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Abstract—The demand for decreasing costs and volume leads
to a constantly increasing power density of industrial converter Rectifier.  Fan
systems. In order to improve the power density further differert ~
aspects, like thermal management and electromagnetic effects |
must be considered in conjunction with the electrical design.
Therefore, a comprehensive optimization procedure based on
analytical models for minimizing volume of dc-dc converter
systems has been developed at the Power Electronic Systems
Laboratory of t_he ETH Zurich. _ Gate Drives P’ [
Based on this procedure three converter topologies — a phase
shift converter with current doubler and with capacitive output
filter and a series-parallel resonant converter — are optimized o e
with respect to power density for a telecom supply (400 V/48V). Digital Control Board
There, the characteristic of the power density, the efficiency
and the volume distribution between the components as function Figure 1. Prototype of an optimized series-parallel resboanverter for
of frequency is discussed. For the operating points with maximal telecom applications with a power density of 10 kW/ltr. ane dpecification
power density also the loss distribution is presented. Further- given in table I.
more, the sensitivity of the optimum with respect to junction
temperature, cooling and core material is investigated. with the electrical design since all these areas signifigant
The highest power density is achieved by the series-parallel jhq,ence the size and the efficiency of the system. Thergfore
resonant converter. For a 5kW supply a density of approximately . S - 0 .
12 kW/ltr. and a switching frequency of ca. 130kHz results. an aytc_Jmath thlmlzatlon procedure 's, appll.ed m,thls pape
maximize efficiency and/or power density. With this proasdu
|. INTRODUCTION the efficiency, the power density and their mutual influence
. _ on two, widely used, telecom power supplies concepts, i.e.
The power density of power electronic converters hag egonant converter and a phase shift converter with capaci
roughly doubled every 10 years since 1970. Propelling thiSe/inductive output filtering, are investigated.

trajectory has been the increase of converter switching fre The optimization procedure is based on analytic approaches

quencies, by a factor of 10 every decade, due to the contiuQlis, o fficient accuracy but limited calculation effort fead of

advancement of power semiconductor device technologys Thianera| FEM/CFD simulations in order to limit the calcuati

increase in power density has been especially importatein ¢ -~ consequently, analytical models and equations, lwhic
design of telecom power supplies which have to operate if g qe the magnetic devices, ZVS/ZCS switching losses, an
limited space and have maximum weight requirements. i |osses in the integrated transformer, have been desindd

In the near future, the short term operating costs of telecqjigated for the two converter types. Moreover, the thérma
power supplies will outweigh their capital cost. Along witte 1,65 for the transformer/inductor with integrated cogli

high operating cost, due to rising energy prices, the mégatystem and models for the volume of the required cooling
environmental effects of increasing energy consumptiolh Whystem including the fan have been developed [2], [3]. The

demand power supplies with the highest possible efficiengytimization procedure also includes methods for calingat

Therefore, an optimization of power supplies with respect t
power density and efficiency for future “Green Data Centerss“ o  the tel TABLE | i ideretiéroptimizat

. . . . pecifications o e lelecom power supplies considereaenoptimization
[1], which enables cost and cooling effort reduction, is re- presented in this paper.

quired. The main question that arises is: “To what extent
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does a power density optimization influence the efficiency of 'I”p“: V°'taget fg%\/:
the converter system“? In order to address this question an NPUL CuTTen :
R . . . Output voltage 54V
optimization of the converter design is required. Vi at Output 300V
Modern power supply design must consider the thermal is- ’gﬁf;;t urrent 936 A
sues (thermal interfaces, heat distribution and fluid dyinsm Output power KW
and electromagnetic effects (parasitic elements, eleetgp Maximum ambient temp| _ 45°C

netic coupling, HF-losses and EMI filtering) in conjunction



TABLE Il

the volume of the resonant and output capacitors. Main difference between the three considered topologies e current
Based on this procedure, the power supplies are optimizetbubler output the turns ratio is half the turns ratio of tiege shift full

with respect to the power density for the parameters given bridge with capacitive output.

in table I. There, the characteristic of the power densitg, t Phase Shift Resonant

efficiency and the volume distribution between the comptsien Current-D.  Cap.-Filter  Cap.-Filter

as function of frequency is discussed. For the operating _Tums Ratio 2.75:1 5.5:1:1 71

points with maximal power density also the loss distribatio Rectifier Volt. Vini275  2Vour  2xVour

is presented. Furthermore, the sensitivity of the optimLith w logs Leg B medium high  low/medium

respect to junction temperature, cooling and core matésial lojs Leg A medium low 2610

investigated. Ser|e§ Inductanceg low med!um high

Reactive Energy low medium zero/low

Before the optimization procedure is presentedSaction
lll the current and voltage waveforms of the three topologies
and the main differences are explainedSection II. In Sec- With a current doubler on the secondary side, a transformer
tion IV the models applied in the optimization procedure amith two standard windings can be applied. There, the turns
briefly described. Thereafter, the results of the optindmat ratio is Np/(2Ng) — in the considered case 2.75:1 — what
and the comparison of the topologies are present&kition leads to a high secondary voltage, which must be blocked
V and the two converter concepts are compared with respbygtthe rectifier diodes (here: worst case 400 V/2:185V).
to the maximal achievable power density and efficiency. The average current in the output inductors is half of the
output current, what is roughly also true for the secondary
Il. CONVERTERTOPOLOGIES winding of the transformer. During states 1 & 3 (cf. Fig. 3)

