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We Need Better Magnetics

O Major breakthroughs in power semiconductor devices

Y, 4 3
“

\\\

SiC modules GaN switches IGBT odules Packaging & cooling

0 Magnetics are lagging behind (both discrete and integrated)

« C. R. Sullivan, M. Chen, “Coupled Inductors for Fast-Response High-Density Power Delivery: Discrete
and Integrated,” IEEE Custom Integrated Circuits Conference (CICC), 2021 (accepted).
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Energy Density vs. Functionality UNIVERSITY
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« Capacitors win in energy / power density )

« Magnetic components win in functionality / flexibility scaling factor
« Larger magnetics offer higher power density

« Small & multifunctional magnetics — high frequency & multiwinding

Energy density [mJ/mm?|
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The “Integrated Magnetic” Concept
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The “integrated magnetic” concept is not new...
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1990s
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Isolated dc-dc
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Solid state xformer

Need design methods and tools for “integrated” magnetics at HF
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Two Types of “Integrated” Magnetics

Series Coupled Structure Parallel Coupled Structure
single flux multi linkage multi flux single linkage

Geometrical Dual

All multiwinding magnetics are
combinations of series and
parallel coupled structures

Minjie Chen - Princeton University [M. Chen and C. R. Sullivan, TechRxiv’20] 6
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O Designh methodologies for series coupled structure (planar core)

+ ‘ _ Magnetic Core
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O Machine learning based magnetic core loss modeling methods
Princeton
w © Mag net

Waveform1 WavefdﬁﬁZ Waveform3
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Design Multiwinding Planar Magnetics UNIVERSITY
4 . . . )
1. What is the optimal way to interleave many layers?
SR Alternating Symmetric More complicated?

interleave interleave
C° el [
Thin Spacmg Ne

Copper -
Thick Spacing 1 & 3 as primary 1 & 4 as primary
?

Copper 2 & 4 as secondary 2 & 3assecondary = .uee.s ¢

Thick Spacing

/
4 N\ )
2. What are the optimal winding 3. Multi-object optimization space
I i i ? 100 ;..
stack and winding spacing* 1) Interleaving options? A&
Thin Middle Spacing Thick Middle Spacing 2) Materials?
3) Geometry?
.
K 5) Efficiency?
6) Coupling coefficient?
\ JAN ) piing

Minjie Chen - Princeton University [M. Chen et al., TPEL'16] 8



Two Commonly Shared Assumptions
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Every model starts from assumptions ...

4 )
(1) MQS assumption Magneto-Quasi-Static Maxwell’s equations
OE ( p
* Assume —— = 0. VE=
» Applicable when the wavelength is < Ve j % o
much longer than the device size vxE= “or . lgnore the time
(usually lower than ~100 MHz). 7% B =uol + 565 Slectric fiold
- )
4 _ _ )
(2) 1-D assumption Magnetic core guides the flux
d
* Fields vary only along the
thickness direction. e
- Applicable when the fluxis ! dsswosh | W
guided by the magnetic h |
core. 1@_ )
\ Skin and proximity effects change current distribution j
9
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Wave Propagation in Planar Windings
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O 1-D energy wave propagation method (Poynting vector)

A Primary Secondary
Q“p | I I I
——=5 AC/DC AC/DC
== 2 N BAlnllE Bl B A
==, [ 1
=== YT YT YTy -1 YL# -
== pcac -+ 4-3--4--FF-FH-1-“4--FF-FF-1--1-}- > | ACIDC
== - X
L % e
O Modular lumped circuit models for repeating building blocks
I e - e ]
Top o o o o Bottom
Side = Layer 5 Layer = Layer 5 Layer g Side
of the -4 1 a8 2 -4 3 -4 s of the
Core w0 «n w w «n Core
o
5:1 1:1 N ~ 5:1 1:1
Series Vias——/ Parallel Vias
[M. Chen et al., TPEL’16] 10
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Modeling a Single Conductor Layer UNIVERSITY

Field diffusion equations: Electromagnetic Fields

Hp sinh(¥Yz) + Hg sinh(¥ (h — z))

Hy(2) = sinh(¥h)
Ampere’s law: 1+ |2 |
g=—1D2 §= |— H.— E
VXH =] =0F 0 oo B K: current per unit width B
E field as a function of H and K: ‘
W (Hpe"® —Hp Hy — Hpe ¥ _¥a-e™
Er = Ey(h) :;(e;h _e—‘i’f B eBlPh —Z—Wh ) o o(1+e*h) Modular Layer Model

