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Abstract

High-frequency resonant converters possess several advantageous properties that
make them well suited for high power density applications, such as on aerospace
vehicles. A comparison of high frequency resonant converter topologies with four energy
storage elements is presented. It first describes how all possible circuit topologies for
such converters under current-source and voltage/current-sink conditions can be
individually characterized. The analytical results obtained regarding the converter’s main
steady state characteristics (including input-output transfer function, DC gain, high-
frequency-gain slope, input impedance, resonant frequencies, load invariant gains and
load invariant frequencies) are then summarized for easy reference. This summary
provides valuable insight about which of these converters offer possible advantages (in
terms of steady-state characteristics) over other fourth-order and lower-order resonant

converters; two converters were identified for in-depth investigation.

This thesis then presents the detailed results for the I'-CL//-LC current-source
resonant inverter circuit and CLLC current-source resonant inverter circuit. These include
analytical results on its steady-state characteristics (including input impedance, resonant
frequency, input-output transfer function, individual component voltage and current
stresses, and efficiency). In addition, samples of analytically derived design charts,

simulation results and experimental results are shown.
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This thesis then presents results regarding the dynamic characteristics of the I'-
CL//-LC current-source resonant DC/DC converter and CLLC current-source DC/DC
resonant converter. An approximation technique is employed based on the extended
describing function concept, to derive a small-signal model of these resonant DC/DC
converters. By this method, one can obtain the frequency responses of the output voltage
to frequency control, to duty-ratio control, and to source and load perturbations, useful
for dynamic response studies and for control design of these converters. Analytical
results derived via the proposed procedure for design examples are presented along with

corresponding simulation and test results.

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Acknowledgements. ........ ..ottt
ADSTIACE. ... e
List of Tables........o.oouiii e
List of Figures.......c.ooooiiiiiiiiiiii
Chapter L. ..o e
Introduction. ... e
1.1 Need for Higher Order Resonant Converters..............cooeeiiiiiiiiiiiiiennn.
1.2 ThesiS OVeIVIEW. ... ueeutenetet ettt e et e e e ttet e e aaeeaene
1.3 Topic and SCOPE....cuvneininiitit i e eeea e
Chapter 2.
High-Frequency Resonant Power Converters.......................cooviiiiiiiinn
2.1 INtrodUCHION. ....et ittt e
2.2 Generalized Block Diagram of DC-DC Resonant Power Converter.............
2.2.1 Voltage Sources and Current Sources (Input Switching Circuit).........
2.2.2 Inverters (DC to AC CONVEIEL)....ooiiiriiitiiieieiieeieiaiiieanaanaaens
2.2.3 Rectifier (Output Switching Circuit)..........covevviiiriiiiiiiiiiinnnnnn

2.3 Topologies with Two, Three and Four Resonant Elements (Resonant
031 (11111 T U

2.3.1 Topologies with Zero and First Order Resonant Tanks...................
2.3.2 Topologies with Second-Order Resonant Tanks.................cc........
2.3.3 Topologies of Third Order Resonant Tanks...........cccevvviiiumeinnnnne.
2.3.4 Topologies of Fourth Order Resonant Tanks..................c..ooeeeenin.

2.4 Functions of Resonant POWer CoOnVeIterS. ... vvvtitiureernneererieenanseereennaneses

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CRapter 3. . e 22

Fourth-Order Resonant Converters.................ccooooiiiiiiiiiiiiiiiiiiiiiiiiien e, 22
3.1 INtrodUCHION. ...t et 22
3.2 Resonant Converter Steady-State Characteristics...........oovvieviiiiiiineinnnnn.. 24
3.3 Four-Element Current-Source Resonant Converters...........c..co.voeveieeaen.. 26
3.4 Example (Circuit 4)......oniniitiieiiii et e e 27

3.4.1 Input-Output Transfer Function.................oooooiiiiiiii 27
342 DO GaAIN. ..ttt et e 28
3.4.3 High Frequency Gain SIOpe..........ovviiiiiiiiiniiiiiiiiiiiiieeeeans 28
3.4.4 Loaded Resonant Circuit’s Input-Output Gain................cooeveinennnn. 28
3.4.5 Step-up/Step-down Capability..........c.....oiviiieiiiiiiiiieeeeeeininnn. 29
3.4.6 Input IMpedance...........ouvuiiniiniini i 30
3.4.7 Resonant Frequency Equation..............cocoiiiiiiiniiiiinieninnen.. 30
3.4.8 Load Invariant Frequency.........cccoootiiiiriiiniiiiiiiiee i 31
3.4.9 Load Invariant Gain..........coueiuiieiiiiiiiiiiiii i ieeeaaenees 32

