki is determined by:

ki = k

(2π)α−1
∫ 2π

0 |cosθ|α2β−αdθ
(3.42)

The parameters α, β and k are the same with which is used in Steinmetz Equation. Fig.
3-20 shows a trapezoidal flux density waveform which is a typical waveform for the ZVS
modulation scheme of the four-switch buck-boost converter (see Chapter 4), and the Eq.
3-43 tells how to calculate the core losses with improved Generalized Steinmetz equation.



3.2. Inductor modelling 33

t1

T

dB1(t)
dt

∆B1

∆B0

∆B2

t2 t3

dB0(t)
dt

dB2(t)
dt

BL

Figure 3.20: Example of iGSE



Pv1 = 1
T

∫ t1
0 ki

∣∣∣∆B0
t1

∣∣∣α (∆B0)β−αd t , 0 < t < t1

Pv2 = 1
T

∫ t2
t1

ki

∣∣∣ ∆B1
t2−t1

∣∣∣α (∆B1)β−αd t , t1 < t < t2

Pv3 = 1
T

∫ t3
t2

ki

∣∣∣ ∆B1
t3−t2

∣∣∣α (∆B1)β−αd t , t2 < t < t3

Pv4 = 0, t3 < t < t4

Pv = Pv1 +Pv2 +Pv3 +Pv4

(3.43)

3.2.3. Inductor winding losses

The ohmic losses in the winding is the second source of losses in the magnetic components.
The resistance of conductors increases as frequency increases due to eddy currents. Skin-
effect is caused by the self-induced eddy currents, while the proximity effect is caused by
the eddy current which is induced by the external alternating magnetic field such as the air
gap fringing field or the magnetic field from other conductors.

Skin effect

The magnetic field of a conductor which has current flowing is determined with Ampere’s
law

∮
Hdl =

Ï
JdA (3.44)

Where H is the magnetic field strength vector and J is the current density vector. If the
current in the conductor is an alternating current, the magnetic field is also alternating.
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According to Faraday’s law, ∮
Edl =− d

dt

Ï
BdA (3.45)

where E is the electric field vector and B is the magnetic flux density vector. An alternating
magnetic field induces an electric field inside the conductor . The excitation current mainly
occurs in the center of the conductor, and the major current flows in the outer layer of the
conductor. This effect is so called skin effect.

The current density in the outer layers of the conductor is larger than it in the inner layers.
The length from the diameter to where the current density falls to the 1

e of the maximum
current density is the skin depth δ, which can be calculated by equation

δ= 1√
πµ0σ f

(3.46)

where
- µ0 is the nature permeability.
- σ is the conductivity of the conductor material.
- f is the frequency of the alternating current.

To simplify, assuming the current concentrates in a skin layer depth σ with a constant cur-
rent density. The losses caused by the skin effect can be calculated by the equation [19]

PS = FR/S( f ) ·RDC · Î 2 (3.47)

Where:
-FR/S( f ) = RAC /RDC is the ratio between AC resistance and DC resistance.

Proximity Effect

Proximity effect is another factor which contributes to the winding losses. The current flow-
ing in one conductor leads to a magnetic field which induces eddy currents in another
conductor, vice versa. If currents in these two conductors have a same direction, on the ad-
jacent side, the eddy current flowing opposite to the current in two conductors, the major
current tends to flow at the other side of the conductor. The proximity effect losses can be
calculated by the equation[19]

PP = RDC ·GR/S( f ) · Ĥ 2
e (3.48)

Where:
-Ĥe is the peak external magnetic field.

- GR/S( f ) is a factor which describes the amount of winding losses due to the proximity
effect. This factor is different for different conductor geometry.

In order to reduce the high frequency losses in terms of skin effect and proximity effect, in
some application litz wire is selected. For Litz-wire, the factor FR can be determined by [19]



3.2. Inductor modelling 35

FR = ξ

4
p

2
(

ber0(ξ)bei1(ξ)−ber0(ξ)ber1(ξ)

ber1(ξ)2 +bei1(ξ)2
− bei0(ξ)ber1(ξ)+bei0(ξ)bei1(ξ)

bec1(ξ)2 +bei1(ξ)2
) (3.49)

The Equation.3-47 can be further developed to

PS,L = n ·RDC ·FR( f ) ·
(

Î

n

)2

(3.50)

Where:
- n is the number of strands of a litz wire

The proximity effect losses in litz-wire can be calculated by

PP,L = PP,L,e +PP,L,i = n ·RDC|GR( f )

(
Ĥ 2

e +
Î 2

2π2d 2
a

)
(3.51)

Where:
- PP,L,e is the proximity effect caused by external magnetic field.

- PP,L,i is the proximity effect caused by internal magnetic field.

- the factor GR ( f ) is calculated by equation

GR =−ξπ
2d 2

2
p

2
(

ber2(ξ)ber1(ξ)+ber2(ξ)bei(ξ)

ber0(ξ)2 +bei0(ξ)2
+ bei2(ξ)bei1(ξ)−bei2(ξ)ber1(ξ)

ber0(ξ)2 +bei0(ξ)2
) (3.52)

x1 x2 x3 xm

jy1

jy2

jy3

jyn

Figure 3.21: Winding example

The He , in the Eq. 3-51, is the external magnetic field generated by air gap fringing field and
neighboring conductors. For a winding as illustrated in Fig. 3-21, in a certain conductor
qmn the magnetic field generated by an external current iul can be expressed as [19]

Ĥe =− j
îxu ,yl

2π
√

(xu −xi )2 + (
yl − yk

)2
· (xu −xi )+ j

(
yl − yk

)√
(xu −xi )2 + (

yl − yk
)2

= îxu ,yl

((
yl − yk

)− j (xu −xi )
)

2π
(
(xu −xi )2 + (

yl − yk
)2

)
(3.53)
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And the total external field Ĥe across the conductor qxi ,yk can be calculated by

Ĥe =
∣∣∣∣∣∣

m∑
u=1

n∑
l=1

ε(u, l )
îxu ,yl

((
yl − yk

)− j (xu −xi )
)

2π
(
(xu −xi )2 + (

yl − yk
)2

)
∣∣∣∣∣∣ (3.54)

The wall of the winding window influences the magnetic distribution. The magnetic field is
always almost perpendicular to the winding window wall since the permeability of the core
material is much larger than the air[27]. The core material can be replaced by the conductor
with a same direction current flowing in it, as illustrated in Fig. 3-22, this method is so called
mirroring method. At the same time, the magnetic field distribution around the air gap can
be modelled by a conductor with a opposite direction current which is also illustrated in
Fig. 3-22.

Figure 3.22: Winding example

By the mirroring method, the proximity and fringing effect both can be calculated.

3.3. Thermal modelling

In power electronics, temperature is one of the most important parameters because almost
all the semiconductors are highly temperature dependent components. All semiconduc-
tor components have a maximum temperature limitation, and the semiconductor compo-
nents will be damaged permanently if the maximum junction temperature is exceeded. On
the other hand, even the maximum temperature is below the limitation, the semiconductor
lifetime is dominated by temperature swings. The temperature swing leads to mechanical
deformation according to expansion and contraction principle, and it causes mechanical
pressure and affects the lifetime of semiconductor devices.

There are three physical mechanisms conduction, radiation and convection to transfer
heat. For a semiconductor component, conduction is the dominated mechanism. The
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Electrical Domain Thermal Domain

Variable Symbol Units Variable Symbol Units

Current I Amperes Power or heat flux P Watts

Voltage v Volts Temperature T ◦C

Electrical Resistance R Ohms Thermal Resistance Rθ
◦C /W

Electrical Capacitance C Farads Thermal capacitance Cθ Joules/◦C

∆V = I ×R ∆T = P ×Rθ

Table 3.7: Thermal and electrical domain equivalence

basic principle of heat conduction is similar to the electrical circuit. Table. 3-7 illustrates
the equivalences relationship between thermal conduction and electrical circuit.

