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Abstract

Planar transformers provide  light-weight and low profil solution for power elec-

tronic convertens with highly reproducible parameters and simple mamfacturabil

Parasitic inductances, capacitances, and resistances in planar magnetics are difficult

t0 model due to the complex nteractions betwoen the physical winding arrangemne

of each layer and the core goometry (track width, air gap, cloarance, etc.). These

Itivariate magnetic devices play a key role in defining the perfo

sance of traditional, soft-switching, and resonant converters by ruling behaviors

s ringing, self-resonant froquency, conduction loses, and current rate of change in

these o

averters. T this work, a wethodology for determining parametric models for

ealage and magaet ductance, inter and win

g resistance of small planar transformers i presentesd wsing a variety of winding
amangements,
First, finite clement aualysis is investigated for the extraction of planar trans-

former parasities from 3D desigas. T

 Central Componite Design based on the

Desiga of Experiment (DoE) methodology i employed on finite element imulations

» based on windi ary. Results from

physical verification on  plauar ERIS/3.2/10 core set are provided and show ex

et corelation betwes

sodels i verification tests. The method is later enployed

10 effctively design an LLC (incuctor-inductor-capacitor) reso erter, which

is o experimentally verified to ilustrate the benefits of the proposed method. The

‘methodology can be employed to characterize and design planar transformers and to

redict their performances as part of a varity of power lectro
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Chapter 1

Introduction

1.1 Planar Transformers

; " A most costly
a

on the performance of power clectronic systems are the wagnetic components: the

incuctors and trausformers. Ongoing researcls o rduce the size and weight of these

components is gaining interest through the investigation of high frequency planar

nngneti 1, 2,3, 1. Planar transformens e ferritecors which have  ower profle
and a lrger ootprint. The windings are made of copper shits, samps,or prined
ircuit bowr traces with thicknesses mch sanalle than el widihs. This i vry
iffrent fom the taditonal wire-vound trausformers which e wire with circular

cross-sections in cores whase footpri allr than thei profe. Figure 1.1

hightights the dimensional differences between planar and wire-wound transformer






111 Planar Transformer Advantages

Planar trensforuers provide o munber of benefits over ther wire-wound counter-

parts [5, 6, 7, 8. The main benefts are

1. Tucreases thermal mangement. The low-profile high-footprint design of planar

cores provides a larger surface area to mount. heatsinks which allows igher

power densitis to be renlized.

2 v

o s an i s caser »

10 further decrease the leakage inductance.

‘ 3. Lower bigh frequency losss. The planar winding structure allows for designs

with thicknesses of two skin depths to reduce skin effct losss at high freqen-
cies. The large width of the conductor increases the current capacity of the

winding,

High reproducibility. Whea built nto printed circuit boards the windings of

plnar transormens are highly masfacturable and can bo recreated with ves-

bl eror. This allows for exact replicas to be modeled wsing fnite lement

software and for the predition of the transformer non-esliis (efreed to

as parasitc) 10 a high degro of acenacy. Wiee-woune trasformers canot

e relibly wound the exact saae way so any predicton of thi sort would be
Al

“This works prmary focus s enployin the igh seprociily o printed cireit

board planar transormers t develop & metlod to wmodel their parasiicleels over a

3



wide range of winding design parameters.

112 Planar Transformer Parasitic Effects

Figure 1.2 High froquency planar transformer cquivalent cireuit

The winding design of planar transformers is a challenging trade off process in

s thermal, power

which
fow, and parasitic behaviour simultaneously. Figure 1.2 contains the equivalent cir-
it of a planar transformer which highlights the parasitic dements of interest in
this thesis: maguetizing inductance (Ly). leakage inductance (L), inter-vinding
capacitance (Cue), intra-winding eapacitance (Ci). and winding resistance ().
Ly s mensre of the magnetic coupling between the primary and the secondary
of the transformer. Tt is & measure of the amount of magnetic flux which entirely

W the secondary windings. L, represents the magnetic

encompasses the primary
energy which does not transfer from the primary to the secondary. I is a measure
of the magnetic lux which ouly encompasses either the primary or the secondary
Winding, Couer represents the charge storage capabilty of the dielectric material

between the two windings. 1t is a measure of the capability of the transformer to

direetly, bypassing




between each turn or layer of each winding. R is the winding copper resstance which

represents the obmic Josss of each winding

1.2 itics in DC-DC C

Transformer parasitics play a critical role in the operation of a variety of DC-DC

circuit and parasitic descriptions have ben established, the requirements o each

parasitic to help achieve bigher efficiency and increased power density in traditional,

and resonant » in thissection.

1.2.1 Traditional DC-DC Converters

Transformers are important in traditional hard-switching DC-DC converters for two

reasons: o provide lectrieal solation 1o the electronics downstrean from the o

verter and to assist i achieving high or low voltage gaius by stepping up or down the
input voltage. T both of these applications each parastic level st be at a winimun
10 decrease energy Josses i the transformer and 0 avoid constraints on di/dt and
voltage ringing at the secondary of the transformer. Figure 13 bighlights the di/dt
an the primary curtent of the transformer cawsed by L and the voltage ringing at

the secondary cansed by the second order characterstic of

action betw

Lt a0 G The parasitios have  profound impact on the overshoot (V'su), the

ringing frequency (f), and the di/dt in traditio

1 DC-DC converter topalogies and

st be miniazed



Figure 1.3: Conceptual transformer socondary voltage and eurrent i a traditional

DC-DC converter with parasitic ringing and di/di constraint



122 Zero Voltage Switching Converters

Transformer parasitics play an integral part in soft-switching converter topologes.
In phiase-shit Zero Voltage Switching (ZVS) operation, the energy from the leakage
inductance is used to force a zero voltage state before the converter switches turn

imising swithing loses asociated ith each switch output capacitance 9,
10,11, 12] This allows fo bigher frequency operation which reduees the size of the
transformer. The most isportant equirement for ZVS operaton is tha the leakage
inductance b able to store more enrgy than the otput capacitance of each switch.
“The challenge s t0 design a traasformer winding which contais  prodefined level of

Lix while winimizing the effects rom otber parasitis.

