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Abstract— In the last decade there has been a tremendous growth
in the number of data centers due to the increasing demand for
internet services. At the same time, the cost for energy and matels
have increased because of reducing resources and increased de.
That has caused a change in the driving forces for new power
supply development, with more consideration on power density and
efficiency.

The commonly used DC-DC converter in the power supply unit
(PSU) for data centers and telecom applications are full bridge phse-
shift converters since they meet the demands of high power levels
and concurrently efficient power conversion as well as a compact
design. The constant operating frequency allows a simple control
and EMI design.

To develop a new converter with higher power density and/or
high efficiency the designer has a lot of degrees of freedom. An
optimization procedure, based on comprehensive analytical mote
has been developed and leads to the optimal parameters (e.g
switching frequency or transformer design) to achieve the most
compact and/or efficient design.

In this paper an volume optimized 400 V/48V phase-shift DC-DC
converter with current doubler rectifier based on analytical modds
is constructed. The power density of the converter is increased
by integrating the output inductors in the transformers core. The
intrinsic voltage ringing of the rectifier diodes is damped by a lossless
magnetic snubber, which feeds ringing energy to the output.

Experimental results prove the theoretical analytical models and
the design procedure. The 5kW DC-DC converter prototype had a
power density of 9 kW/liter (147W/in®) and a maximum efficiency of
94.75%.

I. INTRODUCTION

N
WS
o0Y

a) 5kW prototype of the proposed 400V/48..54V DC-DC converter:

Height: 1U, volume: 0.56 liter, power density: 147 WYi(® kW/liter)
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b) Schematic of the phase-shift full bridge converter with current
doubler rectifier
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In the area of power electronic converter systems there is aFig. 1: Phase-shift DC-DC converter with current doubler output
general trend to higher power densities that is driven byt cos

reduction, increased functionality and in some applicetiby the
limited weight/space (e.g. automotive, aircraft) [1]. Mover,

The design of the DC-DC converter has many degrees c
freedom which complicates the selection of the best topolog

when used in the continuously growing data centers, theee c@nd the determination of the component values, which result
verter focus more on high efficiencies in order to decrease #he pest solution. In order to enable a direct design protess

cooling effort and save energy.

In power supply units (PSU) for telecommunication faci
or data centers, DC-DC converters are utilized for cormngrthe
rectified mains voltage to intermediate voltage levels fower
distribution. In the literature many different topologiésve
been proposed for this application but for high power cosieer
usually full bridge topologies operating with soft switej like
a series-parallel resonant converter or phase shift ctawveith
current doubler are applied, since these are relativelyplsim

the solution with the highest power density/efficiency ani-op
mization procedure, based on comprehensive analyticalelnod
and equations considering the losses in the semicondudtors
the magnetic devices and the other passive componentsekas b
developed [2]. With this procedure the optimal design patans

in respect to power density and/or efficiency, such as switch
frequency, component values for the capacitors and indsicto
magnetic devices geometry or total heat sink volume, resedg
could determined.

robust and meet the demands of high power density and efficien | [2], this procedure has been utilized for optimizing and

TABLE I: Specifications for the proposed IT DC-DC converter.

Input voltage Vin 400V
Output voltage Vour 48...54V
Output power Pour 5kw
Output ripple voltage Vyipple 300 MVpy,
Max. ambient temperature T,,,.p 45°C
Max. height h 1U (= 44 mm)

comparing a series-parallel resonant converter and stafe-
converters with capacitive and current doubler output wégpect

to power density and efficiency. A theoretical power density
of 10kW/liter and of 8.6 kW/liter have been achieved for the
resonant converter and/or the phase-shift converter withent
doubler. However, for the sake of brevity the design equatio
only could be shortly summarized. Therefore, the derivatibthe



analytical models for the currents/voltages as well as ésighing %—'@—'@—'@T

the magnetic components are presentedSaction Il of this

paper. There, the design of the transformer with integrategut i 5 Lol sellp s b lp s sallp
inductors and its integrated thermal management is alsoissed. "l e e 7
Furthermore, a new lossless snubber circuit for the rectif@es, Teeh LB

which could experience high overvoltages in current dauble Sig .
circuits in principle, is presented. The optimization prdare ST 9—> K
is discussed irSection Ill. The snubber circuit, the analytical S129 1 ’
models applied in the optimization procedure as well as tveep S22 ,—t
density prediction are validated with measurement resuitsa IpA !