Fig. 3-23 shows a certain material section which has a temperature difference on two sides.
The heat flux transferring per unit time is given by

P = λA∆T

d
(3.55)

Where:
-A is the cross section area A = a ×b.
-d is the length of the cross section.
-λ is the thermal conductivity of the material.
-∆T is the temperature difference ∆T = TA −TB

According to the relationship in Table. 3-7, the thermal resistance is defined as

Rθ =
d

λA
(3.56)
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Figure 3.23: Heat conduction

For semiconductor switches, typically, there a two kinds of package, through hole and sur-
face mount. Fig. 3-24 shows the thermal layout of a TO-220 (through hole) package device,
and the equivalent circuit is shown in Fig.3-25 in which R JC is the thermal resistance be-
tween junction to case, RT I M is the thermal resistance of thermal interface material, RHS A

is the thermal resistance from heatsink to ambient. On the other side of the device, the
heat is also be transferred by radiation or convection to ambient. Among these thermal
resistance, TIM represents thermal interface material which is a layer of isolation mate-
rial between semiconductor device and heatsink, and its specific thermal resistance can be
calculated by Eq. 3-56. For the thermal resistance RHS A, it is strongly dependent on the
geometry of the heatsink and the air flowing speed surrounding the heatsink. If the liquid
cooling is applied, the liquid temperature is assumed to be constant, and RHS A is relatively
small. The thermal resistance of the path A is much smaller than it of the path B as illus-
trates in Fig. 3-24, therefore the path A is dominant. According to the equivalent thermal
circuit, the junction temperature, in this case, is calculated with

TJ = TA + R J A · (R J A +RT I M +RHS A)

R J A +RT I M +RHS A +R J A
·P (3.57)

TO-220

TIM

Heatsink

PCB

Path APath B

Figure 3.24: Thermal layout of a through hole device



3.3. Thermal modelling 39

RJC

RJA

RTIM RHSA

TJ
TC TS TAP

Figure 3.25: The equivalent thermal circuit

Fig. 3-26 shows the thermal layout of a surface mount device, and Fig. 3-27 shows the
thermal equivalent circuit. The device is attached on the PCB board, and the top side of the
device is attached to heatsink with a layer of TIM in between. On the bottom side, the heat
is transferring from the junction to the board and through the PCB board to the ambient.
Those vias inside the PCB help heat transferring, in other words, the thermal resistance of
PCB RPC B is reduced by those vias. In this case, the path A is also dominate due to lower
thermal resistance. According to the equivalent thermal circuit, the junction temperature
is calculated with

TJ = TA + (R JB +RPC B ) · (R JC +RT I M +RHS A)

R JC +RT I M +RHS A +R JB +RPC B
·P (3.58)

TIM
SMD

PCB

Cu layers

Heatsink

Vias
Path B

Path A

Figure 3.26: The thermal layout of a SMD device
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RJC

RJB
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TC TS TA
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P

RPA

Figure 3.27: The equivalent thermal circuit



4
Modulation scheme

It is possible to operate in several modulation schemes with the selected topology which
could be suitable for different applications. In this chapter, these modulation schemes are
introduced respectively. A comparison is made between these modulation schemes analyt-
ically and numerically. In order to achieve a smaller temperature swing of semiconductor
devices when transferred power changes, which leads to longer lifetime and better reliabil-
ity of semiconductors, a new modulation scheme is proposed at the end of this chapter.

4.1. Modulation I: S4 hard switching modulation
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Fig. 4-1 shows the first modulation scheme, in terms of inductor current waveform, voltage
across the inductor and gate signal of each switch. This waveform is based on an input
voltage 960V , output voltage 630V , switching frequency 500kH z, inductor value 8µH and
output current 8A at the low voltage side.

Fig. 4-2 shows the detailed operation sequence of each time interval.

• t < t0

Before the start of the switching cycle, the switch S2 and S3 are switched on, and a
negative voltage is applied on the inductor L. The inductor current is flowing from the
right to the left side, assuming to be a negative current.

• t0 < t < t
′
0

At time instant t0 the switch S2 is open, the resistance of the transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S2. The output capacitor is charged, which caused the voltage across it rising.

• t
′
0 < t < t

′′
0

After time instant t
′
0, the current start to flow on the output capacitor of switch S1,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S1 to conduct, now the
transistor can be switched on at zero voltage.

• t
′′
0 < t < t1

Before the time instant t1, the switch S1 and S3 are switched on, and a positive voltage
Vi n −Vout is applied on the inductor L. The inductor current flowing from left to right
side.

• t1 < t < t
′
1

At time instant t1 the switch S1 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S1. The output capacitor is charged which caused the voltage across it rising. At the
same time, the switch S3 is open, the diode takes over the current which makes the S3

switch off in almost zero voltage.

• t
′
1 < t < t

′′
1

After time instant t
′
1, the current start to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach the zero at
a certain time which drives the body diode of S2 to conduct, now the transistor can be
switched on at zero voltage. At the same time, on the other side of the inductor, and
switch S4 is switched on at the peak current. The voltage across the switch S4 is the
same with low side bus voltage, which means S4 suffers high switch-on losses.

• t
′′
1 < t < t2

Before the time instant t2, the switch S2 and S4 are switched on, and no voltage is
applied on the inductor L causing a freewheeling period making the inductor current
constant. The inductor current flowing from left to right side.

• t2 < t < t
′
2
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At time instant t2 the switch S4 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S4. The output capacitor is charged which caused the voltage across it rising.

• t
′
2 < t < t

′′
2

After time instant t
′
2, the current starts to flow on the output capacitor of switch S3,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S3 to conduct, now the
transistor can be switched on at zero voltage.

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(a) Interval t0 ∼ t
′′
0 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(b) Interval t
′′
0 ∼ t1.

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(c) Interval t1 ∼ t
′′
1 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(d) Interval t
′′
1 ∼ t2.

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(e) Interval t2 ∼ t
′′
2 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(f) Interval t
′′
2 ∼ T .

Figure 4.2: The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 .

(b)t
′′
0 ∼ t1. (c) t1 ∼ t

′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T .

The transferred power is regulated by adjusting the duty cycle of each interval. More power
is transferred by increasing the length of interval 0 ∼ t1, and the interval t2 ∼ T is also in-
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creased to fulfill the voltage second balance. In maximum power, t1 = t2 Hence, the free-
wheeling interval is shortened. Less power is transferred by shortening the intervals 0 ∼ t1

and t2 ∼ T but lengthen the freewheeling interval.
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Figure 4.3: Power regulation of Modulation I.

In this modulation scheme, as is illustrated in Fig. 4-2(c) to Fig. 4-2(d), the switch S4 is
switching on hardly at a peak current which makes S4 suffers high switching on losses. As
the transferred power growing, the peak inductor current increases a lot. Therefore, the
losses on switch S4 also changes a lot. For switch S3, when it is switched off, the diode takes
over the current, hence, the switching off losses just occurs on the diode, which makes the
switching off losses very small. Meanwhile, for this modulation, it does not transfer power
during the interval t1 ∼ t2 which not only makes the conduction losses of switch S2 and S4

larger but also leads to a larger RMS inductor current and a larger inductor size.
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Figure 4.4: Inductor current waveform, inductor voltage waveform and gate signal of each

switch of Modulation II

4.2. Modulation II: S3 hard switching modulation

Fig. 4-4 shows a typical inductor current waveform (Vi n = 960V ,Vout = 630V , Iout = 8A,)of
the second modulation scheme, which is similar to the Modulation I, but the free-wheeling
interval is at the end of each cycle. Fig. 4-4 also illustrates the gate signal of each switch
and Fig. 4-5 shows the operation sequence respectively.