1.2.3 Resonant Converters

Resonnt L

itors) to create resonance i the circuit which varies the gain of the converter based

on the switching frequency (13, 1], LLC resonant converters are gaining popular-

ity due to their soft switching characteristics which are very iportant to reducing

Tosses [15, 16, 17, 18, 19]. The resonance in an LLC resonant converter is dependent.

on a capacitor and inductor in series with a parallel inductance. The series indc-

tor can be replaced by the trausformer leakage inductance ane the parallel inductor

can be replaced by the magnetizing inductance when usiug the transformer as an

integrated magnetic component. The resonant frequencie, the gain characteritics,

d the region of operation are highly reiant on the precise value of Ly and Ly so

when designing a planar trausformer for an LLC resonant converter, Ly and Ly are




Thisis

desigaed to spe

 significant challenge that s addressed by the methodology proposed in this thesis.

1.3 Modeling of Planar Transformers

The previous section established the importance of controling the parasitics. This

section investigates the use of a combination of finite clement modeling (FEM) and

design of experiment methodology (DoE) for developing high accuracy parasitic pre-

diction wodels. FEM s very important when designing magnetics to observe the

electromagnetic fekd distibutions and meastre parasitic levels without requirig ex-

pensive and time-consuning fabrication. Dok is an effcent statistical methodology

for creating parametric models from exmpirical data gathered from FEM similations

o experimental tsting, Combining FEM and DoE methodology creates a powerful

ool for predicting parasiti levels n pl “ e

design paraimeters,

1.3.1 Finite Element Modeling of Planar Transformers

oo sl tetrabe-

Electromaguetic FEM simulations break the simulations spa

mesh. The electromagnetic feld quantitios

drons which make up the finite ¢

‘v solved at ach node of the mesh and are interpolated ehewhere. The mesh can be

eshes imuprove accuracy but also ncrease simulat

e e or conrse, where fi

titme, while a coarse mesh will provide a rough approximation for rapid prototypis

i investigated for the calculation of planar transformer parasitics

The equations and background theory are presented alon; with methods for caleulat-

1]
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|
;

i cach parasitc. The chapter concludes with a design example which confirms the

bigh

cutacy of the proposed methods.

1.3.2 Modeling Parasitic Behavior

‘Whille FEM s an exceptionl tool for wmodeling the parasitic efects in planar trans-

formers, it can only be applied to discrete values of winding design parameters. To

create continvions functions for each transformer parasitic based on complex winding

design parameters, DoE. methodology is employed in conjunction with FEM. Do
provides o statstical method for defining parametric models for planar transformer

ats while maintaining a high level of accu-

parasitcs with a minimum of experi

racy [20). Tn Chapter 3 Dok: s used to create parametric models for each parasitic
with respect 1o the following winding design parameters: track width ratio, air gap

length, conductor clearance, and mumber of turns per winding, Very high accuracy.

qundratic models are presented using tenty-five FEM simations which preit the
parastic levels over a wide rage of winding design parameters. In Chapter 1 a de-
g proedure s provided to e these el 1o desgn a transormer with specfc
Nevels of magntizing and eakage indctance for an LLC resonant comverter. The

design accounts for the need for minimun resistive and capacitive parasitics and is

experimentally confirmed to operate as designed

1.4 Current Literature and Proposed Research

The previous sections outline the scope of this work: to create a methodology for

the accurate prediction of planar transformer parasitics to wse for transformer design




i varions DC-DC converter topologies. "This section positions this goal in the con-
text of curtent work in the areas of parasitic prediction and the application of DoE.
methodology to maguetics.

Currently analytical models are available for transformer leakage inductanece, ca-

pacitance,
22,23, 21,25, 26, 27, 28], Modeling leakage inductance under conventional winding

IMF distribution has

arrongements with the assunption of symmetry and licar
bocn addrss [21, 22, Aspects relating 1o pover loses Have been addressd by
an intersting approach to vary trackwidth to minimize ssistance (23, an analyt-
Scal solution whic s accurate fo trauslomers with fxed-width conductor withont
apped core [24], and models fo lss and et rise caleulations basd on analytcal
o emprical formulae 23], Other individual parsmeters such as capociiances have
oen studied i wine-wond transformers,ineluing  method for calculating self
pacitance (2], ethodology based o  two-port network and sep response t model

stray capacitances (27, and the use of inter-winding capacitance to achieve ZVS and

Zoro-Current Switching (ZCS) (28] Tnvestigations of the previous important efects
in Printed Cireuit Board (PCB) based planar transformers are lacking in the liter-
ature, and comprehiensive modeling methods that combine interactions of physical

raditionsl windi

parameters in arrangements have not been addressed either

Prelinary work on applying Design of Experiment methodology to electromag-

etics s b perforused [20, 30, 31, 32 Response Surface Metlodoogy s becn
applicd 10 the design of  Ccore actuator (20], magnetic kvitation syscms (30} high
{emperature supercondcting transforers (31, and E-core planar trnsformers (32
“The existing lterature provides  solid bassfo the e of this technique t0 analyse

1



the effect of complex winding design parameters in smal planar transformer design,

which has not previousdy been ex:

and providing o

wer logy in planar

iaguetic design, modeling, and characterization by

1. Providing a fast, effcient, and accurate approoch to the prediction of parasitics
in planar transformers, which control undesired effects such as voltage ringing

and restrictions on di/d.

parameters

thout the use of assumptions.

3. Investigating the effect of varying turn track widths on all parasitics, a novel

contribition 1o transformer winding design methods with applications in inte-

grated magnetics
4. Creating an effective design procedure to select the approprinte transformer
parasitcs for LLC resonant conserters.

