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!! Basic concepts and classical design Basic concepts and classical design 
!! High frequency effectsHigh frequency effects
!! Modeling reviewModeling review
!! Advanced design and optimization processAdvanced design and optimization process
!! Application to convertersApplication to converters
!! Summary of design guidelinesSummary of design guidelines
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!! Main applications of Magnetic components:Main applications of Magnetic components:
"Galvanic isolation
"Adjust voltage levels
"Filters
"Resonant inductors
"Measurement for feedback and protections
"Pulse transformers
"...

…… but basically, they produce:but basically, they produce:
•• ENERGY TRANSFERENERGY TRANSFER
•• ENERGY STORAGEENERGY STORAGE

… and unfortunately, also LOSSES… and unfortunately, also LOSSES

Basic concepts
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Basic concepts

!! CoreCore::
" Flux: Energy link
" Non-linearity and hysteresis
" Losses:

# Hysteresis
# eddy currents
# residual

TransformerTransformerInductorInductor

!! WindingsWindings::
" Electrical terminals
" Losses

# DC losses
# AC losses

" Winding strategy affects 
strongly to performance

Magnetic componentsMagnetic components
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Cores Definitions (I)Definitions (I)

B

H

Permeability = Slope
NOT LINEAR

B = µHPERMEABILITYPERMEABILITY

RELUCTANCERELUCTANCE ℜ = ⋅
1
µ

length
Area
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Cores Definitions (I)Definitions (I)

EFFECTIVE VALUESEFFECTIVE VALUES

EXAMPLE: POT COREEXAMPLE: POT CORE
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µµee depends on the “microgap”depends on the “microgap”
(2.5 (2.5 µµm) due to them) due to the

mechanization proceduremechanization procedure
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Basic concepts Types of cores and windingsTypes of cores and windings
CORESCORES

Shapes
RM, POT, EE, EI, PQ, TOROID...

ShapesShapes
RM, POT, EE, EI, PQ, TOROID...RM, POT, EE, EI, PQ, TOROID...

$$ Effective valuesEffective values
$$ Magnetic couplingMagnetic coupling
$$ Thermal managementThermal management

Materials
3F3, 3C85, 3C90, N67, N47...

MaterialsMaterials
3F3, 3C85, 3C90, N67, N47...3F3, 3C85, 3C90, N67, N47...

$$ Core lossesCore losses
$$ Reluctance and conductivityReluctance and conductivity
$$ Maximum flux densityMaximum flux density

WINDINGS WINDINGS 

Concentric
Top down

Interleaving techniques can be appliedInterleaving techniques can be applied
in both strategiesin both strategies
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Basic concepts InductoInducto
rr

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

Main relationshipsMain relationships
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!! Real Transformer:Real Transformer:
" Common Energy:

" Self energy
" Conductor losses

Lmag, i =
ℜ

= ⋅ ℜ∑

n

ni

i
2

Φ

Basic concepts TransformerTransformer

in any winding
d
dt
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u
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u
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....

n i n i1 1 2 2⋅ = ⋅

!! Ideal Ideal 
Transformer:Transformer:

No Energy Storage !!No Energy Storage !!
No Losses !!No Losses !!

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

N1I1U1

i1

N2I2 U2ℜ1

ℜC

ℜ2

i2
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Inductors

∆t

imax

imin

iL

t

∆i (ripple)
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=
∆
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L
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i
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⋅ ∆
∆

U = Voltage applied to the inductor during ∆t

Calculation of the required inductanceCalculation of the required inductance
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Depends on the frequency (see data books) 

Depends on the required copper losses.
The maximum current density should be

fixed with the conductor area 

Depends on the power (see data books)

Depends on the frequency (skin depth)
Solid wire: low frequencySolid wire: low frequency

Litz wire and foils: high frequencyLitz wire and foils: high frequency

Depends on the application (see data books) 

Inductors

CORE SHAPECORE SHAPE1.1.

CORE SIZECORE SIZE2.2.

CORE MATERIALCORE MATERIAL3.3.

CONDUCTOR AREACONDUCTOR AREA5.5.

CONDUCTOR TYPECONDUCTOR TYPE4.4.

Selection of core and conductorsSelection of core and conductors
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Inductors

The number of turns should be calculated in order to keep
flux density under the saturation value

The number of turns should be calculated in order to keep
flux density under the saturation value

L
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N
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e max
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·
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L i N A Be∆ ∆= · ·

L i N A Bmax e max· = · ·

This procedure guarantees thatThis procedure guarantees that
the inductor will not be saturatedthe inductor will not be saturated

Calculation of the number of turnsCalculation of the number of turns
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Inductors

!! ℜℜΤΤ is the total reluctance of the magnetic circuit.is the total reluctance of the magnetic circuit.
!! This reluctance should be achieved using:This reluctance should be achieved using:

" Ferrite core + air gap
" A material with distributed gap (low permeability) like iron 

powder

ℜ =T
N
L
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L
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2
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T

=
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1

Calculation of the total reluctanceCalculation of the total reluctance
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Inductors
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Calculation of the air gap lengthCalculation of the air gap length
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Transformers

Depends on the application (see data books) CORE SHAPECORE SHAPE1.1.

Depends on the power (see data books)CORE SIZECORE SIZE2.2.

Depends on the frequency (see data books) CORE MATERIALCORE MATERIAL3.3.

In transformers:
Copper losses = Core lossesCONDUCTOR AREACONDUCTOR AREA5.5.

Depends on the frequency (skin depth)CONDUCTOR TYPECONDUCTOR TYPE4.4.

Solid wire: low frequencySolid wire: low frequency

Litz or foils wire: high frequencyLitz or foils wire: high frequency

Selection of core and conductorsSelection of core and conductors
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Transformers

Number of turns calculated to keep
maximum flux density or core losses

under an appropriate value

Number of turns calculated to keep
maximum flux density or core losses

under an appropriate value
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Transformers

Magnetizing inductanceMagnetizing inductance

L
N

N Am L1
1
2

1
2=

ℜ
= ⋅ Lm imag

LossesLosses

Data book abacus
P R I

R
s

= ⋅

=

2

ρ
lCOPPERCOPPERCORECORE

Losses in core and copper should be equal

LLmagmag and losses calculationand losses calculation
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InductorsInductors TransformersTransformers

Core and
conductors
selection

Core and
conductors
selection

DesignDesign

Losses
calculation

OK?

Losses
calculation

OK?