Y (Hy — Hge™*"  Hpe*" — H; 2Pe—Ph
oPh _o-Ph  gPh _ o-¥h Zp

Ep =Ey(0) =— = -
5 = Ey(0) =~ - s

(" KVL/KCL relationships: ) ﬁ E.
V/m Q A/m

Ey =Z,Hy + ZpK KVL H & K:  through variables ~ unit (A/m)
Ep =ZyK —Z,Hp KVL E: across variable ~ unit (V/m)

L K =H; — Hg KCL ) Z,,Z,: impedances ~ unit (Q)

Minjie Chen - Princeton University [M. Chen et al., TPEL'16] 11
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- d
Intuition:
: Q)Bl K=L/
* Two three-terminal networks Hy, — l“’
» Connected by the H field . Layer 1 PR . AER ol 2R
.‘.‘ HBT E I
between them ' .',Spacing H., ET:(pSli "a,
. ' '-_.. L 2 I, @ ........................ ‘© I h,
Faraday’s Law and Field S . i r———y
. . =h/w
Continuity re v
_dPp, _ ddp 0 A T > A
fnd =TT EndThe =g Spemgieen
AP, _dPp AP, CHw o UTHD TTTHa
dt  dt dt — — 1
Zs; - Za2 Zo =
Flux Linking Two Layers: er “| 1%,
An additional KVL equation KVL =il A
v, v, v, <> e
JopuoaiHsiy = — = Ery —— + Ep et I
e L J :
Q . E— Y Layer port 1 Layer port 2
\ A/m V/m y Circuit Domain <=» Electromagnetic Domain

Minjie Chen - Princeton University [M. Chen et al., TPEL'16] 12
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Modeling Layers with Multiple Turns

Fields distributions in multiple-turns layers are linearly related to those
in single-turn layers

Multiple turns — Additional Linear Conversions

d
i Layer 1
hy Two Turns
T ,( m,=2
K,=l,m /w (a)

ey ) A jaw®y=Vym, - dEy lL=wK,/m,
Spacing between i
layer 1 and layer 2 Spacing between
Layer 1 layer 1and layer 2

Circuit Domain 7L T &=
0 —) b,
HES ool Mo
ik Fuc, 1\ KVLE
> +
Intuitive Ideal iz mfla....i
Layer port 1 Layer port 2
Transformers e e

Layer_port 1 Layer port 2

Minjie Chen - Princeton University [M. Chen et al., TPEL'16] 13
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Modeling vias is equivalent to Connect the layer ports in the same
adding KVL, KCL constraints: pattern as they are in the real circuit

. L. ] Circuit Domain <+—l—» E&M Domain
Layer i and Layer j in series

Connection

I
. I
Layer k and Layer [ in parallel Series  Laver | !
Connection p?rt | ¢ Spacing
_ —_ la l d | == s
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b . 3
Wwindingb Vv, M1 | EZZZZzZzzzd o
Parallel v "=
LayerS Parallel m:l |
|
I
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An Open-Source SPICE Modeling Tool

PRINCETON
UNIVERSITY

o Geometry Information e SPICE Netlist
Circuit Domain 4—:—> E&M Domain
Magnetic Core Series :
Co ect on port | Spacmg
-z - . . B o Layer 1 B Frrrrrirrsss
— _ - Layer 2 v i e |
—— ——— Winding C————s Windinga V, [rrrrrsrrrrrel 2
—_— stack ‘[ e —] P Layers Laye” E
| - Layer 4 mL |
——— — T e e : T
T s LI |t | .
Side air gap center air gap Side air gap Winding b Vs ' "”""”" e
La y
\ Parallel m: 1 I VIIIIIIIIIIIJ
/e Modular Layer Model ‘\ ‘
Simulations!
Top o fer) o fer) Bottom
Side = Layer 5 Layer £ Layer £ Layer 5 Side
of the s 1 s 2 s 3 4 s of the
Core w w 0 n w Core
HE || |
G GitHub
5:1 __Qy 5:1 1:1 [ u
-
Series Vias Parallel Vias y Search: M2SPICE