R I IINY 111111 o | TP 36
O 1 T:1 11 o O O P TN 38

Steady-State Characteristics of Fourth Order Resonant Inverters.................. 38
4.1 INtrodUCHION. ... outt ittt ettt ettt et e e e e 38
4.2 Analysis of the Resonant Converters.........cooevuviiviiieiiiiiiiiiiinineiennens 39
4.3 Analysis of the I'-CL //-LC resonant inverter...........c..ooevveeeireinneneenennn. 40

4.3.1 Input impedance.........c.coceeveieriiiiiiiiiiiiiii e 40
I I 3 i {10 1 1 1) A P PSPPI 42
4.3.3 Component Voltage and Current Stresses........covvvveiniiiiinennennannn. 43
4.3.4 Current GalN. .. ..uuueeeerneareere e etteeeeaaaarraareaeaaaaaaaaaaeaeeeeanns 44
4.4 Simulation and Testing of the I'-CL //-LC Resonant Inverter.................... 45
4.5 Output current waveforms of I'-CL //-LC Inverter.............c.cocvveviinienenn.n 47
4.6 Analysis of the CLLC resonant Inverter.............c..coooiiiiiiiiiiiiininn.. 48
4.6.1 Input impedance...........coeiuiiiiriiiiniiii e 48
viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LN A ) i 118 1511 PSPPI

4.6.3 Component voltage and current Stresses.........ooeevvevieiiiinieniennnn.

T GV (= 11 711 1 D

4.7 Simulation and Testing of the CLLC Resonant Inverter..........................
4.8 Output Current Waveforms of CLLC Inverter.............c..cooooiiiiiiiiinn..

T BN 111340 ) PP
Chapter 5.
Small-Signal Modeling of Current-Source Resonant DC/DC Converters.........
5.1 IntroducCtion......o.oueiniin i e
5.2 Linear SYStemMIS. .. .cuuinuiite ettt ettt eaan
5.3 Small-Signal Model of Resonant Converters.............covieieiriieenieneennne.
5.4 T-CL //-LC Current-Source Resonant DC-DC Converter........................

5.5 Small-Signal Modeling of I'-CL. //-LC Current Source Resonant DC/DC
(010115 (1<) S P P PPN

5.5.1 Nonlinear State EQUations...........cccoveiiiiiiiniiiiiiiiini e,
5.5.2 HarmoniC APProxXimation .........o.eeueeeineeeenienenerneenerneeeenareeannn
5.5.3 Extended Describing Function................cocoiiiiiiiiiiiiiiiiiniiannnnn..
5.5.4 Harmonic Balance...............oooiiiiiiiiii e
5.5.5 Steady State Solutions............ocoviiiiiiiiiiii

5.5.6 Linear Small-Signal Dynamic Model for I'-CL //-LC current-source
Resonant DC-DC COnVEIter.......ovovueiiiiieiiiiiteeniieenieeenaenenn

5.6 Frequency Response Plots of I'-CL //-LC Current-Source Resonant DC-DC
0101115 (1< S

5.7 CLLC Current-Source Resonant DC-DC Converter..........oovvvvveinieennnnn..

5.8 Small-Signal Modeling of CLLC Current Source Resonant DC/DC
010 1N S (1<) N

5.8.1 Nonlinear State EQUAtionsS.........c.ooviiiiiireiiiiiiriniiieiiieeeanenenn.
5.8.2 Harmonic ApproxXimation........ooeveveteiniineaneirnenneeaienireeneraeennnns
5.8.3 Extended Describing Function.............c.ocioiiiiiiiiiiiiiiiiiiniinninn
5.8.4 Harmonic Balance.............cocooiiiiiiiiiiiiiiiiiiiiiiici

5.8.5 Steady State SOIULIONS........cviiiriiiiiii i e eie e eieeeaaas

ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

49
50
51
52
54
55
56
56
56
56
59
60

61
61
63
65
66
68

69

74
76



5.8.6 Linear Small-Signal Dynamic Model for CLLC current-source
Resonant DC-DC Converter..........coovvviiiiiiiiiiiiiiiiiiiiiiiininnenn.

5.9 Frequency Response Plots of CLLC Current-Source Resonant DC-DC
CONVEITET. . . e ittt

R LU0 11011 o N
CRapter 6. e

Conclusions and Future Work ...
6.1 INtroduCtion......o.oneiniiniiiii i e

0.2 CONCIUSIONS . .. euttittiit ittt ettt e e e e enens
6.2.1 Conclusions Regarding Steady-State Characteristics......................

