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Abstract

This thesis addresses present-day challenges in the advancement of switched-mode converters
towards fast response times to load changes and maximum efficiency of a given power stage.
The work mainly covers the load transient problem of switched-mode power supplies, a problem
that limits the miniaturization of these systems. The primary aim of this thesis is to reduce the
overall volume of switched-mode converters and to improve the energy processing capabilities
of these systems. Two methods are studied for this purpose: 1) Comparing all possible operation
modes of the converter in steady-state for various conversion ratios. The result of this comparison
was the foundations for a highly efficient control scheme. 2) Advanced state-space based

nonlinear control methods for high performance load transients.

In addition, this thesis addresses the challenges in the integration of digital controllers of
switched-mode converters. Controller IC design which can be used for a variety of power-stages
is a challenging task. Its realization by pure digital means requires the use of advanced design
tools and extensive ground work. Two methods are studied for this purpose: 1) The controller
has been fully described in hardware description language (HDL). 2) All supporting modules,
such as ADC, were also realized in a digital manner by pure digital means and are based on

standard-cell libraries.

One objective of this thesis is to improve the load transient response of voltage regulator
modules (VRMs). The size of the reactive components of VRMs is determined by the load
transient response, therefore by improving this response a significant reduction of the reactive
components’ size and volume can be achieved. The focus was on a non-inverting buck-boost
converter which is a hybridization of a buck and boost converters. A hybrid controller, which
incorporates a linear controller for steady-state and a non-linear controller for load transients has
been realized to maximize the steady-state efficiency and minimize the overall volume the
converter. This part of the research has been published in the proceedings of the IEEE Applied
Power Electronics Conference and Exposition (APEC) 2019 [1], and within a larger study that

has been published in the IEEE Transactions on Power Electronics [2].

The operation of a state-space based non-linear controller highly depends on the controller’s
ability to extract the information of the load current. To provide accurate reading of the load
status, a new method has been developed, based on the existing hardware of a conventional
steady-state controller. This method has been implemented and verified for a wide range of
loading conditions. This part of the research has been published in the proceedings of the IEEE

Workshop on Control and Modeling for Power Electronics 2019 [3].

Another objective of this thesis is to develop fully-synthesizable digital structure that perform

tasks usually carried out by analog modules. In this study, one of the most frequency used analog
—iii— September 2019



structure in dc-dc controllers, analog-to-digital converter (ADC), has been realized by pure
digital means and based on standard-cell libraries. The module has been implemented as the
main ADC of a buck converter voltage mode control loop. This part of the research has been
published in the proceedings of the IEEE Workshop on Control and Modeling for Power
Electronics 2018 [4].

The fourth objective of this thesis is to develop a fully-synthesizable digital controller IC for
resonant switched-capacitor converters. The controller has been developed to support a wide
range of power-stages, and does not require any knowledge of the passive components. The
controller has been realized as IC, with all peripheral units including the drive circuitry, internal
clock, configuration logic, etc. This part of the research is a part of a larger study that has been
submitted to the IEEE Applied Power Electronics Conference and Exposition (APEC) 2020 [5]-

[6], and currently in peer review process.

As of today, the thesis sum to: three conference publications in the most prestigious
conferences in the field of power electronics, one journal publication that is in advanced review

process, and two more conference papers that have been recently submitted.

—iv— September 2019



Acknowledgments

I would like to thank my supervisor Prof. Mor Mordechai Peretz for his invaluable guidance
and support for the past three years. Through an invaluable and rare combination of professional
expertise and managerial guidance, Prof. Peretz has impelled me to excellence, all the while
being a true friend providing me with the opportunities for enjoyment and for the self-fulfillment
of achieving my goals. I also thank him for encouraging me to think outside of the box, to be
persistent and to bring any achievement to perfection.

I want to thank Mr. Eli Abramov for being a true and supportive friend that always offers his
unconditional help. I thank him for his collaboration, research work, and ideas. | wish him all

the best in his further professional career, and his personal life.

I must not forget all my colleagues here at the Center for Power Electronics and Mixed-Signal
IC, whose support and friendship meant so much: Mr. Guy Sovik, Mr. Erez Masandilov, Mrs.
Hagit Peretz, Mr. Bar Halivni, Mr. Doodi Dayan, Ms. Heena Khand and anyone that | have

forgotten to mention by name.

I want to thank PEMIC’s alumni, Mr. Timur Vekslender and Mr. Yevgeny Lazarev for their
support and ideas that enabled me to conduct my research in the best way possible.

Of the technical staff, | would like to thank Mr. Azrikam Yehieli and Dr. Michael Evzelman,

who are responsible for the excellent working and social conditions of the laboratory.

With great appreciation, | would like to express my profound gratitude to my parents and
brother, who have always supported and cheered me along this wonderful path.

—V- September 2019



Table of Contents
PXPN i

Abstract iii

ACKNOWIBAGMENTS. ...ttt st et et esreesreenteaneenbeeneeas v
TaDIE OF CONTENTS ... bbb bbb Vi
FIQUIES LEST ..ottt bbbttt b bbb IX
TADIES LLIST ...ttt bbbttt b e Xii
ACronyms and ABDIEVIATIONS. ........ccoiiiiiiiiiee e Xiii
Lo INEFOAUCTION ...ttt bbb n e n e 1
1.1, OVErvieW Of POWET CONVEITETS .....oouiiiiiiiiteieiitesiet ettt 1
1.1.1. SWItCHEA-MOUE CONVEITEIS.....c.eiuiieieciiitiiecrt et nnns 1

1.1.2. Direct energy transfer tOPOIOGIES. .......iiiiiieiicie sttt nr e enee e 2

1.1.3. Indirect energy transfer tOPOIOGIES .......cvciieiiei e 3

1.1.4. SWItChed-CapaCitor CONVEITEIS .......c.iiiiireitiesteeieeee st ee e ste e e st et e te e te e teestesreesneesreenaeeneeeneeenee e 4

1.2. Control of SWitChed-mOde CONVEITEIS........cciiiiiieieie s 5
1.2.1. Linear CONtrol METNOUS .......couiiiiriiee bbb e 5
1.2.1.1.  Analog voltage-mode CONLIOL ........ccoiuiiiiiieiieiie e e 5

1.2.1.2. Digital voltage-mode CONIOL.........ccooiiiiiiiiiiie e 7

1.2.1.3.  Peak Current-mode CONTIOL........ccceiiiiieiiirciie et 8

1.2.2. Non-linear control METNOGS ..o 9
1.2.2.1. State-space representation of switched-mode CONVIELErS .........ccceveeveeiecie e 9

1.2.2.2. SEALE-VANIADIES ..o 10

1.2.2.3. State equavations of switched-mode CONVEIErS ..........cccoveviiiieiii e 10

1.2.2.4.  State trajectories CONSLIUCTION ........coviiriiiiirieecr bbb 11

1.2.25.  Time-0ptimal CONTIOL.....coiiiiiiiiie bbb 12

1.2.3. Multi-mode CONLFOIIEN UESIGN .....eviriieiieieet ettt 14
1.2.3.1. HYDFIA CONIIOIIEIS ...ttt bbb e 14

1.2.3.2. CoNtrollers fOr RSCC .......ciiiiiiiiciiree bbbt 15

1.2.3.3. PeriPREral UNILS ......cviiiiiiiiieieisie bbb et n s 16
1.2.3.3.1.Digital Pulse Width MOAUIALOT ..........cceeiiiiiiiiieeee e 16
1.2.3.3.2.L.0ad-eStIMALION UNITS......oiiiiiiiiiieitcreeieee e et 18

1.3. ASIC integration of controllers for DC-DC CONVEITEIS.........cccvcviieeieeieeree e e e e e e 19
1.3.1. Introduction and motivation for IC iNtegration..............cooeiririininiiree e 19

1.3.2. Digital deSign FIOW ....ccueiieeicicccce et reene e 20

1.3.3. IC realization of analog to digital CONVEIErS........ccccveveieieiise e 22
1.3.3.2.  3-A analog to digial CONVEITET.......cciiviiririeiieieieie sttt 23

1.4. Motivation, objectives and significance of the research program ...........cccccocvvieriviiiieiceeiennne 24

—Vi— September 2019



2.

Digital CPM Controller for Non-Inverting Buck-Boost Converter with Unified
Hardware for Steady-State and Optimal Transient Conditions............ccccccevcvviveivenns 25
2.1, OVEIVIBW ...ttt stttk b bt s bbbt e bbb e ettt e bt e ke s b et et e e e e nenbe s 25
2.2. Controller Architecture and OPEration ............cccivieeiieieeieie e nas 27
2.2.1. Controller Architecture and OPErAtiON ...........cccviriiiririeireee e 28
2.2.2. Impact of the Operation Mode on the Inductor’s Current rms Value ..........c.ccocvvviiviieninniicnnnen, 31
2.2.1. Variable FreqUeNCY OPEIAtiON........ccuiiiiiiiieiitiieiisi ettt bbbt en s 32

pZ T I - 10 =] oA 0] 11 £ ST SR 33
2.3.1. Programmable-deviation CONIOIIET ..........ccci i it 33
2.3.2. StADIILY @NAIYSIS...cuieiiiieie ettt n ettt renrenreereeneens 38
2.4, Load EStIMation PrOCEAUIE ........ccoeiieieiieisiee sttt st nne s 40
2.4.1. PrinCiple OF OPEIALION .....c.oouiiiiriiieiie bbbt 40
2.4.2. Relationship DEtWeeN 1LoAD new 8N TL new. . e vrreerrerreriririeiisee e 42
2.4.3. Estimation of the effective output capacitance ValUe............ccooveriiriniiiiieee e 42
2.5. Experimental VEerifiCation ..........cccciviiiiiiiici ettt st 43
2.8, CONCIUSION ...ttt ettt b st st e et e st e st e b e e bt et e st e et et et eneenenneas 46
Enhanced Performance Fully-Synthesizable XA ADC for Efficient Digital Voltage-
1V [0T0 [l @0 ] o PSSO SSPPSN 48

K TR O Y =T 1= OSSPSR 48
3.2. Enhanced performance SDADC principle 0f Operation ..o 49
3.3. All digital voltage 100p COMPENSALION.........coiiitiriiieieieisee et 52
3.4. Practical implemENTatioN ........ccccuiiiiieii et 54
R I |V [T [ - (] g = To T USSP 54
3.4.2. Operation MOUE UETECION......c..iiriiieiite ettt bbb bbbttt 56
IR T O [ o] [T 41T ) 7= o S 57
3.5, SIMUIALION CASE STUAY ...e.vvevieiee ettt sre s e saesreenee e 58
3.6. Experimental system implementation and validation.............ccocoeereriieeininnie e 61
R O o o [ o] o PSSR 63
Digital Lock-In Controller IC for Optimized Operation of Resonant SCC................ 65
I @ 1 T V1 USSR 65
4.2. Digital I0CK-IN CONTIOIEN .....o.viiiiiiie e 67
4.2, 1. SYSTEIM GOVEITION ...ttt etee ekt e ettt ettt et e st e e s e st e ekt esbe e sbe e bt ea b e ehb e ebb e bt ekt e s be e s et eheeebeeebeebeenbeenbeneee e 68
B.2.2. AULOTUNET ...ttt b ettt b e h e s b e e bt e bt e s bt e R b e eb b e e bt e ke ekt e et e he e e be e ebe e bt enbeenreenee e 68
£.2.3. SBOUEBICET ...ttt eute ettt ekttt te ettt ae e eb e e bt e s bt e st e e s e e e h e e e he e b e £ E e e R b e eR b e eh £ e ke e ke e Rt e Rt eRe e e Re e eRe e bt enbeenbenere e 70
4.2.4. SAMPIING DIOCK ... et bbbttt b et b bbb ne s 71
4.2.5. 4:1 STC control and Simulation CASE-STUAY ..........ccueiurriiriiiriire et 72
4.3. System-level and performance ChalleNQes..........cccvv e 74
4.3.1. Single-pin CONTIGUIALION .......ccviiiieee ettt sae s re e se e s e e tentenresreaneeneas 74
4.3.2. Inherent delay CAlCUIAtION ..........oiviieicce et resrenre e enes 75
4.4. Experimental and post-layout VerifiCation............ccocoooiiiie i 76

—Vii — September 2019



5.

6.

ST Lo 2 Tod [0 1Y o] o TR TTRRPRTRR 82

[T ESTo1 U Y (o o 1 84
5.1 ContribUtion OF The FESEAICH .....eiieeeii ettt ettt e et e s et e e st e s srb et e e sareeeesaarees 84
5.2. Suggestions for fFULUIE FESEAICH .........ccviiie e 85

(R (=] =T o= 86

— Viii — September 2019



Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Figures List

1.1
1.2

1.3

1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
1.14
1.15
1.16
1.17

1.19
1.20
1.21
1.22
1.23
1.24
1.25
2.1

2.2
23
24

2.5

2.6
2.7

2.8

2.9

Simplified dc-dc switching converter. (a) Equivalent circuit. (b) Output voltage............ccoceevverciincnnnns 1
Buck converter’s operating modes and corresponding waveform. (a) On-state. (b) Off-state. (c)

Inductor current under CCIM OPEIALION. .......civiiiiriiieiiit ettt b et 3
Boost converter’s operating modes and corresponding waveform. (a) On-state. (b) Off-state. (c)
Inductor current under CCIM OPEIALION. .......coviiiiiriiiiiie ettt 3
NON-INVETrtiNg DUCK-COOSE CONVEITET . ........couiiiiiiiiitiiteieiesie ettt bbbt en 3
ST L] o] L= O OSSR 4
ST L] 0] L= T O OSSR 4
Block diagram of voltage-mode controlled buCk CONVEIEr. ..........ccocvviiiiiciccc e 6
Simplified realization of an alalog PWM controller with PI compensation network. ............cccccoevvvinnen. 7
Simplified block diagram of a digital voltage-mode controlled buck converter. ...........cccccovevviiiiveinennn. 7
Block diagram of the digital VIM CONtrol SYSTEM. .......couiiiiiiiiiee e 8
Peak-current mode controller for BUCK CONVEITEL. ..o 9
Non-inverting buck-boost converter equUIValENt CIFCUILS. ..........ccoovviririirieee e 11
State-plane and trajectories if a non-inverting buck-boost conVerter. ..., 12
TOC for a NIBB converter operating in Step-doWn MOGE. .........cooeiiiireineneisenee e 13
TOC for a NIBB converter operating in Step-doWn MOGE. .........cooeiiireirenieesenee e 13
TOC for a NIBB converter operating in step-down mode with an additional trajectory..........c...c.......... 14
Timing diagram of TOC for a NIBB converter operating in step-down mode with an additional

L= L3 (0 Y SR 14
Simplified block diagram of a NIBB converter with digital hybrid controller................cccoooviiiieinennnn 15
Simplified block diagram of a zero-crossing detection based RSCC controller. ............cccocevvveviieinennne 16
Simplified block diagram of a high-resolution DPWM based delay-line.........c.ccccooovevviiiniiiciieieene 17
DPWM with resolution of a single delay-element. ... 17
Block diagram of a self-tuning estimator for a NIBB CONVEIer. ........cccccviriininiiniiceec e 19
Block diagram of the digital design FIOW. ..o 21
2-Dit flash ADC ArChItECIUIE. .....eeiee ettt ettt eene e eneeseesreseeeneens 23
Conventional implementation of a sigma-delta ADC. ..o 23
Simplified schematic diagram of a non-inverting buck-boost converter with current-programmed
(o101 011 (0] - SRRSO ORI 27
Flowchart of the controller’s operation in steady-State. ...........cccvviriiiiiiiiiii e 28
Equivalent circuit of the non-onverting buck-boost converter in various stages of operation. ............... 29
Inductor current waveforms in various modes (a) conventional-buck. (b) conventional-boost. (c)
enhanced-buck. (d) eNhaNCEA-DOOSE. .........cuiiiiiii e 29
Current waveforms around unity conversion ratio. (a) enhanced-boost mode. (b) enhanced-buck modeé
................................................................................................................................................................. 1
Normalized rms values of the inductor current under various operating modes. ..........ccccocvrevvrerereneenn. 32
Illustrative movement of the state plane for the current constrained mode handling a loading tralnsient.3
................................................................................................................................................................. 4
Illustrative movement of the state plane for the voltage-deviation and current-constrained mode
handling @ 10ading trANSIENT. ..o bbbt sbe bbb b ens 35

State plane representation of NIBB operating in enhanced-buck mode for a loading transient. (a)
Recovery pattern of conventional Time-Optimal Control (TOC). (b) Recovery pattern of current-
constrained mode in conventional buck mode. (c) Recovery pattern of current-constrained mode in
enhanced-buck mode With @ DOOSE-PNESE. .......ccciiiiiiiiiie e 36

—iX— September 2019



Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

2.10

2.11

2.12
2.13

2.14
2.15
2.16
2.17
2.18

2.19

2.20

221

3.1

32
33
34
3.5

3.6
3.7

3.8
3.9
3.10
3.11
3.12

3.13

3.14

Simulated response of the current-constrained controller to a 0.8-3.5 A loading transient ot a NIBB
converter in enhanced-buck mode. (a) Inductor current (blue) and output voltage (red) (b). State-plane
representation of the output voltage and iNdUCLOr CUITENL. ..........ccciiiiieiiineiceeee e 37