\_
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Impacts of Interleaving Patterns UNIVERSITY
Comparing the P,. and E_, of three 1:1 transformers
with three different interleaving patterns
Non interleaved AC Resistance @) R
T Model, Nom-merleaved ,L/ P,. =1 ZRac
_ = Model, Alternatin
{_} — model, g;mmettri?: ’/ \
0157 x Expe, Non-interleaved ac Non Interleaved
4'| _ I_ X Expe, Alternating -
0.1H : Eéﬁysg:ir:teetrrlgaved I ’;‘;fﬁ\ Alternatlng
O FEM, Alternating /1
. O FEM, Symmetric T : / \ S mmetric
Alternating o8 HFM‘% ) | y

100MHZ
I

10
10MHZ

10° 10°
Frequency (Hz)

AC Inductance (nH) ~ Lac

1

S — — 2
U‘—ﬁﬁ# Eqc = EZI Lqc
30 ™
25 \ L _
Symmetric 20 - ap v L IR TR — Symmet”C
L 1 e x = i
4 o Lac o b x _— Non interleaved
1IN ) — Alternating
10° 10" 10° 10° 10’ 10°
Frequency (Hz)

Interleaving has to be done in the right way !!!
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MIMO Energy Balancer for DPP

Distributed Phase-Shift Modulation for MIMO Power Flow

DC Bus Length:I 40 mm
1
Lold 1 _It—l @ 10-Port MACDPP g Soeom .5@%%5{23 »
| 5 3
-
|
Load 2 T Width:
IJ ':‘ S o - ] ~
_I"‘ i § ~— ; .
= | L\ | T i
N\
Power & Signal #5

Connector 1y Nj0S  Blocking Cap

) Height:
Series ___ 7 56 mm

Inductor

TIL...

o
—ETJ_
o

L L

Minjie Chen - Princeton University [P. Wang, M. Chen et al., TPEL'21] 17
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Power Flow Control of Multi-Active-Bridge

Vius MAC.DPP SYSCLK (p .
Converter @
....................... v,
[ & i 45] Phase-Shift V3
1 S | L1 | Control 2
i 51 J= Chpy '
| Load 1 | | s j—( N3
'R :
s M2 Bce-Shife
i Sg_,'J T i & Control
| Load 2 | - j—ﬂjg :
L S .
- V.
| & 1 H 2 Phase-Shift
; S;]'—I Chs E <—¢5— Control
| Load 3 I ! o j——{ |
| 2 {
| || v
s " Phase-Shift
i S"_I’J Cos E L Control
| Load 4 | j‘-‘ |
i SL, !
: - |
T H 'V
I S : ; Phase-Shift System Transfer P Wang
. i«® | Control .
|:L01:|d - Sd_lj—C{m ! ontre -45° to +45° Function Gs
i SLI:% % i Vlircf l/_ (:pj
| S7 - Gre1 1 ) Gsn 1 Vi
LS . ! &6 Phase-Shift - G
i SL] Clie le— Control T s12
| Load 6 | : S j—c ! | H. | 513 s
LI;:] i /
y L Vs G
[ i Phase-Shift V 7)) s21
i 1 P N 2_ref 2
' S-,-_l'J Cer :4; Control GPIfZ _4'/_ Gz B V2
Load 7 | g j—»g ! - C
[ — 19 | : 'E‘ / 823 400
. i : i ’ . : N .
. | 1S . . o Ganz... .
- L& . : ¢m Phase-Shift. vV & \G ]iit
i Sulm 1«—2—  Control n_ ref n eh
Load 10 I i j—ﬂ% i | | - G’PI_n _/I|/_ G’snn—h@ Vn
i S ! .
E MH | Distributed 'T
R, ) phase-shift n
v control L

Minjie Chen - Princeton University [P. Wang, M. Chen et al., TPEL'21] 18



Uiltra Efficient DPP System

Efficiency comparison of 50 V-5 V dc-dc systems

100 T T . : .
Y—MAC-DPP
99 | Efficiency: 99.77%; |
Power Density: 700W /in®
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Higher Efficiency
— -~ -~
X g6 o RN |
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2 Delta-E54SJ S
N
g 95 1 ~ .
s Murata-DBE AN
= o4t \ .
— . .
= Synqor-PQ500 \\nghcr Density
931 @ e—Artesyn Embedded-AvO100 gl ]
92 f ®— Bel Power-xRSB \\ R
\
o1l AﬁB « muRATA-ULS \
- . ‘
00 Hammerhead .._ V1corl DCM36I23 |
0 200 400 600 800 1000

Power Density [W/in?|

Minjie Chen - Princeton University

= Main Power Board:

[P. Wang, M. Chen et al., TPEL'21]
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P. Wang

Magnetic Core
(Effective Area: 39.5 mm?)