6.2.2 Conclusions Regarding Dynamic Characteristics...............c.c.cceu...

6.3 Future Work.......ooouiniiiiii e e
Bibliography..........ccooiniii
APPENdiX A . ..o

1. Load Invariant Frequency Equations of Current-Source/Voltage-Sink Type
L0100 111 S P

2. Resonant Frequency Equations of Current- Source/Voltage-Sink Type
031 (01 1 11 S PP

3. Load Invariant Frequency Equations of Current Source/Current -Sink Type
{031 (02D 1 £ JR

4. Resonant Frequency Equations of Current Source/Current - Sink Type
L6100 1 11 S P

5. Matlab Program to find the Step-Up/Down Capability of a Resonant Circuit..
AppendiX B..... o

1. Matlab Programs For I'-CL//-L.C Current-Source Resonant DC-DC
810117 ([ S PP

2. Matlab Programs For CLLC Current-Source Resonant DC-DC Converter......
3. Comparision Tables........c.ooviiiiiiiiii e

4. Mathematica Programs For I'-CL//-LC Current-Source Resonant DC-DC
(0101 A5 (15 PP PRSP

5. Mathematica Programs For CLLC Current-Source Resonant DC-DC
814] 11/ (< S PPN

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

89
91
92
92
92
92
93
93
94
96
100

100

102

105

107
109
110

110
113
116



(@118 g 1o 10011 R 17 1 - PP

xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Tables

3.1 Steady-State Characteristics of Current-Source/Voltage-Sink Type Circuits.... 33

3.2 Steady-State Characteristics of Current-Source/Current-Sink Type Circuits..... 35

5.1 Steady-State values for I'-CL//-LC current-source Resonant DC-DC
L0111 4 1 TSP UPPPPN 68

5.2 Steady-State values for CLLC current-source Resonant DC-DC Converter..... 83

xii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

2.1 Simplified general DC-DC resonant power converter block diagram........

2.2(a) Generalized (Half-Bridge) voltage driven DC-DC Resonant converter......
2.2(b) Generalized (Full-Bridge) voltage driven DC-DC Resonant converter.......
2.3(a) Generalized (Half-Bridge) current driven DC-DC Resonant Converter......
2.3(b) Generalized (Full-Bridge) current driven DC-DC Resonant Converter......

2.4  Practical power sources for converters: Left) voltage-source;
Right) current-source. .........coooeiiiiiiiiii

2.5  Block diagram of the inverter...............ooooiiiiiiiiiiin i,
2.6  Block diagram of the rectifier..............oo..coiii

2.7  Possible circuit configurations of second-order resonant tanks................

2.8  Possible configurations of the three-element resonant circuit................

2.9(a) Possible resonant circuit configurations of fourth order current-
source/voltage-sink type resonant tank................coooiiiiiiiiiiiiiinieee

2.9(b) Possible resonant circuit configurations of fourth order
current-source/current-sink type resonant tanks............c..c.oceiieivnnnnnne

3.1  Block diagram of resonant converter SyStem. ...........ccoevrvinrnroriieneenennn
3.2  Equivalent circuit model of resonant converter system.............cc..co. ...
3.3 Circuit diagram of resonant topology 4...........cocviiiiiiiiiiiiiiiiiinienaenine
3.4  Equivalent circuit diagram of resonant topology (4)..........ccevvieeeininnnnn
3.5 Bode plot of the Input-Output Transfer Function for circuit topology 4
4.1(a) Cascaded I'-CL //-LC resonant inverter topology..........ocevveiiiiinnianenn.
4.1(b) Equivalent circuit model of cascaded I' -CL //-LC resonant inverter........
4.2(a) Input-to-output current gain of cascaded I' -CL //-LC resonant inverter.....
4.2(b) Input-to-output efficiency of cascaded I' -CL //-LC resonant inverter.........

4.3(a) Output current waveforms for I'-CL //-LC Inverter at 34kHz.
(Measured Result).......ocoiiuiiiiiiiiiiiiiii it e e e

xiii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.3(b) Output current waveforms for I'-CL //-LC Inverter at 34kHz (Simulated 47

ReSUIL) .o
4.4(a) CLLC resonant inverter topology ........coceviiiiiiiiiiiiiiiiiiiiiii i, 48
4.4(b) Equivalent circuit model of CLLC resonant inverter........................... 48
4.5(a) Input-to-output current gain of cascaded CLLC resonant inverter............ 53
4.5(b) Input-to-output efficiency of cascaded CLLC resonant inverter.............. 53
4.6(a) Output current waveforms for CLLC Inverter at 34kHz.

