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» Basic concepts and classical design

» High frequency effects

» Modeling review

» Advanced design and optimization process
» Application to converters

» Summary of design guidelines
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_Basic concepts

» Main applications of Magnetic components:

v'Galvanic isolation

v'/Adjust voltage levels

v'Filters

v'Resonant inductors

v'"Measurement for feedback and protections

v'Pulse transformers
V...

.. but basically, they produce:
e ENERGY TRANSFER
« ENERGY STORAGE
.. and unfortunately, also LOSSES



basSIC concepts Magnetic components

Transformer i

2%2Xa)

A N

» Core: » Windings:
v Flux: Energy link v Electrical terminals
v Non-linearity and hysteresis v Losses
v Losses: x DC losses
x Hysteresis x AC losses
x eddy currents v Winding strategy affects

x residual strongly to performance



cores verinicions (1

PERMEABILITY B =uH

B A
Permeability = Slope
NOT LINEAR

"H

~ 1 length
~ u Area




cores verinicions (1

e S

EXAMPLE: POT CORE

:I\)<
Q

AN |
" C,’ e~ C2 ° " C, L. depends on the “microgap”
5 | 5 | (2.5 um) due to the

C, = ;Xmm‘l C, = leﬁmm“” mechanization procedure



basIC concepts Types of cores and windings

CORES
Shapes Materials
RM, POT, EE, El, PQ, TOROID... 3F3, 3C85, 3C90, N67, N47...
M Effective values M Core losses
M Magnetic coupling M Reluctance and conductivity
M Thermal management M Maximum flux density
WINDINGS
0e ——
8: ] e m— Interleaving techniques can be applied
8: e In both strategies
Top down

Concentric



DadsSIC CONCEPLS Inducto
/y —_—

i — /, ; U+ Reore
Ulj{ By O ON-1 | 3w,
R

Some flux “leaks”, that affects to EMI, not to L

Duality principle

Electric Magnetic

Main relationships
A A D
N
At At




Basic concepts Transformer

4\ A LI,
l{ = } 7l H C Uo NibO S, B2 ON,LOU,
/
» ldeal » Real Transformer:
Transformer: v Common Energy:
d¢ u u U o
¢ n n _""_n_p b = 5, in any winding
n,-i,=n,-i, Zni:cD-SR

v’ Self energy

1
No Energy Storage ! v Conductor losses

NoO Losses !

Note difference between
“transferred energy” and “stored energy”



Inductors Calculation of the required inductance

T

t

3
>

At

U = Voltage applied to the inductor during At



HIUUCL Ul o

QC/CCL/UINT U6 CUIC arnd Coriauc Lor o

CONDUCTOR™

O

CONDUCTOR AREL

Depends on the application (see data books)

Depends on the power (see data books)

[‘

Depends on the frequency (see data books)

Depends on the frequency (skin depth)

Solid wire: low frequency

Litz wire and foils: hlgh frequency

Depends on the required copper losses.
The maximum current density should be
fixed with the conductor area




HIGuUCL LUl o caircaiadiorn or orie rnarrioer or Lariris

The number of turns should be calculated in order to keep

flux density under the saturation value

A AD .
g LAi=N-A - 4B
LAt N At > © >
> L N-A -B > N Ll
Imax: ) e' max =
Ae'Bmax

This procedure guarantees that
the inductor will not be saturated



IHNAaucCtors careaiadior! or e Lokdl reruciddaricée

L=—=N>""A > R =

\ L

» R, Is the total reluctance of the magnetic circuit.

» This reluctance should be achieved using:
v’ Ferrite core + air gap

v' A material with distributed gap (low permeability) like iron
powder

N2
W



IMAauUcCtlors

mT — ERferrite + 9%air

caircuiadioli vr uric ailr yap 1crigyiri

1.gap

lgap/2 1

= . e-|—
Holle Ae 1, A

(ferrite without gap)




Hallslvulllict o 2c/ecLiorn or core ariad coriauceors

CORESFIAPE Depends on the application (see data books)

Depends on the power (see data books)

)
J.

CORE MATERIAL

Depends on the frequency (see data books)

2y COl!D”C'FOR 'WPE Depends on the frequency (skin depth)

Solid wire: low frequency

L|tz or f0|Is wire: hlgh frequency

— S —— In transformers:
— - oo o Copper losses = Core losses




1 ranstormers INUmecr or Lariis

Number of turns calculated to keep
maximum flux density or core losses
under an appropriate value

AD AB Ut

e T m N AT T e
N, N,
a=—=N, =—
N, ° a



Hallslvulllict o Lmag aridd 105565 cadiculadliori

P=R-I?

|
R=p—
pS

Losses in core and copper should be equal




pesign proceaure

Inductors | Transformers

R O O R O R

Core and
conductors
selection

Core and
conductors
selection

Bigger Smaller
core and core and
conductor conducto

area area

Copper losses |

Losses
calculation
OK?

‘ Copper < col

Copper > core



Inductor Transformer

Keeping L constant l
)

Keeplng n1/n2 constant |

B e B B B B A D D B B B E B E D U BB BB

Increasing Increasing
Core Size Core Size

1 Number of turns 1 Number of turns
1 Air gap 1 Copper losses
1 Copper losses l L mag

I Core losses I Core losses



High Frequency effects

Skin
Proximity
Gap
Interleaving




SKIN errect

150kHz

g

Shaded drawing Lined drawing

Skin depth
1

- \/ZﬂfﬂOG

At high frequency, current tends to flow through the surface




Froximity effect

/ Opposite currents \ / \

Parallel currents

v' Opposite currents tend to flow together
v Parallel currents tend to separate




Gap elrrect

Fringing flux Current density distribution

Fringing flux affects to conduction losses



Interieaving

IJ\J FERWINDING

INTTRAWINDING
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current sneet
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Current sheet with same equivalent resistance



Interleaving Current density and Magnetic Field




Interieaving

Reduction of the AC resistance
CURRENT DENSITY (J)

EHE EHE

I E

AEEHE F HETEHE

s .
B o

1
5 1

=LIINAHE - e el
1

J distribution improves



Interieavin

Reduction of the leakage inductance

MAGNETIC FIELD. (H)

a0
\_ 0 £
-1l
-z L e L"T!
o 1 i ! 1 B

H distribution improves




Interieaving Current layers
A

P[P |]s P l[s|[p ;
® ® [® 7 © ®® to@ /| ZONE |

R

t1l
to @ ZONE I

Ny

tl

t0

" @ / ZONE I

=




Interieaving Current layers
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interieaving ~orwdra Lesit
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interieavirl ~orwdra test

Z12s)

o Voltage spikes due to
ol % leakage inductance
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interieaving comparison or winaing strateqgies

