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Extreme Performance Scalable Inverter Architecture 1 _ Berkeley Power and
DEC.)

for More Electric Aircraft (MEA) Propulsion \ ;vv, ~ Energy Center
Motivation and Application NASA MEA Electrical Mechanical and Thermal Management Hardware
* Commercial aviation benefits from electric & hybrid vehicles Roadmap? IS Sofe R R B B B .
* Electric engines can be quieter and cleaner than jet engines NOXx emissions Vi /‘ TTTTTTE?I( —m T CFDOutimized Heat Sink oad Shedding
* Electric drive system must be power-dense and efficient P .I?:LLLLI\;I?I? I Mouni’i,'fg“'szsﬁng‘:""\"i I

(9 x Gate Slgnals P:r lescj Hcar Su\ks Cin'n:um'y Phase B

Output Filter i III | ij
] |

7

%

: GaN Device

Thermal Design Impacts

Dm;m Chip-Scale GaN _}Compact _) Faster
NPO Input miea  Power Transistors Layout Switching

Capacifors  Signal [solators  Power Isolators 3D Printed Arr Inlet Baffle  0-80 SMT Mounting Nuts Outpu
. s LY ) U L D O LA " \ New Cooling A Higher 1
1 I 1 i T TR

Challenges Power Density

* Advanced power dense motors? need low THD, high frequency
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N3-X Hybrid Electric Aircraft University of Illinois
Distributed Propulsion Concept 1 MW Motor Concept?

High Power Dynamometer Experimental Verification or Other

* Prototype meets NASA performance metrics for turbo-electric aircraft 4

* Dynoincorporates two low-inductance Emrax 348 machines (peak
* Integration of advanced thermal management will boost maximum output power and

power: 260 kW)

. . . . . ’ fficiency
e Testing validated the Flying Capacitor Multilevel Converter’s (FCML N
gh , st ying q p ( ) * Modular design provides for power scalability and fault resiliency
strength in a realistic motor drive system * Next steps: verification of floating-point motor control algorithm and high-power dyno and
Duty Cycle next generation inverter hardware development
E,'fé’i' ] — _ NASA Target This Work
7 FOML. State ’ ..
B o £ Peak Efficiency 99% 98.95%
Y State
rocal FREASNATCHL fverter Power Density 19 kW/kg 38.4 kW/kg
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Design of an Efficient, Lightweight Flying Capacitor

Berkeley Power and
Energy Center

Multilevel Converter for Electrified Flight

Motivation and Application

e Air travel accounts for ~200 million tons of y
CO, emissions annually (3% of US
greenhouse gas emissions)!!

* Air travel demand is expected to double y
every fifteen years
* Electrification of flight requires efficient, *

lightweight, and reliable power conversion
* Hardware must be flight qualified

Pictured: Ampaire Electric EEL flight
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Snubbers enable decreased
overlap loss without
sacrificing conduction path
Paralleled switches enable
increased areal power density
Derated energy density metric
used to optimize flying
capacitor part/count

Custom inductor achieves 3x
mass reduction

3D rendering of 8-level boost FCML prototype

Modeled Performance
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Empowering Future Electric Aircraft with a Flying Capacitor Multilevel it Berkeley Power and

» 8

Inverter Utilizing Optimal Passive Components RUGAZ, Energy Center

Motivation and Application Hardware Prototype

Key Converter Parameters

* Air travel accounts for ~200 MompingButi  Tmlsior  GswDrvee Lo dow Input Voltage 800 Vi
million tons of CO, emissions 270
2
Output Voltage
annually (3% of US greenhouse 40 Vaws
gas emissions)lll Effective Switching 1.95
. Frequency MHz
* Air travel demand doubles every £
. . .. Peak Qutput Power 10.3 kW
fifteen years fuel consumption NOx emissions
.. . . . 8 mmI Peak OVera” Efﬁciency 98.2 %
* Electrification of flight requires . | o | 170
efficient, lightweight, and acoustic noise ' 115 mm ' Gravimetric Density /g
reliable power conversion + 10 kW, 800V, 14-level FCML I . 370
* Sandwich-style layout with two printed circuit boards ¥ kw/L

* Ultra-thin design, only 8 mm thick!

FCML with Optimal Passive Component Selection

Experimental Verification — n oo oo fove

Qiza Qiaa Qiia . Qoa Qi T,
L+ L+ L& L] L] Tooo R =
ot Comparison to State of the Art = I/ B
Simplified 14- o 1007 27 i
(* _ £ = ., = . == |
Ievel FCML VT‘\ <-> AY ; CF‘LY'I? CFI.YH (‘F‘TY'IO ("FT.Y'I C"()UT V()UT oL E %4 "I 1
. = el * 251 | & Power 5“'3“ Tolliciency
schematic Crv e o ol | | @ Overall Efficiency
1 1 O R | 99 1—e——g
Qu Q2 Qus Qur Qus g e o 940 2 p 5 p 0 o
% = Output Power (kW)
. L. 1 Total Flying Capacitor Energy Storage :’:E‘: ag e e
Capacitor Sizing i M og This Work-«  Hjghest power density among
g0 . .
* Conventional approach utilizes : | e state-of-the-art aircraft inverters
large, identical capacitors £ et 0 50 100 150 * Excellent capacitor balancing and
« Proposed approach optimally g ° Power Density (kW /ke) low output distortion despite
g o4 .
selects unique capacitors for £ . the small size of the converter
each flying capacitance 2 References: . ) .
. [1] https://www.epa.gov/greenvehicles/fast-facts-transportation-greenhouse-gas-emissions

* Enables > 50% reduction in size 2 4 6 8§ 10 1z 14

FCMI Level Count (N) Logan Horowitz | Email: logan_h_horowitz@berkeley.edu




Berkeley Power and
Energy Center

Tethered Power Systems for Lunar Mobility and Power

Transmission (TYMPO)

Motivation and Application System Architecture (Flying Capacitor Multilevel Converter)

Extreme terrain capable robots will enable further exploration on sites such as pits on the moon and + Comparison of cascaded structure consisting of
60
Martian landscape. Tethered power systems have been proposed to power these small rovers; resonant flying capacitor multilevel converter e
however, they require high voltage DC power [1]. (FCML) and regulating FCML (resonant FCML + w0l T R Conerien Mo
—6— Bus Capacitance
Challenges regulating FCML) vs single-stage FCML converter = Gate Drive Mase
High voltage switches are difficult to use in space due to radiation effects. Additionally, the high « Bus capacitance requirement diminishes benefits of 40
voltage conversion ratio makes it difficult to design a compact and efficient power converter. cascaded structure =
Therefore, multilevel topologies offer promising solutions [2]. 2 »
e .
SFSA SF4A SF?A SFZA SFIA L 20 Single stage FCML converter
: has lowest estimated
Lander DC-DC | Tether = DC-DC \’IC“ R c\:E i ) Owejffiﬁi/wf*
Power Step- 3tep— Rover Vicur M==1 == =1 Vour !l — R
own
0 - —
i = SFSB SF4B SF3B SFZB SFlB = : ! f,N-level lfﬂs(mﬂm é,f.‘-]nnverter12 . .
TYPMO architecture Tethered rover to explore lunar pits ECML converter schematic Estimated mass breakdown of cascaded
FCML converter structure
Passive Mass Minimization T
‘ . Hardware Verification
*  Comparison of 8-level regulating mode |\ Setevel Rogulating [REMLFEML Conerter 840 V-to-120 V space-rated FCML converter to verify:
FCML converter with a resonant mode | FCML Converter v Llovel = 8lovel .
- o ¢ bl s Olevel * PCB structure (Gate drive daughterboard)
FCML converter, demonstrating the » ISR A 17.3 ¢m

e Part selection
e Thermal solutions
* Mass optimization

advantages of a resonant converter in
terms of passive component mass

* Each converter operating point is optimized
for minimal mass based on the peak energy
storage requirements of the passive

components 0 0.2 0.4 0.6 0.8 1
Duty Cycle

Mass [g]

References:
[1] P. McGarey, W. Reid and I. Nesnas, "Towards Articulated Mobility and Efficient Docking for the DuAxel Tethered Robot System," 2019

IEEE Aerospace Conference, 2019, pp. 1-9.
[2] P. McGarey, T. Nguyen, T. Pailevanian and I. Nensas, "Design and Test of an Electromechanical Rover Tether for the Exploration of

Vertical Lunar Pits," 2020 IEEE Aerospace Conference, 2020, pp. 1-10.
[3] S. Coday, A. Barchowsky and R. C. N. Pilawa-Podgurski, "A 10-level GaN-based Flying Capacitor Multilevel Boost Converter for Radiation-
Hardened Operation in Space Applications," 2021 IEEE Applied Power Electronics Conference and Exposition (APEC), 2021, pp. 2798-2803.
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On the Size and Weight of Passive Components:

Scaling Trends for High-Density Power Converter Designs

Berkeley Power and
Energy Center

Motivation and Application

To build a high-density power converter, practicing

engineers need to use passive components with the

highest density.

* A component survey finds Volumetric Energy Density.
* Visualized to assist component selection.

* But how to estimate Gravimetric Energy Density?

* No component mass on most datasheet.

2uUF @450V 2uF@450V 2puF @450V 2 uF @ 450V
Aluminum Polypropylene Class 1 Class 2
Electrolytic Metalized Film Ceramic Ceramic
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Volumetric Energy Density determined by a
component survey encompassing over 606,000
capacitors and 88,000 inductors

Capacitor Volumetric vs. Gravimetric Energy Density
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Mass data was obtained through manual measurements of over 6,000 components

Inductor Volumetric vs. Gravimetric Energy Density
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References: J. Zou, N. C. Brooks, S. Coday, N. M. Ellis and R. C. N. Pilawa-Podgurski, "On the Size and Weight of Passive Components: Scaling
Trends for High-Density Power Converter Designs," 2022 IEEE 23rd Workshop on Control and Modeling for Power Electronics (COMPEL), Tel

Aviv, Israel, 2022, pp. 1-7, doi: 10.1109/COMPEL53829.2022.9829957.
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Enabling Buck-Type AC/DC Grid-Tied Rectifiers Using Flying Capacitor it , Berkeley Power and

» 8

Multi-Level Converters with Advanced Control RULAR2,  Energy Center

Motivation and Application | Hardware

Data center power consumption
1%+ of global electricity demand
and growing [1]

-«%\‘\\\
B
%%

Single-stage rectification 48 Ve 1 Vae T1 C2000 DSP (F28379D)
* Increased efficiency AC DC
* Greater power density 240 V.. l | CPU
DC * 12-level prototype reconfigured as 5-level converter
I * Flying capacitor voltages measured with non-isolated

instrumentation amplifier

FCML and Active Flying Capacitor Voltage Balancing Experimental Verification

n 50 10
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¢ High FOM switches
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PFC Rectifier T T T T T E » : s
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i
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-

Ss1, SarL Sar Sor, SiL - Time 3] Time [s]
Output Voltage Inductor Current Power Factor
Vout| _ Controller sin?(0) Controller
Ve + Pls) o~ i . , Target 0.97 o switch voltage stress limited — low voltage
S X - 5 i1, . . .
~ RSN Gei(5) A di | 6-Level [ v ’ Passive Balancing 0.88 switches
. Lig ! | ot ) . . . . "
Control Schematic 5] FeMmL [, Active Balancing 097+ ° High power factor input current achieved
N\ okt~ woly | Adk References:
SN\ - Lt 4 [1] N. Jones, “The Information Factories,” Nature 2018

Active Balancing
Controller
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A 1200-A/48-V-to-1-V Switching Bus Converter: Toward Single-Stage Vertical

Berkeley Power and

Energy Center

Power Delivery for Next-Generation Ultra-High-Power Microprocessors

Multi-phase voltage regulation modules (VRMs) Intermediate bus

converter (IBC)

Background and Motivation

Existing two-stage lateral power

delivery (LPD) architecture

* Large power distribution network (PDN)
and high PDN losses £ el
. . Credit: NVIDIA

* Occupies a large area on the top side of

6V)

1 'oil f-Loac )
I (PoL)

GPU/CPU

| S -A T | > 1000A

Multi-phase voltage regulation modules (VRMs) Two—stage
the baseboard Existing two-stage LPD architecture (top view) conversion
Next-generation XPU: thermal design power > 1000 W, /,, > 1000 A --------1----- 48 V bus

GPU/CPU

Proposed single-stage vertical
Socket

power delivery (VPD) architecture s
* Much lower PDN losses

Single-stage VPD

Signal

Switching bus

Hybrid switched-capacitor topology
* Two 2-to-1 switched-capacitor (SC) front-ends
* Four series-capacitor buck (SCB) modules
* Two switching buses

Hardware prototype

* Good modularity

* Custom four-phase coupled inductor
* Efficient and compact gate drive circuitry

converter (SBC)

* Saves the topside area for high-speed
communication and memories

l

Power MOSFET Flying capacitor

|
|

Coupled inductor

Output capacitor
Gate driver

. v, (R
i

=
Vi
|

>1000A

Single-stage

Proposed single-stage VPD architecture (side view)

conversion

Advantages of Switching-Bus-Based Architecture

* Does not require a large decoupling capacitor to maintain a stiff DC bus voltage
* One redundant switch can be removed on each switching bus while two stages are merged
* Ensures complete soft-charging operation

~

o
)
gl

2
3 AT

Switching bus A
.