• t < t0

Before the start of the switching cycle, the switch S2 and S4 are switched on, and no
−Vout is applied on the inductor L which keeps the inductor current constant. The
inductor current flowing from right to left side, assuming to be a negative current.

• t0 < t < t
′
0

At time instant t0 the switch S2 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S2. The output capacitor is charged which caused the voltage across it rising. At the
same time, the switch S4 is open, and the body diode of S4 takes over the current.

• t
′
0 < t < t

′′
0

After time instant t
′
0, the current starts to flow on the output capacitor of switch S1,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S1 to conduct, now the
transistor can be switched on at zero voltage. Meanwhile, the switch S3 is switched on
under the output bus voltage, which causes a significant switched-on losses.

• t
′′
0 < t < t1

Before the time instant t1, the switch S1 and S3 are switched on, and a positive voltage
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Vi n −Vout is applied on the inductor L. The inductor current is flowing from left to the
right side.

• t1 < t < t
′
1

At time instant t1 the switch S1 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S1. The output capacitor is charged which causes the voltage across it rising.

• t
′
1 < t < t

′′
1

After time instant t
′
1, the current starts to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach the zero at
a certain time which drive the body diode of S2 to conduct, now the transistor can be
switched on at zero voltage.

• t
′′
1 < t < t2

Before the time instant t2, the switch S2 and S3 are switched on, and a negative volt-
age −Vout is applied on the inductor L causing the inductor current decreasing. The
inductor current flowing from left to right side.

• t2 < t < t
′
2

At time instant t2 the switch S3 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S4. The output capacitor is charged which causes the voltage across it rising.

• t
′
2 < t < t

′′
2

After time instant t
′
2, the current start to flow on the output capacitor of switch S4, and

the output capacitor is discharged, and the voltage of midpoint will reach zero at a
certain time which drives the body diode of S4 to conduct, now the transistor can be
switched on at zero voltage.

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(a) Interval t0 ∼ t
′′
0 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(b) Interval t
′′
0 ∼ t1.



4.2. Modulation ii: S3 hard switching modulation 47

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(c) Interval t1 ∼ t
′′
1 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(d) Interval t
′′
1 ∼ t2.

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(e) Interval t2 ∼ t
′′
2 .

L

S1

S2

S3

S4

C1 C2

+

-

+

-

(f) Interval t2 ∼ T .

Figure 4.5: The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 .

(b)t
′′
0 ∼ t1. (c) t1 ∼ t

′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T .

For this modulation scheme, Fig. 4-6 shows the power regulation principle, which is the
same as Modulation I, by adjusting the duty cycle of each time interval.
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Figure 4.6: Power regulation of Modulation II.

If the four-switch buck-boost converter operates in this modulation scheme, the switch S3

is always in hard switching mode. However, compared with switch S4 in Modulation I, in
this modulation scheme, S3 is switched on at a much lower current which makes the losses
much lower. The switch S4 is switched off softly. The free-wheeling interval is at the end of
each cycle with lower current value compared with Modulation I, a lower conduction losses
occurs on switch S2 and S4. In addition, the RMS current on inductor is smaller leads to a
smaller inductor size.

4.3. Modulation III: High trapezoidal current modulation
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Figure 4.7: Inductor current waveform, inductor voltage waveform and gate signal of each

switch of Modulation III

Fig. 4-7 shows another modulation scheme which also has a trapezoid inductor current
waveform. Fig. 4-8 shows the operation sequence respectively.
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Figure 4.8: The path of the inductor current iL during each time intervals (a)t0 ∼ t
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0 .

(b)t
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1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t
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• t < t0

Before the start of the switching cycle, the switch S2 and S3 are switched on, and a
negative voltage −Vout is applied on the inductor L. The inductor current is flowing
from right to left side, assuming to be a negative current.

• t0 < t < t
′
0

At time instant t0 the switch S2 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S2. The output capacitor is charged which causes the voltage across it rising.

• t
′
0 < t < t

′′
0

After time instant t
′
0, the current start to flow on the output capacitor of switch S1,
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and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S1 to conduct, now the
transistor can be switched on at zero voltage.

• t
′′
0 < t < t1

Before the time instant t1, the switch S1 and S4 are switched on, and a positive voltage
Vi n is applied on the inductor L. The inductor current is flowing from left to right side.

• t1 < t < t
′
1

At time instant t1 the switch S1 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S1. The output capacitor is charged which causes the voltage across it rising.

• t
′
1 < t < t

′′
1

After time instant t
′
1, the current starts to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach the zero at
a certain time which drive the body diode of S2 to conduct, now the transistor can be
switched on at zero voltage.

• t
′′
1 < t < t2

Before the time instant t2, the switch S2 and S4 are switched on, and no voltage is
applied on the inductor L causing a freewheeling period making the inductor current
constant. The inductor current is flowing from left to right side.

• t2 < t < t
′
2

At time instant t2 the switch S4 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S4. The output capacitor is charged which causes the voltage across it rising.

• t
′
2 < t < t

′′
2

After time instant t
′
2, the current starts to flow on the output capacitor of switch S3,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S3 to conduct, now the
transistor can be switched on at zero voltage.

If the current at the beginning of each cycle I0 reaches the minimum ZVS current, and the
peak current I1 is also large enough to ensure zero voltage switching, in this modulation
scheme, these four switches can all achieve zero voltage switching on.

Fig. 4-9 shows the power regulation principle of Modulation III .
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Figure 4.9: Power regulation of modulation III

In this modulation scheme, the power is transferred in the interval t2 ∼ T , it suffers from
a large reactive current, although zero voltage switching is obtained for all switches. The
peak current is much higher than the previous two modulation schemes which means the
switch S1 and S4 suffer from high switching off losses. Meanwhile, all switches have lager
conduction losses. The peak current varies for a large extent, which makes the losses on
switches also vary a lot.

4.4. Modulation IV: High triangular current modulation

Fig. 4-10 shows the fourth modulation scheme, in terms of inductor current waveform,
voltage across the inductor and gate signal of each switch. Fig 4-11 shows the operation
sequence of each state.
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Figure 4.10: Inductor current waveform, inductor voltage waveform and gate signal of

each switch of Modulation IV

• t < t0

Before the start of the switching cycle, the switch S2 and S4 are switched on, and no
voltage is applied on the inductor L which keeps the indcutor current constant. The
inductor current flowing from right to left side, assuming to be a negative current.

• t0 < t < t
′
0

At time instant t0 the switch S2 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S2. The output capacitor is charged which causes the voltage across it rising.

• t
′
0 < t < t

′′
0

After time instant t
′
0, the currents start to flow on the output capacitor of switch S1,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drives the body diode of S1 to conduct, now the
transistor can be switched on at zero voltage.

• t < t1

Before the time instant t1, the switch S1 and S4 are switched on, and a positive voltage
Vi n is applied on the inductor L. The inductor current is increasing and flowing from
left to right side.

• t1 < t < t
′
1

At time instant t1 the switch S4 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S4. The output capacitor is charged which caused the voltage across it rising.

• t
′
0 < t < t

′′
0

After time instant t
′
1, the current start to flow on the output capacitor of switch S3,

and the output capacitor is discharged, and the voltage of midpoint will reach the bus
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voltage of the low voltage side at a certain time which drive the body diode of S3 to
conduct, now the transistor is switched on at zero voltage.

