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Abstract—Power density and efficiency are one of the major
driving forces in the development of new power supplies for
telecommunication and information industry. The phase-shift Rectifier
PWM and the series-parallel resonant DC-DC converter are
promising topologies that can meet these demands at high power
rates. Based on conventional criteria such as the number of
semiconductors/passive components or voltage/current stress
is not possible to identify the topology that offers a higher power
density or efficiency.

Therefore, an optimization procedure has been developed,
which calculates the optimal converter parameters (e.g. switchip
frequency or transformer design) with respect to the maximal
power density and/or efficiency. This procedure is based on
detailed analytical models for the converter, semiconductor losse Gate Drives
HF losses in the magnetic components as well thermal and
geometrical models of the transformer.

With the procedure a 5kW series-parallel resonant converter Digital Control Board
and a phase shift converter with capacitive output and with
current doubler have been optimized. With the calculated ) ) )
parameters a resonant converter prototype has been constated ~Prototype: Height: 1U = 1.75ir 44mm, volume: 0.49 liter, power
and experimental results are presented. density: 167 W/ifi = 10.2 kW/iter

A Transformer
4 MOSFETs .
| with Integrated

Series Inductance Lg

Series Capacitor Cg

) LC-filt
I. INTRODUCTION Is aNzR, Lowr 1o
Ll
Over the last decades, a major effort in the information +o— . ‘M‘Cr:: ek -
and telecommunication industry has been increasing thepow T
density of the deployed power supplies in order to meet 46" }

the design requirements concerning maximum weight, lanite  »
space and production costs [1]. The increasing density has
been mainly enabled by the continuous development of high
performance switching devices which allow a higher switghi
frequency at relatively low switching losses, what leadsito
reduced volume of the passive components.

Besides the power density, system efficiency is a major driv-
ing force due to the continual increase of energy consumpti§chematic: aLC-filter and b capacitive filter as output stage
and costs. Therefore, the development focuses now on high
efficiency power supplies, which enable cost and coolingreff Figure 1: Prototype and schematic of a series-parallehaesio
reduction. DC-DC converter, 5kW, 400V/48..54 V.

Switch mode power supplies applied in telecommunication
systems and data centers typically consist of an AC-DC
rectifier with power factor correction (PFC) as input stagd a a DC-DC converter as output stage, which steps the DC link
voltage down to the required output voltage of 48V to 54 V.
There, usually transformers, enabling a large voltagesfean
ratio, are applied for galvanic isolation (e.g. [2],[3]).
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b) C-filter

Table I: Typical specifications of IT DC-DC converter.

Input voltage Vin 400V The typical specifications for IT DC-DC converters are
Output voltage Vour | 48...54V given in table I. In the literature several topologies for
Output power Pour 5kw the rectifier and DC-DC converter have been proposed (e.g.
Output ripple voltage Vripple | 300 MVpp [4][11]). A comparison of these topologies based on citeri
Max. ambient temperature Ty, 45°C like stress of the semiconductors, number of switches or



a) Current doubler

ZVS/ZCS condition only allows to reduce the number of
topologies to a few promising ones. For a more detailed com-
parison identifying the most suitable topology, an optatiizn

of each topology with respect to the considered comparison
criteria, power density and efficiency, is required.

Therefore, a comparison of different DC-DC converters | . _L
topologies based on an optimization procedure with compre-
hensive analytical models is presented in this paper. The
most suitable topologies for high power telecom converters
are the series-parallel resonant converter (schematicttand I
constructed hardware based on the optimization procedare a
shown in Fig. 1) and the phase-shift PWM converter (cf.

Fig. 2), which both allow soft-switching. For these twarigure 2: Schematic of a phase-shift DC-DC converter with a)

converters different output stages (LC-filter, Cfiltertwinid  cyrrent doubler or b) center-tapped transformer with L@fil
point connection and current doubler) are possible and have

been investigated [12].

