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Abstract

A flyback converter with Universal Serial Bus Power Delivery (USB-PD)
specification is widely used in many low-power adaptor applications. To achieve high
efficiency for the entire load range of operations, a variable-frequency
peak-current-mode (VFPCM) control, which adapts the switching frequency according
to the load conditions, is often used in this application. However, in the past, there was
no small-signal model reported for the VFPCM control to overcome the instability
problem caused by a wide output-voltage-range operation in USB-PD specification.
Besides, to ensure stability in all working conditions, the loop gain has to be
compensated based on the worst case of control-to-output transfer function.
Unfortunately, the crossover frequencies of loop gain in other working conditions are
sacrificed, resulting in poor transient response.

In this dissertation, a novel and accurate small-signal model for VFPCM control is
firstly proposed to analyze the loop gain variation in a USB-PD charger application.
Next, in accordance with the novel small-signal model, an adaptive variable-frequency
peak-current-mode (AVFPCM) control with constant crossover frequency is developed
to mitigate the trade-off between stability and transient response while maintaining the

variable frequency characteristic to decrease light load power consumption. Finally, the
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simulations are conducted and a hardware experimental circuit is built to verify the

validity of the proposed small-signal model and the AVFPCM control.

Index Terms— Flyback converter, variable-frequency peak-current mode, universal

serial bus power delivery, small-signal model, constant crossover frequency.

doi:10.6342/NTU202000717



Table of Contents

A DSTEACT. . v v v en veeersreressssssseessensssssssssssanssssssnnasssssnasasssnnnnsesesssnessassnsassrssassssesssssssssasssssrsnssass IV
TADIE Of CONEEILS ..ceeveeverrreeiereennerrsrensssesssesassesssesssssssssssassssesassarerssssssssssssssssnssrassssassasntasss vi
LiSt Of FIZUYES uveuereeiiniiiiiniintcinnininiisiiessniinnsnsssseestsssssasasssssnsstssnsstsssssssasssssossisasssesansasss ix

LLIST OF TADIES. oeerermneeceieeerereerennmnssresasnnssecersssssssssssssssesssssssorsasssestssssessesssnsonssssssessssasananes xiii

Chapter 1. Introduction ..........cesreueessserossersasoraness SO S PO eI DR TR EDOSTN) |
1.1 Background ..csses s ssssmaisasas st imsisimaseiss |

1.2 ODJECHIVE ....corerercrererereradismssssmsmmsinibasmmaiissseesmsissaomssaissssssssseasssnstonssos | |

BRI OTCE:Y 1721 170 GOV ————————— |
Chapter 2. Literature Survey of Current Mode Control Modeling Techniques....18
2.1 Average Model for a Constant-Frequency Peak Current Controlled Flyback
CONVEITET .......oporesssonsmssmesmsnsanssagsmsessin shsan i AU PO A R e auasdsnisasiariva) 18

2.2 Average Model for a Frequency-Foldback Controlled Flyback converter....... 22

2.3 Describing Function Approach for a Variable Frequency Control................... 25

2.4 SUMMALY ... sbssliniisssisssissisiassm s R sk swsaspivsss 2O
Chapter 3. Small-Signal Model of a VFPCM Controlled Flyback Converter....... 29
3.1 Description of VFPCM Controlled Flyback Converter ...........cceevveeunrinnarinninn 29

3.2 Small-Signal Model of VFPCM Controlled Flyback Converter in CCM......... 35
3.2.1  Derivation of Factorl(s) of VFPCM Control in CCM..................... 38

3.2.2  Derivation of Gye(s) for VFPCM Control in CCM......oovciiiivnieeneen. 40

3.2.3  Explanation of modeling results of Gic(s) of VFPCM control in

vi

doi:10.6342/N'TU202000717



3.2.4  Comparison of VFPCM and CFPCM Control Behavior in CCM..... 44

3.2.5  Model Verification by Simulation .......cccccvvmevncnneirncininecsinnnnsinien. 47
3.3 Small-Signal Model of VFPCM Controlled Flyback Converter in DCM........ 49
3.3.1  Derivation of the Gyc(s) for VFPCM Control in DCM.................... 49
3.3.2  Explanation of Modeling Results of Gre(s) in DCM ....................... 54

