IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 4, JULY 1999 709

Design of Microfabricated Inductors

Luca Daniel,Student Member, IEEECharles R. SullivanMember, IEEEand Seth R. Sanderslember, IEEE

Abstract—Possible configurations for microfabricated induc-
tors are considered. Inductance can be set by adjusting perme-
ability through control of anisotropy of a permalloy core or via
a patterned quasi-distributed gap. A design methodology based
on a simple model is proposed. A more accurate model and a
numerical optimization are also developed. Design examples for
5- and 10-MHz buck converters and 2.5-MHz resonant converter
applications are presented.

high permeability material

low permeability material

Index Terms—Anisotropy, application, automatic design, buck Fig. 1. Cross section of a planar inductor. The low-permeability material acts

converter, code.,.coil fat?rication.process, Computgr program, Con- .4 3 distributed gap. The resulting field distribution controls ac conduction
trol of permeability, design, design example, design methodology, |osses in multiturn planar windings.

distributed gap, eddy currents, efficiency, end turns, fabrication
process, hard-baked photoresist, high-frequency power inductors,

hysteresis losses, inductance adjustment, inductor geometries,of conductor with a magnetic core in between. A device
inductors, loss analysis, magnetic thin films, microfabricated in- that uses two layers of conductor requires low resistance via

ductors, microfabricated inductors design, multilayer core, mul- tact d d t all timal f isotropi
titurn windings, numerical simulation, optimization, permalloy, ~€ONtacts, and does not allow optimal use ol an anisotropic

planar inductors, power density, quasi-distributed gap, resonant Mmagnetic material. As discussed in more detail in [8] and
converter, secondary effects, SEM pictures. [21], a configuration using two layers of magnetic material
above and below a conductor is preferred for these reasons,
and because it generally allows higher power density. This
geometry has been applied in [9] and [20].
RECENT adVanceS in microfabrication Of transformers, A high_frequency inductor W|th substantia' ac current re-
using thin-film magnetic materials, show much promisgyires careful design to avoid high-ac conduction losses. When
for miniaturization of power converters [1]-[10]. Microfabri-3 material with appropriate permeability is not available, high-
cation techniques can produce fine patterning and thin filmgarmeability materials are generally used, and most designs
which are advantageous for the control of eddy-current I0ss@gy require increasing the overall reluctance of the magnetic
This allows the use of magnetic metal alloys at frequenciggth by introducing a gap. An air gap can adversely affect
in the range of 2-20 MHz. These materials can have highe field distribution, causing eddy currents, particularly with
usable flux density and low-hysteresis loss [8]. Although SOMManar conductors and multiturn windings.
inductors have been built using similar techniques [11]-[20], o series of fine gaps could be used to form a “quasi-
many have not been designed for power applications. Througriputed gap” to approximate a low-permeability material
dfesign anq opjcimization specifical!y for these applicationFB], [22], [23]. However, the scale of patterning that would be
higher efficiencies and power densities can be achieved. required for a typical design, on the order of a few microns,
In this paper, various geometries and fabrication methogdsjifficult to achieve with a multilayer core [9].
for inductors are considered. Design calculations and optimizapjscrete gaps would be more easily placed at the “magnetic
tions for one _configuration are developed. Specific results f3Ls" \where the top and bottom core materials connect. This
example designs are presented. leads to a large vertical field in the winding space, and
problems with ac losses in the conductor. Turns that are wide
Il. INDUCTOR CONFIGURATIONS AND GEOMETRIES compared to a skin depth, especially in multiturn designs,
The designer of a magnetic component with a magnetic Copéa,come problematic. Designs that use single narrow turns,

fabricated by deposition of metal or other films on a substrat%zu,Ch as in the “meander coil,” are preferred [9], [17], [24].
gerhaps the most elegant solution to the gap problem

faces a basic choice between depositing two layers of magneti . . i
the use of a low-permeability magnetic material to act

material with a conductor in between, or depositing two la el o
P g y as a distributed gap across the top and the bottom of the
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’ Fig. 4. Copper coils are electroplated over the laminated core. A mold is
not needed. The coils in this SEM are Afn thick, and the spacing between
turns is 40pm.

Ws.tot

(b)

Fig. 2. (a) Schematic and (b) top views of a planar inductor approximatin
the design in Fig. 1.

Fig. 5. Core laminations are sputtered over bumps of hard-baked photoresist
which are 60um thick and allow complete closure of the magnetic path.

Schematic sections of the electroplated turns are shown in

Fig. 3. SEM of a microfabricated planar inductor approximating the desigﬁlgs' 14 and 15. Finally, the chrome layer can be removed with

in Fig. 1. a sputter-etch process. Figs. 3 and 4 show the coil over the
lower part of the core after the plating and the sputter-etching
is preferred. A way to control permeability in anisotropid ©¢€SS:

permalloy is presented in Section IIl. An approximation of the "€ magnetic path could be closed by a lid applied on the
distributed gap design can be fabricated as shown in Figst.f)ﬁ’ and built on a second silicon wafer [10]. The core Iamlna.-
and 3 using a process similar to that presented in [9] and [1§PNS can be sputtered over bumps of hard-baked photoresist
but with a modified coil fabrication process. In [9] and [10], 4Fi9- 5). Such bumps allow complete closure of the magnetic
photoresist mold is used to insulate the turns. But the thickndth when the lid is applied.

obtainable with such a mold is limited in practice. For thicker Finite-element simulations [26] of the distributed gap ge-
coils, the following process could instead be used. A thigmetry in Fig. 2 have been used to predict the value of the
layer of chrome (7 nm) and a seed layer of copper (200 ni@ss for a design example at the operating frequeficy 5

are evaporated over a&n layer of insulation photoresist. MHz (see Fig. 6). From the simulation, the ac resistance factor
The copper seed layer is patterned, but the chrome layeifds a 5-MHz sinusoidal waveform, assuming a lossless core,
not patterned. The coil is then deposited by electroplating was £, = 1.8. From a one-dimensional (1-D) analysis as in
a copper sulfate solution. The copper does not grow ov8ection IV, a factor off,. = 1.05 would have been expected.
the unpatterned chrome layer and a mold is not necessdrie difference can be explained by the reluctance of the side
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Fig. 6. Finite-element simulation of the ungapped configuration. The dime
sions are the same as in Figs. 3 and 4, which are approximately those in t
example design presented in Table I. The ac resistance factor at 5 MHz fro
the simulation isf, = 1.8.

Fig. 8. Hard-axis permeability controlled by a dc magnetic field applied in
the easy-axis directioni, = 4300 at zero-field appliedy, = 370 with 788
A/m applied, ande, = 230 with 1800 A/m applied.

inductance, controlled by the applied field [11]. By applying
a fixed field strength with a permanent magnet, it is possible,

in principle, to use this as a method to set the permeability at

Fig. 7. Simulation of the example design with three gaps on the upper {He desired value for a given design.
core. Each gap is 12m wide. The ac resistance factor at 5 MHz from the
simulation isF, = 1.8.

