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We Need Better Magnetics

O Breakthroughs in semiconductor devices (SiC and GaN)

Power SoC

L. Daniel, “Design of microfabricated inductors”, IEEE Trans. Power Electron., 1999
« D.S. Gardner, “Review of on-chip inductor structures with magnetic films”, IEEE Trans. Magn., 2009
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Energy Density vs. Functionality

10° Source: Robert Pilawa
e
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« Capacitors win in energy density Linear scaling factor

« Larger magnetics has better figure-of-merits

« Magnetics win in functionality

* Multi-winding, multi-leg, multi-functional magnetics @ high frequency
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Multi-Functional Magnetics UNIVERSITY

Multiwinding Magnetics

Single Purpose Magnetics

I b
S P
Vi

Multileg Magnetics
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The “Integrated Magnetics” Concept 'UNIVERSITY

The “integrated magnetics” concept started from 1980s’

! 1980s
DC/AC ] [ DC/AC

Zero-ripple Cuk

= —~—— || | 1990s

DC/AC || z Z || Ac/DC
i Multiwinding [\ ) Multiphase Buck
Ve Magnetics [ 2
DC/AC || Z Z || Ac/DcC 2000s
J 7, 7 — \ ” .
Integ. EMI Filter
DC/AC ] [ DC/AC Connection 20105
I Link
Resonant

Need tools and methods to design for high frequencies
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Multi-Winding Magnetics: Two Categories
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O Multiple windings couple to a single magnetic linkage
o Layer 1 .
Winding 2 Winding 1 p Magnetic Core
b ol Layer 2

.f'/ 7 ———— 7%

Layer 3 Wln din g —=———

Vias Layer 4 Stack I
LIS 4 tHEst11111H1111A444 N /T
Side air gap Center air gap Side air gap

O Multiple windings couple to multiple magnetic linkages
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* M. Chen, “A Systematic Approach to Modeling Impedances
and Current Distribution in Planar Magnetics,” TPEL 2016

« J. Lietal,, “Using coupled inductors to enhance transient
performance of multi-phase buck converters,” APEC 2004
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Design Options for Planar Magnetics UNIVERSITY

4 1. What is the optimal way to interleave many layers? A

Copper

Thick Spacing
CO EEl E— 1
Thin Spacmg :L. T

-

Copper 3
?

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

Alternating Symmetric More complicated?
interleaved interleaved

-

J

4 Y4
2. What are the optimal winding 3. Multi-object optimization problem

stack and winding spacing” 1) Interleaving options? \

Thin Middle Spacing Thick Middle Spacing 2) Materials?
3) Geometry?
B 5) Efficiency?

6) Coupling coefficient?

(E|%
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Every model starts from assumptions ...

4 )
(1) MQS assumption Magneto-Quasi-Static Maxwell’s equations
OE
. Assumea= 0. ( VE:sﬁo
» Applicable when the wavelength is o V§ f %8
much longer than the device size ST ignore the time
_ J evolution of the
(usually lower than ~100MHz). 7*B=kU+er5D)  clectic field
g J
4 _ _ )
(2) 1-D assumption Magne(tjlc core guides the flux
* Fields vary only along the
thickness direction. - s
* Applicable when the fluxis ! dsswosh | W
guided by the magnetic h o s e
core. 1@_ )
\ Skin and proximity effects change current distribution j
8
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Wave Propagation in Planar Windings 'UNIVERSITY

O 1-D energy wave (Poynting vector) propagation principles

A Primary Secondary
| | | |
AC/DC AC/DC
— BBl Anm A
pcac I-¥+4-3--4--F-F-F4-3--1--F-F-F4-1--1--}1 - AC/DC
> - -
I I e |
O Modular lumped circuit models for repeating building blocks
- o= - e |
Top o o o o Bottom
Side = Layer s Layer = Layer 5 Layer g Side
of the -4 1 a8 2 -4 3 -4 s of the
Core ” 0 w w 0 Core
M
5:1 1:1 N ~ 5:1 1:1
Series Vias——/ Parallel Vias
9
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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: w1t ,_[2 -
VXH =] =0F 0 oo B K: current per unit width B
E field as a function of H and K: ‘
W (Hye¥" —Hg Hp — Hpe "™ _¥a-e™
Er = Ey(h) =;<e;h_e_,},;j_ eB‘Ph_Z—Wh> Za= AT e Modular Layer Model