5kW prototype with a power density of 9 kW/liter Bection IV.

Il. PHASE-SHIFT DC-DC CONVERTER WITH CURRENT
DOUBLER RECTIFIER D

The full bridge phase-shift DC-DC converter with current
doubler rectifier in Fig.1 fulfills the demands on a robust and
simple design with a high power density and high efficiency. o
As shown in Fig.1b), the converter consists of 4 switches as s
part of the full bridge, a transformer which provides galeanrig 2: switching states and inverter waveforms for the phase shi
isolation and transforms the voltage (400V to 48..54V), #m& converter with current doubler cf. Fig. I (indicates the phase-shift
rectifier with the two output inductors and diodes. As showetween the two legs of the full bridge, which determines the duty cycls
later in this section, the two output inductors can be iratagt and thus the output voltage)
in the transformer, in order to reduce the volume of the magne
components and save the space required for interconnsaitwh 1) Analytical Converter Model (cf. Fig. 1b))in Fig.2 the
mounting. In order to derive the analytical models in subeac current waveform of the transformers primary curr&nis shown.
[I-A, the relative simple control scheme and basic fundidies The switched currents of the full bridge legs A and B> {s¢,
of the phase-shift converters are shortly explained indlewing. andIp,s ), as well as the point, where the active phase start
Due to parasitic elements, overvoltages occur across ttdiee (/p,.) are essential for further calculation. Concerning Fig. 2
diodes, so that a snubber circuit is required. Thereforegeth during the time intervalt € [« - Tr/2..(1 + «) - Tr/2] with the
lossless snubber circuits are presented and compared dashe duration of 7r/2, Ip is positive and can be described by four
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of measurement results in subsection 1I-B. piecewise linear parts:

In Fig. 2 the control scheme with the four basic switchindesta | 4 ¢ [o.7r/5. (o + ) - Tr/2]: The positive input voltage
and the currents/voltage waveforms is depicted. Each fidige Ve = +Vin is applied across the transformer and the
switch is 50 percent of a switching period turned on. Regaydi primary currentlp increases from zero tbp,;, determined

Fig. 2, the duty cycleD is adjusted by a phase-shiftbetween the by the transformers leakage inductarice
control signals of the two full bridge legs (A and B). This dsa

to the four main states: In the two powering states the dialgon I —
switches of the legs are switched on (states 1 and 3, cf. Fig.2 Pa 8- TTP
and in the two free-wheeling states the opposite MOSFETheof t . o » . )
legs are switched on (states 2 and 4). A detailed descrigion ~ During this interval, both rectifier diodes)(, D) are still

= Zet—a 2P @

the switching states of this well known topology can be foimd conducting, thus the secondary side voltages clamped to

the literature, i.e. [3]. zero and therefore, no power is transferred from the primar
A significant reduction of the switching losses can be olein 0 the secondary side. At= (a + ) - Tr/2 the primary

by zero-voltage switching where the parasitic capacitaufehe current Ip equals the transformed output inductor current

MOSFETSs in one leg are recharged during an interlock delay Ipg, - Ns/Ne. _ o
between the switching states, driven by the leakage indoeta * ¢ € [(a+ ) -Tr/2.D-Tr/2]: Delimited by the output

L, of the transformer. As shown section in IV-A,, is enlarged inductanceLs; and L, the primary current/p increases
in order to have enough energy for the recharging process. from Ipace 10 Ipops,. The linearized primary current in
i ) the powering state can be calculated with:
A. Analytical Models for the Phase-Shift DC-DC Converter
For the optimization of the DC-DC converter analytical misde Ipp = IpofsB = IPv“CTtP (t—(a+p)- @) +1pac (2)
are required, which describe the currents/voltages in troait (D= (a+p)) -7 2

and model the semiconductor, the dielectric and the tramsfp
losses and which describe the temperature distributionhe t
system. With the thermal model the different components can
be kept below their maximal values in the optimization, satth
the components are not destroyed during operation.

These models are derived in the following based on the phase®
shift DC-DC converter with current doubler as shown in Fig. 1
but are in particular also valid for théntegrated" current doubler,
as presented in 1I-A.4.