) i . . IV. DESIGN BASED ON A SIMPLIFIED MODEL

portions of the core, which are of low-permeability material ) ] o
in the simulation, unlike those in Fig. 1. A design methodology is presented for a distributed or

For the same device a quasi-distributed gap configuratigHasi-distributed gap inductor, as in Fig. 2, to be used in
could also be attempted by the creation of several gaps al¢h§OWer converter circuit. A pulsewidth modulation (PWM)
the upper part of the core. A finite-element simulation (Fig. E‘;k converter [27] is chosen as an illustrative example, but
of a device with three gaps, positioned over each of the thr&¢ calculations could be adapted for other converter topolo-
turns of our design example, gives an ac resistance facgi#S @s shown in Appendix Ill. The optimization, detailed in
F. = 1.8, which promises performance close to that of thAppendix |, follows a procedure similar to that developed for
ungapped design. a transformer design in [8].

[ll. CONTROL OF PERMEABILITY A. Definition of the Simplified Model

A given permeability may be achieved in several different In a first analysis the end turns, the lateral widtl needed
ways. A particular material or alloy may be selected to meti close the core, and the lateral separatirbetween turns
the requirements of a given design. Since this might requiréhave been neglected (see Fig. 2). A more accurate model will
new magnetic material deposition process for each designhe presented in Section V to account for the effects of these
more practical approach would be to develop processes fotnanactive” spaces.
limited set of materials giving a range of permeabilities, and First, the losses and power handling per unit area are
then to adapt a design to match one of the available materialalculated. Appendix I-A contains details on these. The field
A single material in which the permeability could be varieih the window area is assumed horizontal. The ac losses in
during deposition or by other means would be even better.the windings can then be estimated by a 1-D analysis [28] and

Anisotropic materials such as permalloy (NiFe alloy) allowdepend only on the ratio between the height of the conductor
the possibility of controlling permeability through the applif. and the skin depth., even for multiple turns. This is
cation of a dc magnetic field in the easy-axis direction, whildescribed by an ac resistance facfqr(h./6.) = Ra./Raec-
the inductor operates with the main flux path in the harde calculate a Fourier representation for the current wave-
axis direction. The applied field acts to increase the anisotrofsym, and we estimate thé&;., factors for every significant
energy, decreasing the permeability while maintaining the lowarmonick as in [29].
hysteresis loss and high-saturation flux density characteristicsf anisotropic NiFe alloy is used for the magnetic core, the
of the material. Using an applied field of 1800 A/m, contramain flux path can be chosen along the nonhysteretic hard-
of permeability down to one eighteenth of the zero-fieldxis direction [8]. To control the eddy-current loss, a laminated
permeability has been demonstrated, as shown in Fig. 8. Th@e is deposited as a multilayer film. Such loss is estimated
has been proposed as a way to make devices with variafde each layer and for each significant harmonic of the flux
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density waveform and added together. For this estimation, thegg*
flux density is assumed parallel to the layers.

B. Core Optimization Based on the Simplified Model 10

Design specifications referring to the buck-converter applig
cation can be chosen as: input voltdgg, output voltageV,,
dc, peak-to-peak ripple output currefyt., r = AL, /Iy, and
switching frequencyw = 2x f. The optimization calculations
are reported in Appendix I-B. The resulting tradeoff betwee
power density and efficiency is shown here.

According to (9) in Appendix I-A, the power loss in the
winding can be reduced by an increase in height of the
conductorh.. The improvement, however, is negligible for
conductors thicker than two skin depths. For this first-order 1 ,
analysis,h. could be chosen as about one to two skin depths. power loss percentage
Consideration of the n(_agleCted “nonact|ye" areas allows F% 9. Power density versus power loss percentage for a fixed number of
more accurate optimization @f, as shown in Section V. The laminationsN = 12. Logarithmic scales are used for both axes. Parameters in
power loss in the core, according to (11) in Appendix |-ATable | have been assumed. End turns and the other “nonactive” areas have
can be made almost negligible by an increasing number %f" negtected
laminations N. Consideration of the fabrication costs would
be needed to optimiz& . We assume here a given number ofhis produces a favorable field configuration, and avoids in-
laminations. The height of the core can then be adjusted fs@ducing the inductance constraint in the optimization process.
maximum power density as shown in [8], yielding (e.g., for The effective permeability required to produce the desired

£

10°

10 ¢

poilbr density [W/cm

this buck-converter application) the expression inductance for the optimized design is calculated in Appendix
Pocopt 2635w2B§kp§N4 1 oh 18 I-C and is reported here
A B 557(6(1 - D)6p§ U Kind 2 Bsa
2 BOE 7 2
. ; (1) Noo—opt(n) 1 + -
a%Kcore 2

: o g an : where o,p¢(17) is the current density per unit width of con-
where A is the "active” device areap, and p. are the ductor at the efficiency; [Appendix I-C, eq. (23)]. For an

respective resistivities of the core and of the conductdiis timal desian. choosing the efficien mpletel i
the duty cycle of the convertef,,;,q is a factor accounting optimal des g' i, choosing the efliciengycompletely Speciiies
gpe permeabilitys,..

for the ac loss in the windings as defined in (9) of Appendi A | ina th i in Table | and
I-A, K..e IS a factor accounting for the harmonic loss in S an example, assuming [he parameters in 1able [ an

the core as defined by (11) in Appendix I-A, amd| = ne?rl]ectlng erz)dr't:f);n and the ;;hr%/r nonactlvgblsp?ces, (ljeS|gns
2 sin(Dr)/[r2D(1 — D)] is the first Fourier coefficient of the "' "€ angewv.ov < 7 < J8.57% are possible lor values

current waveform as defined by (6) in Appendix I-A. Variablénc relat|ye permeabmty N the “’?‘”gmo < M < 4009’ as
shown in Fig. 10. Practical designs generally require, for a

B, is one half the peak-to-peak value of the ac flux density. fici high bilities than th h .
For an optimized design, the peak of the total flux densié/'.ven eimciency, higher permeabiliies than those shown 1n

ig. 10. This is because the spaces to close the core and to
insulate the turns, neglected in this analysis, increase the length
; the magnetic path (see Fig. 2).

should be close to (or at) the saturation lefgl; [8]. Hence,
we cho0seB,;, = Biai/(142/7) such thatBy.+ Bpr = Bgas.
Expression (1) for the maximum power density as a function 8
the given efficiency is plotted in Fig. 9. Parameters in Table |
have been assumed as an example.