Symmetry axis
Rl BN ik

' YoX XoX O Primary (60 turns)
00000 @200kHz | @200kHz
0.39mm . 00000
] 0000 RM10 1 1.1 1.4
- N [ JOX NOX ) 3F3 . .
@ O~ecece 2a | 15 1.9
0.01mm oce . .
2b 1.6 2.0
20 turns per layer 3 20 28
4a 2.4 3.5
! Symmetry axis ! Symmetry axis ! Symmetry axis ! Symmetry axis ! Symmetry axis 4 b 2 . 5 3 . 6
Hljl]lH:lllell:lei.j.[Hlell
: : 2 0 5a 2.8 4.2
0.2 \ \ OZ \ 1? \ 1‘,‘15 \ Dvi \
o.i oi . —~ ovz 05 N /0 12 5b 2.8 4.3
k 15 05 \\— Oj 25 \
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comparison or winaing strategqgies

interieavin
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interieavin

Frequency Current density (J) Magnetic Field (H
(Hz) Without interleaving With interleaving Without interleaving With interleaving
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Orficial Outline

vir. besigner outiine

» Basic concepts

» High frequency
effects

» Modeling

» Advanced design

» Application
to converters

Mr Designer
at UPM lab

Mr Designer
learns to
design

| 73
Mr Designer
has a problem

‘37"
Mr Designer >
finds a solution

Mr Designer
can use It !

;2&
z
Mr Designer %

succeeds !



vwvnal IS the real aimension ot iMiodeling...”?

Do I make Do I need a model...

simulations?

..0r just design

guidelines?

bo 1 trust Others or MY OWN
them? ; i
design guidelines?
if not, are magnetic I need MY OWN
component models QUANTIFICATION!

the reason?

A



vvnatl IS the real aimension oOf1 I\/Iodellng...?

How many
modeling works
have | read?

How many
of them ...tool to obtain
am | using? MY OWN

design guidelines

Do | wish to
IMPLEMENT,
or just USE them? ...gate to

simulation




Modeling Review

Basic concepts
Analytical (1D effects)
FEA tools (2D/3D effects)




pasiC concepils

Accurate model of

/’ the magnetlc component

Tool to obtain
design guidelines

Tool to
simulate

Accurate electrical
waveforms

/

Detailed design:
» Stresses
* Losses
» Size
 Reliability

EMI/EMC Coupling with loops

of the lay-out

calculation

fae v




pasiC concepils

\\\\II

//,/
z

_ To obtain an accurate model, physical
*  efffects must be deeply analyzed

Magnetic fields Frequency
BISjiglelilife]sl Electric fields depend Waveform
of Current SigelileI\VA 1l (harmonic content, SMPS

Voltage Geometry & Materials

: 1D problem: Analytical
e equatlons< 2D/3D problem: FEA tool

Non linear problem Windings are linear!!



pasiC concepils
CLASSICAL MODEL

O Frequency and geometry effects neglected
(only for sinusoidal waveforms)

O Measurement needed to calculate parameters

O Dimensional effects neglected

OTHER APPROACHES

O Analytical approaches in simple cases or using rough
aproximations
O FEA is used do “see” the fields but no model is usually generated



BasIC concep_)ts

Main effects to be modeled

Non sinusoidal N
analysis capabilities |

N AC resistance

e,

>

T > ) -
N " I/‘ AC inductance
—— f . Leakag \ Wlndlng Strategy
AN _|7 influence

e f
. o
Gap effect a \...
End effects

N
\N“
i T ) gwﬂb\\\
N““'ﬂvw =

- Conductor type \
Hysteresis

\‘*\m..,mm “ M}M in the core
\th Qe . ’&,
% . /

PR




baSIC conceplts

Physical
effects

Typically
known as:

Skin
Proximity
Gap effects /
End effects 4"

Leakage inductance |
+
AC resistance
+
.~ parasitic
s ltances

Produce

Energy storage |
(electric+magnetic)/
and
losses




viodeling Frocedure

Modeling strategy

lmllmllmllmllmllmllmllmllmllﬂllﬂllﬂllﬂld%

» Use commercial models for
the core

> Develop accurate models for
the windings. using Finite
Element Analysis (FEA) tool
V% Frequency effects| or analytical expressions

ACCURATE MODEL | ~2D/3D effects| » Combine the core model and

the winding model

Any Waveformﬁ

Avoid redesigns:
save time and money



viodeling Froceaure

A[CLASSICAL PROCEDURE] [ PROPOSED PROCEDURE]

Component
Actual Description

Component

Measuremen
Equipment

1 Héﬁ Classical
I 5 ? Model

O No actual magnetic component is built until expected
performance is obtained

Analytical

O Influence of the winding strategy can be tested



viodaeling proceaure

GOALS to model windings:

Q Energy and losses in the windings are the main goals

Q Core properties that affect to windings are considered

O Energy |n the core |s also calculated




1

esS Oof riux aistripution

o
o
. lanar or

concentric o concentric P

o
twisted lanar or

and top/down P PCB

parallel

3D

a\ |
J toroid




Basic features of the models

(S

(Freq. effects)

1D MODEL 2D/3D MODEL
Flux & Field
Distribution 1D effects 2D/3D effects

Most concentric

] An
Geometries and top-down 4
Capacitive Theoretical FEA solver
effects (interlayer)
Generation FEA solver
time Instantaneous

(2-3 hours)




1D modadel Teatures

Very useful to model 1D winding strategies

000000
v

ANERETRE Disadvantages

» Fast model generation » 2D effects neglected
» Easy to implement (gap, end...)

» Frequency effects are taken » Only valid in 1D winding
into account strategies



1D model description

Maxwell equations (1D) Transmission line equations
E M 4 _.A
X A x - a
< >
Zn _ ad =R-iI+L
& TR 2 2
N\ N

(@]

I

IS

o

—

I
oo
Py

I
= |Q

i—

| lEIE
1
|||—||—|

Based on the analogy between transmission line and
Maxwell equations for 1D



1D model description
; |

Hh



Magnetic Components Modeling (2D/3D model)

» Use FEA to compute the magnetic and electric behavior

A L R
Magneti >
FEA tool agnetic Frequency
2D or 3D component behavior
model

guantification

Magnetic and
electric
energies

[Frequency and geometry effects in the windings are taken into account)




Magnetic Components Modeling (2D/3D model)