ENDEND

NO

YES

Core and
conductors
selection

Core and
conductors
selection

DesignDesign

Copper losses
=

Core losses

Copper losses
=

Core losses

ENDEND

Smaller
core and

conductor
area

Bigger
core and

conductor
area

Copper > core Copper < core
YES

Design procedure
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Inductor Transformer

Keeping n1/n2 constantKeeping n1/n2 constant

Number of turns

Copper losses

Lmag

Core losses

Keeping L constantKeeping L constant

Increasing
Core Size

Number of turns

Air gap

Copper losses

Core losses

Increasing
Core Size
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High Frequency effects

Skin
Proximity
Gap
Interleaving

2
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Skin effect

Skin depthSkin depth

δ
π µ σ

=
1

2 0f

150kHz150kHz

Shaded drawingShaded drawing Lined drawingLined drawing

At high frequency, current tends to flow through the surfaceAt high frequency, current tends to flow through the surface
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Proximity effect

Opposite currentsOpposite currents Parallel currentsParallel currents

"" Opposite currents tend to flow togetherOpposite currents tend to flow together
"" Parallel currents tend to separateParallel currents tend to separate



DIE
UPM

Gap effect

Current density distributionCurrent density distributionFringing fluxFringing flux

Fringing flux  affects to conduction losses Fringing flux  affects to conduction losses 
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Interleaving

INTRAWINDINGINTRAWINDING

INTERWINDINGINTERWINDING
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Current sheet

Current sheet with same equivalent resistanceCurrent sheet with same equivalent resistance
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Interleaving Current density and Magnetic FieldCurrent density and Magnetic Field

r rr
H d n I

H x b H b J x b

⋅ = ⋅

⋅ = ⋅ + ⋅ ⋅
∫ l

( ) 0

H x H J x( ) = + ⋅0
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xH0
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Reduction of the AC resistance
CURRENT DENSITY (J)

Reduction of the AC resistanceReduction of the AC resistance
CURRENT DENSITY (J)CURRENT DENSITY (J)

J J distribution improvesdistribution improves

ONLY

in AC

Interleaving
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Reduction of the leakage inductance
MAGNETIC FIELD (H)

ReductionReduction ofof thethe leakageleakage inductanceinductance
MAGNETIC FIELD (H)MAGNETIC FIELD (H)

H H distributiondistribution improvesimproves

AC and

DC

Interleaving
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ZONE I

ZONE II

t1
t0

H

t1
t0

H

Xt1
t0 H

ZONE III

Without interleavingWithout interleaving

Interleaving

I II III

P P S P PS

I II III
X XH

High frequency

DC

H

J

Current layersCurrent layers
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With interleavingWith interleaving

t1
t0

H

ZONE I

ZONE II

ZONE III

t1
t0

H

t0
t1

X

X X

t1
t0

H

Interleaving Current layersCurrent layers

I II III

P P S P PS

I II III
X XH

High frequency

DC

H

J
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Interleaving ForwardForward testtest

Short circuit test

ResistanceResistance

ReactanceReactance

Frequency behaviorFrequency behavior
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Drain to source voltage

Interleaving ForwardForward testtest

Voltage spikes due to
leakage inductance

Voltage spikes due to
leakage inductance
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Interleaving

Case R (Ω)
@200kHz

Lleakage(µH)
@200kHz

1 1.1 1.4
2a 1.5 1.9
2b 1.6 2.0
3 2.0 2.8
4a 2.4 3.5
4b 2.5 3.6
5a 2.8 4.2
5b 2.8 4.3
6a 5.7 9.5
6b 5.9 9.9

Symmetry axis

Case 1

1
0.5

0
0.5

1

H

Case 2a

0
0.5

1
1.5

0.5

Symmetry axis

H
2

1.5
1

0.5
0

0.5
1

Symmetry axis

Case 4a

H

Case 5a
0

0.5
1

1.5
2

Symmetry axis

H
0

0.5
1

1.5
2

2.5

3

Symmetry axis

Case 6a

H

Case 3
1.5

1.5
1

0.5
0

0.5
1

Symmetry axis

H

Case 2b

1.5
1

0.5
0

0.5

Symmetry axis

H
1

0.5
0

0.5
1

1.5

Symmetry axis

2
Case 4b

H

Case 5b

0
0.5

1
1.5

2

Symmetry axis

H

0.5
1

1.5
2

2.5
3

Symmetry axis

Case 6b
0

H

Comparison of winding strategiesComparison of winding strategies

0.39mm

0.01mm

Secondary (40 turns)
Primary (60 turns)

RM10
3F3

20 turns per layer

Symmetry axis

Case 1

Case 3 Case 2b

Case 2a

Case 4b

Case 4a

Case 5b

Case 5a

Case 6b

Case 6a
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Case Lleakage (µH)
@200kHz

Lleakage (µH)
@2MHz

A 0.475 0.248

B 0.432 0.231

C 0.130 0.087

D 0.276 0.185

E 4.144 2.827

F 4.239 2.857

G 13.979 9.496

Interleaving ComparisonComparison ofof windingwinding strategiesstrategies

CASE A CASE B

CASE C CASE D

CASE GCASE E CASE F
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500.000

100.000

50.000

25.000

10.000

50

Without interleaving Without interleavingWith interleaving With interleaving
Current density (J) Magnetic Field (H)Frequency

(Hz)

Interleaving
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Official Outline Mr. Designer Outline

!! Basic Basic conceptsconcepts
Mr Designer
learns to
design

Mr Designer
has a problem

Mr Designer
can use it !

Mr Designer
finds a solution

Mr Designer
succeeds !!

Mr Designer
at UPM lab

before...

…after

!! HighHigh frequencyfrequency
effectseffects

!!ModelingModeling

!! ApplicationApplication
toto convertersconverters

!! AdvancedAdvanced designdesign
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What is the real dimension of Modeling…?

Do I trust
them?

Do I trust
them?

if not, are magnetic
component models
the reason?

if not, are magnetic
component models
the reason?

Do I need a model...Do I need a model...

…or just design
guidelines?
…or just design
guidelines?

Others or MY OWN
design guidelines?
Others or MY OWN
design guidelines?

Do I make
simulations?
Do I make
simulations?

I need MY OWN
QUANTIFICATION!!
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What is the real dimension of Modeling…?

How many
of them

am I using?

How many
of them

am I using?

Do I wish to
IMPLEMENT,
or just USE them?

Do I wish to
IMPLEMENT,
or just USE them?

How many
modeling works
have I read?

How many
modeling works
have I read? MODELMODEL

...tool to obtain
MY OWN

design guidelines

...tool to obtain
MY OWN

design guidelines

...gate to
simulation
...gate to
simulation
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Modeling Review

3

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

Accurate model of
the magnetic component

Accurate electrical
waveforms

EMI/EMC
calculation

Detailed design:
• Stresses
• Losses
• Size
• Reliability

Coupling with loops
of the lay-out

Tool to obtain
design guidelines

Tool to obtain
design guidelines

Tool to
simulate
Tool to

simulate
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To obtain an accurate model, physical
effects must be deeply analyzed

ToTo obtainobtain anan accurateaccurate modelmodel, , physicalphysical
effectseffects mustmust be be deeplydeeply analyzedanalyzed

Basic concepts

Magnetic fields
Electric fields
Current
Voltage

Frequency
Waveform
(harmonic content, SMPS)
Geometry & Materials

DistributionDistribution
ofof

dependdepend
stronglystrongly onon

Maxwell equations 1D problem: Analytical
2D/3D problem: FEA tool

Non linear problem Windings are linear!!

