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Abstract—In the last decade power electronic research focused
on the power density maximization mainly to reduce initial
systems costs [1]. In the field of data centers and telecom
applications, the costs for powering and cooling exceed the
purchasing cost in less than 2 years [2]. That causes the changing
driving forces in the development of new power supplies to
efficiency, while the power density should stay on a high level.

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

The development of the converter with respect to high ef-
ficiency has a lot of degrees of freedom. An optimization
procedure based on comprehensive analytical models leads to the
optimal parameters (e.g. switching frequency, switching devices
in parallel and transformer design) for the most efficient design.

In this paper a 5kW, 400V - 48..56 V phase-shift PWM
converter with LC-output filter is designed for highest efficiency
(n >99 %) with a volume limitation and the consideration of the
part-load efficiency. The components dependency as well as the
optimal design will be explained. The realized prototype design
reaches a calculated efficiency of n = 99.2% under full load
condition and a power density of p = 36 W/in® (2.2 kW/liter).

I. INTRODUCTION

Since 1970, the power density of power electronic con-
verters roughly doubles every 10 years, mainly caused by
the increasing switching frequency due to the continuous
improvements of power switching devices and the decreasing
volume of magnetic components [3]. In the area of power
supply units (PSU) for data center and telecom applications,
this evolution led to the main developing focus on compact
design and a capital expenditure (CapEx) measured by the
square feet occupied, rather than power consumption [2].
However, the demand for data centers is continuously in-
creasing and the rising energy prices result in powering and
cooling costs, which are higher as the purchase cost in less
than two years [2]. This causes a change of the driving
force in power converter system development towards high
efficient power conversion. However, high power density is
still required, which leads to multi-objective targets for the
system development.

In [4], the prototype of a SkW, 400 V to 48..56 V phase-shift
PWM DC-DC converter for telecom application is presented,
which was optimized with respect to highest achievable power
density. There, the design process was based on compre-
hensive analytical models of the converter system with an
automatic optimization procedure, which results in a power
density of p = 147 W/in® and a measured efficiency of 7 =

Figure 1. a) Efficiency n vs. power density p. The best possible solution
of a multi-objective optimization according to the weights ws, for efficiency
and w, for power density for a defined topology is presented by the Pareto
front. b) Optimization goal the efficiency curve through the point n = 0.99
raised from the values proposed in [5].

94.75%. These points determine the point of highest power
density p;,qz in the n-p-plane in Fig. 1 a).

In this paper, a design process is presented to reach the point
of highest efficiency (maee >99 %) for a phase-shift PWM,
5kW DC-DC converter with LC output filter as shown in Fig.
2, which is plotted in the diagram Fig. 1 a) as well. The
curve between these two optimal points is called Pareto front,
which present the optimal points for varying weights w,, of
the efficiency and w, of the power density in the optimization
procedure. This allows the OEMs a classification of present
system and builds the basis for road maps, as well as the
identification of unachievable designs.

In the optimization procedure, the part load efficiency of
the converter system is considered as well. The reference
efficiency curve for the optimization is related to the efficiency
points proposed in the Energy Star® requirements of computer
serves [5], which have been moved to the point, where the
maximum efficiency is 99 %, as shown in Fig. 1 b).

The optimization procedure and the comprehensive analyt-
ical electrical and magnetic models are described in Section
II. After the presentation of the optimization algorithm, the
calculation of the topology specific operation point, i.e. all
relevant current and voltage waveforms, is described. Within



Figure 2. Schematic of the selected phase-shift PWM converter for 99 %
efficiency. (V;, =400V, V5,:=48..54V, Poyu:=5kW).
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Figure 3.  Automatic efficiency optimization procedure for the phase-Shift
PWM DC-DC converter considering the part load efficiency.

inner optimization procedures for the transformer and output
inductor, the optimal geometry parameters for the cores are
determined, considering the core losses and HF-winding losses
in the magnetic devices.

The optimization procedure results in the optimal design
parameters for the converter given in Section III. A prototype
design, which reaches a calculated full load efficiency of n =
99.2% and a power density of p = 36 W/in® (2.2 kW/liter) is
presented in section Section IV.