15:
s
s

DC-bus-based architecture Switching-bus-based architecture

- Al
Four-phase Gate drive
coupled inductor daughterboard Photograph of the hardware prototype

Experimental Results and Performance Comparison

* 92.4% peak system efficiency and 607 W/in3 power density (including gate drive loss and volume)

1500

-
93.8% . !
9977 . 1. LEGO 5. Mini-LEGO
— 2.MLB 6. MSC
" 3.VIB 7. 16-to-1 SBC [2]
0% 51000 . 4. Dickson2 [3] 8. This work [1]
= 5
5% &
A
. 500f
g
g
Power stage efficiency ~
System efficiency (including gate drive loss)
T N 0 2
200 400 600 800 1000 1200 82 84 86 88 90 92 9

Output Current (A) System Efficiency (%)
Performance comparison between this work and

the state-of-the-art 48-V-to-1-V hybrid SC works

Thermal image at equilibrium with
220 CFM air cooling (/,,,=1200 A)

Measured 48-V-to-1-V efficiency

References:

[1]Y. Zhu, et al., "A 48-V-to-1-V Switching Bus Converter for Ultra-High-Current Applications," COMPEL 2023. [Best Paper Award]

[2] Y. Zhu, et al., “A 500-A/48-to-1-V Switching Bus Converter: A Hybrid Switched-Capacitor Voltage Regulator with 94.7% Peak
Efficiency and 464-W/in3 Power Density,” APEC 2023.

[3]1Y. Zhu, et al., “A Dickson-Squared Hybrid Switched-Capacitor Converter for Direct 48 V to Point-of-Load Conversion,” APEC 2022.
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A Bidirectional Liquid-Cooled GaN-based AC/DC Flying Capacitor Multi-Level (FCML) Converter W /NY) Berkeley Power and

with Integrated Startup and Additively Manufactured Cold-Plate for Electric Vehicle Charging RV SR Energy Center

Motivation and Application Hardware Implementation
* 90-240 Vac to 400 Vdc is a critical
5 . ’/\ N\ Prc | Pout Poc conversion stage for applications :
chucialiod | i such as data center power _— A ciorbonas .
-V 120 Hz /Y delivery, electric vehicle charging, ;
A@I_ P Pbufﬁ \—‘/PDC etc.
60 Hz |, AC {} Capasitor board 1 R F Input Capacitors ” mnu(uu. L. Cascaded Boolstrap ~
POWer ° _ \ p ying Capacitors LDO
Vac C’\Z Factor Vou %”eﬁrgy bC Ac-dc power factor correction Flying capacitor multi-level”(FCML) converter as
Correction uer load Reduce boost inductor size ). o the power factor correction stage
l TCML 2 7

o Twi li f inpl - R S *  Use of flying capacitors as energy storage greatly decreases
— wice-line frequency power rppie Qo Xy e volume of passive components and reduce filtering needs

J0s2a0Nvac e i, 400 Vdc buffering st Yo Series-stacked Buffer as energy buffer stage
ac > = Cold Plate
v‘“@ & @"dv Reduce buffer capacitor size «  Use of active circuitry decreases capacitance requirement
Modular stack-up of full system for twice-line frequency buffering and further promoted
volume reduction
Design Objectives Experimental Verification
High Power Density Reduced Weight Parameter Notes \ Wa\
Reduce system volume via new circuit topologies| Custom 3D-printed cold-plate (collaboration Peak tested power 6.1 kW § - \\*\
and control with Miljkovic Group at UIUC) Peak efficiency (1.1 kW) 99.1% ; L e
Power (W)
3D printed cold-plate  Printed Fluid Channels Efficiency @ 6.1 kW 97.8% THD up to 1.5 kW
? PFCup to 1.5 kW >99.6% 400 V4 to 240V,
system waveforms - ot
(2.54 cm) Box-volume power density 7.6 kW/L at 6.1 kW o © gk
* with cold plate: AN N
A7 B
Kelly Fernandez, Rahul lyer, Jiarui Zou Email: kefernandez@berkeley.edu, rkiver@berkeley.edu, Jiarui.zou@berkeley.edu
(1 17 cm) References:

[1] D. Chou et al., "An Interleaved 6-Level GaN Bidirectional Converter with an Active Energy Buffer for Level Il Electric Vehicle Charging," 2021 IEEE Applied Power Electronics Conference
and Exposition (APEC), Phoenix, AZ, USA, 2021
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Vebhicle Charging," 2022 IEEE Applied Power Electronics Conference and Exposition (APEC), Houston, TX, USA, 2022
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An EMI-Compliant and Automotive-Rated 48 V-to-PoL Dickson-Based v 440 Berkeley Power and

Hybrid Switched Capacitor DC-DC Converter \V‘?{“ Energy Center

Motivation and Application Hardware Implementation

. . . . Switch s1-s4 §5-518 $19-520
Data center power delivery and automotive Uses only automotive-qualified parts rech 8 , o
ec 1 I a
powertrains tending towards a 48 V & Switch selection based on required Function  Bridge ‘String’ Input
distribution ra” /i nfotainment ] . . switches switches switches
function, both Si and GaN
¢ Higher intermediate bus voltages minimize losses and Roston) 1.4mQ 3.5mQ 2.5mQ
reduce cabling weight . s3] EMI input filter and spread spectrum Vos 4oV 40V 8oV
This work demonstrates the merit of hybrid | frequency modulation (SSFM) to
A\ _,." " Delivery __ onditioning )

SC topologies for use in 48 V automotive reduce EMI oo . La Gy Lo G Cizpe Sio GateDrive Spy L
systems | A i

¢ Regulating Dickson-based hybrid SC topology B v * ‘lw

¢ EMI mitigation techniques — filtering and spread- 48 V automotive bus architecture

spectrum frequency modulation

i ¥
Input EMI filter schematic EMI Filter Daughter Board ~ Single-Inductor Dickson Converter

Topology and Challenges o e T T

Experimental Results

i i - H - - . . Vv \/ P ,max fsw
Hybrid switched-capacitor, 8-to-1 Differential Mode (DM) EMI results " o o
48V 6V,5V 120 W 106 kH
interleaved-input, single- mductor 100 — A ’
—— With filter, regulation, and SSFM (peak) 100
L With filter, regulation, and SSFM (average
Dickson converter = % Peak CISPR 3, las St || o9
. . . . . EEL 65 dBuV, Average CISPR 25, Class 5 limits o8
* Differential input = continuous input , , , S 60 Q
2 97
current = reduced required input filter T T T T 1T 1T.171 2 a0l ‘”dB”V £ o
. . = 3»
* Inductor at output > filtering and EMI g ol J\ L h ﬁ h Zos
X . . Phase 1 Phase 2 2 v \“ vM ' l é) aal
shielding at low side , " N " i 5, ”M =
* Inductor at output = voltage regulation 1 /C\/\ Differentil Mode 0
: A 20 2w A 91
Challenges 10°
. . . Vaw . Frequency [Hz] 0 5 0 s 2
* Split-phase switching necessary for soft- ) Peak and average DM emissions plots for above-resonant Ty [A] B
charging of the flying capacitors s L (~106 kHz) regulated 5 V operation with SSFM enabled Measured efficiency
. . S -
d Aut0m0t|ve com ponent Se|eCtI0n SSC e— [. References: [1] M. E. Blackwell, et al., "Direct 48 V to 6 V Automotive Hybrid Switched- Of hardware prototype
R .. . Sf* 2 S S Capacitor Converter with Reduced Conducted EMI," 2022 IEEE 23rd Workshop on Control .
d H |gh eff|C|ency, pOWer denSIty, a nd ';‘““/ . - and Modeling for Power Electronics (COMPEL). [2] S. Krishnan, et al., "An EMI-Compliant . . .
. Deven 1. and Automotive-Rated 48V to Point-of-Load Dickson-Based Hybrid Switched-Capacitor Sahana Krishnan Email: sahana_krish nan@berkeley'edu
CISPR 25 C|aSS 5 EMI Comp|la nce 0 K i o b T b, DC-DC Converter," 2023 IEEE Transportation Electrification Conference & Expo (ITEC) Maggle Blackwell Email: bIackweII@Berkeley.edu
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Bidirectional Power Transfer in Hybrid Switched-Capacitor Converter for

48V/12V Regulated Automotive Applications

Motivation and Application
Steering Infotainment

Bidirectional AC Compressor Lighting
12V Batt
42 %‘ areny Repenerative Braking Ignition
Internal Combustion Engine (ICE)
e ?*, Integrated Starter Engine

48V PDN _
= - Generator (I5G) Management

12V PDN

Need:

* 48V battery should be able to deliver extra
power to 12V battery based on increased load
demand and vice-versa.

Challenges:

Delivery of high current with high efficiency

and high power density in both directions

48V Battery

Dual Battery System in
Mild Hybrid Electric Vehicle (MHEV) .
(Source: Audi A8 Powertrain)

bu 12 5, Ly

Converter Topology

e 48V-to-12V regulated cascaded hybrid o A
resonant-PWM converter [1] R TCHI ~ T
e 1ststage uses a conventional doubler in ST T u

resonant mode
» 2ndstage used two interleaved doublers

operating in PWM mode.

59 &OHC

Resonant (Stage-1) + PWM (Stage-2) Operation

duda| [ DT | Ca Ll,u \ Cn Ll,"

et i i %5 T_I"-' Joei %ﬁa%"

¢’12¢22"“: JE" "15 Ly Tt Lo & e . ol L i ¢, G

Tt 1 ;' e %"’ Icfg% § :m%i%{%-
0 0.5T T o) &)

Energy Center

Advantages of Proposed Control Technique

OBOROBORONO 1
Ve r\l[\ll_\l uew& %

Soft charging

@%%

Viemid
Veurtven|

48V to 12V Conversion

Vomsre  Veoy+ Voo

/\/\/\

Qn .

12V to 48V Conversion

* Implements Natural Balancing of all flying capacitors.
* Achieves Soft-charging and soft-switching .
* Minimizes the size of the intermediate capacitor Cy,,;4.

Hardware Demonstration and Results
Measured Efficiency at: < Qwim

* Input voltage: 48 — 60V '

e 80 A full-load current

* Regulated 12 V output

99.5

99.0

98.5 +

98.0 |

I
2 1
b o7 H
& ]
:é 97.0 M
M o5 LI ——V;, =48V w/ gate drive loss
T —— Vi =54V w/ gate drive loss ||
! Ty ) ot drive los 1] * 80A, 99% peak eff. 3115 W/in3 power density
I

96.0 H

7 w/o gate drive loss
w/o gate drive loss| |
60V w, /0 gate drive loss

* 21% loss and 63% size reduction over SOTA

95.5 1]

0 10 20 30 10 50 (v(J 7ll 80

Nagesh Patle, Ting Ge

1] T. Ge, et. al., "A Regulated Cascaded Hybrid Switched- i .
( 8 Y Email: {nageshpatle,gting}@berkeley.edu

Capacitor Converter with Soft-Charging and Zero Voltage
Switching for 48-to-12-V," 2023 IEEE APEC.
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A General Approach for Design Optimization of High-Performance Hybrid

Switched-Capacitor Converters

Berkeley Power and
Energy Center

Motivation and Application

Hybrid switched-capacitor converters
* More capacitive energy storage than
inductive energy storage for size reduction
* Multiple low-voltage switches in place of a
single high-voltage switch for efficiency
improvement
Topology Comparison
* Analytical method to compare relative size
and performance of various topologies
* Include the impacts of capacitor voltage

ripple and inductor current ripple on passive

component volume and switch stress

Buck: 2059 mm3
97% peak eff.