Pra
cti

ca
l

ap
pr

oa
ch

Pra
cti

ca
l

ap
pr

oa
ch
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% Frequency and geometry effects neglected
(only for sinusoidal waveforms)

% Measurement needed to calculate parameters
% Dimensional effects neglected

CLASSICAL  MODEL

C12

R1 Ld1

C1 RFe Lm

R2

C2

Ld2

Basic concepts

% Analytical approaches in simple cases or using rough
aproximations

% FEA is used do “see” the fields but no model is usually generated

OTHER APPROACHES
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Basic concepts

Non sinusoidal
analysis capabilities

Non sinusoidal
analysis capabilities

AC resistanceAC resistance
AC inductanceAC inductance

Winding strategy
influence

Winding strategy
influence

Gap effectGap effect
End effectsEnd effects

Conductor typeConductor type

. . .. . .

f

Leakage

RAC

f

Hysteresis
in the core

Main effects to be modeledMain effects to be modeled
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Basic concepts

Main effects to be modeled in the windingsMain effects to be modeled in the windings

Produce

Energy storage
(electric+magnetic)

and
losses

Physical
effects

Skin
Proximity

Gap effects
End effects

Typically
known as:

Leakage inductance
+

AC resistance
+

parasitic
capacitances
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Frequency effects

2D/3D effects

Any waveform

Modeling strategyModeling strategy

!! Use Use commercialcommercial modelsmodels forfor
thethe corecore

!! DevelopDevelop accurateaccurate modelsmodels forfor
thethe windingswindings, , usingusing FiniteFinite
ElementElement AnalysisAnalysis (FEA) (FEA) tooltool
oror analyticalanalytical expressionsexpressions

!! Combine Combine thethe corecore modelmodel andand
thethe windingwinding modelmodel

AvoidAvoid redesignsredesigns::
savesave time time andand moneymoney

GEOMETRIC DESCRIPTION

ACCURATE MODEL

ObjectiveObjective

Modeling Procedure
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Modeling Procedure

CLASSICAL PROCEDURE

Actual
Component

Measurement
Equipment

Classical
Model

PROPOSED PROCEDURE

Component
Description

MDT

1D
Model

2D/3D
Model

FEA solver∫∫Analytical

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

% Influence of the winding strategy can be tested
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Modeling procedure

GOALS to model windings:

& Energy and losses in the windings are the main goals

& Core properties that affect to windings are considered

& Energy in the core is also calculated

GOALS to model windings:

&& EnergyEnergy andand losseslosses in in thethe windingswindings are are thethe mainmain goalsgoals

&& CoreCore propertiesproperties thatthat affectaffect toto windingswindings are are consideredconsidered

&& EnergyEnergy in in thethe corecore isis alsoalso calculatedcalculated
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Types of flux distribution

1D

2D

3D toroid

concentric

planar or
PCB

twisted
and

parallel
top/down

concentric planar or
PCB
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Basic features of the models

MDT

Flux & Field
Distribution
(Freq. effects)

Geometries

Capacitive
effects

Generation
time

1D MODEL

1D effects

Most concentric
and top-down

Theoretical
(interlayer)

Instantaneous

2D/3D MODEL

2D/3D effects

Any

FEA solver

FEA solver
(2-3 hours)
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1D model features

!! FastFast modelmodel generationgeneration
!! EasyEasy toto implementimplement
!! FrequencyFrequency effectseffects are are takentaken

intointo accountaccount

!! 2D 2D effectseffects neglectedneglected
((gapgap, , endend...)...)

!! OnlyOnly validvalid in 1D in 1D windingwinding
strategiesstrategies

AdvantagesAdvantages DisadvantagesDisadvantages

VeryVery usefuluseful toto modelmodel 1D 1D windingwinding strategiesstrategies
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µ
ε σ
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1D model description

BasedBased onon thethe analogyanalogy betweenbetween transmissiontransmission lineline andand
Maxwell Maxwell equationsequations forfor 1D1D

∂
∂

µ
∂
∂

∂
∂

σ ε
∂
∂
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∂
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Maxwell equations (1D)Maxwell Maxwell equationsequations (1D)(1D) Transmission line equationsTransmissionTransmission lineline equationsequations

H
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1D model description

H      V

T.L.

H      V

T.L.

H      V

T.L.

I1 I2 I3
Hd ni

H H
ni
b

H V

K k

l =

− =

→

∫

+1

HK

HK+1

b

l
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Magnetic Components Modeling (2D/3D model)

!! Use FEA Use FEA toto compute compute thethe magneticmagnetic andand electricelectric behaviorbehavior

Frequency and geometry effects in the windings are taken into account

L R

f
FEA tool
2D or 3D

Magnetic and
electric

energies

Magnetic
component

model

Frequency
behavior

quantification
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Magnetic Components Modeling (2D/3D model)

Why FEA?

Dimensional Dimensional effectseffects forfor anyany structurestructure
are are onlyonly takentaken intointo accountaccount by FEAby FEA

" Geometry and frequency effects
# Gap effect
# End effect
# Skin effect
# Proximity effect

" 3D Effects
# Effect of the connections
# Toroids
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Finite Element Analysis (FEA) Solver

Magnetic Field

Additio
nal

ad
va

ntag
es

of FEA

InsightInsight in in anyany physicalphysical quantityquantity
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Energy tests (frequency sweep)Energy tests (frequency sweep)

Magnetic Components Modeling (2D/3D model)

!! EnergyEnergy in in thethe corecoreHow from FEA

to the model?

!! EnergyEnergy in in thethe airair

!! EnergyEnergy in in thethe windingswindings
!! LossesLosses in in eacheach windingwinding

Mainly common energyMainly common energy

Common energyCommon energy

Self energySelf energy

Self lossesSelf losses

“Coupled” losses“Coupled” losses
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PRELIMINARY APPROACHPRELIMINARY APPROACH

Magnetic Components Modeling (2D/3D model)

12 (s) i1Z

11Z (s)

12 2(s) iZ

22Z (s)
+ +

W1 W2

Rw1

+
N

dt1
+

u1 u 2

R w 2
i1 i2

++
N1i1 iN2 2

1φ

2φ

d   

1φ

N
dt2
d   2φ

R12

ℜc ℜg

ℜaℜ11 ℜ22
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!!ZZ1111, Z, Z2222::
" losses and energy due to

I1 OR I2
INDEPENDENTLY

!!ZZ1212::
" losses and energy due to

I1 AND I2 
SIMULTANEOUSLY

Z(s) = co c s+ c s
s c1

2i

2i 1i 1

NPF
+ +∑

−=

R( ) c
c

c

X( ) L( ) c
c

c

o
2i

2

2
2i 1
2

i 1

NPF

1
2i

2

2
2i 1
2

i 1

NPF

ω
ω

ω

ω ω ω
ω

ω

= +
+

= = +
+











−=

−=

∑

∑

Magnetic Components Modeling (2D/3D model)

Z11(s) Z22(s)

Z12(s)

W1 W2
1

2

3

4
C14

C24

C12

CommercialCommercial corecore modelmodel

UPM UPM windingswindings
!! GeometryGeometry andand frequencyfrequency effectseffects

takentaken intointo accountaccount
!! DistributedDistributed modelmodel

" Coupled inductors
" Multiwinding transformers
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Winding modeling using FEA

P R I R I R I I12= + +1 1
2

2 2
2

1 22
P J J dv

J J J J dv
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= + +

∫∫∫

∫∫∫
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1
1 2 1 2
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r r

r r r r
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=

+
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∫∫∫

∫∫∫

∫∫∫

1

1
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1 1

2 2

1 2 2 1

σ

σ

σ

r r

r r

r r r r

J J dv

J J dv

J J J J dv

•

•

( • • )