• t < t2

Before the time instant t2, the switch S1 and S3 are switched on, and a positive voltage
Vi n −Vout is applied on the inductor L causing the indcutor current increasing. The
inductor current flowing from left to right side.

• t2 < t < t
′
2

At time instant t2 the switch S1 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S1. The output capacitor is charged which causes the voltage across it rising.

• t
′
2 < t < t

′′
2

After time instant t
′
2, the current start to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach zero at a
certain time which drives the body diode of S2 to conduct, now the transistor can be
switched on at zero voltage.

• t < t3

Before the time instant t3, the switch S2 and S3 are switched on, and a negative volt-
age −Vout is applied on the inductor L causing the indcutor current decreasing. The
inductor current flowing from right to left side.

• t3 < t < t
′
3

At time instant t2 the switch S3 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S3. The output capacitor is charged which causes the voltage across it rising.

• t
′
3 < t < t

′′
3

After time instant t
′
3, the current start to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach zero at a
certain time which drives the body diode of S4 to conduct, now the transistor can be
switched on at zero voltage.
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Figure 4.11: The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 .

(b)t
′′
0 ∼ t1. (c) t1 ∼ t

′′
1 . (d)t

′′
1 ∼ t2. (e)t2 ∼ t

′′
2 . (f)t

′′
2 ∼ T .

Fig. 4-12 shows the power regulation principle of Modulation IV .
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Figure 4.12: Power regulation of modulation IV

The Modulation IV is similar to the Modulation III but shifts the free-wheeling interval to
the end of each cycle. Therefore, the conduction losses on switch S2 and S4 will be smaller
than it in Modulation III. Similarly, this modulation also suffers large reactively current, the
switch S1 and S4 are both switched off at the large peak current which makes the switching
off losses large and also the loss swings for a large extent.

4.5. Modulation V: Zero voltage switching modulation

Fig.4-13 shows the fifth modulation scheme introduced by[28], in terms of inductor current
waveform, the voltage across the inductor and gate signal of each switch. This waveform
is based on a input voltage 960V ,output voltage 630V , switching frequency 500kH z, in-
ductor value 8µH and output current 8A at the low voltage side. All four switches achieve
zero voltage switch, so it is called zero voltage switching modulation. The current I0 is the
minimum negative offset current to ensure the zero voltage switching of switch S1.

• t < t0

Before the start of the switching cycle, the switch S2 and S4 are switched on, and no
voltage is applied on the inductor L which keeps the inductor current constant. The
inductor current flowing from right to left side, assuming to be a negative current.

• t0 < t < t
′
0
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Figure 4.13: Inductor current waveform, inductor voltage waveform and gate signal of

each switch of ZVS Modulation

At time instant t0 the switch S2 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S2. The output capacitor is charged which caused the voltage across it rising.

• t
′
0 < t < t

′′
0

After time instant t
′
0, the current starts to flow on the output capacitor of switch S1,

and the output capacitor is discharged, and the voltage of midpoint will reach the
bus voltage at a certain time which drive the body diode of S1 to conduct, now the
transistor can be switched on at zero voltage.

• t < t1

Before the time instant t1, the switch S1 and S4 are switched on, and a positive voltage
Vi n is applied on the inductor L. The inductor current is increasing and flowing from
left to right side.

• t1 < t < t
′
1

At time instant t1 the switch S1 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S1. The output capacitor is charged which causes the voltage across it rising. The same
situation applies to the switch S4.

• t
′
0 < t < t

′′
0

After time instant t
′
1, the current starts to flow on the output capacitor of switch S2, and

the output capacitor is discharged, and the voltage of midpoint will reach the zero at
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Figure 4.14: The path of the inductor current iL during each time intervals (a)t0 ∼ t
′′
0 .

(b)t
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1 ∼ t2. (e)t2 ∼ t
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2 ∼ t3. (g)t3 ∼ t

′′
3 . (h)t
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3 ∼ T .
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a certain time which drives the body diode of S2 to conduct, now the transistor can
be switched on at zero voltage. At the same time the switch S3 is switched on at zero
voltage condition.

• t < t2

Before the time instant t2, the switch S2 and S3 are switched on, and a negative volt-
age −Vout is applied on the inductor L causing the inductor decreases. The inductor
current flowing from right to left side.

• t2 < t < t
′
2

At time instant t2 the switch S3 is open, the resistance of transistor channel is in-
creased rapidly, and the current starts to flow on the parasitic output capacitance of
S4. The output capacitor is charged which causes the voltage across it rising.

• t
′
2 < t < t

′′
2

After time instant t
′
2, the current start to flow on the output capacitor of switch S4, and

the output capacitor is discharged, and the voltage of midpoint will reach zero at a
certain time which drives the body diode of S4 to conduct, now the transistor can be
switched on at zero voltage.

The power regulation principle shows in Fig. 4-15. In order to keep the current RMS value
small, the interval t0 ∼ t1 is kept as short as I1 is large enough to ensure the zero voltage
switching of switch S3, and push the time instant t3 to the end of each cycle to increase the
transferred power. If an even larger power is required, the interval t0 ∼ t1 is extended.. If a
smaller power is required, the time instant t3 is pushed to t2 the average output current is
decreasing, in other words, the transferred power is lower.
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Figure 4.15: Power regulation of ZVS modulation.

The zero voltage switching modulation can get rid of the large switching on losses on all
four switches. Plus, in contrast to Modulation III and IV, the ZVS modulation does not
have large reactive current which does not transfer power, and the peak current is relatively
smaller. Switch S2, S3 and S4 are switched off at the minimum zero voltage switching cur-
rent Izv smi n which is always smaller than 10A. Therefore the losses swing on these three
switches are not large.

4.6. Numerical Comparison

In order to determine an optimal modulation scheme, in terms of a low temperature swing
in the semiconductor, high efficiency and smaller inductors, a numerical comparison is
made according to the specific application (Vi n = 960V ,V(out ) = 630V ,20kW ). Taking a
4-phase interleaved structure as an example, which means each phase transferred 5kW .
The inductor value in the following calculation is 8µH , and a silicon carbide MOSFET
C 2M0080120D is selected.
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(a) Loss of switch S1 (b) Loss of switch S2

(c) Loss of switch S3 (d) Loss of switch S4

Figure 4.16: Losses on each switch in terms of different modulation scheme (a)S1. (b)S2.

(c) S3. (d)S4.

Fig. 4-16(a) to Fig. 4-16(d) show the losses in each switch under different modulation
schemes. According to the bar chart above, for Modulation I, switch S4 has high losses and
loss swings; for Modulation II, switch S3 has high losses and losses swings; for Modulation
III and Modulation IV, switch S1, S2 and S4 all suffer high loss swing. For ZVS Modulation
scheme, all four switches suffer relatively low total losses and losses swing. Fig. 4-20 shows
the inductor area product for each modulation. According to Fig. 4-17, the inductor size
of the Modulation II always is always the smallest, and inductor size of ZVS modulation is
also relatively small.

In conclusion, the ZVS modulation is the most suitable modulation scheme for this appli-
cation.
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Figure 4.17: Inductor Area-product in terms of different modulation schemes

4.7. Modulation VI: Proposed low loss swing modulation

According to Fig. 4-16, for ZVS modulation scheme, switches also have a high loss swing,
in order to further increase the life time of these four switches, a new modulation scheme
is proposed. For S1, the switching off losses is dominated, in order to reduce the loss swing
in S1, the offset current for zero voltage switching is increased as the transferred power
decreases, then the loss swing on S1 will be more flat. However, this will increase the loss
swing on S2, S3 and S4, hence, the switching frequency is increased, which reduces the
conduction losses. Fig. 4-18 shows the operation of this proposed modulation scheme.
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Figure 4.18: Power regulation of the proposed low loss swing modulation.

