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A Volumetric Optimization of a Low-Pass Filter

Mark Gerber, Jan Abraham Ferreira, lvan W. Hofsgi@ember, IEEEand Norbert Seliger

Abstract—The low-pass filter (LPF) is a fundamental compo- ~ Filter
nent of many power electronic systems, for example, the output * "™ \h‘v
filters of dc-to-dc converters. The volume of the two components .
that constitute the LPF contribute a majority of the final system’s
volume, thus affecting the overall power density of the system. To
be able to reach the high power densities that are required nowa-
days, the packaging of these components needs to be addressed. ,
new packaging approach is considered where the main criteria is
to increase the packaging density of the LPF. The filter is consid-
ered volumetrically, and the minimum possible volume is derived.
The construction and losses of such a filter are also discussed.
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Index Terms—Energy density, high-density packaging, loss dis- F'9- 1. Typical implementation of an LPF.

tribution, low-pass filter, shield, volumetric optimization.

I. INTRODUCTION Z

HE low-pass filter (LPF) is present in many of today’s
power processing systems. An example would be tt
output filter of a dc-to-dc converter. Such an LPF is illus
trated in Fig. 1. The filter is normally realized using two
discrete components that are each packaged and manufacti /
separately without any consideration for the othe_r. The tV\Capacitor Inductor  Inductor Capacitor
components are then interconnected, normally using methc ferrite  winding
such as printed circuit boards or busbar structures. The filter,
consisting of the two bulky components, usually contributedd- 2. Proposed LPF structure.
significantly to the overall volume of the system in question. ) ) . . )
With the current trend in power electronics to increase the I this paper, the physical construction of the LPF is consid-
power density [1], [3], it becomes vital to account for angred from a volume utilization point of view.
eliminate any unused volume. The typical implementation A different construction method to realize the LPF is pre-
of the LPF, shown in Fig. 1, shows graphically how muchented and investigated. Some of the practical issues relating
volume can go by unutilized. This wasted volume, if used, c4 the construction and interconn.ections within the LPF struc-
help to improve the power density of the system significanti{iire are explored. The structure is further investigated using a
resulting in smaller systems. On the other hand, the advantdijée-element package to investigate and gain insight into the
of constructing the filter as in Fig. 1 is the ease with which th@agnetic field distribution within the structure. This will in-
filter can be cooled. There is a large surface area present tR¥fably lead to a better understanding of the losses within the
can be used for cooling purposes. By making any changesStgcture.
the construction of the LPF, such as increasing the packagérhe total volume of the filter is then optimized against the

density, the thermal issues of the filter must be kept in mind. €Nergy to be stored within the filter. Finally, a case study is con-
sidered where the LPF structure is built and investigated.
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Fig. 3. Film capacitor manufacturing process.

itors are selected as the components that will undergo the con- « Capacitor

structional changes due to the higher degree of freedom they metalization

offer as compared to the inductor. The capacitors have been re-

shaped to complement the inductors shape and are reshaped into

“square donuts” so that they fit over the windings protrudingjg. 4. Realizing the capacitor with individual metal film capacitors (half of
from the sides of the inductor. The inductor is implemented with® toP plate has been removed for illustrative purposes).

standard E-cores, either steel or ferrite, and a winding construc- ] ) )
tion on its bobbin. ductors separated by a dielectric. At the side of the mass, the

The result is a structure that can still meet the electrical ahH!9es are removed, reducing the mass to a rectangular shape.
electromagnetic requirements of the LPF while maximizing tHéf €ach side of the rectangular mass, one of the two conductors
use of the volume. is exposed due to the conductors position on the foil. Electrical

The structure, as shown in Fig. 2, raises many questions tﬁgpnectio_n is established by metalizing the exposed conduct(_)rs
need to be answered before the structure can be realized. $A&ach side of the rectangular mass. To complete the capacitor
structure has the advantage of a higher package density yicture, the I.eads are attaphed and it IS placed In a casing.
presents difficulties concerning the interconnections, as well SBased on this manufactur!ng process, itis possible to produce
the losses within the structure. In the following sections, sorﬁ\ée capacitor structure required to realize the LPF structure.

suggestions are presented that can be used to overcome someBIr?E.} capacnor'structure can be aph|eved by replgcmg t'he ni-
these problems. tial foil former with one of the required form and dimensions.