II. EFFICIENCY OPTIMIZATION

For the design of the selected phase-shift converter and the
given specifications, the component values must be chosen
so that the efficiency becomes maximal. However, this task
is challenging because the components interdepend to some
degree from each other. In this section the design process is
described based on an optimization procedure, which auto-
matically finds the optimal component values of the converter
system. The underlying analytical models are described after
the presentation of the procedure in section II-A.

The starting point of the optimization procedure in Fig.
3 are the fixed parameters for the converter design process,
i.e. the electrical specifications (e.g. output power Py;)
and magnetic constraints (e.g. maximum flux density in the
transformer or output inductor core, respectively).

With the initial set of the free parameters (the switching
frequency fs,, the primary and secondary turns number of
the transformer N, and N, the leakage inductance L,
the allowed output inductor current ripple characterized by
krout, as well as the number of parallel primary 7, , and
synchronous ng,, s rectifier MOSFET’s) the optimization loop
is launched.

The first step in the loop is the calculation of the operation
point based on a coupled inductance model of the center
tapped transformer. There, the output inductance L,,; and
output capacitance C,,; are determined for full-load condi-
tions and so, all component values are defined in order to
determine all relevant current and voltage waveforms (cf. Fig.
5). In addition, the characteristic waveforms for the part load
conditions (cf. [5] and Fig. 1) of the converter have to be
calculated as well as explained in section I.

The core of the optimization procedure is the calculation
of the losses in the converter system. For the magnetic
components, i.e. the center-tapped transformer and the output
inductor, the geometry set-up is found in two inner optimiza-
tion loops. There, the geometry parameters (cf. Fig. 4), are
varied systematically, while the volume and flux density stay in
the preset limit until the optimum parameter are found, which
results in the minimum component losses (considering HF-
winding and core loses) under full load condition. The actual
loss calculation for the four load conditions (i.e. 10 %, 20 %,
50 %, and 100 %) are running in a for-next loop or in parallel,
alternatively. For the given amount of the power switches
in parallel, which are optimizided during the optimization
process as well, the conduction losses are determined. For
the full bridge MOSFETs, the switching losses are considered
as well, which is especially important for low load conditions.
Besides that, the gate drive losses are added in order to calcu-
late the total semiconductor losses. For magnetic components,
the core and winding losses are determined. The HF-losses
in the windings are considered for the transformer as well,
whereas the HF-losses in the output inductor have only a
minor influence. The dielectric losses in the output capacitor
are determined with the loss factor. Additional losses in the
control unit and auxiliary supply are considered as constant
over the whole load range.

The resulting part-load losses, which define the actual
efficiency curve 74, as depicted in Fig. 1 b) are now
compared with the reference efficiency curve 7.5 (labeled
as Optimization goal in Fig. 1 b) ). The deviations An
between reference and actual efficiency values are the input
for a penalty function, which is defined as:

1
T (1 —naet), for A, <0
_777'ef1 (1)

for A, > 0.

penalty(An) =

(1 — Nref + nact)zo,
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b) Output inductor

Figure 4. Geometry model of transformer and output inductor. In addition,
the coupled inductance model of the transformer is presented.
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Figure 5. Principle primary side current / voltage waveforms with the
characteristic points Ip1, Ip2, Ip3 and the switching states.

The sum of the penalty values forms the optimization criteria.
The global optimization algorithm changes the free converter
parameters systematically, until the minimum penalty value
is found. The outputs of the optimization procedure are the
converter design parameters which directly enables a prototype
assembly.

A. Analytical Models

The analytical models can be divided into 4 parts: First,
the formulas for calculating the operation point are explained.
After that, the equations for the losses in the power semi-
conductor devices are derived. In the third subsection, the
calculation of the magnetic components is presented and
finally the losses in the capacitors are given.

1) Operation point: The models for determining the op-
eration point are based on a coupled inductors equivalent
circuit of the center-tapped transformer, as presented in
figzMagGeometry a) on the right hand side. With the set
inductance L; and the free parameter L, the couple factor
c12, the inductance Lo (which is considered to be equal to L3)

and the transmission ratio k¢r can be calculated as:
cig=1-"Lo/L,
Ly =1Ly - Ns/N, - ci2 2)

kt?" =4/ Ll/Lg - C12,

whereas Np is the number of primary turns and Ng the
number of one secondary turns.