In designs optimized as described above, the powerln this section, a model and a numerical optimization are
loss is distributed between core and winding such thdeveloped to account also for end turns and “nonactive” spaces
Proreloss/ Pwindloss = 2/3. This relation, derived in Appendix needed to insulate turns and close the core (geand Sy,

I-B, holds in general for all optimized designs of planain Figs. 2 and 15).

inductors and transformers with the configuration in Fig. 2 as

long as hysteresis losses are neglected, core laminations Arédeight of the Conductor and Number of Turns

thin compared to a skin depth and their number is decaled The analysis and design optimization presented in

priori, end turns and “nonactive” spaces are neglected, agf tion v cannot be used to determine the optimal height of
inductance requirements are met by adjusting permeab'“tyconductorhc and the number of turns. As &, is increased

up to two skin depths, both ac and dc resistances decrease.
Beyond this point, the improvement in ac resistance is small.

One way to satisfy the inductance requirement is by adjustith sufficient thickness, the dc loss can be made negligible
ing the permeability of the core as described in Section liin relation to ac loss. For higher values bf there will not

V. DESIGN BASED ON A MORE ACCURATE MODEL

C. Inductance Adjustment
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TABLE |

INDUCTOR EXAMPLE DESIGN FOR A5-MHz ZERO-V OLTAGE-SWITCHING
Buck CoONVERTER [27], [31]. THE UPPERPART OF THE TABLE
CONTAINS THE INPUT PARAMETERS FOR THEDESIGN, AND THE LOWER
ParT ConTaINs THE OuTPUTS (REFER TO FiGS. 2, 15,AND 16)

Symbol Value
SPECIFICATIONS
f Frequency 5 MHz
Ipc Output current 1A
Alpp Current ripple 3A
in Input voltage 0V
Vo Output voltage 5V
MATERIAL DATA AND
TECHNOLOGY PARAM.
N Number of core laminations 12
Ramazx Maximum allowed height of the core 16 pym
P Effective number of conductor layers 5
for AC Dowell analysis [28]
Bsat Saturation flux density 11T
Pe Conductor (Cu) resistivity 2 pQd-cm
Ps Core (80% NiFe) resistivity 20 pQ-cm
hsep Vertical separation core-conductor 15 pm
Weon Width to contact the cores 40 pm
SNiFe s.t. NiFe wet etch width is sy;rchs 10
Sres Slope of the photoresist bumps 5.5
Sins Constant such that S; = sinshc 1 no mold
5 mold
DEVICE PARAMETERS
L Inductance required 292 nH
Ur Permeability required from design 490
D Converter duty cycle 125 %
hs Total height of core 12.0 pm
8s Skin depth for the core at 5SMHz 2.25 pm
W, Length of the core (see Fig. 2) 9.2 mm
By Half of the flux density ripple 66 T
o current density 3.75A /mm
St Equivalent width to separate 76 pm
each turn (if rectangular section)
Wy Equivalent width of one turn 266 um
he Height of conductor 54 ym
bc Skin depth of the conductor at 5MHz 32 ym
Stat Lateral width to close the core 534 pm
n Number of turns 3
Kend Resistance factor for end turns loss 1.29
K, Length factor due to end turns 1.22
K. Width factor due to S; and Sy 2.62
CALCULATED
PERFORMANCE
tsat Current to saturate the core 2.5 A
Rpce DC resistance from design 101 mQ2
Fry AC resist. factor at 5MHz from design  1.05
Koyind Such that Ping = I{windRDCI?)c 1.82
Pyind Total loss in the winding from design 183 mW
Keore Harmonic core loss factor 3.26
Peore Total loss in the core from design 136 mW
W tot Total length of the device 11.2 mm
2Wetot Total width of the device 4.2 mm
Qutput power 50 W
Power density 10.6W /cm?
n Efficiency from design 94.0 %
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Fig. 10. Permeability versus power loss percentage for optimal designs at a

given number of laminationd” = 12. Logarithmic scales are used for both
axes. Parameters in Table | have been assumed. End turns and “nonactive”
spaces have been neglected.

conductor height.. is a trade off between reducing resistance
with a thicker conductor, or minimizing area by reducisig;
and S; with a thinner conductor.

In a first-order analysis as shown in Section 1V, the number
of turnsn does not affect the performance of the device. If
we consider end turns and “nonactive” spaces, whes too
small much space is used to laterally close the core. When
is too large, much space is wasted in the end turns. An optimal
value exists between these two extremes.

B. Refining of the Model

Unitless factors refine the model capturing the effects of
the spaces; andSy,; as well as the effects of the end turns.
The formulas for the simplified model presented in Appendix
I-A are modified only by multiplicative coefficients as shown
in detail in Appendix Il. The power loss in the end turns is
captured by the factof.,q such thatRy.iot = RacKend-

The factor K, is defined such thatV, ... = W,K,, where

W, is the length of the core (Fig. 2) and ;.; is the total
length of the device including end turns. The quant#ty ;.
represents half of the total width (Fig. 2) and is given by
the expressionW,. .. = nW.K., wheren is the number

of turns, W, is the width of each turn, an&. accounts for

the nonactive width needed to close the core and to insulate
the turns.

For some designs, wher®, is much larger than the
height 4., these factors are close to unity, reducing the
model to that presented in Section IV. However, for other
designs, consideration of the factd& .4, K, and K. may
be necessary to achieve an optimal design. For example, for

be significant advantages because only the dc losses, Whig-output-current designs, the areas needed to close the core
are already negligible, will be reduced.

When “nonactive” spaces are also taken into account.asthe active area occupied by the conductor. In these cases,
increases, the lateral width; required to separate the turnghe simplified model does not describe the device accurately,
and the lateral widtty,, required to close the core, assumingind optimization based on the complete model is necessary.
fixed slopes, will eventually become substantial (Fig. 15). Thidoreover, the same argument shows that low-current designs
effectively reduces the power density. Thus, the selection génerally have lower power density than higher current ones.

and to separate the turns become significant compared to
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N = 12 laminations. hsmax = 16 um. If an efficiency of 94% is chosen for the design, a throughput
gzz ' ' ' ' ' ! power density of 10.6 W/chis calculated. The three main
gl | parameters characterizing this design as found by the program
%30_ | are: core height, = 12.0 ym, number of turns: = 3, and
%20- j conductor height:. = 54 um. All the other parameters of the
§10  device can be calculated from these three using [Appendix I,

o - - - ” - - - = €0s. (50)—(58), (60), (61), and (64)]. Table I collects all the
efficiency specifications and parameters of this design.

