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Overview of Princeton Power Electronics Research

MIMO energy router (MAB Converter)

I~

Very high current CPU-VRM
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VIB-PolL Converter, TPEL'22

COMPEL’20 Prize Paper

Architecture
DPP-MAB, TPEL’21 1 LEGO-PolL Converter, TPEL’22
MIMO Energy Router, TPEL’20 Prize Paper OCP’21 Prize Paper Go g|e
Complex
CAl-IiZ Complexity Architecture Miniaturization
Vi | (BT T Ls and Magnetics
A A
JL ]
B B M . Princeton
i Mag
FCML+CoupL, COMPEL’22 All-in-One-Mag, APEC’22 Magnetics Princeton Power Electronics Research Lab - s
MagNet Database, APEC’22 Dartmouth
FCML converter and @] 5
coupled magnetics Machine learning for modeling power magnetics - .o
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Scaling Laws of Power Components

UNIVERSITY
* Switches (R) * Magnetics (L) * Capacitors (C)
1 Technology Limit .
10 3 - > = f Ferrite Conductive plate
wb Ron~V ps™. . | /\
< / A 7
P /77 copper Py i
S 107k O St
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5 . 3 v ‘ Dielectric
107 F 3
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o4 . . Copper Area ™~ I ~ a?
10! 107 0 10* 10°
Breakdown Voltage (V) Ferrite Area~V ~ aZ
“Baliga Figure-of-Merit” Power / Volume ~ a*/3
Smaller switches better Larger magnetics better Capacitors - indifferent

* B.J. Baliga, Fundamentals of Power Semiconductor Devices, ISBN-13: 978-0387473130.
 S. Cuk, “A New Zero-Ripple Switching DC-to-DC Converter and Integrated Magnetics,” IEEE Transactions on Magnetics, March 1983.
* C. R. Sullivan et al., “On size and magnetics: Why small efficient power inductors are rare," 3D-PEIM’16.
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Capacitors for Density & Magnetics for Functionality UNIVERSITY
Capacitors offer >100x higher density Magnetics create innovation opportunities
10 curent Rf :)i[? o 10" Turns-ratio
10° 1100 -
MLCC Capacitors ] ;
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§10.3, 2 -Yo 8 Power Inductors 10 é Ripple Cancellation EMI Filter
E)) % >100x O O & DD 1 g ;Vidth:
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m Yo o Ho G4 D’E‘D]_% g o S X ] ZVS
101 | HE it 1 62 ‘ H I 12) , Connector pA10S  Blocking Cap Z C S
. Transformer
Voltage Rating (V) Galvanic Isolation

. - . - CM/DM Choke
* Sullivan et al., “On Size and Magnetics: Why Small Efficient Power Inductors are Rare," 3D-PEIM’16.

* Kyaw et al., “Fundamental Examination of Multiple Potential Passive Component Technologies ...,” TPEL’18.
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Contents UNIVERSITY

1. Architecture — Hybrid SC Circuits and Magnetics for CPU-VRMs
2. Magnetics — Open-Source Database and Design Methods
3. Control — Synergy between FCML and Coupled Magnetics

Architecture Magnetics

Control
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Massive Power Demand in Future Computing

* Transistor power density rapidly growing
* Processor die area continuously expanding

« More microprocessors on server motherboards J. Beak M. Chen et al, “Vertical Stacked

LEGO-PolL CPU Voltage Regulator,” TPEL'22.

? 6 600 Inzng 600

5 (intel 500

= -

o 400 ©

= >

n

g 300 §

- = <

S 200 é: NVIDIA

) = 4 "\ ( S° N

Q—t £ . / A

. 100 & % N :

= . B

~ 1 Nvidia Ampere A100  [Eiia
Process Node/Geometry [nm] 48V-1V, 1000A

2 PRINCETON

UNIVERSITY



{ ¥ PRINCETON
UNIVERSITY

Vertical Power Delivery to Microprocessors

Vertical Power Delivery Intel PowerVia

o &

1CO
Benefits
* Reduced interconnect length
e Reduced loss * Better power electronics enable better computing

* Better signal integrity Image Courtesy: Vicor, Intel & Tesla
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Princeton Vertical-Power-in-Package for CPU Power Deliver

Interposer

LGA Adapter
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VRM Area smaller than CPU Area
Minimize the VRM Height
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Next Generation Targets

e 48V -1V, o0r48V-0.5V
 Output current  (>1 kA)

* Currentdensity (>1A/mm?)
* \Verylow profile (<8 mm)

* Power density (> 1 kW/in3)
* Efficiency (>95%)

UNIVERSITY
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Princeton Series-Input Parallel-Output Architecture

High Voltage Input (>48V) High Current Output (>500A) Voltage Stress
|
4 N
i 48 V
+ Switch-Cap _[ Mull?:c:]pctase 8 V or above
\ / Stacked SwCa
— \ i
J_ Multiphase
-|— Switch-Cap Bupck
\ J Coupled <1V Dynamic Speed
Inductor
( J_ . Multiphase ] >500A 1 MHz or above
-|— Switch-Cap Buck
N / Coupled-Inductor
fJ_ . N
T Switch-Cap _[ M“:chiase ~— Current Stress
> g 500 A or above
\ Y S Y J Multiphase Buck
Low Frequency High Frequency high performance DrMOS

* J. Beak et al., “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” TPEL’22.
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Merged-Two-Stage Hybrid Switched-Capacitor Architecture

* Merge two types of building blocks and create mutual advantages
o 1ststage: switched capacitor voltage source @ low frequency (split voltage)
o 2ndstage: switched inductor current source @ high frequency (split current)

Low Frequency l l4gv ot
Switched Capacitor L
1 ® \Voltage Source \ Doo 1 @10\ GND \ ez 1 (Du
High Frequency hl'l"
2 Switched Inductor Tooloslsol
e Current Source = discharge charge™ ootor10 1 “discharge charge™

* M. Chen, Merged Multi-Stage Power Conversion: A Hybrid Switched-Capacitor Magnetics Approach, Ph.D. Thesis, MIT, June, 2015.