Geometry and frequency effects
x Gap effect

x End effect

x Skin effect

x Proximity effect

v 3D Effects
x Effect of the connections
x Toroids

Dimensional effects for any structure
are only taken into account by FEA



Finite eElement Analysis (FEA) Solver

-0 |

0 |

Magnetic Field

Insight in any physical quantity




VMlagnetic Components Modeling (2D/3D model

» Energy In the core

A A S S b S S S 8 S

» Enerqy in the air
@ Common energy |

Self energy

@ » Energy In the windings

» Losses in each winding

Seﬁlosses




VMlagnetic Components Modeling (2D/3D model

Zyp (S) i, Z1 (5)iy

—  Zi11(s) _O+ +O_ 222 () I~

W1 W2




Magnetic Components Modeling (2D/3D model)

»Zyp L2

— 2 T
v’ losses and energy due to
—1Z,,(s) | +- Z,,(S)— 3 I, ORI,
CoT w1l W2 INDEPENDENTLY
> 4 .
IIC1A >ZJZ.
N v’ losses and energy due to
|, AND 1,
SIMULTANEOUSLY
UPM windings wE C.S
» Geometry and frequency effects Z(s) = CotCsST % S+C, ,
taken into account
» Distributed model NPF
: Czla)
v Coupled inductors R(a)) C,+ Z
v' Multiwinding transformers i=1 a) +Cz.

_ NPE |Cf)
Commercial core model X(w) = ol(w) = {C +Zw ic }
i=1 2i—



Winding modeling using FEA

TN

TEST 1 N TEST 2
I Z“(S) Z??(S) 3
® O \W1 \W?2 oX )
®0 5 A o )
o0 o6
@0 |, LINEAR PROBLEM! oel,
0 Superposition theorem applies ce
for CURRENT, but not for LOSSES
FEA losses Model losses
1 ) - \ /
—JeJ dv=
o _ 2 2
L L P=RI +RI,+2R,II,
(J +J,)(J, + J;) dv
(1255 v
il 1] [RE R — (N N > [RI2
o
- ® J (O " = rrrrrrrninninnsnnnasbannnns 2
<+..GJ2 J, AV e > RI,
-1 - . -
+| ._(31°J2+Jz'31)dV ............................ ~ kZRlzlllz
"o /L




Winding modeling using FEA

N

= TEST1 — TEST2 —
I Z“(S) Z??(S) 3 B
® O W1 \W2 OX ) 2
@O 5 A O®
5188 3 || 5
H 0 LINEAR PROBLEM!! oe H
1 [[®° Superposition theorem applies e
for CURRENT, but not for ENERG
FEA magnetic energy Model magnetic energy
e ) \
E=—[[[BeH av
2 = L2+ S LI2+ L, |
1 _ _ _. _. 2 1°1 2 2°2 12°1 "2
:EJII(Bl+BZ).(H1 +H,) dv
(1 epr - -, ,
=5 |BeH v i s =%|—1|12
Lepfs oo
%4_5”. BZ'HZdV ..................................................... > <+%L2|22
Leer = =2 = —ee b, ,
N +3 (Bl-H2+BZ-H1)dv/ _ + Lol 1 y




FIOpPpOSCU Capaclilive IMoOoucios
two winding transformer)

N | 510

Voff a Voff

LEVEL 1 LEVEL 2

AL T
-:vml-T- Tlvoz T 1 Jm‘ - l

V/a a 77
LEVEL 3 LEVEL 4

.

L/

=

L



Level 1 Model. Two winding transformer

" L

l 10ff e

=C1 /4
"Coff

7T 0
Voff

FEA Electric Energy

~

%IIJ‘V ([31+[§ff)(éoff+él) dv=

o
|=§mVDEdv=

"% Iﬂgﬁléoff + Boff El) dv

= Iy + Lo + gt

N

Model Electric Energy

\

2
off) prf =

/
|——qv2

——;(cﬁcloﬁ)vh

1
+ (Coff "‘qoff) off —

—qoffvlvoff =
= Iy + Lo + gy

2
CoffVoff + (Vl




Finite element Analysis Procedure 1or Capacitive Efrects

R

ANALYSIS 1 ANALYSIS 2 |

S

nl:n2 nl:n2




Inite element AnalysSiIsS Froceaure 1or Capacitive eClS

ANALYSIS 2 |




Magnetic Components Modeling (2D/3D model)

Interface E

|
Frequency |

Actual
Measurements;

Interface |

BEHAVIORAL
SIMULATOR



VMlagnetic Components Modeling (2D/3D model

Behavioral model developed for multi-winding magnetic components

—)ﬂji ZoAS)lo+Z1AS)l1+Z24S)]
211(5)|1+212(5)|2+215(5)k Zi ) 2 li ) 1 2:‘( ) 3
l1 | WINDING WINDING 15
1 2
| L

WINDING
— 3 =

|3 I -] Z33(S)| 3+Z]_3(S)|1+szs)|2




Magnetic Components Modeling (2D/3D model)

Procedure established for 2D and 3D simulations




Orficial Outline

vir. besigner outiine

» Basic concepts

» High frequency
effects

» Modeling

» Advanced design

» Application
to converters

Mr Designer
at UPM lab

Mr Designer
learns to
design

| ?
Mr Designer
has a problem

‘37"
Mr Designer >
finds a solution

Mr Designer
can use It !

;2&
z
Mr Designer X@“&

succeeds !
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has a problem
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;2&
z
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lest strategy

| Magnetic Components | l Materials I

Z 15(s)
Z11(5) Z5(s)
S 3F3
Transformers T s v
Z14(s)

Inductors



lTest strategy

| Core Shape Comparison l Gap Inclusion

-

Low Profile

A

=Y

| Conductor Types l

Solid Wire Litz Wire Printed Circuit Wire




Ex[:_)erlmental results

TRANSFORMER STUDIED Short circuit test B

Geome tr/c parame ters i SRS

Core shape and SizZe:....ccccceerreirenirrnnerennnenn. ,
(000] =R 11121 (=) 1= o 3F3
Conductors:....... Solid, Imm and 0.5mm diameter
Windings:....cceeeeees Two in five layers (P:P:P:S:S)
TUrns:....ccceeeeeeeeeees Primary: 42; Secondary: 56

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, oy ey
208 . . : | R{UPM-2D)
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s 8 Q2 (AIMHZ) [ e L
> i i : _:":. o

* e e s e P T

ha i v i i

-54 ' : : ¥ 1 1{H)

™| Reactance | | | i o

o | ——— A — ben= oo | M(UPM-1D)
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1
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Ex[:_)erlmental results

TRANSFORMER STUDIED B

Geometric parameters

Core shape and Size:....cccoieeciireeiiircniinnennnns RM14

Core materiali..ccccoreiieiirnicircrr e, 3F3

Conductors:....... Solid, Imm and 0.5mm diameter

Windings:....cceeeeenes Two in five layers (P:S:P:S:P) 00

TUrNS: seeeerererrarnanaas Primary: 42; Secondary: 56 . . .