@

VI. POSSIBLE IMPROVEMENTS OF THEDESIGN

One of the main parameters is the specified switching
frequency of the converter. When the frequency is increased,
the flux carrying requirement decreases. The device can then
be made much smaller, while thinner core layers control
. . the increase of the eddy-current losses. An optimization has
efflolancy been performed using a higher switching frequengty= 10
(b) MHz. The upper bound of 1&m to the height of the core
has also been removed. Fig. 12 shows the “power density
versus efficiency” curve resulting from this optimization. A
complete design is reported as an example in Table Il where
an efficiency of 94% allows a power density of 25.3 W#cm

The design methodology presented in this paper can also
s0l - | be applied to other topologies of converters. As an example,
o , ) ) ) , . : a design procedure is detailed in Appendix Il for designs of
50 91 92 93 94 95 96 97 % inductors to be used in resonant converters. An example design

efficiency
© for a 2.5-MHz resonant converter is presented in Table IIl.

he[um], hs{um)

5 . Y T T T T T VII. CONCLUSIONS

:_ \ A methodology for the design of microfabricated planar
c \ inductors to be used in power conversion circuits has been
presented. Availability of low-permeability magnetic materials
T ] is desirable for high-performance designs. Permeability of
00 o = o " = v = e  anisotropic materials such as permalloy can be controlled
efficiency applying a dc magnetic field in the easy-axis direction. A
(d) design tradeoff between power density and efficiency exists
Fig. 11. Maximum power density and required permeability versus ef@ind @ method to calculate it and plot it is given. An example
STl om e G o o | T i o oS aror & S-MHZ buck converter shows hat 2 pover densiy
lfili:gan? = 12. The optinpwal numgber of turnsj, heights of the conductor df 10.6 Wicnf is theoretl(_:al!y possible with an efficiency
he, and corehs are also shown. In this examplk, has been limited to a of 94%. If the frequency is increased to 10 MHz, a power
maximum of 16um. density of 25.3 W/crh is calculated for the same efficiency.
The design methodology can be applied to other converter
topologies. As an example, the design of an inductor for a

o . . resonant converter has been developed.
The problem of finding the optimal power density for a

given efficiency can be summarized and formulated mathe-
matically, as presented in Appendix 1I-B, by a system of 8
equations [(48)—(55)] with 11 unknowns. Thus, the problem
has three degrees of freedom that can be used to maximizeAh
throughput power density for a given efficiency. A convenient’
choice of the three variables for the optimization is given by The meaning of the terminology can be found in Tables |
the height of the coré:,, height of the conductoh,, and Of Il and in Figs. 2, 15, and 16. The end turns, the space to
number of turns». A Matlab program has been developed t§sulate the conductorS; and space to close the cofg,:,
implement this optimization numerically [30]. As an examplé’,"i” be r_1eglected _in this analysis. Given these assumptions,
assuming the specifications and the material data in Tabldhe “active” area is

we obtaiq from the program the curve in Fig.. 1.1. The height_ of A= 2mW,W,. 3)

the core in this specific example has been limited for practical

reasons to values not higher then . The current waveform is assumed triangular as in Fig. 13.

C. Optimization Based on the More Accurate Model

APPENDIX |
SIMPLIFIED MODEL ANALYSIS AND OPTIMIZATION

eDefinition of the Model and Loss Analysis
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N = 12 laminations. TABLE 1
60 ! ! ! T ! T T INDUCTOR ExaMPLE DESIGN FOR A10-MHz Buck CONVERTER THE UPPER
sor 1 PART OF THE TABLE CONTAINS THE INPUT PARAMETERS FOR THEDESIGN, AND
40+ 1 THE LOWER PART CONTAINS THE OuTPUTS (REFER TO FIGS. 2, 15,AND 16)
30 - 4
20} 1 Symbol Value
101 1 SPECIFICATIONS
o L . ) L N . A f Frequency 10 MHz
90 91 92 93 94 95 96 97 98 Ipc Output current 1A
(@) Alyp Current ripple 3A
Vin Input voltage 40V
Vo Output voltage 5V
MATERIAL DATA AND
000 TECHNOLOGY PARAM.
8o N Number of core laminations 12
600 p Effective number of conductor layers .5
400 for AC Dowell analysis [28]
200 Baat Saturation flux density 1.1 T
% 1 P 93 vy P pros 57 a8 pe Conductor {Cu) resistivity 2 uQ-cm
efficiency Ps Core (80% NiFe) resistivity 20 puQ-cm
(b) hsep Vertical separation core-conductor 10 um
Weon Width to contact the cores 20 pm
100 . : . . . . . SNiFe s.t. NiFe wet etch width is sy;pehs 5
Sres Slope of the photoresist bumps 5
T Sins Constant such that S; = s;pshe .7 no mold
T .5 mold
T DEVICE PARAMETERS
§' L Inductance required 146 nH
Ly permeability required 330
. ) \ X N ~ - D Duty cycle 125 %
% Ll 92 93 94 95 96 97 98 hs Total height of core 10.1 pm
efficiency bs Skin depth for the core at 10MHz 1.6 um
(c) W, Length of the core (see Fig. 2) 5.47 nun
By, Half of the flux density ripple .66 T
5 T T T u T T T o current density 5.0 A/mm
4t | Si Equivalent width to separate 48 pm
each turn (if rectangular section)
c 3 7 W Equivalent width of a single turn 201 ym
ot | he Height of conductor 43 pm
bec Skin depth of the conductor at 10MHz  22.5 um
T 1 Stat Lateral width to close the core 335 um
L L L L L L L n Number of turns 3
% o 92 93 emdggncy 9% 96 97 o8 Kena Resistance factor for end turns loss 1.33
K, Length factor due to end turns 1.27
(d) K Width factor due to S; and Sj,, 2.35
Fig. 12. Maximum power density and required permeability versus ef- CALCULATED
ficiency when the switching frequency is increased flo= 10 MHz. PERFORMANCE
Specifications and technology parameters have been assumed from the efsat current to saturate the core 2.5A
ample design in Table II. The number of laminations is fixéd= 12. The Rpe DC resistance 102m{
optimal number of turns:, heights of the conductok., and coreh, are Fry AC resist. factor at 5MHz from design  1.08
also shown. Kuyind Such that Pying = KwindRDCI%C 1.86
Pying Power loss in the winding 189 mW
Keore Harmonic core loss factor 3.26
We represent such waveform using a Fourier series Peore  Power loss in the core 130 mW
Ws.tot Total length 7.0 mm
00 9 2Wetot Total width 2.83 mm
; — ; i Output power 5.0 W
L(t) = lac+ Z Ly sin <k T t) “) Power density 25.3W /cm?
k=1 n Efficiency 94.0 %

where I}, is the amplitude of théith harmonic
. The power loss in the winding is estimated using
I <AIpp> 2 sin(Drk) <7‘Idg>a 5) X ,
k = — = k max
2 ) (#k)2D(1 - D) 2 Puind = Racl?, + w 7)

which we refer to the dc componedy., introducingr» = k=1

AI,/I the ripple factor, and the Fourier coefficients ~ ASSuming a horizontal field in the winding area, the ac
resistance factorg,., can be estimated as in [28] and [29]