An advantage of this method would be that there would be no
bulging edges that need to be removed once the capacitor has
been wound. Finally, there is also no need for the former to be
The realization of the structure shown in Fig. 2 will be directlyemoved. Once the sides of the structure have been metalized,
connected to the construction technologies that are availablethe capacitor structure is completed. However, it should be re-
this section, some construction methods are considered basemnbered that there could be electric field enhancement effects
on different technologies. These will include different ways dh the tight corners of the new capacitor structure that must be
realizing the capacitance as well as interconnections within tteken into account in the capacitor design. The alternative man-

I1l. | MPLEMENTATION ISSUES

structure. ufacturing process is illustrated in the lower part of Fig. 3. Man-
ufacturing a customized metalized capacitor would provide the
A. Structure Realization optimal solution, but this can be costly for a small number of

1) Foil-Based Capacitor:As mentioned previously, the capacitors. As an alternativ_e to the cus_tomized foil capacitor,
LPF structure consists of an inductor structure with twBnother capacitor structure is also considered.
custom-shaped capacitors. One possible way to realize th€) Lumped-Capacitor RealizationThe capacitor structure
required capacitor shape is to take advantage of metaliZBdig. 4 consists of several n"_netal film capacitors th_at have been
film capacitors [4]. The metalized film capacitors that offePlaced between two conducting plates. The capacitors are posi-
the best performance for general power electronic applicatio#ed in such a way so that the metalized sides are in contact
are the the polypropylene-based film capacitors [4]. TH#ith the conducting plates. Electrical connection between the
polypropylene-based capacitors offer a good compromigtetalized surfaces of the capacitors and the conductors can be
between dielectric losses, frequency response, and stabilipgbieved with a soldering process. This capacitor structure of-
high operating temperatures (8€-105°C). Fig. 3 shows fers a simple solution to achieve the custom-shaped capacitor
a simplified manufacturing process for the section of tH&quired for the LPF structure.
capacitor.

The standard manufacturing process, illustrated in the top%f
Fig. 3, begins with a dielectric foil that has been metalized. Two In this section, only three possible interconnection methods
metalized foils are rolled together onto a former until the reare considered. The first method makes use of standard PC
guired number of layers is reached. The former is then removedard material, and the second looks at using flexible polymer
from the rolled-up foil and the metalized foil is squashed. Theubstrate. The latter considers a special plastic bobbin that has
result is a mass that consists of many layers of parallel cahe interconnections implemented within a single bobbin.

Interconnections
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Fig. 5. LPF structure interconnections implemented with a microstrip line.
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Fig. 6. Interconnections are realized with a flexible printed circuit. g

1) Microstrip Line Interconnection:The microstrip trans- 3) Customized Bobbinin the two interconnection possi-

mission line is a widely used method of interconnection [2]. T Iltles_tdls?[ussted thus fa;, tTe m?r;ufatc;urlng gro;:r(]ass otfhthde
microstrip line consists of a planar conductor placed above ff{@pac tords ruc l_”edvﬁs notre g;/an t not er;/vok: S’f tﬁ metho St
return path separated by a dielectric material. This type of intdf-SSented required the capacitor structure o be of the correc

connection is relatively easy to implement using printed cirCLﬁhape and itdidnot m_atter i t.he capacn_or were |mplem§nted
board technology. with a foil-based capacitor or with several individual capacitors.

Fig. 5 shows the LPF with the interconnections between theThe. CUStOLmZ_Ed IbObbm’ cljllu§tir1ate? .'In Fl% ’, [rer?wtr)esé)ghe
capacitors and inductor implemented with a microstrip line. TH:@paClttor to ?hlrr:jptemente W'; ta k?ltmﬁ |_ngd. te 0 d'm
microstrip line is planar in nature and can be sized to fit ve esents a method to accommodate bo € Inductor windings

close to the LPF structure. In doing this, the volume of the L hd ca[?]acnorhfoﬂ v&/lndmgs ona s&ngtie structu.re. The f|g|;ured
structure is not increased. shows how the inductor core and the capacitor are place