In Fig. 5, there are three different piecewise linear current
sections, whose current slope are determined by the center-
tapped transformer (cf. Fig. 4) and the output inductance, as
described in the following.

a) Section 1 (t = ty..t): The input voltage is applied
to the primary side of the transformer and the current slope
is limited by the leakage inductance. With the assumption,
that the inductances Lo and Ls and whose coupling factors
in respect to L1 (c12 and ci3) are equal, the formula for
calculating the current slope in this section is simplified to:

Ai 1
o = Vi 0
A(to..tg) Lq- (1 + co3 —2- (012) )
b) Section 2 (t = to..t3): In this section, power is

transferred form the input to the output stage. With the applied
input voltage V;,, the resulting output voltage V,,; and the
calculated output inductance L,,;, the current slope of section
2 is given by:

Aiy, _ Vin - (Lowt + L2) — c12 - VL1 - VLo - Vour
Alta.t3) L1 (Lout + Lo - (1 — (¢12)?))

“)
The output inductance L,,; is determined by the allowed
output current ripple kj,,: and the output current [,,; under
full load condition:
Vin —
W - ktr - Vout/v;,, - Tp/2 (5)
Vout - krout

c) Section 3 (t = t3..t4): The converter is in the free-
wheeling phase, where the transformer is short circuited by
the high-side or low-side MOSFETs, respectively. The current
slope is determined by the output side and can be calculated
with:

Lout =

Ay _ Vout - €12 - VLo ©)

A(t3..t4) \/Ll . (Lout —+ L2 . (1 — (612)2))
With the current slopes, the piecewise linear current sections
confer Fig. 5 can be expressed as:

Aip _ Ip1 + Ips
A(totg) N (a + ﬁ) . Tp/g

Aip _ Ips — Ipy @
A(tgtg) (D - — ﬁ) . TP/Q

Ai,  Ipy—1Ip3
A(ts..ty) (1 —D)-Tp/2

where T'p is the switching period and D is the duty cycle,
which is defined as:

D = ktr - Vout/v,,, + a + f3 (®)

By inserting (3)-(6) and (8) in (7) and solving for Ipy, Ip2
and Ips, the result solutions are only depending on « and f.



To eliminate o and S, two additional equations have to be
found. The first expression is the periodicity of the primary
current:

_ By gy B ).

0= A(tg..t2) ﬂTp/QJFA(tQ..tg) (D—a=p)-Tr/2

— Aty (1=D)-Tp/o— Aip .a-Tp )
N B AN T o

The second expression is the equation of the average output
power:

2
Pout - Vout'j-,p'ktr'[
(a+B)Tr/2 A
p
- . t_a.Tp 2 dt
Altg..t2) ( /2)
a-Tp/2
D.Tp/2
+ / I +i-(t—(a+5)-Tp/2)-dt
NCED) (10)
(a+p)-Tr/2
Tp/2
A
[o———P (t—D.T .
+ / 2 At ta) (t p/2)-dt
D-Tp/2
(1+a)j-Tp/2 Ad
2
I3— —L . (t—Tp/2)-dt
+ / 57 Alto.ta) (t=Trf2)
Tp/2
with A
7
I — _ =" o - Tp 2
T At o) /
L=1+ Aty (D B) - Tp/2 11)
pu— — —_ a _ .
2T Aty ts) (
Ai
Is=1,— —2 _.(1—D)-Tp/a.
ST Aty ) ( )T

Equations (9) and (10) can be solved for o and S by
inserting the characteristic current points from the solutions
of (7). (The solutions for Ipy, Ipo and Ipz, as well as
for « and B are omitted for the sake of brevity.) The
definition of the current and voltage waveforms allows the
calculation of the rms-values, the derivations of the rms-
values and harmonics for transformer, inductor, capacitor and
semiconductor currents for the following loss calculations.

B. Semiconductor Losses

The losses in the full bridge switches are derived with the
Rps.on, the gate charge QQg, the energy equivalent output
capacitance Cogs.0q at 400V and the energy in the output
capacitance F(V') as function of the applied voltage for a
preselected MOSFET (cf. section III-A). The conduction
losses are calculated with:

RDS on * 12

> sw,rms

Peong = ——— (12)
Nsw,p

with the rms-value Iy, ,ms Of the current through the MOS-
FET and n, p, the number of parallel connected MOSFETs.