Pure SC: 272 mm3
99% peak eff.

Hybrid SC: 76 mm?3
99% peak eff.

2x— 4 mJ of inductive
B, energystorage

80 mJ of capacitive energy
storage (after dc-derating)

Impacts of Switching Frequency and Conversion Ratio on

Minimal Passive Volume [1

* Series-Parallel has smaller passive

]

40 " T

vol

#

Dickson (odd)

a5k Fibonacecl

o> % O

FCML
o 1.25
volume - Higher power density 30 Series-Parallel
2
. f -
* Increasing I' = =% - smaller
res

passive volume = Higher power
density

Normalized minimum passive volume, M.

Passive Component Volume and Switch Stress Trade-Off

14 T T T T T

Conversion ratio, N

Increasing the switching
frequency beyond resonance
* Trading 1 switching loss for
J, conduction loss
Increasing capacitance beyond
minimal volume
* Trading 1 volume for
J VA rating (efficiency)

References:

Normalized VA rating, Mvya

Dickson (odd)
Fibonacci
FCML
Series-Parallel

opP> % O

[1] N. M. Ellis, et. al., "A General Analysis of Resonant Switched Capacitor
Converters Using Peak Energy Storage and Switch Stress Including Ripple," in IEEE Transactions on Power Electronics, Early Access.

[2] J. Azurza Anderson, G. Zulauf, J. W. Kolar and G. Deboy, "New Figure-of-Merit Combining Semiconductor and Multi-Level Converter Properties,"

5 10

15 20
Normalized passive volume, M,

25

Validation of Analytical Model
p

c=8800]/m3 p,=123]/m3

45 x 8P 337 mm3 500
3S x 6P 2x _ Case ')‘
# 2Sx4pP 450 > 2
Casel @
4119 400 ¢ Case 3
_ 350 \\\ ("a.( T
EE N Potal YOI~ .
45X 16P 3 = e >
L., 450mm : 20 et
> S x 8P 1x E .
Case 2 7 ey ap : § 200 +
7 @ 150
100 - nducyg, y, L
50 +
Sxap 3 & 0 : : :
o 38 x3P 394 mm "' 20 40 Cj 60 80 100
Case 3 28 x 2P N F ,ﬁp . Capacitance Cy (nF) .
Passive component volume for varied
capacitance to validate minimal volume method
r. Nathan Ellis, Maggie Blackwell, Rose Abramson, Dr. Nathan Brooks*, Dr. Sam Coda
Dr. Nathan Ellis, M Blackwell, Rose Ab Dr. Nathan Brooks*, Dr. Sam Coday*
OJPEL 2020. Email: {nathanmilesellis, blackwell, rose_abramson} @berkeley.edu



Modeling and Control of Pure and Resonant Switched-Capacitor

I Berkeley Power and
Converters with Finite Terminal Capacitances l 42 Energy Center

Background and Motivation Simulation and Experimental Verification

Lyariny L
- . . —oT . . "
* Insufficient terminal capacitances can greatly affect R I Key considerations : — e
i === C o L o 31 Model O Sim. o Sm.
converter efficiency 7@ ool ”y/[_g; i R * Minimize switching loss e Modd O Sim. Cu=16iy — Vo
. . i\ [ttt D T ovtig™ fioa . 2 Model O Sim. 100 ) o Sim.
* Bulky terminal capacitors become the bottleneck of ' >¥¢,¢1 ' ' « Accurate parameter acquisition EIRL iy —Modd O Sim. || 2 o= 036y: — Mo
B 2 2 e Sim.
. . . . ] El
converter miniaturization . = = . _
. High accuracy 2 Simulation
(a) Schematic £ £
Ideal input and output nput and output o § <
S = = =Cly = 10Cyy, Cou = 10Ciy S 1w0f , Cou = 10Ciy | 40V FET |Cyy L - o .
Y NN Cin = 1Cay, Cou = 10Ciy Y Cout = 10y ) T 10° 10 10° 10°
_§ [N -0 C'" - iOCC“y: C % « = 10y iy Switching Frequency (Hz) Switching Frequency (Hz)
= = =Uin flys = K .
& AN £ Model x Expt. Cin = 5Chy: Model
Z S S Modedl x Expt.|| & X Expt.
E E] = Model Expt.|] & Cin = 104y Model
? ‘g g Model x Expt.| & 10° % Expt
° © < 15 Model x Expt.|1 & Cia = 0.5Chy: 1}}10(1(01
% 2 x  Expt.
100 100 107 107f04 100 106 o7 Hog = .
Switching frequency (Hz) Switching Frequency (Hz) i ‘é Experiment
206 Experiment E
Output impedance of a 2-to-1 pure SC ~ Output impedance of a 2-to-1 resonant (b) Hardware prototype | a1d =
converter with different C,, and C,, SC converter with different C,,and C,,, ~ 2-to-1 resonant SC (ReSC) converter Currentsense resistor - GaN HEMT T 0 o 10° 1
Hardware prototype Switching Frequency (Hz) Switching Frequency (Hz)

Modeling Derivation and Effect Analysis
Simplified circuit model and general output impedance model Multi-Resonant Compensation Control (MRCC)

Co Re L G Re L G R G R * Challenge: zero current switching (ZCS) is not achievable with 0.5 duty ratio with small C,,
Im@m " _C'l:[(i)l f 'F'II (;)1 Ln@m Tlcm Tow f TlIC( i )1 * Solution: ensure ZCS operation with the optimal duty ratio and switching frequency

* Result: 5x terminal capacitance reduction without harming efficiency

(a) Phase 1 (b) Phase 2 (a) Phase 1 (b) Phase 2 Tdeal imput and ouwiput: D= 05
i X i X X . X fun = 159 klz, Ry — 240 m0) Phasel | Phase2  Phascl | Phase2 | References:
Circuit model of a ReSC converter with G, and C,, Circuit model of a pure SC converter with C,, and C,, Cay and ideal ontput: D =05 . .
n ou n ou B =251 m0 [1] Y. Zhu et al., "Modeling and Analysis
. . 4r Phbet 1o Phose 2 Phace 101 Phaca 2! A8 ) - of Resonant Switched-Capacitor
Effect of terminal capacitances ‘ ‘ ‘ Converters with Finite Terminal
= 2f Capacitances," COMPEL 2021.
= ~ 1 2 3 4 5 .
- Cyy = 10 pF, Gy, = 100 pF = Cay =10 pF, Cy, =5 pF e / \ g Tims () [2] Y. Zhu et al, "Multi-Resonant
T 3 b . .
S 2 i | = 20 ioy) go H ® Compensation Control for Terminal
] & =} T . . .
g OW\l/‘ £ o 8 & Phase | R Phiso 2 > Capacitance Reduction in Resonant
S -20 S -20 8-2r 1 H Switched-Capacitor ~ Converters,"
—~ 7 —~ 7 1 £
2 —_— Vo) Ven) — Veou) 2 Ve Vetin) — Vet 'T; Ideal input and output: few = 159 kHz © COMPEL 2021.
6.5 ¥ g 6.5 ha ’ S -4r Ideal input and Coy, = Chy: fow = 159 kHz| ] [31Y. Zhu et al., "Modeling and Analysis
< < 20 . R . P - . .
§ S~~~ § 6 Ideal output and Ci, = Chy: fuw = 159 kHz 10 R 10‘(“H) 1 3 b 5 of Switched-Capacitor Converters
- T 1 ; 1 ! ] Switching Frequency (Hz Tims (ps . - R .
0 1 2 3 0 1 2 3 60 2 4 6 3 10 12 s o with Finite Terminal Capacitances,"
Tims (ps) Tims (s) Tims (us) (a) Comparison of output impedance. (b) Inductor current waveform of the APEC 2021.
Inductor current waveform of a 2-to-1 pure SC Inductor current waveform of a 2-to-1 ReSC conventional control. (c) Inductor current

converter with different terminal capacitances converter with different terminal capacitances waveform of MRCC. Yicheng Zhu, Zichao Ye Email: {yczhu, yezichao}@berkeley.edu



Analysis of Phase Timings for a Zero-Voltage Switching, Split-Phase

Berkeley Power and
Energy Center

Hybrid Dickson Converter

Motivation and Application

* Dickson-based converters are popular for hybrid
switched capacitor (SC) solutions due to the reduced
switch stress as compared to other topologies [1]

* Applications: high-conversion ratio systems

* 48V bus architectures for data centers and
automotive powertrains
* Transistor switching losses can be significant share of

2

determine phase-timings

* Equivalent capacitance Ceq:
* Main phases: A network of the flying capacitors C,-C,
* ZVS sub-phases: A network of linearized transistor

=

Normalized VA rating, My,
o
=

L

=

output capacitances [2]

1 L
0
overall losses, especially with trends towards faster ’ L ersion o Vow Vio
switching frequencies Switch Stress Metric (VA rating) for |
* Soft-switching techniques, such as zero-current and various hybrid SC converters over bs
L conversion ratios showing the Si q
zero-voltage switching (ZCS and ZVS) can be used to Dickson converter having very low @n ‘
reduce these losses relative switch stress =+ Equivalent LC network

Schematic drawing of the 8-to-1 hybrid Dickson power stage for per-phase analysis

Cha”enges Phase 1 Phase 2
.| b, . L ‘I’,‘_ [ [N oy ) M ‘L M
Experimental Verification 100~ =
* Phase-timings become o o M e Comt 7VS s 6 Aty | |
, i 71b | ——7CS
non-trivial to determine b L z %
. - ’ ‘ 8 = 97t
* ZVS timings are also non-trivial oL 3
1 H 0V 4#_‘,—""' ko) 96 -
* Non-linear switch output N 5 5 N
13 b:g L i
capacitance > , A i I . ol \ |
. . . o5 ’—‘ -50 o =50 0 S0 100 150 200 2500 300 35|
* Multiple switches with Ser

Soar || | Ev / E\ / | 0 5 10 15
different blocking voltages 5 ———— Sl SN R e e e B Tout [A]

-5 o 0 o TE 200 2500 3w 350 Al
L, Gy iy b L oy = L

T Tepiin1 Tl B Toplin2 T T,

: An efficiency comparison of ZVS to ZCS, as
'-'---..._~ well as calculated timings to fixed timings

AT - i — o
.. . apt a
Exemplary phase-timings and waveforms of a resonant Dickson % el | % :
i ; i e R oy B [ S, oy
References: converter achieving ZVS on all switches I st i, e
[1] N. M. Ellis, et. al., "A General Approach to Optimization and Control of Resonant Switched Capacitor Converters Using Peak oo Dol i : e Tl £

Energy Storage and Switch Stress Including Ripple Considerations," IEEE Transactions on Power Electronics, Early Access.
[2] M. Kasper, R. M. Burkart, G. Deboy, and J. W. Kolar, “ZVS of Power MOSFETs Revisited,” IEEE Transactions on Power
Electronics, vol. 31, no. 12, pp. 8063—-8067, Dec 2016.

Measured drain-source voltages showing ZVS

Maggie Blackwell
for all switches =

Email: blackwell@berkeley.edu



Autotuning of Resonant Switched-Capacitor Converters 3¢, Berkeley Power and

for Soft Switching Operation &2, Energy Center

MOtivation and App|icati0n Due to finite terminal filtering capacitances, the Hardware

efficiency of ReSC converters is often maximized

; : . 2-to-1 ReSC |
Data Center TWO'Sta.ge Power AI’ChIteCture when they are Prec|se|y soft switched [4] : c Co FET L c 0 eSC I
. . . e in fly out
48V : 12V 0.8-18V However, circuit non idealities render ZCS and | |
g I ’ §§B§ ZVS timing challenging to estimate creating the | I
ASIC need for active control techniques. I |
Class Il MLCC DC | =f
ass 1l |
. ) Inductor Soft
,—|, Bias Derating . K
Misc Loads . ‘ Satu ration | | I
==y =
. | |
Resonant switched- -10 Class Il lyp\/ﬂ/ﬁ\,X?R‘ X5R —| . ? : I W’ I P | |
capacitor (ReSC) converters g y4i o] e — | TFCn =R, :: gm | I
have demonstrated § 0 3 | ™" | T_"’_ B |
com petitive efficiencies and . o | RC voltage S)El;-:f:::i Active tuner I I RC divider ~ High speed comparator l
power densities for 48-V- 50 Unsaturated —[Transition | divider Control stage_! | Control StageJl
. . region regon | | T e e e e — — — — ————_——_——_—_=d e e — e — — — — — =
to-12-V conversion in data W= & = 7 prom—— . . . . -
centers [3]. Besied Do siias The presented 2-to-1 converter is the foundational ReSC topology. The control technique is verified

on a 48-V-to-24-V hardware prototype and can be extended to higher conversion ratio topologies.