A short survey on applicgblg topologies and an evalgatio\;‘\}ith soft-switching and enable high efficiency at higherpuat
based on the mentioned criteria with respect to the achvaBower levels. In addition, full-bridge converters betteitize

power density and efficiency, is given in 8ection II. There, o yansformer due to the bipolar flux swing. Therefore, a

also the operation of the phase-shift and the series-paraly,,|ier transformer size and weight can be achieved.
resonant converter including the digital control using atest

machine is shortly explained. For the topology comparisgh Phase-Shift PWM DC-DC Converter

a comprehensive optimization procedure is required, whichyypen operating a conventional PWM full bridge at high
is pregented irSection 1l with the corresponding different power and high frequency, the converter performance will be
analytical models for the converters such as the HF tram&for eqyced by the switching losses due to the circuit parasitic
losses and the temperature distribution. specially-operating mode of the PWM full bridge, allows all
~With the presented optimization procedure the two topolQyitching devices (cf. Fig. 2) to operate under zero voltage
gies have been optimized, once for power density and ONE&/s) condition (e.g. in [2], [11]). There, the parasitidstioe

for maximum efficiency. The corresponding results of thgjycyit are advantageously used to achieve the soft-simijch
optimization and a comparison of both converter topologies qndition.

discussed irsection IV. In the same section a validation of the |, Fig. 2 two possible output stages are shown: a mid

resulting optimized parameters based on a circuit simdas  int connection with C-filter (CTC) and the current doubler
given. For validating the results a prototype and measunemecpR). Both topologies enable a compact construction with
results of an optimized series-parallel resonant converte g efficiency and will be considered in the optimization.
presented irection V. There, also the design of a phase-shift |, Fig. 3 the control scheme and the principle volt-
converter with current doubler and the comparison betwegge/current waveforms of the phase-shifted PWM converter
copper and aluminum heat sinks is given. are given. There, the power flow is controlled by the
I[I. CONVERTERTOPOLOGIES FORT APPLICATIONS phase-shift between the two legs, which also determines
e duty cycle of the converter. The switching of all four
BTs/MOSFETs is performed under ZVS condition by using

b) C-filter

In the area of low power converters often flyback an

single switch forward converters are applied. These tapeto ) ; :
are not suitable if high output power with high eﬁicienq}he energy stored in the leakage inductante, (Cf. Fig. 2),

. : : der to charge/discharge the parasitic output capams

is required. Enhanced and/or other topologies proposed fgro" . i . :

telecgm supplies are, for example, the (Fj)oubglle intgrlé)aoed O bOth syvltches In the_swnchlng leg. Further details can be
ward converter [4], [13], the asymmetrical half bridge [5ida found in literature mentioned above.

multiresonant topologies [7]. However, these topologies @, Series-Parallel Resonant DC-DC Converter
not fit the requirements concerning efficiency and high POWET 1o series-parallel resonant converter is a combinatica of

density in the same way as full bridge topologies, operatirg%ries and a parallel resonant DC-DC converter, as shown in

with soft switching, due to the amount of sem|conductor|§gg_ 1. With a proper choice of the resonant tank components
lu

and passive cqmponents and/or .the utilization of the d% es Cs, Ls andCp), the series-parallel resonant converter
cycle in half brides which results in larger transformera. |

g o . . . combines the advantages of the series resonant converter:

addition, the switching and conduction losses in asymedtri _ . -

half bridges increase and the efficiency decreases due to th& Series capacitoC’s blOCkS, the DC voltage, thus avoiding

asymmetrical current waveforms at high input voltages [6].  h€ ransformers saturation _
As already mentioned in section I, the series-parallel res-* 1he partial load efficiency is high due to the decrease in

onant (cf. Fig. 1 bottom) and the phase-shift PWM full- ~ device currents with a decrease in load

bridge DC-DC converter (cf. Fig. 2) are well applicable fond the advantages of the parallel resonant converter:

the considered telecom application. Both converters ¢pgra « Controlled operation at light load



® @) © @j Table II: Constraints used for the optimization procedure

(CSPI = Cooling System Performance Index cf. [17]).

9 I R VA S 1 A A Max. Width 1U = 1.75in~ 44mm

Viv| a| B [ | Core Material N87 (EPCOSTimaz < 115°C)
suf Sz sa | sz suf 2 suf sw MOSFETs APT50M75 (Mircosemi, former APT)
fegh LeeB Rectifier Diodes APT100S20 (Mircosemi, former APT)

St 1 C, CapacitorsCs andCp | 3.9nF, 800V, COG (NOVACAP)

S 17 [ 1 ! CSPI 23

SioA I I :t Max. Junction Temp. | T} mas < 140°C

S — ;’

Vgt +VIN/CTC and/or the efficiency becomes maximal. Since the volume
P —~CDR I— of the single components, which are mainly limited by the
= - — respective maximum operation temperature, interdepertden

= SPR S e = some extent on each other, the optimization of the overall
Vi volume is a quite difficult task with many degrees of freedom.