In Fig. 4-18,the power P1 > P2 > P3, and as the power decreases, Ia < Ib < Ic , meanwhile,
the switching frequency is increasing as the power decreases Ta > Tb > Tc . Hence, the
losses changing will be flatter than ZVS modulation scheme. Although the S4 is sacrificed
due to a larger loss swing, it is still small.

(a) Losses on S1. (b) Losses on S2.
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(c) Losses on S3. (d) Losses on S4.

Figure 4.19: Losses on each switch for proposed low loss swing modulation scheme (a)S1.

(b)S2. (c) S3. (d)S4.





5
Power stage optimal designing

In this chapter, an optimal design of the four-switch buck-boost converter is described. It
should be noted that the converter has two output voltage level (360V &630V ), and both
are taken into consideration in the optimal design. In order to get a high power density,
normally, the multiphase structure is a common solution which reduces the output ca-
pacitance. High operating frequency is an other solution, however, a high frequency will
cause high switching losses even if in zero voltage switching modulation. In order to have
less losses and a longer life time, a two-stage structure is selected, in this case, 650V GaN
switches can be used which further reduce losses. An optimal inductor design result is also
illustrated in this chapter. The estimated efficiency, losses and temperature swing of the
optimized four switch buck boost converter are given. A 3D modelling is also illustrated in
this chapter, and based on it the power density estimation is given.

5.1. Two stage structure

The high side bus voltage is 960V , a switch with 1200V drain to source voltage should
be selected. However, all switches on the market with such a high drain to source volt-
age always have high switching losses. For instance, the SiC MOSFET used in Chapter IV
C 2M0080120D , when it is switched off at a high current the losses is very high which is im-
possible to design the cooling. If the drain to source voltage can be reduced, the switching
losses also decrease at the same switching frequency. As shown in Fig.4-1, for instance, the
data for the SiC MOSFET C 2M0080120D and the GaN FET GS66516 have a similar trend.

65
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Figure 5.1: Switching energy of C2M0080120D and GS66516

In order to reduce the drain to source voltage across the switch, the two-stage structure or
multilevel structure can be implemented as Fig. 5-2 shows
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Figure 5.2: Two-stage four-switch buck-boost converter

Fig.5-3 shows the switching sequence of each switch.

• State 1 Switch S1,S6, S7 and S4 are switched on.

• State 2 Switch S1,S5, S8 and S4 are switched on.

• State 3 Switch S2,S3, S8 and S5 are switched on.

• State 4 Switch S2,S3, S6 and S7 are switched on.

If the upper and lower stage are balanced, the voltage across C1 and C2 are the same, no
current is flowing on the neutral line. The voltage across each switch is half of the bus
voltage which can do a large contribution to the reduce the losses on each switch.
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Figure 5.3: Operation sequence of two-stage converter

In this case, a GaN transistor GS66516T manufactured by GaN Sy stem is selected due to
its extremely low switching losses and relatively low conduction losses. It should be noted
that although the GaN does not have a body diode, the devices are naturally capable of
reverse conduction, an external diode is not required.

5.2. Interleaved structure

As been mentioned in the previous chapter, the interleaved structure has several advan-
tages:

• The interleaved structure spreads the current stress on each switch, which reduces
the losses on a single switch. For four-switch buck-boost converter in zero voltage
switching modulation scheme, the interleaved structure mainly lowers the switching
off losses of S1, and lowers the conduction losses of S2 and S3

• The interleaved structure has output ripple cancellation. The ripple current is smaller
depending on the duty cycle, and the ripple current frequency is n times of a single
phase (n is the number of phases.). This effect reduces the stress on the whole filter
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and the size of it.

The losses of each switch at full load (20kW ) as a function of inductor value, regarding to
the number of phases and two different output voltage (630V ,360V ) are illustrated in Fig.
5-4
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Figure 5.4: Losses of each switch (a)S1. (b)S2. (c) S3. (d)S4.

Fig. 5-5(a) shows the total inductor volume estimation as function of inductance value,
in terms of different number of phases. Fig. 5-5(b) shows the required output capacitor
to keep the ripple voltage ∆V < 2V . These results are not like a multiphase buck con-
verter whose output capacitor shows a linear relationship as a function of the duty cycle
and number of phases as illustrated in Section 2.1. For multiphase four-switch buck-boost
converter, the phase output current is irregular, and the total output current is also irregu-
lar, which makes it difficult to describe the relation between total output current and phase
output current by a single equation.

According to the result illustrated in Fig. 5-5, although more number of phases leads to
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Figure 5.5: Total inductor volume and required capacitance

less losses on each switch, it also leads to higher total inductor volume and a large heatsink
volume. In summary, three phases should be the optimal option.

It can be found from Fig. 5-4 that the losses on switch S1is still high when the output voltage
is 360V especially, in order to further decrease the losses on switch S1, an external capaci-
tance is put in parallel to slow down the rising of the drain to source voltage as explained in
Section 3.1. The value of the external capacitance is 100pF .

The complete power stage circuit is illustrated in Fig. 5-8, a three-phase two-stage four-
switch buck-boost converter. Each phase has a 120 degrees phase shift. The total output
current and phase output current at 360V output with inductor value 4.5µH is shown in
Fig. 5-8 from which we can see the total output current ripple is 9.5A while phase current
ripple is 45.8A. Fig. 5-7 shows the ripple current at 630V output voltage.

&

120o

Figure 5.6: Phase current ripple and total output current ripple
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&

120o

Figure 5.8: Phase current ripple and total output current ripple

5.3. Inductor design

According to the two-stage and interleaved structure, and based on the result from previous
sections, an inductor around 4.5µH is designed. At first, the a suitable material should be
selected, especially the operation frequency is up to 500kH z. Referring to the documents
provided by manufacturers, N 49 and 3F 36 is suitable for high frequency and high power
application. A EELP 58/11/38 core is selected after comparison in terms of size and core
loss density. Parameters are given in Table. 5-1. Fig. 5-10 shows the designed inductor in
finite element simulation software.

Inductance L 4.54 µH

Material N49

Effective magnetic cross section 310 mm2

Effective magnetic path length 80.7 mm

Effective magnetic volume 25000mm3

Litz wire 0.05mm ×2800

Number of turns 4

Air gap length 2mm

Table 5.1: Inductor parameters
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Figure 5.9: 2D cross section of designed inductor

5.4. Thermal consideration

Water cooling will be used in this converter. The selected GaN switch GS66516T is a top
side cooling device, so the topside is pasted on the cooling plate as illustrated in Fig. 5-
9. The heat is transferred from the device junction to the water cooling plate through
junction-to-case and thermal interface material. The thermal resistance of junction to
case is R j c = 0.3◦C /W . The manufacturer recommends several different designs, the corre-
sponding thermal resistance calculating by Eq. 3-56 are illustrated in Table. 5-2, provided
by [7].