TheO and COntrO| By sensing the switch node voltage, non- . e .
ry ideal soft switching conditions can be Experlmental Verlflcatlon

Non-ldeal ZVS -
- . Complete Z rZV. n then e
Non-ldeal ZCS LTy T detected. Complete ZCS or ZVS can then be . Convergence to  Convergence to Soft Switching Efficiency
Deadige | Deadtie 2 N [ achieved by implementing the proposed 9 - e SETETEIEE 9.5 : . :
" | control scheme. complete Sf)ft switching - mEES -
d1a [ Control El hart can be achieved from a T e i, _
b2 L das l_ ontrol Flowcha wide range of initial  Veomp ‘ =
. : . Viw div mhmm———— g
; . . I 1 switching frequencies. i i £ L
) "  Deadtime™ @ ' ! ! After convergence £ 985 —é(:t:vﬁ:‘/_\ Sy\-'s |
e "’IT*" » Active ZVS and ZCS T SIS IR Amte 70
L oA r___|____I r___|____I control allow for higher ERRERNEE R ——Open-loop 205
. . . ¥ B 98 L L L L
N v v v v peak efficiencies than , 1 6 5. oon 14
N ) [ <Va] o> Vi [ <Va]  [von>Var] the conventional open- ' Outpnt Current [4]
'sw . e
| | | | loop techniques. : :
ov = oV v v v v Before enabling During convergence
Phase 1 Phase 2 Phase 1 Phase 2

References:
[1] H. Sambo, Y. Zhu, T. Ge, N. Ellis, and R. Pilawa-Podgurski, “Autotuning of Resonant Switched-Capacitor Converters

Decrease
duration

Increase
duration

Decrease
duration

Increase
duration

S
———— e —

Positive turn-off Negative turn-off Insufficient Excessive inductor of Phase | of Phase | of Phase 2 of Phase 2 for Zero Current Switching and Terminal Capacitance Reduction,” APEC 2023.
inductor current inductor current inductor current current for CoSS [2] H. Sambo, Y. Zhu, and R. Pilawa-Podgurski, “Autotuning of Resonant Switched-Capacitor Converters for Zero
i i ; ; ! [ ! I Voltage Switching,” COMPEL 2023.
- switch node - switch node  for C,, discharge discharge 8 &, ; .
Vi Vin > 058 9 > N 9 !_ Y _ _! !. ______ J [3]T. Ge, Z. Ye, and R. Pilawa-Podgurski, “Geometrical State-Plane Analysis of Resonant Students: Haifah Sambo, hsambo(@berkeley.edu;
voltage below % voltage above —* switch node switch node | ! Switched-Capacitor Converters: Demonstration on the Cascaded Multiresonant Converter,” TPEL 2023. Yicheng Zhu yczhu@berkeley.edu;
voltage above 0 V voltage above OV '— — — — — — — — - e —— N [4]Y.Zhu, Z. Ye, T. Ge and R. Pilawa-Podgurski, "Multi-Resonant Compensation Control for Terminal Capacitance Post-docs: Ting Ge, gting@berkeley.edu;

Reduction in Resonant Switched-Capacitor Converters," COMPEL 2021. Nathan Miles Ellis, nathanmilesellis@berkeley.edu;
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Closed-Loop Split-Phase Control Applied to a Regulating ” i , Berkeley Power and

Point-of-Load (PoL) Dickson-Type Converter UG Energy Center
Motivation and Application Example: Phase Progression of the SDIH (Dickson-Type) Converter!!
Hybrid Switched Capacitor (HSC) power converter topologies are being adopted in 48V to - p
point-of-load (Pol) applications. Within the HSC converter class, Dickson-type converters j V'"_| CI— . CI— ;l - Y Cl— B i AR
[1] achieve the lowest Volt-Amp switch stress, indicative of a smaller semiconductor ! . ! .
footprin.t for equiv.alent performance. Howe.ver, some 9f these to.polo.gies require a non- L - l_"_/ a C
conventional clocking scheme — recently coined as “split-phase switching” [2] — to ensure e A, Cr2 o Ak Cr2 ok e
high efficiency is preserved. Executed in parallel with complimentary work in [3], this work —CH—/ B CI— —C| . )
presents a closed-loop split-phase control appropriate for regulating PoL converters [4];
over-coming a key obstacle to the deployment of a new and highly competitive class of 5 . N~ L‘ -
hybridized power converter topologies. ,,({) _é Fooy,Q 4 F ooy,
v v
The duration of all phases are fully constrained as a function of V;n, Vour, Iin, fsw, &
Closed-loop Split-phase Control Demonstrated in Hardware component values. The practical inclusion of loss and component derating/mismatch

necessitates continuous and dynamic phase duration adjustments.

Split-Phase Control Loop Vi Viol Vae
R
X FPGA
: F ol
d

W Experimental Verification
2 9 ‘ ‘ :
= § Closed-Loop Control
L i & P y
£
I 3 o Theoretical Timings =

Without Split-Phase Control

upP/
DOWN

Voltage Regulation Loop
(basic 1-bit hysteretic)

Clock Generation

Efficiency (%)

o
o

Operating Point

An added Split-Phase Control Loop detects “hard-charging” events and informs appropriate [ +?~Cﬁfssrf~litiihase Vin 48V
1Xe pht-. ase
phase timing adjustments within a conventional FPGA-based clock generator. —&— No Split-phase Vour 3.3V
80 L L I
0 5 20 2 fow 300 kHz

[1] N. Ellis, R. Amirtharajah, “Large Signal Analysis on Variations of the Hybridized Dickson Switched-Capacitor Converter,” TPEL 2022. 10 1o
[2] Y. Lei, et. al., “Split-Phase Control: Achieving Complete Soft-Charging Operation of a Dickson Switched-Capacitor Converter,” TPEL 2015. IOUT (A)

[3] R. Abramson, et. al., “An Active Split-Phase Control Technique for Hybrid Switched-Capacitor Converters Using Capacitor Voltage Discontinuity Detection,” COMPEL 2023. . . i i .
[4] N. Ellis, et. al., “Closed-Loop Split-Phase Control Applied to the Symmetric Dual Inductor Hybrid (SDIH) Converter,” COMPEL 2023. Dr. Nathan Ellis, Haifah Sambo - Email: nathanmilesellis@berkeley.edu




Active Soft-Charging Control for Hybrid and Resonant

Switched-Capacitor Converters

Berkeley Power and
Energy Center

Motivation and Application

Dickson-derived converters are increasingly used for both fixed-ratio and direct-to-PolL applications
in the datacenter and transportation space. They can achieve very low switch stress (i.e. Volt-:Amp
product), which means that lower-voltage (and therefore less lossy) switches can be used compared

to other topologies for a given output power. 4:1 resonant Dickson converter

Split-Phase Control

Certain Dickson topologies require more complex
split-phase control schemes [1] in order to
achieve full soft-charging of all fly capacitors. v,
Split-phase control timings can be complex to
calculate and vary depending on component
tolerance, circuit non-idealities, and operating
condition, necessitating active control [2], [3].

The conventional two-phase operation is split
into phases {1a, 1b} and {2a,2b}

Capacitor Losses: Hard-Charging vs. Soft-Charging

I

If the {1a,1b} and {2a,2b} transitions
0 0.5 1 1.5
occur at the wrong time, hard-charging Time
Phase 1 Phase 2 Phase 1
occurs, resulting in current spikes and B t

t
discontinuous capacitor voltages. e
N
Ve son / /— ’\—
o]

Hard-charging: large charge redistribution loss, spiky currents.
Soft charging: no charge redistribution loss, smooth / resonant currents.

Charging current

Phase 1 Split-Phase Operation

These voltage steps can be sensed, g’iﬁl‘i/
allowing the controller to auto-tune
split-phase times to achieve soft- i

Py,

Tlalong

charging operation.

Phase 1b

References:
[1] Y. Lei et al., "Split-Phase Control: Achieving Complete Soft-Charging Operation of a Dickson Switched-Capacitor Converter", IEEE Trans. on Power
Electronics, vol. 31, no. 1, pp. 770-782, 2015. [2] R. A. Abramson et al., "An Active Split-Phase Control Technique for Hybrid Switched-Capacitor Converters
Using Capacitor Voltage Discontinuity Detection," 2023 IEEE 24th Workshop on Control and Modeling for Power Electronics (COMPEL), Ann Arbor, M, USA,
2023. [3] N. M. Ellis, H. Sambo and C. N. Robert Pilawa-Podgurski, "Closed-Loop Split-Phase Control Applied to the Symmetric Dual Inductor Hybrid (SDIH)
Converter," 2023 IEEE 24th Workshop on Control and Modeling for Power Electronics (COMPEL), Ann Arbor, MI, USA, 2023.

Analog Sensing Circuitry

Control Daughterboard

\4

e e > <€ iital Feedback C . .
Analog Slope Detection Circuitry » <€ Digital Feed! Control Vg, sense Differentiator Microcontreller Inputs

\C

" o
H Viig short
¢ | Vinhigh—-

"

Gate Signals
©1, ©1a
©;, ©z

Subtractor Comparatars

Subtractor Differentiator Comparator Microcontroller

Interrupt service routine
(ISR) increases or
decreases split-phase
timing accordingly

Polarity of step discontinuity
shows whether split-phase

Slope detect circuit
triggers on large step
discontinuities

Differential capacitor
voltage sensed and

signal-conditioned timing is too short or too long

* The analog circuitry is flexible in implementation, and stages can be combined into single
package op-amps or off-loaded into internal microcontroller comparator units to increase density.

8:1 Dickson Converter

Experimental Verification 203 MoSFET: Verwme Tuduton

* An 8-to-1 resonant Dickson converter was used for validation.
* The control scheme was able to converge on soft-charging split-

C

Comt:

phase timing when 1) initialized in a hard charging-condition, and | Bt
2) when enabled during load step transients.

Operating Conditions
Steady-State Convergence Load Step Transient

b too shor 00 2 GO 3 250/ A GOW WE AN S
0 = tia =t .

<_ Capacitor voltage discontinuity removed —. 6 7.5 Ttoad Vin 48 V
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V 6V

out

nv

| 10A

out,max
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Smooth capacitor voltages signify > o
soft-charging operation Rose Abramson, Sahana Krishnan, Maggie Blackwell
Email: {rose_abramson, sahana_krishnan, blackwell}@berkeley.edu




Closed-Loop Balancing Control and Capacitor Voltage Estimation for

Berkeley Power and
Energy Center

the Flying Capacitor Multilevel Converter

Balancing Control Motivation Natural Balancing

Open-loop balancing of capacitor voltages is unreliable
* Capacitor voltages during large-signal transients exhibit
underdamped dynamics

* Peak switch stress may be greater than and can
cause switch overvoltage in hlgh-performance designs

using low-voltage switches
Sne v Sne—1 %
1

Vc:} :‘—'"‘A__W |
Vc,4

Closed-Loop Control

Equivalent Controllers after Decoupling
and Feedback Linearization

Decoupled Balancing Control Loops

e - Ve,1
Lo/
202 Ve,

Parallel Control Structure

FCML Plant
Balancing Controller ‘ : [Ad]

+,

['”(r]

[vC et
Decoupled Current Control Loop

) : oy I
UL ref X Current Controller H ~ J I L
- oy |
PI Controller 1],

* Model average behavior of FCML converter to obtain “plant” for control

* Structure of plant informs controller design: duty ratios can be controlled
differentially to steer capacitor voltages

* Balancing controller runs in parallel with controller(s) regulating load voltage

* Closed-loop system is decoupled — controllers operate without mutual interaction

iLJ(‘,f +

Capacitor Voltage Estimation

* Active balancing requires measurement of capacitor voltages ' &

* Measuring each capacitor voltage with its own differential sensor is expensive

* Can instead measure switched-node voltage with single-ended sensor and
calculate capacitor voltages

* Solve system of equations iteratively with reduced computation burden

* Demonstrated on industry-standard Texas Instruments C2000 DSP

Digital Signal Processor

vl st 0 o0 o o o1[vL sl — sl sl — sl Values of [m] and [w] [ graraq ]Values of (m] and [w]
sw 1 in 2 1 S3 2
17” 0 S“ 0 0 0 0 V-” S” _ S” S” _ Sél l Estimated [v.] RAM  [“Estimated [vi]

sw 1 m 2 1 3

CPU1

11 11 v I _ o1 I I cpu2

Vsw 0 0 s 0 0 0 in k) sy s3 55 [Vm]
= Converter Control | Estimation | Forming [S;] and [C/]

U_!“,/V 0 0 0 S]IV 0 0 Vﬁ/ Sév - S{V Sév - Sév Ve2 onverter tontro trigger matrices

v B e
Vsw 0 0 0 0 Si/ 0 V-V Sg - 5¥ 5‘2/ - Sé/ System Monitoring Iterative solving
Vow 0 0 0 o0 o s{vr| [s¥'—sft s¥l—sy!