Therefore, an automatic optimization procedure is apdied

Flgure 3 Swnehmg state_s_ and currept waveforms for phasc‘f"étermining the optimal component values of the telecom
shift converter with capacitive output filter and currenutter supply.

as well as for the series-parallel resonant DC-DC convertery o optimization procedure is mainly based on 4 models:

with capacitive output filter. )
b P « An analytical converter model, based on the extended

fundamental analysis (series-parallel resonant conyerte
[8], [15]) and/or time domain analysis (phase-shift con-
verter, [16]), respectively

« Equations for the semiconductor switching and conduc-
tion losses, based on measurements

« Model for the volumes of the resonant tank capacitors,
including dielectric losses

« A model of the losses and the temperature distribution
in the transformer with integrated series inductance for
optimizing the transformer geometry.

while most of the disadvantages of the two converters are
eliminated (e.g. [6], [9], [14]. Furthermore, the converte
is naturally short circuit proof.

For a compact design, a center-tapped transformer with
rectifier as output stage results in a lower volume if higtpaut
currents are required. As presented in [8], the capacitivpud
filter (cf. Fig. 1 b) results in a smaller volume than the LC-
filter for high output currents. Therefore, the LC-filter istn
considered in the following.

As the phase-shifted converter, the series-parallel azgonlin the following the optimization procedure will be explath
converter provides soft switching of all 4 switches. Byriefly. There, also references where the models are exgulain
controlling the zero-crossing of the resonant currgptit is in detail are listed.
possible to achieve zero-voltage switching in one leg amo-ze The starting point of the procedure is the initialization
current switching (ZCS) in the other one. of the design parameters like input voltage, output power,

The operation principle of the switches is similar to théemperature limits and material characteristics as pteden
phase-shifted converter as shown in Fig. 3. Due to tipartially in table | and table Il. These parameters as well
filtering action of the resonant circuit the primary currdpt as starting values lik€'s, Cp, Ls, Low1,2 and the number
is approximately sinusoidal, which has the benefit of bettef turns of the transformerNr and Ng) must be specified by
EMI performance. the user.

As it can be seen in the schematics (Fig. 1b) and Fig. With the values for the magnetip components qnd the turns
2) and the control scheme (cf. Fig. 3), the phase-shift aRgmber the model for the magnetic components is parameter-
the resonant converter are very similar and show almost #€d- There, a reluctance model of the transformer with-inte
same performance and similar efficiency (e.g. [3]). Thugrated inductance in combination with the analytical cotere
conventional criteria are not sufficient to identify the mognodel, which describes the operation of the converter aed th
suitable especially in respect to minimal volume, lowesttcoflux distribution in the core is used in case of Fhe resonant
or highest efficiency. By means of optimizing the thregonverter [8], [15]. The models for the phase-shift coremest
converter topologies for one or even more criteria like powére based on analytical expression for the flux distribusiod
density and/or efficiency based on detailed models, a profouth€ optimal winding geometry [18].
comparison based on the optimization is possible. ThisWith the frequency, duty cycle, currents and voltages tesul
optimization procedure and the associated models descrififed from the analytical converter model [8], [15], the vahred

in the following section. volumes of resonant tank capacitors as well as the switching
and conduction losses in the MOSFETs and rectifier diodes
Il. OPTIMIZATION PROCEDURE are determined, based on the models presented in [8]. These

For the comparison of the different topologies, the confesses, the ambient temperature and the maximum junction
ponent values must be chosen, so that the power dengégnperatures of the semiconductor devices are used far-calc