5. Providing highly accurate experimental verification of results.




Chapter 2

Finite Element Modeling of High

Frequency Planar Transformers

2.1 Introduction

Planar transformer parastis are highly complex and noulnear, especally when vs-
ing comple winding geometies Aualytial solutions reuire simplifcations and s
sumptions of symmetry which are not. present i physical transformers. Due to igh
preciion manfacturing and increased eproducibil, bigh frequency planar trans-
formers buil into printed ciruit boards offr the bilty 1o model their parasitics
with bigh accuracy using fite lement. siunlations which require less asumptions
and o symmetry(33]

Fiite clement simulations sgaent the simation space into smal tetraidrons
called  mesh and solve Maxwel's cquations at every mesh node and at every edge

widpoint to simulate the electromagnetic feld parau




quadratic interpolation function is used to caleulate the values of the lectromagnetic

fiekd parameters between nodes. It is  conscious decision to make the mesh as ine or

s course s s necessary to balance the accuracy of the model with runtime specd. In

the following sections the theory bekind the simulation of inductance, resistance, and

capacitance within fnite clement models is described and the proceddures to caleulate

parasitic values within high frequency planar transformers are defined. A design
exanple s included to highlight the effectiveness and accuracy of the procedures

with rogards to modeling planar transformer parasitics.

2.2 Simulating Circuit Parameters

Finite clement simulations are performed using various solvers which calculate a sul-

set of the fiekd paraieters to save computing time. The three steady state solvers.
(clctrostatic, magnetostatic, and oddy current solvers) are wed to model the par-

sitic efects in high froquency planar transformers. The clectrostatic solver is wsed

o caleulate capacitance ostatic solver is wse to caleulate DC resstance

e mas

and nduetance, and the eddy current solver is used 1o measure AC resistance and

inductance. The background theory and methodology for caleulating these circuit

paraimeters are prosented in the following setions,

221 Simulating Capacitance

Measuring capacitance in finite cement simulations requires of the clectro-

static solver, which assumes there i 1o mow dation

ut of charge within the




Electrostatic simulations can be excited using a charge density (o) which is used to

compute the electric potential (&) at every node of the sinlation mesh using the
equation:

V- (ta¥) = —p (1)
which s derived from Gausss Law (22), the electric field constitutive reation (2.3),

1 the definition of the clectric potential (2.4):

(23)

(24)

where ¢, and g represent the relative and free space permitivities, 5 represents the

tric e iutensity

electric flux density, and £ repre

Electrostatic stulations are used to

culate capacitance (C) within high fre

ey planne traslorers g th et potential energy (U ) whis s defned
over the volume (V) of the smlation domain using (25) ad (20)
S o
Un=y [ BBV @5)
20

Solving the two equations for the capacitance gives:

1



@n

“To further simplify the modeling, when calculating capacitances using the elec-

trostatic solver, (2.7) can simplify to twice the energy defined in (2.5) when the

transformer is excited with V' = 11 Using this method it is quick and easy to deter-

mine the capacitance by sunming the values of the dlectrostatic energy calculated at

every node of the mesh,

2.2.2 Simulating DC Resistance and Inductance

u fnite

To wmodel DC inductance and resistan it simlations the magneto-

static slver is used, which assunes that ouly DC currents can flow and there can be
o time-varying maguetic filds. The conductors are treated as nowideal and thus
electric fields are allowed 1o penctrate them.  Any currents induced in the sina-

o st be divergenceless, meaning that the current wust either be fully contained

within the boundaries of the mlation

Jation or any current that enters th

aries st o exit the boundaries as well. Magnetostatic solutions can be
excited by external voltages (V), current (1), current density (J), or permanent mag-

netizations (). The solver perforuns two soly

i sequentially: first the current

density i all conductors s deters

e, then the mag

e fekd quantities are con-

puted. The curtent densities are

tenmined by first solving for the electric potential
(@) within the conductor using;

J=of @28)



When (28) is combined with (24), the field solution becomes:

T=-ove (29)

sidering the field is magnetostatic, the final fied constraint is that the continity

tion must be preserveed:
a

(210)
Combining (29) and (2:10) allows for the electric potential to be calculated wsing:
V-0V =0 (211)
This equation is solved at every node in the simulation and the current density is
derived from the solution using (29).
Once the current density has boen solv, the magnetostatic solver computes the

maguetic field intensity () and the flux density () from Ampéres circuital law and

Ganss's I for magnetisi:

Vil (212)
v (213)

sing the magneti constitutive relationsip:
i+ 30) (211)

e AT represents any pesmanent magaetexctaion within the sotion region
Thiese okl quatiis are importat to solve for inductance (L) within high -
quency planar transfomers throngh the magaetc energy (U}
i[5
R
w

(213)




Solving this equation for the inductance (L) gives:

(216)

To solve for inductances within high frequeney planar transformers, the winding

the inductance

s excited with 1 = 14 which allows the maguetic energy to represe:

of the transformer.

2.2.3 Simulating AC Resistance and Inductance

The eddy current solver allows for time varying excitations and lectromagnetic field
solutions to solve for AC resistance and induetance values. This solver incorporates
the skin depth and it simplifies the solution of the clectromagnetic field quantities

A stores the values in phasor

by assumig they all puksate at the seme frequency
format. The excitations for this solver must e a phasor current or current density.

lar o the magnetostatic solvr, the oddy current solver solves for magnetic fickds

inside conductors before solving the fields clsewhere. The current density is calenlated

while the

maguetic field intensity s caleulated inside the conductors using Ampéres Circuital
L in phasor form

VB = Tt juck (27
and using (2:8)in phasor form along with Faraday's Law

(218)




provides the ield cquation in phasor form:

1
T

Vx( V x ) = jupfl (219)

ion is used 1o compute the magnetic field intensity at every node i the

mest in phasor form. The simulation can be iterated through mumerous frequencies
to provide harmonic analysis of the magnetic ield quantities. The inductance can be

calculated at any frequency using the phasor expression of (2.16):

@20
whilethe AC resistance can be caleulated sing the obic pover oses (P):

Il w-irn (221

R=— [T Fav 222)

T @)

“To determine the inductance and resistance at any harmouic frequency n a high
frequency planar transformer an eddy current modelis solved with current [ = 14
and the maggnetic and loss energy are used to represent the indnctance and resistance

respectively

2.3 Design Example: High Frequency Planar Trans-
former

To demonstrate the abilty of finite el

alyss to accurately portray parasitics

» L



s built into a standard

s

A

s an solation trausformer with a turus ratio N = 1.

Table 2.1: Design Example Construction Parameters

with construction parameters as establisbed in Table 2.1 Two layers were used for

Parnter_| Value
PCB Thicaess | 62 mi
PCBLayrs | 1
Copper Thickness | 102
Prinary Tors |8

Secondary s |8
Clearance_ | 14 mil
ArGop | 180,m

“The transformer is built using o three-divsensional inite element wodel and an

explodod cross section is presented in Figure

of the connections 1eq

21, The model includes the effct

o to connet the transformer (0 an external ciruit. This

1 = 200kHz.