Main Power Board
(4 Layers)

B .\ Bottom Cover

(6 Layers)

= Bottom Cover:

Four Windings

Stz Windings
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MIMO Reconfigurable Energy Router

Reconfigurable MIMO Energy Router

0—a o o0 s SEN
| Celr1 Cell-5 | T )
Vil nv v |V
| g Null Ny —O—
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O Design methodologies for series coupled structure (planar core)

+ ‘ _ Magnetic Core
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O Machine learning based magnetic core loss modeling methods
Princeton
w © Mag net

Waveform1 WavefdﬁﬁZ Waveform3
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Circuit Models for Mathematical Modeling

Physical Structure

M,
M-1 "7 )
V]_ ® Il
* M N L )
Vy o M-1 - : ]
* i N T
M, |os
R E ] -1
P - :
+ M : H -
_Lu ..N L, .
M, Mt ﬁm—m———«i i
* : N L

.............

Reluctance Model

PRINCETON
UNIVERSITY

Minjie Chen - Princeton University

[M. Chen and C. R. Sullivan, TechRxiv'20]
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Circuit Models for Physical Design PRINCETON
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Physical Structure

Reluctance Model

< | Model
Gyrator-Capacitor Model dual Inductance Dual Mode \

/R 1/331 1/331 /R
1R 1R 1R 0

T |=t |ﬁ lﬂlt 1/32t /R
J_ _1/.7!” A l/flt 1/gé| 1/R LR, 1 ‘(Rl‘ LRy
URT T URT T URT T URT T [’m‘]
Iy @ |2 D, | i3 D] s D, TUUN
+ + + + + + + + N]_l — 4:1 ‘=

\+V1 +V2_ +V3— +Vg—

[M. Chen and C. R. Sullivan, TechRxiv’20] 23
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Principles of Inductance Dual Model
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Reluctance Model

Nny Nm_l.im-l

Through variable: Flux (®)
Cross variable: MMF (Ni)
Element value: Reluctance (R)

Energy storage: E = %RCIJ2

Power: MMF%Z or Ro <2
dt dt

dual

Inductance Dual Model

Dc=i/Rc i 1URc D =i /R

> 00
1/R: 1/R, 1/ R, 1/ R,

{T}M I ILm-1 ILm
T ONANT O AAN

— @ — @
Zovvr Z0vr Ze v Z e
Ilm y |M_1m IMm
+ = + =
Vv

\%1 V) VM-1

* Through variable: Current (1)
« Cross variable: Voltage (V)
* Element value: Inductance (L)

 Energy storage: E =%LI2
 Power: VI

Minjie Chen - Princeton University

[M. Chen and C. R. Sullivan, TechRxiv'20] 24
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Reluctance Model <:> Inductance Dual Model
D¢ = ic/Rc ic 1/ Rc D= i/R
R Rz R Re Ry Rina Rim
1/RL 1/RL /R, 1/ Ry,

P, T @QT oo O, T @cl @yT oo gﬁm_]T (me iLs IL2 ______ ILm-1 ILm
OO0 O 10O OO0 ol
Niii | Neis Nidx Nyiy_ Nosio 1T Nain] zlz ﬁ le. ﬁ = m m
+. . - + -
Vi Vo

VMl VM
Advantage: Inductance Dual Model with Core Loss
] Le=lURe  re=elRe dc=idR
* Simple T & e
* Intuitive A e LWV—I D= iR
v

* No coupling relationships

« Explicit design equations

« Capability of capturing core loss
 Visualizing flux distribution

Minjie Chen - Princeton University [M. Chen and C. R. Sullivan, TechRxiv’20] 25
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Geometrical Dual

Equal ® Equal MMF
Series Coupled Parallel Coupled
v @0 —= ® . :
v, @02 —= o | |1 | | =
v; @— (= o N3 N N3 NS
Vi @+—E=0 —= o : _
ol l o2 l o' l ol l
+ Vi — + v + V3 + v, —
Topological Dual
1Ry 1Ry Ry
1UR 1R 1R 1R
‘S lyz, € lug T E lums
_'_._I;I-_\.. %_'_ I2.. %_{_._i.. g_'_._LOO
vi 3| V2 CGE US|
Y B B V51 — ] — "1

Minjie Chen - Princeton University [M. Chen and C. R. Sullivan, TechRxiv’20] 26



Unified Design Methods for CouplL
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Non-interleaved
Non-coupled

RN I

Aip [

1 Ai,

All designs have identical L;

Interleaving maintains the
per-phase current ripple and
reduces the output current
ripple by a factor of I'.