First cell’s switch states Capacitor connection matrix

Experimental Verification Estimation

* Active balancing ensures =t

= 6o

capacitor voltages track

nominal values during o //,/"': .-
=) , e sty
40 ; 4 : 1 Vout

supply transients

* Single-sensor estimation of
capacitor voltages is reliable
and low-cost

References: Time s

[1] R. K. lyer, et al., "A High-Bandwidth Parallel Active Balancing Controller for Current-Controlled Flying Capacitor Multilevel
Converters," 2023 |EEE Applied Power Electronics Conference and Exposition (APEC).

[2] 1. Z. Petric, et al., "A Real-Time Estimator for Capacitor Voltages in the Flying Capacitor Multilevel Converter," 2022 IEEE
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A Hybrid Switched-Capacitor Solar Microinverter Utilizing a Fixed-ratio

Berkeley Power and

Resonant DC-DC Stage and Flying Capacitor Multi-level DC-AC Stage RS Energy Center

Motivation and Application
Hybrid Switched-Capacitor Converters

* The Cascaded Series-Parallel converter (CaSP)
has been used as a power-dense dc-dc step-

Hardware

TI TMDSCNCD28379D Lreme  Unfolder
Connector

TMDSCNCD28379D L-Cas, y

down solution in the 48V application space but . . Cy i OIREOOT
is being adapted use as a boost stage [1]. Ro?f.top solar requires c I
* The flying capacitor multilevel converter (FCML) efficient and power dense Example
can be used to step down the solutions to convert power for ~ Inverter:
use in homes and at the grid. ~ Enphase 108
la- i,
2o- d I d
" @ = © . e -
@ % = Qe CaSP System Specifications FCML System Specifications
= . - i
dc =l ac « 35-40V input 350-400V input, 500w+
' « 350-400V, 500W output * Sensing for control included on this board.

Full microinverter concept. * 2nd revision coming soon

System Architecture

. . .
~ Experimental Validation —
WVa Sue s [ |8
e = 5V, B0 -
Vo Ss. -
I Sie - .
ipcasp Lot | Vi Va Vi Va 5V 5V 13::" Usvg 1Sw,  1Svy  USvg  1Sve  Leaw Peak EffICIEI’]CY with
e 11 I 1t 1l 1L _ Il . .
Yoo S [t Se [t S [yt Sw [yt Swe Hﬁ Sis stu PN P R L,CaSP 255 Vac output at light
in in in in in
Va Ca Vi Sy 2V, Sg, 3Va\ S 4V Sy VAN Courr Voo TEAISvg T 3/5vs, T 2svg T vy load: 93.5%

I S Sap Sy Sg Ss,

= = = = = = = 15vs  1Sw, 15w 1/5v4, 1/5v4, = |
1-to-10 CaSP Buffer 6-Level FCML + Unfolder i suyen Sywn sy :
hewl C G GGG .
, B | System waveforms with 240 V__output
* Three sub-intervals of one  O¥Q Vo Yo Vo ¥ S 7™ 400V to 240Vac. Voltage at
1 L . . o .
switching cycle, each with DO output of inductor is ST T~ * System able to produce 240 Vac output at light load
. Vo, Vi V. V,edr - 5 H L. . . H
a unique resonant LC tank @™ o rectified sine wave thatis | e, ——————=—— * CaSP achieves ZCS during full system operation at 240 Vac output
. e, N unfolded by H-bridge. 30
z References:
Impeda nce [2] : ﬁmzl.--..-.-.-..- [1] R. A. Abramson, Z. Ye, T. Ge and R. C. N. Pilawa-Podgurski, "A High Performance 48-to-6 V Multi-Resonant Cascaded Series-Parallel (CaSP) Switched-Capacitor Converter," 2021
i i f 2 1 It 12 1 16 |EEE Applied P Electronics Conf d E: ition (APEC), Ph ix, AZ, USA, 2021
* Achieves ZCS, partial ZVS. e« HV buffer allows for - mn R ’ 21K ;peL:nI:nd:zwaer:d :e cr?vm;lslavt%:;z:gcj:k? "Ax‘l)—ot:;—ll?Filxed—Ratio:f:::up Multi—r;esonam Cascaded Se;ies—ParaIlel (CasP) Switched-Capacitor Converter with Zero-Current
e . . Z 40 Switching," 2023 11th International Conference on Power Electronics and ECCE Asia (ICPE 2023 - ECCE Asia), 2023

* Can be used as stand- g reduction of capacitance s

alone startup circuitry. < due to smaller currentripple  ° 7 ' Uttt "

o ) ) Kelly Fernandez, Francesca Giardine Email: kefernandez@berkeley.edu, fgiardine@berkeley.edu



A Charge Injection Loss Compensation Method for a Series-Stacked Buffer { ~ Berkeley Power and

to Reduce Current and Voltage Ripple in Single-Phase Systems USRS Energy Center

. . . . Rs v us
Motivation and Application : Hardware O ENPHASE.
i Vi L

The Series-stacked buffer (SSB) is an active o L Cb ' SSB circuit that F28379D ControlCARD ——— ——

I v (F s Vs v puyffering. Rea
ut|||zat|<?n and greatly decrea.ses the powe.r. « CD + =0 " ®¢ power is injected to S;—S, EPC2033 150V, 6 mQ
conversion system volume without comprising VL C; Ve == C, charge C
efficiency [2]. However, there can be a large L3S, s, 2 Sa GaN Systems GS66506T 600V, 2A
amount of residual ac current ripple on the dc \—L Dg STE T e 650V, 67 mQ
bus due to SSB’s control methodology that II T - The real power MURS160T3G
injects real. power th-rough 'Fhe reactive buffer ] W . injection causes L Coileraft MSS1210-104 100 pH
branch. This control is required to charge the large ac current
C, capacitor in the SSB that acts as a dc source - rllpp|'e along the dc- C, TDK B32524Q1686K000 100V, 68 uF x 3
for a full-brid ter. Specifically, thi \/\/\/\/\/\/ link /, (24% ac
ripple gets is worse in applications with low i /\ shown at 1.5 kW at
source impedance, such as battery systems. \ 400V,,). ' Proof of concept hardware. GaN devices are used for all switches. The volume of this

design can be further reduced by using the optimization methodology shown in [3].

Proposed “Charge Injection” Method

) EXperl mental Verlflcatlon The peak-to-peak ac current ripple
R vy 4 T 1200 : : : : is reduced:
— =3 s —w»— Charge Injection Method :
4 o T a5k | ! | | | ! ! | = 10001 e ethod | * By maximum of 5.3x
i, ¥ Thuf Scr Vs (V) = raditional Aetho
in 02F T . r — . . — 22 * And average of 4.3x
+ i L il = F 4
Ver==C, _— i’(LI“ i _ 1 g + 3xat peak load
; . 3 . L L L . . L L &
- i ver (V) & =600 - il . . .
v, (D | Doy @T o . . . S . . — 3 fg Charge InJectlo_n. method achieves
o L YS \S x 400- % g 400p 4 an average efficiency of 99.4%
- 350 1 =
valf::Cf Verde 5 &85 a0l /, across all loads.
’ ° L¢ S S ) P Lii\ - 0 | | | | | | | | | |
3 4 500 600 700 800 900 1000 1100 1200 1300 1400 1500
i
Vea.em References:
= 0 5 4' ; é 0 10 1'2 1'4 1'6 [1] K. Fernandez, N. Brooks, T. Ge, Z. Liao, R. C. N. Pilawa-Podgurski, “A Charge Injection Loss Compensation Method for a
React.ive Power Charge Injection Time (ms) Series-Stacked Buffer to Reduce Current and Voltage Ripple in Single-Phase Systems” in 2022 Applied Power Electronics
Circuit Loss Compensation Conference (APEC), 2022.
Circuit [2] Z. Liao, et al. "A High Power Density Power Factor Correction Converter with a Multilevel Boost Front-End and a Series-
The Charge Injection method has a separate branch that handles real power delivery while the Stacked Energy Decoupling Buffer,” 2018 |EEE Energy Conversion Congress and Exposition (ECCE), 2018, pp. 7229-7235,
. . . . . [3] Z. Liao, et al. “Multi-objective optimization of series-stacked energy decoupling buffers in single-phase converters,” in

rest of the SSB handles the reactive power buffering. As a result, the dc-link current ripple is 2018 IEEE19th Workshop on Control and Modeling for Power Electronics (COMPEL), July 2018, pp. 1-7.

greatly reduced. Student Name: Kelly Fernandez, kefernandez@berkeley.edu



Utilizing Harmonic Injection to Reduce Energy Storage in a Single-Phase I ~ Berkeley Power and
. l“ve SN

Active Energy Buffer Energy Center
Motivation —_— Circuit Topology and Hardware
"fundamental \ 1

e

=)

=]
T

A

* Single-phase power converters rated for high
power applications require reactive buffering

Pm\:cr with ud(}cd & ]
third harmonic

E"ﬂ
—
Cunu)t

JAverage

:
]i/\/ \/\/\ c F28379D Control CARD
0.0 1

‘;‘
i . £ 300
on the dc bus to maintain a constant and 5 KNemmmmamnmyf 7 —— ;
. . E 200 | Power Time fms] +\
clean dc power input or output. Often this is < 0] S 7
a bulky electrolytic capacitor. 1 Energy stored in capacitor (1)] £ .

Time [ms]

* [1] found that buffer storage requirements 0 e T P T4 =
for a passive buffer could be reduced 56% for Time [ms] % ‘[1W\/\/\ e oo
Energy storage in buffer during a nl 3 x| - / SN

the addition of allowable 3 and 5t

harmonics twice-line frequency cycle. Time ]
*  We apply this harmonic injection method for e
energy storage reduction in the capacitors of Witore = ]0 Py (t) dt The SSB is an active buffer that combines a primary energy buffer capacitor

with an H-bridge. This permits a larger voltage ripple across the main energy
storage capacitor maximizing the amount of energy buffered, and
subsequently the energy utilization ratio [2].

the series-stacked buffer (SSB), which is a

ower-dense alternative to the conventional 2 2
P Wstore = CVmaa - pvmm

capacitor solution.