Simulated result of time-optimal controller to a 3.5A to 0.8A unloading event of a NIBB converter
operating in enhanced-buck mode. (a) Inductor current (blue) and output voltage (red). (b) State-plane

representation of the output voltage and iNdUCLOr CUITENL. ..........ccciiiiieiiiieieeee e 37
Illustrative ROC for NIBB in step-down configuration loaded by a resistive load. ............ccccoevvvivnnenn, 39
Illustrative load estimation process for a loading transient when operating in current-constrained mode.
................................................................................................................................................................. 40
Equivalent circuits of the converter. (a) step 1 operation. (b) step 2 operation. ..........cccceveverervseennne. 41
Experimental prototype of the NIBB CONVEIET. .......cccoveieieieie et 43
Enhanced-boost mode, Vout=3.3V (8) Vin=2.8V (D) Vin=3.2V. ..ot 44
Enhanced-buck mode, Vour=3.3V (8) Vin=3.8V (1) Vin=3.4V. ..o 44
Transition event from conventional boost to enhanced-boost operating mode, Vin=3V, Voui=3.3V. (a)

Transition event. Output voltage (top-blue) 2V/div, inductor current (bottom-green) 500mA/div, time
scale 200ps/div. (b) Zoom-in on the transition, Output voltage (top-blue) 1V/div, inductor current
(bottom-green) 500mA/div, time scale LOUS/AIV ....ocviviieieiee e 44

NIBB converter’s response and state-plane representation to a 0.8-3.5 A loading transient using the
current-constrained controller. (a) Output voltage (top-blue) 1V/div, inductor current (bottom-green)
1A/div, time scale 20us/div. (b) State-plane representation of inductor current (vertical axis — 1
A/div) and output voltage (horizontal axis - 1 V/AiV). ...cc.ccovviiiiiiiiecceccr e 45

NIBB converter’s response and state plane representation to a 0.8-3.5 A loading transient using the
voltage-deviation and current-constrained controller. (a) Output voltage (top-blue) 1V/div, inductor
current (bottom-green) 1A/div, time scale 20us/div. (b) State-plane representation of the inductor
current (vertical axis — 1A/div) and output voltage (horizontal axis — LA/AiV). .....ccccovevvirineiinenccnen, 45

NIBB converter's response and state-plane representation to a 0.8-2.9A loading event using current
constrained controller and load estimation procedure in step-up configuration. (a) Output voltage (top-
yellow) 500mv/div, inductor current (middle - red) 2A/div, transient event (bottom — green), time scale

100us/div. (b) State-plane representation of inductor current and output voltage. .........ccocvvevvveveeennnne 46
Simplified schematic diagram of digital voltage-mode control loop for a buck converter utilizing the
SDADRC. ...ttt bR bt R R bRt R bR R bRt R e bRt R e bRt e Re bR bt re bt ne et 49
Simplified block diagram of the new architecture for SDADC..........ccccce i 51
High-level flowchart of the clock Selection MOde. .........cccvivveciii i 52
Block diagram of the digital VM CONLrol SYSIEM. ......ooviiiiiiiece e 53
Conceptual timing sequence of duty-ratio updates in response to voltage reference change: (a)
Conventional SDADC, (b) Enhanced performance. .........coooiereirinieniniieeese e 54
SDADC modulator SChEMALIC CIFCUIL. .....vvivveereieicre et sreneeene e 55
Typical steady-state sampling operation of the SDADC. (a) Output voltage of the sampling inverter (b)
Integrator’s output (c) Generated bit-stream representing the sampled signal. ...........cccccorveniiiiinnnen, 56
Simplified block diagram for operation mode decision making algorithm. ...........ccocevveieiicviininnnenen, 56
Simulation results of clock selection entering and exiting power saving mode. ..........cccccooeveneicnennnne. 57
SDADC 12y0Ut 200UM X LL7IUML ¢ttt ettt ettt st sb e ee e b e sbesb e st e beene et e nbenbesbeebeane e 58
Accuracy post-layout results of the SDADC for wide range of sampled voltages. ...........ccoccoevriennnnn. 58
Response to changes in the reference voltage for the digitally controlled buck converter: (a)

Conventional SDADC with sampling frequency fsw1, (b) New SDADC with sampling frequency fsw, and
same components (¢) New SDADC adjusted fsw and COMPONENTS. .....oouviiiiieriiiiieeieeeie e 60

Response to changes in the reference voltage for the digitally controlled buck converter: (a)
Conventional SDADC with sampling frequency fswi, (b) New SDADC with sampling frequency fsw, and
same components (¢) New SDADC adjusted sy and COMPONENTS. ......covveverieveiirsrseseee e 61

SDADC accuracy experimental measurements for wide range sampled output voltages. ...........c.......... 62

—X— September 2019



Fig. 3.15

Fig. 3.16

Fig. 4.1
Fig. 4.2
Fig. 4.3
Fig. 4.4
Fig. 4.5
Fig. 4.6
Fig. 4.7

Fig. 4.8

Fig. 4.9

Fig. 4.10

Fig. 4.11
Fig. 4.12

Fig. 4.13
Fig. 4.14
Fig. 4.15

Fig. 4.16
Fig. 4.17

Fig. 4.18

Output voltage transient response of the experimental buck prototype for 3.3V to 5V: (a) Conventional
SDADC with full-cycle update (b) SDADC with mid-cycle updates. Output voltage (top — pink)

2V/div, voltage reference step (bottom — green) 2V/div. Time scale 3Ms/diV. .........cccceveriieiieienrnnnne 63
A zoomed-in view on a transition event with increasingly growing duty-ratio based on mid-cycle time

UPAALE TESUIES. ...tttk b et b et b ekt b bbbttt bt nn 63
Simplified block diagram of the digital lock-in controller IC. ..o, 67
(@) Internal block-diagram of the auto-tuner module (b) Simplified block-diagram of the LPF............. 69
Current waveform of a resonant circuit switched-off at (a) late switching (b) early switching. ............. 69
Simplified block diagram of the sequencer MOdUIE. ..........ccooeieiii i 70
Continuous-sampling based approach of the ZCD SENSOIS. ......ccccvieiiiieeiieiesese e 71
Single-sample based approach of the ZCD SENSOIS.......ccccvcveiereieiesesie e see e sreane s 72

Equivalent circuits of the 4:1 STC. (a) Charging operation of the resonant tank. (b) Discharging
operation Of the rESONANT TANKS. ..........oiiiiiicieie ettt e sreseeene e 73

Closed-loop operation of the controller for a 4:1 STC converter. (2) Resonant currents (b) Output
voltage (c) Zoom-in on the resonant currents before controller enable command (d) Zoom-in on the
resonant currents during the convergence period () Zoom-in on the resonant currents at steady-state. 74

Simplified architecture of the single-pin configuration hardware. ............ccoocvvreiiininniie, 75
Waveforms during the inherent delay calculation procedure (a) Controller gating signal (b) ZCD sensor
(c) Switching node (d) SAMPIING SIGNAIS. .......ccviiieiee e ere e 76
Layout of the fabricated RSCC CONrOHEr IC. .......oovviieeeece s 77
Post-layout simulations controller IC for a 4:1 STC. (a) Transition from late-switching to ZCS. (b)

Zoom-in during open-loop operation. (c) Zoom-in after convergence to ZCS operation. ...........cc.c....... 77
Experimental prototype of a 4:1 STC for evaluation of the control algorithm on FPGA........................ 78
STC efficiency under tuned CONAITIONS. .........coveiiiriiiie e 78

Experimental results of a 4:1 STC’s transition from open-loop early-switching to ZCS by the digital
lock-in controller. (a) Full view of the tanks’ currents and the output voltage. (b) Zoom-in view during
open-loop operation on the tanks’ currents (top-blue, middle-green) 20A/div, switching nodes (middle-
yellow, bottom-red) 10V/div, time scale 1us/div. (¢) Zoom-in view during ZCS closed-loop operation
on the tanks’ currents (top-blue, middle-green) 20A/div, switching nodes (middle-yellow, bottom-red)
10V/AiV, tIME SCAIE LIUS/UIV.....iiiiieiieeiecie ettt e st e e te e steenaeenbeeneennee e 79

Chip PrototyPe 0N PCB. .....viciicice ettt ettt e et e s e e s te e s ae e beenteaneeesbesteesteesteeseeeseeas 80

Tansition from open-loop late-switching to ZCS (a) Tansition event from open-loop to closed-loop
operation (b) Late-switching of both resonators with zoon-in on inductors currents and output voltage.
(c) ZCS of both resonators with zoon-in on inductors currents and output voltage. ..........cccccoeeveienne, 81

Tansition from open-loop early-switching to ZCS for two differenct resonators (a) Tansition event from
open-loop to closed-loop operation (b) Late-switching of both resonators with zoon-in on inductors
currents and output voltage. (c) ZCS of both resonators with zoon-in on inductors currents and output
(7o) 1 OO OO OSSOSO T PSPPSR 82

—Xi— September 2019



Tables List

TABLE 1. Experimental Prototype CharaCteriStiCs ..........ciiuiiiiiiiriiieisieieie st 61

— Xii — September 2019



Acronyms and Abbreviations

IC — Integrated circuit
RSCC — Resonant switched-capacitor converter
CMOS — Complementary metal oxide semiconductor
PWM — Pulse width modulation
SCC — Switched-capacitor converter
ZCS — Zero current switching
PM — Power management
PDK — Process design kit
FPGA - Field programable grate array
ADC — Analog to digital converter
HDL — Hardware description language
SMPS — Switched-mode power supply
ZCS — Zero current switching
RL — Resistive load
VMC - Voltage mode control
TOC — Time-optimal control
PDK — Process design Kit
Pl — Proportional-integral
PID — Proportional-integral-derivative

MOSFET — Metal oxide semiconductor field effect transistor

Inline References Legend

X.XX — Chapter / Section number
(X.XX) — Equation
[XX] — Reference
Fig. X.XX — Figure

~ xiii -

September 2019



1. Introduction

1.1. Overview of Power converters

Power supplies and power converters are essential building blocks in almost every
electronic system, ranging from mobile applications and renewable energy sources to any
grid-connected system. Power supplies convert the electrical energy provided by an
electrical source into the desired form optimized for the target application. They can be
described as a link or the transforming stage between the power source and the power supply
output. This chapter will focus on switched-mode power converters, which are widely used

for power processing of more than a few watts.

1.1.1. Switched-mode converters

The common components of the switched-mode power supplies (SMPS) traditionally
comprise a switched reactive element and an input and output capacitors [7]-[11]. Another
possible configuration is the switched-capacitor converter (SCC), which consists only of
capacitive components, where at least one of them is a flying capacitor that connects to
different nodes as a function of the operating state of the converter. In addition, these circuits
employ solid-state devices that operate as electronic switches. Switched-mode converters
are widely used for their high efficiency while fulfilling the systems’ requirements such as

operating under various voltage levels, output power and fast response time [7]-[11].

The operation principle of employing a switch to create a dc voltage is illustrated in Fig.
1.1. A simplified realization of a switched mode converter is shown in Fig. 1.1a with the
periodic operation of the switch illustrated in Fig. 1.1b. Assuming the switch is ideal, the
voltage at the output equals the input source when the switch is on, and zero when the switch

is in off-state.

e
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(a)

Fig. 1.1 Simplified dc-dc switching converter. (a) Equivalent circuit. (b) Output voltage.
Based on the above, the average output dc voltage can be derived by integrating the output

voltage over time and divide by the switching period, as follows:
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Ts
Vout = i _[Vout(t)dt = i jVindt = to—nVin = DVin, (11)
TS 0 TS 0 TS

where D indicates the ratio between the on and off times of the power switch with respect to
the full switching cycle, Ts. As can be seen from (1.1), the output voltage can be controlled
by adjusting the duty ratio, referred to as D. It should be noted that power converters can
also process the energy to achieve output voltage that is higher than the input dc source, it

will be addressed in the next section.

The linear reactive elements are used for intermediate energy storage and filtering
purposes are, in many cases, the bottleneck for a cost-effective design in terms of size, weight
and cost [7],[48],[51]. To overcome these limitations, switched-mode converters aim to use
high-frequency switching in order to reduce component size. These reactive elements are
switched in between various nodes, charging and discharging their energy. The reactive

element can be an inductor, capacitor or a combination of the two.

Most converters are based on a combination of basic topologies which include buck (step-
down), boost (step-up) and buck-boost (step-up or down) [38],[46]. These topologies are
classified into two groups — direct energy transfer converters and indirect energy transfer

converter, it will be addressed in the next section.

1.1.2. Direct energy transfer topologies

Direct energy transfer conversion is achieved when the conversion is accomplished
without an energy storage stage, meaning, the converter transfers energy from the input

source to the load during the on-time of the converter’s switches [51],[58].

A widely used topology to perform step-down conversion is the buck topology [7]. The
buck configuration is used to reduce the input voltage to a lower voltage by periodically
turning the switch on and off. The operation of the buck converter can be described by
separating it into two stages, as shown in Fig. 1.2. In steady-state operation, during the on-
time of the switch, the input source is connected to the inductor, causing the current to ramp
up with a slope of (Vin-Vout)/L, this current flows into both the output capacitor and the load.
Once the switch is turned-off, the inductor current ramps down with a slope of Vou/L and the
load current is supplied solely by the output capacitor. The output of this converter is a

function of the duty-ratio according to (1.1).
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Fig. 1.2 Buck converter’s operating modes and corresponding waveform. (a) On-state. (b) Off-state. (c)
Inductor current under CCM operation.

1.1.3. Indirect energy transfer topologies

In contrast to the case of direct energy transfer conversion, an indirect energy conversion
method uses one or more stages to store energy temporarily. Here, energy is transferred to

the load only during the off-state of the switches.

Voltage step-up conversion can be achieved by a boost configuration, shown in Fig. 1.3.
In steady-state operation, during the on-time of the switch, the inductor is connected to the
ground, causing the current to ramp up with a slope of (Vin)/L while the load is being supplied
solely by the output capacitor. During the off-state of the converter, the switch is not
conducting the energy stored in the inductor is transferred to the load as well as the output

capacitor.
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>

Fig. 1.3 Boost converter’s operating modes and corresponding waveform. (a) On-state. (b) Off-state. (c)
Inductor current under CCM operation.

The boost configuration and the buck setup have been combined into a single converter
referred to as non-inverting buck-boost which is classified as an indirect energy transfer
converter [7],[38], as shown in Fig. 1.4. As can be seen, the diodes have been replaced with
switches, which allow continuous voltage regulation for a wide range of input and output

voltages. Further discussion is provided in the next chapter.
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Fig. 1.4 Non-inverting buck-coost converter.
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1.1.4. Switched-capacitor converters

Conventional switched-capacitor converters (SCC) do not have any inductors or
transformers that dictate the flow of current in the converter. The steady-state behavior of
switched-capacitor converters must be derived entirely from the charge balance of the
systems’ capacitors [12]-[15]. SCCs can be used to perform voltage step-up or step-down
conversion. Here, a simple step-down configuration is discussed, as shown in Fig. 1.5. The
switching operation of the converter’s switches result in two operating stages, in which the
flying capacitor is connected to the input or the output. Once the flying capacitor is connected
to the input source, it accumulates charge which is transferred to the load once the capacitor
is discharged to the output. To reduce the size of the converter’s capacitors, the switching
frequency can be increased. However, increasing the switching frequency also increases the

switching losses, since SCCs are operating with hard-switching.

Q Q Vour(t)
1YT

r Cout |::| RLoad

=C1

«—T;—El
_

Fig. 1.5 Simple SCC.

To minimize the losses related to the hard-switching operation of conventional SCCs,
inductive elements have been integrated in the converter to enable soft-switching operation
[16]-[18], as shown in Fig. 1.6. Resonant switched-capacitor converters (RSCC) facilitate
resonant energy transfer to achieve high efficiencies by switching according to the resonant
frequency of the L-C branch. Switching at exact half-resonance period, when the current
reaches zero, creates a sinusoidal shaped current, resulting in zero-current switching
operation (ZCS), eliminating the switching losses. A major challenge is to determine the
exact resonant period for such converters, especially in multi-stage RSCC topologies, this is

addressed in chapter 4.
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Fig. 1.6 Simple RSCC.
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1.2. Control of switched-mode converters

The vast majority of switched-mode converters operate in close-loop to ensure that the
output voltage is well regulated and the dynamic requirements of the system are fulfilled
under both steady-state and transient conditions. Therefore, a control loop is realized which
may include analog or digital controllers [23]. Modern controllers of SMPS are required to
minimize steady-state error under various load conditions. In addition, recovery from
loading or unloading events to the new steady-state operating point is required to support

modern applications.

Modern control of SMPS is usually carried out by a digital controller, which has high
immunity to component variations and can be programmed on-the-fly, thus ensuring easy
integration for a variety of applications. Digital realization of the control law can be divided
into two: linear control and non-linear control. Linear controller design is straightforward
and its simplicity and reasonable hardware resources have made this method the preferred
one for a variety of applications. A widely used implementation of such controller is PWM
controller. This controller realization consists of three main building blocks: analog-to-
digital converter (ADC), digital compensation unit and a digital pulse-width-modulator

(DPWM) to generate the gating signals to the converters’ switches.

Modern applications such as portable electronics and data centers have brought new
requirements for SMPS. Among them is tighter voltage regulation, higher efficiency and
accommodating load transients. As a result, a new family of controllers has emerged,
referred to as non-linear controllers or state-space based controllers. Non-linear control
methods provide recovery patterns for transient events, which cannot be achieved by linear
controllers. The control law is designed based on the state-variables and state-equations of
the converter and is chosen to accommodate the system’s requirements of both transient time

and state-variable’s variations from the steady-state value.

1.2.1. Linear control methods

1.2.1.1. Analog voltage-mode control

Voltage mode control, carried out by pure analog means, is used in many power systems
to regulate to output voltage of a given converter. Maintaining the output voltage around a
reference value is achieved by adjusting a pulse-width modulated control signal, c(t), as
shown in Fig. 1.7. In this section, a buck topology is considered for the power stage, as

shown in Fig. 1.7. The control signal, c(t), is generated based on the error signal which is
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produced by comparing the output voltage to a predefined reference voltage. The output
voltage is usually scaled down by a voltage divider with a gain of Ky, as shown in Fig. 1.7.
A conventional analog controller comprises a compensation network, referred to as
compensator, and a modulator. These units translate the generated error signal to a pwm

signal for the power stage transistors.