_(k+1—DM)(DM — k)

(1 = D)DM?

_ (k+1—DM)(DM — k)

Vin AT
O -
Jor— x T
\ \ \ \ equal L; $
: )
v Aip| | _l
Interleaved /\/\
Non-coupled _1 \/\/\ N\/\/\ <+
4
A p
Vix S j Alo
+ T —
T0—
YYYY R > [ona
5 ai, | en
IIAANAA
Interleaved
Coupled Il AN /\{\/\/\‘_
* -
Vin W‘Uﬂ'ﬂ‘— A"O
o+ TI0—]

(1-D)DM

[ quantifies the benefits of
interleaving; & is the ratio
between the phase ripple and
output ripple.

Coupling maintains the
output current ripple and
reduces the per-phase current
ripple by a factor of y.

'y_

_1+pT
1+5

¥ quantifies the benefits of
multiphase coupling.

Benefits of interleaving
reduced output current ripple

_ (k+1-DM)(DM — k)
B (1 — D)DM?

Benefits of coupling
» reduced per-phase current ripple

14T
V= 1+

Clarified the
relationship
between
multiphase
coupling and
multiphase
interleaving!

D. Zhou C. R. Sullivan

Minjie Chen - Princeton University

[M. Chen and C. R. Sullivan, TechRxiv’20]
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Princeton Coupled Magnetics Design Tool

Unifies the design equations for multiphase coupled inductors for different models

http://www.princeton.edu/~minjie/coupL/coupL.html

—_—
Tt Paramsters Duty Ratio (1) Mumber of Phases (M) Member f Tums per Winging (V)
Darived Paramsrars Inserlaaving Soosting Inductance (1/4) Vb of Ovariaped Dlases (K) Tnrerizzving Rippls Compression (4)
isthod Name Inductance Dual Modsl Inductance )istrie Model Multiinding Transformar Mods]
R | | Ls | | L | |
Design Paramatars Re | | Lur | | L | |
R o, Le
f—'ﬂ: g » I
iy diy
z Rt+Re Re R ™ L Ls Ly Ly 3}‘2
S e Ry R 7 - K Ly z
. B o R Ry By | - Ly Lg ||
& .
VR YIopg iy
Ei -— M
. ~ \
1 Ve U e , Lu) \, \
V2 L » l/ Ly | i
. + ]
Limnped it Mods! R N - N ) ! )‘ Lul ,
20 . vt L/ N i -
Z errery 2 e s s | "M
] = ] ] . + L |
, Ly ] | ! .
iy I v r;1 ¥ hu‘l "\Hh‘rl - M Lg oS LT
PR | LA
N NYM 1)
= =iy, R =5+ MI
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R e e h
2 e = T Taa L+ (0 10Ear) T 0L, ML

Minjie Chen - Princeton University [M. Chen and C. R. Sullivan, TechRxiv'20] 28
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High Voltage Conversion Ratio
« 48V:1Vis the future standard
High Output Current

« Approaching 1000 A

Fast Transient Response

« Over5A/ns

Extreme Power Density

« >100A/cm2

Extreme Efficiency Target
 >95% peak; >80% full load
Collaborators

intel Google pSemi

+ J. Baek, M. Chen et al., "LEGO-PoL: A 48V-1.5V
300A Merged-Two-Stage Hybrid Converter for
Ultra-High-Current Microprocessors," APEC 2020.