E, = E/(0) = Y (Hy — Hge " Hgze® — H, 2ye—Ph
B = Ey\W ="\ 0n _ o-Wh | o¥h _ o-¥h Zp = o(1—e 2%

(" KVL/KCL relationships: h 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 10



- - . _H PRINCETON
Modeling Two Adjacent Layers 'UNIVERSITY

- d
Intuition:
: Q)Bl K=/
« Two three-terminal networks Hr, — l“’
« Connected by the H field . Layer 1 P SR ST 0 L] n @
.‘.‘ HB‘)‘ E I3
between them ' ..',Spacing H., ET:(pSli "a,
) . Layer 2 b @, .o, ‘© | h,
Faraday’s Law and Field . ® N E
. . w 2=
Continuity r
_dPp, _ ddp 0 A T > A
Fud =g Eedm =g Spergbewen
dPr, _dPp,  dP, CHw TR T Ha
dt  dt dt — — ]
Zs; - Za2 Zo =
Flux Linking Two Layers: er “| 1%,
An additional KVL equation KVL =il A
v, v, v, <> e
jopoaHgiy = g Erz——5 tEm Wt AR
— L J -
Q . E— Y Layer port 1 Layer port 2
\ A/m V/m y Circuit Domain <=» Electromagnetic Domain
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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 12



- - - . _H PRINCETON
Modeling Electrical Interconnects (Vias) 'UNIVERSITY

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
Vi+Vj=Va Ii_Ij_Ia — _>-<ﬁ>- , L.-
+ Vi Me | ayeri |
V=V =V, I + I =1 — :
Windinga V, ( mi: | gz o
v T .5"5. ! Layerj |- @
: R mil | H
Series Winding ; P
Layers PO Wbk | .
+ Vi 'EHE' | Layer k — 5
. | I QGJ)
windingb V, M1 | EZZZZzZzzzd ©
Parallel v "=
LayerS Parallel m:l |
I
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 ‘[ — P Layer3 Laye” s
— — Layer 4 mL |
——— — T e e : T
T s LI |t | .
Side air gap center air gap Side air gap Winding b Vs ' "”""”" @
Lay
\ 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
N || |
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 : Eéﬁ':g:izleetrrlgaved -I ’;‘;fﬁ\ Alternatlng
O FEM, Alternating /1
. O FEM, Symmetric Tl : / \ 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 !!!

15
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Multi-Input Multi-Output Power Electronics Systems

,
<
i
iy
’,,a
s | ch
| §
A
el
- v

.
i
Battery Banks Server Racks Solar Farms
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Power Management for Storage Servers 'UNIVERSITY

, II I/I l Ik | “Rt\k N

Magnetics Design » Circuit Topology

agnetic Core

» System Integration
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A Conventional Dc-Dc Approach UNIVERSITY

Hard Drive Data Storage Server

HDD 1.1 HDD 1.2 HDD 1.3 HDD 1.4 HDD 1.M
L"J L"A K‘A ﬂ'A L"A
HDD 2.1 HDD 2.2 HDD 2.3 HDD 2.4 HDD 2.M
L"J ﬂ"A L‘"A ;4‘ L’A
HDD 3.1 HDD 3.2 HDD 3.3 HDD 3.4 HDD 3.M
L FOler OBNOBROBO® .0
Processing 4 o o \ed \o”
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Differential Power Processing

DC Bus
HDD 1.1 HDD 1.2| HDD 1.3 HDD 1.M T [-)PPCOI]V(-%I‘t-eI' 5OV
Domain 1 » e Q Q cen Q : JE{] E
A A A A Y
| — |
HDD 2.1 HDD 2.2| HDD 2.3 HDD 2.M | 45\
Domain 2 » e e e .o d E J#} <=n) :
A A A | . .
P Differential

| Power

HDD 31| HDD 3.2 HDD 3.3] HDD 3.M ; | p . . 4OV
' ! rocessing | |
Domain 3 «od ; :
] I i

- .
- -

. | 5V

HDD N.1| HDD N.2| HDD N.3[ HDD N.M b ;
DomainN» QEOEOEIONIE: i
A Y A A A | : :

| T ;
|

|
Horizontal RAID Vertical RAID G N D

<10% Differential Power

GND
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Existing DPP Solutions 'UNIVERSITY

DPP with a buffer port Ladder DPP
_DC Bus DC Bus
| o I
Load 1 J;—"—g é_”_EL Load 1 _I%—"—g
' K R J
Load 2 J;_“_.é g—”_EL 1 é—"_g Load 2 J;_"_g
— ST L
Loatd 3 J;_"_é é_"_EL é_"_EL Loa%d 3
i Jj. el i _I'J. i
Load n J;_"_é ” é_"_E‘— Load n _a—n—% H
v v v

« E. Candan, P.S. Shenoy and R. C. N. Pilawa-Podgurski, “A Series-Stacked Power Delivery
Architecture with Isolated DifferentialPower Conversion for Data Centers,” TPEL 2016.