PITEETE E ETT ER R RRE E e b "5; . . .
Res:stance | e = : =
R{UPM-1D) . . .
UV M. N, . T
1.2 2 (1mHz, e ;

g w — B B 00
2 prep— ®06e
s [ T S SR TN SN S = : =
HI:: I I : : : V) = T{Hz) . . .
Reactance e | o) = : =
MO b R o T e :

800 nH (1mMH:z, L ' —

- ML M . Y - 00
M.-:::'T.-?.-é .......... ........... ; _'___ .............
:.-.u 1D transformer

-Inl.:‘“!!.ﬂ Iﬂ‘lﬂ.{l EMIHI.I] JOOHHHLD -‘IIEIHILI] ﬁﬂﬂlﬂl.ﬂ- J'DI]'[IHJE.D 1meg With interleaVing



—Xperimental resuits

TRANSFORMER STUDIED
Geometric parameters

ConductorsS: .cveverararns

Turns:..............

»—— [Resistance |

RM12
3F3.
Solid, 0.75mm diameter
windings:........... Three in three layers (P:S:T)
Primary: 17; Secondary: 17
Terciary: 17

B A e A e G S R I e

Short circuit test

(V3= TiHE)

"1 0.6 2 (1MHz) H, 3
E 08 : [t e e
R OO S B2 ot :

1 ]
1 ’ 1 1 .
DUID b = === = o
] ]

Ri madeled)

A{maasurad)

BEs -

() = TiHz)

Reactance

48 7
amg----

FS By I

¥

————

i ] b
[T e A e e T
1 a
] [

2'p _*':.'_.-.'
ol
I

ol |

-
.

e e
-

| imodetid )

pleniilii] AL U]

Tmeg

1D transformer



Exgerlmental resuits

P

TRANSFORMER STUDIED _ _
Geometric parameters Short circuit test

Core materiali..cccoeecirmiimiincireiceeenens 3F3
Conductors: .ccceeverennins Solid, 0.7mm diameter
WindingS:...oeeeurireennnn, Two in one layers (P:S)
Turns:.....ccceeveveeeen, Primary: 8; Secondary: 8
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CXPErimerntal resuits
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TRANSFORMER STUDIED

0.

i e

0.0

Short circuit test :;Z

Geometric parameters

Core materiali..cccoeeeirmiimiiecirei s 3F3
Conductors: ccecvreerenrnnne Solid, 0.7mm diameter
WindingS:...ceeeuirrennns Two in one layers (P:S)
Turns:......ccoeeveeeeeee Primary: 8; Secondary: 8

o e

Lisiawil 0.5 Q amrg et sssicni o

- Resistance — 5
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Reactance
150 nH (1MHz)
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Exgerlmental results

i
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¥l

TRANSFORMER STUDIED

30

N e
e

-2l

10,0
TEYy -
L R
25

D-l] -

-l 7

oo 150000 2000009 T —— iy 2D transformer

Geometric parameters Short circuit test

Core shape and Size:....ccccovrremcirrreennnnnn RM12 |
Core materiali ereeeeeererrerereessssssnnnnns 3F3 |
Conductors: .....cceee.. Solid, 0.7mm diameter
"7 1o [ s SEa e Two in two layers
Turns:......ccceeuee. Primary: 17; Secondary: 17 |

(V) = T(Hz)

&0 “"""""""E"

Resistance ' E S
0.8 2 (IMHz) "'1;'-------2---------..-:,..____.__:_,-_-_-_-;._______ Rivmeasiresd }
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therlmental results

TRANSFORMER STUDIED

g
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1
]

o
o0 .-----,------,--,I----I

-Z0a -
150
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Geometric parameters

ConduCtors: .eueene.. Solid, 0.7mm diameter
WiNdingS:..eeeereeesssesseessnnsanns Two in two layers
Turns: ... Primary: 17; Secondary: 17

Resistance : b
12 Q (1MHz) : i

R (T~ _—

= '

ohm ; A{Hr)
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Short circuit test

2D transformer



Eerrlmental resulits

TRANSFORMER STUDIED Open circuit test
Geometric parameters S S S B B S S B S

Core shape and size................. custom made iy
Core materialic.cccereeeererrresrererererenenranss 3F3 —
. . 55—
Conductors:............. foils, 70 um thick O
WiNAiNGS:eeeersseersseerssesssaeaens Two in 11 layers —_—
Turns:............ Primary: 5; Secondary: 11 e ——
]
e 5 O 5 G S R e L::’ =
v e —————
o R (cAYAY tance yd ]
-~ 55—
e 22 0 (IMHz) O
. e

1.y = atan ¢ 1§H2)

o Reactance e
§ il 30pH (MHz)

na T T T T 1
Rl E R ReC LI CUE 1 L LU ] ELUCL e LU PO [ | P
L]



Eerrlmental results

TRANSFORMER STUDIED Short circuit test
Geometric parameters 5555 5 8 5 S S S

=
=
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Core shape and size................. custom made iy

(O00] ST 1 4 =1 1= g = | 3F3 —

Conductors:............. foils, 70 pm thick -

WININGS: e eveeeeeereeseeeseeesen Two in 11 layers | s

Turns:............ Primary: 5; Secondary: 11 S
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Eerrlmental results

TRANSFORMER STUDIED Effect of the connections
Geometric parameters

Core shape and size................. custom made
Core materiali..cccoeecireiieiinciri s 3F3
Conductors: ....ccceeeee. foils, 70 pm thick
WindingsS:....ooviiiiinnneennnnnannns Two in 11 layers
Turns:............ Primary: 5; Secondary: 11

O O O S e |
0.2 | M wdrn )

Wiith connections § -
E

0.0

=
R

0.0 e e e SE——

-n.05 b ¢ HILE )
0.06 | W i L - i

" Substracting connections

n.ng

i modeiod )

=002

0.4 T | T T T T
100o00.0 Tahono.n Znnnm.o Joonouo 000D 0 S0DDDD.O TOn00n0.0 I mniesg



using Impedance analyzer instead ot FEA

. Model
MagnltUde — Measurement Phase

120

100 4

80 }

60 +

40 }

20 +

0 } } } } J 0 } } } } }
100 587 1070 1560 2050 2530 3020 Z,5(s) 100 587 1070 1560 2050 2530 3020

Z 14 (s) /\
Frequency (kHz) - Frequency (kHz)

Z 33 (s)
[ Z15(s)

Z 5 (s)

Z23(8)



:‘ummarz ofT magnetlc ComEonent mouellng

ADVANTAGES

» Accurate model for the windings, based on a FEA tool or
analytical expressions

> All high frequency and geometry effects are taken into
account

> Valid for any electrical waveform (not only sinusoidal)