2) Flexible Polymer SubstrateElectric circuits based on on the bobbin (only one of the two capacitor structures is

flexible polymer substrates offer a unique advantage to ¢Rgown). The inductor core fits on the bobbin as per usual. To

ackaging engineer. The polymer substrate can be conside_"i‘gﬁiomm()date the capacitor foil _winding, extra protrus_ions are
P ging eng oy included on the bobbin. To realize the structure, the inductor

to be a piece of paper that can be bent and folded into al ) o )
conceivable shape. This makes the third dimension eas g‘udlng must.be placeq on st f”?t- The f|gl-Jre.d0(_as
assessable to reduce the complexity of interconnecting defl éShOW the Il’.ldu.CtO!‘ windings. Once Fhe inductor mndmg IS
structures. The flex technology uses industry-standard prin lace, the foil vymdmgs for the capacnors.arelthen included.

he procedure will be similar to that shown in Fig. 3. Once the

circuit board and/or thick film process [6] to offer a low-cos
P [6] Foil has been wound, the inductor core is included, completing

high-performance solution to the interconnection problem. ) . S
- . H{e structure. The interconnections within the structure can be

takes advantage of the high flexibility that the polymer Suﬁr_nplemented with any of the previous methods discussed.

strate has to offer. The substrate can be bent over the side_of

the inductor, and contact with the capacitor conducting platss Structure Losses

can be achieved. The connection to the inductor can be made iln the LPF structure, the inductor and capacitors are in very

a similar way. close approximation to each other. The magnetic fields asso-
A further possibility is to include the active components oniated with the inductor interacts with the capacitors, resulting

the substrate as well. Thus, it will be possible to build the conm increased losses. These losses are caused primarily by eddy

plete converter on top of the LPF structure. The functionalitgurrents that are induced in the capacitors due to the changing

of the two capacitors can be divided. One of the two capacitarggnetic field of the inductor [7].

can be used as a bus capacitor, while the second one is used f@b investigate the magnetic field distribution, a finite-element

the filtering. This can allow the complete converter to be compackage is used. An arbitrary case study is considered in the sim-

structed in a very dense manner. ulations. Fig. 8 shows the section that is used in the simulations.
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Fig. 10. Section of the proposed shield for the LPF structure. Fig. 12. Cooling the LPF via forced convection.

The section is of the inductor windings outside the core wheigductor and capacitors. The shield makes use of eddy currents
the capacitors are to be placed. to establish a region in which the capacitors are protected
1) Magnetic Field Distribution: Before the LPF structure is from the magnetic field of the inductor.
investigated, a single inductor is considered. The magnetic field o
densityB is calculated for the structure. D. Heat Dissipation
A section is taken through the B-field distribution and plotted The LPF consisting of an individual inductor and capacitor
on an axis that measures across the protruding inductor windihgs a large total surface area due to the components construc-
This is plotted in Fig. 9. From the figure, an important obsetion. Any heat generated within the components can be removed
vation can be made. The magnetic field is nonzero above arnd convection or radiation into the surrounding environment.
below the winding. This means that any conducting materiBbth these phenomena are proportional to the surface area of the
placed above or below the conductors will be exposed to inemponents [7]. However, the proposed LPF structure, assumed
duced eddy currents that will increase the losses. To reduce thde comparable to the individual inductor and capacitor, will
losses as a consequence of the eddy currents, a shield cahdwe a smaller surface area exposed due to the dense construc-
used to minimize the interaction between the changing magnetan. As a result, less heat can be removed from the structure
field and the capacitors. via convection or radiation. To overcome this problem, there are
2) Introduce a Shield:Fig. 10 shows a cross section of agenerally two possible solutions. The first is to use forced con-
shield that can be used to create a field-free region in whigkction while the second is to use a heat-sink structure.
the capacitors can be mounted. The magnetic field distributionl) Forced Convection:The additional heat generated within
for the shield has also been determined and is plotted in Fig. e structure can be removed with the aid of forced convection.
The top chamber of the shield is left empty, while a simplified fast-flowing stream of cooled air can be forced over the sur-
capacitor structure has been placed in the lower chamber face area of the structure allowing the LPF structure to be ef-
the purpose of the simulation. Fig. 11 shows the magnetic fididiently cooled. A second possibility is to include a small gap
concentration on the inner and outer conductors of the shietgktween the inductor and capacitors of the structure. The stream
In the two chambers, both with and without the capacitor, tia# air can then be forced between the components as illustrated
magnetic field density has been reduced as compared to Fign9ig. 12.
This will allow the capacitors to operate while in close vicinity 2) Heat Removal PathsA second possibility is to use heat
to the inductor without an excessive increase in the losses. conduction to remove the heat from the heat source and then
The losses in the LPF structure will depend on the desigiow the heat to radiate into the environment. One way to
and materials used for the construction of the inductor amaghieve this is with the aid of heat sinks as illustrated in Fig. 13.
capacitors. A shield can be used to prevent the capacitors framthe diagram, a heat-sink “finger” is included between the
suffering extensive losses due to the close proximity of thieductor and capacitor structures. The heat in these fingers is
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| pacit where
A. core cross-sectional area;
/ l / / l. magnetic length of the core;
1ok permeability of the magnetic material.
Equation (2) can be rewritten as
2pop Wi
A, = = mS. 3)
Hmﬂmﬂm Equation (3) relates the magnetic material properties to the
Heatsink volume required to store the energy in the inductor.
Consider now
Fig. 13. Removing the heat from the structure with heat sinks.
NI=%R¢p A 4)
A
N . where
) sl he NI total current in the winding window;
A ¢ magnetic flux;
"~ , 2 R reluctance and is defined as [2]
Weerl2, F
Ween/: ZC -1
e R = H™". (5)
<« We I’LOI’L’I’AC
Substituting (4) and (5) into (3) and rearranging, the core
Fig. 14. Double E-core inductor structure (windings are not shown). volume can be written as