* H. Schmidt and C. Siedle, “The charge equalizer-a new system to extend battery lifetime in
photovoltaic systems, UPS and electricvehicles,” INTELEC 1993.
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Fully-Coupled DPP Architecture & UNIVERSITY

Length:I 40 mm

DC Bus
* Q PRINCETON
—l|': POWERLAB _ ‘
Load 1 i L
——
—
Load 2 _,.':—I : ——
—,El | -2%3 § — 35 mm
— .
JH i \ . =]
Load 3 T - I L
1 ‘-JI'"“ ol _ i - ®
E E Power & Signal \ #5
t A Connector  py \10S  Blocking Cap
Load n :—I -
-

Height:
Series = 7 56 mm

Inductor

* P. Wang, M. Chen et al., “A 99.7% Efficient 300 W Hard Disk Drive Storage Server with
Multiport Ac-Coupled Differential Power Processing (MAC-DPP) Architecture,” ECCE 2019

21
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Multiwinding Transformer Design

Transformer saturation requirements: maximum volt-seconds per turn

—

S gt V1 A
C - Iq)i m. N, Todt

&, — D, —— t* -
< — e -+ Vz _ d(bz
q)z—q)g( o Iq)z .. NZ_ dt

: < e — - Vieea (®
Dy —Pp : m+ V. do, Ni+1

[ S e

Main Power Board
(4 Layers)

Bottom Cover
(6 Layers)
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Distributed Phase Shift Control
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SYSCLK

@

Load 7

Load 10 |

MAC-DPP
Converter
[y Vi
& o Phase-Shift
! Sl_]'_l Co 1 «——  Control
Squj g
L V,
& T Phase-Shift
SQ_|'J Cpe E & Control
1
. 1
quj 31!
H. Vs
& T Phase-Shift
MJ Cuos E +«%2 | Control
3 i
SLI;:Ij g1
P Va
& ! > Phase-Shift
S4_|'—| Cos E «—2* 1 Control
1
3 |
sgqj g
H.! Vs
& [ Phase-Shift
Ss_['_l Cos t+«—— Control
I—' ]
Ss' g :
_|;q 1
LV
& [ Phase-Shift
Sb_,'—l Ce ! «—f | Control
i I——| . !
| SR é 5
: ISRz
(S [ Phase-Shift
S-,_l'J Cor 1+«—_—  Control
1
SLI;qi %
0 Vlll
° & —*| Phase-Shift
SMJ Coio E 4& Control
Suw'} ! ¥ % 1 : J
Distributed
________________________ phase-shift
v control

Phase shift determines the power flow

A

I

Vi/Ny : :
R BIRE ‘
V2/N, i >
$3 i | = o ‘
Ve/Ns § [ R
: ] - L t

N P P

I ! 1 1 |

IR
N/ T 0N t

Block diagram of the distributed control

Disturbance
Gs i q)i
Vkiref |~ @A: k“
—®—+ Gpr_k 7 Grpr x %
Hy

Minjie Chen - Princeton University
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Complete HDD Storage System 'UNIVERSITY

Standard SATA

¥ S 5 P &0 B0
VLLNU VL D LLLL - LI IE = =
£a. 5 ‘\\\‘\‘ — |‘||||I|' - ””,III,IL ///// [ | GND  ————— ~ GND
- . - - L I
s St sl (M otherBoard § ERl R
oy ) oy . ‘ - 0 wy -
- / ~ = <| GND = <|GND
A o A- n" ™ A-
g ~f A+ g o A+
< —| GND <« ~| GND
2 wn
) &0
= Isolated SATA =
= |~ GND = g~ enD
o w B_ _I I—— 2 v B-
.E < GND = <| GND
A & == ofl 2N
: : =N A+ | | -e— =l A+
: g < —| GND < —| GND
AALLLLR LR T w 0
vl || Py ||| | i MotherBoard
¥ - :- ot Py ; : 50V
,/ L 2 -_ ? —I— (1) Isclated SATA III
HDD Arra / Capacit; @) Standard SATA III
. 3F . Ve IS()]‘. .
kA \',& CrystalDiskMark V6
E NO Cohnnon G @ p—
. x10 foung