3.3.3  Comparison of VFPCM and CFPCM Control Behavior in DCM.... 35
3.3.4  Model Verification by Simulation ..., 35

34 SUMMATY .ooveuennrenn oo ossssiads i35 5w5 435355 s AT S A NS RS TSSO e O |
Chapter 4. Proposed Adaptive Variable-Frequency Control with Constant
CrosSOVer FreqUENCY......ocviininirenesssesssnncssaonmmesnesssssssaasosnnassassssssssssassssacs 59

4.1 Explanation of Loop Gain Crossover Frequency Variation in VFPCM Control
.. 60

4.2 Description of the Proposed AVFPCM Control for a Flyback Converter........ 64
4.3 Small-Signal Model of Proposed AVFPCM Control in Flyback Converter .... 66
4.4 Adaptive Control Law and Circuit Implementation for Constant Crossover
FLEQUENCY cucerveenrrrieeseeiiereeeeseessssesesseansesiermsessssnsssssssssssssasssenssnsasssssssansnnsess 10

4.5 Derivation of Closed-Loop Output Impendence Transfer Functions of
4.6 Verification by Simulation for the proposed AVFPCM control with constant
CroSSOVer fIeqUENCY ssiivimmmariissmisiiziiaiimssibammnsiiinisi 10

4.7 Performance Discussion for Proposed AVFPCM Control with Mismatch in
Circuit Parameters cimismiisissisisimapmsm s 19

4.8 Discussion of Frequency Reduction Characteristic and Current Loop Stability
for Proposed AVFPCM Control with Constant Crossover Frequency........... 82

4.9 SUMMATY ..oiiireeiieeiirreenrerrtee e tesieestessre st sae s st s bnsirsssbe e shnsebbe b s e re e ba e arsasanassas 85

doi:10.6342/NTU202000717



Chapter 5. Experimental Verification......cccoueerineiinnnnnnnnninii

. 1

5.1 Verification of Control-to-Output Transfer Function for a VFPCM Controlled

Flyback CONVEITEr...ccuciuiiiiiiiiiinciiisisicnsnsasnssianssss s sas s sasssessesae st annanseassns

86

5.2 Description of a Prototype Flyback Converter for Performance Verification of

AVFPCM Control ssnsivsivmeeim s it i i iy s e s nds o i

90

5.3 Performance Demonstration of an AVFPCM Controlled Flyback Converter

with Constant Crossover FreqUENCY ....covvivreiiiimniirimeieimeieine e

5.4 SUMMATY wcissssvniimsiioiisieossestamsasisssstosuassss s e stasiasaisatbisesds ssesisomassues
Chapter 6. Conclusions and Suggestions for Future Research .............
6.1 CONCIUSIONS 1.uveureerereseieeeessiienestesesanses s sserassassaessnesasssseat st sraserssnseasnerssrsssrens

6.2 Suggestions for Future Research........occoovvumveiinicmciiinescei e,

R efCY RN COS ivvvssiinniisvismssinicrssisnnsssmsssnssibossssimminssraeis

Appendix A. Derivation of Describing Function .........ceneevniinniniiicns
Al. Calculation details of Ton and Torr derivation ...........cccovveeiivinees
A2. Fourier Analysis of Duty Cycle.....cccoveevivniniiiiiiiiiiniiiiosnsnenees

A3. Derivation of Control-to-Inductor-Current Transfer Function...........cc.ccvveee.

Vita..oovevrenrnnnn

viii

91

96

99

cerneas 100

................ 105

................ 105

107

108

...110

doi:10.6342/NTU202000717