(Measured Result).......c.oouiiiiii i e 54
4.6(b) Output current waveforms for CLLC Inverter at 34kHz.

(simulated Result).......o.einiiniiiiii i i 54
5.1 Small-signal model of resonant pOWer CONVerters........o.vveerieenernennnnn 59
5.2 Current-source I'-CL //-LC Resonant converter..........cceveerieernneeannnn. 61
5.3  Equivalent circuit model of the converter for I'-CL //-LC DC/DC

L070) 1175 (1< S P PN 62
5.4  Typical waveforms of each state variable and input............................ 64
5.5(a) Magnitude Plot of I'-CL //-LC Converter at 34 kHz (Measured Result)...... 74
5.5(b) Phase Plot of I'-CL //-LC Converter at 34 kHz (Measured Result)........... 74
5.6  Magnitude and Phase Plots of I'-CL //-LC Converter at 34 kHz

(Simulated Result).......oviiiiiiiiiiiiiii i e 75
5.7 Magnitude and Phase Plots of I'-CL //-LC Converter at 34 kHz

(AnalyticalResult). ... ..coouieiinreiiiiii e 75
5.8 Current-Source Resonant Converter.........covviiiieieiiiiiniiiiiniennnnn. 76
5.9  Equivalent circuit model of CLLC converter..................ccoociiiiine, 77
5.10(a) Magnitude Plot of CLLC Converter at 26 kHz (Measured Result).......... 88
5.10(b) Phase Plot of CLLC Converter at 26 kHz (Measured Result)................ 88
5.11 Magnitude and Phase Plots of CLLC Converter at 26 kHz

(Simulated Result).... ... 89
5.12  Magnitude and Phase Plots of CLLC Converter at 26 kHz

(Analytical Result)..........ooeiiiiiniiiiii 89

Xiv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1

Introduction

Electronic systems have undergone a drastic improvement and increase in usage
in the past few decades. We depend on these systems because of their assistance to us in
every mode of life. Modern devices on which we depend such as computers, cell phones
and other devices not only have made our lives more convenient, but also have changed
our human society. Computers make our jobs easier, quicker and more efficient; we can
communicate with people all around the world using wireless telecommunication
systems. There has been a greater need in the automobile industry to use these systems to
achieve a cleaner and quieter environment by powering vehicles with electricity.

Because of the widespread use of electronic systems, the processing and storage
of electrical energy have become much more important issues to present-day society.
There has been a lot of research going on to improve such processing and storage. For the
power processor, we try to improve it by making it lighter, smaller and more efficient.

Then we can reduce the size and weight of electronic products and get better
performance. Today’s engineers face difficult choice about which of the available
technologies can achieve this. The technology represented by high-frequency resonant

converters is one excellent method to achieve this.
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1.1 Need for higher order resonant converters

High frequency resonant converters possess several advantageous properties that
make them well suited for high power density applications. Until recently, only the class
of resonant converters with 2 energy-storage elements had been seriously investigated
and, along the way, a few drawbacks of these converters have been also identified.
However, there is now evidence in the literature [1,4] that some of these drawbacks
(including poor load regulation and poor transient response) can be overcome by the
judicious addition of more energy-storage elements to these converters. Detailed
investigations of a few particular four-element resonant converters and their advantages
have also been described [1,5,6], but many more such converters have yet to be discussed
in literature, raising the issue of which ones to focus attention on. In addition, since there
are many more fourth-order resonant converters, design engineers will be faced with a
more challenging task of selecting the appropriate topology to use for satisfying a given

set of design requirements.

1.2 Thesis overview

In order to have better understanding of these resonant converters, we have to
study their steady state and dynamic characteristics. This thesis focuses on those resonant
power converters that use four energy storage elements. The analysis of steady state
characteristics of these resonant power converters includes the current gain, which is the
ratio of the output current and the input current; and the efficiency of the converter. The

dynamic characteristics refer to the system’s output response to system input changes.
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We use small-signal techniques to model this dynamic behavior of the system.
Then we can analyze the system’s dynamic behavior to determine how to improve them
and also apply the results to control design to achieve better stability and performance.
Thus this analysis of fourth-order resonant DC-DC converters will help design engineers

make use of these novel converters to satisfy their design requirements.