1 the transformer

an operating frequency



Figure 2.1: Design example: Planar transformer

netizing Induc

ance

The magnetizing inductance (L) represents the strength of the wagueti

between the primary and the secondary of the trousformer. Ly s measured at the

uary of the transformer with the sccoudary open. The proposed meth

measuring Ly in planar transformer sinmlations i

1. Chioose the eddy current solver with sohtion froquency / = 200k

2. Apply o current excitation to the priary I, = 14,

3. Apply an open circuit current excitation to the secondary 1, = 04,

1. Caleulate the magnetic energy of the simulation using (

This operating condition is highlighted in Figure 2.2 and represents a transformer




Figure 2.2: Operating condition to measure Ly

inductance of the transformer with au open sccondary. For this design example, the

valie of the ming

zing inductance obtained from the sinmilation was Ly = 11.5H.

232 Leakage Inductance
The leakage inductance (L) s & measure of the amount of magnetic flux which
o ot couple the primary to the secondary. Ly is measure at.the primary of the
transformer with the secondary shorted. The proposed wethodology of reprodcing
this procedure for finite lement simulations is s follows:

1. Clioose the eddy current solver with soluton fequency / = 200kH:

2. Apply a current excitation to the primary I, = 1.
3. Apply a short circuit current excitation to the secondary 1, = 1.

1. Calenlate the magnetic cnergy of the simlation using (2.20).




Figure 2.3: Operating condition to measure Li

It i important that the secondary current provide equal and opposite amp-turms

50 that the measured energy accurately represents the leakage inductance of the
transformer(31). This operating condition i highlighted in Figure 2.3. For this design

example the leakage inductance obtained from the simlation was Ly, = 506nH.

2.3.3 Winding Resistance

The winding resistance () represnts the ohunc sses due 1o the copper traces
without the effct of the maguetic core. To measure 7, the core is remove and
neasurements e taken at. the primary and secondary terminal to et a resitance
Tl for each winding, For ths exaple the windings e identical s0 only the
prmary esistance needs to be smlate, The procesure to simlte the resitance

of the primary of the transformer for this example is as follows:

Remove the core and the secondary, leaving the primary and the primary di-



2, Clioose the eddy current solver with solution freay

ey f = 200kH.
3. Apply a current excitation to the primary J, = 14

1. Caleulate the ohmic loss energy of the simulation using (222

Figure 2.4: Operating condition to weasure R

This operating condition s highlghte i Figure 2.1 The resstance of the primary

winding for this example was & = 570

234 Inter-Winding Capacitance

T ) Fepresents stored between

the primary and the secondary of the transformer. For this purpose the electrostatic

solver will be e, o save time in the process the core s removed from the model

since objects with high permeabilities and low permittivities have negligible effcts
on clectrostatic simlations. The procedure to measure this capacitance in bigh fe

quency planar transformens i as follows:



1. Chioose the electrostatic solver and remove the core from the model

2. Apply & voltage excitation to the primary 1

3. Apply a voltage excitation to the secondary V, = 0V

1. Calenlate the capacitive enrgy of the sinmlation using (2.7)

2.5: Operating condition to measure Ci,

This operating condition is highlighted in Figure 2.5, The interwinding capaci

tance for this example was found to be e = $13pF.

235 Intra-Winding Capacitance
The inteacwinding capacitance (Ciue) represents the capacitive energy sored within
the primary or the secondary winding, For tis simulation both windings are identical,

in the secondary. Tn

S0 simulating Clr of the primary is suffcent to represent €

this transformer the bulk of the eapacitive energy s stored between the two layers of



Figure 2.6: Operating condition to measure Ciur

the primary, so measuring the capacitance of the fist ayer with respect to the second
layer of the primary is sufficient to represent Clg. The procedre (o simulate g

i high froquency planar transformer is as ollows:

Choose the electrostatic solver and remove the core and secondary from the

modl,
2. Remove the via which conneets the two layers of the primary:
3. Apply a voltage excitation to the firs. layer of the primary Vy, = 1V

1. Apply a voltage excitation to the second layer of the primary V;a = 0V

5. Calenlate the capacitive energy of the simulation using (27)

ted in Figure 26. The intra-winding capaci-

This operating condition s highl

tance for this example was obtained a3 Cuyra = 1429F




A plasar tran

itcs. The experimental setup s p

Experimental Verification

ated in Figure 27 w
. Parasitic values were measured with

and the comparative data is presented in T

hout
w LCR

Experimental setup for measuring parasitics

Table 22: Design Example Resuils: Simulated vs. Experimental

Parasitc | Simslate | Experimenta

Ly | s | s
I S06ul 110
R | soma |




The resulting data s exceptionally accurate, with the prodicted and experimental
saltes matching within +/- 5%. The results from this design example highlight the
effctiveness of wsing finite clement simulations to simulate parasitic effects in bigh

frequency planar transformers.




Chapter 3

Applying Response Surface
Methodology to Planar

Transformer Winding Design

3.1 Introduction

Fiite element simlations provide an inespensive and rapid way of verifing pare-
it valesfor high fequency planar tausformer deigas as cxplanes i Chapter 2.
Unlfortunately the proces becommes ieratve and tine consuning if designing for the
minimun resisanee, or for a prescribed leve of each parastic. This chapter in
stigates and ilustrstes the use of Design of Experiment. (DoE) methodology in
conjunction with fiite lenent imulation to develop mathematical models for cach
parastic based on four winding design parameters bighlighted in Figure 3.1: track

width ratio (3), air gap length (). learance (d,), and mumber of turns per winding



).

Twenty-fve fiite lement simnlations are performed on an solation trausformer
it nto a printe circuit board tsing an ER1S/3/10 core set similar o the design
example from Chapter 2. The resultng dat is analyzed wing DoE methodology and

the result s st of parametric models which are proven to be accurate and effcient

ol for transformer design in Chapter 1.