* D. M. Giuliano, M. E. D’Asaro, J. Zwart, and D. J. Perreault, “Miniaturized low-voltage power converters with fast dynamic response,”
IEEE Trans. Emergq. Sel. Topics Power Electron., vol. 2, no. 3, pp. 395-405, Sep. 2014.

* R.C. N. Pilawa-Podgurski, D. M. Giuliano, and D. J. Perreault, “Merged-two-stage power converter architecture with soft charging
switched capacitor energy transfer,” in Proc. IEEE Power Electron. Specialists Conf., Rhodes, Greece, 2008, pp. 4008—4015.
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LEGO-PoL: Granular Building Blocks for PolL
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High Input Voltage

One Merged-Two-Stage Submodule
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High Output Current
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Submodules 2 Linear Extendable & Group Operated (LEGO)

e Automatic voltage balancing
e Automatic current sharing
e Distributed thermal stress

* Capable of doing current mode control
e Fully modular and highly extendable
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* J. Beak et al., “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” TPEL’22.
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Merged Two Stage Operation with Mutual Benefits

» Soft-Charging Operation of SC Circuit

Phaset (¢+)

Phase2 (¢2)

IBUCK.‘

lEUCK?

laucks °
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» Dynamics of Current Balancing

i3 [A]

Hh o o
T

T T
- Large-Signal Average Model
~—— SPICE Simulation Result

) ! .
1.0 15 20
Time [ms]

— Large-Signal Average Model
—— SPICE Simulation Result

1.0 15 2.0
Time [ms]

Inductors soft-charge the switched capacitors

* Automatic current balancing of switched-capacitor circuits

* J. Beak et al., “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” TPEL’22.
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Low frequency step down & high frequency regulation
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Unified Models for Multiphase Coupled Inductors

Reduced Input Output Ripple Reduced Phase Ripple Ripple Reduction from Coupling

1.2
O
Vin ; v Ll O !

x,1 —M=1
J U Vi ). =]
7 L O V. J \QQQQ} ——M=8
= - L I " oV s about 10x ripple reduction
Vx,Z Com 7 — - aN out
A1 L, —_— v c 0,4\
i T T L - - 0ol ,
AN CAV A
Uncoupled, Same Phase Ripple % 02 04 06 08 |
Duty Ratio (D)
» Interleaving Ripple Reduction Ratio » Magnetic Coupling » Coupling Ripple Reduction Ratio
_ (k+1—-DM)(DM — k) ﬁ_MRC y=1+ﬁF
B (1 - D)DM?2 "R, 1+

» Stronger coupling — better ripple reduction and faster dynamics
* M. Chen and C. R. Sullivan, “Unified Models for Coupled Inductors Applied to Multiphase PWM Converters,” TPEL’21.
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Multiphase Coupled Inductor for Voltage Regulation

Three-Series Three-Parallel
2:1 SC Units (~kHz) y, =~ 4-phase Buck Units (~MHz)
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Vertical Multiphase Coupled Magnetics

T

13

mim

Assembly Process

X

12mm x 12mm x 5mm

5.25
mm

|~— 12 mm —’l

Transient (leakage)
~12 nH

Steady-State (magnetizing)
~85 nH

J. Beak et al., “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” TPEL’22.
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3D Stacked Packaging for Vertical Power Delivery

48V-%ﬂ$ﬂﬂﬂ
R g
%ii$ﬂﬂﬂ
o TER g b
% & & & B

5 5 5

SC + Buck

Output LEGO-PoL 450 W

Capacitors
42 x 220 pF
X7R, 1206

Coupled
Inductors

Height: 6.05 mm
Weight: 11 g

Multiphase
Buck

Height: 4.2 mm
Weight: 12 g

Switched
Capacitor

Height: 6.4 mm
Weight: 17 g

L ]

Switched Capacitor (SC) Coupled Inductors SC + Buck + Inductors

* J. Beak et al., “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” TPEL’22.
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Performance Summary
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Performance Comparison

1.2

0
88 89 90 91

93 94 95

48 V — 1 V Peak Efficiency [%)]

* Note: these designs usually have very different voltage regulation capability

Sponsors & Collaborators: GQ gle (inl:er)
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Youssef Elasser
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Jaeil Baek
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Loss Analysis and Performance Evaluation UNIVERSITY
Eﬂl{(’;‘jll('-}' TR R{] / Weight Breakdown Volume Breakdown \
100 ] ; . ——1300 Switches 4% ,— Switches 2%
Magnetics .
90 ——— 200 26% Magnetics

29%

— Buck
— System
'| 0 Measured

K 40 g total

150 300 450 600 750 Rdso,, is still the bottleneck
Output Current [A] R "

Switched-Capacitor Stage ] Bile Stage In fl neon mps
P.\fl()SFET |:| PCF -P(.‘.ﬁlter -P(J(;pper i Pl)rM()S i:IP( JoupL -P( opper

1 in3 total /
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Contents UNIVERSITY

1. Architecture — Hybrid SC Circuits and Magnetics for CPU-VRMs
2. Magnetics — Open-Source Database and Design Methods
3. Control — Synergy between FCML and Coupled Magnetics

Architecture Magnetics

Control
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Magnetics Enable New Design Opportunities

* C. R. Sullivan and M. Chen,
“Coupled Inductors for Fast-

p Response High-Density Power
(/// Delivery: Discrete and

Integrated,” CICC'21.