In order to find the limits of the achievable power densit}® current in the secondary winding is equal to the output
and efficiency with an optimization procedure, first the fopo Inductor current, which rises fromi, cpr 10 Ioss.cpr,B;
gies must be identified which show the best potential for vofthich is turned off by a MOSFET of the leg B. During states
ume minimization while maintaining high efficiency. In lite 2 & 4 the current is determined by the leakage inductance of
ture many different topologies have been proposed fordetec e transformer. There, the current is decreasing relgtive
applications [4] - [11], which could be basically dividedtan SIOwly down 10 Iosr.cpr,a, since the voltage across the
hard switched, soft switched and resonant converters, Dg&kage inductance is approximately equal to the forward
to the high switching losses, the hard switched topologies ¥oltage drop of the conducting power transistors. The value
not allow to reduce the volume of the passive components 8 the leakage inductance and the current at the switching
increasing the switching frequency and simultaneouslyrigay Instant must not be too small in order to guarantee ZVS
a high efficiency. conditions for all four switches. For determining the power

In the area of soft switched converters the phase sHignsity/efficiency limit only the operating point with namai
converter with current doubler or with capacitive outpuefil OUtPUt power is considered. Part load efficiency is negtecte
[12] (cf. Fig. 2) are promising representatives, which sho/"ce the aim is to Qetermlne the upper achievable limits.
low switching losses/high efficiency, a simple control, & lo COnsequently, a relatively low leakage inductance valese(h
number of components and the potential for high powé¥ 2uH) is ;ufﬂment for charglng/dlsgharglng the parasitic
density. Therefore, this concept and a series-parallehas output qapamtors qf the MOSFETSs. This |nQUgtance is redliz
converter are optimized in this paper. The series-paralf®Y SPatial separation of the transformer windings.
resonant converter with capacitive or LC output filter asigno N ¢@se the full bridge is combined with a center tapped
in Fig. 4 is a promising converter structure since it comsindransformer and a capacitive output filter the series induc-
the advantages of the series resonant converter and tH&epara
resonant converter. On the one hand the resonant current
decreases with the decrease of the load and the converter
can be regulated at no load and on the other hand good part-
load efficiency can be achieved [13], [14]. Furthermore, the
converter is naturally short circuit proof.

a) Current doubler

Vin
A. Phase Shift Converter ==
In Fig. 2 a phase shift converter with the two considered
rectifier structures — a current doubler (CDR) and a center
tapped transformer with capacitive output filter (CTC) — are .o |
shown. The primary side of these converters and also the
control of the switches is the same for both rectifier topiEeg L b)Cfilter ———
However, the current waveforms (cf. Fig. 3) and the related
switching and conduction losses, as well as the transformgjure 2.  Schematic of the phase-shift converter with (ajerurdoubler
design are significantly influenced by the rectifier stage.  and (b) capacitive output




9, 2 © ® duty cycle< 0.85, cf. table V) — resulting in Vo across
the rectifier diodes during the blocking state.

S11 S12 s, S12 S ! 812 s, ! g ! H
y l e I R G Al sl s (le B. Series-Parallel Resonant Converter
IN —_— — . . .
52 (S Y, S For the series-parallel resonant converter two differeati+
LegA LegB fier circuits are considered — a center tapped transformisr wi
Vg4 Wy LC-output filter and one with capacitive filter as shown in.Fig
l_ 4. There, the output filter topology influences the behavfor o
» the dc-dc converter significantly, since the LC-filter actsren
like a current source at the output and the capacitive filter
v as voltage source. The current and voltage waveforms are
“VIN . . .
4 Do Logeors A shown in Fig. 3, where besides the resonant curfgnalso
i \ r the voltage across the parallel capacitgr, and the current
CDR | N Ir1 + Iro in the rectifier diodes is shown.
Vs
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1 O/f,SPRfC‘B\ (Leg A) lrr*r
Ip A
: Togser-ca Figure 4. Schematic of the series-parallel resonant caavedth a) LC-filter
SPR ) . and b) capacitive output
C o ; i Ve // In case of the LC output filter the continuous (CCV) and
< Lt the discontinuous (DCV) capacitor voltage mode must be

distinguished [15]. Since the DCV-mode usually occurs at
Figure 3. Switching states and primary currents of the pisaifeconverter heavy load conditions, in Fig. 3 the waveforms for this
with (a) current dOUblselgézcsti?r{ 8 CLaCPzﬁg':'Z r?(ljﬂ(%l)'t ((:C%zz'ejsgg:g mode are shown. There, the voltage waveform of the parallel
:jistgn;r;tleccr)]r;\éegféé useé than in nominal, in order to improves’ethéability capaqtorV_cP IS cl_amped .by the output C_urrentl to zero for a
of the figure. certain period of time, which leads to a discontinuous peairal