Figure 3.1: Planar transformer model highlighting winding design parameters

3.2 Design of Experiments Methodology

In this section, statistical Design of Experiments (DoE) methodology is explored to

ereate accurate models for each parasitic element. in planar transformers. Modcling

the effects of every combination of transformer winding design fact

No. etc) using & mechanistic approach would require  significant time investuent

ors [35]

without gathering any information on interactions amongst the f



 analytical approach o account for complicated factos such s the track width
vatio requires appraximation de to the ighly noulncar relationships between the
parasitis and the fctors. Statistical Dof: methodology provides  systematic ap-
prosch for applving statisics to experimentation to achieve ffcient and accurate

results [20]

3.2.1 Response Surface Methodology

Planar transformer parasitics are a complex, nonlincar, and multivariate system

To produce accurate parametric models for this complex: system, Response Surface

Methodology (RSM) is used [36]. The methodology employs regression analysis to

provide parametric models o the form [20]

FO) = a0t 3o+ 30 by @
where Y isthe respanse being messured,  represents  funcionl transorn of ¥
{euc o noure gt o aquar o, a i e avrall average of messrnents,

cooti-

aarel

car segression coeficients, b are quadratic and iuteraction regressio
cients, n vepresents the mumber of factors while 7, and a; represent the foctors being.

varicd proportionl

to the adjusted R value of the model
Within RSM designs, the Central Commposite Design (CCD) s very popular since.
it can be buil upo  two-level actorial design (36]. CCD designs normalize all factor

lesels by coding the variables based on the scale: very low (-a), low (-1), mid-point

(0), bigh (+1) and very high (+a). For this experiment the parameter for the very

Tow and very high levels is 0 =




In order to winimize experimental runs while creating a robust quadratic para-

etric model, three measuremen.regions are considered:

1. Factorial experiments: Every combination of high and low levels of all factors
(2" measurcments).

2. Mid-point experiment: Allfactors at their midpoint (1 measurement).

3. Axial experiments: One factor at very low or very high while the other factors.

e at their mid-point (2n measurements)

I this chapter a four-factor CCD experiment s to model transforuer parasitics

based on wi w factors is described. With four factors the design requires

ing,d

25 fnite elemeat simulations to completely characterize the parasites over the range
of the chosen factors. A four-layer PCB was simulated with a unity turns ratio to

bighlight the application of these results o isolation transformers.

3.2.2 Coded Factors

“To interpret the results from the experiment it s important (o understand the nor-

malization procecdure employed in the analysis. As mentione, the factor levels are

normalized

of analysis. A coded

e lowest factor value, O represents the midpoint, and +2 represents the highest level

and all other values are linearly interpolated. Coded factors are denoted by a capital

letter to bighlight the normalization. For example, the normalized range of vabues of

the track width ratio (5) i represented by the coded factor “A”. Al of the analysis

in this chapter wse coded factors.




Table 3.1: Factors Range of Operatior

Factor Coded | - o1 Units
Track Width Ratio (5) | A | 098|099 [100 | 101 | 102

Air Gap Lengeh () | B | 60 | 120 | 10 | 210 | 300 | ymn

Clearance (d.) c o w[u|m|n]m

D a6 [s[w0]1]wm

3.3 Winding Design Parameters

“The four factors investigated are the track width ratio (), air gap length (1), clear-

(), and the muaber of turns per winding (N,), which have been conceptually

illustratesd at the beginning of this chapter in Fig. 3.1, Table 3.1 presents the chosen

fnctor lovels and coded variables.

3.3.1 Track Width Ratio

“The track width ratio (Factor A) represents the change in o tura’s conductor width

based on the prosinity of the turn from the center of the core. To define the track

widths, the winding breadth was divided into sixty blocks whose widths change by
the track width ratio. These wnevenly sized boes are divided up evenly between the
turns i each layer of the transformer, generating unevenly sized tracks us defned by

the track width ratio. A track width ratio less than one signifies smaller conductor

width near the center of the transformer s presented in Fig. 32, A track width

s thicker conductor near the center, The flux density

ratio greater than one sig

plot contained in Fig, 3.3 indicates that the leakage flux density for o

»




Figure 8.2 Top view of the 3D finite clement wodel of a small planar trousformer

with a track width ratio less than one.

Figure 3.3: Magnetic fiux line plot of a sl planar transformer with a track ratio



track width i bigher around the smaller conduetor than the wider conductor. When
the flux is concentrated near the center of the transformer, there is less volume for
it to oceupy, which indicates that a track widdh ratio less than one will provide less

leakage inductance than  transformer with a track width ratio greater than one. A

range from 0.98 to 1,02 was chosen for the ratio between blocks, which allows for the

‘miimuan mannfacturable track width to be considered in the design.

3.3.2 Air Gap Length
The air gap length (Factor B) represents the spacing between the upper and lower
core halves in the ER core set. The range from 60an to 300pm wos chosen o allow

for his range. Alr gap length

s traditionally used to manipulate Ly and will srve as a benchmark o establish the

effct of the other factors on Ly

3.3.3 Conductor Clearance

The clearance (Factor C) tepresents the distance betwoen any tvo conductors, s

‘well s the distance hetwren any conductor and the core. The range from 6 wil to 22

evel at which the conductor

st manfacturable levl to 4

il represents the

‘width senches ts winimus in conjunetion with the track widdh ratio, By increasing

the clearance, the copper width dectensed wo sesistance is expecte o increase



3.3.4  Number of Turns

“The muber of turns per winding (Factor D) represents the number of turms in each

of the primary and secondary windings. Since cach winding has two identical layers,
this factor represents the total mumber of turs across the two layers. The mumber of
odate the smallest mamfacturable

e from 4 to 12 per winding to acco

track width,
3.4 Parametric Models for Planar Transformer Par-
asitics

The responses are the transformer parasitics clements, namely magnetizing and leak

age inductances (Ly, Lu), inter and intra-winding capacitances (Coer, i), and

winding resistance (). These responses were measure using the inductive, resistive,
and capacitive energy of the system in cletromagaetic finite element simulations as

fcant

discussed in Chapter 2. Tt is predicted that they will contain the same.
factors with diferent weightings. The resulting simulation results are contained in

Tble 32,

3.4.1 Parasitic Models

o do-

RSM to the simulated parasitic data highlights the significant i

Ampl

sign fctons (3. de.Ne) for ach parasitic. The method applies a statistical sigaifi-

cance test followed by o

models as presented in (3.2) through (3.6). The parasitios are expressed in terms




‘Tuble 3:2: CCD Experimental Results

[Zutnl]
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of cach physical coded variabie (4, B, €' and D) wider investigation. The equations

plexity as shown by the mumber of

represent a clar nonlinear trend with bigh co

eractions (products between two variables) and higher order terms.