. Connection

to output

O Connection
to MOSFETs

Phase 2

Phase 1 V&X
[Intel, FIVR]

[Princeton, LEGO-Pol]

[Sullivan, Integrated Coupled Magnetics]

Good Magnetic Design Needs Precise Models
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No Good Models for Magnetic Materials

Steinmetz equation (1890s) P, = k- f* . Bb Core loss design margin
No temperature, dc-bias, waveform shape information Temperature ™ 50%-200%
o o Dc Bias ~ 80%-200%
KW/m?3 f =100 kHz
I I [ ~ [o)
Flux Component scale b, e — Batch2Batch ~ +/-20%
5 200 mT Geometry ~ +/-20%
Predicted Loss L .
50%~100% Error|  10:_=——__roonr Relaxation ™ +/-20%
um scale = Waveform ~ +/-50%
5o
. Y] 1 T
/ &8 1G5E, FGSE p DO NOT WORK ...
—— 25mT

Empirical Circuit | [T
. ; 0% 20 e 80 100 ‘120 00
Measurements Simulations .
e.g., J-A, Preisach

N\
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Modeling B-H loops is Even More Challenging ...

B [mT]

B [mT]

-200

-100

200
100
0
-100
-200 N
-25 0 25

H [A/m]
Material property

200

100

—Triangle

—Sinusoidal

-50 -25 0 25 50
H [A/m]

Waveform shape
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200
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Flux density range

200
__. 100
=
£ o0
m—lOO
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200
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200t
__ 100+
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200 |
__ 100
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20 —
Saturation

(Ho, Bo)

Residual 15

Magnetism ﬁ(

1.,

Force

0.5
V% 200 400 600 800 1000
Coersive
—_—
-

® |

'
@

How to capture all these
factors under a unified

modeling framework?




Modeling Magnetics with Machine Learning ...

» Steinmetz Equation (SE), 1890s

P,=k-f*.BF 3 parameters
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Input: f, B, D, Hy¢; Output: B-H Loops

200} Bodn 2 o
: e
» Improved Generalized Steinmetz Equation (iGSE), 2000s SR BT g
1 rT dB 1% T &
Py = _f k; - |— . (AB)ﬁ dt 3 paramete rs -200 Mass S0k 500 kHz
T 0 dt -50 0 50 0 0 20
H [A/m] H [A/m)]
-1 i2 200} o™l | £en
» Improved-improved GSE (i*GSE), 2010s 8 parameters N ol AN
n ] t [us] = t [us]
1 T dB a E 0 Eo0
Pyz—f ki|— '(AB)ﬁdt-f-Zer'Prl R 100 a
T 0 dt -200 £0 I -50 5 H
=1 2 50 kHz 500 kHz
0 »0 50 -20 '0 ’ 20
> 1 r m r H [A/m] H [A/m)]
> Neural Network Models 00 parameters 200} 25 | gem
— 100 '?“SM _'O M
—~ — ] (] us|
Excitation waveforms TR0 £ 0 Eo ted
it it i X500\ - = 100 =
v I ORZX _XxL — 0 -200 5kH: Miss, 500 kHz
-\ /t \ * |/ t ORI/ -50 0 50 20 0 20
I N ’/ : H [A/m] H [A/m]

frequency, temperature, dc-bias >100 parameters
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Princeton-Dartmouth-PIexim MagNet Project (2019-2022)

Princeton LMAGENET . ]
) T Website Magnetics
Magnet imulat

Henry’s Development g4 Simulation

Princeton Power Electronics Research Lab Magnet X

h . 1 In 1832 electrical engineerin g software
\_ ttp://mag-net.princeton.edu ")

Automatic Data MagNet W Machine Learning
Acquisition Database Methods w*

_ % QPG Q MagNet Team:

H.Li, M. Chen et al., CHANGING WHAT'S POSSIBLE . |
MagNet: an Open

Source Database for Data Qual ity y ‘
Data-Driven C | 3
Magnetic Core Loss ontro A W
Modeling,” APEC’22. ' % Haoranli D.Serrano T. Guillod
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http://mag-net.princeton.edu/

{ ¥ PRINCETON
UNIVERSITY

Automatic Data Acquisition and Database Construction
50 datapoints/min, 3000 datapoints/hour

Function Oscilloscope

Generator > 0.1 <
1 Main & 22NN AIDNSDN]o
- ! : Power Stage RN Z0N AV Z S Z0 N
PC = . Heater =~ 0 10 20 30 40 50 ©
- Time [ps] o
Power 0il Bath & N 101 =
Amplifier > =
p Water Tank $ o 0 =
< / o
DC Power Magnetic = -10 012
Supplies Stirrer = 0 10 20 30 40 50 O
_ Time [us] —
> <
. ~ = 10 ' 70.1 —
*  Frequency range: 50~500 kHz g 07—\%%%% 0 B
*  Flux density range: 20~300 mT £ ol I LI T 01
*  Temperature range: 25~90 °C -~ 0 10 2% [ 3]0 40 50 ©
. o mme |us .
e  Dc-bias range: 0~300 mT = oET ol =
*  Sinusoidal (f, B,THD) o] i 0 E
& y 3]
. = -10F _ =
e Triangular (f, B, D) G D D l] D D 0.1y
. =0 50 ©

*  Trapezoidal (f, B, D, Dy) Tlme [us]