At the point D - Tr/2, Ip reaches the max. value of
Ipmaz = Ipors,p (Cf. Fig.2), s9e is turned off and the
opposite MOSFET;» is switched on after a certain interlock
delay in order to obtain ZVS condition.

t € [D-Tr/2..Tr/2]: During this interval the primary current
is free-wheeling as presented in Fig.2. The transforme
voltageVp is clamped approximately to zero and the current
Ip decreases from the turn off current of leg B, s, g down

to the turn off current from leg Alp,r 4, determined by



L, in series withLg; 2 - (NP/NS)2Z where Alpyr is the peak-to-peak value of the ripple current
Icou+ In the output capacitor. The DC componefiyr can

Ip. = Ipofs.a IP;ff’B (t—D- &) +1Ipors,B (3) be simply calculated with the required output powes;r and
(1-D)-F 2 the output voltage/oy 7
At t = Tr/2, the high side switch of leg As(;) is turned off Pour
and diagonal switch,; is turned on. Tovr = Vour (8)

e t € [Tr/2..(1+ ) - Tr/2]: While changing from the free- ) . . )
wheeling state to the active state, the negative input geltaThe current rippleAloyr is defined by the factok;, a variable
Vp = —Vn is applied to the transformer angh decreases Parameter for the optimizatiork( € [0..0.2]), since the allowed

to 0 A determined by, current ripple defines the volume of the inductors and outpu
Trofia T capacitance:
_ “tPoffA, 1P
Ipa= a F (=5 T rosra @ Alour = ki - Iour )

After that interval, the second half of the switching peritdrts As presented in Fig. 3 the current ripple can be calculatekinvi
with the first interval (a) again but with changed directioh dhe intervalt € [D-7r/2..(1+ o+ (3) - Tr/2], where both inductor
primary current and voltage. currents/,., andI;, and thusl,, are decreasing
With the current waveform given in (1)-(4) the RMS value of AL 9. AT 10
Ip (important for the loss calculation) can be calculated: ouT = Lsi,2, (10)
where Al ,, is the current difference in the inductdrs,

) (o) T2 p.Ip and/or Lg, during that interval. The current rippl&I,, , in
I?D,Tms _o. L / 11237,1 dt +/ ];’bdt_y the output inductord.s; » can be calculated with the total current
Tp | Jore (a+8)- 22 decrease in this inductor (cf. Fig. 3):
*F 2 (14a)- 2 o4 Tp — (D —(a+8) -
t t - '
+/D.T2P Py +/T2P P.d Alps,, = Vour Lsi, -

The duty cycleD, which defines the converter output voltageWwith equation (11) the current rippla/z ., can now easily be
is divided into the effective duty cycle). (power transfer), calculated with:

determined by twice of the output voltadgé® - and secondary (1-Dta+p) I
side voltageV;y - Ne/Ns, and a duty cycle los®;, = (a + () Alpg, , =AMl , - 2T 12)
(cf. Fig.2) caused by the transformers leakage inductdnce S ITp—(D—-(a+p)F
D =D, + D, (5) The output current ripple&IOUT_ is thg sum.of the two fa[ling
2 Vour inductor current or the doubled ripple in one inductor (efuation
D=—r—F—+ (a+P) (6) (10)), since both currents have the same slope during treaivai.
Vin - Np/Ns Using Fig. 3, the required output inductancég; ; can be

The calculations presented so far, require the knowledge ofcalculated with the linearized voltage formula:
and 3. Furthermore, besides the calculation of the RMS-value in

T
order to calculated the conduction losses, the turn offerusr Lgio=Vp - At =Vour - (1-Dtatp) (13)
Ip,ff.4.5 have to be calculated for the switching losses and ’ Al Y2-kr - Iour
for solving the equations for and 3,which is presented in the gy insertingLg; » from equation (13) into (11) the current ripple
following. AlL,, , in the inductors can be calculated with the expression o
0 @) © T «, B and the constraints; and Ipyr:
1 2—-D+a+p
---------- R e Al L e L T | 14
it T 3 T=Drara T
ILS T N s Ls s ) With the knowledge of the current ripple in the output indust
T e }A our AL, ,, the characteristic points of the primary curreht (¢ 5,
:—-74-:—-7.Q‘/ Ls» Ip qct) can directly be obtained from Fig. 3:
B SRR e q o N
0 ! ! ;ILs[ I _ 1 . IOUT + AIL51,2 (15)
()a D 1 . /V_J: 2 _t Poff,B — NP/N 9 9
D 1D Tes s
| Jale——[bl———%——[c]——>[d] (calculation interval) - 7 B 1 . IOUT B AT Lsio (16)
Fig. 3: Rectifier current waveforms for the phase shift converter with Pact = Np/Ng 2 2
current doubler as presented in Fig. 1. (The ripple of the output volta?e . . .
VOUT is en|arged by way of i||ustration_) n the fl’eeV\I_heellng states 2 and 4 (Cf FIgZ and F|g3) th(
_ transformer is shortened by two opposite MOSFETSs of the ful
The sum of the two inductor currents,; = Irs, + ILs, bridge. The turn off current for the leg Ap, s 4 is given by:
consists of the DC componenfoyr and the ripple current v L_p).T
in the output capacitot¢,,, as shown in Fig.3. The mini- Ipossn=1Iporrn— our - ( ) Tr/2 Ns/np  (17)