> Valid for both multi-winding transformers and coupled
Inductors

> Valid for behavioral simulator and for electrical simulators

DRAWBACKS

% 1D model is only applicable when field distributions are uni-

dimensional
% FEA solver needed for 2D/3D models
% Model generation time for 2D/3D models



summary ol magnetic component modeling

FEATURES

» Several degrees of accuracy have been established:

/Stage in the design flow of the product
1D model _
depending <TYIOe of magnetic component

2D/3D model — \ Type of test to be performed
Hardware & Software capabilities

» Optimization of design process of magnetic components,
since models are generated from geometry and material
descriptions

» Generate an accurate model from an actual magnetic component

» Check the sensitivity of magnetic components to winding
strategies and material properties



Advanced design
and

optimization process

Sensitivity analysis
Flyback transformer
Low profile iIssues




1S

"
e
®
-
<
=

TV

Sens




Sensitivity analysis

Quantification of the influence of constructive
parameters on the electrical peformance

Interwinding distance

Window height

Airgap

Conductors diameter

Insulator permittivity

Core permeability

Losses

Their whole influence Magnetic energy has to be analyzed
Electric energy




INTluence ot Interwinding distance: on leakage inauctance

TRANSFORMER STUDIED
Geometric parameters
Core shape and size. .......cccceeeeeeeeen RM8
Core material: ..ooveeeiiirinrreeccneeneee 3F3
Conductors: ......... Solid, 0.38mm diameter
AT Gl ] S e e Two
Turns:............ Primary: 20; Secondary: 2

GaAP: crerrrrrrnrr e ——————— 0.1mm

1Simmetry axis

Leakage inductance @ 200kHz

0000000
o
0000000

@ Primary
O Secondary

Leakage inductance (uH)
O R, N W AN OO

0.02 1.02 2.02

Insulator width (mm)



INTluence ot Interwinding distance: on leakage inauctance

TRANSFORMER STUDIED
Geometric parameters

Core shape and Size:....ccccovrreecirrrcennnnnn RM14 ESimmetry axis
Core materiali..ccceecereresreresrerererenresnnranss 3C85 :
ConducCtors: ..coeeveurens Solid, 0.8mm diameter i
Windings:........... Two in three layers (P:P:S) r|® @ O
Turns:.....coeee.. Primary: 40; Secondary: 20 | ® ® O
1 | ®d®d O
I @<—>0—>0
, |®@ @ O
: ® o O
. | ® @ O
Reactance |
250 - E @ Primary
. 200, ' (O Secondary
(&)
§ 150
g 100
[O)
@ 50.
0

100 1400 2700 4000
Frequency (kHz)

B Inductance (d=0.1mm) U Inductance (d=0.7mm)



IHHITITUCIILUT Ul IIILCIVVIIIUIIIU uloLlaliuc .
on AC resistance in concentric structures

TRANSFORMER STUDIED TOTAL RESISTANCE ~ Rtotal(mohm)

4
Geometric parameters - »

3,95

Core shape and Size:...cccceerreercnrrennrennnnes RM10 5o AC + DC INFLUENCE /
COre MALEIIAl  eeeennrrirerrennnnriessrrrennnnssrersnnnn: 3F3 - T /
(0701270 (703 (0] £ TP Foils, 0.75 mm ' /
WiNAINGS: weeeeerernerrreerrsneerssserssseessnesssnsesssnees Two 58
TUINS: wercereraenes Rrimary: 2; Secondary: 1 375 \ *,,__//
Frequency: ............................................. 100kHz 3,7 . . . '

0,1 0,3 0,5 0,7 0,9 1,8

d(mm)

1
:Simmetry axis

- PRIMARY R1(mohm) Lo SECONDARY R2(mohm)
4 ’1,9 »
3 22 T L8 —— AC + DC INFLUENCE £
AC INFLUENCE
2,15 \ 18— //
1,75
N \ 1,7 A//
\\ 1,65 *
2,05 1,6 e
1 ) 1,55 —
1 ® Primary s ) ) . . 15 ) ) ) )
O Secondary 01 0.3 05 0.7 0.9 18 01 0.3 0.5 0.7 0.9 1.8

d(mm) d(mm)

Conductor length must be considered



infridence or interwinaing distance .
on AC resistance In concentric structures

| Simmetry axis

TRANSFORMER STUDIED !
Geometric parameters

Core shape and SiZ€:...ccccccvreercsmmmrrnnnnnn, RM6 d
Core material:......ccccccemeereerreerenenensssssssnnnn, 3F3

ConduCtors: .....cvceeervecneersesneennnn: Foils, 0.2 mm

WiNdingS: coovrrrmmemeeiininirsnsssnn s, Two

LIS L LS ———— Primary: 2; Seconday: 1 i ® Primary

O Secondary

b i

3.6 4 14,55 |
200kHz e RN
e 14,35 |
34 C 125 || Proximity effect
E 115 |
> \ X 1405 \
3,2 ] Length effect 13,95 |
‘ 1385 | Length effect
3,1 " " " " " " " " " { 13.75 ) ¢ ) _ . . . . .
001 01 02 03 04 05 06 07 08 09 1 P oL 0T 0r o o7 o o5 o7 o8 oo
d(mm) d(mm)

For the same structure, the optimum distance
depends on the frequency



inriuence or interwinaing distance .
on AC resistance Iin top-down structures

. Simmetry axis

TRANSFORMER STUDIED

Geometric parameters *
Core shape and Siz€:......ccevseruens RM8/LP d

Core material:.cccecvvevevererererarererarararass 3C85
(©40] 310 [F63 Ho) £ 3 Foils, 0.2mm
Windings: cooeeeesiimmmmaiiimnssinnsseas. Two | _
TUrNS: i Primary: 1; Secondary: 1 ! ® Primary
O Secondary
1.7
T 1654
e
S 16 \.\
< 1.55
S 15 T~
c \
8 1.45
2 14 .
135
Q 13 @500kHz
1.25 f f f
0.02 0.05 0.1 0.4 1

Insulator width (mm)



Influence of interwinding distance :

Cu1 (PF)

50

40

30

20

10

TRANSFORMER STUDIED
Geometric parameters
Core shape and size..................... RM10
Core materialie- eeceereerremresenneansnnnn 3F3
CoNAUCTOrS: merermrarararararararas Foils of 7Qum
L VAT o 173 T 1 Two
Turns:«eeee. Rrimary: 10; Secondary: 5
Electric parameters
Insulator relative permittivity:.--....... 5
Core relative permittivity:----eeeeaeee 1le5
INTRAWINDING CAPACITANCE
\ ™
E
\ )
\\ |
10 100

50
Insulator thickness (8) (um)

O P N W H Ul OON 0O O

PRIMARY ==
SECONDARY
INSULATOR ==

AV

INTERWINDING CAPACITANCE

ol

—

=
o

50 100
Insulator thickness (8) (um)

on electric energy



Influence of interwinding distance on R,, L., and C

|| ] ||‘O_1.