More than 300,000 B-H loop pairs available for 10 materials under different operating conditions
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Data Quality Control of the MagNet Database

Systematic Error [%]

160 u TDK N87
120
80

40

Number of Data Points

-15-10 -5 0 5 10 15 20%

*  Amplitude error
* Voltage bias/gain
* Current bias/gain
* Phase error
* \Voltage delay
* Current delay
* Parasitic capacitance
*  Temperature drift

2 PRINCETON

Number of Data Points

Statistical Error [%]

120

80

40

i TDK N87

2 1 0 1 29

Amplitude noise
* Voltage noise
*  Current noise
Phase noise
* Voltage noise
*  Current noise
Quantization error
Core geometry error

{ ¥ PRINCETON
UNIVERSITY

Limited by phase error at high frequency

t fmax
B

10g10 f ggBmi" maz dmaz
' ] )
500 kHyz —+=t===cccccccccan ---..s..\-...s.--s. a
i Measurement o é‘\“t}j b Jmaz
P orange e i
¥ * Neb
v 36 log steps @ \‘,.\ E
\}s‘oooooooooooooo}\‘ '
® L
i ®,125kHz !
B E BN o Step o Bmax
Vo N ' '
50 kHz feb=-2-Rommmmmmtommmeaccaaaas eebe fonin
—_— ] s ‘

‘10 mT 350 mT logloB
‘ fmm

Limited by amplitude error at low loss

MagNet Data Quality (self-evaluated)
e ~10% core loss error
* 5% ~ 20% batch-to-batch variation

UNIVERSITY
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Compare to the “Ground Truth?”

Transient Calorimetric Measurement of Ferrite
Core Losses up to 50 MHz

Panteleimon Papamanolis, Student Member, IEEE, Thomas Guillod”, Member, IEEE,
Florian Krismer”, Member, IEEE, and Johann W. Kolar ", Fellow, IEEE

Compare to private data from TDK

Case 1: N87 R22-1X13-7X7-9 Core=2-1 N=7 Sinusoidal Hde=0 T=50

Thomas Guillod Svs-
Case 2: N87 Manufacturer Core=0-0 N=0 Sinusoidal Hdc=0 T=50
104 E N87 ! I v N49 .} 500 - 500 - 5 100
3. 46 W e X o% 10° = 2 I = o - N
= 3.40 W & 470 mw 55 ] v oo [l
E 103 E 3.36 W . 566 mW A/ 490 MW—— izlu 27 z‘;‘; s
- i 467mW % 10? % i X 60
§ [ "\ 543 mW : £
2 102 699 MW——  Electrical Meas. & 100 g L s o 0 _
| = Calorimetric Meas. wa i 2 =
i Princeton Meas. 0 . = 200 5 120 =
10! . : . : . : SR RIREN 2 i
K S S S S S S K N S AC flux density [mT)] ‘2 =0 -0 p;:
¥ &F ©F &F & & &F &F & &° £ = 2 =
\‘3 \Q Q ,\’Q \,Q "‘J \,Q r\VQ \Q \\Q 500 £ 5 s ., <
3 &) 2 i e
’\» ’\» '\» ‘\» ’\» ’1» 0 =
\8\ & \& & QQ \3\ \8» & 300 = E,
~ :2 100 + = = -40
> 6“ & . 2
£ 100 2 g 60
* P. Papamanolis, T. Guillod, F. Krismer and J. W. o E :
. . . = -80
Kolar, "Transient Calorimetric Measurement of - o
Ferrite Core Losses up to 50 MHz," TPEL’21. 50 50 Y S 2 100
D q‘b ‘BQ S \QQ ‘\PQ‘X@ 10 20 30 50 100 200 300

AC flux density [mT] AC flux density [mT)]
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MagNet: Open-Source Power Magnetics Database

TABLE II
NUMBER OF DATA POINTS CURRENTLY IN THE MAGNET DATASET

Raw data available for download in
“json”, “mat”, “.hdf5”, “.csv” on MagNet

th tlab  html5 I
e m exce Material | Sine | Tri. | Trap. | Total
Field Value TDK N27 1,037 9,106 16,147 26,290
4 Material 'N87' TDK N30 1,194 8,703 16,021 25,918
@COFQ__ShaPe ‘R22.1X13.7X7.9" TDK N49 1,144 8,991 16,318 26,453
DUT M o TDK N87 3,860 36,092 63,000 102,952
. [ Effective_Volume 1.7630e-06
Information EH Effective Length 00542 Ferroxcube 3C90 946 8,758 15,330 25,034
£ Primary _Turns 10 Ferroxcube 3C94 1,079 9,072 16,315 26,466
L [ Secondary Turns 10 Ferroxcube 3F4 697 7,477 12,906 21,080
IE’f“"ta“tO,n %Esxcitatlion-?pe oS Ferroxcube 3E6 1,251 6,406 12,459 20,116
O LR R s Fair-Rite 77 1,018 9,109 16,080 26,207
Raw Time (1] Voltage 24773x10000 single . .
X = 1 Current 24773x10000 single Fair-Rite 78 980 9,05 1 15,850 Ls® 26}88L ny,
Series Data [ [y . 2477310000 single * o
- M ot double Total | 13206 | 112765 | 2004265 | 326397 %
{1 Frequency 24773x1 double Tean *
Post- {1 Flux_Density 24773x1 double .
processed = [i]Duty Ratio 24773x4 double http://mag-net.pl’lnCetOn.edu
Data [ Outlierness 24773x1 double
| 3 ' . .
L B it « Many other tools available on the website

All details documented for cross-checking and verification

2 PRINCETON

Monthly update with new data and new tools

Diego Serrano
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Machine Learning Methods for Power Magnetics Modeling