mum/maximum value of ;. are given by: L, - (Ns/Np)2 + Lsio

It o minmaz = lovr £ Y2 Aloyr (7) with the forward voltage dropy,,, over the power switches.



As depicted in Fig. 2, the primary current slope during theydu With the present loss equations and the analytical model e
loss time is constant and thus the quotient can be expressed pressions of the currents described in before, the power itos

by Ipgct andIpors a: the semiconductors can be calculated as:
é _ IP’aCt (18) Psemi =2. (szs,off,A + szs,off,B) +4- Pcond,]V[OS+
« IP,off,A +2- Pcond,rect +4- Pgate

With the leakage inductandk,, the applied voltagé’;y and the
current change during the duty loss tiie+ ) - 7r/2, a further
expression ford4 + ) can be found:

3) Output filter capacitors:The output filter capacitors carry-
ing high frequency ripple currents with relatively high diales.
In order to limit the losses and the temperature rise, didtsc
with a low loss factotan § are required. In the prototype 2.E
/ 100V / X7R ceramic capacitors in a 1210 housing from muRat:
[6] are utilized, which have a very high allowed ripple cuntreer
Solving (18) and (19) with respect ta and 3, as well as volume ratio.
the equations for the characteristic primary current oiamd From Fig.3, the voltage over the output capacitor increase
the current ripple in the inductors (equations (17), (1&)5)( during the charging process, i.e. when the sum of the inductc
and (14)), a solution for the values, 3 and thus forlp,sr 4, currents is bigger than the DC output curreht( > Ioyr). This
Ipopp,8 and Ipoe Ccan be found. The obtained values, thés true for half of the effective duty cyclB,. (current increase) and
current waveforms are defined and all component curremdfyel half of effective freewheeling tim¢l — D.) (current decrease).
waveforms can be determined in order to calculate e.g. $8ef Thus, the capacitance value is calculated with the curiamdsthe
in the semiconductors, as presented in the next subsection. maximum allowed output ripple voltag.;,,.c = 300 mV,,,:

. IP,off,A + IP,act

a+pB=1L,
0 Vin -2

(19)

2) Semiconductor LossedVith the obtained results from the 1 (D Z2) AT
analytical converter models the losses in the power de\(fces Cour = / O[;T i+
MOSFETS, including the antiparallel diode, and the two ifiect Viippte | Jo D, -<F
diodes) can be calculated. There, the switching lossesadce-c ) -
lated based on empirical equations, determined by measumtem f((lfDe)TP) Aloyr
With the losses, the maximum allowed junction temperatures + /O (1-D,)- & bd

and the thermal resistance between junction and heat diek, t
volumes of the heat sink is calculated based on the CSPI i{@polwith the currents the losses can be determined with the los
System Performance Index) [4]. Itis assumed that at eactt pbi factor and are compared with the maximum ratings from tha dat
time one MOSFET is switched on and thus the current is carrigheet. There, also the decrease of the capacitance witkerhigt
by the MOSFET in the inverse direction (not by the antipafalltemperature and DC voltage is considered for the optintirati

diodes) and therefore, the conduction losses of the MOSREES's  4) Transformer Modelin the proposed optimization procedure
calculated with the RMS-value of the primary currdit..,s and the shape of the transformer is optimized for minimal volume

the MOSFET's on resistancBps on: while keeping the hot spot temperatures below the limitsr Fo
p R 2 20 this calculation the losses and the transformers temperalis-
cond, MOS = StDS,on " £P,rms (20)  tribution are needed as function of the geometry.