*

*

* *

 

 

 

FEA losses

Z11(s) Z22(s)
W1 W2

1

2

3

4

Z12(s)

Model losses

LINEAR PROBLEM!!LINEAR PROBLEM!!
SuperpositionSuperposition theoremtheorem appliesapplies
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Winding modeling using FEA

=

+
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Proposed capacitive models
(two winding transformer)

Voff
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•
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•
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Voff
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•
V2

•

•

V40fV20f

LEVEL 4
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Level 1 Model. Two winding transformer

Voff

•
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•

•
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•
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Finite Element Analysis Procedure for Capacitive Effects

••
•

•

•

•

n1:n2

V1
N2
N1

V1
•

•

••
n1:n2

Voff

ANALYSIS 1 ANALYSIS 2

ENERGY CALCULATION

I DEd1 1 1
1
2

= ∫∫∫ν ν
r r

I DE D E doff off off1 1 1= +∫∫∫ν ν( )
r r r r

I D E doff offoff
1
2

= ∫∫∫ν ν
r r
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ANALYSIS 1 ANALYSIS 2

Finite Element Analysis Procedure for Capacitive Effects
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Parameter Extraction

Interface

Post ProcessingPost Processing

BEHAVIORAL
SIMULATOR

FEA

Interface

MDT

Frequency
sweep

Actual
Measurements

Magnetic Components Modeling (2D/3D model)
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Behavioral model developed for multi-winding magnetic components

Z 12(s)

Z 23(s)

Z 13(s)

Z 33 (s)

Z 11 (s)

Z 22 (s)

Z22(s)I2+Z12(s)I1+Z23(s)I3

2Z33(s)I 3+Z13(s)I1+Z23(s)I

Z11(s)I1+Z12(s)I2+Z13(s)I3

WINDING
2

WINDING
3

WINDING
1

I1

I3

I 2

Magnetic Components Modeling (2D/3D model)
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Procedure established for 2D and 3D simulations

Magnetic Components Modeling (2D/3D model)
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Official Outline Mr. Designer Outline

!! Basic Basic conceptsconcepts
Mr Designer
learns to
design

Mr Designer
has a problem

Mr Designer
can use it !

Mr Designer
finds a solution

Mr Designer
succeeds !!

Mr Designer
at UPM lab

before...

…after

!! HighHigh frequencyfrequency
effectseffects

!!ModelingModeling

!! ApplicationApplication
toto convertersconverters

!! AdvancedAdvanced designdesign

litz
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Official Outline Mr. Designer Outline

!! Basic Basic conceptsconcepts
Mr Designer
learns to
design

Mr Designer
has a problem

Mr Designer
can use it !

Mr Designer
finds a solution

Mr Designer
succeeds !!

Mr Designer
at UPM lab

before...

…after

!! HighHigh frequencyfrequency
effectseffects

!! ApplicationApplication
toto convertersconverters

!! AdvancedAdvanced designdesign

!! ModelingModeling
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Magnetic Components

Test strategy

3C85

3F3

Materials

Z11(s)

Z 12(s)

Z22(s)

Transformers

Inductors

Z11(s)
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Conductor Types

Solid Wire Litz Wire Printed Circuit Wire

Gap InclusionCore Shape Comparison

Low Profile

Test strategy



DIE
UPM

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM14
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 1mm and 0.5mm diameter
WindingsWindings:: Two in five layers (P:P:P:S:S)
TurnsTurns:: Primary: 42;  Secondary: 56

Experimental results

1D transformer
without interleaving

Resistance
8 Ω  (1MHz)

ResistanceResistance
8 8 Ω  Ω  (1MHz)(1MHz)

Reactance
10  µΗ (1MHz)

ReactanceReactance
10  10  µΗµΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM14
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 1mm and 0.5mm diameter
WindingsWindings:: Two in five layers (P:S:P:S:P)
TurnsTurns:: Primary: 42;  Secondary: 56

Experimental results

1D transformer
with interleaving

Resistance
1.2 Ω  (1MHz)

ResistanceResistance
1.2 1.2 Ω  Ω  (1MHz)(1MHz)

Reactance
800  nΗ (1MHz)

ReactanceReactance
800  800  nnΗΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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Experimental results
TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM12
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 0.75mm diameter
WindingsWindings:: Three in three layers (P:S:T)
TurnsTurns:: Primary: 17;  Secondary: 17

Terciary: 17

1D transformer

Resistance
0.6 Ω  (1MHz)

ResistanceResistance
0.6 0.6 Ω  Ω  (1MHz)(1MHz)

Reactance
300  nΗ (1MHz)

ReactanceReactance
300  300  nnΗΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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Experimental results
TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM12
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 0.7mm diameter
WindingsWindings:: Two in one layers (P:S)
TurnsTurns:: Primary: 8;  Secondary: 8

2D transformer

Resistance
1 Ω  (1MHz)

ResistanceResistance
1 1 Ω  Ω  (1MHz)(1MHz)

Reactance
3 µΗ (1MHz)

ReactanceReactance
3 3 µΗµΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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Experimental results
TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM12
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 0.7mm diameter
WindingsWindings:: Two in one layers (P:S)
TurnsTurns:: Primary: 8;  Secondary: 8

2D transformer

Resistance
0.15 Ω  (1MHz)

ResistanceResistance
0.15 0.15 Ω  Ω  (1MHz)(1MHz)

Reactance
150 nΗ (1MHz)

ReactanceReactance
150 150 nnΗΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM12
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 0.7mm diameter
WindingsWindings:: Two in two layers
TurnsTurns:: Primary: 17;  Secondary: 17

Experimental results

2D transformer

Resistance
0.8 Ω  (1MHz)

ResistanceResistance
0.8 0.8 Ω  Ω  (1MHz)(1MHz)

Reactance
400  nΗ (1MHz)

ReactanceReactance
400  400  nnΗΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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Experimental results

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM12
CoreCore material:material: 3F3
ConductorsConductors:: Solid, 0.7mm diameter
WindingsWindings:: Two in two layers
TurnsTurns:: Primary: 17;  Secondary: 17

2D transformer

Resistance
12 Ω  (1MHz)

ResistanceResistance
12 12 Ω  Ω  (1MHz)(1MHz)

Reactance
10  µΗ (1MHz)

ReactanceReactance
10  10  µΗµΗ (1MHz)(1MHz)

Short circuit testShort circuit test
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Experimental results

Resistance
22 Ω  (1MHz)

ResistanceResistance
22 22 Ω  Ω  (1MHz)(1MHz)

Reactance
30 µΗ (1MHz)

ReactanceReactance
30 30 µΗµΗ (1MHz)(1MHz)

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: custom made
CoreCore material:material: 3F3
ConductorsConductors:: foils, 70 µm thick
WindingsWindings:: Two in 11 layers
TurnsTurns:: Primary: 5;  Secondary: 11

Open circuit testOpen circuit test
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Experimental results

Resistance
12 mΩ (1MHz)

ResistanceResistance
12 12 mmΩΩ (1MHz)(1MHz)