Scalar to Scalar Model

f B D . .
Py * Predicting volumetric loss
T H, . .
(scalar) (scalar) based on operating conditions
B(t)
Py Sequence to Scalar Model
( : (scalar) * Predicting volumetric loss based
sequence . .
on excitation waveforms
B(t) H(t)
t
4 Sequence to Sequence Model
(sequence) (sequence) ° Predicting time-domain magnetics

response with excitation waveforms

* H. Li, M. Chen et al., “MagNet: an Open-Source Database
for Data-Driven Magnetic Core Loss Modeling,” APEC’22.
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Language-to-language Q & A (Alexa)
* Voice input

* Voice output Input
B(t)
Stock price forecasting
* Interest rate input Output
* Stock price output H(t)
(&) ® €
t t
W N
A || Lot { A E
1 ™ _d |
© ® ©

Long-Short-Term-Memory (LSTM) Network Feed-Forward Neural Network (FNN)

2 PRINCETON 31
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Seq2Seq LSTM Encoder-Decoder for B-H Loop Modeling

100-Step LSTM Encoder

—— Encoder —————

¢, 100-Step LSTM Decoder

————————— Decoder ———

32-Neuron FNN Projector

-H

* Encoder —100-step LSTM to capture the waveform shape in B(t)
* Projector — 32-neuron FNN to merge f, T, and dc-bias (H,.) information
e Decoder — 100-step LSTM to unfold the information and predict the H(t) °

* D. Serrano, H. Li, M. Chen, et al., “Neural Network as Datasheet: Modeling B-H Loops of Power
Magnetics with Sequence-to-Sequence LSTM Encoder-Decoder Architecture,” COMPEL'22.
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Neural Network Training Process

Training Process (N87)

50
——Meas.
. 25 —Pred.
g
< 0
-50
0 25 50 75 100
Time Step
200
100
B
A 0
Q
-100 —DMeas.
—Pred.
-200
-50 -25 0 25 50
H [A/m]
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(0] (0] (0] (0]
20% 40% 60% 80%
50 50 50
~ o _Hpred —Hpud _Hpred
— ! \‘ ——- Hmeas b Hmeas - s Hmeas
g
<0 N ’ 0 0
= A% !
Y ]
\r
-50 B -50 -50
0 50 100 0 0 50 100 0 50 100
Time Step Time Step Time Step Time Step Time Step
200 ] 0 — 1 200 1 200 1 200
= 100 / 21 100 /7 100 //7 100 O 100 7
4 4
E o0 </ 7 £ 0 s 0 / 0 L 0 i
A j00p 4 : -100p </ -100 / -100f £ / -100 /
B ——Pred. 4 Z 1 ——Pred. sf 7 +——Pred. ——Pred. ——Pred.
) i - - Meas.{ -200f ‘" -~ Meas. { -200}° - - Meas. { -200}° - - Meas. { -200 - - Meas.
-50 0 50 -50 0 50 -50 0 50 -50 0 50 -50 0 50
H [A/m] H [A/m] H [A/m] H [A/m] H [A/m]

Database: 15,327 pairs of B-H loops, sine + triangular + trapezoidal
70% training + 20% validation + 10% testing

Number of parameters in the NN: 27,969

NN training time: about 4 hours on Google Colab standard access
Prediction error: ~ 5% average MSE, and ~15% maximum MSE
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Predicting Core Loss based on B-H Loop
Neural Network predicted B-H Loop - > Calculate B-H Loop Area - > Predicted Core Loss

N87 Core Loss Error Distribution

Predicted B-H Loo 50

P 100 Avg—=6.81%,RMS=10.93% N

— : » z

&) (Y44~ 0303.:. ‘.0 .‘“Q-.‘ﬂ;’ﬂ"”l:s:”.@wv 25 3

Calculated Core Loss o, 804 0°060e2%e%8 1Y :

- ©

S ® ° % .""‘.s., 5556009 S )

4C-é 60 - ®hee H o%® 0 “5

3 —

Measured 2. ) T e SRR o ey g

g 40 4 Attt A

Core Loss S - . ?

20 - SERiRe S I T I E AT e if

* H. Li, M. Chen et al., “MagNet: an Open- 200 100 50 s T 200 400 . ~
Source Database for Data-Driven Flux Density [mT] Frequency [kHz]

Magnetic Core Loss Modeling,” APEC’22.
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Seq2Seq Neural Network
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iGSE accuracy depends on how the iGSE parameters are obtained

Local iGSE may lead to better results, but require more parameters and computation
Machine learning can well capture the intricate patterns of the magnetic core loss

* D. Serrano, H. Li, M. Chen, et al., “Neural Network as Datasheet: Modeling B-H Loops of Power
Magnetics with Sequence-to-Sequence LSTM Encoder-Decoder Architecture,” COMPEL22.
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Transfer Learning for Data Size Reduction

a ™\ Generic Neural Network Specific Neural Network
Large-scale database

N27, 3C90, 3F3, 3F4, ...
25°C, 50°C, 75¢°C, ...
Sine, Triangle, Trapezoidal, ...
Bias 0 mT, 100 mT, 200 mT, ...
o )

\l/‘k‘ ‘\\ 1', "'«‘\(‘\
‘«' )::: 0 Xe

/\\""Qvﬁ‘ AW V/"v‘v
\\V//

Small-scale database

e Reference

L N49 e Pre-trained

e Reference

N87 e Pre-trained

w
o

o

o

w
o

A new material
N87, Sine wave, at 25°C Fine-tuning
No dc-bias data (10 mins)