Challenges and Control Experimental Verification

100% ol the 3rd and 51h harmonics

* Determining the expected voltage ripple on v, 5001 PLl0r] _ b N
. . .. 210 H Faters m at H e .
each of the capacitors is nontrivial. (I L E . /W\JW
. S SN I - . “pspecied &
*  Figure out how to control an active buffer when Tl i
additional harmonics are added to the system. : - - ‘ )
. AN S I Ay i B Ry - . Time ms| ]
, ?') 00+ hams| L Pow Loss Compensation. S — b‘\ /\ /\ L 27 oo
1, g1 — — L S 0.5 * Tymaa ST @ R . . .
& < No harmonic. . Third and fifth harmonics.
£/ \ VASA VASA VASA \|EStit = R e Third harmonic
00 - 16.7 ,[ : 25.0 333 % | timimum Gapacitance or fy =3 + 55% reduction in required energy storage split between two capacitors. In
e T ) ) ance for £y — 1.0 % Iy
= . " an example case, C; can be reduced from 60uF to 34uF, and C, from 27uF
=, 420 . . 0 1 2 l
u 0.0 Iypar ! _ 1
1y POID DN D | = o to 20uF for same dc-bus voltage ripple [3].
-] 1.0 % I30r L'_-g 50 References:
:>3 38( - - —;‘ ' [1] A. ). Hanson, A. F. Martin, and D. J. Perreault, “Energy and Size Reduction of Grid-Interfaced Energy Buffers Through Line Waveform
“‘“ 8.3 16.7 C© 10 Control,” IEEE Transactions on Power Electronics, Nov. 2019
Time [IIIH] : [2] N. C. Brooks, S. Qin, and R. C. N. Pilawa-Podgurski, “Design of an active power pulsation buffer using an equivalent series-resonant
';‘ 20 0 impedance model,” in 2017 IEEE 18th Workshop on Control and Modeling for Power Electronics, Jul. 2017
b P/ 0.0 % Iy 20 [3] F. Giardine, N. C. Brooks, K. Fernandez and R. C. N. Pilawa-Podgurski, "Utilizing Harmonic Injection to Reduce Energy Storage and
%E 0 >z A Lk £ |——0.5« J’V i i Required Capacitance in an Active Series-Stacked Energy Buffer for Single-Phase Systems," 2022 IEEE 23rd Workshop on Control and
i’ah = e A & N7 1'0 . ]"“”” 10 — : Modeling for Power Electronics, 2022
—_ o Jmax
S 20 : : : 0 5 P 4 . R0 . . . . .
- 00 8.3 16.7 25.0 333 L Francesca Giardine, Nathan Brooks, Kelly Fernandez Email: fgiardine@berkeley.edu

Time [ms] Al



Berkeley Power and

Energy Center

Motivation and Application

Power converters operate by switching
between different circuit states. Ideally,
the switching transitions would be
instantaneous and lossless. In reality,
parasitic effects cause switching losses,
voltage overshoot, and electromagnetic
interference. Advanced design
techniques are presented here, which
mitigate these effects and enable ’
unprecedented performance.

Voltage
Overshoot

Al m
=

Decoupling

Capacitance Bulk Capacitance

Switching Cell

DPT Capacitance DPT Inductance

{(Underneath)

Optimal Decoupling
Capacitor Sizing [1] =

Danghterboard

nFL
Connection

Ly Lp CDS__ Ren

Cp

\[S\V

v COSE_ L i e
T Double Pulse Test
' Hardware Setup 1205

Effect of C'p on Overshoot

Simplified Switching
Circuit Model

w0l
. <+ Large Overshoot

Experimental sk

. . . . . . Data
Determined optimal decoupling capacitor size given

load current and output capacitance of the device:

» Tnflection Point @

: Cp = Cp* Large Cy

P
.

.
=

-
>

Overshoot Percentage (%)
[~ =23
= =

=]

[ ' = 10 x max{Cpgs, ‘ZLBI%[L_/L':%IL}]

=3

2 4 6 8 10
Decoupling Capacitance Ratio (Cp/C7},)

Interleaved Commutation Loop Layout [2]

. . . Cyy - Cyyy
Commutation loop inductance is o ) CI TR

. : ) Schematic | | -
critical to switching performance. R N I e
. LT =T -'L1 Dz T T - Slce ’ ((\'
Advanced layout techniques can be o View ’
i . % @ :
utilized to reduce this inductance. Cu G Qm

Interleaved hybrid decoupling el <l N
. . . Con
capacitor loops with electrically 0 ” i ’\\
. . . v Qu
thin vertical bulk capacitor loop o
H\’[@ ‘ \
- Coy
Table 1: Commmtation Loop Comparison () EEER
Switching Cell Electrically Hybrid & Hybrid  Proposed TO]) View
Design Thin E-thin  Reference  Design ﬁ
;;';‘:f;fi Li5nll 450 pll 520 pll 443 pll

* Proposed design achieves nearly 3x better performance
than best approach without decoupling capacitors
S -+ 20% better than state of the art

Measured

2.85 nH 940 pH — 1.14 nH
Inductance

Board Arca 370 mm? 330 mm? 420 mm? 420 mm?

Decoupling Device [3]

For many applications, transistors Buck
with large through-hole packages converter
are used, due to their high power hardware
handling capability. In this work, a prototype
small surface-mount gallium-

nitride transistor is added to

improve switching performance.

i a2 Q=0
| e — Large Loop

50% reduction Berkeley @3

in losses
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USA, 2023, pp. 2620-2624, doi: 10.1109/APEC43580.2023.10131426.

Logan Horowitz | Email: logan_h_horowitz@berkeley.edu



Berkeley | EECS

Energy Center

Electrical Engineering and Computer Sciences

Concluded Research Projects
(with potential follow-up

work in planning stages)



High-Performance 48-to-12 V Cascaded Multi-Resonant

_  Berkeley Power and
Switched-Capacitor Converter for Datacenters SRS, Energy Center

Motivation and Applications

48 \/ data center power delivery architecture  * Theintermediate bus converter
il in 48 V data center application

........ ; e ! requires high efficiency and
v sy AC ] [Ac ac AYoc A ——-ve AT i ! . .
%‘?‘ RS R R o w s i T I high power density
) " N ) ! = . ! . . .
I\C:R.IP. [ ’: Site Power Rectiﬁc'all‘oly} UPS Bus Point-of-Load LD : * RegUIatlon and ISOIatlon are nOt
1 substation Distribution| boost-type L converter converters | .
L | o | required
\DATA RACK |!
\CENTER || . 4N N

Bottom

* Dimensions: 17.3 x 23 x 6.6 mm power density: 6000 W/in3 at 12 V output
* 80 A continuous output and 130 A - 2 ms transient output

48 V to Intermediate
Bus (IB) Converter

Proposed Topology Experimental Results

i . This work
* Cascaded Multi-Resonant converter * State-plane method is used to calculate 6000 1
* 1st stage uses only two switches to the save multi-resonant inductor current 30% lower loss >
i i | | ®
space of active components, and gate drive [ T 4/\4‘/—\/\} - VieorNBMZT 111 7000 il i
level shifters 21N ! ‘ \ o Te
v R v N S Conventional cascaded
i Second stage Logn / | g resonant [3] GaN-based LLC [2]®
First stage g m //—\ 2 >
. ! I i
; ‘ 1122 v : \v : + % V=40V and f, — 130 kHz STC (Resonant Dickson) [4]
! " ’ Lope i ‘ 96 - ——Vin =48 V and f,, = 130 kHzj 97 972 974 976 97.8 98
Inductor current Vin = 54 V and f,, = 135 kHz Efficiency including gate drive loss (%)
122, ' Vin = 60 V and f,, = 140 kHz
Vieki 1 ’L;i L Siese 95 0 ” 10 60 s Compa rison with State-of-the-Art
offIN in H .
{WT' Output current (A) 48_t0_12 V SOlUtlonS
. e I N .. . . . .
— Ry Measured efficiencies including gate drive loss
0| “. 05 ) .‘l’. % 0| X221 Xea Ve
e Loy " Oixc‘ : Vin Reference: T. Ge, Z. Ye and R. C. N. Pilawa-Podgurski, "A 48-to-12 V Cascaded Multi-Resonant
AVcIN AVeon . . . .
State trajectories of ClL and CZL Switched Capacitor Converter with 4700 W/in3 Power

Density and 98.9% Efficiency," 2021 IEEE ECCE. Ting Ge Email: gting@berkeley.edu



High Performance Single-phase Ac-dc Conversion with

Berkeley Power and

Advanced Topology and Control

Motivation and Application
Power Flow: ’/\ AN ‘ Al

Poc .

90-240 Vac to 400 Vdc is a critical

| 120 Hz |

-V
%_
60 Hz Pac

Power

conversion stage for applications such
as data center power delivery, electric
vehicle charging, etc.

* Ac-dc power factor correction

Vac g Factor Vou %nef;gy DC
Correction utter load
i
90-240 Vac _ — 400 Vdc

Lac Lic

ac
Vll('
dc

Challenges and Solutions

Topology

s

* The boost inductor size is reduced flying
capacitor multilevel (FCML) topology

* An active buffer topology - series-
stacked buffer (SSB) is implemented to
reduce the buffer capacitor for twice-line
frequency power ripple buffering

Reduce boost inductor size

* Twice-line frequency power ripple
buffering

Reduce buffer capacitor size

Control

Boost PFC Control

PFC+SSB Coupled Control:

* PFC Multi-loop control: high-bandwidth
“inner” current & low-bandwidth “outer”
voltage loop

* PFC Partial feedforward cancels the input
voltage disturbances to input current
caused by smaller boost inductor in FCML

* Buffer control obtains phase and amplitude
information from PFC

Hardware Implementation

90-240 Vac to 400 Vdc, 1.5 kW PFC converter [1]

TMS320T8377D

Buffer

T
Capacitor Buffor

Capacitor

Flying
pacilors _n”“‘_“'
Capacilor

(e8]

Tuffer Full-bridge Boost
Swilehing Cell Inductors

Y |
TOMTL Buff:;‘\
Boos|

Aclive
Rectifier Tuductors

* Single DSP TMS320F28377D for the proposed
system control

*  GaN System and EPC GaN FETs used in FCML
and SSB for high efficiency

Experimental Verification

Energy Center

Multi-objective optimization for SSB [2]

Loss-volume Pareto front of SSB generated

with numerical optimization method
10

. - o -Calculated Pareto front
¢ . SSB Hardware 1
sk ' SSB Hardware 2
% + SSB Hardware 3
.
'
= 6 *
E X
I’ L]
2 ok
=24 .
x.
L
oee,
2 Cee
. e -
0 . . .
0 20 40 60 80 100
Volume [cm?]
min an T (1 gy, foe
C1.C2. Vo2 0 Floss, max volume, max

st. ;<0 Vi=1,.,4.

Total box-vol.ume 230 W/in?
power density:
Peak efficiency: 98.9%
1.5 kW efficiency: 98.1%
THD: <5% - —
Power factor: >0.994

References:

[1] Z. Liao. N. C. Brooks, and R. C. N. Pilawa-Podgurski, “A high power density power factor correction
converter with a multilevel boost front-end and a series-stacked energy decoupling buffer,” in 2018 IEEE

Energy Conversion Congress and Exposition (ECCE), 2018

[2] Z. Liao, et al. “Multi-objective optimization of series-stacked energy decoupling buffers in single-phase
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Experimental waveforms defnohstrating power factor correction,
multi-level switching, and SSB @ 1.5 kW, 240 Vac to 400 Vdc
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High Efficiency High Power Density

Berkeley Power and
Energy Center

Hybrid/Resonant Switched-Capacitor Converter

Theoretical Analysis Cascaded Resonant Converter

) ° H q q q q .

E Buck * Systematically analyze and calculate Two-phase interleaved design Zero voltage switching technique
S 10} ] switch and passive utilization
() 10()
E . Compa re and select the most First stage Second stage
g — suitable topology depending on Phosel g T 7 S
= . . ‘ S 101
S | Dickson application and power level .. IC” e
E . . o s
g Series- * Develop control technique to g
Z 10 Coscrfled Resonapt * Parallel achieve soft-charging and soft- 2

o 11 12 13 1.4 itchi §ing Phasc2 4’ S — w0 msmateh

Normalized switch stress switc Ing . - = 220% cap mismatch {j\..
. X i First stage Second stage S 10* Switehine fr oy [H] 10°
SWltCh VA ratlng TOtal pass'ves Volume -( . J_ :( J=: witching frequency Z
Sie S L4 S S
la,z 1o c . c * Operate the tank in the inductive region
Z Vaslas ZLCVE XLl > - B R * Overcome the intermediate decouplin - i :
) 227 s S pling to achieve ZVS, while improving tolerance
switches PEC PE,L = = P chaIIenge of doubler tOpOIOgy of Component variations

Practical Challenges and Solutions Experimental Verification

Floating gate drive Capacitor voltage balancing

Comparison with state-of-the-art

efficiency, lower cost
and smaller footprint

Working on system
level circuit
integration to further
reduce size and cost

* Even-level FCML
converter has better
natural balancing

Gate drive voltage
and signal mismatch
can cause imbalance

References:

[1] Z. Ye, Y. Lei, W. Liu, P. S. Shenoy and R. C. N. Pilawa-Podgurski, "Design and implementation of a low-cost and
compact floating gate drive power circuit for GaN-based flying capacitor multi-level converters," APEC 2017

[2] Z. Ye, Y. Lei, Z. Liao and R. C. N. Pilawa-Podgurski, "Investigation of capacitor voltage balancing in practical
implementations of flying capacitor multilevel converters”,
[3]Z. Ye, Y. Lei and R. C. N. Pilawa-Podgurski, "A resonant switched capacitor based 4-to-1 bus converter achieving