;'4
% (I \»

(2 G
common

Reading/Writing Test
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Performance of the DPP Architecture
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T T . T T 100 . ‘ ‘
100 %—MAC-DPP
— 09 - Efficiency: 99.77%; |
X 99.8 Power Density: 7T00W /in®
> o8 | 4
o 99.6 Higher Efficiency
g =5 Ports to 5 Ports o7 — _
& 99.4 1 =G Ports to 4 Ports =~ &
= =T Ports to 3 Ports § 96 | . S o |
8 Ports to 2 Ports — e
qE; 99.2| =9 Ports to 1 Port g} Delta-E54S8J \\
< % 95 N i
% QO — = = — — e ———————— - Murata-DBE \\
£ o4r \ 1
e Higher Densit
88, 2.5 5 7.5 10 12.513.5 15 - R S Ny ’
. . . . 93 \ .
o Art Embedded-AVO100
Total Differential Power Ratio [%)] rresyn Rbacde \\’
92| o— Bel Power-xRSB \ -
100 :
96.5 % o1l e ¢ MURATA-ULS \ |
S ABB- I \
-;- 00 Hammerhead | VlcorI DCM3623 |
g 90 - 0 200 400 600 800 1000 1200
@ .
S Power Density [W /in?]
E 85 L
=
> =5 Ports to 5 Ports Su mm ary
+ 80 |=—6 Ports to 4 Ports .. .
5 ——7 Ports to 3 Ports * Multiwinding transformer enables
= 8 Ports to 2 Ports .
S ™ —9Pots to 1 Port ] ultra high performance DPP
114 °C @ 110 CFM . .
0 - - - - ; « DPP architecture fits well to large
5
Output Power [W] scale modular systems
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MIMO Reconfigurable Energy Router

0—O0— Ly Li 0O
T Cell-1 . C Cell-5 | T+ s
Virl  nv Cy & v BVi
~ —— || —
Eg: Null N, —(O—
_C
T | Cell-2 . C Cell-6 | T
Vi vV v 1%
oo — I— — =t np ..
—O— (2 LV Cells in 1 PCB) Connector Motherboard
O—0— P
+ | Cell-3 . .
Vi oV .
o — .
—0— _ o
It Cell-4 "UD'O‘% gw_ Cell-12 ;l‘
/o vV | | LV 0
ol—o— —il I— kS o

Series-Parallel Reconfigurable

* Y. Chen, M. Chen et al., “LEGO-MIMO Architecture: A Universal Multi-Input Multi-Output (MIMO)
Power Converter with Linear Extendable Group Operated (LEGO) Power Bricks,” ECCE19.
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Lumped Circuit Model for Magnetics
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O Multiple winding coupled to a single flux linkage

Winding 2

Vias —,

= Layer 1

Layer 2

Y Layer 3

Layer 4

electrical circuit model

ntl oo ot oot it

E ¥ ¥ ¥

O Multiple windings coupled to multiple flux linkages ‘ inverse

1]

0

L))

Minjie Chen - Princeton University

reluctance circuit model

RL1§ RLé RLxé RLyé RLm-1§ RLmé

ol oflee ot . 2.
OO O Q O O

N]il N2i2 Ny.ly Nm_lim_l N}nim
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Circuit Models for Coupled Magnetics
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Physical Structure

Reluctance Model

4
bl [ N ]
- ey -1 C
P — =
d
£ 3 Y
l l l Wout
V1 Vx W3 WVxd
Multiwinding Transformer Model Inductance Matrix Model
L*u Vi . 7
o [ U Lo
Ll o — N YN YN + —
| M-1 i i 1 i Las
C FWY‘]L*U ( C * V2  Lsg ]
Va L S . L (2
— vyl —Y Y Y Y ° Y YM
+ Lt M i 1 e 1 e + e —
V‘f_l ( ( fm L*ar ( I — ' ™ L]\D L.\I ' _.
o—— YV M| UM-1 LS:Y'Y'Y{ M| =
+ ' " i M N b —
( C ( Lo + Ly
VM L* L
° NN (VR § . v
T 1 1 i 1 M-1 o S Y ]
(M-1):15:1 1:{M-1):...01 Ie..:(M-1):1 Ir.:1:(M-1) + -
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Permeance Model & Reluctance Model