Minjie Chen - Princeton University 29
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Hybrid Converter with Coupled Magnetics UNIVERSITY

LEGO-PoL Architecture

2:1SCUnit . Vaus

4-phase Buck Unit
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¢1 ¢2 L L1 L
C|_- (©FL] L, ]
CFT 8v >)25a L
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— 254 Ls
I 254
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48 V st} ngz Qus s HB QH;'J:J} QHBJEI} 1004
- C|—- N (S Le
48V(C CFS 8v D254 L7
®: I &z
{1 Ls
Q &)254
SgE} Qs QLs (&F]
------------ o ¢z ¢1
[ Qsjg} ngé} Quo H10 QH11EI} szJEI}
16vv°f1 & - N @m Lo
Q%])EE Fs 8v Gzsa L11
: @25A Lz
Q 254
snlE} QLs L10 L11J-:-|} Quzjﬁj
¢

;tgugukgxx.':..n 7

: 4 \“

k—l’nnu
Four-Phase Coupled Magnetics (250 A)

Minjie Chen - Princeton University
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Vertical Multiphase Coupled Inductor

Sophisticated design space
« Side leg area

« Center leg area

* Winding area

« Plate thickness

« 2D layout

« 3D structure

Optimization targets

« Smallest leakage inductance

« Largest magnetizing inductance
« Lowest loss

« Smallest size

« Sufficient saturation margin

Minjie Chen - Princeton University [J. Baek, M. Chen et al., APEC’20] 31



Magnetic in Circuit Analysis

Multileg Coupled Magnetics
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Vertical Magnetics Optimization

Min Loss: 1.4231W at h=5.5mm, A,=12.25mm"

18

J. Baek Y. Elasser

4 4.2 4.1 4.6 4.8 D 2.2
Total Height [mm)

Minjie Chen - Princeton University [J. Baek, M. Chen et al., APEC’20] 33
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Other High Performance PolL Designs
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48V-24V Stage

Discrete Inductor Coupled Inductor
13.5x12.8x10.7 mm 12x12x8.5 mm

24V-1V Stage

Coupled
.-—-/ Inductor

Discrete Coupled
Ly 12pH 73 nH
L,. 1.2pH 400 nH

* Y. Chen, M. Chen et al., "Two-Stage 48V-1V Hybrid Switched-Capacitor Point-of-Load Converter
with 24V Intermediate Bus," COMPEL 2020. [Best Paper Award]
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O Design methodologies for series coupled structure (planar core)

+ ‘ _ Magnetic Core
v @HE=0 ——® —_— —
v; @ =0 —=—10 =— :{;21'“9{5:.:—
vy @ HE=0 —— E— =
v @0 — e T — e
Side air gap Center air gap Side air gap
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?’?’ﬁa‘éz ] e
f
+V1_+V2_+ V3_+ Vg

O Machine learning based magnetic core loss modeling methods
Princeton
LNWJM © Mag net

Waveform1 WavefdﬁﬁZ Waveform3
Minjie Chen - Princeton University 35
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Machine Learning for Core Loss Modeling UNIVERSITY

O Generalized Steinmetz Equation (GSE)
P, = kf*B? three parameters, sine wave k, a, S

4 Improved GSE (iGSE) three parameters, non-sine wave
P, = _/ “(AB)Fat ki,a, p

Qd Improved —improved GSE (i2GSE)  eight parameters, non-sine wave

dB fas
dt

QO Machine Learning based Methods |0ts of parameters automatically trained

(&B)B-a dt"‘ZQPIPﬁ ki; a, ﬁi Ay, :BT’ k?‘i T, qr
=1

......

afiitin
Ll N
N
I N A
v Ul 1 “ ‘ ‘ ‘I
v QA [ |
N 1g i
Rt l |.

Waveform1 Waveform?2 Waveform3

() core loss

dc bias, temperature, memory effect, minor loops neural network
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MagNet: ML for Core Loss Modeling

Automatic Data Acquisition Neural Network Training  SPICE Lumped Circuit

4 B f ~N N
Task 1: MIDAS A ML-Integrated Task 2: MICLM ML-Integrated Task 3: MLSPICE A ML-integrated
Data Acquisition System Magnetic Core Loss Model Planar Magnetics SPICE Tool
> —- — —r )
B T = . .
: . g — - [ X/ N
| Core | Segment#z . Spacing Sapmant #4 !
pfir — . Segrn«nrﬂ-‘l: - _.- ';S.‘egme-r'l ra- . Core;l
_ — -+ ' '
- |~ v
input laye hiddar kxper 1 Pt Fayer 2 caitput Iaer - Layer 1 Layer 2
\ ) \ AN 7
Y YVYVY o o
. MagNet - Large Scale Open Source Database, Online Collaboration and Competition Platform

i’rwincaeténn et Open source at; GitH“b

] . * H. Li, M. Chen et al. “MagNet: A Machine
ta Dartmouth QM |3Q°*@3 Learning Framework for Magnetic Core
CHANGING WHAT'S POSSIBLE LOSS Modeling’” COMPEL720.