N

v
w
(=4

N

o
Y
o

=
v

=
o

F
I

* E. Dogariu, M. Chen, et al., “Transfer Learning Methods for Magnetic
Core Loss Modeling,” COMPEL’21.

v

Testing Avg. Relative Error [%]
Testing Avg. Relative Error [%]
w
o

0 0 1000 2000 3000 ° 0 1000 2000 3000
* D. Serrano, M. Chen’ et G/., “Neural Network as Datasheet: Mode/ing Amount of Data Used for Re-training Amount of Data Used for Re-training
B-H Loops of Power Magnetics with Sequence-to-Sequence Long- . . . .
Short-Term-Memory Network,” COMPEL’22. 10x reduction in required data size
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MagNet Ecosystem for Advanced Magnetics Design

2 ViaaNet 7

Open-Source Community Development

Better Al GUI NN Models 1 Better
; W Streamlit O PyTorch '
Phy slcs Y Des:gns Data Standard Tool
Development Development Development
Measured Simulated
Waveforms Waveforms
Efﬁﬂ ¥ e | ODIOGS
E 50 % " L e,
F e : 2023?
E: D=0.5, T=206) ' E ; {%% £
v l}Procqucncyzgton] o0 t
MagNet Database Simulation Engine e

https://github.com/PrincetonUniversity/Magnet GitHub ‘ challenge
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https://github.com/PrincetonUniversity/Magnet
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1. Architecture — Hybrid SC Circuits and Magnetics for CPU-VRMs
2. Magnetics — Open-Source Database and Design Methods
3. Control — Synergy between FCML and Coupled Magnetics

Architecture Magnetics

Control

—
=N

Voltage [V]

[ay
o

L g B

0o 05 1 15 2 25 3
Time [ms]
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FCML Converter is Attractive in Many Applications

Operational Waveforms

voutﬁtooihighE mn_Mn_n V['I'

FSM state 5 5}

out

1
."«l

) g FEE S
: L g .

L

1]

1]

EE

Ve Ven

switch4 bootstraj

S —FCML DC-DCHW

| ! ]
FSM 1—4_ Control j_l I l”“lf_i

Block |—— IRgr

J. S. Rentmeister and J. T. Stauth, “A 92.4% Efficient, 5.5V:0.4-1.2V, FCML
Converter with Modified Ripple Injection Control for Fast Transient Response
and Capacitor Balancing,” CICC’20.

J. Rodriguez et al., “Multilevel Converters: An Enabling Technology for High-
Power Applications,” Proceedings of the IEEE, vol. 97, no. 11, Nov. 2009.
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Q. Huang, Q. Ma, P. Liu, A. Q. Huang and M. A. de Rooij, “99% Efficient 2.5-
kW Four-Level Flying Capacitor Multilevel GaN Totem-Pole PFC,” JESTPE’21.
Y. Lei et al., “A 2-kW Single-Phase Seven-Level Flying Capacitor Multilevel
Inverter With an Active Energy Buffer,” TPEL’17.

Reduced switch rating + lower current ripple + smaller magnetic size + frequency multiplication
Lots of potential for both high power (HVDC) and low power (PMIC) applications
Voltage balancing is a MUST to make FCML practical

PRINCETON
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Synergy Between FCML and Coupled Inductors

[{J 1.4 H H
Three “orthogonal” ways of improving o,
1 1 1 Vdc._/ —
performance and reducing inductor size ‘ KSE
/ﬂyI \'Ey
Multiphase interleaving v o, : S
. . . D . s
® Ripple reduction, current sharing v, 2 Ly lpge
| (2,1) .
o . L] /ﬂ y \‘ " ‘ —' L L N 1 s
Multilevel switching 5’1’—14'— ~‘I‘,mi s
® Ripple reduction, switch stress reduction o /‘_Mg Lg ippyyf——g—2
31 : i
. Vdc + JL "({D\ . Cj0 Ro
Coupled inductors Rl v “[mji IPH-4 I
Y . . o . - 7~._ 5;:
Ripple reduction, smaller size, faster transient ;-(Dégl/l 57 E | Four-phase coupled inductor
41 42 <7“ L =
* D. H. Zhou, Y. Elasser, J. Baek and M. Chen, “Reluctance-Based Dynamic Models for Multiphase Vcl«:'_/ o —" s :‘ =
Coupled Inductor Buck Converters,” TPEL’22. N s e N\ A N\ A N
* D. H. Zhou, A. Bendory, C. Li, and M. Chen, “Multiphase FCML Converter with Coupled “fly | 7 3 [ 1 2 3 4
Inductors for Ripple Reduction and Intrinsic Flying Capacitor Voltage Balancing,” APEC’22. e o gf ol1 l ol2 l 013v 1 L l
 D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen, “Balancing Limits of Flying Dy Py - TV Vp— + Vg— + Vg —
Capacitor Voltages in Coupled Inductor FCML Converters,” COMPEL’22 NG
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Previous Study on FCML Natural Balancing

7.
Many factors may cause voltage imbalance o

C L Ry,
® Input impedance, timing, parasitics, etc. Vin fly L_T_./
C I
Winding resistance helps with balancing ] I ° o

® Naturally exist in all FCML converters AP [/\/\/\/\

Natural balancing is weak in low loss (high-Q) systems
® Low Q inductor -> weak natural balancing

Active balancing challenging / impractical at HF
® Current sensing, analog/digital delay, etc ...

e Z Xia, B. L. Dobbins, J. T. Stauth, “Natural Balancing of Flying Capacitor Multilevel Converters
at Nominal Conversion Ratios”, COMPEL’19.

e ZYe, Y. Lei Z Liao, and R. C. N. Pilawa-Podgurski, “Investigation of Capacitor Voltage
Balancing in Practical Implementations of Flying Capacitor Multilevel Converters,” TPEL’21.