Lu = 1500 - 5538 + 855D — 2.27BD + 2.408° + 131D° (32)

L 0+ 13334 — 0368 + 31.21C + 2358850

—250AC + 328AD + 1826CD — 2808 + 31.79D* 33

26880+ 17714+ $8.4C + 202.97D + T8.12CD + 9,664

=

+18320% + 478D @1

Chutr = 8154 0084~ 0.77C — 031D - 0.20CD ~ 0.0654° + 0.078D* (3.5)

093D ~039CD ~ 0094 + 0.12D° (36)

Cutra = 1108~ 0.054 - 1L95C

These models are determined to be statisically significant with exceptional fit

“The adjusted 7 values, which indicate the quality of it between the model and the
data contained in Table 3.2, for each model are 0.9863, 0.9998, 0.9877, 0.9797, and

0.9919 respectively. This shows an exceptional correlation considering the theoretical

mainann R value i 10, The detailed ANOVA data for each model are contained
in Appendis A, These five zesponses are consdered to be esentially independent
since there is o exact relationship between them. However, it should be noted that
the predicted models for Ciuer a1l Gy contain the same factors, ths following a
similar trend.

“The trends indicated by these models are intuitive and insightful. For example,

ber of turns (Factor D)

the positive effect of the clearance (Factor C) aud the m

resistance s expected since the conductor length and width are decreased,

on 1

u the

increasing the current density and thus the loss. The interaction term CD

3




response shows that there is an interaction between the effect of clearance and the

e of turns, a term which s misse in one-factor experiments. The interaction

duded dixB. 1t

that the air gap length (Factor B) does not affect the winding resistance as explined
i Chapter 2. Great insight is gained into the effect of the track width ratio (Factor

A) on the winding resistance. The quadratic nature of the A term in the Resistance

allows for the posibility of a track width ratio which gives o minimum resistance,

which allows for the possibility of an optimal design.

3.4.2 Response Surfaces

Figure 3.4: Response surface of Cngr

RSM allows for rapid prototyping and design of parasitic values, through the

e of the response surfaces. The response surfaces of the transforme

parusitcs
capture their nonlinearity, Lighlight factor interactions, and give all of the possible

operating points within the factor ranges. The interaction between the clearance and

a3



35 Response surface of L

iber of turus can be seen from the irregular shape in the response surface

e 34 while the

arity of the leakage
inductace with respect to the mumber of turns is shown i its response surfce in

Figure 3.5,

‘ 3.4.3 Track Width Ratio Significance

T —
1 ot !’T\

Figure 36: Parasitic trends with increasing track width ratio.



As o result of this work, an important effct associated with the track width

eatio s been identified. The simulations revealed that increasing track width ratio

by 45 increased the leakage inductance by 135% and resistance by 25%, but ouly

nereases the inter-sinding capacitance by 1% and the intra-winding capacitance by

5%, as represented in Fig. 3.6, These trends are in line with the predictions based

he magne 33, in that the leakage fux concentrates.

e plot presented in i

around the thinmer conductors, so minimizng the vohume of the smaller conductors

will minimize leakage inductance. The resistance trend is insghtful as it indicates

that paint with Under

this condition the overal resistance is decreased due to a more even distribution of

resistance per turn, which is counteractod at low track width ratios by the resistanee

e turn. This becomes an optismization problenn to fin the track

point change by wp
to 26%. Whille the track width ratio changes the distribution of the copper in the

winding window, it does not change the total width of copper wsed, which means the

total cross sectional area of copper i constant. “This means the capacitance will not
e siguificantly affected by the track width ratio. This is an important observation
s it allows the leakage inductance of  planar transformie to be tuned independently

from the capacitances

0



Figure 3.7; Experimental validation test board. Setup # 1 is th

transformer and setups 2 - 6 are the five test points

.4 Experimental Valid

To highlight the exceptional accuracy of the proposed method five experimental val

dation runs were performesd using the printed circuit board presented i Fig. 3.7,

The bonrd shows sx transfornmers with ailiary power lectronies. The one that is

i Chapter 4 while the remaining five of these were tested to compare the results

ouses with those shown in (32) through (3.6). The excellot mateh

the resistance and inter-winding capacitance are bighlighted in Fig, 3.8 and Fig. 39

respectively. These results indicate that rapid prototyping us
Design of Experiment methodology and finite clement analysis allows for accurate

of winding design paraseter values



Figure 3.8 Resistance: actual (ircls) vs. predicted (ssooth line)

T e W

wling capacitance: actual (tringhes) v, predictet (smooth line).

2



Chapter 4

Integrated Magnetic Design of
Planar Transformers for LLC

Resonant Converters

4.1 Introduction

The proposed methodology for the prediction of planar transformer parasitios in
Chapter 3 allows for rapid design of tramsformens with prescribed parasiic levels,

I this chapter a set of design guidelines for planar transformers for & 25W LLC

resonant converter usiug the previously obtained parumetric models is proposed. A

planar transformer prototype was designed and tested within a 25W LLC resonant
converter and results under different operating wodes are inchude o llustrate the

resonant belavior and to validate the presented design proceture



4.2 LLC Converter Operation

M PPN ) Y
U X0 «j_]:

Figure 4.1: Full-bridge LLC resonant converter with transformer parasitics.