2 Sill(Dﬂ']ﬂ}) inh(2 in(2 2 2 1
ap = ——— (6) Fo oy, | SR(20) +sin(2yn) | 20" — 1)
(k)*D(1 - D) " =R Cosh(Zin) —cos(2dn) T 3
We neglect harmonics higher théfi,.. = 6 to approximate ~ sinh(¢)x) — sin(¢)x)
the band-limited waveform of an actual converter. cosh(t,) + cos(iby)

(8)
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TABLE 1l

PARAMETERS OF EXAMPLE DESIGN FOR A RESONANT INDUCTOR. REFER TO

FiGs. 2, 15,AND 16. THE UPPER PART OF THE TABLE CONTAINS THE INPUT
PARAMETERS FOR THEDESIGN, AND THE LOWER PART CONTAINS THE OUTPUTS

Symbol Value
SPECIFICATIONS
f Frequency 2.5 MHz
Irme Output current rms .25 A
L Inductance 30 uH
MATERIAL DATA AND
TECNOLOGY PARAM.
N Number of core laminations 12
hsmaz Maximum height of the core 16 pym
P Effective number of conductor layers .5
for AC Dowell analysis [28]
Bgat Saturation flux density 11T
Pc Conductor (Cu) resistivity 2 pf-cm
ps Core (80% NiFe) resistivity 20 pd-cm
hsep Vertical separation core-conductor 10 ym
Weon Width to contact the cores 20 ym
SNiFe s.t. NiFe wet etch width is sy;pehs 5
Sres Slope of the photoresist bumps 5
Sins Constant such that S; = sinshc .7 no mold
.5 mold
DEVICE PARAMETERS
he Total height of core 16 pym
bs Skin depth for the core 3.2 um
W, Length of the core (see Fig. 2) 20.1 mm
e Permeability required 672
St Equivalent width to separate 24 pm
each turn (if rectangular section)
W, Equivalent width of a single turn 71 pm
he Height of conductor 34 pm
bc Skin depth of the conductor 45 pm
Stat Lateral width to close the core 321 pm
n Number of turns 15
Kenag Resistance factor for end turns loss 1.14
K. Length factor due to end turns 1.14
K. Width factor due to S; and Si,; 2.40
CALCULATED
PERFORMANCE
Ryind AC resistance of the windings 711 Q
Fy AC resistance factor 1.002
Reore equivalent resistance of the core 231 Q
Pyindioss Power loss in the winding 439 mW
Peoreloss Power loss in the core 150 mW
Piotloss Total power loss 589 mW
W tot Total length 23.0 mm
2We tot Total width 4.1 mm
Total Area .934 cm?
Volt-Ampere product (rms values) 29.5 VA
Power density, referred to Volt-Amp  31.5 VA/cm?
n Efficiency, referred to Volt-Ampere 98.0 %
Q Quality factor 50

N~"Tpc — Biee (T-27) T

Fig. 13. Assumed inductor current waveform.

wherey,. = he/6y is the ratio between the conductor thickness

t

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 4, JULY 1999

the valuep = 0.5 can be assumed. For quasi-distributed gap
designs as in Fig. 7, we use the value- 1.
Using (3), (5), and (7), the power loss in the winding per
unit area is
K,
Pwindloss _ Rdc-[?lg -l
= e 1y >

Pl

213

k=1

pe2nWs| I v >
- < |1+2 3 £, a
[mm}@mw@ +8Z;k%

2 Kmax

= N wind }pl_z ‘72 (9)
wheres = I4./W; is the dc current d’ensity per unit width of
conductor and yina = [1+ (r2/8) 1o I, 2] is the total

ac factor defined such thdtindioss = KwinaRacla.-

To control eddy-current loss in the core, we divide the
total heighth, into N laminations. The thickness of each
laminationh, /N is smaller than two skin depths. In this case,
for a sinusoidal flux density of amplitudé and frequency
w = 27 f, the loss in one lamination due to eddy currents can
be approximated as in [32]

. ho\3
wQBQQnW@)W§<j§>

(10)

P one.lam —

24p,

Assuming for the flux density3(¢) the same waveform and
Fourier representation of the current in (4) and assuming the
thickness of each lamination is smaller than two skin depths
for each considered harmonic, the eddy-current loss in the
core per unit area is

Peoreloss 2N Pope lam
A 4
2N & 2B (2 W)W hE
C 2nW, W, 24p, N3

k=1

Kmax

Z ka3

k=1

w? B h3
12p,N2
w?B2.h3

2
= KCOre
12p,N2 "1

(11)

where 3k = Byrai is the amplitude of thekth harmonic,
By = AB,/2 is half of the flux density rippleg, are the
same coefficients defined by (6) used for the current waveform,
and Keore = | f;‘f" k*a?]/a? is a factor accounting for
the loss in the core due to the harmonic contributions. If
anisotropic material is used, as shown in Section Ill, the hys-
teresis losses in the hard-axis direction can be made negligible,
and (11) is the total core loss per unit area.

The throughput power for Auck converter is

JAV, Vi

Pout = V:)Idc = ATﬂ

Idc (12)

h. and the skin depth;, = \/p. /(7 fku) at thekth harmonic. where the output voltag¥, has been expressed as a function
Parameterp is the “Dowell” effective number of conductor of the ripple of the flux linkageAA,, = 2n(2B,, )W h, and
layers [28]. For distributed gap designs as in Figs. 1 and & a function of the off timeAT,g = 27(1 — D)/w, where
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D is the duty cycle. Using these expressions the throughptit Estimation of the Permeability Required

power density is
w(2Bk)

to Produce the Desired Inductance
The current density = 1,./W; can be calculated for any

Pout _ A)\pp-[dc _ pk h (13) o ol .
A AT,g(2nW,W,)  2x(1— D) 59 efficiency substituting forh, = (1 — d)b?/[4ac] in (17), and
using the optimal valuel,,; = 1/25
B. Optm-u%anon Bgseq on. S|mpllf|ed Model  120Bps N2R2(1 — dogy )1+ /e <1 B 77>3
An efficiency objective is fixed and the throughput power?opt [27(1 — D)Pp2at Keore K2, n .