Reactance
3.5 nΗ (1MHz)

ReactanceReactance
3.5 3.5 nnΗΗ (1MHz)(1MHz)

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: custom made
CoreCore material:material: 3F3
ConductorsConductors:: foils, 70 µm thick
WindingsWindings:: Two in 11 layers
TurnsTurns:: Primary: 5;  Secondary: 11

Short circuit testShort circuit test
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Experimental results

With connectionsWithWith connectionsconnections

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: custom made
CoreCore material:material: 3F3
ConductorsConductors:: foils, 70 µm thick
WindingsWindings:: Two in 11 layers
TurnsTurns:: Primary: 5;  Secondary: 11

Effect of the connectionsEffect of the connections

Substracting connectionsSubstractingSubstracting connectionsconnections
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Z 12(s)

Z 23(s)

Z 13(s)

Z 33 (s)

Z 11 (s)

Z 22 (s)

Short circuit testShort circuit test

Model
Measurement PhasePhasePhase

0

20

40

60

80

100

120

100 587 1070 1560 2050 2530 3020

Frequency (kHz)

MagnitudeMagnitudeMagnitude

0
5

10
15
20
25
30
35
40
45

100 587 1070 1560 2050 2530 3020

Frequency (kHz)

Using impedance analyzer instead of FEA
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Summary of magnetic component modeling

!! AccurateAccurate modelmodel for the windings, based on a FEA FEA tooltool oror
analyticalanalytical expressionsexpressions

! All highhigh frequencyfrequency andand geometrygeometry effectseffects are taken into
account

! Valid for anyany electricalelectrical waveformwaveform (not only sinusoidal)

! Valid for both multimulti--windingwinding transformers and coupledcoupled
inductorsinductors

! Valid for behavioralbehavioral simulatorsimulator and for electrical simulators

ADVANTAGES

' 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

DRAWBACKS
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Summary of magnetic component modeling

!! OptimizationOptimization ofof designdesign processprocess of magnetic components,
since models are generated from geometry and material 
descriptions

! Generate an accurate modelmodel fromfrom anan actual actual magneticmagnetic componentcomponent

! Check the sensitivitysensitivity of magnetic components to winding
strategies and material properties

FEATURES

Stage in the design flow of the product
Type of magnetic component
Type of test to be performed
Hardware & Software capabilities

1D model

2D/3D model
depending

!! SeveralSeveral degreesdegrees ofof accuracyaccuracy have been established:
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Advanced design
and

optimization process

Sensitivity analysis
Flyback transformer
Low profile issues

4
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Sensitivity Analysis

4.1
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Losses
Magnetic energy
Electric energy

Sensitivity analysis

Quantification of the influence of constructive
parameters on the electrical peformanceGOALGOAL

Interwinding distance

Window height

Airgap

Conductors diameter

Insulator permittivity

CONSTRUCTIVECONSTRUCTIVE
PARAMETERSPARAMETERS

Their whole influence has to be analyzed

Core permeability
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Influence of interwinding distance: onon leakageleakage inductanceinductance

Insulator width (mm)

0
1
2
3
4
5
6

Le
ak

ag
e

in
du

ct
an

ce
(µ

H
) 

0.02 1.02 2.02

Leakage inductance @ 200kHz

TRANSFORMER STUDIEDTRANSFORMER STUDIED

Solid, 0.38mm diameter

Primary: 20;  Secondary: 20

GeometricGeometric parametersparameters
CoreCore shapeshape andand sizesize: : RM8
CoreCore material:material: 3F3
ConductorsConductors::
WindingsWindings:: Two
TurnsTurns::
GapGap:: 0.1mm

d

Primary

Secondary

Simmetry axis
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Influence of interwinding distance: onon leakageleakage inductanceinductance

100 1400
0

50

100

150

200

250

R
ea

ct
an

ce

2700 4000
Frequency (kHz)

Reactance

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

TRANSFORMER STUDIEDTRANSFORMER STUDIED
GeometricGeometric parametersparameters::
CoreCore shapeshape andand sizesize:: RM14
CoreCore material:material: 3C85
ConductorsConductors:: Solid, 0.8mm diameter
WindingsWindings:: Two in three layers (P:P:S) 
TurnsTurns:: Primary: 40;  Secondary: 20

d

Primary

Secondary

Simmetry axis

d
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Influence of interwinding distance :
onon AC AC resistanceresistance in in concentricconcentric structuresstructures

d(mm)

PRIMARY R1(mohm)

2

2,05

2,1

2,15

2,2

2,25

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

AC INFLUENCE

SECONDARY R2(mohm)

1,5

1,55
1,6

1,65
1,7

1,75
1,8

1,85
1,9

1,95

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

d(mm)

AC + DC INFLUENCE

1,8

d(mm)

TOTAL RESISTANCE Rtotal(mohm)

3,7

3,75

3,8

3,85

3,9

3,95

4

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

AC + DC INFLUENCE

Conductor length must be considered

Secondary
Primary

Simmetry axis

d

TRANSFORMER STUDIEDTRANSFORMER STUDIED
Geometric parametersGeometric parameters ::
Core shape and size: Core shape and size: RM10
Core material:Core material: 3F3
Conductors:Conductors: Foils, 0.75 mm
Windings:Windings: Two
Turns:Turns: Primary: 2;  Secondary: 1
Frequency: Frequency: 100kHz



DIE
UPM

Influence of interwinding distance :
on AC resistance in concentric structureson AC resistance in concentric structures

::

3,1

3,2

3,3

3,4

3,5

3,6

0,01 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

R
(m

Ω
)

d(mm)

200kHz

Length effect

R
(m

Ω
)

13,75

13,85

13,95

14,05

14,15

14,25

14,35

14,45

0,01

14,55

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1

d(mm)

2MHz
Proximity effect

Length effect

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

Primary
Secondary

Simmetry axis

d

TRANSFORMER STUDIEDTRANSFORMER STUDIED
Geometric parametersGeometric parameters::
Core shape and size: Core shape and size: RM6
Core material:Core material: 3F3
Conductors:Conductors: Foils, 0.2 mm
Windings:Windings: Two
Turns:Turns: Primary: 2;  Secondary: 1
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Influence of interwinding distance :
on AC resistance in topon AC resistance in top--down structuresdown structures

1.7

1.25
1.3

1.35
1.4

1.45
1.5

1.55
1.6

1.65

0.02 0.05 0.1 0.4 1
Insulator width (mm)

A
C

 re
si

st
an

ce
 (m

oh
m

)

TRANSFORMER STUDIEDTRANSFORMER STUDIED
Geometric parametersGeometric parameters
Core shape and size:Core shape and size: RM8/LP
Core material:Core material: 3C85
Conductors:Conductors: Foils, 0.2mm
Windings:Windings: Two
Turns:Turns: Primary: 1;  Secondary: 1

d

Primary
Secondary

Simmetry axis

@500kHz
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Influence of interwinding distance : on electric energyon electric energy

PRIMARY
SECONDARY

INSULATOR

C
INTERWINDING CAPACITANCE

0
1
2
3
4
5
6
7
8
9

10 50 100

12
  (n

F)