LLC resonant of soft

ers have gainee popularity due to their Zero Voltage S

Zero Current Switching (ZCS) turn-off operation under a wide range of loading con-
ditions, including no load condition 37,35, 30]. LLC converters use passive magnetic
resonance between a series inductor (L), series capacitor (C;) and a parallel induc-

tance (L) placed beteen the switches and the rectfier of s DC-DC converter. Tn this

» a bereplaced Ly ond

Ly as highlighted in Figare 4.1, These maguetic parameters affct the converter's

operation through madifying the operating frequency range, the switching operation

(2VS or ZCS). and the load regulation capability. A family of curves highlighting
the LLC DC characteristics are presented in Fig. 42 with changing load condition.
Frequency 2 presented in Fig. 42 i the resonant frequency at which the seres ca-

pacitance resonates with the combined series and magnetizing inductances and £

s the frequency at which the series capacitor resonates with only the leakage



Figure 1.2: Conceptual LLC

changing load condition, Q.

T
el )

esomant converter gain vs. frequency characteristic with



tance. The converter operates under ZCS condition whea the slope of the gain vs.

froquency

rve i pasitive and operates under ZVS when

e sope is negative. The

switching Josses in the MOSFETs are reduced under ZVS condition so the converter

t be operated in cither Region 1 or Region 2, as indicated in Fig. 1.2 with dashed

The load regulation is determined by the slope of the curve, which is greatly

affectest by the maguetizing inductance. The lower the maguetizing inductance, the

igher the slope of the curve which means more effctive regulation capabilities over

@ sumall frequency range.

Ascan be s 1, ihly dependent on

the interaction between . Ly an Ly As will be seen, the high accuracy prediction

models using Response Surface Methodology proposed in Chapter 3 can reduce the

in resonant DC-DC L and

Lur to flfl the requiremments of resonant converters. For this purpose, the following

sections.

o an LLC case study and

rative design procedure to highlight

the effctiveness of the parasitic models in LLC planar transformer desiga.

4.3 Transformer Design Specifications

The LLC converter proposed for this design s specifications described in Table 1.1

The resulta

2, from the

uircments are presented i Table

relations p

e in Figure 1.2 using o series capacitance C, = 1uF



Table 1.1: LLC Converter Design Parameters

Paramcter Value

First Resor

it Frequency (f) | 200 Kz

Second Resonant Frequency (£z) | 30 ke

Ve 0V
Turus Ratio 11
Rt 00

Table 4.2: Transformer Design Paameters

Parasitic Design Value

Magnetizing Inductance | 26

et 00

Minimum

Capacitances Misinun




4.4 Design Procedure

Using the parasitic prediction models preseated in (3.2) through (3.6) a design pro-

cedure for o planar transfor

for 8 25W LLC resonant converter s developed. To

meet the parasitic requiremnents the following design proceddure s recommended:

1. Define the minimun mimber of turns (Factor D in coded units), based on rated
valtage and frequercy:

The winia

aber of turns for this application i determined by the satu-
ation of the core, from he relation10]

: Vo x 10t

Newn = T3 3p7 wy

which, for an ER 18/3.2/10 core set with a max

il density of 201

st i i of ight turns (D = 0) being employed.

2. Use (3:2) with D = 0 to find the air gap (Factor B) which obtains the desired

magnetizing inductance of 26 4 1

B=-127 “2)

“This suggests the coded value of the required airgap i -1.27 which les between

60 (B = -2) and I, = 120 ym (B

1), The exact air gap requived to

produce a magnetizng inductance of 26 uH s 100 .

Use the response sutface of (3:3) to find all of the combinations of clearance
(Factor C) and track width ratio (Factor A). which obtain the desire! leakage

inductance.



1. Use (3.40),(35), aud (3.6) simultancously to choose the combination of clear-

ance and track width ratio which minimizes reistance and capacitance while

stll

ratio. ‘This allows for a leakage inductance value of 600 nH while mininizing
the resistance (505m) and inter and intra-sinding capacitances (12.3pF and

TApF)

This design p and flexible,
without iteration. The resulting winding design parameters for the transformer are

summarized in Table 4.3

“Table 1.3: Plaar Transformer Winding Design Parameters

Parameter | Rating

“Track Width Ratio | 0.995

Air Gap Leugth | 100 jun

Clesrance | 16 il

Turus per Winding | 8

4.5 Experimental Prototype

board

“The designed transformer was constructed using a four layer printed circui
and an ERIS/3/10 core set with 1 0z copper traces. The resulting LLC converter,

e 43. The converter was

o in Figu

icluding auxiliary power clctronics i pre

9




Figure 43: LLC converter includin

xample transt

st to observe the appropriate gain vs. froquency respanse and the waveforms were

tested in Region 1 aud R

on 2 to confirm the resonant behavior

perimental Results

Tuble 4.4; Transformer Parasitic Levels

Paesitc | Desgued | Fite Element | Espertmental | % Ertr

Lu(h) | 2%

5 25 19

The proposed transformmer was de




with the parasitc levels indicated i Table 1.2, The construction provided very

accurate results in terms of the predicted parasitios as presented in Table 4.4, Ouly

 small amount of the total parasitic levels were contained in the final construction

that were not accounted for n the parametric model. The final transformer contains

parasitic levels which contain less than 5% error compared to the desired values,

e with finite clement

highlighting the excellent accuracy of DoE methodology com!

Figure 1.1: LLC converter gain vs. frequency characteristic: actual vs. predicte

correlation between theoretical and

len

The gain vs. frequency plot shows exe
experimental behavior and i presente in Figure 1.1, The load regulation is excelent
‘within the region investigated, rauging from a gain of 0.08 to 112 over the frequency

range of 100 ki to 500 kiz.



To conclude the testing, the converter was operated over Regions 1 and 2 and

the waveforms were analyzed compared to i

ulated waveforms. Figures 1.5 and 4.6

highlight the simlated and experimental waveforms from Region 1 while Figures .7

and 4.8 bighlight the simulated and experimental waveforms for Reg

2. In Region

maguetizing inductance does not
resonate with the series capacitance because it is clamped to the output voltage. In

Region 2 The output

rrent becomes discontinmious, which isolates the output from the transformer for

portion of the eyele, alloving the magnetizing inductance t0 resonate with the sries

results, confirming the aceuracy of this design procecure
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e el Wl el

Figure 15: LLC simulation wveforms operating in Region 1 voltage applied to

resonant tank, primary current, and secondary current

o LTI

{ oo DO oo
T

NN

e

Figure 16: LLC case study woveforms operating in Region 1: voltage applied to

resonant tauk (Ch), primacy cureent (Ch1), and secondary current (Ch2),
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Chapter 5

Conclusions

The winding design of planar transformers i a challenging trade offprocess i which

the winding structure afects the trausformer's clectromagnetic, therumal, power flow

clements, these

and parasitic behavior simultancously. Focusing on the paras

arrangements cause the transformer to display diffrent levels of magnetising and

leakage (Ly aud L), inter and intro-winding capacitances (Cir and Cour), ad

winding resistance (). This work provided the methodology required to generate
high nccuraey prediction models for tramsformer parasitics based on various winding

design parameters, specifically: track width ratio, air gap length, conductor cearance,

and minber of turns per winding odels were generated wsing o combination

of finite ¢ ) methodology.

ent wodeling, (FEM) and Design of Experiment. (Do

Planar transformers, using an ERIS/3/10 core set, buil into printed circuit boards

ransformer parasitios over  wide range of

were employed to character

winding design paramieters.