density is optimized, as in [8]. The efficiency constraint,

Poui/(Poy + Pioss), is imposed by
1 =1 Pous _ Feoreloss n Pyindloss
n A A A
Substituting the expressions from the previous analysis
1-n9 w(2B,1)

n 2x(1—D)
22,

77_

(14)

h.o
w Pc o2
= Kcore 2 h Kwul
" 12, N2 + fvind "0
To facilitate calculations, this can be rewritten as

ao? —bhyo +ch® =0 (16)

wherea = Kyina(pe/he), b = (1 —n)/n)(w(2Bp)/27(1 —
D)), andc = Kcorea? (W’ B2, /12p,N?). We solve (16) foro
by choosing the largest root for largest power density

_ Db (1+f)

(15)

17)

whered = 1 — (4achs/b2) Using (13) and (17), the power

(23)

For a closed-core structure, with low reluctance via connec-
tions, such as the high-permeability materials in Fig. 1, this
current density produces a field which can be calculated using
Ampere’s law

j{ H.-dl=ni (24)
let
yielding
_ n-[dc _ Oopt

Hac = W, 2 (25)

The field gives a flux density
O—O)
Buc = piope 2” (26)

This flux densityB,. should be chosen in order to have the
maximum value of the flux density correspond to the saturation
level [8]

density can now be expressed as a function of the variéble

P, out

A :<1i )32222( (18)

d)? (1+\/_)

AB
Bd(‘, + 2]7]7 = Bsat- (27)
The desired flux density leveB,. is then
Bsa
Byo = —2% (28)
1+5

Theoretically, one optimizes for the best height of the core

hs, but in practice calculations are easierdifis calculated wherer — Aiy,/1ie = AB,,/By. is the ripple of the current.
first. Setting to zero the derivative with respectdoof the To attain such a level, the permeability should be adjusted to

expression above, the optimal valdg,: = 1/25 is found.
Using this value, the maximum power density is

Pout.opt 2630 2B2 p2N4 —n 5 hc 3
A B "o7r6(1 - D)GPZ’ n Kwind
1 2
. . (29)
|:a/%K(‘,0re:|
The core loss per unit area is
Pcoreloss.O) bG
Tlt = Chg = W (1 — dopt)g. (20)
The winding loss per unit area is
Pwin oss.op
djzl Pt o2
64@3 2 (1 + AV opf) - opt 2- (21)

)= —2 [ B ), (29)

T
/vLOO()pt 1 —
+ 2

APPENDIX Il
MORE ACCURATE PROBLEM FORMULATION AND OPTIMIZATION

A. Definition of the More Accurate Model

The analysis refers to the configuration in Figs. 2 and 14-16.
Several factors have been neglected in the simplified model
presented in Appendix I-A: the width; to insulate adjacent
turns, the widthS),; required to close the core laterally,
and the space occupied by the end turns and their effects
on the total dc resistance of the windings. These factors
will be included, refining the simplified model by means of
multiplicative unitless factors.

In the optimal design, the losses will then be divided betweenThe width.S; to insulate adjacent turns is calculated using

core and winding such that

3
dopt) _ 2 ) (22)

(1 + Vv opt) - opt 3

Pcoreloss.opt _ (1 -

Pwindloss .opt

St = Sinshe (30)

wheres;, is a constant dependent on the process. We assume
that for small conductor height&( < 20 pm), a hard-baked
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Copper seed layer

Core

Fig. 14. Schematic section of the turns after the electroplating proc

without a mold. Compare with the SEM in Fig. 4. %@ 16. Top view of the inductor end turmns.

I The total dc resistance, including the end turns, can be
! hsep y . .
Siat / i L hs estimated by the expression
L / /! ll\ l’\ f ¢ ] p n
|l"’: : T ; ; A Rdc.tot = - 27’LW5 + 2(2SIat — QSt)TL + 27 Z Ti
:SNzFe’:lj ! L W I P! Wihe i=1
D |Wcon '<_‘—-‘——_>TS : (32)
- < e T
Fig. 15. Schematic section of the inductor. wherer; = Wy /2 + (W, + S¢)(i — 1) + S, is the radius of
the sth turn (Fig. 16)
photor_esist mol_d is used to ins_ulgte the.turns. Due to t.he Rucior = =2 onW. Kooy (33)
photolithographic process, the minimum width of the mold is Wih,

approximately proportional to its height. For larger conductQfy .o

heights, a mold is not likely to be practical. In this case, a

process as described in Section Il can be used. A copper “seed” j = _ 1 4 481t + 20 — 4 + 7(n — 1)]Sy +7Win
layer for an electroplating process is created over a thin chrome 2Ws

layer. During the electroplating process, the copper does Rot, ynitless factor accounting for the additional resistance of
grow on the unpatterned chrome. Anyway, we observed that end turns.

the copper extends laterally from its seed layer by the samerpg (otq length of the device, including the end turns, can
amount of the final conductor height as shown in Fig. 14. Thg, astimated by the expression
space to separate the turns can still be assumed proportional

to their height. We use for the “no-mold process” a vasug, Wit = Ws + 2(Wy + Se)n

larger than the one used for the “mold process.” The turn width 2(W, + So)n

W, and the separation width, are the equivalent widths for =Ws|1+ —w. |~ WK (34)
rectangular section conductors with the same area of those ’

shown in Figs. 14 and 15. which defines the unitless factdt,. The total width of the

The spacesy, includes the space to close laterally the corélevice, including the spac$; to insulate adjacent turns, and
the width W, needed for the upper core to contact with thée Spacesi,; to close the core laterally can be approximated
lower core, and the width required by a lamination etchingy the expression

processs;,.h. (see Figs. 15 and 16) AWV v = 20V, + 1St + 2S1ai]

nS; + 251,
Slat = Sres(hc + hsep) + Wcon + SNiFehs- (31) = 2nWt |:1 + tnTtlt:|
=22 W, K, (35)
As presented in Section Il and in [10], the magnetic path is ) )
closed by a core processed on another silicon substrate. HAYgICh defines the unitless factdt.. _
baked photoresist bumps produce the needed siopeto The total area occgpled by the device can now be easily
allow the upper core on the “lid wafer” to contact the lowefXPressed as a function of these factors

core on the “coil wafer.” The total height of the bumps is Avor = Wi 10t2Woior = (W, K,) (20 W, K,) = AK,K,
given by the height of the conductér. plus the heighth.,, ° e o ¢ ° ((:36)

to separate and insulate vertically the two cores from the coilSpare 4 represents the “active” area as defined in the simpli-
For a quasi-distributed gap desigin., might be chosen larger 4 model presented in Appendix I-A.
than the minimum value needed to insulate the coils from thethe width of the core isk, times larger than in the

core. This can allow a favoraple configurat_ion of th_e ﬁelgimplified model, as the lateral widtfi,, has been included.
seen by the conductors [22] (Fig. 7). The width required Byhe power loss in the core due to eddy currents scales linearly
the lamination etching process is approximately proportiongki the width of the core. Hence

to the height of the coré,. The symbolsyir. iS used to

indicate the slope of the etched NiFe core. Proreloss.tot = Peoreloss K (37)
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where P..;c10s5 1S the core loss neglecting “nonactive” spaceB. Optimization Problem
as given by (11) in Appendix I-A. Thus, the total power 10SS The problem of finding the maximum power density for a

per unit area Is given efficiency can be summarized and formulated mathe-
matically as follows:

PCOre 055,10 PCOre OSSKC PCOre 0SS 1
1 tot _ 1 _ 1 ] (38)
Aot AK K, A K,

w(QBpk)hs

on(1 — D)K.K, * “7)

max

As shown in (33), the end turns increase the resistance by a

P : he equality constraints defined explicitly or implicitly
factor K.,q. An approximation for the total power loss in thediven t i
windings gan then be written as by (8), (9), (30), (31), (33), (35), (44), and (46) which we

collect here
Pyindloss.tot = Puwindloss Kend- (39) pcKwindKend 0_2 _ 1-n w(ZBPk)hS o
he n 2x(1-D)
The power loss in the winding per unit area is w?B2 h2aiKeore K.
P = (48)
P P K, 120,V
windloss.tot windloss end
= . 40 AN, = 2n(2Bx)h W, 49
Aoy A K.K, ( ) PP ( pk) ( )
Finally, the increase of the area by a fact6rk, decreases f_  —1 . 451 + 27 — 4+ 7(n = D]S; +7Win (50)
the throughput power density 2w,
. 1Sy + 251
Pout _ Pout 1 (41) Kc =1 + nWt (51)
- ’ IO'll
Aot A KK, W, = —out (52)
a
The equation that determines the efficiency (14) in Appendix  S; = s;nshe (53)
I-A can now be refined as Stat = Sres(he + hsep) + Weon + sirehis (54)
1- n Pout 1 Pcoreloss 1 Pwindloss Kend 7)2 o 2 hc
= — ——, (42 ind = — =
n A Ks Kc A Ks A Ks Kc ( ) med 1+ ] ; Qg 6k
Simplifying and rearranging the terms we obtain sinh <2 %) + sin <2 %) 20” — 1)
k 2 =
: +
1-— Ui Pout Pcoreloss Pwindloss < hC) < hC) 3
= K. +———K., 43 cosh|[2— ) —cos|2—
7 A A T4 ¢ 43 5 8
il he . he
where Pout/Av P(‘,Orel()ss/Ay and P\,Vindl()gg/A are the power sl _k — sin a
throughput and the power loss components per unit area ) k. N | (55)
calculated from the simplified model, respectively. cosh <E> + cos <E>

The equation above shows an example of how the factors
K, and K.,q can easily refine the equations of the simplifielVe choose as specifications for the problem, the following five
model to capture the effects of the neglected items. Substitprameters referred to the converter behavior: the frequency
ing (9), (11), and (13), from Appendix I-A the equation carf, the input and output voltageg;, and V,,;, and the dc

be expanded to and “peak-to-peak” current output,,, and Al,,. Directly
from the specifications, we calculate the current ripple

peKwinaKena o2 1—n w@2Bpx)hs - r = Aly/Iow, the duty cycleD = Viu/Vin, the “peak-

he n  2n(1-D) to-peak” flux linkage rippleA),, = Vou((1 — D)/f),
w?B2 h3a2 K core Ko the conductor skin depth at each significant harmonic

p12p N2 = 0. (44) k& = /p./(mfkuo), the Fourier coefficientssy, =

? 2 sin(Drk)/[(mk)*D(1 — D)] and the harmonic core loss
; Cad factor Koore = [> 1 k242] /a2
The throughput power density to be maximized is core k=1 kl/a1- )

The problem as written above, presents 8 equations and 11

Py w(2Byi)hs unknowns:n, h., hs, Wy, o, Wy, S¢, Stat, Kena, K., and

(45)  K;.a. Hence, three independent unknowns can be used to

= ag.
Aot 2n(1 — DYK.K, . i
tot w( ) maximize the throughput power density.

Finally, the specification on the flux capability requirement S
A),,, adds to the problem the equation C. Optimization Procedure
A convenient parameterization is represented by the three
Adyy, = 2n(2Bp1)h W, (46) unknowns 4, h., hs;). We calculate the throughput power
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density as a function of only these three variables using the:-
following steps.

e CalculateS;, Sy, Kwina, K5, a, b, ande using (34), (49),

8+

and (53)—(55) in Appendix 1I-B and (16) in Appendix I-Bg
» Calculate the quantities S 7
= 7
« 770 7,
° sy,
2nB,ih s _
vivs a 5
k1 =1+ [4S1at + (m — 4+ 7n)SY] A\ )1\” (56) T
4/
1}
2nByih S
pkits e i g g
IfQ = 71'.[ ot —————— (57) . Z{;;;{,’;;;///5{;,/;////,ZI’;II///,,;/II/,/I %
Al 00 % ;f,:,:z;;;,'z;;;;;,;z,';;;,z,'g,;,'g,,; 2
1277014 12170414
nS, + 25 e ®
ky = T 2Nt (58) 2zl
TLI out

he [um] hs [um]

defined such thakenq = k1 +kz/o andKe = 1 + k3o Fig. 17. Power density for a given efficiengy= 94% and a fixed number of

Substituting such quantities, (49) and (52) in (48), W@minationsN' = 12. The number of tums is also fixed= 3. Specifications
obtain the quadratic equation and technology parameters have been assumed from the example design in
Table I.

(ak1)o? 4 (ch3ks 4 ako — bh,)o 4 (ch®) = 0.  (59)

¢ Calculate the current density given by the larger solu-

tion of (59) for larger power density 10f . . j
Chgk?, + aky — bhs & 8f ]
g = — T .

2@/{}1 i

4akich? g 8r -
1 1- z . (60 g .