. . Al = NII’LOI’L’I’AC m3 (6)
then conducted to the main heat sink below the structure as a cte — B )
consequence of conduction. Once the generated heat is in

heat sink, it can be removed via radiation or convection. éla]%atmg (3) and (6), the current in the winding window is re-

lated to the core volume as

IV. VOLUME OPTIMIZATION ANALYSIS NI = 2w A. 7

The volume analysis of the LPF structure is divided into three A5
sections. The first section links the inductors volume to the mgonsider now the winding window. The current in the winding
terial properties and operating parameters. The second sechépdow can be represented by
links the capacitors volume to the operating parameters and ma-
terial properties of the capacitor. The results of the two sections

are used to find the optimum volume of the LPF structure.  wherek ;; is packing factor within the winding window, defined
as the ratio of the cross-sectional area of the winding window to
the cross-sectional area of the conductors.

To describe the volume of the inductor in terms of material Substituting (8) into (7), the relationship between the material
properties, the following variables are assumed to be knownproperties, operating conditions, and volume is obtained

NIksy=Apd A (8)

A. Inductor Volume Considerations

« W; the energy to be stored in the inductor; 2Wik it .

« J the current density in the conductors; Acdy = —5—— m-. 9)

e B the maximum flux density allowed in the magnetic _ _ oo
material. Equation (9) illustrates that the product of the winding

. . - . window area and core cross-sectional area needs to be as small
It is further assumed that the inductor is implemented using_a

double E-core structure as illustrated in Fig. 14, is defined as possible for_a given set of exutat!on variables. It can _be
o i . . seen that, as either the current density or the magnetic field
to be the winding window cross-sectional area, whileis the : o .
. i density (or both) is increased, the volume of the magnetic core
cross-sectional area of the inductor core.

o . . will decrease, but as the amount of energy stored in the core
The energy density in an inductor is ) i ! -

increases, the volume will increase accordingly. The winding
package factor will always increase the volume of the core as a
consequence of it representing the unused area of the winding
window.

E, = %BH Jinm? 1)

whereH is the magnetic field intensity.

The energy stored within the inductor structure can k@ Capacitor Volume Considerations

rewritten as The relationship between the physical properties of the capac-

itor and the volume of the capacitor is determined in a simpler
way as for the inductor structure. The primary reason for this is

1 B

W, =
2 Mol

Ad, J )
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W,

TABLE |

CASE STuDY CONVERTER OPERATING PARAMETERS

1437

w;' A, % Parameter Symbol Value
/A° Ry B o Weert Input Voltage Vin 42v
—¥ £, / — ] hy Quiput voltage Vo 14%
S | Converter power p 100W
Load current Ticas 7.14A
/ Woa2 Operating Frequency FLuiten 170kHz
LT E——— Weent2 Wy Inductance L 2.2uH
W‘m/z, R Capacitance C 5.2uF
Current Density I 2A
Fig. 15. Section of the inductor and one of the two capacitors. All the definir Inductor Flux Density B 30mT
dimensions are shown in the figure. Copper Packagc Factor ki 34
Inductor Energy Wi S6ult
that capacitors are mostly available in prepackaged Structu™ Capacior Voltage v 14
whereas inductors are mostly custom made. It is assumed ™ Capacitance Dm;ﬁy Cemiir 1uF o’
the following variables are known¥. the energy to be stored ™ Capacitor Energy W, 510u]

in the capacitor, an@’yepnsicy the capacitance density.