2 PRINCETON

UNIVERSITY




{ ¥ PRINCETON
UNIVERSITY

Multi-Resonant Balancing with Coupled Inductors

Imbalance in one capacitor leads to current N r—
imbalance in the coupled inductor Va7 Four caps oscillate with PN
o . : Cy ;
Independent from winding resistance ﬁl?_ four coupled inductors
B B L
Current imbalance in the coupled inductor Ve T L
.p CB LS} L.\l / :
helps to pull the other capacitor back ggi/;— \—«m— v Daniel Zhou

B,
: . - Lg) Ly
® Negative feedback mechanism to “pull” the V(I(,_/CIT&’._ | IIC“ %R”

1%

capacitor voltages together T L L
T
Automatic voltage balancing and multi- Vi : . y !
resonant of the flying capacitor voltages o bl P
® Two capacitor “resonate” with the coupled b l< J Janko Celikovic

inductor and reach a balance (with Prof. Maksimovic)

* D. H. Zhou, A. Bendory, C. Li, and M. Chen, “Multiphase FCML Converter with Coupled HOW to apprOGCh thIS mUItI-resonant prOblem ?

Inductors for Ripple Reduction and Intrinsic Flying Capacitor Voltage Balancing,” APEC’22. Four state variables: v, U, i+, i
* D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen, “Balancing Limits of L. 1r %2s "1r "2
Flying Capacitor Voltages in Coupled Inductor FCML Converters,” COMPEL’22. Sensitive to dlr d2r d3r d4

2 PRINCETON

UNIVERSITY



Three-Level Multiphase Coupled FCML Converter

1

=

A
By

N gj/y:%/i] | LS

L
Cﬂy S
i
1o (4] (6]
Switches| A1 By A2 B, >t
AdT = i+ Ve
v Zdc
sw 4
et
_Ya b Ya i D
2 2 2 2
Vcap | >t
' 24 I ﬁ 25 BN
lLNoM — — T
0 QEB,C/P QA,G@P QB,CA}
- A,CAP: > mn
0 'T/4 T/2 3T/4 T
A— A— — A
dar dar dT dar
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Balancing Q

N \

Disturbance Q Balancing matrix
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/ — Disturbance factors

QBarL.ALL + QpisT ALL = Av +u = 0.

T
_ [,y (2,1 (3,1) L (M,1)
v [”f‘v Ury Uty Uity ]
[0 1 1 T
R -1 0 1
o N - o
A:’\l-phasc = (({T)z‘\—vz 1 1 ()
-1 -1 -1 0
] “MxM
Uny’ - At :RL‘{“‘RR(; —1
v et | = AT =V g T
‘.(4v1) 71
Yny ]

Inverse coupling coefficient

Non-invertible for odd M
Invertible for even M

Even phases (2,4,6,...) better
Three-phase coupled inductor
FCML not attractive (5,7,9,...)

Higher coupling coefficient
Lower voltage imbalance
Stronger coupling better

D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen, “Balancing Limits
of Flying Capacitor Voltages in Coupled Inductor FCML Converters,” COMPEL’22.




How about Multilevel and Multiphase?

2-Phase 5-Level
s v ._‘I)/n @), D5
C - T T
‘;{-—T—/_B-— \_/(m\_LS) b ! v ! Cﬂ.\%"u Cﬂ.vl"u Cﬂ.\-l
Bl B'.! O F — . — =
C C, Lg) Ly ®,,; ®,, P,
Vger—" b L | C, R, ._%1 o, Dy
Ce Lg) L l Vi 4 _L % J_\_ ) _]_
Coyrvar Cﬂy 22 Cy 2
FE C, S 1- — —
v D No singular point & 2 s
. Cp across entire range No singular point for duty ratio
 anTe One singular point for coupling coefficient

* Asymmetry in circuits and magnetics removes singularity
* High enough coupling coefficient removes singularity
* Good models and active control removes singularity

* D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen, “Balancing Limits of
Flying Capacitor Voltages in Coupled Inductor FCML Converters,” COMPEL’22.
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Findings with Piece-Wise Linear Model (Janko)
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A 0.25T 0.5T 0.75T T )
Even Phase, Fully Coupled, Arbitrary Level
T | @ D D, D,
SW 1 2l 12 2 >t Levels Coupled Inductor Discrete Inductor
‘—Jw —A\“‘ eve Singularities. 0 < d < 1 | Singularities, 0 < d < 1 [16]
----- T e ===V, /4 3 4 x
Vsw, PH=1 t 4 0
Vsw. PH=2 i@ Chatge baiance s s 6 0 x
1 i— vidlated for = i 7 12
phase =2
IA\ rIA\ IA\ —I I“\ 8 0
TN\ WAN 9 16 g
\\ ’111 \\ ¢ \\ I, \\ 10 0
ipra /1 ¥ ¥ YRR\ L1 20 x
— 1L Ir; 'z » t
. = > . . . . [ ¥ PRINCETON University of Colorad
lpyo Credit: Janko Celikovic, Daniel Zhou 'UNIVERSITY ShiverslnyeriColoreto

* With even phases, fully coupled inductors can remove all singularity, system robust;
* If partially coupled, singularities emerge at special duty ratio and coupling coefficient combos.