capacitor voltageV, showing a large deviation from the
tance, which is integrated as leakage inductahgeinto the purely sinusoidal shape. At the time whég,, falls to zero
transformer, must be larger in order to limit the rise of théhe resonant currents is smaller thanlpr. As long asls
currentlp (cf. Fig. 3), since two voltage sources are directlis smaller the capacitor voltage-, is clamped to zero by
connected via the transformer. During the states 1 & 3 thiee negative difference betwedp and Ipoyr [-(Is - TouT)]
voltage acrosg.,, is Viy —Nr/Ns-Vour and the current rises which flows through the rectifier diodes. From the angle on
up toIo¢r.cre,s, Which must be turned off by a MOSFET ofwhen I is larger than/oyr the positive difference between
the leg B. In states 2 & 4 the voltageNr/ns-Voyr lies across the currents {s - Ioyr) charges the capacitdrp.
L, and the current decreases downlty s crc, 4, Which is Due to the sinusoidal resonant current and the output
turned off by a MOSFET of the leg A. At the beginning of thenductor Loy the current in the rectifier diodes starts more
following state 3 or 1, the current in the leakage inductanaenoothly resulting in a lower diode turn on stress. In the
first must be decreased down to zero before it could rise agaecondary winding, however, flows a constant DC current plus
During this period the energy stored in the leakage indwetanAC component causing higher transformer losses.
is fed back to the DC link, what results in a reactive power With the capacitive output filter the current in the rectifier
flow. This reactive power flow is required for obtaining ZVSsteps from zero to the value of the output current. This
condition in the leg A. With the CDR analogue behavior couldould result in higher diode forward recovery losses depgnd
be observed, but the energy is lower since the inductanceois the diode semiconductor technology and in an increased
smaller. EMI noise level. The transformer secondary RMS current,

The required turns ratio of the CTC-transformer ifiowever, is lower what results in lower losses and a compacte

Np:Ng:Ng — in the considered case 5.5:1:1 (assumed maxransformer design.



TABLE Il . . . . . . .
Component values of the LC and the capacitive output filtewshio Fig. 4 1S considered. Taking just the required capacitance vaitee i

for an output voltage ripple of 300 my,. account this volume decreases to 3.72cm
LC-Filter Capacitive Filter Since with the capacitive output filter the volume of the filte
C 30uF C 470uF is much smaller and the current in the secondary winding is
- Resr 5040 lower, in the following only the resonant converter with aap
L 5uH - itive output filter is considered in the optimization perfard
Ic, ripple,rms | 4.6A | Ic ripple,rms | 52A with the optimization procedure presented in the following
section.

Based on the required output voltage ripple of maximum
300 mV,,, and a maximum inductor ripple current &f7.5 %
for the LC-filter, the component values for the two topolegie After the topologies with the best potential for a high
can be determined (cf. table Ill). The ripple current in thiefi power density and a high efficiency have been identified, the
capacitor in the topology with capacitive filter is much regh components values must be chosen, so that the system volume
than the one for the LC-filter. Applying electrolytic cap@es becomes minimal and/or the efficiency maximal. Since the
this high ripple current results in a large filter volume dugolume of the single components, which are mainly limited by
to the relatively high ESR/low current carrying capabildf the respective maximum operation temperature, interadkpen
electrolytic capacitors. This is shown in the second line @b some extent on each other, the optimization of the overall
row “LC-Filter Size* in table IV. The first line representsvolume/efficiency is a quite involved task with many degrees
the volume of the capacitor if just the capacitance value @ freedom.
considered and the ripple current is neglected. With thelgip  Therefore, an automatic optimization procedure is applied
current the capacitor volume increases more than by a fattoffor determining the optimal component values of the telecom
ten. Both values are based on the cuboid volume of cylindricgupply.
electrolytic capacitors. In Fig. 5 a possible flow chart of such a procedure is

TABLE IV given, where the specification of the design parameters like

Comparison ofLC' and capacitive output filter with electrolytic or ceramic the input and output voltage, the output power, temperature
capacitors. For electrolytic capacitors two volumes aremivlhe first value limits, material characteristic, etc. is the starting paifithe

gives the volume if just the capacitance value is realizedgiemting the .
ripple current 4 and the current carrying capability of the capacitors. Procedure. These parameters as well as starting valuesefor t

With the second value also the ripple current is accountedTioe inductor

IIl. OPTIMIZATION PROCEDURE

of the LC-filter has a volume of 40.9 c"mf?r the cera_mis capacitors also Spezification of the Parameters
two volumes are considered: The volume “SMD-Device" is theepeolume Viv! Vog! R/ Tour = Trma! Tewemas ! Tal Ripsosoo.
of the ceramic capacitor and the volume “Mounted* also accofo the -
volume of the PCB where the capacitors are mounted. There, lsledou _
sided, 1.5 mm thick board is assumed. Initial Values of the Free Parameters }4— <
S
. . S
Electrolytic Ceramic Model of the (integrated) 7;"
Cylindrical Cuboid SMD-Device | Mounted Transformer/ Output Inductors (Flux Distribution) §
wF/cm? 170 134 111 90 §
Lac/cm? 0.25A 0.19A 41.6A 35.1A Calculation of the Operating Point {é
I Vigl Ip | Iy /D £
LC-Filter Size | uF only: 0.22+ 40.9 (L) 0.32 + 40.9(Inductor) Transformer/ | Viv/ Rioad ! Tour > é/;ﬁasepAn’éles 8
in [cm3] Iac: 24.2+40.9(L) (Max. I4o <11.3A)  OutputInductor| Lo/ G/ Cp/Npin op/ bs/ - Fluxes
N . Optimization
C-Filter Size | pF only:3.7, I4c < 1.5A 5.4 |
in [cm?] Iac: 273= C=36mF (Max. Iac < 233A) T1ép/ b5/ ¢ l Ip/ 15! ® Mlour .gff}“s l
our
Reduction of Degrees of Vol y ; 0 —
. . . . . . . t
If the capacitance is realized by ceramic capacitors tl | Freedom (Window WidiLFP) [y, o2 /ul{r%:oonant Sericonduotord
volume decreases down to 0.32%timcluding ripple current ¢ Capacitors A * |
considerations. In both cases the volume of the induct | Lossesin the Transf/Induct Volume of the
(40.9cn) is based on very compact commercially availabl L Function of Geomertry X o Cooling System
inductors e.g. [16], [17]. Due to the large inductor volum * Material -
the size of the LC-filter is relatively large and would congum |  Hot-Spot Temperature as Modification
; ; PR ; Function of the Geometry Components
approximately 10 % (including interconnection) of the vaok v A
if a power density of 10 kW/ltr. is assumed. v P er— Global Optimisation Algorithm
. Ll . . . Minimisation of Transforme ST
M f th 1l Vol
With a capacitive filter and ceramic capac_ltors the VoI | o Heat Sink Volume N inimisation o antd/eo rOvera olume
of the filter elements decreases down to 5.4 éncluding the | |con - Tws< Tivaiw / Tes < Te v Maximisation of the Efficiency