Due to the ZVS condition the turn on losses are zero and! e core losses are calculated by the approach presentej] in [
the turn off losses in the leg A and B are estimated based pPased on Steinmetz parameters [8] and the rate of magnetizat

measurements for the applied MOSFETS [5]; (dB/dt). The winding losses are calculated by an 1D approact
which includes skin- and proximity effect loss [9]. Therejl f
Pousoff,AB = windings are used which allow a better thermal management. |

order to maximize the power density an advanced cooling ogeth
2-(1.9-Ip,5pa8 — 38 Ipofsas+140)-1077- f  (21) has been applied as described in [5]. The temperaturetition
) ) resulting from the losses can be calculated with the themualel
if the turn off currentin leg A and/or Bp oy, 4,5 > 15A. InCaS€ ¢ the transformer. The model describes the heat flow from th
of the currentsip s 4,5 are below 15A, the switching lossesingings/core via thermal interfaces and heat transfempmoTants
under ZVS-condition are negligible. to the heat sinks and ambient, respectively. The transonidsie

For the rectifier diodes an approximately constant forwaghsed calculation is described in detail and validated @.[1
voltage dropVp,,c.; is assumed so that the conduction 10Sses 14 gecrease the volume and the losses, the two output imsuctc
Peond,rect N oNe diode can be calculated with the averagge integrated in the transformer based on a concept distiss
currents: I [11]. In the presented DC-DC converter the concept shown i
~our (22) Fig. 4 is applied, since the flux in the center leg of the tramsgr
2 is almost constant and thus the core losses are small arghstin
Since Schottky diodes are applied, the switching losses &eores could be applied. The value of the integrated irmtads
relatively small and thus neglected. adapted by the air gap in the center leg.

For the specification of the efficiency the losses in the gateWith the integration shown in Fig.4 the operating behavior
drivers and control unif,,.. are considered as well. These lossesf the original current doubler changes as well. In case o
in the gate drives are dependent on the switching frequendy dahe powering state 1, there the primary current is positie,
can be calculated with the gate charge and the gate capaeitarclockwise flux is induced in the outer legs. Only in the upper

Pcond,rect = VF,'r‘ect '



Fig. 4: Integration of the Output Inductors of the Current Doubler in a

the transformers core ([11]) ) oy d) ringing origin
secondary windingNg; (cf. Fig.4) a current flow is possible, = { - m
while the current flow in lower windingVss is blocked by the b u F .
diode D,. During the free-wheeling state 2 the primary current - 1D N without
Ip remains positive and allows the current flow still only thgbu N/ damping \IZ snubber

winding

the diodeD,. During states 3 and 4 (cf. Fig.2) the negative
primary current/p causes the Cl.Jrre.nt flow through the _sec_ondaB{g_ 5: Schematics of considered “lossless” snubber topologies for th
winding Ng». That shows a significant change: Unlike in th‘f"ntegrated current doubler rectifier diode: a) snubber with 2 diodes an
original topology presented in Fig. 1b), there the inductarents 1 capacitor (2D1C), b) snubber with 3 diodes and 2 capacitors (3D2C
({rs, and Iy g,) is almost constant over a switching period, the) snubber with 1 diode and damping winding. (Snubber circuit for only
current in integrated topology flows only over one of the sglemy one diode is drawn for simplicity.) In d) the parasitic capacitors are
winding/inductor. Thus, the original nameurrent doubler‘is in delineated which causes the current ringing other the rectifier diodes.
principle not entirely correct any more. However, the cotre

and voltage waveforms outside of the integrated transforsme polarity the snubber capacitance is discharged throligh to
remain the same like with the original current doubler asasho output.

in Fig. 1b). An extended snubber circuit is presented in Fig.5b), wher
_ o three diodes and two additional capacitances are applia{j [1
B. Comparison of Lossless Snubber Circuits which clamp the voltage over the rectifier diode. The opeeti