lating the volume of the semiconductor heat sink includimg t transformer are lower. The phase-shift converter achiéves
fan based on th€'SPI (Cooling System Performance Index)maximum efficiency when operating witkk100 kHz mainly
[17]: driven by the decreasing losses of the semiconductors which
1 drastically increase above 300 kHz. A similar behavior show
7 (K] Volos fliter] (1) the phase shift converter with the capacitive output filter.
th,S—a W cs There, the losses becomes minimum at the lowest considered
with the thermal resistancg;; s, of the heat sink and the frequency of 25 kHz. However, with the increasing efficiency
volume of the heat sink including faWolcs. of the phase shift converter at lower switching frequenthies
The volume and the shape of the transformer/inductor cofelume of the magnetic components(transformer and indyicto
and the two windings is determined in a second, inner opthcreases significantly, which results in much smaller powe
mization procedure, based on a transformer model as pegbenfensity as shown in Fig. 4.
in [8], [15]. There, the volume of the transformer/inductsr  The dimensions of the ferrite cores (EPCOS N87) are also
minimized while keeping the temperatures below the allowggcyded in table 11l and illustrated in Fig. 5. In the optirai
limits. The temperature distribution in the core/windirg ition of the magnetic devices and foil windings, where only
calculated with a thermal model and the core and the windigge turn per layer is realized, have been assumed. Moreover,
losses (including HF-losses). the integration of the required series/leakage inductdoce

The resulting minimized transformer/inductor volume arge three converters in the transformer is considered in the
passed to the global optimization algorithm together wiith t

volumes of the heat sink and capacitors. Based on the result

the free parameter values are systematically varied untiltaple I1I: Resulting operation point and specifications foé t

minimal system volume and/or maximal efficiency is obtaine@ptimized 5 kW telecom supplies. There, the losses in the two
More detailed information about the optimization and thRyductors of the CDR are210.9W, the AC flux density is

corresponding models can be found in [1], [8], [12], [15] 77 mT and the geometry cf. Fig. 5 is: a=10mm b=21mm

c=7mm d=12. (In brackets: simulated values including more

E%rasitic elements than considered in the analytic model if

CSPI[Z9—] =

IV. OPTIMIZATION AND SIMULATION RESULTS

Based on the optimization procedure presented in the p

) . : ; ering from the calculated results.
ceding section the three considered topologies — phase shi g )

with capacitive output filter and current doubler as welltzss t Phase Shift Resonant
resonant converter with capacitive output filter — have been _ CDR cTC SPR-C
optimized for the data given in table | and II. The resulting Z°Wert_De”Ff”¥t L1.7kwitr.  14.7kWitr.  19.1kwil.
: ; perating Poin
operatlng parameters are pr.ese.nted in table II'I. ' « Frequency 200 KHz 100KHz 135(130) kHz
The highest power density is achieved with the series-

) Wi e Duty Cycle 0.81(0.86)  0.82(0.88) 0.78(0.83)
parallel resonant converter: 19.1 kW/ltr. (313 Winif o_nIy « Efficiency 94.8% 95.0% 96.2 %
the net component volumes, the PCBs and housings amznsiormer
considered. The final system volume strongly depends on 4 pri. wind. Losses 6.0W 13.0W 57W
the 3D design of the converter. For the prototype shown in e Sec. Wind. Losse§ ~ 10.0W 11.6W 15.3W
Fig. 1 the power density resulting of the optimization was e Core Losses 13.8W 23.7W 235W
15 kW/ltr., which is lower than the results presented hereesin e Tums Ratio 11:4 11:2:2 14:2:2
other components have been used during the optimization of ¢ Winding Temp. 125°¢ 124°C 125°C
this converter. The final assembled converter had 10 kW/ltr. * gloregem‘_" i% CT ;i?) CT 13105OCT
(164 W/ir?), what results in a scaling factor af/3 between Ge(:mel::; (;”T:'g 5 m m m
calculated and f|_nal power densny._ N o Mid Leg a 13.0mm 15.0mm 14.0mm

The phase-shift converters achieve a power densities of , ygignt b 19.3mm 21.0mm 12.2 mm
14.7 kW/ltr.  (with current doubler) and 11.7 kW/ltr. (with o Window Width ¢ 9.4mm 7.0mm 7.0mm
capacitive output filter). If the scaling factor is assumed a ¢ Window Height d | 15.1mm 29.4mm 31.0mm
for the assembled resonant prototype, the total systemrmpowe e Leakage Leg e - 7.4mm 10.6 mm
density of the presented resonant converter is 12.7 KW/IttMOSFETSs (cf. Fig. 6)