volume of the PCB for mounting and the maximum thermally
pqs&ble rlpplg Current_ increases to 233_A' A.capaC|t|verf|It Figure 5.  Automatic procedure for optimizing the volume/edfialy of a
with electrolytic capacitors would result in a filter volunoé series-parallel resonant converter while keeping thecgerdmperatures below
273 cn? and a capacitance value of 36 mF if the ripple curremiven limits.




free parameters like&vp, Ng or Cg, Cp, Ls/Loyr must be winding thickness and the turns number [20]. In case of
specified by the user. transformers with integrated leakage inductance also tdthw
Based on the values for the series/leakage respectivefythe leakage path (LFP) is fixed by setting the flux density
the output inductance and the turn numbers the magnsticthe leakage path to the same value as in the middle leg
components are modeled. In case of the phase shift convea@nducting the main flux.
the models mainly consist of analytic expressions for the Thereafter, the core and winding losses are calculated as
flux distribution and the optimal thickness/diameter of thiunction of the three remaining geometrical variablest d
foil/wires for the windings [18]. For the resonant convertecf. Fig. 7(a)). With the losses and the thermal model of
a reluctance model of the transformer with integrated serithe transformer/inductor the temperature distributionttie
inductance is calculated. This model is combined with theore and the winding also could be calculated as function
converter model for calculating the flux distribution in tt@re  of the variablesa, b and d. The peak temperatures in the
[15], [19]. windings and the core are together with the maximum allowed
The converter model for the phase shift converters is bagethperatures the constraints for the following minimizatof
on analytic expressions with which the currents and tibe volume including the volume of cooling system for the
voltages as well as the duty cycle and the constraints favagnetic device (cf. Fig. 7(b)). Furthermore, the variable
ZVS conditions are calculated. For the resonant converter— e, defining the transformer/inductor geometry, can be
first, the operating point of the dc-dc converter is estimategestricted in order to preserve certain limitations resglfrom
by an approximated fundamental frequency analysis [20he manufacturing process.
With the estimated values the solution space for the amalyti In the inner optimization loop it is also possible to maxieiz
converter model [19] is restricted and the calculation tisie the efficiency of the transformer/inductor, if an upper tifiair
reduced. The converter model is based on a set of equatitig volume is given.
which are derived with the extended fundamental frequencyTogether with the volumes of the capacitors/heat sink the
analysis [21] and solved numerically. The solution are th®inimized transformer/inductor volumes are passed to the
operating frequency, the voltages and currents as well es global optimization algorithm. This algorithm systematig
flux distribution of the integrated transformer includinggse varies the values of the free parameters until a minimal
information. system volume or a maximal efficiency is obtained. This
With the currents in the converter the switching and comrocedure is relatively fast/simple for the phase shifveoters
duction losses of the MOSFETSs and the rectifier diodes sg#ce the number of interdependencies is small, but in case
determined. These losses, the ambient temperature and @héhe resonant converter the models are complex and the
maximum junction temperatures of the semiconductor devicealculation/computation effort is huge.
are used for calculating the volume of the semiconductot hea

sink including the fan based on th@&SPI (Cooling System .
Performance Index), which is defined by In the subsequent paragraphs the different models of the

optimization procedure are explained shortly. First, time a
CSPI[ ] = Gins-a[¥] B alytical converter model is derived, then the equations for
Ktr. Volgs Magn. [Itr.] the semiconductor losses and the model for the resonant tank
capacitor volumes. Finally, the loss equation and the therm
model of the transformer are presented.