The energy that is stored in a capacitor in terms of the elec-

trical properties is = (14 2wy) (2Ween + 2wy) (Ween + hy) M?

14

W, = love (10) (14)

2 whereL PF,; is the volume of the LPF structure, ahdq,, is the
whereC is the capacitance of the capacitor, dnds the oper- inductor volume. To find the volume and, thus, the dimensions
ating voltage. The capacitor density is defined as of the LPF structure, the four variables mentioned above must

C 5 be solved. _ _ _ _

F/m (11)  There are four dimensional variables in (14) and, thus, four
equations are required. The first of the four equations is derived
from the volume of the capacitor. The capacitor volume in terms
of the four variables is

Cdensity = C—

vol
whereC,,, is the required capacitance volume.
Equation (11) can be rewritten as

C = CvorCuensity  F. 12) Crol = 2WyWeen (2Ween + 2wy + hy)  M°. (15)

Substituting (12) into (10), the volume of the capacitor can b, o second and third equations are obtained by considering the

determined to be aspect ratios of the cross-sectional area of the core and the area
(13) of capacitor plates. The aspect ratio of the core is given by the
ratio of the width of the center leg of the core to its length and

. . is dimensionless
Equation (13) relates the volume of the capacitor to the operation

parameters and material properties. The material properties are k. = Ween (16)
represented by ensiry and will vary for different capacitor l

technologies and packaging methods used. From (13), itfifie aspect ratio of the capacitor, also dimensionless, is defined
evident that the volume of the capacitor will increase as thg

energy to be stored increases. Interestingly, the volume of the

capacitor will decrease as the operating voltage increases. It k,
must, however, not exceed the maximum breakthrough voltage W

of the dielectric. The fourth equation is taken from (9), repeated below

2W,
Cyol = w5 m°.
vel V2 Cdensity

2 w 2 cen
= u (17)

C. LPF Volume Considerations o 2k i
The inductor and capacitors must now be combined into a o BJ

single structure in such a way that the volume requirements & not possible to solve for the four variables directly because
met for both devices. One-half of the LPF structure is illustratefle equations form an inexplicit system and, thus, need to be

winding window widthw,,, the height of the winding window
hw, the width of the center leg of the cotg.,,, and the length
of the core]. In terms of these four variables, the volume of the
LPF is given by

m*. (18)

V. CASE STuDY

The case study is a buck converter chopping 42 V down to
14 V. The remainder of the converter parameters are listed in

LPFq =Cyo1 + Lyo Table I. The converter schematic is drawn in Fig. 16.
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Fig. 16. Buck converter case study.

Minimum volume of

alow pass filter Fig. 18. Energy density as a functioniof andkp.

A
TABLE I

DIMENSIONS FOR THEIDEAL LOW-PASS FILTER STRUCTURE

Dimension Symbol Length jmm]
Winding Window Width We 6.7
Winding Window Height H,. 11.3

Core Center Leg Widih Wean 8.7

Core Length 1 10.9

There is a sudden drop to zero volume for many combinations
of aspect ratios. These are unrealizable combinations, resulting
in negative dimensions. In Fig. 18, the highest energy density is

marked with the block labeled “A.” From this point in Fig. 18,
0 64 + = the energy density decreases as the aspect ratios move away
from this point.

Volume (m"3)