Chapter 2 provided analysis and simulation procedures for extracting parasitios



1 to be an accurate and

from high frequency planar transforumer models. FEM s shoy

fcient method of letromagnetically smodelng bigh frequency planar rausformers
ing a combination ofsetrostatic, maguetostatic,and eddy current solvers. Meth-
s to recesimnlation tie by selctively choasing which model objects o inlude

nchsimlation were discussec, as well s the prope exctatons requird fo par-

asitic extraction. A design example was provided to bighlight the accuracy of the
proposcd methods.

Chapter 3 ext

e the parasitic prodiction models to a wide range of windi

design parameters using a Central Composite Design (CCD) experiment based on

ty-five inite lement simulations. The results from the CCD experiment were o

st of g » The resulti

cquations highlighted the bigh nonlinearity of planar transformer parasitics as well

s the complexity due to interactions am

st winding design parameters. The most

evesting and insightful discoery from the experiment was the effct of the track

width atio. The experiment revealed that the track wideh ratio cause a winitnam in

pact on

1 while i o significant i x o o siguifcant effect o1 Ciey o C

T ot b and

five experimnental test transformers,

Chiapter 1 presented  noniterative method for designing planar trausformers

for use i LLC resonant converters based on parasitic preiction wodels developed in

Chapter 3,

s extracted, 1o

i four sin

steps. Experimetal parasitc levls excellently

10 25W LLC

core st in  four layer printed cirnit board has been successully teste to con




the validity of the approach.

The contri i the work A by the following

the use of CCD experiments in planar transformer desiga:

© Samnel R. Cove, Martin Ordoner, and Jo
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nar Transformer Parasitics Using Design of Experime

icoe, “Modeling of Pla-
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‘o Sanel R. Cove, Martin Ordoner, Federico Luchine, and John E. Quaicoe, “Ap-

plying Response Surface Methodology to Planar Transformer Winding Design,
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Gnergy Comersion Congress and Espo, ECCE 2011, Sub»
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5.1 Future Work

The work presentes in this thesis i only the beginning of an in-depth study of the

design of planar transformers for use in parasitic-sensitive converters. The method-

odels i aplicable to any size of core and

ology to generate the parasiti preictior
core geometry, but the design procecure needs to be verified as applicable for varions

core sizes and shape.

rrent models for leakage inductan

its beliavior over a wide range of ratios. The

are linear but there is @ belief that if a wider range were investigated there would be

 global mi The challenge will be to find this point for various mumbers of

turns and core shapes and to compare it to the n

s resistance point.
In this current work, the LLC transformer design example only integrated the
leakage inductance and the magnetizing inductance into the design. There are in-

tegrated planar magnetic structures which can incorporate the series capacitance ax

well. However, these structures are more complicated to design. The goal i to create
i desigan procecdure fo a fully inegrated structure which can prediet all three of these
parasmeters as well s resistanice and the stray capacitances to optiize the design of

ntegrated magnetic structures
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Appendix A

Parametric Models: ANOVA Data

Aualysis of variance (ANOVA) is  critical part of assessing the quality of the fit of
proposed parametric models 20/, ANOVA is used to determine which factors are

significnt, how each factor should be weighted, and the accuracy of the resulting

el The folloving ANOVA tables confim the cloie of parametric models by
confirming cach factor's sguificance thzough i associntd p-vabue, For this analyss,
vl less than 0.1 ndicates  sigificant octor, and should be inchuded in th
st o, The excepion to hisrle s whet  scond onder term i considered
sgnificant (42, B, AB, etc) but the asociated firs. order term (4.B.C, eic) s

insignificant. A model should remain hierarchical s if the factor AB is considered

ignificant then factors A ad 5 st be included i the miodel regardiss of theie
significance [20]. The ANOVA data akso indicates the adjusted R value fo cach
model with indicates the qualit of the it of the wodel. An adjusted 7 value cose
010 indicatesa highly accurate it o the sulation data which was used (0 devlop

the model




Figure A.1: ANOVA statistics for Ly parametric




Figure A.3: ANOVA statistics for R parametric model.

Figure A.1: ANOVA statistis for ., parametric moel.

o



Figure A.5: ANOVA statistics for C

@



Appendix B

Parametric Models: Interaction

Plots

One of the most powerful capabilities of Do methodology is the ability o

nteractions between factors. These are terms which are neglected in one-factor-at-a
e approaches (35], The plots in this section compare the effct of one factor on o

response ot low and bigh level of the term it nteracts with. 1f the resulting curves

o i o futeraction between the two terms. The further

are cxactly paralel the
e curves depart fom being prallelthe more signficant the fteracton. The most
Significant iteractions i these models are betwen fctor C (cearance) and factor
D (unmber of turs per winding). This i ntuitive considering both fctors aflect the

total amount of copper used in the design, which has o direct effect on Lu, R, C,

and Cng




Figure B.1: The interaction between air gap and number of turns on Ly

Figure B.2: The interaction between track width ratio and clearance on Ly

n



ure B.3: The interaction between track width ratio and musher of turus on Ly

Figure B.1: The interaction between clearance ad uumber of turus on Ly




Figure B.5: The interaction between air gap and mumber of turns on R.

Figure B.6: The interaction between air gap and tumber of turns on Ciuer



Figure B.7: The interaction betwseen air gap and muber of turns on g
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