Q Lo voul(t

¢ NN out( )
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v
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Modulator

Controller

Fig. 1.7 Block diagram of voltage-mode controlled buck converter.

A more detailed implementation of an analog pwm controller is shown in Fig. 1.8. The
modulator comprises a comparator and a sawtooth wave generator which produces a
triangular waveform with constant frequency, referred to as the converter’s switching
frequency. A pulse-width modulated signal, c(t), is generated by comparing the output of the
compensator and the sawtooth waveform. The duty-cycle of this signal is proportional to the

output of the compensator’s output and varies to achieve zero steady-state error.

The design of the compensation network is based on the small-signal control-to-output
transfer function of the power-stage and aims to achieve the highest loop bandwidth possible
while ensuring zero dc error. Common compensators are proportional-integral (PI) and
proportional-integral-derivative (PID). These compensators offer tight voltage regulation
and relatively fast dynamic response. However, variations or drifts of the passive
components’ values due to tolerances and change in temperature may increase the
complexity of the design procedure. A Pl compensation network is shown in Fig. 1.8 along
with the voltage divider which scales down the output voltage.
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Generator

Fig. 1.8 Simplified realization of an alalog PWM controller with Pl compensation network.
1.2.1.2. Digital voltage-mode control

Digital voltage-mode control is a control technique that adjusts the duty-cycle of the
converter’s switches based on the error signal generated by the sampled output voltage and
the reference value. The converter will operate in steady-state when the error signal equals
zero. Of course, in practical applications zero steady-state error cannot be achieved as a result
of the digitation process and other hardware limitations, therefore a tolerance band is usually

employed.

A generalized structure of voltage-mode control loop contains three main building blocks:
analog-to-digital converter, digital-pulse-width-modulator and a voltage compensator, as
shown in Fig. 1.9. The power stage of Fig. 1.9 is a synchronous-buck converter which
performs voltage step-down conversion as discussed in 1.1. The output voltage is first
sampled to generate a digital representation of the output voltage. The digital representation
of the output voltage is then compared with a reference digital signal to generate the error
signal. The duty-cycle command, d[n], is passed to the DPWM unit from the compensator

block to modify the duty-cycle according to the error signal.
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Fig. 1.9 Simplified block diagram of a digital voltage-mode controlled buck converter.
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The design of voltage-mode controller aims to produce the highest loop bandwidth
possible, only limited by the switching frequency [1]. The design process requires the
knowledge of the plant’s transfer function in order to design the feedback loop. Here, an

example of a buck converter is considered, with its transfer function expressed as [55]:

Vin 1 Cout
w9 g Qe TR 12)
—+ +1
0" @Q

The design procedure must also take into consideration the gain of all units in the control

loop, as indicated in Fig. 1.10.

ot Vou(t)
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Fig. 1.10  Block diagram of the digital VM control system.
Conventional structures for digital compensators are the discrete-time equivalent of the

Pl and PID compensators discussed in 1.2.1.1. Their general form can be expressed as:

d[n]=d[n-1]=a-e[n]+b-e[n-1]+c-e[n-2], (1.3)

where d[n] is the duty ratio control signal and e[n] is the error signal. The coefficients, a-c,
are found to accommodate the dynamic requirements of the system and must comply with

the stability criterions to ensure proper operation of the converter.

1.2.1.3. Peak Current-mode control

The output voltage can be regulated indirectly by controlling the peak inductor current.
This approach is referred to as peak-current mode control and its realization is shown in Fig.
1.11. Such control method provides inherent current protection and reduces the
compensator’s complexity. Here, a voltage compensator is used for the output voltage
regulation with its output feeding the negative input of the comparator, setting the peak
inductor current. This reference value, Ic(t), is modified by the compensator to achieve zero
steady-state error. At the beginning of each switching cycle, the inductor current ramps up
with a slope of (Vin-Vout)/L until the scaled inductor current reaches the assigned peak value.
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Once this reference is achieved, the inductor current is ramped-down with a slope of Vou/L

by conducting the power-stage’s diode until the end of the converter’s switching cycle.

The current regulation is usually achieved within a single switching cycle, by the current
loop. Since this loop is much faster than the output voltage loop, it can be considered as a
constant gain in the time-averaged model. It means that the inductor current behaves as a
current source, which simplifies the controller design by reducing its order to a first-order
system. Therefore, this system can be regulated with a Pl compensator and still achieve fast
dynamic response, usually accomplished by a PID compensator in a single-loop controller
configuration. It should be noted that such controller realization often requires additional
hardware for slope-compensation to eliminate the effects of sub-harmonic oscillations which

are present in practical systems.
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Fig. .11  Peak-current mode controller for buck converter.

1.2.2. Non-linear control methods

1.2.2.1. State-space representation of switched-mode convreters

Classical control theory of power converters is based on linearization of the plant
expressed as a transfer function. This results in limited control of the closed-loop system by
applying a linear controller such as Pl or PID [19]. The state-space description of the system
can provide a richer description of the plant dynamics, that may lead to enhanced switching
operation of the converters switches which cannot be derived from the conventional

approach mentioned earlier.

Analyzing the converter’s behavior during transient can’t be carried out by the linear
small-signal model, since the switched-mode converter becomes nonlinear. However,

analyzing the converter’s behavior during transient using the state-space representation,
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which does not assume linearity and takes into consideration the dynamic properties of the
system, leads to a much more accurate result. The analysis is aided by the state trajectories,
which are the graphical representation of the state variables movement across the stat-plane,
which axis are the values of the state-variables. Modern SPMS are required to support
transient based operation, and therefore state-space base representation is extensively studied

and employed in modern control of SMPS.

There are some key advantages for the use of state-space based representation of SMPS

compared to conventional description of a transfer function, listed below are some of them:

1. It allows accurate representation of non-linear systems

2. It can be applied on time invariant systems

3. The operation of the converter can be visually detailed on the state-plane

4. 1t enables the design of advanced mitigation sequences which can only be
extracted from the graphical output of this representation method

o

It can be applied on systems with more than one input or one output
6. The effect of initial conditions can be easily taken into account as opposed to a

transfer function description of the system

1.2.2.2. State-variables

State-variables do not change their values instantaneously and hold the information
regarding the system’s state at any given moment. In the simplistic case of conventional
buck or boost converters, the inductor current and the output capacitor’s voltage are the
obvious candidates for such rule. All energy relations can be expressed in full in terms of

differential equations of the state variables, referred to as state-equations.

1.2.2.3. State equavations of switched-mode converters

A switched-mode converter is a system with at least two possible operation states: when
the switch conducts (on-state) and when the switch doesn’t (off-state). The number of state
equations will be equal to two times the number of possible converter states. Derivation of
the state equation is carried out by analyzing its operation as linear circuits, in correlation to

the possible converter states [20]-[21].

An example of deriving the state equations is given for a non-inverting buck-boost
converter loaded by a resistive load. As previously mentioned, this converter has three

operating states, which results in six state equations. The equivalent circuits for each state
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are shown in Fig. 1.12 with the relationship between the state variables for each case

described as differential equations.

4 ©

@ (b)

Fig. 1.12  Non-inverting buck-boost converter equivalent circuits.
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1.2.2.4. State trajectories construction

State-trajectories are the visual representation of the movement of the state-variables
across the state-plane. When constructing the trajectories, the time parameter is implicit, i.e.
the speed of movement cannot be extracted from the trajectories. The state trajectories for

each possible state are written in the following template:

g(VC,iL,VCO,iLO) =0, (17)

where vco and io are the initial conditions for the output capacitor’s voltage or inductor
current, which are the most common state variables in control schemes of SMPS. The
number of state trajectories equals the number of sub-circuits, three for the case of the NIBB
converter. There are three methods for drawing the state trajectories [22]. The method used
in this study is integrating the differential equations (state-equations) derived in previous

section in the following manner:
J. fl(Vc, |L)d|L IJ. fZ(Vc, iL)dVC . (18)

Solving (1.8) for all three sub-circuits, (1.4)-(1.6) yields the following:

L VC(iL—iLO):O . (19)

iVin(Vc —Vco) +
L RC
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Based on the state-trajectories of (1.9)-(1.11) and for different initial conditions, the

graphical representation of the trajectories can be constructed, which for the case of NIBB

converter yields the following:

0 Il 1 1 1 1 1 1 1 Il
24 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2

Ve

Fig. 1.13  State-plane and trajectories if a non-inverting buck-boost converter.
1.2.2.5. Time-optimal control

Time-optimal control (TOC) is a control method which results in the fastest dynamic
response possible for a load transient [25]-[30]. In conventional converters with two
operating states, TOC consists of two switching actions of the converter’s switches. For a
case of a loading event, the first trajectory will increase the energy stored in the inductor
while the second one will bring the systems’ variables to the new operating point. For a case
of unloading transient event, the amount of energy in the system must be reduced, therefore
the first trajectory will be the off one, followed by an on state to converge to the new steady-

state point.
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Shown in Fig. 1.14-Fig. 1.15 is TOC recovery pattern of a NIBB converter operating in
step-down mode for a loading transient. Here, the switching actions utilize the conventional
trajectories of a buck setup to recover from the loading event. Fig. 1.14 illustrates the state-
plane and the trajectories which are used for conventional TOC of a buck converter. The

timing diagrams of the recovery is shown in Fig. 1.15.

25 T

Fig. 1.14 TOC for a NIBB converter operating in step-down mode.
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Fig. 1.15 TOC for a NIBB converter operating in step-down mode.

It should be noted that for converters with more that two operating states, such as the
non-inverting buck-boost converter, TOC may require more than just two switching actions,
which increases the complexity of its implementation in practical applications. Shown in
Fig. 1.16 is the recovery trajectories of the same loading event, which use the additional
trajectory of the boost configuration (green) available in this specific converter to further
enhance the recovery pattern. As can be seen in Fig. 1.17, the additional trajectory leads to

a better transient response.
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Fig. 1.16  TOC for a NIBB converter operating in step-down mode with an additional trajectory.
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Fig. 1.17  Timing diagram of TOC for a NIBB converter operating in step-down mode with an additional
trajectory.

Linear Controller

Ideal TOC may be impractical for a wide range of applications due to complex
calculations of the switching moments on-the-fly which require significant hardware to be
added. In addition, TOC is sensitive to operating conditions, parameter tolerances and
parasitics. To address these issues, more sophisticated mitigation algorithms have been

recently investigated.

1.2.3. Multi-mode controller design

1.2.3.1. Hybrid controllers

The control objectives of modern SMPS controllers cannot be fulfilled by a single control
method to achieve both steady-state and transient requirements. It has been shown that
combining two control laws, one for steady-state and one for transient operation, yields
significant improvement of the overall system performance [24]. Within the context of
switched-mode applications, a hybrid controller merges a small-signal based controlled such
as PID, to allow constant switching frequency during steady-state operation and a transient

mode controller, to enable fast response to transient events with minimum voltage and
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current overshoots. As can be seen in Fig. 1.18, a dedicated multiplexer sets the final gating
signals to the converter’s switches as a function of the operation state of the system, i.e.

steady-state or transient conditions.

As in any feedback system, the controller’s stability must be addressed during the design
procedure. Stability criterions for the linear controller are straightforward and widely
discussed in the literature [48],[58]. For the case of the non-linear controller, large signal
stability is not a necessity for this controller’s operation is to bring the converter around the
new steady-state point. The small-signal linear controller is in charge of maintaining zero
steady-state error and is used when small perturbations occur or after the transient-oriented
controller has brought the converter around the new operating point. The switching operation
of any large-signal based controller must bring the system around the new operating point
regardless of the initial conditions. The design of such control scheme is based on the state-
plane as detailed in 1.2. Further discussion is given in chapter 2.

Non-inverting buck-boost converter
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Fig. 1.18  Simplified block diagram of a NIBB converter with digital hybrid controller.

1.2.3.2. Controllers for RSCC

Single or multi-stage RSCC’s high efficiency characteristics highly depend on the ability
to perform the switching action when the resonant current equals zero, i.e. operating at zero-
current switching (ZCS). The simplest approach is to dictate the switching actions based on
the nominal values of the resonator’s passive components, which determine the resonant
frequency. Tolerances of the component values and drifts due to temperature and ageing are
not taken into consideration in such realization, which result in poor overall efficiency. To
achieve precise soft-switching operation current sensing is required. However, direct

measurement of the resonant current is not a viable solution for converters operating in the
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MHz range, which will require ultra-high gain-bandwidth current sensors. To avoid the
design of such complex sensors, solutions that observe the zero-crossing point have been
employed in RSCC controllers as shown in Fig. 1.19. Although this approach significantly
increases the converter’s efficiency, full ZCS operation cannot be achieved due to latencies

of the sensor and the driving circuitry present in practical systems.
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Fig. 1.19  Simplified block diagram of a zero-crossing detection based RSCC controller.

In this study, a different approach has been perused which incorporates a compensation
logic that tunes into the resonant frequency of the resonant tank. The controller’s operation
is based on the concept of sampling at turn-off, which provides the controller with the
information of the resonant current at the switching instance. Further discussion is given in

chapter 4.

1.2.3.3. Peripheral units
1.2.3.3.1. Digital Pulse width modulator

The pulse-width modulator serves as a digital-to-analog converter which translates the
compensator’s output to the gating signals of the power stage transistors. Each digital pulse-
width modulator (DPWM) has a finite set of conversion values, which results in discrete set

of regulated output voltages.

The conventional approach to implement high-resolution, high-frequency DPWM is by a
fast-clocked counter-comparator scheme [107]-[109]. This way, for a converter operating at
switching frequency fsw, n-bit resolution DPWM requires a reference clock frequency of
2™ - fsw. For example, an 8-bit resolution DPWM for a SMPS operating at 1IMHz will
require a reference clock with frequency of 256MHz. Power consumption as well as design

complexity are increased when fast reference clock is used.

Another approach is to implement a high-resolution DPWM which uses a relatively slow

reference clock combined with digital-logic to produce the pwm signal with a resolution of
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a single delay-element. A simple realization of such modulator is shown in Fig. 1.20. A
counter, referred to as master-counter, is used to produce the coarse section of the pwm
signal. Once the counter’s result equals its assigned value, a digital logic block is used to
produce the additional section of the pwm signal, which is shorter that the duration of the

reference clock.
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Fig. 1.20  Simplified block diagram of a high-resolution DPWM based delay-line.

An example is shown in Fig. 1.21, in which a relatively slow reference clock is used
to produce a pwm signal with high-resolution without increasing power consumption or
design complexity. It should be noted that this DPWM architecture can be easily modified
to produce multiple pwm signals, thus making it a promising candidate for multiphase

applications.
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Fig. 1.21  DPWM with resolution of a single delay-element.
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1.2.3.3.2. Load-estimation units

Direct measurement of the load current is prohibitive for most applications, therefore
load-estimation units are incorporated in the controller design, especially for indirect-energy
transfer converters [51]. The ability to execute complex mitigation patterns for fast and
accurate recovery from a loading transient is correlated to the information available to the
controller. There are various load estimation procedures which are based on prior knowledge
of the converter’s passive components [27] or information of past load-estimation results
[25]. Self-tuning estimators have also been presented in the literature [51] which provide
accurate readings of the load status regardless of components’ variations and require no prior

knowledge of the components’ values or past estimation results.

The implementation of the self-tuning estimator is described in Fig. 1.22. It is based on a
look-up-table (LUT) and on estimation of the load current through a comparison with a
measurement of the known current value, named unity current. The LUT of the estimator is
populated during the converter start-up. Over that period, the LUT’s entries are stored, i.e.
current and voltage threshold values are created, from measurement of the output voltage.
After the writing of the values in the tables is completed, the output voltage deviation is used
as an address (input of Fig. 1.22) to determine the LUT’s outputs, i.e., Vin and ln values.
Upon the converter power-up a generic LUT is assigned. The known current of the protective
resistor Roig (also known as bleeding resistor), named unit current lunit, is used for the system
calibration. During this time, the load is disconnected from the output of the converter, i.e.,
switch Moyt is turned off, and in addition, switches Q1, Qs are off while Q2, Qs are on. This
assures that the current path to Rug is via the output capacitor alone. The value AV is a

function of lunit and is measured as:

Viet A A
AV; =Vppc[n]-Vapc[n -1 = Rbl; Et= IunitEt : (1.12)
where At is the sampling interval, vapc[n] is the current value of the ADC output and
vapc[n-1] is the ADC value from the previous sampling cycle. The value AV1 is used to
populate the LUT with Iy, and Vi values for the full range of allowable output voltage

deviations.
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Fig. 1.22  Block diagram of a self-tuning estimator for a NIBB converter.

Upon power up of the converter and population of the LUT is completed, the switch Mout,
usually existing in the applications of interest is turned on. During the remaining portion of
the converter operation, the LUT is used to produce I and Vi during transient events. The
input to the LUT is now the voltage deviation AV, measured during the on time of Q1 and
Q4. During a transient event, the load current lout_new is estimated as:
lunit - (1.13)

AV,

Ioutfnew = AV,

1.3. ASIC integration of controllers for DC-DC converters

1.3.1. Introduction and motivation for IC integration

Modern power management controllers rely on the integration of the power stage driving
circuitry, conversion blocks and digital logic [31]-[34]. The digital logic can be written in a
way that enables the compensation scheme to be re-programed on-the-fly based on the
specifications of the power-stage. This also applies for other supporting blocks which
perform house-keeping and monitoring tasks. Digital controllers have inherently lower
sensitivity to process and parameter variations [81][80]-[81]. Moreover, some modern
control schemes or periphery modules cannot be realized with pure analog means. For
example, all digital-cells based driving circuitry has been realized in [55] and achieved
timing resolution of a single delay-cell. The digital realization of this module can be easily
modified to support multi-phase converters and to achieve precise phase-shifter duty ratios,
a task that is considered highly challenging if the modules are not highly-matched.