Variation
R=3.97 mQ 4% R=3.78 mQ
Lleak=50.27 nH 81% L leak=9.46 nH

C=42.80 pF 46% C=79.44 pF




nfluence of window hei

nnnj

10.6mm

e :
,Simmetry axis

(IIII

@ Primary
O Secondary

@150kHz

Resistance(mohm)

1,75
1,7
1,65
1,6
1,55
1,5
1,45
1,4
1,35
1,3

ht

CORE SHAPE: POT
CORE MATERIAL: 3C85

—i— R22




INfluence ot winaow neignt

Current distribution in primary winding




InNTfluence of window heighnt

@200kHz

A
]
]

B

]
_
Lleak (nH

A 3.5 3.65 0.72 5.74 1.69
B 6.32 6.33 3.45 5.74 1.71

Flyback resistance is affected (R11,R22)
but not Forward resistance (Rprim) !



iInfluence or the alr gap. on the AC resistance

Fringing flux

Current density
distribution

Fringing flux affects to current distribution
and conduction losses



iInfluence or the alr gap.

on the AC resistance

NColotallL \IHulliii)

100
90

80

70
60
50

40

30
20
10

TRANSFORMER STUDIED

Geometric parameters
Core shape and Size:....cuwerernee. POT 22/13
Core material: -«-croereermrrmrrmrrmrrrererernn 3C85
Conductors:........... Solid, 0.5mm diameter |
WiINdiNgS: «eoeremrmreeresnese e One

—&— Rtotal
—8— Rdc

—A— Rac

4’

@150kHz

2,4

, Simmetry axis

gap

-0.55 mm
(coil former)

L., = constant
v
nl

v
Roc! (length effect)

Fringing flux effect is much more

Important than length effect



Influence or the alr gap. on the AC resistance

1 1 1
| Simmetry axis | Simmetry axis | Simmetry axis
1

H . .

E i : : : ® Rtotal |
® P P . |mRdc L
° ° °
:®; ©: o m Rac

Resistance (mohm)

0.5mm

B C D

000000 d

Configuration

@150kHz

Solid wire
1.5 mm diameter

Fringing flux affects to conduction losses

CORE SHAPE: RM12
CORE MATERIAL:  3F3



Influence ot Insulator |:_)erm|tt|V|tz

TRANSFORMER STUDIED

Geometric parameters

Core shape and Siz€:i...cccovvrrenirrnnnn. RM10
Core materialise-rssessramrrsammranrrsnnnsannnas 3F3
(0701370 (V103 o] ) Foils of 7@um
WiNdingS:ssssssssssnnnnmmmmmmmmmmmmmnnnnnnnnnnnnns Two
TurnS:.eeennn. Primary: 10; Secondary: 5
Insulator thickness.......cccoivrennieens 100um
Electric parameters
Core relative permittivitysi--seseeeeeeees 1le5
INTRAWINDING CAPACITANCE

14

mmm PRIMARY
SECONDARY

o INSULATOR

INTERWINDING CAPACITANCE

Insulator permitivitty ( €)

0.4

4 S
Insulator permitivitty ( &)




imiuciivce Ul vuUlivduc vl o uilalliciLel
on AC resistance and leakage inductance

M TAColotallibt \Viliiy)

TRANSFORMER STUDIED

Geometric parameters o
Core shape and Siz@:.sseerrrssssrrrrssssanennan, RMS ‘
COore Mmaterials e esesesererererararararasasarasasarnras 3F3
CONAUCTEONSzessemrsssanmssssnnssssannssssnnnsssnnnnsnnn Solid ‘
WindingS i seessessrrmmmmmmmnnnnnna e, Two .
TUINS woeeerenenaen, Primary: 20; Secondary: 2C
Winding thickness:. s sseerrsseersssnnennaas, 0.3 mm [ ]

0.49
0.47 .
0.45 |
0.43 |
0.41 |
0.39 |
0.37 |

0.35 .

0.3mm Q3mm

Resistance (ohm) @ 200kHz

1.25 .

1.2 |

1.15.

1.1.
1.05 |

Leakage Inductance (uH)

Inductance (uH) @ 200kHz

>

0.33
Conductor diameter (mm)

0.38 0.28

0.38 0.33 0.28
Conductor diameter (mm)



intfiuence o1 core permeapllit

i T

A short circuit test and open circuit test
do not account for L., and L. if p,,. IS too low

lea

Vg IN main switch

Drzin 10 soarme wollags n & Foreanl with Ressnant Beset Canverter

b

LB

140

LIt

D

LB

B

A 1

20

1Ky

-2

) 1=

High permeability

A~| Low permeability

Better to quantify
leakage energy on
an actual converter

9945w

x T






Electrical Description of Flyback Transformer

ON TIME OFF TIME

. J I

13 ‘\’L
]
CENERGY)

» Design in order tdwéa’ﬂHlFeEéﬁgFﬁ:};

» Gap is usually needed
» Energy storage mainly in the gap
» Current is not flowing in both windings at the same time

.—“—;
AN




cleClrical Sstudy o1 Tiypack topoliogy

Y s

Lieak1

CIRCUIT SIMPLIFICATION

OVERVOLTAGES

-«— .
SWITCH OFF g

%

SWITCH ON

The leakage inductance of any winding has
mfluence on MOSFET and dlode voltaes




electlrical stuay ot 1lyback topolo

L]
E

il
LI ]

lllll

j+
s ' 4 )
- MAIN TARGET
g g Reduced overall
leakage inductance
- J




SLUdy or tne 11elds. leakage iInauctance

ENERGY 1 § ENERGY 2 E

]
e

3

Goal: minimization of this energy

ENERGY 1 - ENERGY 2 =
LEAKAGE ENERGY

L



interieaving In rlyback type transtrormers

AC resistance J

R e R e e

\ ; ) "
A F A F
N ¢ N ¢
d . I
= = = High frequency

— DC




Interleaving In flyback type transformers

Leakage inductance

» Magnetic field distribution
v' Low improvement during on and off states

v' High improvement in the switching times

_ ) ) o _ Without interleaving With interleaving
Without interleaving With interleaving

T S Zone |

off on off on off off on off on off

% Same current distribution
x H field distribution very similar
(small differences in several parts of the window)