100

0

10

20

30

40

50

10 50

INTRAWINDING CAPACITANCE

Insulator thickness (δ) (µm)

C 1
1

(p
F)

TRANSFORMER STUDIEDTRANSFORMER STUDIED::

Geometric parametersGeometric parameters::
Core shape and size:Core shape and size: RM10
Core material:Core material: 3F3
Conductors:Conductors: Foils of 70µm
Windings:Windings: Two
Turns:Turns: Primary: 10;  Secondary: 5
Electric parametersElectric parameters
Insulator relative permittivity:Insulator relative permittivity: 5
Core relative permittivity:Core relative permittivity: 1e5

Insulator thickness (δ) (µm)
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Influence of interwinding distance on RAC, Lleak and C

0.11.8

R=3.78 mΩR=3.97 mΩ

Lleak=50.27 nH Lleak=9.46 nH

C=42.80 pF C=79.44 pF

Variation

4%

81%

46%
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Influence of window height

1,75

1,3
1,35

1,4
1,45

1,5
1,55

1,6
1,65

1,7

0 1 2 3
d (mm)

R
es

is
ta

nc
e(

m
oh

m
) R11

R22

CORE SHAPE: POT
CORE MATERIAL: 3C85

0.59mm
0.17mm
0.59mm

Simmetry axis

d

d

10
.6

m
m

3.65 mm
9.2mm

Primary
Secondary

@150kHz
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Influence of window height

Current distribution in primary windingCurrent distribution in primary winding

@200kHz
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Influence of window height

A

@200kHz

B

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

R11 (mΩ) R22 (mΩ) R12 (mΩ) Rprim (mΩ) Lleak (nH)
A 3.5 3.65 0.72 5.74 1.69
B 6.32 6.33 3.45 5.74 1.71
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Influence of the air gap: onon thethe AC AC resistanceresistance

Fringing flux affects to current distribution
and conduction losses

CurrentCurrent densitydensity
distributiondistribution

FringingFringing fluxflux
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Influence of the air gap: onon thethe AC AC resistanceresistance

Fringing flux effect is much more
important than length effect

Solid, 0.5mm diameter

TRANSFORMER STUDIEDTRANSFORMER STUDIED::
Geometric parametersGeometric parameters
Core shape and size: Core shape and size: POT 22/13
Core material:Core material: 3C85
Conductors:Conductors:
Windings:Windings: One

gap

Simmetry axis

0.55 mm
(coil former)

0
10
20
30
40
50
60
70
80
90

100

0,28 0,7 1,4 2,4
gap (mm)

R
es

is
ta

nc
e 

(m
oh

m
)

Rac

Rtotal
Rdc

Test conditions

Lm = constant

n

RDC     (length effect)

@150kHz
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Influence of the air gap: on the AC resistanceon the AC resistance

Fringing flux affects to conduction losses

A B C D E F
0

20

40

60

80

100

120

R
es

is
ta

nc
e 

(m
oh

m
)

A B C D E F

Configuration

Rtotal
Rdc

Rac

Simmetry axis Simmetry axis Simmetry axis

A B C

D E F

a b b ba a

1m
m

0.
5m

m

Solid wire
1.5 mm diameter CORE SHAPE: RM12

CORE MATERIAL: 3F3

@150kHz
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Influence of insulator permittivity

4

6

8

10

12

14

3 4 5 6 7

INTRAWINDING CAPACITANCE

C 1
1(

pF
)

Insulator permitivitty ( ε)

INTERWINDING CAPACITANCE

Insulator permitivitty ( ε)

C 1
2  

(n
F)

0.4

0.9

1.4

3 4 5 6 7

TRANSFORMER STUDIEDTRANSFORMER STUDIED::
Geometric parametersGeometric parameters::
Core shape and size:Core shape and size: RM10
Core material:Core material: 3F3
Conductors:Conductors: Foils of 70µm
Windings:Windings: Two
Turns:Turns: Primary: 10;  Secondary: 5
Insulator thicknessInsulator thickness 100 µm

Electric parametersElectric parameters::
Core relative permittivity:Core relative permittivity: 1e5

PRIMARY
SECONDARY
INSULATOR
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Influence of conductors diameter
on AC resistance and leakage inductanceon AC resistance and leakage inductance

0.38 0.33 0.28
0.35

0.37

0.39

0.41

0.43

0.45

0.47

0.49

A
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)

0.38 0.33 0.28
Conductor diameter (mm)

Resistance (ohm) @ 200kHz

0.38 0.33 0.28
1
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an

ce
 (u

H
)

0.38 0.33 0.28
Conductor diameter (mm)

Inductance (µH) @ 200kHz

TRANSFORMER STUDIEDTRANSFORMER STUDIED::
Geometric parametersGeometric parameters
Core shape and size: Core shape and size: RM8
Core material:Core material: 3F3
Conductors:Conductors: Solid
Windings:Windings: Two
TurnsTurns Primary: 20; Secondary: 20
Winding thicknessWinding thickness 0.3 mm

0.3mm 0.3mm
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Influence of core permeability

A short circuit test and open circuit test
do not account for Lleak and Lm if µcore is too low

Better to quantify
leakage energy on
an actual converter

VDS in main switch

High permeability
Low permeability
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Flyback transformer

4.2
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Electrical Description of Flyback Transformer

!! DesignDesign in in orderorder toto store store energyenergy
!! GapGap isis usuallyusually neededneeded
!! EnergyEnergy storagestorage mainlymainly in in thethe gapgap
!! CurrentCurrent isis notnot flowingflowing in in bothboth windingswindings atat thethe samesame timetime

MAIN FEATURES

ENERGYENERGY

ON TIME

ENERGYENERGY

OFF TIME
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Lm

Lleak1 Lleak2Lleak2Lleak1
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Electrical study of flyback topology

CIRCUIT SIMPLIFICATION

OVERVOLTAGES

SWITCH OFF

SWITCH ON

The leakage inductance of any winding has
influence on MOSFET and diode voltages

n=1
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Electrical study of flyback topology

_ +
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_
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MAIN TARGET
Reduced overall

leakage inductance
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Study of the fields: leakage inductance

N2N1

N2N1N2N1

ENERGY 1ENERGY 1 ENERGY 2ENERGY 2

ENERGY 1 - ENERGY 2 =
LEAKAGE ENERGY

Goal: minimization of this energy
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Interleaving in flyback type transformers

No AC resist.

reduction

AC resistanceAC resistance

High frequency
DC
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!! MagneticMagnetic fieldfield distributiondistribution
" Low improvement during on and off states
" High improvement in the switching times

Leakage inductanceLeakage inductance

# Same current distribution
# H field distribution very similar

(small differences in several parts of the window)

Interleaving in flyback type transformers

t

t

t

t

t

t

t

t

Without interleaving With interleaving

off off off off off offon on on on

H

H

H

H

P P S

J

H

J

H

J

H

J

H

Switch
ON

Switch
OFF

Without interleaving With interleaving

P S P

IIII II IV IIII II IV

Zone I

Zone II

Zone III

Zone IV
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• Increase of cross regulation capabilities
• Reduction of size

RECOMMENDED IN BOTH TYPES

Interleaving in flyback type transformers

Flyback typeFlyback type

!! EnergyEnergy storagestorage
!! InterleavingInterleaving

" Similar RAC

" Similar Energy
in the window

" Lower LLEAK

Forward typeForward type

!! EnergyEnergy transfertransfer
!! InterleavingInterleaving

" Lower RAC

" Lower Energy
in the window

" Lower LLEAK
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Low profile issues

4.3
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!! TheThe use use ofof planarplanar transformerstransformers isis growinggrowing in in thethe lastlast
yearsyears

☺ Leakage inductance
Reduction

☺AC Resistance
Reduction

☺ Size Reduction

WHY?