An application-specific integrated circuit (ASIC) is an integrated-circuit customized for

a particular use. For example, control of multi-phase switched-tank converters, as
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investigated in this study and discussed in 4. As standard cells’ sizes have shrunk and digital
design tools improved over the years, the integration density significantly increased. This
directly translates to reduced costs of controller ICs of dc-dc converters. From the system
perspective, the viability of a controller IC depends on the operating frequency, power
consumption and the system flexibility. Full custom design, which tailored to a specific
application has the potential to be more efficient and precise. However, the lack of flexibility
may result in un-fixable mistakes and will have a significant delay in the time-to-market
(TTM).

Standard-cell based design is a common methodology for the design of digital ICs, it is
also known as “top-down” approach. This design flow is based on the standard-cell libraries
the FAB provides, which may include basic logic elements such as multiplexers, adders, etc.
It should be mentioned that the standard-cell libraries of different FABs may include
different cells. Based on the provided cells, this design flow aims to realize the digital logic
with the minimum silicon area while complying with all timing requirements set by the
designer. The design in described at the functional level using a hardware-description
language. This is followed by synthesis, compilation and place-and-route processes.
Dedicated simulation and verification tools are used to verify the operation of the IC prior
to fabrication process. In contrast to analog-based controllers, digital controller ICs scale
well with technology which plays a major rule in the integration of such controllers in almost

every electronic device.

1.3.2. Digital design flow

Prior to silicon realization of the controller IC, it is described in pseudo-code and all
interior blocks are specified, along with the timing specifications. For example, the error
calculation of the output voltage in voltage-mode must be executed only after the new

reading from the ADC has been acquired [55].

The digital design flow can be divided into two main phases, as shown in Fig. 1.23. Each
sub-module of the controller is described in HDL, and verified by behavioral and functional
simulations prior to synthesis process. Then, each sub-module is synthesized using automatic
tools into optimized gate-level representation, taking into account the design and timing
constraints. Synthesis reports, such as area, power and timing reports are extracted at the end
of this phase, to verify the correctness of the vendor’s standard-cell based description of the
IC. The output of the first phase is an HDL code, which describes the logic with the available
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cells from the vendor’s libraries. This HDL code includes all sub-modules as hard-I1Ps which
are the building blocks of the highest hierarchy. It is worth mentioning that this
representation does not implicate on the physical design, for the second phase of this flow
optimizes the physical design based on the gate-level. In synchronous design, additional

constraints on the distribution of the clock are added.
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Fig. 1.23  Block diagram of the digital design flow.

The second phase of the digital design flow starts with definition of the IC’s size, density
and shape, referred to as “floor-planning”. During this phase, all hard macros are placed,
taking into consideration the 10s arraignment and the relationship between them to avoid
unnecessary delays due to extensive routing. The power planning of the IC is defined after
all macros have been placed, to ensure sufficient current paths throughout the chip. Logic
low and high rings and stripes are added around the macros and throughout the chip. Then,
all logic which is not already implemented in one of the sub-modules is added and routing
is performed by automatic tools. In this thesis, the Cadence “Encounter” tool was used,
which has been found very reliable and user friendly. The last step of this phase is to perform
final verifications of the IC.

Design-Rules-Check (DRC) is performed to verify that the generated silicon realization
does not violate any fabrication limitation. In case a violation has been detected, the routing
step must be executed again. Then, a Layout-versus-Schematic (LVS) check is performed,

to ensure that all logic described by the designer is indeed realized in the final IC. Once DRC
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and LVS tests have passed with no errors, the final verification of the IC’s operation can be
performed. Parasitic extraction (PEX) is performed based on the verification purposes.
During this step, parasitic capacitances, resistances and inductances can be extracted and
used for the post-layout simulations which are the final step before tape-out. All DRC and
LVS checks as well as parasitic extraction have been executed on the Cadence “Virtuoso”
tool. This tool enables the designer to further enhance the design by manually apply changes,

add structures or combine many blocks to form a large-scale IC.

1.3.3. IC realization of analog to digital converters

Power system-on-chip (SOC) which include both the power stage and the controller are
complex systems that are becoming more common as the requirements for efficient power
delivery are increased [31]-[34]. Analog IPs are a part of every control loop, which must use
the continuous-time domain information of the converter’s output voltage and inductor
current to accurately fulfill its tasks. However, the nature of analog circuit design makes
reusable IP a somewhat different issue than in the digital case. To overcome this limitation,
and to allow the design of analog IPs that can be reused without any major modifications on
various fabrication processes and applications, digital realization methods of conventionally
analog circuits is perused. The use of hardware description language (HDL) is used in this
study to design digital IPs that execute tasks that are usually carried out by analog circuits
such as ADCs, DACs and Comparators. Reducing the amount of analog circuits in the
system results in a much easier design procedure that is in many cases smaller in size and

has lower power.

An ADC that uses analog circuits for the digitation process is the Flash-ADC [35]-[36],
which is the fastest and one of the most accurate and reliable topologies. However, this
method requires a non-negligible number of comparators and resistors in addition to digital
logic at the output stage. A 2-bit flash ADC realization is shown in Fig. 1.24. As can be seen,
four resistors and comparators are implemented. For most power processing applications,
this architecture provides the information much faster than required on the expense of

extremely large silicon area and power dissipation.
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Fig. 1.24  2-bit flash ADC architecture.
To address these issues, topologies that are lean on hardware have emerged as the sigma-
delta (SD) ADC which is described next.

1.3.3.2. Y-A analog to digial converter

Sigma-delta ADCs are ideal candidates for power processing applications in terms of
complexity and area which can produce digital representation of analog signals with
frequencies varying from DC to a few MHz [80]-[81]. A conventional sigma-delta ADC
(SDADC) is shown in Fig. 1.25. It consists of a summing junction, an integrator, a

comparator and a 1-bit DAC.

The analog signal to be converted into a digital word has to be relatively slow compared
to the internal clock, so the converter will be able to sample it multiple times on the course
of a single digitation stage. This method is called oversampling. Here, the sampling rate is
much higher than the SDADC output rate. The sensed signal is compared to the feedback
signal, Xs, to produce the error signal, X>. The output of the integrator block is the summation
of the last two over-sampling cycles error signals. The output of the 1-bit ADC, implemented
by a comparator, is the input to the LPF which accumulates the modulator’s results and
produces a digital representation of the sensed signal every clock cycle. In most applications,
the oversampling frequency is very high, on the range on 10s of MHz, therefore a decimation
filter is usually employed as the final stage of this ADC.

Input sigral
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Xs /] X4
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1-bit DAC

Fig. 1.25  Conventional implementation of a sigma-delta ADC.
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1.4. Motivation, objectives and significance of the research program

The volume and size of switched-mode converters dictate their load transient response.
Tighter output voltage regulation, faster response time to load transients and smaller volume

are major concerns in the design of modern SMPS.

Integration of digital controllers as ICs for power applications, especially with
uncertainties in the system parameters, is a challenging task, widely perused by both
academia and industry. It would be extremely efficient if a controller can be self-tuned

according to the power stage, with minimum intervention from the user.

The primary objective of this research program is to devise a new control scheme for non-
inverting buck-boost converter for portable applications. The controller will combine
advanced digital control methods taking advantage of this converter’s unique structure, to
dramatically minimize the overall volume and significantly improve efficiency during
steady-state operation. It is expected that a transient controller which uses all possible

converter trajectories, will achieve near optimal load transient recovery patters.

Another objective of this research program is the development of on-chip, auto-tuning

fully-digital controller for dc-dc converters alongside its periphery units, such as an ADC.
More specifically, the objectives of the research program are:

1. To improve the load transient response of NIBB converter in order to reduce the
overall volume and to improve its power processing efficiency.

2. To develop a new load-estimation process for indirect energy transfer converters
with minimum hardware modifications.

3. Development of a new hybrid-type controller for NIBB converter that supports
operation for a wide range of input voltages with improved efficiency around
unity conversion ratio. In addition, Near-optimal load transient recovery profile
for both loading and unloading conditions is also pursued.

4. To develop a fully-synthesizable ADC for power processing applications that
performs the digitation task with low power dissipation without sacrificing
accuracy.

5. Development of a new lock-in integrated controller for resonant SCC. The

controller will support a wide range of single or multi-stage RSCC topologies.
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2. Digital CPM Controller for Non-Inverting Buck-Boost
Converter with Unified Hardware for Steady-State and
Optimal Transient Conditions

This chapter introduces a new controller architecture and implementation for non-
inverting buck-boost (NIBB) converter. An overview of the NIBB converter is presented,
followed by steady-state analysis of the inductor current for all conventional operating
modes as well as for new modes developed in this study. Near-optimal load transient
recovery profile, with programmable constraints of the state variables is detailed. Then, a
new load estimation procedure, which is the enabler for the non-linear control scheme, is
discussed. The new controller operation is verified by simulations and experimental results
of a 2-15V to 3.3V prototype.

2.1. Overview

Following the rapid growth in computing power and in particular for portable electronics,
the specifications and restrictions on efficient usage of battery-powered applications have
been significantly tighten to assure compact and light devices with long operation cycles. In
variety of such applications, in particular as those prone to wide range of ambient
temperature swing, or for cells with wide voltage range [38]-[41], the source voltage can be
higher or lower than the target regulated output. Another case that requires front-end
conversion flexibility is for high-performance programmable-gate arrays (PGAS) that may
be fed by multiple sources [42].

It is apparent that a flexible SMPS capable of stepping down, up, or operating around
unity is essential. In addition, since direct conversion as point-of-load is preferred due to
efficiency considerations, then the SMPS is also required to satisfy transient requirements
and comply with the system dynamic characteristics [43]-[45]. Non-Inverting Buck-Boost
(NIBB) converter configuration has a long track-record of carrying out the above-mentioned
prerequisites. Although it comprises of four switches with two devices in the conduction
path, its efficiency characteristics and ripple efforts have demonstrated superiority in
comparison to a conventional buck-boost arrangement. One of the more attractive features
of NIBB converters is the capability of operating as a buck converter when step-down
operation is needed and as a boost for step-up. Remaining is the region around unity in
which, apparently, this converter lacks advantages than its precursor. Fortunately, several
fundamental studies in the recent years [45]-[47], have been conducted around the unity

region and demonstrated ripple and efficiency enhanced modes of operations. A key
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challenge would be to embed all required features as well as superior transient capabilities
in a simple and unified controller.

Load transient recovery is a critical factor in the design of modern switch-mode power
supplies. In particular, sizing of the passive components predominantly depends on the
recovery pattern of the system, since largest deviations occur during transient events. To
reduce the requirements of the converter’s passives and as a result, the overall volume of the
SMPS, high-performance voltage regulators typically employ transient-oriented controllers,
which can be either boundary or hybrid. Boundary controllers [48]-[49], among them
hysteretic and sliding-mode controllers, are geometry-based methods that split the state-
plane such that in one side of the boundary the operation is governed by the on state and by
the off state at the other side of the boundary. Hybrid controllers [50][50]-[51] switch
between two or more control laws based on the system state variables in order to obtain the
performance goals. Within the context of switch-mode applications, the hybrid control law
typically incorporates a steady-state linear controller (i.e., Pl or PID), to allow constant
operating frequency, which simplifies the design of the power converter.

As opposed to buck-type conversion, which is classified as direct-energy transfer and
characterized with closed-form optimal solution for the load transient recovery and
deviation, in boost-type circuits general optimization of the recovery targets is significantly
more complex. For example, time-optimal recovery of buck-boost converter results in
extensive voltage drop, much larger than the minimum value that can be obtained [52].
However, ideal minimal voltage drop for boost-type conversion requires infinite
convergence time. On the other hand, since in this study a NIBB converter configuration is
used to support wide range of conversion ratios, it stands to reason that the recovery pattern
may be further enhanced, beyond the conventional definition of time-optimality, benefiting
from the topological flexibility of the converter. For instance, adding boosting phase to a
loading step while in step-down conversion (buck mode in steady-state).

The objective of this study is to introduce a new controller architecture and
implementation for NIBB converter as shown in Fig. 2.1. It employs a simple current-
programmed configuration to realize a hybrid-type controller with tight voltage regulation
and excellent transient convergence, all carried out through a classic two-loop controller
hardware. A new steady-state operation mode for improved efficiency and ripple
characteristics around unity conversion ratio is described and analyzed. The new controller
supports operation in steady-state for the full range of conversion ratios with seamless

transition between modes. It is a further objective of this study to introduce detailed transient
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mitigation algorithms for all operation modes, in particular for the unity conversion ratio but
also for the entire operation range, enabling optimized transient recovery and untimely
volume reduction of the overall solution. In addition, a load estimation procedure is

delineated and demonstrated which considerably enhances the transient performance.

Qu L Qs
1yl

Vou t(t)

N

:l RLoad

| |
| ﬁ |
| - |
I Transient ||
| le——( 1) | Suppression ||
| Compensator Unit |
Vret[N
: Gate Drivlers—I—T M T+R :
| le Vol Vouln] !
|TR Selection ¥ ¥ |
I nbit |[ n-bit |!
| Vin[N] Vau[n] Register Register:
: Dead Time |
I +C€mi0|+ lu[N] [ computational Slope |
| QQQ;Qs Block Calculation |l
Fig. 2.1 Simplified schematic diagram of a non-inverting buck-boost converter with current-programmed
controller.

2.2. Controller Architecture and Operation

The NIBB converter, shown in Fig. 2.1 has four switches, which can be divided into two
pairs: Q1 and Q2 make up the buck pair while Qs and Q4 make up the boost pair. The
operation for each pair of switches is complementary. The control objective in this study is
to sustain a regulated output voltage for any setting of the input voltage (within the design
specifications), which may be above, below or equal to the target output, and significantly
vary during operation. To this end, the system governor adjusts the switching sequence so
that the converter operates at the best performing configuration for the specific voltage gain.
By assignment of two duty ratio notations, dwuck for the pair of Q1-Q2 and dboost for Qz-Qa,
then the dc conversion ratio for NIBB converter can be uniformly expressed (i.e., regardless

of information for the specific mode of operation) as [45]:

Vou _ Ahuck
Tnt 11— dpoost . (2 1)
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2.2.1. Controller Architecture and Operation

As can be seen in Fig. 2.1, the controller follows a two-loop current-programmed
configuration with a digital outer voltage loop and inner comparator-based current loop. The
voltage loop produces a digital reference, v¢[n] based on the error signal, ve[n], of the voltage
loop for either the peak or valley current values, depending on the operation mode. The
reference current values are converted to continuous-time representation by a digital-to-
analog converter (DAC) which feeds the positive input of a comparator.

To ensure proper regulation of the output voltage for all conversion ratios, a state-machine
algorithm described by the flowchart of Fig. 2.2, has been incorporated. The mode of
operation (i.e., step-up, step-down or unity) is determined in this study by samples of the
input voltage, vin[n] and output voltage, vout[n], Which are the inputs to the mode selection
block (see Fig. 2.1). To prevent toggling and to ensure smooth transition between modes,
the assignment of the operation mode is determined based on the steady-state value for the
output voltage, vref[n], and in addition, a hysteresis band is assigned around unity conversion

-Steady State
Sample Vo i Sample Vi, ;
v \ 4

ratio.

Vou[N] Via[n]

Veror=Vou[N]-Vre[N] Vinode=Vin[N]-Via[n]

Vinode[N]

Mode change
quired?

ol
re
YES
Update operating
mode

Fig. 2.2 Flowchart of the controller’s operation in steady-state.

Efficient way that exploits the flexibility of this converter is to operate in the dedicated
converter topology that is suitable for the conversion ratio based on the status of the input
and output voltages. In this way, rather than operating in buck-boost mode for the entire
range, a buck setup is preferred for step-down conversion, whereas step-up conversion is to
be performed with a boost arrangement. It has been established in [53]-[54] that this
approach improves the power conversion efficiency and reduces the components ripple. Still
remaining however, is the region around unity conversion ratio where buck-boost operation

prevails since neither buck nor boost converters can achieve pure unity conversion while
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regulating the output voltage. To this end, several approaches to lower the ripple efforts have
been pursued in recent years [45],[53]. This study too adopts the approach of operating in an
enhanced mode around unity conversion ratio, with some unique adjustments of the
enhanced modes selection and realization. To cover all conversion modes and move between
them seamlessly, the operation of the steady-state controller has been segmented into four.
There are two conventional cases of buck and boost, and two new modes of enhanced-buck
and enhanced-boost, which are distinguished by the voltage status around the unity
conversion ratio. The topology subcircuits for all operating modes are shown in Fig. 2.3 with
typical current waveforms in Fig. 2.4.

Qu L Qs

FA ,,,,,, B
[ B R e [
I

Vin

<~ (b)
Ql L Q3
Y Y Y
1T 1yT
S aataln
: ‘ I
| I
| \
T ©

Fig. 2.3 Equivalent circuit of the non-onverting buck-boost converter in various stages of operation.

Fig. 2.4 Inductor current waveforms in various modes (a) conventional-buck. (b) conventional-boost. (c)
enhanced-buck. (d) enhanced-boost.

For the case that Vin>Vout, the controller operates in a conventional buck mode. Here, Qs
is kept on, Q4 is off and the pair Q1 and Q. toggles complementary. Voltage regulation is
facilitated through valley current control, which determines the duty ratio of the toggling
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transistor pair. Equivalent subcircuits for this operation mode are shown in Fig. 2.3b-c with
inductor current shown in Fig. 2.4a.