(208 W/ir?), for the phase-shift converter with current dou- Turn-off current 21.0A 17.3A 0A
bler 7.8 kW/Itr.(128 W/iR) and with capacitive output filter Toff.a (21.2A) A7.7A) &OA)
10 KW/ltr. (164 Wiir?) o Turn-off current 21.9A 32.5A 15.6 A
: A - . Ioit.B (22.2A) (31.9A) (15.4A)
At the operation point, optimized for maximum power o P 312W 17.8W <5W
. . . . ,switching . .
density, the efficiency of the resonant converter is 96.20, f o Py conduction 93.7W 96.8W 64.0W
the phase shift converter with current doubler 94.8 % antl wit ¢
capacitive output 95.0 % respectively. However, an optimum  ser. ind.Lg 2uH 12.4uH 26.5uH
efficiency results in different switching frequencies fdt a e Out. Ind. Loy 6.7uH - -
three converters, as shown in Fig. 4. For the resonant ciemver e Ser. Cap.Cs - 98.5nF
the efficiency increases to 96.3 % with an increased switch- e Par. CapCp - - 26.0nF
ing frequency £220kHz), because there, the losses of the ® Out Cap.Cour 11pF 438pF 254uF
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Figure 6: Simulated curves dfap, Ip, Vs and Vg, (cf.
Fig. 1b) and Fig. 2) for the three presented converter with the
parameters resulting from the optimization procedure.

This 5kW prototype has a volume of 0.491tr., resulting in
a power density of 167 W/in (10.2kW/Itr.). With the new
components utilized in the presented optimization this grow
density could be increased to approximately 12 kW/ltr.

Besides the optimization of the semiconductor heat sink,
the integration of the series inductanég and the cooling
of the magnetic component is very important. The technical
realization of this transformer is illustrated in Fig. 8. €Th

Distributed Air Gaps

Figure 5: Dimensions of _the transformer _co_res_and the ind%‘akage inductance is generated in the top leg by the ingerti
tors (for the CDR) resulting from the optimization proceelur ot gistributed air gaps. Since the H-field would result inygdd

for the series-parallel resonant converter with capamtput ¢ rrents in the heat transfer component (HTC) of the primary
(SPR-C), phase-shift converter with current doubler (CDRyinging/leakage leg, slots are milled into the HTC in theaare

and capacitive output (CTC).

over the air gaps. Since the primary winding is enclosing the
leakage flux path the radiated H-field is relatively low with
this design.

A. Smulation Results

With the system parameters resulting from the optimization
procedure (cf. table Ill) simulation models of the conveste Transformer Ougutcfizﬁtagce
have been developed in Simplorer (Ansoft). The charati@ris Heat Sink \ our =

simulated waveforms are shown in Fig. 6. The corresponding
values resulting from the simulation are given in brackets i
table Ill, where a good correspondence between analytical
model and simulation can be seen. The slight differences
are caused by the fact, that in the simulation more parasitic
elements are considered.

Based on the simulation results, which confirm the analyti- Output
cal optimization, prototypes of the converters can be daesig Connectors
Some details of these prototypes will be presented in the

. . Output Voltage/Current
following section. ; .

Measurement Board Isolated

Rectifier Heat Sink

V. PROTOTYPES ANDMEASUREMENTRESULTS Paragelcggci;ance Diodes
'p=120n

Based on the optimization results a prototype of the series- ) )
parallel resonant converter has been constructed (cf. Fag. Figure 7: Back view of the resonant DC-DC convert

and 7). type.

er proto-



Transformer Table IV: Comparison of heat sink materials: copper and
Heat Sink

aluminum.
| Copper design| Aluminum design
Heat sink / HTC only 177 cn? 199 cn?
S Primary Total volume (quader) 499 cn? 518 cn?
il Winding Power density 10KWjir. 9.65kWiitr.
Air Gaps Rectifier Diodes
7 Heat Sink
Core N87 J s
Secundary W&\ TﬁnSfO;IILErS
Heat Transfer Component Winding | eat St

Total Design
Series-Prallel Reson:
DC-DC Converter

(HTC)

Figure 8: Sectional drawing of the transformer of the resbna
converter with integrated series inductance.

are shown. There, a nearly sinusoidal waveform of the 'Sk Fan T

resonant current at the already maximum designated input o
voltage of 400V and the output power of 1.25kW could be Heat Tra“(sée;cc)"mp"“em
seen.

In Fig. 9 first measurement results for the resonant converte MOSFETs I Rﬁ'\ R

Core with Distributed Gaps
(Leakage Inductance)

Figure 10: Heat sink components for the series-paralle-res
nant converter, designed for aluminum.