Reluctance Model

£id ol E

. Le=1/Rc
« Simple e
° I ntu |t|Ve L= Li:= L= Li,— Liwi= Lim=
. /Ry 1/Ri: 1/Rux 1/Riy  1/Rim:  1/Ri.
* No coupled inductors o
« Explicit design equations ; ~ . ';'_@"{: .
« Capability of capturing coreloss M™M= M2 %M 2 M=*
;If ;_,f it i) ] Lid
Vi + Va F Vi F vy “ Vet - F Vi -
* D. Zhou and M. Chen, “Permeance Model for Multiphase
Coupled Inductor, COMPEL 2020, submitted.
Minjie Chen - Princeton University 29
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¥ 3 + + x
O O O 1 O OO
Nuia A Ng. 1y Nino1hina Nidi

Advantage of the Permeance Model

«)

Permeance Model

PRINCETON
UNIVERSITY

Le=1/Re
‘AR RN

L= Lia= Li.= LL_'.': Lima= Lin=

1/Ri; 1/Riz 1/Rix 1/Rty  1/Riwi  1/Riwm

] lb---m--q - - - - [
Toelun] Teluud Tle ""-.::] T;.MA.F-_',.M-
E.TTT '__q-'\"\"\"‘ "?:. :;_':.j ?_'E.?EE'
i ?" 'I.:; ? | : hf i.:-'*' i:rr-]'? in ? .

vy - F va - (S F vy - F V-1 - F Vi -

Permeance Model with Core Loss
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Permeance Model for SPICE Simulation UNIVERSITY

500 nH

Yy

500 nH 500 nH 500 nH

("’) . + Vi - + Vz - + Vi - + Vi -
— »

Minjie Chen - Princeton University D. Zhou et al., “Rerzneance Model for Prggrammable Multiphase 3 ()
Coupled Magnetics”, COMPEL20, submitted



Hybrid Converter with Coupled Magnetics
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2:1 SC Unit

_»Veus

4-phase Buck Unit

o

|

Qsz_]E]} Quy
2

8v

45@0345} o

QH{%} QH{EI} QH-«JEI}
Ly

Szsa Ly
&25a L;

p—rrr
254 Ly

e
Sa254

QL QL?‘EI} QUJﬁ}

3.76 inch

48U~-1,5VU,300A LEGO-PoL Architecture

lTOOA

.(_4“ “se m

1.3 inch

L
) v
48V oLl L ‘”{3 R
| iin
48v(F Cla_ (O] Lg J_1.5V
8V (D) 16v Q4J c 8v & zsA Ly :I:
2] - = L
— 1 B © @N&zsA = Customized Core 3-D Printed Windings
v | Qszb Qs‘?5 Qs Qs Qr Q'—“JEI} 1 0 5V
............ L 9 1
r !
Qg L?H10Jﬁl3 QHTLEI} QH12JEI} TTOOA
t 254 Lo
8V @4 | Ly
(254 Lz «
_ S ¢ J. Baek, et al., “LEGO-PoL: A 93.1% 54V-1.5V 300A

Q1o

Q.1 TJEI} Q. 12Jﬁ}

MergedTwo-Stage Hybrid Converter with a Linear
Extendable Group Operated Point-of-Load (LEGO-
PoL) Architecture,” COMPEL 2019.

Minjie Chen - Princeton University
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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|

\ S| Multiwinding [ \— /

r YeumW Magnetics T 2
! DC/AC || Z I :[AC/DC I1

\ J J . v y

[ DC/AC ] [ DC{AC ] Connection
| Link

it : "
—_ * T
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A Magnetic Memory in 1960s

« A 32 x 32 core memory storing 1024 bits of data
» |Instead of processing information, we process energy

Minjie Chen - Princeton University 33
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Summary UNIVERSITY

U Exciting Opportunities for Power Electronics & Magnetics

Information Processing Energy Processing
@ 10-Port MAC-DPP @ maom  [BEENCERY

g . W e, !
B ¢ HBaes

MARTRIAIRIATAI R Mo

-
-
°
B
a|®
B
-
-
3|®
-
-
.
3|®
.

o

32 x 32 Magnetic Memory 10-Port MIMO Power Converter
More topologies and designs to be investigated!

34
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