TIM

GS66516T

PCB

Cu layers

Water cooling plate

Water 

Gate driver

Figure 5.10: Total current ripple and phase current ripple corresponding to 360V

In order to reduce the size, the gate driver circuit can be put at the other side of the PCB,
usually vias are not existing in this case. The thermal resistance through junction-to-board
and board-to-ambient is very large, this heat transfer path can be neglected (two transfer
paths are in parallel). The temperature of the water cooling plate can be assumed to be
constant, hence, the junction temperature can be estimated by

T j = Tpl ate + (R j c +RT I M )Pl oss (5.1)

5.5. Overall efficiency ,temperature swing and power density estimation

At heavy load the switching frequency is 500kH z, and the negative offset current is −6.5A.
At light load assuming the switching frequency is increased to 700kH z, and the negative
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SIL-PAD K-4 SIL-PAD

1500ST

GAP3000S30 HI-FLOW

300P

GAPFILLER GS

3500S35-07

TIM Thickness

(mm)

0.152 0.203 0.25 0.102 0.178

Thermal

conductivity

(W /m ·K )

0.9 1.8 3.0 1.6 3.6

Thermal

resistance (◦/W )

4.12 2.94 2.29 1.84 1.49

Table 5.2: Recommended TIM design

offset current is increased to −10A. Losses of each switch, temperature swing, core losses,
winding losses and overall efficiency in terms of two output voltage value are given in the
table below. For other modulation schemes, the efficiency and temperature are illustrated
in Appendix A.

630V 360V

Core losses (W ) 4.01 4.77

Winding losses (W ) 3.85 7.88

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 13.1 & 58.7 8.5 20.9 & 56.2 14.3

S2 7.8& 36.2 3 14.5 & 51.1 13.7

S3 9.8 & 42.6 10.3 19.8 & 54.5 16.8

S4 4.3 & 32.7 2.7 1.1 & 29.0 2.2

Overall efficiency in 20kW 98.5 % 97.7 %

Table 5.3: Overall losses, temperature and efficiency

A 3D modelling of one phase of this converter is illustrated in Fig .5-12, inductors and
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switches are pasted on the water cooling plate, and PCB board are on the top of the plate.

(a) (b)

Figure 5.11: 3D modelling of one phase

The size of one phase is 13.5cm×6.3cm×3.6cm and the total power stage volume is 0.96L.
The capacitor is selected to be 2 DC link film capacitors B32774P with total volume 0.044L.
In addition, a control board and other auxiliary components are required, assuming the
volume of these components are 0.2L. Hence, the power density can be estimated to be
16.6kW /L.



6
Close loop control

In this chapter, the close-loop control of the four-switch buck-boost is introduced. Firstly,
Section 6.1 shows the overview of the close-loop control block. The control principle is
introduced in Section 6.2. Since the power stage is a two-stage structure, a balancing con-
troller is required to keep the voltage balance of the high and low stage which is explained
in Section 6.3. The duty cycle of each interval is determined by the transferred power, and
it is calculated instantly with the input and output voltage and output current, the way how
to calculate those duty cycles is explained in Section 6.4. Furthermore, in order to ensure
the zero voltage switching, the zero crossing detection is implemented, and the principle
and function of it are introduced in Section 6.5, and a basic zero crossing detection circuit
is illustrated. In Section 6.6, close-loop control simulation results are given.

6.1. Overview of close-loop control structure

Fig. 6-1 shows the block diagram of the close-loop control. The output voltage is the set
value, and the input and output voltage and output current are measured. The current
zero crossing signal is also detected which is used to ensure the zero voltage switching. A
balancing control loop (differential loop) by which the high stage and low stage can be bal-
anced is also included, hence, the midpoint voltage is also measured. Filters are required to
reduce the noise before signals going into the ADC. Those signals are feedback to the FPGA
or micro-controller. A current mode control strategy is implemented to generate a target
output current. The input voltage, output voltage and target output current are going to the
duty cycle calculator whose results are input to modulation block. The Table. 6-1 shows the
signal corresponding to Fig. 6-1.
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V
′

out & Vout Output voltage analog and digital signal

V
′

mi dL
& Vmi dL Low side midpoint voltage analog and digital

signal

I
′
out & Iout Output current analog and digital signal

ZC D
′
1 ∼ 8 & ZC D1 ∼ 8 Zero cross detection analog and digital signal

V
′

i n & Vi n Input voltage analog signal and digital

V
′

mi dH
& Vmi dH High side midpoint voltage analog and digital

signal

Ioutset Output current set value

Voutset Output voltage set value

dH1&dH2&dH3 High stage duty cycle

dL1&dL2&dL3 Low stage duty cycle

PW MPh1&PW MPh2&PW MPh3&PW MPh3 PWM signal of each phase

Table 6.1: Signals corresponding to Fig-6.1

6.2. Current mode control

+-

Kiv+Kpv

Kpv

+-

z
1

Multiply 

×

Multiply 

×
Vout_set

Vout_meas

Unit delay

++

Limitation

Unit delay

z
1

+-

Iout_meas

Multiply 

×

Multiply 

×

Kii+Kpi

Kpi

+-

z
1

++

Limitation

Unit delay

z
1

Unit delay

Itarget´
Itarget

Figure 6.2: Current mode control
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Fig. 6-2 shows the current mode controller in z −domai n. In this controller, the output
voltage Vout_set is the set value. The outer loop is the voltage loop and the inner loop is
the current loop and these two loops constitute a cascade control strategy. The transfer
function of the PI controller there can be derived step by step as below, taking the current
loop as the example

I
′
(z) = Ier r or (z)× (K ii +K ip )− Ier r or (z)×K ip × 1

z
(6.1)

I
′
(z)+ 1

z
× It ar g et (z) = It ar g et (z) (6.2)

Ier r or (z) = I
′
t ar g et − Iout_meas (6.3)

Substituting the I
′
(z) in Eq.6-2 with Eq.6-1, than we can get the transfer function of the

controller, and it is very clear this controller is a PI controller.

H(z) = Iout (z)

Ier r or (z)
= K ii

z

z −1
+K ip (6.4)

Where:
- K ii is the current loop integrate coefficient.

- PP,L,i is the current loop proportional coefficient.

6.3. Balance controller

Ideally, the voltage across the input capacitor C1 and C2 are the same which is half of the
bus voltage Vbus/2, and the high stage and low stage will work evenly. However, in practice,
it is possible that the voltage across the capacitors C1 would be pulled away by C2 (vice
versa), which might higher than the switches break down voltage. Switches, even the whole
system, will be damaged by this phenomenon. Therefore, a balance controller is required.
For instance, if the voltage VC1 is higher than voltage VC2 , more power should be transferred
by the high stage, vice versa.

Fig. 6-3 shows the structure of the balancing controller. The input bus voltage and the
voltage across the capacitor C2 are measured and feedback to the controller. The difference
value of half of the bus voltage and voltage VC2 are compensated by a PI controller. This
value is either add or subtract to the main controller output which is input into the duty
cycle calculator.
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-

+

Multiphase Power Stage

C3

C4

-

+
C1

C2

1

2
-

+

PI compensator

Main Controller -
+

+
+

Iout

∆I

Iout1

Iout2

Balanced Controller

Figure 6.3: Balance controller

6.4. Duty cycle calculation

The zero voltage switching modulation scheme is illustrated below. Defining duty cycle
of the interval between time instant 0 ∼ t1 as d1, t1 ∼ t2 as d2, t2 ∼ t3 as d3 and t3 ∼ T as
d4. As be discussed in chapter 4, in this modulation, when the power required is below a
certain value, the duty cycle of the first interval is kept constant, but increasing d2 and d3

correspondingly until d1 +d2 +d3 = 1 (time instant t3 reaches the end of the cycle.). In this
condition, d1 is calculated by

d1 = (I1 − I0)L

Vi n
(6.5)

The average output current be derived by

Iout = (I1 + I2)d2T

2
+ (I2 + I0)d3T

2
(6.6)

d3 = (I 2− I 0)L

T Vout
(6.7)

where I1 and I2 can be derived by

I1 = I0 + Vi nd1T

L
(6.8)