For the case that Vin<Vout, the controller operates in a conventional boost mode. The
passive pair here is Q1-Q2 while Qs-Qs switching complementary (Fig. 2.3a-b). To utilize
the same control hardware without modification, peak current control now determines the
duty ratio for output voltage regulation (see Fig. 2.4b).

The enhanced-buck mode is engaged where the input voltage is slightly higher than the
output voltage. In this case, the conventional valley current control, employed for the pure
buck mode, is modified to a three-phase sequence for a switching period, resulting in
inductor current waveform as shown in Fig. 2.4c. In the first interval te1, Q2 and Qs are on
(subcircuit Fig. 2.3b) and the inductor current ramps down with a slope of (-Vou)/L to the
valley value assigned by the current reference. The second interval te> is a short boosting
phase (subcircuit Fig. 2.3a) where the inductor current ramps up with a slope of Vii/L. The
duration of the second time interval, te2, is chosen according the minimum conduction time
of the power stage transistors and drivers, tmin, SO that the following holds: tez>tmin. In the
third interval tez (subcircuit Fig. 2.3c) the inductor current continues to ramp up, but with a
moderate slope of (Vin-Vout)/L, until the end of the cycle. The boosting phase timing can be
realized by either assignment of a fixed duty ratio dnoost as employed in [45]-[46], or as
carried out in this study by changing the reference value to the comparator. Using the latter,
cycle-by-cycle protection merit is maintained continuously along the entire range of
conversion ratios.

Enhanced-boost mode is used for the case that the input voltage is slightly lower than the
output voltage. In a similar way as the previous mode, a three-phase sequence is utilized,
now with the difference that peak current value is initially obtained. A typical inductor
current waveform for this case is depicted in Fig. 2.4d. Here, in the first interval te1, the
current ramps up with a slope of Vin/L (subcircuit Fig. 2.3a). Then, in te, the inductor
discharges onto the load with a slope of (-Vout)/L. Finally, in tes, the inductor current ramps
down in buck-mode with a moderate slope of Vout/L. To facilitate the second phase, here too
there are two options; One with a fixed duty ratio [45]-[46] , now douck. The second
alternative, which has been carried out in this study, is by the current comparator.

From the above description, it implies that a single-comparator current-mode architecture
is sufficient to all four modes, covering the full range of conversion ratios with enhanced
conversion efficiency and lower ripple effort around unity ratio. These are achieved while

retaining cycle-by-cycle current protection and simplifying the voltage-loop compensator by
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reducing the system order, because of the tight current-programmed control [55]-[56]. A
simple slope compensation configuration is also employed which supports all operating
modes [57].

2.2.2. Impact of the Operation Mode on the Inductor’s Current rms Value

Conduction losses are a primary contributor to the efficiency of buck-boost converters, in
particular around unity conversion ratio. Since this study presents a modified operating
sequence, it is essential to explore the effect of the new current waveform on the rms value.
The analysis in this subsection is carried out in the context of the presented control method,
i.e. itis generalized for wider range of conversion ratio, considering the operating mode per
the status of input and output voltages.

The inductor’s current in enhanced-boost and enhanced-buck modes can be divided into
three sections, as can be seen in Fig. 2.5a and Fig. 2.5b. The rms value of the inductor current

can be derived using the sum of the squares as follows [7]:

ILrms = \/|ers(l)2 + Iers(2)2 + Iers(S)2 ’ (22)

where Iums), lums), lms) are the rms values of the three parts of the inductor current

waveform.

Fig. 2.5 Current waveforms around unity conversion ratio. (a) enhanced-boost mode. (b) enhanced-buck
mode.

The rms value of the inductor’s current when operating in conventional buck, conventional

boost and conventional buck-boost modes can be expressed as [46]:

ILrms_buck ﬂ"outz +(% 2 . (23)
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To facilitate comparison benchmark, the inductor’s current rms value has been
normalized with respect to the highest rms value of a conventional buck-boost mode, as can
be seen in Fig. 2.6. Also added are independent simulation results, that validate the
correctness of the expression in (2.2), as shown in Fig. 2.6. The result implies that when
feasible, operation in either pure buck or boost is preferred. However, around unity
conversion, the new shape for the current as obtained by the enhanced modes, results in

lower conduction losses in steady-state compared to conventional approaches.

Normalized rms value of the inductor’s current

1 : : : : :
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Fig. 2.6 Normalized rms values of the inductor current under various operating modes.
2.2.1. Variable Frequency Operation

To further improve the conversion efficiency, frequency scaling is employed. Operation
at high conversion ratio calls for higher frequency operation to lower the ripple efforts and
by doing so, reduce the size of the passive components. When operating around unity
conversion ratio however, it is possible to lower the operating frequency and by that reduce
the switching losses, and more importantly, drive losses. In the enhanced modes, the second
time-interval (te2) with respect to the cycle duration, determines the average value of the

inductor current, which is expressed as:

1
IL(avg)_enhanced—buck = |Ou, w . (26)
1--€2

Ts

-32- September 2019



1
|L(avg)_enhanced—boost:lout Vo —V: ' (27)
out ~Vin
o2 + Vour (Ts —te2)
1- ou
Ts

As can be seen from these expressions, keeping the correct ratio between the second
interval to the switching period assures that the average current, and hence the load current,
are satisfied. This implies that lowering the switching frequency is allowed without
jeopardizing the performance, and even improving it. It should be noted however, that a
secondary constraint of the maximum allowed ripple sets a lower limit on the frequency. The
controller in this study has been designed so that the constraints are met while the switching

frequency is adjusted according to the difference (or ratio) between Vout and Vin.

2.3. Transient Control

In this section, two recovery patterns are presented within the context of indirect energy
transfer conversion (as NIBB) that, compared to the time-optimal solutions, constrain the
output voltage deviation or peak inductor current (or both) while maintaining fast
convergence in response to load transients. A primary objective in the controller design is to
maintain the same hardware for all cases in the steady-state as well as for transients.
Therefore, the hybrid controller incorporates the steady-state peak current programmed
mode (CPM) arrangement and adds a transient-mode controller. For the transient-mode, two
additional logic blocks have been developed, namely the transient suppression block and
Slope Calculation (see Fig. 2.1). Upon a load transient detection, these blocks take over the

task of estimating the load current and creating the gating signals to the power switches.

2.3.1. Programmable-deviation controller

The first recovery profile that is described is current-constrained recovery as illustrated
in Fig. 2.7. Upon detection of a loading transient, from loid to lref, the controller recovers
from the loading event in a two-step process. First, the CPM controller is bypassed and Q1
and Qs are turned ON while Q2 and Qs remain OFF, while the new load state is estimated.
During this time and based on the new load estimation, the controller sets a threshold for the
inductor current, ln=lrer. Once the inductor current reaches the assigned threshold, the
controller moves along the boundary I .=l in a sliding mode operation, causing the output
voltage to rise up without changing the inductor current. The definition of the controller and
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its realization is quite simple and features simple current comparison with some hysteresis
band. As a sliding controller, it can be defined as follows:

oi(Ve, i) =iL = ref , fOrve <Vieg (2 8)
on: 0;<0 off: gi>0 ' '

1n=lre
> . (Vret, lrer)

0i=0

i

First on

/ trajectory

(Vret.lota)

Fig. 2.7 Illustrative movement of the state plane for the current constrained mode handling a loading
transient.

The second recovery profile applies constrains on both the output voltage to a desired
level and on the inductor current, here the new steady-state value has been assigned. The
recovery is described through a three-step process and is illustrated in Fig. 2.8. First, in a
similar way as in the previous mode, the inductor current is ramped up, while the controller
sets two thresholds: one for the output voltage and one for the inductor current based on the
load estimation. In the second step, the controller is assisted by the voltage threshold to

operate as a sliding-mode controller that is defined by:

oy (Vi) =ve —Vin, forip <l (2.9)

on: oy, >0 off : o, <0 ' '
During this step, the inductor current rises without changing the output voltage until it
reaches the current threshold and the controller moves to the third step. During the third and
final step, the controller moves along the boundary i =l in a sliding mode operation, this

can expressed as.:

oj(ve,ip) =ik — Iy, for vg <Vigs (2 10)
on: 0;<0 off: ;>0 ' '

Optimized boundary control scheme covering the entire range of conversion ratios has
been designed based on the above-mentioned recovery profiles for loading events and
conventional time-optimal solutions for unloading events. The design approach is aided by
the analytical derivation of the converter’s state trajectories and load-line combined with

graphical illustrations of the state-plane for various voltage gains.
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Fig. 2.8 Ilustrative movement of the state plane for the voltage-deviation and current-constrained mode
handling a loading transient.

In both recovery profiles, the switching frequency of the power devices during sliding-
mode operation is determined by a hysteresis band around the reference value. It is set
according to the maximum allowed ripple and takes into account the frequency limitations

of the power-devices and drivers used in the design.

The selection of the specific recovery pattern relates to the sensitivity of the design to
specific components. For example, should the inductor current in the design must not exceed
a certain limit then the current-constrained controller is to be employed. This controller
realization provides flexibility in the selection of the hardware by choosing the recovery
pattern based on the available sensors per specific design.

The controller recovery pattern for loading events in enhanced-buck mode is an example
of exploiting the topological flexibility of the NIBB converter to further improve the
transient response while reducing output voltage deviation as well as lowering the peak
inductor current that is required for recovering to the new steady-state. Illustrations of the
state-plane as well as the specific recovery trajectories for loading transient, in enhanced-
buck mode are depicted in Fig. 2.9. The two constrained recovery profiles (Fig. 2.9b-c)
presented earlier in this section are compared with time-optimal pattern (Fig. 2.9a) as a
benchmark case. It can be seen that while a conventional buck time-optimal recovery ramps
the inductor current up by with a slope of (Vin-Vout)/L = 0, here the addition of a boosting
phase ramps up the inductor current with a slope of vin/L. This improvement alone
significantly enhances the recovery performance on both deviation and time properties since
it increases the applied voltage on the inductor. In a similar manner, recovery of enhanced-
boost mode for the NIBB converter is found to superior over the one of a conventional boost.
This has been widely detailed in [51].
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Fig. 2.9 State plane representation of NIBB operating in enhanced-buck mode for a loading transient. (a)
Recovery pattern of conventional Time-Optimal Control (TOC). (b) Recovery pattern of current-constrained
mode in conventional buck mode. (c) Recovery pattern of current-constrained mode in enhanced-buck mode
with a boost-phase.

To demonstrate the operation of the transient recovery pattern, simulation testbench (in
PSIM) has been constructed. Fig. 2.10 shows the resultant recovery pattern for 0.8A to 3.5A
loading transient, while the converter operated in enhanced-buck mode (3.8V to 3.3V). Fig.
2.10 depicts the time waveforms for the output voltage and inductor’s current as well as the
state-plane for better visualization of the trajectories along the recovery phase. It can be seen
that the current is well confined within the hysteresis margins during the convergence. It can
also be seen that resumption to steady-state is obtained smoothly without additional
oscillations due to the correct estimation of the load status (location marked on the timing
diagram).

Fig. 2.11 shows the resultant recovery pattern for a 3.5A to 0.8A unloading transient,
while the converter operates in enhanced-buck mode (3.8V to 3.3V). Here, fast convergence

is assured by employing conventional time-optimal recovery pattern. Fig. 2.11 depicts the
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time waveforms for the output voltage and inductor’s current as well as the state-plane

representation.
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Fig. 2.10  Simulated response of the current-constrained controller to a 0.8-3.5 A loading transient ot a NIBB
converter in enhanced-buck mode. (a) Inductor current (blue) and output voltage (red) (b). State-plane
representation of the output voltage and inductor current.
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Fig. 2.11  Simulated result of time-optimal controller to a 3.5A to 0.8A unloading event of a NIBB converter
operating in enhanced-buck mode. (a) Inductor current (blue) and output voltage (red). (b) State-plane
representation of the output voltage and inductor current.
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2.3.2. Stability analysis

The hybrid controller in this work combines large-signal and small-signal controllers.
The condition for stability in such a hybrid controller is that the large-signal controller will
move the converter’s state to the desired steady-state operating point, regardless of its initial
conditions. Derivation of the large-signal region of convergence (ROC) is carried out in this

section for the sliding-mode controller used in case of a loading event in step-down mode.

The template of the sliding-mode controller is chosen according to the converter’s load-
line. The load line of a NIBB converter operating in step-down configuration loaded by a

resistive load (RL) can be expressed as:

LLRL(VC,iL):{vL,iL 1l :%}_ (2.11)

The load-line is linear and thus a linear switching surface, ory, is selected:

orL =1~ lres = AL (Vo= Vet ) - (2.12)

The converter’s average model can be expressed as:

dve 1 .

dt RC C (2 13)
di—iv u_lv ’ .

dt L™ oL

where u is the control input. To examine whether the trajectories along the switching surface
lead to a unique steady-state operating point, current and voltage errors, i, and vc , are

defined as follows:

Ve =V —Vref (2.14)
L= —lref '
Substituting (2.13) into (2.14) yields:
T+ g :CM+1(VC+Vref). (2.15)

dt R

The expression in (2.15) can be separated into two parts which represent the dc component

and the time-dependent component:
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(2.16)

If isc .0 along the switching surface, the system is asymptotically stable and converges to

the dc steady-state point. By substituting (2.14) and (2.16) into the switching surface, the

following differential equation is obtained:

dve  1-
Cd—tC'FE C—/lRLVC =0. (217)

Using (2.17), the stability condition of the switching surface can be obtained as:
1
ApL < R ARL max - (2.18)

Choosing 4y that satisfies (2.18) results in assured convergence of the state variables to

(Vret, Iref). In addition, the ROC is bounded by the load-line to guarantee that the switching
surface does not pass in a rejective region [58]. The ROC can be depicted on the state-plane

as shown in Fig. 2.12, bounded by the load-line and the curve oy, .., . The switching surfaces

where chosen to comply with the above constraints and thus large-signal stability is assured.

ORL,max

4%2 (Vret )
E—ROC—— e

Ve

Fig. 2.12  Illustrative ROC for NIBB in step-down configuration loaded by a resistive load.
Analysis for voltage step-up configurations has been studied in detail in previous studies

[58]. Here, to assure convergence of the state variables 4., should be chosen to satisfy the

following:

1
Ar < RV ARL max - (2.19)
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2.4. Load Estimation Procedure

The enabler of accurate reading of the load status is the capability to control the
converter’s output current, and by doing so, reducing the order of complexity to extract the
charge balance at the output capacitor. Assuming that the output current is regulated during
transient, then the output voltage is a direct, and single, indicator to whether the load current
is supplied by the converter. Toggling between subcircuits of Fig. 2.3a and Fig. 2.3c, under
CPM operation, the average inductor current can be regulated to any value, regardless of the

voltage conversion ratio.

End of End of

Vout(t) 18 step ond step

N

Transient ™
Detection Return to
Steady-State

IL(t)

t
Current Threshold

/’ Reached

de &

>
2At, t

Fig. 2.13  Illustrative load estimation process for a loading transient when operating in current-constrained
mode.

2.4.1. Principle of operation

Upon detection of a loading transient, the controller estimates the new load current in a
two-step process, each with a time duration equals to Ate. First, the output voltage is sampled
at the beginning of the load estimation process and its value, Vout”[n], is stored in a dedicated
n-bit register. For that pre-defined time interval, Ate, the converter operates in the
configuration shown in Fig. 2.14a, referred to as “step 1 operation”. During this step, the
load is fed by the the output capacitor, Cout, and the constant output current of the converter,
I1. During this step, to assure tight current regulation that outputs 11, the controller operates
as a sliding mode controller defined by the following set of equations:

o (Ve,ip ) =iL —iLtn

on: c; <0 : (2.20)
off : ;>0
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where i is the inductor current and it is assigned so that constant current of 11 is outputted
as shown in the time diagram of Fig. 2.13. At the end of first step, the output voltage is

sensed again to produce a digital representation of the output voltage value Vou®[n].

Iy
Cout ILoad Cout
® @ o
LY LS

(a) (b)

Fig. 2.14  Equivalent circuits of the converter. (a) step 1 operation. (b) step 2 operation.

The output voltage deviation, AVouY'[n], is obtained by the following:

AVout®n] =vout®[n]-vout@[n] (2.21)

which is the discrete-time equivalent of the output voltage deviation, and can be expressed

as:

lLoad™" — |

AVout® = L Ate (2.22)

out
During the second step, Q1 and Q4 are kept on and the pair Q2-Qs remains off, as shown
in Fig. 2a. The load is fed solely by the output capacitor, Cout (Fig. 2.14b). At the end of the
second step, the output voltage is sampled once again and the output voltage deviation can
be expressed as:

AVout®[n] =Vout®[n]-Vout®[n]. (2.23)

Similarly, this correlates to the output voltage deviation during the second step, expressed
by:

ILoad™"

AVout® = == Ate (2.24)

out

The new load current can be extracted from (2.22) and (2.24) without prior knowledge of
the output capacitor value, Cout, Or the duration of each step, Ate. This can be obtained by

simple arithmetic operations in continuous-time or discrete-time expressions, as follows:

AVout®
lLoad™ = 1. 225
AVout® — Avout® (2.25)
- AVout®[n]
ILoad [n] = 1[n] . (226)

AVout®[n]-AVoutW[n]
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2.4.2. Relationship between ILoap new and iL_new

The post-transient inductor current reference assigned by the DAC is a function of the
load estimation result and the operating mode of the NIBB, i.e. step-up or step-down. In
direct energy transfer configuration, the average output current is equal to the average
inductor current. Therefore, the new steady-state average current can be expressed as

follows:

IL_new = iLoad _new . (227)

However, for indirect energy transfer the average inductor current is higher than the load
current by factor of the duty ratio. For example, in a boost configuration, the new inductor

current setting will be:

Vout —Vin
. Dboost = .