Perimeter
Area

)

*

Low profile
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* Technological step

*Thermal management

*High capacitive effects

WHY N
OT?

*

Low profile
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Planar structures vs Traditional structuresPlanar structures vs Traditional structures

Litz wirePlanar transformer

Reduction: 1:5 Reduction: 1:3 Increase: 2:1

Lower
AC Resistance

Lower
AC Resistance

Higher
capacitance

Higher
capacitance

Lower
leakage inductance

Lower
leakage inductance

Parasitic effects

Qualitative comparison
(based on actual measurements)
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Example

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

LITZ WIRE

Primary: Litz wire (80x0.07 mm)
Secondary: Litz wire (800x0.07 mm)

2380 nH

360 mΩ

19pF

79%

PLANAR

Primary: 0.276 mm2

Secondary: 3.08 mm2

480 nH

119 mΩ

42pF

30%Occupied window area

Comparison criteria: maximum current density (7.5A/mm2)

Transformer description 
Core size: RM10

Transformer description 
Core size: RM10
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ELECTRIC ENERGY

Layers separation

CONCENTRIC TRANSFORMERSCONCENTRIC TRANSFORMERS

d
↑ ⇒d

⇒ R = ??
↑ ↓R and RDC AC

TOPTOP--DOWN TRANSFORMERS (planar)DOWN TRANSFORMERS (planar)

d

↑ ⇒ ↓ ⇒ ↓d R and R RAC DC

RESISTANCE

LEAKAGE INDUCTANCE

d

Hr

d

Hr

↑ ⇒d ↑ Energy in the window ⇒ ↑ Leakage inductance

d
V1

V2

↑ ⇒ ↓d C C
S
d

≈

≈
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Interleaving improvementsInterleaving improvements

Interleaving in low profile transformers

!! Reduction of leakage inductance due to:Reduction of leakage inductance due to:
" Lower energy in the window

!! Reduction of AC resistance due to:Reduction of AC resistance due to:
" Optimization of current distribution in the conductors

(NOT IN FLYBACK TYPE TRANSFORMERS!!)

Hr

P

P

S

Hr

P

S

P



DIE
UPM

Comparison of different winding strategies

@200kHz

A B

R (mΩ) Lleak (nH)
A 3.44 2.63
B 3.07 0.59

R (mΩ) Lleak (nH)

B 3.07 0.59
C 3.43 0.7

B C
Do not split the track!

Do interleaving!!
(but care about insulator thickness)
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Splitting the tracks
Opposite currents tend to come closer

Splitting the tracks
Opposite currents tend to come closer

Current density distribution @250kHz

Current density distribution @1MHz

Comparison of different winding strategies
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Magnetic Energy Distribution

Current density Distribution

@200kHz

A B

R (mΩ) Lleak (nH)
A 3.4 0.73
B 3.25 0.58

Comparison of different winding strategies

Place splitted tracks outside!!
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Design guidelines

<2δ (skin depth)

Lower current density criteria

Not recommended

Recommended

Not recommended

Recommended
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Application to converters

5

Charger of capacitors
Multioutput converter
Low profile converter
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Flyback converter for capacitor charger
FLYBACK WITH HYSTERETIC CONTROLFLYBACK WITH HYSTERETIC CONTROL

Capacitive Load: 0.5 F
Output Voltage: 0 to 340 V
Output Power: up to 1kW
Input Voltage: 16 to 32 V
Switching Frequency: 1kHz to 40 kHz



DIE
UPM

Flyback converter for capacitor charger

Schematic 

SCHEMATICSCHEMATIC

Medical safety protections
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Flyback converter for capacitor charger

Design of  the power transformerDesign of  the power transformer

Turns ratio

Max. Switching frequency: 40 kHz

Primary: 5Primary: 5

Secondary: 40Secondary: 40

Core: PM62
N27N27

Windings
Solid wiresSolid wires

Primary 8 x 0.7mmPrimary 8 x 0.7mm

Secondary 1 x 0.7mmSecondary 1 x 0.7mm

LM  = 8µH
∆B

Irms primary  = 46A

Bmax 250mTBmax 250mT

Bmin 70mTBmin 70mT



DIE
UPM

Short circuit testShort circuit testShort circuit test

Open circuit testOpen circuit testOpen circuit test

Transformer modelTransformer model

Flyback converter for capacitor charger

Lm = 8Lm = 8µµHH

LLleakleak = 21nH (40kHz)= 21nH (40kHz)

RRACAC =  6m=  6mΩ Ω (40kHz)(40kHz)

ResistanceResistanceResistance

ReactanceReactanceReactance
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Experimental ResultsExperimental Results

Flyback converter for capacitor charger

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

MEASUREMENTMEASUREMENTSIMULATIONSIMULATION
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Multioutput forward RCD converter
FORWARD RCDFORWARD RCD
Input voltage: 18 to 32 V
Output Power: 60 W
Switching Frequency: 300 kHz
Output 1: 5 V, 5 A
Outputs 2,3: 5 V, 1 A
Outputs 4,5: 15 V, 0.6 A
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WARNING: Transformer is the heart of a multi-output converter

Schematic Schematic 

Multioutput forward RCD converter

UBAT

T

U1 = +5V - 5A

U2 = +5V - 1A

U3 = -5V - 1A

U4 = +15V - 0.6A

U5 = -15V - 0.6A

n1

n2

n3

n4

n5

n
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Multioutput forward RCD converter

Transformer and output inductors
affect to cross regulation

Transformer and output inductors
affect to cross regulation

Static cross regulationStatic cross regulationStatic cross regulation

Transformer
(leakage between secondaries)

(leakage in primary does not affect
to cross regulation)

UR2

UR1

Dynamic cross regulationDynamic cross regulationDynamic cross regulation

Output inductors
(coupled inductors)

U1

U2UR2

UR1
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Technological CharacteristicsTechnological Characteristics

Multioutput forward RCD converter

Copper thickness: 100µm
Substrate thickness: 50µm
Insulator thickness: 10µm
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Design of  the power transformerDesign of  the power transformer

Cross sectionCross sectionCross section

Multioutput forward RCD converter

Switching frequency: 300kHz

Turns ratio

Secondary 1 2Secondary 1 2

Secondaries 2, 3 2Secondaries 2, 3 2

Secondaries 4, 5 6Secondaries 4, 5 6

Primary 3Primary 3

Core: RM10 Low Profile
Material: 3F3
Windings: 36 copper layers
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Transformer modelTransformer model

Open circuit testOpen circuit testOpen circuit test

Lm = 46 Lm = 46 µµHH

Short circuit testShort circuit testShort circuit test

LLleakleak =   11nH (300kHz)=   11nH (300kHz)
RRACAC =   11m=   11mΩΩ (300kHz)(300kHz)