The duty cucle d3 is calculated by
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I2 = I0 + (Vi n −Vout )d2T

L
+ Vi nd1T

L
(6.9)

Substituting I1, I2 and d3 in Eq. 6-5 with Eq. 6-6, Eq. 6-7 and Eq. 6-8, and solve the second
order formula as a function of d2,

d2 =−
I0L+d1T Vi n −

√
I 2

0 L2Vi n+2d1I0LT Vi nVout+d 2
1 T 2V 2

i nVoutp
Vi n

T (Vi n −Vout )
(6.10)

Once the required output current is large than a certain value, in an other word, t3 reaches
the end of the cycle, then increase d1, as illustrated in Fig. 6-5. In this case, the average
output current can be calculated by

Iout =
(−I0 + I1)(d1 − −2I0L

V T )

2
+ (I1 + I2)d2

2
+ (I2 + I0)d3

2
(6.11)

In Eq. 6-10 I1 and I2 are the same with Eq. 6-7 and Eq. 6-8, and d3 = 1−d1−d2, hence, the
three duty cycle is

d1 =−
I0LVi n −2T V 2

out +
√

Vi n (I 2
0 L2Vi n +4I0LT Vout (2Vi n +Vout )+4T Vout (T Vi nVout −2Iout L(Vi n +Vout )))

2T Vout (Vi n +Vout ))
(6.12)

d2 =
I0LVi n +

√
I 2

0 L2V 2
i n +4T Vi nVout (2I0LVi n +2Iout LVi n + I0LVout −2Iout LVout +T Vi nVout )

2T Vi nVout
(6.13)

d3 =−
I0LVi n −2T V 2

i n +
√

V i n(I 2
0 L2Vi n +4I0LT V out (2V i n +V out )+4T Vout (T Vi nVout −2Iout L(Vi n +Vout )))

2T Vout (Vi n +Vout ))
(6.14)

0

t1
t2 t3 T

I0

I1

I2

Figure 6.4: Illustration of each duty cycles
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6.5. Zero cross detection

In order to ensure the zero voltage switching of the switch S1, enough negative offset cur-
rent, as I0 illustrated in Fig. 6-4, is required to charge and discharge the leg capacitance.
Although the duty cycle is calculated which should be able to reach the current ideally.
However, in reality, it might be either larger or smaller than the required value due to the
hardware delay time or some other non-ideal conditions. Hence, other way should be taken
to make sure the negative offset current is enough. The zero crossing detection is always
used.

Zero crossing

Drain to source current of S2

tdelay

Figure 6.5: Illustration of zero crossing detection

Fig. 6-5 shows the drain to source current of switch S2, and there is a point where the drain
to source current is crossing zero. After this zero crossing point, this state will still last for a
time interval tdel ay which can be calculated by

tdel ay =
I0L

VL
(6.15)

After tdel ay , the we can ensure the I0 is reached. Then the zero voltage switching is ensured.
To detect the zero crossing point, a resistor is put at the source of switch S2 and at the drain
side of S3, as illustrated in Fig. 6-6

The zero crossing detection topology is illustrated in Fig. 6-7. An operational amplifier
is used to amplify the resistor voltage zero crossing, and it is input to a comparator. The
output of the comparator is going to the controller through an isolated level shifter.

-

+
Operation amplifier

Comparator

ZCD
Level shifter

ControllerR1

R2

R3

Figure 6.7: Illustration of ZCD principle
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S3

S4

S7

S8

- -

S1

S2

S5

S6

+ +
L1

L2

R2

R1

Figure 6.6: Illustration of ZCD principle

6.6. Simulation result

The simulation results of close-loop control are illustrated in Fig. 6-7 and Fig. 6-8 in terms
of 630V and 360V output respectively.

Figure 6.8: Close loop control simulation result in terms of 630V output

Figure 6.9: Close loop control simulation result in terms of 360V output

Fig. 6-10 illustrates the simulation results of balance control. The inductor value of high
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stage is set to be larger than the low stage inductor, so the voltage is pulled by the high stage
as illustrated in Fig. 6-10. Before t = 2.2ms when the balance control is not enabled, after
this time instant, two voltage values become equal because the balance control is enabled.

High	and	low	stage	output	voltage

160

165

170

175

180

185

190

195

×	1e-30.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
160

165

170

175

180

185

190

195

Figure 6.10: Balance control simulation result





7
Testing and Measurement

A two-phase four-switch buck-boost converter (48/12) is used to verify the performance
prediction, in terms of the zero voltage switching and the proposed modulation scheme.

7.1. Testing setup

Fig. 7-1 shows the basic structure of the testing prototype, a two-phase interleaved four-
switch buck boost converter which converter 48 volts to 12 volts with maximum 40A output
(During testing, the maximum current is limited to 20A). The Table. 7-1 gives some key
parameters of this prototype.

Sa1

Sa2

Sa3

Sa4

C1 C2

+

-

+

-

Sb1

Sb2

Sb3

Sb4

La

Lb
48V

12V

Figure 7.1: Prototype structure

Fig. 7-2 illustrates the testing setup in the lab, and Fig.7-2 illustrates the equivalent dia-
gram. The high voltage side is connecting to a power supply (0 ∼ 200V ,0 ∼ 210A,0 ∼ 15kW ),
and the low voltage side is connecting to an electrical load (0 ∼ 80V ,0 ∼ 300A,0 ∼ 2.6kW ).
The parameters in the micro-controller can be changed with UART interface.
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S1&S2 STL135N8F7AG

S3&S4 STL190N4F7AG

Inductor core EELP38

Core material N95

Inductance value 1.45µH

Litz wire 0.071×821

Table 7.1: Prototype specification

Figure 7.2: Measurment setup
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Multiphase Power Stage

UART interface

Power supply 
Electrical load

56V 14V 

Figure 7.3: Measurment setup

7.2. Experimental Results

In this section, the experimental results of the 48/12 two-phase four-switch buck-boost
converter are shown.

The voltage across the inductor is illustrated in Fig. 7-4. There are four voltage levels which
shape the inductor current to be as zero voltage switching modulation.

Figure 7.4: Inductor voltage waveform

Fig. 7-5 shows the drain to source and gate to source voltage of those four switches in the
first phase (The red waveform is drain to source voltage Vd s , the green waveform is gate
to source voltage Vg s). As illustrated, the gate voltage always rises after the drain to source
voltage reaches zero, hence, all four switches can reach zero voltage switching.

Fig. 7-6 shows the overall converter losses as a function of output power and different I0(the
current at the beginning at each cycle as illustrated in Fig .6-4. As illustrated, the overall
losses is increasing as the output power increases. In addition, the overall losses is also
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Vds

Vgs

(a) Switch on transition of S1.

Vds

Vgs

(b) Switch on transition of S2.

Vds Vgs

(c) Switch on transition of S3.

Vds Vgs

(d) Switch on transition of S4.

Figure 7.5: Switch on transition of each switch (a)S1. (b)S2. (c) S3. (d)S4.

increasing as the I0 increases.
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Figure 7.6: Experimental data

However, as illustrated from the measurement result, the difference is quite limited, it can
be explained by the following reason:
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• Firstly, the voltage rate of the prototype is low (48V &12V ), and the switching fre-
quency of the prototype is low as well (65kH z). Hence, the switching frequency is
quite small. When I0 is enlarged, the switching losses increment is very limited.

• Secondly, the MOSFET used in the prototpye is ST L135N 8F 7AG which has a extremely
low on-state resistance (typical value 3.15mΩ), through RMS current is enlarged when
the I0 is increased, the conduction losses do not increase much either.