— Dboost Vout

(2.28)

iL_new = iLoad _new

Following the same load estimation procedure as prescribed above, it can support both
step-up and step-down configurations with a minor modification of the final inductor current

reference assignment.

2.4.3. Estimation of the effective output capacitance value

The performance of the steady-state controller might deviate from its optimal
compensation goals due to variations of the passive components, in particular the output
capacitance may significantly vary under different bias voltages, which further intensifies as
the voltages are higher. There are several cases that the steady-state controller, and the
compensator design can benefit from accurate knowledge of the effective output capacitance
value. This can assist in improving the performance of the compensation by covering
stability for wider operation range as well as to minimize the steady-state error. Utilizing the
load estimation process described earlier, the output capacitance value can be extracted as
follows:

cout:';’;‘;ﬁme. (2.29)

The information obtained can also be used to enhance the overall performance of the
current estimation process by reducing calculation efforts. Based on the extracted output
capacitor value, the new load current can be estimated through a single step, reducing the
total estimation period to Ate. Here, once a load transient is detected, the converter operates
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in the configuration shown in Fig. 2.14b for a pre-defined time interval of Ate. Two samples
of the output voltage are sufficient in this case to accurately estimate the new load. The load

estimation can be expressed as:

ILoad _new = Cout AVout . (230)

Ate

2.5. Experimental Verification

In order to validate the operation of the unified current-programmed digital controller, a
2-15V to 3.3V non-inverting buck-boost prototype has been built and tested, using an 8.2uH
inductor, 30pF output capacitance and operating frequency of 100-200 KHz. The
experimental setup is shown in Fig. 2.15. The CPM controller dictates the resolution of the
ADC and DAC which also satisfy the requirements of the non-linear controller. The
resolution of the ADC is 32mv with maximum conversion rate of 20MHz. The resolution of
the DAC is 2.5mV with maximum conversion rate of 20.4MHz. The converter is digitally
controlled by a steady-state voltage-mode compensator and a transient-mode controller as
shown in Fig. 2.1. The digital controller has been entirely realized on Altera Cyclone IV

FPGA, and the total number of logic elements used is 980 for the entire controller.

FPGA

9 [
Connector ll

Fig. 2.15  Experimental prototype of the NIBB converter.

Steady-state operation has been verified through multiple experiments under various
input voltages, as shown in Fig. 2.16-Fig. 2.18. Fig. 2.16a and Fig. 2.16b show the inductor’s
current in enhanced-boost mode for Vin=2.8V and Vin=3.2V, respectively. Regulated output
voltage is achieved for a wide range of input voltages while significantly reducing average
inductor current and rms values. Fig. 2.17a and Fig. 2.17b depict the operation in enhanced-
buck mode for Vin=3.8V and Vin=3.4V, respectively. Fig. 2.18 shows a transition mode
between conventional boost to enhanced-boost. It can be seen that seamless transition

between the two operating modes is achieved as in all other mode transition cases. A
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zoomed-in view of the inductor current and output voltage is shown in Fig. 2.18b

demonstrating frequency scaling operation.
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Fig.2.16  Enhanced-boost mode, Vou=3.3V (a) Vin=2.8V (b) Vin=3.2V.
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Fig. 2.17  Enhanced-buck mode, Vou=3.3V (a) Vin=3.8V (b) Vin=3.4V.
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Fig. 2.18  Transition event from conventional boost to enhanced-boost operating mode, Vin=3V, Vou=3.3V.
(a) Transition event. Output voltage (top-blue) 2V/div, inductor current (bottom-green) 500mA/div, time scale
200us/div. (b) Zoom-in on the transition, Output voltage (top-blue) 1V/div, inductor current (bottom-green)
500mA/div, time scale 10us/div .

The transient controller performance for loading transient of 0.8-3.5A is depicted in Fig.

2.19-Fig. 2.20. Fig. 2.19 shows the loading transient recovery of the current-constrained
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controller while in enhanced-buck mode. I+ is chosen to be equal to the new steady-state
peak inductor current which results in an output voltage deviation of 1V and total transient
time of 60ps with no current overshoot. Fig. 2.20 shows loading transient recovery of the
voltage-deviation-and-current-constrained controller while operating in pure-boost mode.
The resultant recovery parameters are output voltage deviation of 1V, no current overshoot,

recovery time to steady-state is 50ps.
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Fig. 2.19 NIBB converter’s response and state-plane representation to a 0.8-3.5 A loading transient using
the current-constrained controller. (a) Output voltage (top-blue) 1V/div, inductor current (bottom-green)
1A/div, time scale 20us/div. (b) State-plane representation of inductor current (vertical axis — 1 A/div) and
output voltage (horizontal axis - 1 V/div).

(a) Time-Domain Vies Y TEDNE R0y
>
Ve 50us
Vin - et

Lot

i

/. F 6 Df|[C4. [Timebase -54.4 ps|[Trigger c1 DC
1.00 Vi
~425.00mV]

Fig. 2.20  NIBB converter’s response and state plane representation to a 0.8-3.5 A loading transient using
the voltage-deviation and current-constrained controller. (a) Output voltage (top-blue) 1V/div, inductor current
(bottom-green) 1A/div, time scale 20ps/div. (b) State-plane representation of the inductor current (vertical axis
— 1A/div) and output voltage (horizontal axis — 1A/div).

Fig. 2.21 shows the loading transient recovery of the current-constrained controller for a
0.8-2.9A loading transient while operating in step-up configuration with a zoom-in on the
controlled inductor current during the first step of the load estimation procedure. The
inductor current reference was chosen according to (2.28), which results in output voltage

deviation of 1V and total transient time of 80us with no current overshoot.
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Fig. 2.21  NIBB converter's response and state-plane representation to a 0.8-2.9A loading event using current
constrained controller and load estimation procedure in step-up configuration. (a) Output voltage (top-yellow)
500mv/div, inductor current (middle - red) 2A/div, transient event (bottom — green), time scale 100us/div. (b)
State-plane representation of inductor current and output voltage.

2.6. Conclusion

A unified current programmed digital controller for NIBB converter have been presented
in this study. The controller incorporates a steady-state CPM controller for steady-state
operation and a nonlinear transient-mode controller for load transients. Detailed analysis of
the enhanced-modes has been carried out, followed by steady-state control scheme design to
allow seamless transition between modes and improved ripple characteristics. Load
transients are supported by the same hardware of the CPM controller, with programmable
constraints of the output voltage deviation and inductor current. An optimized boundary
control scheme for efficient load transient convergence has been perused with assured large-

signal stability.

Experimental results of a 2-15V to 3.3V NIBB converter prototype are provided. For
steady-state operation around unity conversation, well regulated output voltage is achieved
with significantly reduced average inductor current and rms values. The controller exploits
the versatile structure of the NIBB to maintain short transient time without the penalty of

increased current or voltage overshoots.
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3. Enhanced Performance Fully-Synthesizable XA ADC for
Efficient Digital VVoltage-Mode Control

This chapter introduces a new approach for sigma-delta based analog to digital converter
(SDADC) with enhanced performance suitable for digital voltage regulation. The new ADC
increases the number of digital representations of the sampled signal per conversion cycle,
for the same oversampling clock frequency. An all-digital fully synthesizable realization of
the new architecture sets it as an attractive candidate for many digital application platforms
ranging from housekeeping and monitoring and even as the main ADC for the compensation
loop. An experimental closed-loop operation on a voltage-mode buck converter with the
digital controller implemented on FPGA, demonstrates superior operation over a
conventional SD operation. The SDADC has also been implemented as an IC by an

automated synthesis process and place-and-route tools in 0.18um 5V CMOS process.

3.1. Overview

Sigma-Delta modulators and converters are major enablers of the digital technology ramp
up dating back to the late 1980s. The appearance of low-cost and reliable means to translate
continuous-time signals onto the sample-data domain revolutionized the field of low and
medium frequency range signal processing and in particular the audio world [59]-[62].
Nowadays, the availability of simple and efficient interface from the analog world to the
digital hardware is still extremely important in all fields of electronics. In particular for
power management, where fast performance with reasonable cost is critical, analog
implementation of the controller core is still predominant [63],[64]. In the last decade or so
there has been a significant progress in digital power management thanks to the development
of dedicated hardware that is tailored to its unique needs [65]-[69]. With the integration of
digital technology, the power management system transforms as well. Now comprises design
flexibility, scalability, and upgrade options; communication and power quality logging;

plug-and-play operation; and of course, improved performance.

Since a typical digital compensation loop must have at least comparable dynamics to its
analog precursor, high-performance peripherals are essential, i.e., the digital PWM (DPWM)
and ADC [65],[66], [69]. Conversion of 10bit word within 100ns is a common requirement
to accommodate switching frequencies in the range of 300kHz (where the control bandwidth
is approximately 1/6fs). As a consequence, high-performance ADCs such as pipeline or

successive approximation are employed [70],[71]. Since Sigma-Delta analog to digital
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converters (SDADC) are operated through oversampling concept and require very high
speed clock, in the order of 100s MHz to generate comparable conversion rate, they are
typically avoided for compensation purposes and mostly used for slower tasks such as
housekeeping and user interfaces. On the other hand, the very simple hardware of a SDADC

is an attractive feature, which should be further pursued.

A typical voltage-mode (VM) compensation loop for switch-mode power supply (SMPS),
as illustrated for a buck converter in Fig. 3.1, operates on the basis of one sample per cycle
to regulate the average value of the output voltage and fully utilize the correction rate
(switching frequency) of the loop. For a compensator based on conventional SDADC, this
calls for oversampling clock of at least 2" time the switching frequency (where n is the
number of ADC bits) with a bit stream of similar size. However, since convergence of a
linear control scheme takes several switching cycles, these strict requirements are eased in
this study by trading some of the accuracy with faster reading. The data of the long string,
for precision, is generated out of lower resolution, shorter strings. Information of the output
voltage status continuously updates the loop, and since it is of shorter duration, the potential
deviation in the output voltage is lower which agrees with the momentary lower resolution
reading. In this way, with minor hardware additions, a SDADC can be considered as an

attractive candidate for various tasks, and even for core control in digital voltage regulation.
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Fig. 3.1 Simplified schematic diagram of digital voltage-mode control loop for a buck converter utilizing
the SDADC.

3.2. Enhanced performance SDADC principle of operation

The principle of operation of the modified SDADC is described in comparison to a
conventional SDADC and with the aid of Fig. 3.2 and Fig. 3.3, which show a conceptual

block diagram of the modified conversion scheme and high-level operation flowchart,
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respectively. It is assumed here that a first-order SD modulator is used to generate a bit
stream with average value that is proportional to the sampled signal Voutt). TO produce an n-
bit digital value representation of the sampled signal, the amount of ‘ones’ of the bit-stream
is stored in a main n-bit counter (see Fig. 3.2). The counter acts as a sinc Low-Pass Filter

(LPF), and resets at pre-determined intervals to perform decimation [59]-[61].

The sampled output voltage vou(t) is translated to a digital representation vou[n]. In the
SDADC of this study, the sampled signal is updated several times, with coarser resolution,
during a full conversion cycle. These mid-cycle time updates are generated by a state
machine combined with a digital logic block, and pre-defined according to the overall
number of bits of the counter. An n-bit register holds the most recent digital value of the
sampled signal, and is updated throughout the conversion cycle in both mid-cycle and full-
cycle update points. Thus, a coarse result of the sampled signal is generated, which is refined
through the conversion cycle, and after 2" over sampling clock cycles (fos) a full resolution

digital representation of vou[n] is obtained.

Typically SDADCs are designed to sample signals that do not vary between two reset
operations of the counter [59], [61],[72]. The concept employed in this study is designed to
accurately track the sampled signal variations between two or more reset events of the
counter, exploiting the SDADC advantages without the penalty of slower dynamics, power
consumption, or increased design efforts [59]-[62], [72]-[75]. This enables to update the
result more than a single time per conversion cycle and fast digitizing of the sampled signal
with high accuracy. Effectively, wider dynamic range is achieved even for fast variations

without sacrificing precision.

For the modulator operation (detailed in Section 1V), given 2" clocks cycles since the
latest reset operation the value of the reconstructed continuous-time equivalent for the
digitization process, Vout (t), is found with respect to the main counter’s value, and can be

expressed as:

n

. 2
= Vre y 1
o O =V (3.0)

n

where Vret is the reference value for the modulation process, and CTRyis the counter’s value
for a given number of bits. For intermediate updates during the conversion cycle (referred
throughout the text as mid-cycle updates), the effective number of bits is smaller than n and

the reconstructed value is scaled and normalized according to the bits difference as follows:
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where m is the number of bits during mid-cycle update command and CTRmig is the digital

representation of the sampled signal at mid-cycle update points.

One of the drawbacks of typical SDADCs is power consumption due to relatively high
operating frequencies to assure Nyquist sampling criterion [59], [61], [72]. Employing the
modified operation concept, power saving option is enabled. This is achieved by setting the
SDADC into two operation modes: (a) transient detection, (b) steady-state. For transient
event or any other sudden potential variation of the sampled signal, the system operates at
high clock. The latter combined with mid-cycle updates, results in fast responses of both the
SDADC and the overall control loop. However, if the system is in steady-state mode, i.e. a
system governor detects minor deviations of the conversion output along a predetermined
number of cycles, the clock frequency can be lowered. This reduces the power consumption
without sacrificing precision of the sampled signal. The selection procedure between the

modes is illustrated in the flowchart of Fig. 3.3.

Sampled Signal

Sigma-Delta Bit Stream Digital
Vour(t) > Modulator Bt Representation
Main | n | . n | NBit Vou[N]
Counter >| Shift Register " |Register
» D Reset
4 4 Result Update Enabler
/]/_ Mid-Cycle Index
n-Bit n State Machine
Reset " > and
fos .|, Counter Logic Block

Fig. 3.2 Simplified block diagram of the new architecture for SDADC.
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Fig. 3.3 High-level flowchart of the clock selection mode.

3.3. All digital voltage loop compensation

Digital VM compensation for SMPS is a simple and streamlined approach [69], [76],
[77], to regulate the output voltage to a desired reference voltage over wide range of
operating conditions. Since a single state variable (the output voltage) is controlled, it
requires moderate hardware complexity. It should be noted however, that the dynamic
performance of this control scheme may not suffice all applications and therefore an
additional current loop is added which may be either analog [63], [78] or digital [65]-[68].
In the context of this study, which aims to introduce a new ADC architecture, a voltage

feedback loop has been selected as a demonstrative tool for simplicity.

A conceptual block diagram of a typical single-loop VM control scheme is depicted in
Fig. 3.4. As can be seen, the output voltage vout(t) (or a scaled version of it) is sensed and
then sampled by the SDADC, to produce a digital representation of the output voltage value
Vout[n]. Then allows, the sampled voltage is compared with a digital reference value, and
results in an error signal ve[n]. The error signal is passed through a digital compensator
(either PI or PID), which then updates the DPWM unit to generate drive signals for the low
and high side power switches of the converter. Kap and Kopwwm are the gains of the SDADC

and DPWM, respectively. The power stage that has been selected for evaluation is a buck
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converter, with idealized control-to-output transfer function Gyq(s) that can be expressed as
[65], [78]:

Vin 1 Cout
= g 0 TR (3:3)
—t +1
o o
d[n] Kopun c(t) GurlS) Vour(t)

Voltage Ve[n] /TN Vouln]
| - —
Compensator +/
T Vref

Fig. 3.4 Block diagram of the digital VM control system.

Fig. 3.5 shows a conceptual timing diagram for an output voltage variation for both a
conventional SDADC and the enhanced performance SDADC developed in this study.
Output voltage regulation is achieved by properly adjusting the duty-ratio command d[n] as
a function of the generated error signal ve[n]. Fig. 5a shows that the conventional SDADC is
being updated only at the end a of a full conversion cycle, resulting in relatively slow closed-
loop response due to limited sampling and correction rate. For similar settings of the digital
hardware (i.e., clock speed and calculation hardware), the new SDADC employs coarse
corrections throughout the operation cycle at shorter intervals, which provides more
information on the voltage, but with lower resolution than the end-of-cycle result.
Consequently, the output voltage is corrected faster, and convergence to desired reference
value Ve is obtained. While information of coarser resolution apparently distorts the
tracking capability of the loop, the information flows in a faster rate and as a result
compensates for lower accuracy. It should be noted that, the ratio between the effective
sampling rate and resolution is virtually identical for samples at mid-cycle as the one
obtained at the end of the longer cycle. The faster and more accurate response of the new
SDADC implies that higher effective bandwidth of the closed-loop system is achieved for
the same hardware complexity and running frequency of the controller.
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Fig. 3.5 Conceptual timing sequence of duty-ratio updates in response to voltage reference change: (a)
Conventional SDADC, (b) Enhanced performance.

3.4. Practical implementation

Practical implementation and design considerations of the SDADC’s main functional
units are discussed in this section. Since this design is ultimately IC oriented, with automatic

tools, emphasis is made to reduce the use of analog peripherals.

3.4.1. Modulator stage

Conventional SD modulators comprise difference amplifier followed by an integrator and
comparator [60], [62], [72]. In this study, a digital-oriented approach is considered and is
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shown in Fig. 3.6. An inverter is used as the modulator’s front-end, with the sensed signal
as the high logic level (supply) of the inverter. This can be implemented in variety of ways
such as variable supply [79], [80], current-starved inverter [81], [82], or digital differentiator
or comparator [77]. To reduce circuit complexity, the integrator is realized by a simple RC
network (may be double RC for further size reduction) with a corner frequency of at least
one order of magnitude lower than the clock frequency. The one-bit quantizer is also realized
by another inverter, where the threshold value of the inverter is the comparison [77]. Finally,
the quantized value is held for a clock cycle using a D flip-flop which also drives the first
inverter data path. Utilizing this configuration of Fig. 3.6, a simple and efficient SD

modulator with streamlined IC implementation is facilitated.