COMPEL 2017

2180 W/in3 power density and 98.9% peak efficiency," APEC 2018
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An 83mA 96.8% Peak Efficiency On-Chip 3-Level Boost Converter with

Full-Range Auto-Capacitor-Calibrating Pulse Frequency Modulation (ACC-PFM)

Berkeley Power and
Energy Center

Motivation and Applications

Requested High voltages are demanded to

>

* Generate efficacious stimulations
for bio-implantable devices

1. Voltage step-Up
2. High integration
3. Power efficient

J ol

a e
voLTAGEM\‘\‘

g Internet of Things (loT) Y

* Interface between low-voltage
energy harvesters and batteries for
wireless sensor network (WSN)

o0@ED E
A * Program memories for high
operational speeds
Bio Implantables Electronic Devices . Dnve LED Strlngs efflclently

Challenges and Solutions

Topology: 3-level Boost Converter Control: ACC-PFM

I—Boost

v L Charging Discharging I A_MeHs Mocrs
o ® Veriy Offset AQ ! !
o - ) "
508 At least 3X reduction D Tow# Tooe | T, T
“ . )
_| 8 0.6 —e— Conv. Boost Converter ii) meye # Mocrs 1 \ere N ocre
LBOOSt -E % 3-level Boost Converter iii) Ic.pottom # 0 !
Vv - 0.4 A (__Challenge: Vcry is undefined | AQ = QCcHG - QDCHE > 0
IN £
= 50 Lawm
0
1

5 2 25 3 3.5 4
= Conversion Ratio, Vo/Vin

— — — —
Tere Tocre Tere Tocre

leve = lp — (VerLy — Vin) Tewe / (2L) leve = (Vin— Vory) Tewe / (2L) + Iy
Incie = Ip — (Vo= Vin—Verwy) Tocre / (2L) | locte = (Vin + Very— Vo) Tocke / (2L) + v

Hybrid SC converters merge the advantages of the
conventional switched capacitor (SC) and switched
inductor converters (e.g. Boost converter)

Tere = Tocre = Teonst = Ton

Tere = Tocre = Teonst = Torr

’ Achieve high power density * ACC-PFM is an integrated controller
. Mitigate charge sharing loss in SC converter solution for both V,,; regulation and

. Retain the ability to employ low voltage capacitor balancing

Chip Implementation

* TSMC 65nm CMOS process
* 2.5V devices for 5.0V operation

ACC-PFM Controller Q Vin

Mode Selector

Q
o el el [y,

Vrer

Valley 0

PV_SELNN

)J

Dual-Mode
Timing Controller
(DTMC)

J

Mode
Switcher

D Q
DFF

Measurement Results

Wee—r—rer——— 100%

Peak Efficiency 96.8% o = i Hybrid SC
g 07 e - = : S 90%
Input Voltage 0.3-3V % ++ ¢ T - [ Ty
210 é = = 80%
¢ =——
Output Voltage 2.4 -5V g = ] * T ok 7
é 107 FEE : ] .]SSbIS Biswas = 70%
Peak Output Current 83 mA g @ ISSCC15 Lin |
O 194 9 JSSCI6 Ishii L 60%
. = : SCO05 Leung
Peak Switch 300 z [ ® e ® 3 o om
Current Density mA/ mm?2 0° . " s . . . . o %
Conversion Ratio (V/V)
Switching Freq. 0.5M — 45MHz Excellent performance for wide-range

voltage and load variation required in step-
up applications, compared to prior arts.

References: Papp P P

Wen-Chuen Liu, Pei Han Ng, Robert C.N. Pilawa-Podgurski, “An 83mA 96.8% Peak Efficiency

3-Level Boost Converter with Full-Range Auto-Capacitor-Calibrating Pulse Frequency

Modulation”, IEEE Custom Integrated

Circuits Conf. (€ICC), 2019. Student: Wen-Chuen Liu Email: joseph.wcliu@berkeley.edu
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A 94 .2%-peak-efficiency 1.53A direct-battery-hook-up hybrid Dickson switched-

Berkeley Power and

capacitor DC-DC converter with wide continuous conversion ratio in 65nm CMOS Energy Center

HDI Co-Package

Motivation and Application

Increased power density of advanced CMOS nodes in embedded
applications requires the power converters to have:

Hardware I

Implemented in CMOS 65nm bulk process

* Flip-Chip packaging for low parasitic

BACK SIDE

iPhone

Higher efficiency to extend the battery life

Voltage borrowing gate drive to eliminate bootstrap
capacitors and increase power density

Low loss to ease the thermal management

i)

g

i

M8 motion
COprocessor

Active capacitor balancing and output regulation

Higher power density to match the technology
External flying capacitors and inductor

Maintain performance at large conversion ratios

< |

Typical Load current several mA to several A

Primary Power
Management

High density interposer for uModule assembly

HDI
(Die Side) =

l PCB
Flying & Iny .‘
R uModule

: Assembly

Typical Battery voltage 3.2Vto 4.2V
Typical Load voltage 300m Vto 1V

HDI

System Architecture

Die
Inductor

Quiput
Cater
PCB Caviy T

4:1 Hybrid Dickson

Challenges and Solutions

Utilized hybrid switched-capacitor (SC) converters.
Switched-Capacitor stage:
* Higher efficiency at large conversion ratios

Experimental Verification

Output regulation and flying
capacitor active balancing

100

Maintained efficiency
and power density:

* Across large

Ve (W/div)
\
« sep /

Vour fi()ﬂml div) Ny

Lower rated devices for advance CMOS integration S e ; ; Tt L
_ g - o . - conversion ratios w o i |
* Poor regulation ;i — «  Across large load s Kom / L i\
. . = ¢ ‘ ot ¢ : ’ 500 5 10 15 Vo (7 dn]/ Time(400ns dn‘r V(v ,‘/ r (400ns / div)|
Magnetic Buck stage: wtir £ i3 current range Conversion Ratio (V/V) P;__ i) ﬂ,'_f:)_ —
. x;,qson.}?mm) ’_ , .
* Achieve tighter regulation Split-Phase LY L° ol I I R R 50 ‘ e s sooms B
& g . b = — ;FT:{ 9% -E\“ S g"-&cw&d}w : )/’ | I‘\‘w}\/’\/\/
Control ﬁ ﬂ T850C15 Sehact PV T
* Lower voltage swing for smaller magnetics el Lk 2 Eu o
. " . . . . bl T | el ¢ ! -
Need higher utilization of passive and active devices: — = : L Jos
N ) . £ 02 -
* Dickson SC has good switch utilization and poor capacitor utilizavoni~ = = §0_1 . »
* Soft-charging through split-phase control increases capacitor utilization, enhances T or e s o s o % : n 5
Output Voltage (V) Conversion Ratio (V/V)

efficiency and lower switching frequency

. i . Reference: W. Liu, P. Assem, Y. Lei, P. K. Hanumolu and R. Pilawa-Podgurski, "10.3 A
Smaller passives for faster transient response and t|ghter control 94.2%-peak-efficiency 1.53A direct-battery-hook-up hybrid Dickson switched-capacitor

DC-DC converter with wide continuous conversion ratio in 65nm CMOS," ISSCC 2017.

Pourya Assem: pourya_assem@Berkeley.edu
Wen-Chuen Liu: joseph.wcliu@Berkeley.edu




Characterization of Multi-layer Ceramic Capacitors under 7 { Berkeley Power and
» PEC.)

More Realistic Operating Conditions \V %‘v, = Energy Center
Motivation and Applications Hardware Implementation
CIdeal RESR LESL ) MUIti-Iayer Ceramic Cap?Citors ¢ ESR iS dependent on Temperature Chamber — o

(MLCCs) are a key enabling

technology for high density amplituce, cemperature and

— oK XS POWer converters. harmonic content. Vo
' "+ Reallossesin MLCCs can be * A circuit was designed to be K
5 i red_uced to Eg;lvalent series able to adjust frequency, Lt
a A= resistance (ESR) current amplitude and DC

107 « Data sheets do not provide bias of a high harm'onlc =
| | | | loss information for realistic content waveform in order to et
10° 10! 102 10° 10* operating conditions. test the effect on ESR.

Frequency (kHz)

Challenges and Solutions Experlmental Results

_ 1 Trinal tempoji—tempamp * DK X6S .
Pdiss - Tfinal (koil Atemp + fo R dt [1] Ezo . . Capacitor Cap::\:grc:;De- ESR increase
]
515 | Manufacturer (at 400 V) (at 400 V, 125 kHz)
7] 4 H
* Measuring loss with 20 ) . TDK 80% 200%
felgctrlcal characterlzathn g5 } + s S 2% 203%
is in accurate under desired . 2 S0k
0 50 100 150 200 250 300 350 400 Kemet 72% 142%

operating conditions. Applied DC Bias (V)

* With increased DC bias, the ESR linearly increases, this has been shown
with several dielectric types as well as manufacturers.

References:
[1] G. S. Dimitrakakis, E. C. Tatakis, and A. C. Nanakos, “A simple calorimetric setup for the accurate
measurement of losses in power electronic converters,” EPE 2011.
[2] S. Coday, C. B. Barth and R. C. N. Pilawa-Podgurski,
"Characterization and Modeling of Ceramic Capacitor Losses under Student: Samantha Coday
Large Signal Operating Conditions," COMPEL 2018. Email: scoday@berkeley.edu

* A calorimetric method was
implemented in order to
accurately observe change
in ESR.




Hybrid Switched-Capacitor DC-DC Converters with Isolation

Berkeley Power and
Energy Center

Motivation and Applications

* Hybrid switched-capacitor converters offer ] A Vi
high power density but have been restricted g A
to non-isolated applications E g|—
* Traditional isolation methods require bulky t _|' é
e

and heavy transformers

* Capacitive isolation presents a power-dense
alternative to magnetic isolation

* Flying capacitors with high voltage rating act
as isolation capacitors

Challenges and Solutions

* ZVS theoretically possible, but not
successful at higher input voltages
* Ongoing issue; we’ll spend
more time investigating timing
* Light-load oscillations that damage
converter at higher voltages
* Current solution: avoid light
load

[1] Y. Li, L. Gu, A. Hariya, Y. Ishizuka, J. Rivas-Davila, and S. Sanders,“A wide input range isolated stacked resonant
switched-capacitor dc-dc converter for high conversion ratios,” in 2018 IEEE 19th Workshop on Control and Modeling for

Power Electronics (COMPEL), 2018, pp. 1-7.
[2] N. M. Ellis and R. Amirtharajah, “A resonant dual extended Ic-tank dickson converter with 502021 IEEE Applied Power

Electronics Conference and Exposition (APEC), 2021, pp. 1282-1287.