8
Summary and Outlook

In this chapter, a summary based on the information presented in the previous chapters is
given.

8.1. Summary

The aim of this thesis is to design a high power density DC/DC converter for high dynamic
application. The DC/DC converter is implemented to drive the high dynamic motors in the
wafer stage.

First, due to the highly dynamic application, a suitable topology four-switch buck-boost
converter is selected. The four-switch buck-boost converter has high flexibility, it can work
in several modes such as buck mode, boost mode and buck-boost mode. The most impor-
tant feature, compared to the conventional buck converter, boost converter, it can offer a
free-wheeling interval in which no voltage is applied on the inductor. As a result, the power
can be regulated by adjusting the duty cycle of a free-wheeling interval to overcome of the
drawbacks of synchronous conduction mode and triangular current mode. Secondly, com-
pared to conventional Si MOSFET and IGBT, new generation wide bandgap semiconductor
devices can achieve higher switching frequencies due to low parasitic parameters, as a re-
sult, wide bandgap semiconductor devices are suitable for the application in this thesis.

In four-switch buck-boost converter, it is possible to implement a zero voltage switch method
without any auxiliary component. If a large enough amount of charge can be provided by
the inductor current to charge the leg capacitance, the diode will take over the current be-
fore the transistor is turned on, and it can be turned on at zero voltage. The minimum offset
current to ensure the zero voltage switching can be determined by solving the equations in
chapter 3. In order to analysis and design the converter, each part of losses has to modelled.
The semiconductor switching energy can be estimated, based on the datasheet, by using
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second order approximation. The same method can also apply to the conduction losses.
Another key component is inductor, reluctance equivalent circuit is the common way to
design the inductor, and the air gap reluctance is complicated to get. The conventional way
to calculate it out of accuracy, so a more advanced way which consider the fringing effect in
3D is used in this thesis. In switch mode power converter, the current in the inductor is al-
ways non-sine, also in the selected four-switch buck-boost converter, so the conventional
Steinmetz equation is no more capable, so a improved generalized Steinmetz equation is
implemented in this thesis. Winding loss in inductor is also worth to pay attention to, in
high frequency application, skin effect and proximity effect lead to higher winding losses,
and the fringing effect caused by the air gap also affects winding losses, mirroring method
is implement to calculate it in this thesis.

Several modulation schemes are compared analytically and numerically in chapter 4 in
terms of efficiency, losses on each component and inductor volume. In conclusion the zero
voltage switching modulation is the best modulation scheme. In order to further decrease
the losses swing on each switch, a new modulation scheme is proposed. The negative offset
current and switching frequency is increased as the power is falling. Consequently, the
switching off losses and conduction losses is larger than original.

After the topology and modulation scheme are selected, details of the converter can be
determined. The bus voltage is 960V , as a result, the switch is switching at the bus volt-
age. Consequently, a high frequency is not reachable due to large switching off losses. A
two-stage structure is proposed, so switches at high voltage side are switching at half of
the bus voltage (480V ). In this case, a 650V GaN switch can be selected due to its ex-
tremely low switching losses and relatively low conduction losses. After that, the number
of interleaved phases is determined in terms of maximum losses on each device, output
capacitance value and total inductor volume. In conclusion, three phases is the optimal. It
should be noted in 360V output, the high voltage high side switch S1 still has 30W losses,
so a external capacitance should be connected in parallel with the switch to reduce the
switching off losses. The inductor is designed and simulated in finite element software.
The power stage of the converter can reach 98.5%(630V ) and 97.7%(360V ) respectively. A
16.6kW /L power density can be achieved, according to the 3D mechanical modelling.

Next, the close loop control is determined . The control strategy is the current mode control
in which there are two feedback loops, a voltage loop and a current loop. According to
the two-stage structure, a balancing controller is implemented to keep the balance of the
high stage and low stage, otherwise, the voltage may drift between the two stages and over
the breakdown voltage of the devices and damage them even the entire system. The duty
cycle of each state is calculated instantly according to the input/output voltage and output
power, equations are given in chapter 6.In order to ensure the zero voltage switch, the zero
crossing detection is applied. The drain current zero crossing point of high voltage low side
switch S2, and the state remains until a certain time delay tdel ay after the zero crossing.
With all discussed above, the close-loop control for the converter can be achieved.

A 48/12 two phases four-switch buck-boost converter is used to verify the zero voltage
switching, and the proposed modulation scheme. From the testing results, the efficiency is
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more flat as the output power changes. From the waveform, the zero voltage switching is
proved.

8.2. Future work and outlook

Due to the time limitation, the prototype is not finished, so in the future, it should be fin-
ished and tested. Moreover, coupled inductors should be designed to further decrease the
total volume of inductors in order to increase the power density. In terms of close-loop
control, the bandwidth of this multiphase four-switch buck-boost has not been clarified,
it would be very interesting to investigate the bandwidth and phase margin of the close-
loop control. Further, it is worth to apply other control strategies and controllers to this
converter to verify which one is the best. Meanwhile, for the proposed new modulation
scheme, there is a trade-off between the variation of frequency and offset current which
needs to research for every specific design.

This topology probably is also suitable for there applications such as UPS (Uninterruptible
Power supply), EV (Electrical Vehicle) charging, microgrid, etc. Because of the advantages
of this topology, it could be a good candidate for these applications, which is worth inves-
tigating.
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Appendix A

In this appendix, losses Modulation I: S4 hard switching modulation

630V 360V

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 17.4 & 51.1 17.7 34.3 & 76.1 42.8

S2 14.7& 46.9 14.2 41.7 & 87.1 54.2

S3 7.8 & 36.6 6.8 14.1 & 46.0 18.0

S4 84.1 & 150.3 72.8 130.4 & 219.3 140.2

Table A.1: Losses on each switch Modulation of I

Modulation II: S3 hard switching modulation

630V 360V

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 17.4 &51.1 17.7 34.3 & 76.1 42.8

S2 7.2 & 35.7 2.7 14.5 & 46.5 12.9

S3 38.7 & 82.6 7.2 48.6 & 97.4 21.9

S4 1.9& 27.8 0.9 1.9 & 27.8 0.8

Table A.2: Losses on each switch of Modulation II

Modulation III: High trapezoidal current modulation
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630V 360V

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 41.7& 87.1 53.6 45.3 & 92.5 58.1

S2 51.5& 101.7 68.5 76.2 & 138.5 104.3

S3 14.9 & 47.2 17.4 23.3 & 59.7 31.3

S4 73.1& 133.9 99.8 113.2 & 193.7 160.9

Table A.3: Losses on each switch of Modulation III

Modulation IV: High triangular current modulation

630V 360V

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 41.7 & 87.1 53.6 45.3 & 92.5 58.1

S2 16.8 & 50.0 16.5 26.3 & 64.2 30.5

S3 14.9 & 47.2 17.4 23.3 & 59.7 16.8

S4 34.4 & 76.1 41.7 42.0 & 87.6 53.6

Table A.4: Losses on each switch of Modulation IV

Modulation V: Zero voltage switching modulation

630V 360V

Pmax (W ) & Tmax (◦C ) ∆T (◦C ) Pmax (W ) & Tmax (◦C ) ∆T (◦C )

S1 13.1 & 58.7 12 30.6 & 78.0 35.2

S2 7.9 & 36.2 4.2 14.5 & 51.1 15.8

S3 11.1 & 41.5 11.5 19.8 & 54.5 25.6

S4 3.5 & 30.2 0.9 2.6 & 28.9 2.3

Table A.5: Losses on each switch of Modulation V
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