Interleaving 1 flyback tyge transtormers

» Energy storage
» Interleaving
v Similar R,

v Similar Energy
In the window ;;3
v Lower L gax

» Energy transfer
» Interleaving
v Lower R,

v' Lower Energy
in the window
v Lower L gax

5 S S R A O T

RECOMMENDED IN BOTH TYPES

* Increase of cross regulation capabilities
* Reduction of size



Low profile issues




LOW EI’OTHe

» The use of planar transformers is growing in the last
years

an
_;v:f? ] @ @
Leakage inductance @& © i A a
Reduction 2 % : z

Perimeter
T T Area

@ AC Resistance
Reduction

E
O
© size Reduction Q) o
@ O
S

wBon Mool
B B R R




LOW proftiie

@Thermal management

@High capacitive effects ERai 2




Farasitic erects

Planar structures vs Traditional structures |

]

Planar transformer Litz wire

Qualitative comparison
/@ (based on actual measurements) Q@
|

Lower §3§ Lower

Higher
capacnance

Ieakage inductance| AC ReS|stance

<Reduction: 1:5> < Reduction: 1:3> < Increase: 2:1 >




cXdalmnpie

Transformer description

Core size: RM10

__PRIMARY: 12 turns
SECONDARY:2 turns: Center tapped (Half-Bridge)

Comparison criteria: maximum current density (7.5A/mm?)

LITZ WIRE PLANAR
Primary: Litz wire (80x0.07 mm) Primary: 0.276 mm?
Secondary: Litz wire (800x0.07 mm) Secondary: 3.08 mm?
2380 nH ——NNnN— 480 nH
360 mQ —N\VN\— 119 mQ
19pF —— 42pF

79% Occupied window area RN 30%




L

ayers separation

CONCENTRIC TRANSFORMERS TOP-DOWN TRANSFORMERS (planar)
] P
Td=> L X 4
41| TRycand VR, % %
. = Rl Td= {R,cand R_ .~ = IR
. 4 .
- L EAKAGE INDUCTANCE
H T
L ™ d = T Energyin the window = T Leakageinductance

~N

N
N
<




Interleavmg N IOW EI’OTHG transrtrormers

» Reduction of AC resistance due to:

v' Optimization of current distribution in the conductors
(NOT IN FLYBACK TYPE TRANSFORMERS!!)

Hr

Hr

o el
/"
e R
_\\_




Comparison of different winding strategies

>IIII
UUIIII
>

Do interleaving!!

@200kHz

R (MQ) Lleak (nH)

(but care about insulator thickness)

C
Do not split the track!

3.44
3.07

2.63

Lleak (nH)

0.59




Comparison of different winding strategies
Splitting the tracks

pposite currents tend to come closer
Current density distribution @250kHz

Current density distribution @1MHz



Comgarlson oT difterent Wlndlng strategles

—
——— | RmMQ)  Lleak (nH) | T8 NN WS
—
- .- 34 Ik ——
L z 3.25 0.58 | o omm
‘ﬂﬂﬂEﬂﬂIEﬂﬂEﬂﬂIﬂﬂIﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂd 4
A B

Current density Distribution

Magnetic Energy Distribution

@200k Hz
Place splitted tracks outside!!




D

esign guidelines

I
] Not recommended}g
_ L

|
Recommended

Not recommended

Recommended

I | <25 (skin depth);

Sk

Lower current densrty cnterra%




Application to converters

Charger of capacitors
Multioutput converter
Low profile converter




Flyback converter for capacitor charqger

FLYBACK WITH HYSTERETIC CON TRO[!E

Capacitive Load: O.5F
Output Voltage: O to 340 V
Output Power: up to 1kw
Input Voltage: 16 to 32 V

Switching Frequency: 1kHz to 40 kHz




Flzback converter 10r caEamtor charger

T2 T3

.
T1
L] ls
L ]

R7 R9 S
AN AN I¢ I
C7 C8
AN AN\
R8 R1Q
1§
D2 Da i
>-
gl _ 1 4 D3
E_— 'S _~ N
S 5&’ RS R6
AN AN
[T I I
ﬂ' 1 ﬂ' <_) AT~
oT @ M1 M2 M3
A o @ . ® 8 =

Medical safety protections



:beack converter 10r cagac:ltor charger

Core: PM62 Windings

Primary 8 x 0.7mm

Lpws Solid wires ==
Secondary 1x 0.7mm

Turns ratio

Secondary: 40

Max. Switching frequency: 40 kHz

L, = SuH

_t . 250mT
Bn,  70mT |

m|n

... primary = 46A




FlybacK converter ror capacitor charger

| Resistancel ... ........|  Opencircuit test
A S O M L Lm = 8uH

0.0k ' ' : : - ' ' atem = T{Hz)
.1 : . ! ' ! H ! ! I

"1 Reactance. U1 Short circuit test
- m— e beeted L = 200H (40kHZ)

e

i —t

. . " N
n.n T T T S—— | T T T T |
1onn.n 2nnn.o S0E 1 a0 Jnnn.o AOOOD.0 innnonan  Fg0on.a GOD0D0 .0 limi#i]
T{He}




FlYyDaCK converter 1or capacitor charger

SIMULATION MEASUREMENT

20.0

(111 B — ] -
T T T T T T
426u 430u 432u 434u 436u 438u 440u 442u w—w»rwﬂj.

t(s)

Vds in main switch at nominal conditions (Vo = 300V, Ids = 25-90A)



Viultioutput torward RCD converter

FORWARD RCD

Input voltage: 18 to 32 V
Output Power: 60 W
Switching Frequency: 300 kHz
Output 1: 5V,5A
Outputs 2,3: S5V,1A
Outputs 4,5: 15V, 0.6 A




vViditioutput rtorwara xcp converter

N . A
L g n%”é nl % %l U, = +5V - 5A
Ve i T
%nz % %l U, = +5V - 1A
=l
n3 A T%T U, =-5V - 1A
b
n4 % %l U, = +15V - 0.6A

% [ U.=-15V - 0.6A

L&
i

]

S

WARNING: Transformer is the heart of a multi-output converte



vidiitoutput 1orward Rcep cornverter

Transformer and output inductors

affect to cross regulation

R R S S S S S S S S S S SR S e e e e

Dynamic cross regulation

Output inductors

(coupled inductors)

Static cross regulation

Transformer

(leakage between secondaries)
(leakage in primary does not affect
to cross regulation)



Multioutput forward RCD converter

Copper thickness: 100um
Substrate thickness: 50um

Insulator thickness: 10um




vViditioutput torward xcp converter

Turns ratio

Secondary 1
Secondaries 2, 3 2

Secondaries 4, 5 6

Switching frequency: 300kHz

Core: RM10 Low Profile
Material: 3F3

Windings: 36 copper layers




iviultioutput rorwara RCD converter

Transformer model

0.025 i i i i i i i R
M i ,_—-.t i iltiio | o
| Resistance | ' ' Open circuit test
N R Y N B = Lm = 46 pH
e S e e A

0.0 ' ' ' ' ' ' ' ohm : f(Hz)
0108 | | | e e | | X
1" Reactance [ Short circuit test
e : ! : : : | :
- Licakx = 11nH (300kH2z)
. Rac = 11mQ (300kHz)
-0.02 | | i ] j | | !