Minjie Chen - Princeton University Github: https://github.com/minjiechen/MagNet 37
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Machine Learning Methods

O Supervised learning: use ML to replace existing design steps

Time Sequence 2 Scalar 1 Scalar

Voltage |:> Neural |:> Frecaqzzncy |:> Neural |:> Core Loss
Waveforms Network 1 Flux Density Network 2

Conv1D, LSTM... Fully Connected

Limitation: constrained by existing knowledge on magnetic core loss

O Unsupervised learning: end-to-end fully autonomous ML

Voltage K Neural b
E=3 g revorco ) ] oo

Limitation: all information hidden, hard to interpret the results

Minjie Chen - Princeton University [H. Li, M. Chen et al., COMPEL’20] 38
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Machine Learning Examples

» Use ML to extract the “weighted”

=
frequency and flux density 3
<
Q
. LSTM TIPS
Time Sy
Sequence or e — O Core Loss
Conv1D ' o
O
o
_ A :
Para#2 .-d X
O 2 - Para#4d
L
imi=i : Para#l Para#3
Optimizing the CNN Architecture
Convolution Fully Connected Layer - e
7 (with dropout) P“ ol g e
Ve e e
= e
w0 /’;‘I[/{f i }H
S i
Scal Batch / Pooling —0O c ) '
calograms Normalization Regression output ore Loss

Minjie Chen - Princeton University [H. Li, M. Chen et al., COMPEL’20] 39



Example 2D Scalograms and CNN
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1.5 Wavelorm #4

1 DilTerent
Types

Amplitude (V)
s e
[ L I e B w1 §

0.0156
Time (s)

Scalogram #4

.02

—_10" —_10 —_1 0D U

S10° <10 <10 <107

S & S S

| 4 4 [ |

é“l{] ;PIU ;‘-10 g*l[l

T ) =T =103 arpis)

10 g'10 2’10 210

- - - -

= £ = €%
0.015 0.02 0.015 0.02 0.015 0.02 0.015 0.02
Time (s) Time (s) Time (s) Time (s)

Minjie Chen - Princeton University [H. Li, M. Chen et al., COMPEL'20] 40



- - - LN PRINCETON
Overall Machine Learning Architecture UNIVERSITY

Used for sinusoidal waveforms

core loss prediction .
core loss prediction

Pre Train
Extracted Data from Neural Fﬁ Neural J
Material Datasheet Network 1 Network 2
Real Measured Data
from Hardware System
| ConviD-1: 8x3x3

|C0nv1D-¢2:8x3x3 OPTUNA

| chvln-}:stxa » PYT b RCH

| FClayer: 32
Il Deep Learning with PyTorch

| Output Layer: 1

Used for arbitrary waveforms

Train
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i
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Logln of Predicted Loss W]
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[
T
"

=
e

1 1.5 2 3 35 4

~2% average error for sine wave =~ tosioof Tuseeed Lows W
~7% average error for arbitrary wave
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Impacts of DC Bias on Core Loss 'UNIVERSITY
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Core Loss Prediction with DC Bias
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Before including the DC

bias information: 11.12%

This is just scratching the surface of ML-based core loss modeling methods:
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After including the DC bias information

by modifying the scalogram: 5.23%
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Transfer Learning for Different Materials

Transfer learning method:
« Train a neural network architecture with data of material A
« Update the neural network parameters with training data of material B

« Test the model accuracy with testing data of material B

— 5 |
- ]

o 5 16t &Mz Tt w8 5w ke 10t
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2 mH 3
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w' 5w wiz 10’
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Towards a MIMO Magnetic Energy Processor

3 : *t%
1
DC/AC ] [ DC/AC
i DC/AC || Z H H Z :[AC/DC Y|
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! DC/AC || Z I :[AC/DC I1
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« A 32 x 32 core memory storing 1024 bits of data
» |Instead of processing information, we process energy

Minjie Chen - Princeton University 46
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Summary

U Emerging Opportunities for More Sophisticated Magnetics

Information Processor Energy Processor
@ 10-Port MAC-DPP | @ @i eom POWERLAB. ?
- A8
e ;|
Ja @
ife
= 10101 1
01010 u
10101
32 x 32 Magnetic Memory 10-Port MIMO Power Converter
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