VY @kt aks -t | 0 %

o 4fF ]

* Finally, the throughput power density using (47) is

P w(2Bpi )hs

(n, he, hg) = o.  (61) *

Agor 2n(1 — D)(1+ kso)K, % 2 4 3 8 10 11; 14 16
Number of turns n

We summarize our optimization procedure with the followrig. 18. The power density maximized with respect to and ks is

ing steps implemented in our Matlab program [30]. For theere shown for different number of turns Specifications and technology
meaning of the symbols refer to Table | parameters have been assumed from the example design in Table . The

efficiency is chosem = 94%, and the number of turns is fixed = 12.
1) Read Specs‘/inv ‘/outv Idc7 Azppv f)

2) Read teChnOIOQy paramete(gl’smaxapv Bsatapcvpsv
hsepa Wcona SNiFe; Sres> Sins)-

D. Permeability Calculations for the More Accurate Model

3) Calculate(r, D, A\, L, by, ax, Kcore)- The permeability required to produce the desired inductance
4) Fix N the number of laminations. can be calculated following the procedure in Appendix I-C.
5) Fix n the efficiency. The magnetic field produced in the core by the current density
6) Using a numerical function optimizer, find the optimat [Appendix IlI-C, eq. (60)] is

(n, he, hs) for max power density{ Poyt/Atot)- nlye o
A three-dimensional (3-D) plot of the throughput power Hae = W, K. 2K, (62)

density as a function of two of the three main paramet
h. andh, can be obtained if the third oneis fixed (Fig. 17).
Such a plot shows a well-defined maximum. Fig. 18 shows Bac = poper 2 (63)
such maxima for different number of turns The largest value 2K,
of power density in Fig. 18 corresponds to the optimal desighhe permeability should then be selected so that

The entire optimization presented so far can be repeated
for different values of the efficiency in order to obtain the (n) = 2K,
fundamental curve in Fig. 11 showing the maximum through- Pl = e % T oo 142
put power density achievable at any chosen efficiency. Fig. 11 2
shows also the values of the three parametersh,;, andn It can be observed that with respect to the simplified model a
needed to achieve the optimal design. In that exanipldvas permeability K. times higher is required when also “nonac-
been limited to a maximum of 16m. tive” spaces are included in the calculations.

Shich gives a flux density

By, = e Boa | (64)
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APPENDIX Il N = 12 laminations. hsmax = 16 um.

T

INDUCTOR DESIGN FOR A RESONANT CONVERTER gz

The design methodology can be applied to inductors useglso
in other circuit topologies. As an example an optimizationgso
procedure is presented for an inductor to be used in a resoneﬁ‘ﬂ(’
converter. The frequenay, the desired inductandk, and the &'
rms value of the currenf,,,, are assumed as specification %o 30 0 s0 80 70 80 %0 o0
parameters. The resulting trade off existing between quality
factor @ and power density is shown. @

The analysis refers to the same model described in
Appendix II-A and the configuration in Fig. 2. The resistance 12007

1000
of the windings at the operative frequency, including the eri§i 800

turns, can be estimated by the expression E 00
2 400
o pe2nW 200} 1
Rving = W.h., FrKena- (65) % 30 20 50 6:;) 70 80 20 100
The power loss in a laminated core for a sinusoidal flux density (b)
is given by . . : , .
2p2 13 60
w B,k 50
Pcoreloss = WPJV; 2nWtW5Kc- (66) %40
E30
The total power loss in the core, assuming negligible hystere$ige
loss, can be modeled by the equivalent resistance or . . _ . . ) . ]
2 1o 3 020 30 40 50 %) 70 80 90 100
Bz, h? 2nW, WK,
Rcore = d satls SN - (67) (c)
24p5N2 II‘QIHS
The value of the quality factof) is determined by the total >° ' ' ' ' ' ' '
I’ESIStanCeRmt = Rwind + R(‘,ore 15-‘¥\ﬁ—11ﬁ i
N
wl =10F .
= . 68
Q Rtot ( ) 5r B
The peak fluxA,; is set to saturation level imposing ) . ) . . . - .
20 30 40 50 GQO 70 80 90 100
Apie = Lipp = 2nW,hy By (69) )

_ . - Fig. 19. Maximum power density and required permeability versus quality

wh_ere ka - _\/?I““S is the current pegk. T,he_ IndUCtar,lce ,ref_actor. Specifications and technology parameters have been assumed from the

quirement, similarly to Appendix 1I-D, is satisfied by adjustingxample design in Table IIl. The height of conduckar, height of the core

the permeability of the corg, such that hs, and number of turns:. are also shown. In this examplé, has been
limited to values not larger then 16m.

_ ok
Bsat = HoHr 2Wth . (70)
Finally, the goal is maximizing the power density. We us8Ven

as a parameter for the power handling of the device the

“volt-ampere” productVumsIrms, Where Vims = wLlims IS wlL _ pe2nW, Fo Ko w?B2 h3 2nW,W, K, (73)
the rms voltage. The objective of the optimization procedure @ Wihe =" 24p,N? s
is then L-[pk :2nW5hsBsat (74)
a Power @ a ‘/I‘HlS II‘HlS (71) . . . H o
max —peg & max AWK )W, K,) and the five equations in Appendix 1I-B defining the unknowns

Koa, K,, K., S;, and S1,,. Other unknowns are, h., h,
W,, and W,. The problem presents seven equations and ten

o ) ] unknowns. Hence, three independent unknowns can be used
The problem of finding the maximum power density fofy maximize the power density.

a given quality factor) can be summarized and formulated
mathematically as follows:

max Vims Lrms (72) As in Appendix IlI-C, a convenient choice for the opti-

(2nW K. ) (W, K,) mization problem defined above is represented by the three

A. Optimization Problem for the Resonant Inductor

B. Optimization Procedure for the Resonant Inductor
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unknowns {, h., and i;). Given these three variables the [4]
power density can be calculated in the following ways.

* S; and Sy, are first evaluated using (30) and (31) in 5]

Appendix II-A. 5
¢ Using the saturation equation (74), we can calculéte [6]
L1,

W, =k
2Bsatnh5

(75) M

« Rearranging the quality factor equation (73), we see a8
quadratic forma'W? — ¥ W, + ¢ = 0, where (6]

2 2 [9]
CL/ — w BsatL E (76)
12pSka N [10]
T Y L R L R R O
Q hc n
/ pety [
¢ =2 hc 71(2W5 + 4Slat + 7T7’LSt). (78) [12]

« Solving for W, and using the smaller solution for Iarger[lg]
power density

[14]
2¢
=T dee (79) gy

* K, and K, can then be easily calculated using (34) andsg]
(35) in Appendix II.

« Finally, the area (36) and the power density (71) can l?%]
evaluated.

We summarize the design procedure used in our Matl?ﬁ]
program [30] with the following steps. Refer to Table Il for
the meaning of the symbols.

1) Read spec$L, I s, w).

19
2) Read technology paramete(8; nax,?, Bsat, 0c, 0s, 1l
hsep7 Wcorn SNiFe; Sres, Sins)-
3) Fix N the number of laminations. [20]
4) Fix @ the quality factor.

5) Using a numerical function optimizer, find the optima

(he, hs,n) for max power density Py /Atot)-
As an example, we used the specifications and the materii%ll
data in Table Ill, obtaining the curves in Fig. 19. Once a poi
on the tradeoff curve “power-density versus quality factor”
is specified, the physical parameters for the fabrication afe!
derived using (30), (31), and (75)—(79). An example design
for Q@ = 50 is shown in Table III.

l21]

[24]

[25]
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