100.0 300.0 1000.0 3000.0 10000.0 30000.0 100000.0 300000.0 Tmey

f(Hz)



W

ultioutput torwara RCD converter

]

Hé éw L, (300kH2)

-

_

Secondaries

Secondaries

bad coupled

well coupled

L, = 220nH

L, =6.6nH



VIUIIIOUIEU'[ rorwara RCb converter

.

Comparison of the static cross reqgulation j

boraa g
AT o |

AU(mV) [[TRANSFORMER 1| TRANSFORMER




LOW EI’OT”E on poara converter (multilayer PCB)

FORWARD WITH RESONANT RESET

Output: 1.5V/3A
Output Power: SW
Choke Transformer
Input Voltage: 3to6V
Switching Frequency: 300 kHz

Max. overall eff|C|ency 85% (82%typ )

v Efficiency and size
v’ Magnetic components
integrated in a multi-layer PCB




LOW QI’OT”G on poara converter (multilayer PCB)

Forward with Resonant Reset I

J

e—/ Y Y Y\

: : Cs 5
-3 kT fr=
: I Dfr ]

"""""

||<
AN

v' Simplicity

v’ Self driven synchronous rectification

v WARNING: Performance depends on
parasitics (transformer and semiconductors))




LOW profile on board converter (multilayer PCB)

Copper
ﬁ Layer 2
° lavers N e—
Copper thickness: 70 —| Layer 4

Substrate thickness: 190 m

. @ g Layer 5
. Layer 6
B S S S N O R o N o R e

Layer 7

S Layer 8

Substrate FR4

Overall design is subjected to the PCB characteristics



LOW profiie on poara converter (multilayer PCB)

Design of the power transformer

urns ratio 4 : 3 Turns ratio 4 : 3
Switching frequency: 300 kHz Core

Resonant freq / Switching freq = 0.8 ‘

Plate: PLT 14/5/ 1.5 3F3

Parasitic capacitances of the switcheg

Windings
t 1 turn per layer
nl1=4;n2=3




LOW ErOT”e on poarda converter (multilayer PCB)
Transformer model I

[ERITE TR S
ol | (e

Resistance
: Open circuit test

Lm = 19.3uH

I

cr e BEEER E E g B g
:
i

i Reactance i d--_---_.

T IS0 ERRRODA MNNEA DRN SEBOODA P 1 imeg
Bhizh
et Orrwi] armdpaia
=y | RHE

~| Resistance}———1— SiET @l G
B0 i ot i i - i Lleak 592 nH (300kHZ)

e o e s (R il M s R, = 15.4 mQ (300kH2)

;

el e e




LOW profiie on boarad converter (multilayer PCB)

rimental Results

SIMULATION MEASUREMENT

eaa 123V —

g k Peak= 2V
1] { l
A | \ {
(7] i
Lt ]
el

¥l

is
el B Lt s g e =R MTse B s ] = s B T
L

Vds in main switch at nominal conditions (Vin=5V, lo= 3A)



LOW profile on board converter (multilayer PCB)

IT you Just estimate leakage on a thick film transforme

Magic converter. Vids main MOSFET. Vin=3V; lout=1.54
(¥) : t(s)

Vs classical model

Y S AT Sy [ RIS A TS SIS TS S

Classical model
Lm =30 pH
LIk = 30nH (estimated)

T e e Gk AYS WS S (|t

(¥) : t(s)
Vs UPM- DIE model

Y S ARG EATERAI TS SIS S SS S S

T e A ASYS WIS S et

UPM model
LIk = 4nH

T T T T T T T T T T
993.5u 994u 994.5u 995u 995.5u 996u 996.5u 997u 997.5u 998u
Us)



LOW profile on board converter (multilayer PCB

Experimental Results using thick film technology |

SIMULATION MEASUREMENT
| Magic [:l:lnéveﬂer. Vs main MOSFET. Vin=5V; lout=1.54 / 8 . 9V / 9 . 1V

&4

Small value of leakage inductance predicted by the Mod



3.5 A-turn

|

0.6 A-turn

=

3.5 Aturn

Il




Summary of design guidelines




Interieaving

Reduces Increases H
I-Ieak Cinterwinding
RAC

e Cintrawinding

Conductors with opposite
current should be placed
as close as pOSSIble

L Jol Jol Jel ]@
ol Jol Jol lef

ocommon ENErgy in the air I1s not

necessarily “




Wlndlngs separatlon

In top—down structures, In concentrlc structures, Rac
R,. decreases may increase or decrease

End effect reduced I—I l I
- If conductors are —
far from the core IIZII I I
L.« linearly dependent

on Wlndlng separatlon

INTRAWINDING CAPACITANCE INTERWINDING CAPACITANCE
Interwinding and intrawinding \\ . \\\
capacitance decrease with layer < N 3 - S
separation s S - SN———

(o]

=
e}

+ 50 100
10 Insulator thickr’r(%esﬁo (um) 100 Insulator thickness) (um)



All ga

TO REDUCE R

REILATIVIEROSINIGN

GAP-WINDINGS




Alr gap

W INIRINEFS SEPARATION I I>< I I

\)/—\J‘)H\'—l UENCE

' Leakage inductance



LOW Ero’rlle Substrate thickness

. reduction
Substrate thickness reduct%nuls I|m|ted by

technological constraints, but also take into account that...

Copper

\- Copper
A
Substrate FR4 /

AN

»

Substrate FR4 /

v R,cslightly increases, but more blocks can be

connected in parallel !!

AN

Leakage inductance drastically decreases

N

Capacitance increases

N

Isolation requirements to accomplish regulations



Summary

Modeling:

> It is possible to generate accurate models for high frequency
magnetic components, based on a FEA tool or analytical
expressions

> All high frequency and geometry effects are taken into account
> Valid for any electrical waveform (not only sinusoidal)
> Valid for both multi-winding transformers and coupled inductors

> Valid for behavioral simulator and for electrical simulators
Design guidelines:

» Geometry equivalent to performance

» Low profile magnetics and standard winding construction
techniques are current trends

> Care about all physical effects together
(Electric energy, Magnetic energy and losses)

> Care about regulations