IV. MODELS

and has been introduced in [3]5{, s-4 is the thermal
conductivity of the heat sink). There, it is important to cke
the resulting volume of the cooling system, since with th®. Analytical Converter Model
scaling factorC'SPI quite small volume for the heat sink/fan With the analytical converter models the currents and the
can result, which are difficult to manufacture. A possiblgoltages as well as the operating point (duty cycle, frequen
solution is to combine heat sinks which are on comparahiaase shift, etc.) for the phase shift full bridge with cotre
temperature levels, so that one larger fan could be used #wubler or center tapped transformer and the series-phrall
both heat sinks. resonant converter with capacitive output filter are caitad.
Besides the losses in the semiconductors also the volumén case of the series-parallel resonant converter (cf. Fig.
and the losses in the resonant tank capacitors and/or tpatoutl(b)) the models are partly based on the extended fundamenta
capacitors are calculated with the voltages/currents. réfhefrequency analysis (E-FFA) proposed in [15], [19], [21],end
the losses in the capacitors must be limited to the maximuine currents and voltages are represented by their fundataen
admissible values. as shown in Fig. 6. In the model also the control method
The volume and the shape of the transformer/inductdescribed in [15] with ZVS condition in one leg and ZCS
core and the two windings is determined in a second, innesndition in the other leg as well as control by frequency and
optimization procedure (light gray shaded in Fig. 5). Theréuty cycle is considered in the equations. This control weth
the volume of the transformer/inductor is minimized whileeduces the switching losses significantly.
keeping the temperatures below the allowed limits. For thisFor the resonant converter with purely capacitive output
purpose, first the geometrical degrees of freedom are reddudiéter the E-FFA has been improved so that not only the funda-
to 3 by determining the core window width using the optimahental component is considered but also the third harmonic,



; Io MOSFET can be determined by
' Col
e T Vou PaysIW) = (195713 1 [A] — 3.85010 4[] + 1.45) f[H]
: R
0 Q in case the current turned off by the MOSFET is
JJ:PSQE — Pl Iory > 15A

Mp2
1
Zcpr

and they are negligible if the currefiy s, is below 15A.
Figure 6.  Equivalent circuit of the series-parallel restuneonverter with With the applled_ control mEthOd_ _One leg of the_ resonant
capacitive output filter. converter would switch at ZCS condition. However, if the ZCS
leg, which should switch at the zero crossing of the resonant
since it influences the behavior of the converter signifiyantcurrent, is switched slightly before the zero crossing, the
Thus, both the primary resonant currdipt and the secondary MOSFET has to turn off a small current. Because of the fast
resonant currenfs are sinusoidal with a superimposed thirgwitching and the large output capacitance of the MOSFET
harmonic component. Furthermore, it is assumed that ttés current does not cause relevant turn off losses. In case
output voltage is constant and that the components are. idébé turned off current is large enough, so that it charges the
The major procedure of the analysis is to determine tMéOSFET capacitances during the interlocking delay [15§, th
impedanceZc,r of the parallel connection of» and the opposite MOSFET is turning on at zero voltage. Consequently
rectifier at first. With this impedance the input impedadte the switching losses in the ZCS leg are negligible [20].
of the resonant circuit, seen by the H-bridge / voltage seurc With the explained approaches the semiconductor losses
Vg (cf. figure 6), could be calculated. In the impedarite can be calculated and the heat sink temperature and volume
also the reluctance model of the transformer is included. (cf. (1)) can be determined so that the maximal junction
In the next step two equations for each harmonic can kmperature is not exceeded. For the efficiency calculaiigm
set up. The first one describes the relation between the phti¥: losses in the gate drive circuits, which can be calcdlate
shift of the primary currenfp and the fundamental componentvith the gate-charge/capacitance and which increaserljnea
of the H-bridge voltageV,p(1), which is determined on With frequency, must be considered.
the one hand by the duty cycl® and on the other hand . Respnant Tank Capacitors

by the impedanceZ. The second expression relates the The capacitors of the resonant tank and the capacitive butpu

input impedance of the resona_nt tank to th_e a”?p"t“de of tlﬂﬁer are carrying high frequent currents with a relativiigh
resonant currgnt. T_hese equgtlpns_ are derived in [19] and SanIitude. In order to limit the losses and the temperatises r
solved numerically in the optimization procedure. dielectrics with a low loss factotan é are required. There
are basically two good choices: either foil capacitors with
polypropylene or ceramic capacitors with COG/NPO material

For calculating the volume of the heat sink for the semgijnce the resulting volume with foil capacitors is signifitg
conductors with (1) the maximum operating temperature apgger than for ceramics as could be derived from data sheets
the thermal resistance between junction and heat sink of Ttlﬁ@ latter are chosen for the considered telecom powerﬁupm
semiconductors are required. These values can be derivegor calculating the volume required for realizing the se-
from the data sheets of the applied semiconductors. Furthgés and parallel capacitor a commercial 3.9 nF/800V COG
more, the losses in the 4 MOSFETSs including antiparallebramic capacitor in a 1210 SMD housing from Novacap [22]
diode and the 2 rectifier diodes must be calculated. Basggls been chosen as reference component, since it offers the
on the currents calculated with the converter models the RMighest capacitance per volume ratings at AC voltages with
currents in the MOSFETs and the resulting conduction |0$S@Shigh frequency and amplitude. Based on this capacitor the
can be calculated. There, it is assumed that always omgulting volume could be calculated by scaling. Therep als
MOSFET per leg is turned on, so that the current does n@fe volume for mounting the components on a double sided
flow via the antiparallel diode but in reverse direction tigb PCB is considered in the optimization procedure.
the MOSFET. In case of the filter capacitor a 2.E/100V X7R ceramic

For the rectifier diodes an approximately constant forwarghpacitor in a 1210 housing manufactured by muRata [23] is
voltage drop is assumed, so that the conduction losses ¢sed as reference element. The capacitance value is ¢aftula
be calculated with the average currents. The switchingebbssvith the currents based on the maximum allowed ripple
of the diodes are neglected since it is assumed that Schotiitage of 300 mYy,, at the output.
diodes are used. With the currents also the losses in the capacitors can be

Due to the ZVS condition the switching losses can natetermined with the loss factor. These are compared with
be calculated based on data sheet information. Instethé maximal allowed values, which can be derived by the loss
measurements, which have been performed with the appliedit of 0.35W per 1210 housing at 4@ ambient temperature
APT50M75 MOSFETs from Microsemi (former Advancedand 125C maximal dielectric temperature. There, also the
Power Semiconductors) [20], are used in the optimizatiatecrease of the capacitance with temperature and DC voltage
procedure. Based on these measurements the lossesigeonsidered in the optimization procedure.