Theory of Operation

* Capacitively isolated hybrid
switched-capacitor converter
based on [1], [2]

* Complete soft-charging of
capacitors eliminates loss from
transient inrush currents

* 50% duty cycle and two-phase
operation

* Switch voltage stress
independent of load

Experimental Results

60

Vv

(¢}

e ) e T et N

af vl
VH
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g /
L \_\ . e |

. L .
0 0.5312 1.0624 1.5936
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S

Efficiency
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]

N =
S =) S
é
L L L

)
S

Student: Amanda Jackson

Phase 1 Phase 2
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* 94.1% peak efficiency, 2,010 W/in3 power density
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Email: amandajackson@berkeley.edu (§//



Core Size Scaling Law of Two-Phase Coupled Inductors

/“._H Berkeley Power and
A A g L : N ol \:
— Demonstration in a 48-to-1.8 V MLB (Multi-Level-Binary)-PoL Converter YRS Energy Center
Motivation and Applications Hardware Implementation
. . . . Modeled @.,,.. ./D.,.m ner-n Versus -K at a =0.3 .
Multi-Level Binary (MLB) hybrid switched- * In Point-of-Load (Pol) 1 ® /® mk=n 55% core size
capacitor converter for 48 V to Pol conversion applications, inductors red.UCt'On by
usually occupy >50% < 038 1o using ]9'75
total volume g indng coupling
. £ 0.3mm 0.025 mm
* A general core-size < 45 mm \ v v
- - =04 ‘ A A
model is desired to | |
evaluate the duty-ratio o2 Coupled L
r.  advantage of hybrjd . | | | | 0 mm 0.27\{'n‘m
converters and guide 0 0.2 0.4 X 0.6 0.8 1 ﬁ‘ )
= magnetic design ) , .- No center gap
Zichao Ye, 2020 COMPEL K: coupling coefficient Uncoupled L
Proposed Method and Result :
Experimental Results
) ] ] . Converter performance Measured efficiency including
* 2-phase coupled inductors: schematic, core * Total flux is proportional to c —— .
) onverter specifications summary gate drive loss
structure, current waveforms, and flux core size and calculated by: V. 43V _ 100
densltles Max. Vi 18V ) Efficiency at48 V Pow.cr dcn.sity
T e — o I Max. D 03 inputand 1.8 Voutput & Dimensions 00
| — N L[ iI 35T T T E .| (Dl_max _ LS KLS 1p N Max. L, 65 A COl.lpledL Peak: 94.4% 474 W/in3 <O\
|| || °—’6255‘—>— (b2p = KLS Ls 12p / £ 250 kHz (This work)  Full load: 91.5%  26x18.4x7.8 mm s; 80
= <_DT . [ 0.3 Uncoupled eak: 94.5% Jind E ——Coupled, V,,y = 1.0V
| | | | o— ?Lﬂzﬂye 1% Design 1: coupled inductors (Thistork) Fu};l 1(l)(ad9:49?./6% 31.5i?:§.x7,8mm &EG 70 goulpiefi-, “j« = 12 X
K ‘075 N —GLoupled, V, = 1.
BemfowN L, 800 nH C(Eily:i‘r‘li] Peak: 94.0% 329 W/in® = 60, - _S:(CZT:LCS = }gg
(psum_N = su‘;n—sw Design 2: uncoupled inductors discrete L Fullload: 91.3% — 29x18.4x10.1 mm . -- -leéolli)lé<l: Vour = 1.8V
out L 517 nH 5 . ‘
[ . 4 0 10 2?1 . 3‘(1)rrcn 40 50 60
e (D"%l j " I 2 . J = ad—K) <E + 2> D+ 5 The converter with coupled L achieves 0.4% higher peak efficiency e -_
€ 2 ? ] . . . =
‘ ? Timf(us> ‘ ° and 44% higher power density compared to the discrete counterpart.

Reference: T. Ge, R. Abramson, Z. Ye, and R. C. N. Pilawa-Podgurski, "Core
Size Scaling Law of Two-Phase Coupled Inductors — Demonstration in a
48-t0-1.8 V Hybrid Switched-Capacitor MLB-PoL Converter," 2022 APEC.  Ting Ge, Rose Abramson Email: {gting, rose_abramson}@berkeley.edu

a: ripple factor, defined by the peak-to-peak
inductor current over the maximum dc current




		Converter specifications



		Vin

		48 V



		Max. Vout

		1.8 V



		Max. D

		0.3



		Max. Iout

		65 A



		fsw

		250 kHz



		α

		0.3



		Design 1: coupled inductors



		K

		-0.75



		Ls

		800 nH



		Design 2: uncoupled inductors



		L

		517 nH










High Efficiency 240 Vac to Load Data Center Power Delivery

Topologies and Control

Berkeley Power and
Energy Center

Motivation and Application

Traditional Data Center Architecture Traditional data center power factor

correction (PFC) units boost voltage before
rectification and step-down

D]

lac[™ iAC_ DCfl/ pC f T ﬂ . Proposed: A one-stage single-phase ac-dc
ORID ' G pover | Recisicaion, UpS| Bis BT | converter (240 Vac to 48 Vdc) with PFC
1 substation Distribution| boost-type PFC, | converter converters BLADE \
' | Unit step-down X . ..
'DATA RACK |} Metrics Existing  Proposed
'"CENTER | R )
. 400V Peak Efficiency 94 % 97.8%
43V Iy g;?
- 0.33
Power Densit 7.5 kW/L
Yo kwiL /

Buck: Sy ON, S,
OFF; S(1,2,3,4,534 and
S(1,2,3,4,5) Modulate

Boost: S(1,2.3.4,5}4
ON,S{1,2,3,4,518 OFF; S,
and Symodulate

Tm Preliminary prototype

tests buck functionality,
so that the converter is
z" %.0 1.7 3.3 5.0 6.7 83 10.011.7 13.3 15.0 16.7 off when |Vin | < Vout-

“““““““““““““ Time [ms]

Flying capacitor voltages vary with
ac line cycle = unique challenges
with capacitor balancing

50

100

50 M-

The converter relies on a
stiff 48 V at the output
(i.e. the UPS)

Converter will buck or boost
depending on point in AC
input line cycle

Hardware Prototype

Current Compensation to Improve Power Factor

1

0.95 -

09 After

Side View

S
%)
&

Power Factor [ ]
(=}
5 o
ot oo

Before |

e
5

Top View

o
=)
&

g
=Y

Operating Parameters : : : " .
Output Current [A]

o

Number of Levels 6 .
Displacement current from Cj, and Cy,,, leads to a phase
Switching 40 kHz shift in the input current, degrading the power factor.
Frequency Our improved control algorithm compensates for this
OuEpUE Current 45 A current to improve power factor [1].

Experimental Verification

Operating Waveforms Efficiency Curves

Performance Specifications

Tok  Stopped Single Seg 1 hos 21 Nov 18 134047

Efficienc 94.8% at 240 Vac,
v 250 W

E Volume (Box) 2.45in3

- 163 W/in3 (w/o
ey s . heatsink)

i Via™ RMS
T e Power Density 79 W/in? (w/
1 compensation .

gs1.5 2 25 3 35 4 45 heatsmk)

Output Current [A]

References:

[1] E. Candan, A. Stillwell, N. Brooks, R. Abramson, J. Strydom, R. C. N.
Pilawa-Podgurski, “A 6-level Flying Capacitor Multi-level Converter for Single
Phase Buck-type Power Factor Correction,” in Proceedings of 2019 IEEE
Applied Power Electronics Conference and Exposition (APEC), March 2019.

Rose Abramson, Nathan Brooks Email: {rose_abamson, nathanbrooks}@berkeley.edu



Advanced Techniques for Driving Floating Switches in

_  Berkeley Power and
the Flying Capacitor Multi-level converter \y‘évi“ Energy Center

. . . . . |
Motivation and Application Charge-Pump Technique
Floating switches need floating power supplies Vo (G Mo Oscillator driven charge pump: can be easily
* Typically use isolated power supply for each switch " M_IJ v integrated with existing isolated drivers
* Large volume (due to isolation transformer) and high cost 1 - . %_ V.
¥ ? WSI'%olﬂgcleaEurmlzwdpower supply (5 E :1 " \‘ ’
or SiC- gate driver Vorvin ﬂ_ﬁl M c Cry.
-' ) Mg et I . T
— Lk DRV.HI m—l Cﬂ\: Cﬂyi_cﬂy_:\_cﬂyi_ \( (ﬂg:
= 2 VnR\H :IMLl L ul Rl)’l\ TTT ‘ Croal
“Cascaded bootstrap” proposed for reduced volume Cﬂf—' i < ol
and cost I i -
— ) |
DRV.L3 Mis
| - v Wﬂ :
I VbrvL4 M—Iﬂ My ]
I I 1 1 L 1 |- L L L 1
I I VDR\ s 1\/['_5 I 0 0.1 0.2 0.3 04 Duty ](){:ﬁ()_ b 0.6 0. 0.8 0.9 1
—---——- - Can operate at low duty ratios with reduced gate-drive supply
* Higher gate drive efficiency
Challenges with Bootstrap Solution and Innovations , I -
: : ) . Experimental Verification Synchronous bootstrapping:
Voltage drops in bootstrap diodes require supply Synchronous Bootstrapping duced d | h high-sid deli £ high and | i
. . . Reduced gate-drive su wit ich-side ¢ power delivery rrom nigh ana low-sides
significantly higher than gate-drive voltage \ _ g PRy g 4 — T
* Local regulation necessary for driving GaN-FETs at 5-6V switches fed by charge-pump B2y pr— e oy
I‘D 1 1 1 9 10710.01 ;é
5= . ; g
= 186 ® 3
& 13- ;
:@ 12 I M &
ﬁ . 10.7 é :
%_ u6 = feferences: Switch Number
g ¥ il 7] 5 v " M M My M v M M o [1]Z.Ye, et'al., "Improved Bootstrap Methods for Powering Floating Gate Drivers of Flying Capacitor
E 75 o He e e NCFET Des ;’r qor e Multilevel Converters and Hybrid Switched-Capacitor Converters," in IEEE Transactions on Power
X Electronics.
o 5.5 [2] R. K. Iyer, N. M. Ellis, Z. Ye and R. C. N. Pilawa-Podgurski, "A High-Efficiency Charge-Pump Gate
M, M, My My, M, Ve Ve Ao A My == — = ) N level TEML Drive Power Delivery Technique for Flying Capacitor Multi-Level Converters with Wide Operating

(1op side of PCBA)

GaN-FET Designalor

Range," 2021 IEEE Energy Conversion Congress and Exposition (ECCE).

[3] N. M. Ellis, R. lyer and R. C. N. Pilawa-Podgurski, "A Synchronous Boot-strapping Technique with
Increased On-time and Improved Efficiency for High-side Gate-drive Power Delivery," 2021 IEEE
Workshop on Wide Bandgap Power Devices and Applications in Asia (WiPDA Asia)

Replace bootstrap diodes with FETs
* Reduced voltage drop, bidirectional power delivery

Rahul lyer: rkiver@berkeley.edu,
Nathan Ellis nathanmilesellis@berkeley.edu
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Design and Implementation of a (Flying) Flying Capacitor

Multilevel Converter

Berkeley Power and
Energy Center

Motivation and Application
*  DC-DC boost regulation stage added to hybrid electric

- —— )
ol | drive-train architecture to allow variable battery voltage
=7 and peak inverter operation.
o ) . Partnered with Ampaire and ARPA-E for flight
—_— | — qualification of hardware.
—
o .
— —
== DC Bus
——
Battery DC/DC Boost Inverter Electric Motor
Converter

Proposed drivetrain architecture. Ampaire EEL flight.

Chall d Soluti [2]
120V/ 120v 120v7 1.004/ : 5.000s/ £ 3 n 120v/ 12077 120v/ 1.0047 : 10.00ms/ t 3
450,000V 450,000 450 000V 3500004 | 2360s Stop 4s0000v [ 450000V 450.000v 3500004 ) 31.20ms Stop

B

= y—Switching stops.

Output voltage ramp. gt =

N v
m——%d[ Vin T—

Constant current Via
=4 input voltage ramp.
<

/—Input relay opens.

Load engages. Lioad

W Iload

Flying capacitors discharge
uniformly in under 120 ms.

Y ! R L.em ETOEN si.om

» Start-up auxiliary circuit and control allows for safe start-up at high voltages.
* Careful shutdown control of FCML is demonstrated as to not over stress switches.

[1] S. Coday, N. Ellis, Z. Liao, and R. C. N. Pilawa-Podgurski, “A Lightweight Multilevel Power Converter for Electric Aircraft Drivetrain.,” in 2021 IEEE Energy Conversion Congress and Exposition (ECCE), 2021.
[2] S. Coday, N. Ellis, Z. Liao, and R. C. N. Pilawa-Podgurski, “Modeling and Analysis of Shutdown Dynamics in Flying Capacitor Multilevel Converters.,” 2021 IEEE Workshop on Control and Modeling for Power Electronics (COMPEL), 2021.
[3] S. Coday, N. Ellis, N. Stokowski, and R. C. N. Pilawa-Podgurski, “Design and Implementation of a (Flying) Flying Capacitor Multilevel Converter,” in 2022 IEEE Applied Power Electronics Conference and Exposition (APEC), 2022.

Efficiency (%)

Measured efficiency (including

10-level FCML design is
light-weight and compact.

commutation loop design wicro-

o iroll
decreases parasitic comroner
inductance.

Cloop C]oop Inductor

J;l—l ) Sf rl

99.6—

99.5
99.4
99.3

98.7

98.6

_o—: SB

Commutation loop rendering. 10-level FCML labelled hardware prototype.

Experimental Results [3]

Converter
Under Test
=300 V 10 600 V ]
=600 V to 750 V Acceleration
04 06 08 1 12 14 16 18 2 22 24 26 J

Power (kW)
Vibration test set-up.
gate drive losses).

Samantha Coday, Nathan Ellis
Email: {scoday, nathanmilesellis}@berkeley.edu
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