Even Phase, Even Level
Robust FCML = Strong Coupling
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D. H. Zhou, J. Celikovic, Y. Elasser, D. Maksimovic, and M. Chen, “Balancing Limits
of Flying Capacitor Voltages in Coupled Inductor FCML Converters,” COMPEL’22.
J. Celikovic, R. Das, H.-P. Le, and D. Maksimovic, “Modeling of Capacitor Voltage
Imbalance in Flying Capacitor Multilevel DC-DC Converters,” COMPEL’19.
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Experimental Verification of the FCML+CoupL Theory UNIVERSITY
4-Phase 3-Level - 2-Phase 5-eI Iy Upcoupled, L — 2.2,H Two prototypes
& N G, g el 08 * One4d-3L
* One 2®d-5L

(=]
~
T

Ripple Reduction

-phase Ripple [A]

| il IaON 02
gl 1V-9099V§' = Coupled, L,/L; = 38.9 | Unbalanced FCML
Ry e A9 0.2 04 0.6 0.8 1 voltage leads to
4P-3L Duty Cycle d increased current ripple
100
Parameter/Component Value § %8I vo =8V EffICIency Beneflts
o 500 KHz > o) . Blpple reductlon‘ ‘
Vie 16V g .l AT improves the efficiency
Criy 1206 10 uF x 4 gs) oAV e,
Custom Coupled Inductor L; 192 nH = 0 0 A
Custom Coupled Inductor L, 7.44 uH £ I o :
Off-the-shelf Coupled Inductor ~ Eaton CL1108-4-50TR-R oldd o T M ' Ch en and C. R. Sullivan,
Two-phase Coupled Inductor Coilcraft PA6605-AL 0 S 10 15 20 25 30 35 40 Unified Models for Coupled
Discrete Inductor Coilcraft XAR7030-222MEB 4(1)_3 Load [ A] Inductors Applied to
ngvnlttrc(?l?sr TMS%)IZ(C)I%‘3§§79D -o-Coupled, L,/L; = 38.9, v, = 4 V -A-Discrete, v, =4 V Multiphase PWM
-o-Coupled, L,/L; = 38.9, v, = 8 V -A-Discrete, v, =8 V Converters’” TPEL’21.
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Voltage Balancing with Coupled Inductors

4-Phase 3-Level , Similar total L,, Nominal Flying Capacitor Voltage: 8V

Uncoupled o Abs. Max = 3.328 | g | 00 o6y Weakly COUpled
. & & ° fly 'flv
4X discrete 3 = | e Four phases
[ > Vg, Uy
> s Abs. Max = 1.143 V
2.2 uH : - " _ 566
induct E 30 L '
INAQUCtors 2 , . 2 ‘ . 1 [ J l
b—:: ’ 0 0.2 04 0.6 0.8 1 E 0 0.2 0.4 0.6 0.8 1
Duty Cycle d Duty Cycle d
(a) (b)
Tightly Coupled . L,/Li =389 . 2xL,/L=385] Pairly Coupled
g 3 - T
Four phases 2 3 5 o(bD g 2X2 phases
= e ~(21) ~(41)
_ﬂ — 38 9 2 % I Sy Pry Abs. Max = 0.203 V _M — 38 9
— . = el = === - — = —=—====1g - .
L, g PR, e
=B g -
=0 02 0.4 0.6 08 1 =0 02 0.4 06 08 1
Duty Cycle d Duty Cycle d

(c) (d)
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Dynamics of the Balancing Mechanism

* Coupled inductors considerably reduce imbalance
* Flying capacitor alternation causes oscillations during dynamic balancing

with 2 ns on-time w/o on-time

Vertical: 1/div

disturbance disturbance Horizontal: 20 ms/div
(1,1)
o Vg, ’, uncoupled
Uty =0 N
Uncoupled I - 2,1)
P ! . V;' ). uncoupled
‘{’(27,1,‘)7()_ - - _:_ _______ Y
fly 1,1
o) . v ), coupled
b :OM
fly u 2,1)
Coupled -[ S . vfﬁ coupled
0, =0

|
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Hybrid Switched-Cap Circuits with All-in-One Magnetics

Single IC, multiple magnetics Multiple ICs, All-in-ONE magnetics

[I_rW‘\_IJ [I_rww_ﬂ All-in-One

Magnetics

IN

SwCap
PMIC with Discrete -
Magnetics '

LWl W

Hybrid switched capacitor magnetics power conversion:

Circuit architecture + novel magnetics + precise models + advanced control
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Switched Capacitor Circuits and All-in-One Magnetics

%

Magnetic (Information) Memory Magnetic (Energy) Memory

Length: 40 mm
#10

Switched capacitor circuits and all-in-one magnetics co-design

xxxxxxx

All-in-One
Magnetics

1960s, MIT Museum 2020s, Princeton Power Princeton n@
Servomechanisms Lab Electronics Research Lab M ag

Princeton Power Electronics Research Lab
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* Hybrid Switched Capacitor Circuit Architecture and Design Methods

>

>

J. Baek, V. Elasser, K. Radhakrishnan, H. Gan, J. Douglas, H. K. Krishnamurthy, X. Li, S. Jiang, C. R. Sullivan, and M.
Chen, “Vertical Stacked LEGO-PoL CPU Voltage Regulator,” IEEE Trans. on Power Electron., vol. 37, no. 6, pp. 6305-
6322, June 2022.

Y. Chen, P. Wang, H. Cheng, G. Szczeszynski, S. Allen, D. M. Giuliano, and M. Chen, “Virtual Intermediate Bus CPU
Voltage Regulator,” IEEE Trans. on Power Electron., vol. 37, no. 6, pp. 6883-6898, June 2022.

* Coupled Inductor Models, FCML, and Dynamic Analysis

>

>
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