B. Semiconductor Losses



D. Transformer Model

In the optimization procedure shown in Fig. 5 also the shaﬁ

of the transformer is optimized for minimal volume in th

inner loop while the hot spot temperatures are kept below th

limits. For this inner optimization loop the volume, thedes
and the temperature distribution in the transformer arelege

as function of the geometry. The geometry could be describ

by 5 variables as shown in Fig. 7(a), where the constructi
of the transformer and the definition of the variables aremiv
There, it is assumed that copper foil is used for realizirgy t
primary and secondary winding, since the thermal resista

between the winding layers is lower. Furthermore, per Ia&%

only one turn is realized.

In Fig. 7(a) a transformer with integrated leakage induc-
tance is shown [24], where the secondary winding encloae
the middle leg and the primary winding the middle and on

o

outer leg, which conducts the leakage flux. This type

transformer is used in the resonant converter and in theeph
shift converter with capacitive output filter.
phase shift converter with CDR a transformer where bo

windings just enclose the middle leg is assumed. There, A

required series inductance is integrated by spatial sépara
of the windings.

In order to maximize the power density of the transformer
an advanced cooling method as described in [2] has be

Leg with distri-
buted Gap

Heat Transfer
Component (HTC)

Heat Sink
(a) Transformer with integrated cooling
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(b) Thermal model of transformer with HTC
Figure 7.  (a) Geometry of transformer with integrated senehiétance

and heat transfer component (HTC) / heat sink for coolingafatersa, b
andd are the degrees of freedom in the optimization. (b) Distatduhermal
model of the cooling system shown above with the heat sink ereth hand
side, a gap between heat sink bridged by the HTC and transfaantk the
transformer with winding on the right hand side.

In case of the

applied. With this method the losses in the windings and the
gre are transferred via a heat transfer component (HTC) to
n additional heat sink for the transformer.
eFor calculating the temperature rise the losses in the wind-
ings and the core are required. There, the winding losses
are calculated by a 1D approach, which includes skin- and
%)ximity effect losses, and the thickness of the foil isi-opt
ized as described in [18]. The core losses are calculated by
the approach presented in [25], which is based on Steinmetz

jparameter [26] and on the rate of magnetizatidR (dt).

With the losses the temperature distribution in the trans-
rmer could be calculated based on the thermal model shown
Fig. 7. This model describes the heat flow from the
inding/core via the thermal interfaces and HTC to the

%at sink/ambient by distributed thermal resistandeg (er
ngth). The calculation of the temperature profile is based
transmission line equations, what is described in detal
gglidated in [2].
For improving the heat flow within the windings made

f foil and also from the winding to the HTC a thermally
%nductive insulating material is used [27]. Moreover gl
grease between the core and the HTC and a cover pressing the
winding on the HTC are used. This cover is not shown in Fig.
1 and Fig. 7(a).
r,]6\1°ter the volume has been minimized it is passed to the
global optimization algorithm, where it is used for caldirlg
the system volume and for varying the parameters systemati-

cally.

V. CALCULATION RESULTS

Based in the presented procedure shown in Fig. 5 the
three considered topologies have been optimized for a tele-
com supply with the specification given in table I. The
results presented below are based on the following compo-
nents/limitations if not stated differently:

« Core material: N87 from Epcod {;.. < 115°C)

Windings: Foil windings Tasq. < 125°C)

Center tapped secondary winding

MOSFETs: APT50M75 from Microsemi (former APT)
Rectifier diode: APT100S20 from Microsemi
CapacitorsC's and Cp: Reference 3.9nF 800V COG
series from Novacap

Cooling system performance index: 23 (for transformer
and semiconductor heat sink)

Maximal junction temperaturé ,,,,, < 140°C

A further requirement is the overall height of the supply
which should be below 1Ua44mm). That significantly
influences the design of the transformer/inductors (esfigci
the heightd - cf. Fig. 7(a)) as well as the cooling system.

In Fig. 8 the characteristic of the power density and the
efficiency as function of frequency are shown. The maximal
achievable power density is 19.1kW/ltr. for the resonant
converter and 15 kW/ltr. / 11.7 kW/ltr. for the phase shift con-
verter with capacitive output filter/current doubler (1 kW/E
16.4 W/inck). There, only the net volume of the components
including PCBs/housings is considered. The volume between
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Figure 8. a) Power density and b) efficiency of the phase sbifverter with 30 50 100 300 500 1000
capacitive filter (CTC) and current doubler (CDR) and sepagallel resonant . .
converter with C-Filter (SPR-C) in dependency of switchirgguency. ¢) Resonant converter with capacitive output (SPR-C)