1.3 Topic and scope

This thesis is divided into six chapters including this introductory chapter. In the
next chapter, we will introduce the concept of resonant converters. In chapter 3, fourth
order current-source resonant converter steady-state characteristics are discussed and
derived, to help identify which of these converters should be pursued for further detailed
study.

Chapter 4 and chapter 5 deal with those particular resonant converters. In these
chapters, the steady-state characteristics of each of these converters are derived and the
small signal dynamic models of these converters are described.

Finally, the conclusions of this thesis and suggestions for future work are given in

chapter 6.
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Chapter 2

High-Frequency Resonant Power
Converters

2.1 Introduction

In order to achieve power supplies with faster transient response, smaller size and
lighter weight, interest in high frequency DC-DC resonant converters has been steadily
increasing since the early 1980°s. Because of the reduced switching losses due to
sinusoidal behavior of resonant converters it is possible to operate such converters at high
frequencies to reduce the size of their reactive components. Consequently, several of
today’s resonant DC-DC converters have their operating frequencies in the megahertz
range [2]-[3]. With the exception of a few topologies, the majority of existing topologies,
whether full-bridge, half-bridge or single ended quasi-resonant are of the second-order
resonant tank type i.e.; the resonant tank circuit consists of only two energy storage
elements.

Compared with conventional second-order resonant converters, higher-order
converters have been shown to possess more desirable characteristics. The previous

analysis of the LCC type [13]-[14] and LLC type [15] resonant converters show that
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these converters exhibit better control characteristics than the conventional converters. In
addition, by using higher order resonant tanks, the designer has the choice of utilizing
parasitic capacitances and inductances, which always exist in the converter circuit,
especially when operating at very high frequency. As a result, depending on the topology
used, the parasitic reactance can turn into an asset rather than being a liability [16].
Moreover, the diversity in resonant topologies gives the designer flexibility to choose the
topology that most suits the application. However, the drawback is that since these
converters are high-order non-linear systems, their analysis becomes more difficult.

This chapter introduces resonant converters and resonant topologies, with those

topologies having four energy storage elements as our main interest.

2.2 Generalized block diagram of DC-DC resonant power
converter

In general, DC-DC resonant converters may be illustrated by a simplified block

diagram as shown in Figure 2.1.

Power In Hi-freq Hi-freq Converted
square wave sinusoid Power Out

Switching Resonant | Switching

Figure 2.1: Simplified general DC-DC resonant power converter block diagram
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The DC input, which can be either voltage or current source, is first processed by
either half- bridge or full- bridge switching networks [1]. The AC storage tank consists of
a frequency selective network whose function is to store and buffer energy transferred
from the source to the load. The DC output voltage sink or current sink are typically
implemented by using half or full-wave rectifier circuits in order to rectify and couple the
resonant current or voltage from the resonant tank to the output circuit. The output circuit
consists either a series inductor or a parallel capacitor with the load resistance in order to
give constant voltage controlled current sink or constant current controlled voltage sink,
respectively.

Generalized half bridge and full bridge voltage driven resonant converter circuits

are shown in Figure 2.2 (a) and 2.2(b) respectively.

Load
(current or
voitage sink )

Figure 2.2(a): Generalized (Half-Bridge) voltage driven DC-DC resonant converter
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N tLoad
s - (current or
L voltage sink )

Figure 2.2(b): Generalized (Full-Bridge) voltage driven DC-DC resonant converter
Figure 2.3(a) and 2.3(b) shows the generalized half bridge and full bridge current

driven DC-DC resonant converters.

(D=, =

|
!
e

Lo : Load

S (current or
L voltage

sink )

Figure 2.3(a): Generalized (Half-Bridge) current driven DC-DC resonant converter
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resonant tan

Load
(current or
voltage sink )

Figure 2.3(b): Generalized (Full-Bridge) current driven DC-DC resonant converter
Each of the commutational networks of these converters consists of a lossless
(ideally) ideal frequency selective resonant tank. We define the order of the converter by
the order of its commutational network. Practically, current and voltage sources and loads
are implemented using non-dissipative components. These include semiconductor

switches, capacitors and inductors.

2.2.1 Voltage Sources And Current Sources (Input switching
circuit)

There are two types of power sources that can be connected to power converters.
They are voltage sources and current sources. In general, they comprise a DC voltage
source and some non-dissipative components such as capacitors and inductors. As shown
in Figure 2.4, a DC voltage is placed in parallel with a capacitor to form a voltage source.

Because there will be a pulsating input current caused by the high frequency switching of
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