Sampled Signal
Inverter-Based

So(t) CMP Bit-Stream
- D o—e

R | N iniiy

17 -
CI fos Q

= - TRG.

Si(t)

Fig. 3.6 SDADC modulator schematic circuit.

Fig. 3.7 depicts an example for steady-state operation of the SDADC’s modulator. The
modulator produces the bit-stream such that the voltage at node So(t) is toggled around the
threshold voltage of inverter-based comparator Vth. This is achieved by feedback link
between the flip-flop and the input sampling inverter operation as can be seen in Fig. 3.7,
resulting in a square signal Si(t) between 0 and the sampled voltage value, which
charges/discharges the integrator’s output. The relationship between the sampled signal and
the generated bit-stream is according to (3.1), and it is a primary concept for the new SDADC

architecture.
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Fig. 3.7 Typical steady-state sampling operation of the SDADC. (a) Output voltage of the sampling
inverter (b) Integrator’s output (c) Generated bit-stream representing the sampled signal.

3.4.2. Operation mode detector

As discussed in Section 11, the SDADC in this study has a clock selection mechanism to
reduce the power consumption at steady-state operation. An algorithm to identify transitions
is described with the aid of Fig. 3.8 and Fig. 3.9. Every four sequential full cycle results are
held in the registers as shown in Fig. 3.8. The results are continuously compared and as long
as they are equal, the system operates at a lower clock frequency. For a case that the
comparison block detects a single change between the four sequential results, the system
immediately switches to fast clock mode with rapid transitions to obtain the most accurate
value of the sampled signal. It should be noted that full cycle conversion is generated when

the reset counter (see Fig. 3.2) reaches 2"-1.

n-bit ; - . m
n-bit n-bit n-bit n-bit |
Register Register Register[[ 7 |Register

. 1 1 1 I

Full Cycle A v v v_
Trigger

Comparison Block

!

Operation Mode

Fig. 3.8 Simplified block diagram for operation mode decision making algorithm.
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Fig. 3.9 shows simulation example demonstrating the clock selection algorithm for a 10-
bit SDADC to an input signal that periodically toggles between 3V to 4V. As can be seen,
while the sampled voltage is constant the reset counter increases with slow clock, however,
whenever transition occurs, the reset counter rapidly increases with the aid of the fast clock

within in the system.
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Fig. 3.9 Simulation results of clock selection entering and exiting power saving mode.
3.4.3. IC implementation

The realization of the digital control in this study primarily relies on an automated digital
implementation flow, using vendor’s standard cells. The IC implementation of the voltage
control loop is described through three main steps. In the first step, digital custom design is
carried out for SDADC’s modulation stage and inverter-based comparator. Second, the
controller’s units including the SDADC core are described in HDL as standalone units. This
is done for simplicity of the verification and functionality simulations. Then, each unit is
translated to hardware using synthesis and timing verification tools into an optimized gate-
level representation, given a set of design constraints. The silicon layout for each unit is
generated by an automated place-and-route process. In the third step, all units are integrated
together onto the higher hierarchy of the digital controller, and the resultant overall die-area
is 0.07mm? (with 5V CMOS realization). It should be emphasized however, that for higher
density assignment or scaled technology (such as deeper sub-micron process), the area and

power consumption can be further reduced.

The implemented SDADC comprises of a double RC network based integrator, front-end
custom designed inverter, standard cell based inverter that functions as a comparator, and a
digital computation core that operates at fos=6.25MHz. Fig. 3.10 shows the SDADC layout
which results in effective silicon area of 0.023mm?, which is significantly compact in
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comparison to other ADCs with similar performance. Fig. 3.11 depicts post-layout results
of the SDADC for a wide range of sampled voltages to characterize and quantify the
sampling accuracy. As can be seen, for sampled voltages in the range of 2.5-to-5V the
obtained sampling error is less than 1.7%.
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Fig. 3.11  Accuracy post-layout results of the SDADC for wide range of sampled voltages.

3.5. Simulation case study

Using the analysis and observations from the previous sections, set of simulations have
been conducted in PSIM (PowerSim, Inc.) to verify the effectiveness of the new enhanced
performance SDADC in a closed-loop operation of a buck converter as illustrated in Fig.
3.1.

Fig. 3.12 shows the response to reference changes of the buck converter operating in
closed loop for different settings of the operating frequency, output capacitor and inductor.
In the first case (Fig. 3.12a) a conventional SDADC is examined, and switching frequency

fsw1 1S as follows:
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_w (3.4)

swl 2n ’

where fos is the oversampling clock frequency.

In the second test case (Fig. 3.12b), the new SDADC is used, demonstrating improved
performance compared to the results obtained in Fig. 3.12a. It should be noted that for this
evaluation, the values for inductance and capacitance in the buck converter remain the same.
Since the effective sampling frequency is higher when utilizing the new approach, the

switching frequency may exceed to fsw2, which can be expressed as:

fswz =— 1 (35)

e A (3.6)

As can be observed from Fig. 3.12b, the new loop settings that allowed increased
switching frequency fswo, result in improved convergence of the output voltage to the new

steady-state value.

The advantage of utilizing the new SDADC becomes widely apparent in response of the
third test case of Fig. 3.12c. Since higher switching frequency is allowed, the inductance and
capacitance values may be adjusted to satisfy similar ripple constraints as in Fig. 3.12a. This
implies that effectively higher bandwidth can be achieved, resulting in better dynamic
response (for the same control hardware) and lower volume of the overall solution. For the
example of Fig. 3.12c, the frequency is adjusted fsw2 = 4fsw1S0 that same target ripples as in

Fig. 3.12a. The output capacitor C> and inductor L can be calculated as:

fsw2 sw2

2
CZZ[MJ C, L —tmy 3.7)
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Fig. 3.12 Response to changes in the reference voltage for the digitally controlled buck converter: (a)
Conventional SDADC with sampling frequency fsw1, (b) New SDADC with sampling frequency fsw, and same
components (c) New SDADC adjusted fsy and components.

Fig. 3.13 shows a simulation closed-loop VM operation of a buck converter with L=75uH
and Cout=100pF at operating frequency 100kHz For a step event of the output voltage
reference, Fig. 13a shows the transient response of the converter using a conventional
SDADC with fOS=6.25 MHz Fig. 13b shows the transient response of the converter using
the new SDADC for the same operating conditions and n=10. It can be seen that both the
overshoot and settling time are significantly reduced when the sampling frequency is

increased as a result of the mid-cycle updates.
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Fig. 3.13 Response to changes in the reference voltage for the digitally controlled buck converter: (a)
Conventional SDADC with sampling frequency fsw1, (b) New SDADC with sampling frequency fsw, and same
components (c) New SDADC adjusted fsw and components.

3.6. Experimental system implementation and validation

To validate the operation of the new SDADC in a VM control loop, an FPGA based
controller utilizing 10-bit counter based SDADC has been fully coded in Verilog and
implemented on a Cyclone IV FPGA using Quartos environment, resulting in approximately
205 logic cells. The operation has been demonstrated with a buck converter prototype
operating at 100 kHz for a nominal output voltage of 3.3V. TABLE | summarizes the
experimental setup main characteristics. The first step of the experimental validation is to
characterize and quantify the sampling accuracy of the SDADC. This is done for a wide
range output voltages of the buck converter prototype. Fig. 3.14 shows the results for varying
the output voltage in the range of 2.8v to 8V. It can be seen that in the range of the nominal
output voltage that the error of the SDADC is less than 1%, while worst-case error of 4.6%
is obtained for sampled voltage of 8V.

TABLE l. EXPERIMENTAL PROTOTYPE CHARACTERISTICS

Parameter Value/Type

Input voltage Vin 10V

Output voltage Vout 3.3V

Switching frequency f 100kHz

Inductor 75uH

Capacitor 100uF, ESR=0.5Q
Counter number of bits n 10-bit

Number of mid-cycle updates 4

Modulator’s clock frequencies 3.125/6.25 MHz
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Fig.3.14 SDADC accuracy experimental measurements for wide range sampled output voltages.

To further validate the effectiveness of the enhanced SDADC, the experimental prototype
has been evaluated through a closed-loop VM operation. Fig. 3.15 shows the results for a
step event of the output voltage reference, such that the output voltage varies from 3.3V to
5V, which are in good agreement with the simulation results in Fig. 3.13. Shown in Fig.
3.15a is the response of the system with the developed SDADC, it can be seen that system
is well regulated validating the proper functionality of both the SDADC and digital control
loop, where a 100mV overshot is obtained. Fig. 3.15b shows the response of the
experimental prototype while using a conventional SDADC, it can be observed that the
obtained overshot is 8.8V that is 38 times larger overshoot compared to the SDADC
developed in this study. In addition, 3.6 times shorter settling time is achieved while using
the new SDADC. Fig. 3.16 depicts a zoom-in on transient event of the output voltage within
the system. It can be well observed that during the transition, the duty-ratio is varied
according to the pre-defined mid-cycle update commands, which in this case are set in the
range of 6-bits to 10-bits. The duty-ratio is increasingly growing to compensate for the
variation at the output voltage, eliminate the need to wait for an update command every 2
clock cycles.
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Fig. 3.15 Output voltage transient response of the experimental buck prototype for 3.3V to 5V: (a)
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Fig. 3.16 A zoomed-in view on a transition event with increasingly growing duty-ratio based on mid-cycle
time update results.

3.7. Conclusion

An enhanced performance fully-synthesizable SDADC has been presented, and verified
through simulation and experimental data. The new SDADC has less hardware and silicon
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requirements compared to a conventional SDADC, while presenting much better dynamics,
generating fast digitizing of the sampled signal with high accuracy and wide dynamic range,
even for fast variations without the penalty of sacrificing the precision. In addition, a digital
VM compensation has been realized and experimentally verified with a buck converter. The
accuracy of the SDADC has been experimentally characterized by measuring the output
voltage over wide range operating points, demonstrating worst-case error of 4.6%, while in
the vicinity of the nominal operating conditions 99% accuracy has been achieved. The VM
control including the new SDADC have been designed in digitally-oriented approach
without any power hungry analog blocks, and implemented in 0.18um 5V CMOS process

resulting in total effective silicon area of 0.07mm?.
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4. Digital Lock-In Controller IC for Optimized Operation of
Resonant SCC

This chapter describes a lock-in integrated controller for resonant SCC. The controller
identifies the resonant period of each sub-circuit on-the-fly and locks-in to the correct
switching time to fully utilize the charge transfer rate for each flying capacitor. The various
modules of the controller are detailed, including the auto-tuner and sequencer which
accommodate any mismatch, variations or drifts of component values or circuit
configuration. The IC has been designed and fabricated on a 0.18um 5V process resulting in
effective silicon area of 0.64mm2. Post-layout results of the controller IC operating in
closed-loop are provided, demonstrating accurate lock-in for two resonators with individual
independent resonant characteristics. A full-scale hardware prototype of 650W 4:1 switched-
tank-converter is used to validate the controller’s operation prior to IC fabrication,

demonstrating excellent lock-in capabilities resulting in high efficiency of up to 98.6%.

4.1. Overview

Switched-Capacitor Converters (SCC) which have been rigorously explored over the last
two decades ,[83]-[92] have established a dominant role in power management in datacenters
and other cloud computing related applications. In light of the acceleration of the
standardization of the power delivery structure that has been heavily affected by the trend-
leading open-computing-project consortium (OCP) [93], the necessity to step the 48V rail
down to 12V with extremely high efficiency and very high power density has established an
application stand point at which SCC technology and its derivatives is highly superior over

the inductor-based alternatives.

Power density and conversion efficiency are of key importance in datacenters applications
(to maximize the amount of computing power per volume). This translates onto extremely
strict conversion performance requirements at the 48V-to-12V level so that it would not
further deteriorate the attractiveness of the overall solution. Since this application calls for a
fixed conversion ratio, SCC technology renders a very attractive candidate. At medium
power levels, SCCs have widely demonstrated peak efficiency over 98% [94]-[95]. Results
of resonant SCC (RSCC) based power converters for datacenters applications, demonstrating

peak efficiency of 98.5% around 200W have been recently presented [96]-[98].

The primary factor that facilitates efficient power conversion for the general case of
RSCC is the accuracy of the switching frequency with respect to the resonant conditions of
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the converter. Optimal charge transfer is achieved in the case that the conduction time of
each switching state matches exactly half of the resonator’s period, and that deadtime
between switching states is minimized [99]-[100]. In this way, the charge of the flying
capacitor is fully utilized every cycle. Converter topologies with more frequent charge
transfer of the output such as [101] inherently feature lower equivalent resistance, and as a
result potentially more efficient than topologies with the basic charge-discharge pattern
[102].

In topologies that comprise multiple switching states to complete a charge cycle [103], or
in configurations with multiple resonators, full utilization of the charge out of each flying
capacitor, every cycle, introduces complexity to the circuit controller. This mandate accurate
zero-crossing information of the flying capacitor current and specific timing settings per
switching state (and in some applications, per individual switch). This is since the conduction
path is different for every state, which changes the resonant period. The resonant parameters
per sub-circuit vary as a function of the stresses on the component, loading conditions, the
physical layout of the design, and drifts with temperature and over time. In addition, the
timing parameters need to account for variations and the accuracy of the current zero-
crossing detection circuit (ZCD). It would be extremely advantageous to utilize a controller
which obtains the ZCD information, identifies on-the-fly the resonant period for each sub-
circuit, locks-in to the correct switching time, and is capable of automatically compensate to

any variation of the circuit — This has been pursued in this study.

The objective of this chapter is therefore to introduce a lock-in integrated controller
architecture that facilitates accurate switching timing to fully utilize the charge transfer for
each flying capacitor at every switching state as schematically illustrated in Fig. 4.1. The
controller adjusts to accommodate any mismatch, variations or drifts at component values
or the circuit configuration. It is a further objective of this study to present an all-digital IC
implementation of the lock-in switching governor and detail the fundamental building
blocks. Two lock-in architectures are presented and described in detail. One based on
synchronized digital hardware and suitable for medium frequency range applications (in the
range of several hundred kHz) whereas the second method is based on asynchronous
combinatorial logic and features very high frequency resolution which qualifies to the MHz
range. The control method is demonstrated for two resonators, with individual independent

tuning per sub-circuit and switching state.
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Fig. 4.1 Simplified block diagram of the digital lock-in controller IC.

4.2. Digital lock-in controller

The digital lock-in controller illustrated in Fig. 4.1 is described in this section in a general
form and can be applied to various types of RSCC-based single or multi-stage converters
topologies. The controller comprises the following modules as depicted in Fig. 4.1
(described in-detail in the subsections below): a) a system governor to manage, synchronize
and dictate the operation mode; b) auto-tuner unit to adjust and calibrate the conduction time
of the switches to achieve ZCS operation in all resonant tanks; c¢) switching sequencer to
generate the required drive signals to the power switches; and d) a sampling block for
accurate reading of the zero-current-detection (ZCD) sensors' outputs.

One possibility for tuning the drive frequency to the resonant characteristics can be
performed by immediate response to the information from the zero-crossing point sensor
[89]-[90]. This method may be problematic for some cases due to latencies and delays in the
system. An alternative approach that is utilized for high switching frequency applications
[91] performs delay-locked-loop convergence of the switching frequency to the resonant
one. Such utilization, as employed in this study, locks in to the desired running frequency
and compensates for any variations or mismatches in the system. This operation suits well
resonant conversion, in particular at high-Q, since the response of the system to variations is
rather slow and carries on over several switching cycles. In the specific case on-hand, as
described in this study, the main motivation of the tuning comes from thermal
considerations, to achieve optimal transfer conditions which result in the highest efficiency
conditions in the system, is a relatively slow-varying objective that can be fulfilled well with

a lock-in tuning architecture.

The tuning process is performed by the relatively slow internal clock of the controller IC,

resulting in a simple and straightforward realization of the Sequencer and the Sampling
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blocks. For converters operating at higher frequencies, the frequency detection and
generation units have been realized through asynchronous combinatorial logic to enable

operation with higher resolution than of the one obtained by the internal synchronous clock.

4.2.1. System governor

The governor module dictates the desired operation mode of the converter, based on
auxiliary configuration (OP in Fig. 4.1). In the private case for a conventional RSCC, the
governor decisions include light-load operation of the converter, start-up and turn-off
sequences as well as the applied dead-time. For more complex topologies, the system
governor may dictate various switching schemes to minimize on-board periphery such as
ZCD sensors in multi-stage converters, and even to determine the voltage conversion ratio.
In this study, all synchronization actions performed by the system governor are based on an
internal clock (in the specific case is 20MHz). A feedback from the auto-tuner block (Locked
in Fig. 4.1Fig. 4.1) provides the governor with the required information regarding the tuning
process. To support wide range of resonant converters, start-up and turn-off sequences can

be re-programmed with no hardware modifications.

4.2.2. Auto-tuner

The auto-tuning module consists of several internal units, as shown in Fig. 4.2Fig. 4.2a.
A digital compensation unit evaluates the sampled ZCD signals and determines whether the
resonator current is zero when the transistor turns off. Non-zero resonant current at transistor
turn off will occur in case of ‘early’ or ‘late’ switching as illustrated in Fig. 4.3 . Based on
the information of the polarity of the current at turn-off, the compensator modifies the on-
time for each resonant tank separately (Tx in Fig. 4.2Fig. 4.2a). The on-time of the next
switching cycle is increased in case the sampled ZCD signal indicates ‘early’ switching and
decreased in case of ‘late’ switching indication. Once the sampled signal of the ZCD
indicates ZCS, the on-time remains unchanged. The initial values that the unit start the
process with can be programmed in advanced, or can be used as default, depending on the
length of the start-up tuning procedure that is allowed.