Multioutput forward RCD converter

ResistanceResistanceResistance

ReactanceReactanceReactance
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Multioutput forward RCD converter

Test of secondaries couplingTest of secondaries coupling

Secondaries
well coupled

TRANSF. 2

2 transformers have been tested2 transformers have been tested

Secondaries
bad coupled

TRANSF. 1

LL11 (300kHz)(300kHz)

LL11 = 220nH= 220nH LL11 = 6.6nH= 6.6nH
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Output current in main outputOutput current in main output

Comparison of the static cross regulation Comparison of the static cross regulation 

Multioutput forward RCD converter

∆U(mV)

U1

U2

U3

U4

U5

TRANSFORMER 1

0

176

177

673

609

TRANSFORMER 2

0

106

109

338

291

TEST CONDITION
I1 = 5AI1 = 5A

I1= 0.5AI1= 0.5A
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Low profile on board converter (multilayer PCB)

Choke Transformer

Output: 1.5 V / 3 A
Output Power: 5W
Input Voltage: 3 to 6 V
Switching Frequency: 300 kHz
Max. overall efficiency: 85% (82%typ.)

FORWARD WITH RESONANT RESETFORWARD WITH RESONANT RESET

" Efficiency and size
" Magnetic components

integrated in a multi-layer PCB
GOALS
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Low profile on board converter (multilayer PCB)

Forward with Resonant ResetForward with Resonant Reset

n:1

Vin

Lm

Cs

Cp

Qsw
SRrc

Drc

Qrc

Qfr Dfr

SRfr Vout

" Simplicity
" Self driven synchronous rectification
" WARNING: Performance depends on

parasitics (transformer and semiconductors)

FEATURES
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Low profile on board converter (multilayer PCB)

Technological CharacteristicsTechnological Characteristics

8 layers
Copper thickness:          70 mm
Substrate thickness:    190 mm

Overall design is subjected to the PCB characteristics

Substrate FR4

1.
9 

m
m

Copper

Layer 1

Layer 2

Layer 3

Layer 4

Layer 5

Layer 6

Layer 7

Layer 8
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Low profile on board converter (multilayer PCB)

Design of  the power transformerDesign of  the power transformer

Turns ratio    4 : 3
Switching frequency: 300 kHz
Resonant freq / Switching freq = 0.85
Parasitic capacitances of the switches

Core

Windings

Planar E core (E 14 / 3.5 / 5)Planar E core (E 14 / 3.5 / 5)

Plate: PLT 14 / 5 / 1.5 3F3Plate: PLT 14 / 5 / 1.5 3F3

Turns ratio    4 : 3

1 turn per layer1 turn per layer

n1 = 4 ; n2 = 3n1 = 4 ; n2 = 3
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Low profile on board converter (multilayer PCB)

Transformer modelTransformer model

Open circuit testOpen circuit testOpen circuit test

Lm = 19.3Lm = 19.3µµHH

Short circuit testShort circuit testShort circuit test

LLleakleak =  5.2 nH   (300kHz)=  5.2 nH   (300kHz)
RRACAC =  15.4 m=  15.4 mΩΩ (300kHz)(300kHz)

ResistanceResistanceResistance

ReactanceReactanceReactance

ResistanceResistanceResistance

ReactanceReactanceReactance
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SIMULATIONSIMULATION MEASUREMENTMEASUREMENT

Low profile on board converter (multilayer PCB)

Experimental ResultsExperimental Results

VIN=5V

Peak= 2.5V

12.5V

Peak= 2V

12.3V

Vds in main switch at nominal conditions (Vin=5V, Io= 3A)Vds in main switch at nominal conditions (Vin=5V, Io= 3A)
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UPM modelUPM modelUPM model

Classical modelClassical modelClassical model

If you just estimate leakage on a thick film transformer.If you just estimate leakage on a thick film transformer.

Llk = 4nHLlk = 4nH

Llk = 30nH (estimated)Llk = 30nH (estimated)
Lm = 30 Lm = 30 µµHH

Low profile on board converter (multilayer PCB)
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Low profile on board converter (multilayer PCB)

SIMULATIONSIMULATION MEASUREMENTMEASUREMENT

Small value of leakage inductance predicted by the ModelSmall value of leakage inductance predicted by the Model

Experimental Results using thick film technologyExperimental Results using thick film technology

9.1V8.9V
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3.5 A·turn

3.5 A·turn

1.7 A·turn

0.3 A·turn

0.3 A·turn

0.6A·turn
0.6 A·turn

P
P

Sa

Sb
Sc
Sd
Se

3.5 A·turn
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Summary of design guidelines

6
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Interleaving

Reduces
Lleak
RAC
Cintrawinding

Increases
Cinterwinding

H

Energy in the air is not 
necessarily “leakage”

Φ leak

Φ common

Conductors with opposite 
current should be placed

as close as possible
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Windings separation

Lleak linearly dependent
on winding separation

Interwinding and intrawinding 
capacitance decrease with layer 

separation

INTERWINDING CAPACITANCE

Insulator thickness (δ) (µm)

0
1
2
3
4
5
6
7
8
9

10 50 100

C 1
2  

(n
F)

0

10

20

30

40

50

10 50 100

INTRAWINDING CAPACITANCE

Insulator thickness (δ) (µm)

C 1
1

(p
F)

End effect reduced 
if conductors are 
far from the core

In top-down structures, 
RAC decreases

In concentric structures, RAC
may increase or decrease
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Air gap

TO REDUCE RAC
TO REDUCE RAC

AIR GAP THICKNESSAIR GAP THICKNESS

AIR GAP THICKNESSAIR GAP THICKNESS

RELATIVE POSITIONRELATIVE POSITION
GAPGAP--WINDINGSWINDINGS

DISTRIBUTED GAPDISTRIBUTED GAP
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Air gap

RAC

Leakage inductance

TO REDUCE RAC
TO REDUCE RAC

CENTERCENTER--OUTER LEGOUTER LEG

WINDINGS SEPARATIONWINDINGS SEPARATION
VSVS

GAP INFLUENCEGAP INFLUENCE
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Low profile Substrate thickness Substrate thickness 
reduction reduction 

" RAC slightly increases, but more blocks can be
connected in parallel !!

" Leakage inductance drastically decreases
" Capacitance increases
" Isolation requirements to accomplish regulations

Copper

Substrate FR4

Copper

Substrate FR4

Substrate thickness reduction is limited by
technological constraints, but also take into account that...
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Summary

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

! All high frequency and geometry effectshigh frequency and geometry effects are taken into account
! Valid for any electrical waveformany electrical waveform (not only sinusoidal)
! Valid for both multimulti--windingwinding transformers and coupled inductorscoupled inductors
! Valid for behavioral simulatorbehavioral simulator and for electrical simulators

Modeling:

Design guidelines:
!! Geometry Geometry equivalent to performanceperformance
!! Low profile magneticsLow profile magnetics and standard winding constructionstandard winding construction

techniques are current trends
! Care about all physical effectsall physical effects together

(Electric energy, Magnetic energy and losses)
! Care about regulationsregulations