Due to a non ideal coupling coefficient between the primaRyinciple of the different charge and discharge paths isteel to
and the secondary side of the transformer, a voltage ringi%ﬁ snubber presented above (cf. Fig.5a)): The capaditeis
occurs across the rectifier diodes during the blocking ph#iss and Cs» are charged viaDs, for positives over voltages by the
ringing is caused by the resonant circuit resulting fromi¢iaéage '€akage energy in the transformer and dischargedia and |
inductanceL,, the winding capacitance€}, and the diodes D53 The damping to the blocklng voltagg level of the rectifier
junction capacitanceSp (cf. Fig.5d). By decreasing the leakagediode (/p, = —VinyNs/Ne) is faster but with the penalty of a
inductance, the energy of this oscillation could be reduted a higher first voltage peak. Further information can be found i
minimal value of the inductance is required for ZVS switchin[12]. S _ _
condition of the MOSFETs. This effect is even enhanced for IN Fig. 5¢) the new circuit, which requires only a single sieib
the integrated topology because of the current shift from tHliodeDs: and an additional small windingp, is presented. The
first secondary windingXXs;) to the other {Vs»). Furthermore, idea behind this topology is getting the leakage energyctireut
in order to reduce the volume of the magnetic components t&h the damping winding and feed it to the output. In prinejp
switching frequency will be increased and the winding citpace the damping winding could also be installed on the centerfeg
is relatively high since in the prototype system foil wingsn the core. However, the coupling between the secondary ngsdi
are utilized, because these allow a drastically reducedmthie Vs1,2 Would be worse. The voltage over the secondary windin
resistance between the winding and the heat sink. In orderdging the blocking phase is transformed with the turnrag, :
decrease the occurring ringing as depicted in Fig.6d) withoVs1.2 to the snubber diode voltagéy, , and clamped over the
decreasing the efficiency, a lossless snubber circuit fodtbdes Output voltage. The maximum diode voltage, , .., can be
is required. In Fig.5, three possible snubber circuits aievm, Set with the damping winding's number of turng:
which transfer a large share of the ringing energy to the wutp

In Fig. 5a) a relative simple lossless snubber consistintyvof Np = Ng -
additional diodes and one capacitor is given [12], whichmgla
the voltage over the winding. After a negative voltage isligop With a proper choice ot/p, , , . slightly over the steady state
to primary transformer side and current in the rectifier émtias voltage ofVp, , the snubber diodeBs, start conducting as soon
commutated fromD; to Do, D; is able to absorb blocking volt- as Vp, > Vb, ma. and the oscillation energy is directly fed to
age. During the positive oscillation, the capacifs; is charged the output.
through the snubber diod®g; over the transformer secondary Fig.6 presents the resulting experimental damped voltagess
voltage Vog, maz = —(VinNs/Np+1/2Voyr)) and the diodeD;  the rectifier diodeVp,. Compared to the original curves in
reaches the maximum blocking voltage-efVcg, maz + Vour).  Fig. 6d), all three snubber circuits reduces the ringingiicantly.
Through the snubber diodBgs- the capacitoiCy; is discharged However, the best result is obtained with the new snubbeuitir
by feeding the leakage energy into the output, and therefgesented in Fig.5c) as shown in Fig.6c). With this circhig t
the oscillation is damped by the resonant charging-digghgr voltage amplitude is damped by a factor of four. Especially
behavior of the circuit. After the primary voltage changés ithe first peak is significantly reduced in comparison to theeot

Vour
. 23
VDLQ,‘m,a:r, - VOUT ( )



tested lossless snubbers Fig. 5a) and b). Thus this cirasibben Pressetting: Fixed parameters / Specifications

-electrical: ¥V, V. P,

implemented in the prototype presented in section IV-A ané | -herml: . FAS Y S
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Fig. 6: Measurement results of the rectifier diode voltaga with the g 7. Automatic procedure for optimizing the volumelefficiency of

presented snubbers a) (2D1C), b) (3D1C), c) snubber with 1 dinde Bhase-shift converter with current doubler while keeping the device
damping winding and d) without snubber circuit. The obtained voltage temperatures below given limits

without snubber are drawn gray in a), b), and c), as well. (In ordér n

to destroy the rectifier diodes caused by over voltage, the measurement . .
are taken at an input voltagé x = 200V, 1 kW, Vour ~ 35V.) the given specifications in table I. Amongst others, theofeihg
components/limitations have been used for calculation:

« Core material N87 from Epcod . < 115°C)
I1l. POWERDENSITY OPTIMIZATION PROCEDURE « Foil windings ([ne. < 125°C)
Based on the analytical models presented in the previoti®sec « Microsemi MOSFET APT50M75
an automatic optimization procedure has been developed fos Microsemi diodes APT100S20
finding the best set of converter parameters and componkrsya « Maximal junction temperaturé); ,,,., < 140°C

which result in a maximal power density and/or efficiencytia The maximum calculated power density ef 15kWiliter.
proposed procedure shown in Fig. 7, all fixed electricalrrtieé (246 W/ir?) is reached at a switching frequency =f 200 kHz.
and magnetic components parameters and specificationses@ p There, only the net components volumes are considered sin
in the first step. These are, besides the system specifisatigie final converter volumes depends strongly on the mechknic
(e.g. input/output voltageV;n/Vour, output power Pour, design. With the prototype shown in Fig.1 a resulting powet
ambient temperaturé,;), the characteristics of the employedjensity of 9 kWiliter (147W/i) is obtained.

components, like the thermal resistances of the semicéodyuc  As presented in Fig. 8 the total volume of the converter aelow
isolation materials and thermal grease as well as chaistetsr frequencies is determined by the magnetic components ifirtte
of the core materials. In the next step, the free paramelles Ipjace, since the magnetic flux density is increasing butnitdid
the switching frequency, number of windings and the allowes}, the core materials on the one hand and the required imteta
current rlpple are set as initial values for the calculatiafith increases because of the increasing output current np’p@]@
the defined constraints, parameter settings and with thatiems other hand. For higher frequencies the core and windingetoss
presented in section II-A the operating point is calculatedich and thus the cooling volume of the magnetic components i
is characterised by the duty cycle, the duty cycle lossy+ 3, increasing. However, the significant rise in the volume ghbi
the primary currents waveform characteristi€, s, 4,5/Ip,1 and  frequencies is caused by the increasing switching lossekein
the output inductances s », for instance. With the calculated MOSFETs and the increased in the required cooling volume.
operating point, the transformer and the inductor are dpéth  \wjith a switching frequency of approximately 200 kHz a mini-
with respect to power density and/or efficiency within aneinn ma| volume and an efficiency 94.8% results. Mainly caused b
optimization procedure, while keeping the temperaturestfie the lower switching losses at lower frequencies, the maimu
core and windings below the maximum values. Furthermor@mciency of 95.1% is reached around 100 kHz.

the volume of the filter capacitors can directly be calculaaed For the validation of the calculated values the resultinsteay
the heat sinks determined by the losses in combination Wih tdesign has been verified by an electrical simulation in a $hes.
cooling system performance index CSPI [4]. The global optfhe experimental verification is realized with the protatyghown

mization procedure changes systematically the free paeas®r iy Fig.1. The several parts of the converter are shown in th
minimizing the overall system volume and/or efficiency. ther fo|lowing.

details are given in [5].
A. Converter Assembly
In Fig.9 the sliced CAD drawing of the assembled prototype
(cf. Fig.1) is presented. As explained in section Il and diegul
With the presented optimization procedure in section IB thin Fig. 4, an integrated current doubler topology was appliehe
phase-shift converter with current doubler has been op#éithfor primary and secondary winding are interleaved and mounted c

IV. OPTIMIZATION, CONSTRUCTION ANDMEASUREMENT
RESULTS
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V. CONCLUSION
the outer legs of an standard E-core. The spacer between the

primary and secondary/damping winding determines thessecg In this paper a power-densny-qptlmlz_ed 400V/48..56 Vdela
leakage inductance for the soft switching. The heat is etechout Phase-shift DC-DC converter with an integrated currentbiien
of the core and the winding by the heat transfer componenishwhrectifier and SkW output power is presented. For the opti
are ending in the transformer heat sink. The airflow is folmgd Mization a procedure, based on comprehensive analyticeelsio
high performance fan from the rectifier side (left) to thesFeTs ©f the converter including magnetic components and therm:
side. The energy is transferred by low inductive connectdfd@nagement, is applied to determine the component values

to the output and input board. Due to the applied bootstrgg)e converter. After verifying the resulting parameters dry
topology, the digital control, gate driver and control siypgould  © ectrical simulation, a prototype has been constructéigiwhas

be implemented on one single PCB (90 mm x 40 mm) in front &POwer density of 9 kW/liter (147W/M and integrates the output

the converter system. Further details are presented i Eigthe nductors in the transformer. With this prototype measiets
prototype in Fig. 1. are performed for validating the analytical calculations.

Furthermore, a new snubber circuit for the rectifier diodes
Interleaved / Snubber diodes which performs an almost lossless damping of the diode gelta

windungs (MBR20H200CT)

Winding spacer is presented and validated by measurements.

(leakage inductance)

Secondary
winding
connectors
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