0.5 — LN A B A B T
the components required for mounting/insulation and due to 4| Lo ‘ ‘
not fitting housings (e.g. cube type and cylindrical shapes) =
. ) . . I =03
is not considered, since it depends significantly on the 3D o

othe

arrangement of the components and the design of the supply= 0.2 | . rs
This volume adds significantly to the total converter volume : l//,

so that the resulting power density is lower than calculated T o HTC
here. In case of the resonant converter shown in Fig. 1  ° 35 50 100 300 500 1000
the calculated power density is 15kW/ltr. and the power frequency f[kHz]
density of the final system is 10kW/ltr. If a similar scaling _ _
factor is assumed for the three optimized converter topetng Figure 9.~ Volume vs.  frequency for the phase shift convertéth w
a) current doubler (CDR), b) capacitive filter (CTC) and cjiesparallel

12.7 kWiltr. (SPR'C)’ 10 kwiltr. (_CTC) and 7.8 kW/tr. (CDR)resonant converter with C-Filter (SPR-C), split in tramsfer, heat sink and
would result for the power density. components volume including output capacitor.

The efficiencies at the operating point with maximal power
density are 96.2% for the resonant converter and 95%okses. The shape of the volume distribution as function of

94.8% for the CTC / CDR as shown in Fig. 8(b). At thérequency is strongly determined by the passive components
operating point with minimal losses an efficiency of 96.3 %

at a switching frequency of approximately 220 kHz could be Transformer MOSFETs Diodes / Output Inductor
reached with the resonant converter. There, the switching [ winding B switching [ | rectifier (diodes)
frequency is higher than at the operating point for maximal M core B conduction OLour=LiL,

power density, since the losses of the passive components
reach a minimum at this frequency. Due to the increased &
volume for the semiconductor heat sink this operating point§
results only in a power density of 17.1 kW/Itr.

In case of the phase shift converter with capacitive output
filter the maximal efficiency is achieved at the lowest consid CDR CTC SPR-C
ered operating frequency of 25kHz. There, the CTC reaches
95.4%. The maximal efficiency for the CDR is 95.1 %, which
is achieved at 100 kHz.

In Fig. 9 the distributions of the volumes on the magnetic
devices (transformer and inductor), the capacitors (r@son
tank and output), the heat sink for the semiconductors amd th fotputfidfim)r B heatsink [ transformer [ Jothers
remaining components like housings, control board or gate our T2
drive for the three topologies are shown. There, it could Q‘ia’gure 10. Distribution of the losses and volumes of the phsisét

seen that with rising switching frequency the volume of thenverter with capacitive filter (CTC) / current doubler (RPand series-
semiconductors’ heat sink is increasing due to rising $wiig parallel resonant converter with C-Filter (SPR-C).

(]

Volum




TABLE V . . . .
Resulting specification of the optimized 5 kW telecom sugplighere, the @ISO the size of the area for mounting the semiconductors is

losses in the two inductors of the CDR are 20.9W, the AC flux density  shrinking. Consequently, the thermal resistance betwken t
_is 77mT and the inductance is G:A. (In brackets: simulated values  gamjconductors and the heat sink increases, so that the gain
including more parasitic elements than considered in theyaoahodel.) . L . . !

in power density is very limited. This effect has not been

Phase Shift Resonant  congidered in table VI.
Current-D. Cap.-Filter Cap.-Filter TABLE VI

Power Density 11.7kWitr.  14.7kW/ltr.  19.1 kW/itr. Influence of device parameters/max. allowed temperatures ommabx
Operating Point achievable power density for the phase shift converter wéthacitive output

e Frequency 200kHz 100 kHz 135(129) kHz filter. The maximum remains at a switching frequency of app. Hi) k

« Duty Cycle 0.81(0.86) 0.82(0.88) 0.78(0.83) eXTCr?pt f(zrr] caset'S V\Ilher'? ?1" imfprovementsf aretconsidere_zd aa;}thi:me.

« Efficiency 94.8% 95% 96.2% ere the optimal switching frequency rises to approxima2€lg kHz.
Transformer Parameter Old Value | New value | New Density/Eff.

e Winding Losses 16W 24.6 W 21.9W 1 Junction 150°C 200°C 17.1%K

e Core Losses 13.8W 23.7TW 23.5W Temperature 95 %

e Turns Ratio 11:4 11:2 14:2 K K W

R 0.22 0.11-55 16.15%

e Winding Temp. 125°C 124°C 125°C 3 | tMOSFET mw mw r

e Core Temp. 107°C 115°C 115°C Rip,Rectifier | 0254 | 015w 95%

e Flux Density 175mT 240mT 300mT ) Winding / 125°C 150°C 16.8%
Semiconductors Core Temp. 115°C 94.9%

® Py sw,MOSFET 31.2W 17.8W 5W 4 | Pswitching Psw %PSW 15.9‘%’ /95.2%

* Pv.cond,MOSFET 93.7W 96.8W 64W 5 | Vi Rectifier 0.9V 0.45V 174 /1 95.8%

o Rectifier Losses 83.3W 83.3W 83.3W 1404344 216K %

e Heat Sink Temp. 125.1°C 125°C 130.8°C *2+3+445 . - 6% /96:3%

. ' In the second row of table VI it has been assumed that
which define a frequency range from app. 100kH200 kHz the thermal resistance between the chip and the heat sink is

of high power density. Outside this range the volume of th ecreased. Again, this measure allows to shrink the volume
magnetic devices and at higher frequencies also the volurg%e - Again, . . .
of the semiconductor heat sink, since its temperature doeild

of the s_emlconductor heat .Smk rises significantly, whatm increased. There, the power density rises up to 16.1 kW/ltr.
the achievable power density.