500 T T T T T T T T T 20
400 -
spaces [17]. By optimizing the design of the fins, the impact
of the halved thermal conductivity can be clearly reduced.
The resulting volumes are presented in table IV. The
volume of the pure heat sink components (heat transfer compo
nents (HTC), heat sink for diodes, MOSFETs and transformer
cf. Fig. 10) increases by B if copper is replaced by
aluminum. However, the total design volume increases only
by 3.8%, since . Consequently. the power density decreases
by the same factor to 9.65kW/ltr. Therefore, with a proper
00 S S S S S SR SR 20 design of the air-cool heat sink the overall volume is only

ST T e 0 slightly influenced by the heat sink material.

Figure 9: Measurement results of the resonant converr Integrated Magnetics for the Current Doubler
prototype (cf. Fig. 1§ Viy = 400V, I;y = 3.4A, V = The optimal volume of the current doubler transformer
443V, Iy = 28.2A, Pp = 1.25kW. including core, heat transfer component (HTC), windingd an
heat sink, is approximately 90 ém Together with the two
output inductors, the total volume of the magnetic comptsen
is approximately 230 cfhiwhen using very compact commer-
cially available inductors and not considering the spacziad

In order to obtain the upper limit of the power densityfor connecting and mounting.
copper has been assumed for the heat sink and the coolin®y integrating the output inductors on the same core/wind-
system of the transformer during the optimization. Due fipdg as the transformer as presented e.g. in [19], [20] theepow
increasing raw material prices the question arises, whiieis density can be further increased. With a standard E65/32/27
limit for the power density if aluminumXy; = 230 W/m-x) ferrite core from EPCOS the volume decreases by 6.5% to
would be used instead of coppeXc(, = 390 W/cm. k). 215cn¥. With a custom core a reduction of 12% for the

For determining the impact of the material besides thmlume and also a reduction of the losses in the magnetic
prototype based on copper also a prototype with aluminutdevices could be achieved. In Fig. 11 a design of the phase-
has been designed by numerical CFD simulation (ICEPACK3hift converter with current doubler based on aluminum is
There the temperature distribution has been kept consthet. shown. There, a power density of approximately 9.75 kW/Itr.
different thermal conductivity has a strong influence to theould be achieved. This value is higher than the predicted
optimal thickness of the fins and the ratio in respect to the aialue of 7.8 kW/ltr. due to the integrated magnetics and above

300

200

100

voltage V,, [V]
current /, [A]

—100

—200 -

300 [

—400

A. Copper vs. Aluminum as Heat Snk Materials
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Figure 11: Design of a phase shift converter with current

doubler and integrated magnetics. Heat Sinks are made @f

aluminum.

all due to the more compact design compared to the resonant

converter, so that the scaling factor of 2/3 is increased.

VI. CONCLUSION

In this paper, an optimization procedure is used for ma
imizing the power density and the efficiency of a phase-
shift DC-DC converter with capacitive output filter (CTC)

(7]

(8]
El

0]

and with current doubler (CDR) as well as a series-paralléf!

resonant with capacitive output filter in order to identify

the most suitable topology for 5kW telecom applications.
The analytical models of the optimization procedure inelud?!

electrical models for the converter, models of the HF losses

the magnetic components, thermal models for the transiornjs]

and volume models for the heat sinks/resonant capacitors.
There, maximal 12 kW/Itr.,196 W/in(19 kW/ltr. pure com-

ponent volume) are obtained for the series-parallel reston#l4]

converter (SPR). The optimal operating frequency with eesp

to the power density is approximately 135kHz. For the phage;

shift converter 10 kW/ltr. (164 W/i) result for a capacitive
output filter (CTC) and 7.8 kW/ltr. (128 W/ for a current
doubler (CDR). Again, the optimal operating frequencies ar

relatively low — approximately 100kHz for the CTC and16]
200 kHz for the CDR. There, the efficiencies are 96.2 % for the
SPR, 95 % for the CTC and 94.8 % for the CDR. These valugs;

slightly improve & 0.8 %) if the converter is optimized for
efficiency, but there the power density decreases signtfican,

By using integrated magnetics for the CDR a volume
reduction of 12% for the magnetic components is possible.
In case aluminum is used instead of copper for the heat si[rig]
and the cooling system of the transformer the system volume

increases by approximately 4 %.

For validating the analytical models used in the optim@ati [oq;
a 5kW series-parallel resonant DC-DC converter has been

constructed and detailed simulations have been performed.
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