The compensator block is followed by a digital LPF to smooth any noise variations, and
it also functions as a possible degree of compensation network in cases where additional
lagging or leading phase is required. In this study, filtering is performed by comparing a

configurable number of compensator outputs, as shown in Fig. 4.2Fig. 4.2b. At the beginning
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of each switching cycle a shift operation is performed on the register structure and the output
of the LPF filter is calculated (Tpuise x in Fig. 4.2Fig. 4.2a). The tune-registers are updated
only when all registers hold the same value, which completely eliminates the effect of
singular non-ZCS events or inaccurate indications of the ZCD sensors on the converter’s

operation.
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Fig. 4.2 (@) Internal block-diagram of the auto-tuner module (b) Simplified block-diagram of the LPF.

I Resonant

I Resonant

Fig. 4.3 Current waveform of a resonant circuit switched-off at (a) late switching (b) early switching.
The auto-tuning module allows flexible choice of the resonant tank values which
determine the operating frequency of the converter. At power-up a lock-in routine is initiated
in which the auto-tuner locates the resonance frequency of each tank. During normal running
mode, the module observes the operation of the power-stage and provides fine-tuning to

ensure ZCS in case the passive components drift from their values upon start-up.
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4.2.3. Sequencer

The sequencer module executes the gating signals to the power stage based on the
information from the preceding modules. It incorporates a multi-phase high-resolution timer
to ensure correct and precise pulse-length for single or multi-stage converter topologies. The
gating signals are set independently per resonator (or sub-circuit) of the converter so that
ZCS operation can be separately realized per all resonant tanks or stages of a converter,

regardless of component mismatches or variations.

The conventional approach to implement a high-resolution timer is by a fast-clock
counter-comparator scheme [107]-[109]. In this way, n-bit resolution at a switching
frequency of fs requires a reference clock frequency of 2"-fs which translates to increased
power consumption. In this study, the high-resolution pulse-width drive signals for the
power switches are produced by incorporating a coarse-counting block followed by a fine-
tuning delay-line based module, as shown in Fig. 4.4. This allows a design that is based on
standard cells, and enables direct synthesis with low power consumption. As can be seen, a
counter-based signal is generated independently for each resonant tank by the information
provided from the auto-tuner block. This signal is then delayed by the delay-line to achieve
the exact on-time for ZCS operation of all resonant tanks by setting the input of each
multiplexer unit according to its sel command, which is supplied by the auto-tuner.
Protection logic and other gating-related features are also incorporated in this module to
allow full completion of a sequence and to avoid overlapping of signals in case the resonant

tanks operate with different drive sequences.

T

Computational
Counter | .
clk— Blcok -

Fig. 4.4 Simplified block diagram of the sequencer module.
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4.2.4. Sampling block

Inherent delay between the generated gating signals in the controller and the actual
conduction of the transistors is quite common for all switch-mode applications. This delay,
from a controller point of view, is generally unknown and may significantly vary as a
function of the operating point or the passive components, driving circuitry and power
transistors used [110]-[112]. The information regarding the polarity of the resonant current
at transistor turn-off, which is the indicator for early or late switching of the transistors, is
only valid in proximity to the switching event. Sampling the ZCD sensors must be able to
compensate, or at least consider this inherent delay so that an accurate status information is
obtained, i.e. early or late switching.

In this study, two completely synthesizable approaches have been realized to acquire the
information from the ZCD sensors while accounting for the above-mentioned delay. The
first is based on continuous sampling of the ZCD sensors at the internal clock’s frequency
from the turn-off command by the controller until the end of the applied dead-time period,
as shown in Fig. 4.5. Here, the ZCD sensor is sampled at the beginning of each clock cycle
and the acquired result is processed according to a state-machine algorithm to acquire the
converter’s switching-state. Once the dead-time period is over, the sampling block provides
the auto-tuner with the valid readings for further processing and tuning operations.

Qx A
t
ZCD Invalid X Valid Y Invalid
PA ALA A
clk

,ﬂﬂﬂﬂﬁﬁhﬁn:

| Delay
*DeadTime
Fig. 4.5 Continuous-sampling based approach of the ZCD sensors.

The second approach requires less computational efforts during the sampling process, yet
still allows sampling with greater proximity to the switching action to further minimize
charge losses due to late or early switching of the transistors. This is performed by
incorporating a delay-estimation logic (detailed in 4.5) which accurately estimates the
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inherent delay upon start-up, illustrated as Asin Fig. 4.6 , in addition to a delay-line based
structure which generates a sampling signal with a resolution of a single delay-element. Once
the ZCD sensors have been sampled, the sampling block provides the auto-tuner with the
acquired readings for further processing and tuning operations.
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Fig. 4.6 Single-sample based approach of the ZCD sensors.
4.2.5. 4:1 STC control and simulation case-study

As described earlier, the on-time for each resonant tank is modified by the auto-tuner to
achieve ZCS operation based on the polarity of the resonant current at turn-off. The operation
of the controller is demonstrated for a 4:1 switched-tank-converter (STC) [96] which
comprises two resonators, independently tuned to achieve full ZCS operation, as shown in
Fig. 4.7. The operation of the STC can be divided into two states — charging or discharging
of the resonators, as shown in Fig. 4.7a and Fig. 4.7b, respectively, with a short dead-time
period between them. The flying capacitor (intermediate element in Fig. 4.7) connects to a
different resonator at each active sub-circuit, resulting in charge transfer from the input to
the output. Soft-charging is achieved for all capacitors in the system, and soft-switching of
all switches can be achieved allowing the correct timing which is the task of the controller.
For the case of 4:1conversion ratio STC illustrated in Fig. 4.7, the voltages at Vsw1 and Vsw2
are a direct indicator to the current polarity at turn-off. In case of early switching, the
resonant current is flowing towards Vsw1 Or Vsw2 (s shown in Fig. 4.7a) and the voltages are
clamped to V,,; + Vi (where VF is the forward voltage of the transistor diode). The same

applies to the case of late switching where the current is flowing from Vsw1 or Vsw2 (as shown
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in Fig. 4.7b), here the voltages will be equal to —V. Therefore, the ZCD inputs to the
controller are obtained from Vsw1 or Vsw2.

The ZCD sensor produces a 2-bit result indicating late-switching (2°500), early-switching
(2’b11) or ZCS operation (2°b01) which is the input to the auto-tuner block, as shown in Fig.
4.1. The controller observes the status of the ZCD sensors after transistor turn-off and the
on-time for each tank is modified accordingly by the compensator.

The verification of the controller operation has been carried out on a 48V-12V STC
converter by a set of simulations conducted in PSIM (PowerSim, Inc.); the parameters of the
nominal values of the passive components are: Cr1=2.35uF, L;1=70nH, C=2.1uF,
Lr»=63nH, R =0.26Q. Results of the lock-in tuning process are shown in Fig. 4.8a-e,
demonstrating convergence onto tuned conditions from off-tune starting points of both
resonators, where Fig. 4.8c,Fig. 4.8d and Fig. 4.8e are a zoom-in of the area marked C,D and
E in Fig. 4.8a, respectively. It can be seen that the output voltage increases to approximately
12V, which is the no-load target voltage, indicating that in the context of optimal charge

transfer, the controller adequately fulfills its task.
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Fig. 4.7 Equivalent circuits of the 4:1 STC. (a) Charging operation of the resonant tank. (b) Discharging
operation of the resonant tanks.
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4.3. System-level and performance challenges

4.3.1. Single-pin configuration

In complex controller 1Cs where pin-count is an important asset and it is required to
provide access to a large number of operating modes, a single-pin setup is essential. This
implies that programming, mode selection, or values setting is carried out according to the
voltage level that is imposed on the input pin. The amount of levels that can be utilized in
this approach depends on the voltage span allowed on the input, resolution and accuracy of
the detection unit. The single-pin configuration is facilitated in this study by a Sigma-Delta

(SD) modulator and digital logic as shown schematically in Fig. 4.9.

The SD modulator has been realized with simplified hardware to reduce complexity and
the effective area. This may come at the cost of performance or conversion speed, but since

the objective of this ADC is to acquire static, or semi-static, voltage levels, the solution fits
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well within the specifications. As can be seen in Fig. 4.9, the modulator front-end is realized
by a digital inverter, with Vop as the high logic level (supply). The integrator is realized by a
simple RC network with a corner frequency of at least one order of magnitude lower than
the clock frequency. Quantizer is realized by another digital inverter or buffer. The result is
then held by a D-flipflop to facilitate a clocked bit-stream and to generate the oversampling
frequency of the ADC. The resultant SD-based ADC is a hardware-efficient voltage level

translator, the average voltage at node So(t) can be expressed as:

CNTRn

2[’1

% =Vref =Vop ' (38)
where Vet is the reference value for the modulation process (the threshold voltage of the
inverter-based comparator) and CNTR, is the number of logic-high occurrences in the bit

stream for 2" clock cycles.

The bit-stream is the input to the computational logic which counts the amount of ‘ones'
(equals to CNTRy,) with a dedicated counter which acts as a sinc LPF, and resets at pre-
defined intervals to perform decimation. In this study, the voltage applied on the front-end
inverter is translated to a digital representation every 1024 clock cycles, which results in a
10-bit representation of the desired operating mode of the controller.

Vep
Inverter-Based

CMP Bit-Stream

So(t) wmr | Digital _9_ﬁ

N Logic

Fig. 4.9 Simplified architecture of the single-pin configuration hardware.
4.3.2. Inherent delay calculation

Estimation of the inherent delay between the gating signals of the controller and the actual
turn-off of the power transistors is performed upon start-up and every Nest STC switching
cycles to account for variations of the passive components (Nest is set by the configurable
inputs of the controller, OP in Fig. 4.1 ). Upon initiation of the delay estimation procedure,
a pre-defined switching frequency is applied on both tanks so that early-switching operation
is ensured. As a result, the voltage at the switching nodes, Vsw1 and Vswz, is clamped to
Vout + Vi When the power stage transistors are turned-off, as shown in Fig. 4.10. To estimate
the inherent delay, sampling the ZCD sensor is performed once every switching cycle in
different locations (Ax in Fig. 4.10) until the early-switching reading from the ZCD sensor
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is acquired (2°’b11), as shown in Fig. 4.10b-d. The inherent delay, As, is estimated to be the
minimum delay between the controller gating signals and a sampling command that acquires

a valid reading from the sensor.
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Fig. 410 Waveforms during the inherent delay calculation procedure (a) Controller gating signal (b) ZCD
sensor (c) Switching node (d) Sampling signals.

4.4. Experimental and post-layout verification

A digital controller IC for RSCC has been designed and fabricated in 0.18um 5V process
(taped-out on June 28, 2019). The IC layout micrograph is depicted in Fig. 4.11 with overall
die area that is pad-limited at 4 mm?, while the effective silicon used is 0.64mm?2. The
operation of the controller IC has been verified with post-layout simulations using Cadence
Virtuoso, where the IC connects to a 4:1 STC converter with a 48V input voltage feeding a
resistive load of 0.3Q2. The power stage as well as all peripheral circuitry (ZCD sensors,
sigma-delta modulator, etc.) have been added to the simulation based on the components
used in the experimental setup (discussed next). A transition from late-switching open-loop
operation to closed-loop ZCS operation is simulated and verified as shown in Fig. 4.12. The
zoomed-in view of Fig. 4.12b indicates that in the case of late-switching the voltage at the
switching node, Vswe, is clamped as discussed in 1V and accurately indicates the polarity of
the resonant current at turn-off. The zoomed-in view of Fig. 4.12c shows that once the

closed-loop operation is enabled, ZCS is achieved within several cycles.
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Fig. 4.12  Post-layout simulations controller IC for a 4:1 STC. (a) Transition from late-switching to ZCS. (b)
Zoom-in during open-loop operation. (c) Zoom-in after convergence to ZCS operation.

To validate the core of the controller prior to IC fabrication, and to further investigate the
capabilities of the main control units developed in this study in real environment, a full-scale
hardware prototype of a 650W 4:1 STC (48V-12V) converter as well as all required
peripherals for the controller operation have been designed, built and tested. Shown in Fig.

4.13 are the full experimental setup, PCB with the power stage and connection to FPGA
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platform. The control algorithm has been fully coded in Verilog and implemented on a
Cyclone 1V FPGA using Quartus environment. The experimental STC hardware has been
designed on a 14-layer PCB and it is rated for 650W. The effective board area of the 4:1
power stage is 5cmX2cm. The resonators have been designed symmetrically with equal
resonant frequency and the following component values: Cy1=2.35uF, Lr1=70nH,
Cr2=2.35uF, L2=70nH.

Fig. 4.14 shows the efficiency curve as a function of the load under tuned conditions that
have been obtained by the controller operation. Experimental waveforms, depicted in Fig.
4.15, for closed-loop operation of the system with deliberate mismatch between the resonant
tanks component values (Cr1=2.62F, L11=70nH, Cr>=2.35uF, Lr»=50nH). Fig. 4.15a shows
smooth transition from open-loop early-switching operation to ZCS of both resonant tanks.
A zoomed-in view of the resonant currents as well as the switching nodes is shown in Fig.
4.15b-c.

Fig. 4.13  Experimental prototype of a 4:1 STC for evaluation of the control algorithm on FPGA.
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Fig. 4.14  STC efficiency under tuned conditions.
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Operation of the fabricated controller IC has been verified through multiple experiments
under various switching states, as shown in Fig. 4.17-Fig. 4.18. The same power-stage was
used in these experiments, to enable correct comparison between the FPGA based and the
fabricated IC controller. An additional PCB was designed which connects to the power stage
and enables the IC to directly drive the power switches, as shown in Fig. 4.16.
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Fig.4.16  Chip prototype on PCB.

Fig. 4.17 shows a transition from open-loop late-switching of both resonators to ZCS.
Prior to the enable command of the controller IC, the converter operated with arbitrary
switching times. As can be seen, once the auto-tuning capabilities of the controller are
utilized, ZCS is achieved which also significantly increases the charge transfer rate.

The controller’s performance for two different resonators is depicted in Fig. 4.18. Here,
a transition from open-loop early-switching of both resonators to ZCS is shown. Prior to the
enable command of the controller IC, the converter operated with very short on-times. As
can be seen, ZCS is achieved for each resonant tank separately, which fully utilizes the
charge transfer for each flying capacitor. As described in 11, switching cycle is determined
according to the longest required on-time, this to ensure constant operating frequency in
steady-state. The clamping of the switching nodes’ voltages is shown in the zoom-in of Fig.
4.18b when the converter does not operate in ZCS. As can be seen in the zoom-in of Fig.

4.18c, once ZCS is achieved the power switches’ diodes are not clamped, as described in IV.
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4.5. Conclusion

A lock-in integrated controller architecture that facilitates accurate switching timing for
single or multi-stage RSCC based topologies has been presented. The controller adjusts to
accommodate any mismatch, variations or drifts of component values or circuit
configuration, and performs tuning for each resonator independently to fully utilize the
charge transfer for each flying capacitor in the system. A full-scale hardware prototype of
650W 4:1 switched-tank-converter has been used to validate the controller’s operation prior
to IC fabrication, demonstrating excellent lock-in capabilities resulting in high efficiency of
up to 98.6 %. The fully-digital controller IC has been designed and fabricated on a 0.18um
5V process by pure digital means, resulting in effective silicon area of 0.64mm?2. The post-
layout results of the closed-loop operation demonstrated accurate lock-in capabilities for two

resonators with individual independent resonant characteristics. Experimental results of the
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fabricated controller IC are in very good agreement with post-layout results as well as with
the FPGA-based prototype.
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5. Discussion

5.1. Contribution of the research

The key contributions of this work are summarized as follows:

Optimized control scheme for NIBB converter —A new operation mode for steady-state
operation for NIBB converters around unity conversion ratio, as well as its detailed analysis
and implementation details have been detailed. In addition, the study introduces detailed
transient mitigation algorithms for all operation modes, in particular for the unity conversion
ratio but also for the entire operation range, enabling optimized transient recovery and

untimely volume reduction of the overall solution.

Single-variable load estimation procedure — A transient-event-driven load extraction
method for optimal transient mitigation controllers of boost-type converters has been
developed. The procedure operates on present information alone, without the need for prior
knowledge of the former performance neither of the system parameters. The overall
resources are equal or less to those needed for CPM operation execution, making the solution

lean on hardware and extremely attractive for integration into any controller platform.

Fully-synthesizable sA ADC — A new approach for sigma-delta based analog to digital
converter suitable for digital voltage regulation has been developed. Its all-digital fully-
synthesizable realization results in less hardware and silicon requirements compared to
conventional SDADC.

Digital lock-in controller IC for optimized operation of RSCC — A fully monolithic
digital controller for RSCC has been designed and implemented on-chip by pure digital
automated synthesis process and place-and-route tools. The controller identifies the resonant
period of each sub-circuit on-the-fly and locks-in the current switching time fully utilize the
charge transfer rate for each flying capacitor. It can be applied to various types of RSCC

based single or multi-stage topologies.
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5.2. Suggestions for future research

Some suggestions for future lines of investigation that can be developed as a result of this
thesis are outlined below:

Regulated switched-tank converter — Regulating the output voltage of a switched-tank
converter by integrating a DC-DC converter at its output. NIBB converter can support a wide
range of input voltages, which makes it a good candidate for applications in which the input
voltage may vary from its nominal value. In addition, operation around unity conversion
ratio has been addressed in this study and can be implemented in the control scheme to ensure

high efficiency.

HR-PWM module for multi-stage and multi-phase converters — A more precise and
size-efficient multi-phase module is required to achieve better time-resolution for multi-
stage or multi-phase converters. A fully-synthesizable approach, as taken in this study, will

enable scaling with the fabrication process and versatility to a variety of PDKs.
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