Fig. 17. Volume as a function dfc andkp. B. Ideal Structure Shape

From the Matlab program, the dimensions of the structure
A. Volume Optimization were determined, and they summarized in Table Il. These di-
Using Table I, (13) and (18) can be solved. The results afB€nsions represent the LPF that has the lowest possible volume
respectively, for the given operating conditions. From the dimensions, it can
be seen that the ideal structure shape is not planar in nature, but
2W., instead tends toward a structure with narrow, tall winding win-
V2Cgensity dows. The core itself tends toward a core with a square center
and leg.
AcAy =%§f” =7.14*107° m* (20) c. Constructed Filter
The filter that was constructed to evaluate the LPF structure
Equations (19) and (20), together with a Matlab program, aneas built in a planar fashion instead of the fully volume-opti-
used to solve the system and determine the volume of the stroized filter. In Figs. 17 and 18, the blocks labeled “B” represent
ture as a function ok. andk,. The results of this analysis arethe filter structure that was implemented. The difference in the
plotted in Figs. 17 and 18. Fig. 17 shows the volume of the LRfhapes of the structures is large, however, the planar structure
structure for a range of core and capacitor aspect ratios. Thes a volume that is only 25% more than that of the optimized
block labeled “A” represents the combination of core and caPF. The dimensions of the implemented LPF structure, as well
pacitor aspect ratios that produces the lowest volume structamethe volume and energy density, are listed in Table Ill. When
for the case study. The block labeled “B” will be discussed atoints A and B are compared in Figs. 17 and 18, it can be ob-
later stage. Fig. 18 shows the energy density of the same rasgeved that there are many possible structures that will produce
of aspect ratios. From the two figures, the trend in the volunaestructure with a volume close to that of the optimum structure.
relative to the aspect ratios is clear. The shape of the LPF structure will change significantly over the
The block labeled “A” is the lowest volume point in Fig. 17 range of acceptable volumes allowing the physical operating en-
As the aspect ratios move away from this trough, the volumv&gonment (e.qg., structure profile) to have some influence over
increases. the finalized structure shape.

Cyol = =4.896*10"¢ m? (19)
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TABLE I Loss distribution at 100VA excitaion

DIMENSIONS OF THECONSTRUCTEDL OW-PASS FILTER 0.0

Dimension Symbol Length [mm] 0.8 —
Winding Window Width W 8.5 0.7
Winding Window Heicht H. 3 §~ 06

Core Center Leg Width Wiean 8 =
Core Length 1 33 2 08
Strueture Volume 18800 mm® § 04
Energv Density 28.66 I'm’ — 03 — — 1
02 ——
0.1
0 . . . . -1

Shield Winding Heatsink Femite Capacitor Ind Cap

Fig. 21. LPF loss distribution.

for the complete LPF with the implemented shield. The second
is for the complete LPF structure but with the capacitor and in-
ductor physically separated from each other. There is a constant
difference in the measured power loss which is accounted for by
the additional losses induced in the shield and capacitors. Fig. 21
shows the loss distribution for the LPF structure. The chart is a
combination of the measured and theoretical loss distribution.
The 17% capacitor loss is the measured losses in the capacitors
under normal operation without the interaction between the in-
ductor and capacitors. On combining the two components with
the shield, the capacitor losses increase by 4% and is referred to
as the induced capacitor losses (“Ind Cap”). Without the shield,

Fig. 19. Photograph of the low-pass filter structure.

5. Measured Filter Losses. the induced losses in the capacitors would be large enough to de-
1o stroy the capacitors. The small increase in the capacitor losses
B ___—9 is an indication of the effectiveness of the shield.

0w’ /-/
%16 VI. CONCLUSION

In this paper, it was shown that, if the construction method
40 e'o éo 160 for an LPF is considered, it is possible to achieve a structure
Filter Power (VA) that utilizes the available volume more efficiently than the stan-

dard LPF construction. This is achieved by building the filter
construction in an unconventional manner. Several practical is-
sues concerning the construction of such a filter structure were
identified and discussed. These included interconnections, heat
) ) ) . ~removal, and a shield to protect the capacitors. A volume opti-

The interconnections in the constructed filter were implgy;;ation analysis was performed to help determine the optimum
mented with the microstrip line method proposed earlier. Thigmensions for such a filter structure. An LPF was then built
method was selected for the relative ease that the interconr\%hg the issues that were previously identified. The structure
tions can be implemented. A heat-sink structure was also useg igg successfully implemented in a 100-W dc/dc converter. The
conjunction with the LPF structure. The purpose of the heat Sinoposed LPF structure has an energy density of approximately
is twofold. The first is to provide a low thermal resistance to theg 313 as compared to approximately 18-22 3fior the con-

surrounding environment to ensure that the structure does Jghtional LPF structures for the same parameters, showing an
suffer damages due to overheating. The second is meCha”iﬁﬁirovement of approximately 25%.

rigidity. The inductor is implemented with a distributed air-gap
structure and the heat sink is used to hold the structure together.

1—0— LPF losses —m— Separate inductor and capacitor

Fig. 20. LPF losses as a function of output power.
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