A more detailed distribution of the volume and also o?y increasing the operating temperature of the transformer

. L a value of 16.8kW/ltr. could be reached. There, the rising
the losses of the three considered topologies is given 1In o A .
pper losses due to the rising resistivity limit the gain of

Fig. 10. There, the volume and the losses of the magne '8wer densit
devices, the capacitors, the semiconductors/heat sinkhend P Y-

remaining components for the operating point with maxim IyA%nOOs/: ez:)zgt|t%nﬂ\1/\/eogl\(;lsbgotr?dﬁ;%f?ﬁissen:zz;";’gcohr:?)? r:aossusltesS
{)/OWGI‘ density is presented. Further details are shown e ta|n small increase of the power density to 15.9 kW/ltr. A bigger

The relatively low optimal operating frequency for maxima?tep could be achieved by reducing the forward voltage drop

: . . . 0of the rectifier diodes by a factor of two, what results in a
power density results, since the whole system is considered . .
smaller volume of the heat sink. This would lead to a power

n the_ optimization. In case only the transformer for %ensity of 17 kW/ltr. and an efficiency of 95.8 %. A reduction
fixed input voltage/current level would be considered the

optimal operating frequencies for maximal power density (gtf the conduction losses of the rectifier could be achieved
the transformer would be (significantly) higher. y synchronous rectification. Th&ps,, of the applied

MOSFETSs, however, must be very low — in the considered
A. Power Density Barriers case~8 mQ@125°C for cutting the losses in half. Since the

In the preceding paragraph the power density values {(ﬁntifier diodes ar_u_j their heat sink are al_ready quite sraall,
available components/technologies have been presentad, NSYNchronous rectifier would not help to improve the power
the influence of different parameters on the achievable povs%enSIty but only the efficiency. _ .
density is investigated. In table VI the achievable powar-de_ " case all measures are combined a power density of
sity and efficiency for the phase shift converter with capeei 21-6 KW/tr. and an efficiency of 96.3% can be achieved.
output filter is shown for different parameter variationgsg Similar improvements can be expected for the other systems
it is assumed that the maximal allowed junction temperatulfe €as€ the same measures are taken. _
is increased from 150C to 200°C (e.g. by applying SiC Summing up, this leads to two possible ways to improve
switches and appropriate packaging) — the remaining paraffi€ Power density:
eters are not modified. By this means the volume of thes For components users / supply manufacturers
semiconductor heat sink significantly decreases, so that a — Improve the thermal coupling between the semicon-
power density of 17.1 kW/ltr. (before 14.7 kW/ltr.) could be ductors and the heat sink (e.g. by low temperature
achieved. There, it is important to note that with the hesalt si soldering) and



— apply advanced cooling methods for the passives]
components [2].

For device manufacturers

— Further reduce the conduction losses of the powe[|4]
semiconductors,

— reduce the magnetic materials HF losses,

— decrease the thermal resistance between chip amd
housing/base plate,

— increase operating temperatures. -

VI. CONCLUSION

In this paper three topologies for telecom supplies — @]
phase shift converter with capacitive output filter and with
current doubler and a series-parallel resonant converitir w (8]

capacitive output filter — have been optimized with respect
to power density. There, maximal 12 kW/ltr. 9
pure component volume) are obtained for the series—phrall[a]

(19 kWiltr.

resonant converter (SPR). The optimal operating frequency
with respect to the power density is approximately 135 kHEO]
For the phase shift converter 10 kW/Itr. result for a capeeiti

output filter (CTC) and 7.8 kW/ltr.

for a current doublenii]

(CDR). Again, the optimal operating frequencies are reddyi

low — approximately 100kHz for the CTC and 200 kHZ for
the CDR. There, the efficiencies are 96.2 % for the SPR, 95/%4]
for the CTC and 94.8% for the CDR. These values slightly

improve & 0.8 %) if the converter is optimized for efficiency, 13]
but there the power density decreases significantly.

The presented optimizations have been performed for o#-
eration at nominal output power — part load efficiency, so
switching range, costs or EMI issues, etc.
In case also these constraints are also considé?éh J. Biela and J.W. Kolar, Analytic Model inclusive Transformer for

a PFC converter with a power density of also 6-8 kW/Itr.
system power density of 3-4 kW/ltr. for an air cooled suppl 7]
would result.

have been ne-

glected.
the achievable power density will decrease to approximatel
6-8 kW/ltr. for the resonant converter. In combination with

16]

(18]

For increasing the power density especially the thermal
management is decisive. A direct cooling of the magnetic

components as presented in [2] or improving the thermal rg9]
sistance between the chip and the heat sink by low temperatur
solders, which could replace the thermal grease, are i@/ﬁect[zo

measures to reduce the system volume. Semiconductors with
reduced losses or improved core materials are other possi-
bilities to increase the power density and efficiency. The

approaches, however, can only be followed by device/rmateri
manufacturers and are not directly accessible to supply- m?éwz ]
ufacturers.

[23]

The largest gain results from optimizing the system parame4]

[1] Homepage of IBM: www.ibm.com, “Project Big Green".

ters for the given specifications. The question which togplo
should be applied is important but does not influence the
achievable power density as much as the optimization.

(25]
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