Since the converter topology offers zero voltage switching
(ZVS) by inserting an interlock delay between the switching
states, switching losses are almost zero in principle. However,
especially at part load conditions, the interlock delay might
not be sufficient for a complete resonant dis-/charge of the
MOSFETs in one bridge leg, i.e. a residual voltage V. is
remaining, which has to be discharged by the the MOSFET.
The residual voltage is calculated based on a RLC-resonant
circuit consisting of the leakage inductance L, the energy
equivalent output capacitance Cygs 4 and the Rpg on of the
parallel connected MOSFETs. With the characteristic energy
curve of the used MOSFET, which is described by piecewise
polynomial function dependent on the applied residual voltage,
the switching losses Py, of one bridge leg can be determined
as:

Py, =2- Nsw,P * E(Vres) . fswv

where ng,, p is the number of parallel full bridge MOSFETS
and fs,, is the switching frequency. Since the switch-off
current are different for the two bridge legs, the switching
losses are calculated separately.

In addition the losses in the gate driver P,.;,. are considered
as well and are calculated for each switch with:

13)

Pdrive = Nsw,P * (VGS,on . QG ' fsw + Pdriver) ’ (14)

taking the number of parallel connected MOSFETS n,, p and
losses of the driver Py, into account. Note, that the applied
on-gate-source voltage Vs o, has an positive value and the
off-gate-source voltage Vizs o s is considered to be zero in the
assembly and thus omitted in (14).

The conduction and gate drive losses in the synchronous
rectifier switches are calculated in the same manner as the
full bridge switches with (12) and (14). Since the rectifier
MOSFETs are turned-on during the free-wheeling phase,
where the voltage is approximately zero over the switches,
the switching losses are negligible. Recovery losses in the
body diode are avoided because the MOSFETs are turned off
at the point, where the current is completely commuted from
SR1 to SR2 cf. Fig. 2 or vice versa, respectively.

C. Losses in the Magnetic Components

In the inner optimization procedure, the geometry param-
eters of the magnetic components cf. Fig. 4 are varied
systematically in order to obtain the minimum losses, with
the maximum flux density B,,,, and component volume
(bounding box) as constraint, since the losses are decreasing
continuously for higher volumes as explained in section III-B.
For the assembly, foil windings are considered, whose optimal
foil thickness can be calculated with [6]:

1 2-7- fsw 'Irms
dopt = —3 - | — LT Trms
vt \Iji Irms 0

with the rms-values of the currents I,,,s in the windings and
whose derivations I, ., respectively. ¥ is defined as:
5-N2 -1

v=2
15

15)

(16)



the skin depth dg, the resistivity p of copper and the perme-
ability of free space po. The peak-to-peak flux density AB
in the transformer is approximately defined via:

Vin - D - Tp/2
NP : Acore
with number of primary turns Np and the cores cross section
area Acore. The maximum flux density Bj,q, is half of

the peak-to-peak flux density. With the extended Steinmetz
formula in [7], the core losses can be determined:

AB = (17)

k;- AB(@s=Bs) Vv
P.oi = 9. .D.T Vole, (18
! Tp (NP'Acor'e p/2> ? (1%
with the core volume Vol., and
k
ki = 2 .9

For the calculation of the winding losses, the HF-losses due to
the skin and proximity effect are considered. The underlying
model is based on a one-dimensional approach [8]. With the
magnitudes of the current harmonics Ip, , (with n = 0..ny,
and n; the number of calculated harmonics) the primary
winding losses due to the skin effect in the windings are:

Pyin.p = Rpo.p-(Ippo)+. ..

nhp . )
E R vp sinhvp+sinvp , (20)

————————(Uphn
+n:1 DC.P coshvp —cosvp (Iph.n)

with the dc-resistance Rpc,p of the primary winding:

lwp-
Rpc.p = % P Q1)

opt,P * bfoil
whereas [,, p is the length of the primary winding, d,p: p is
the optimal foil thickness, b, is the winding width and vp

is defined as:
dopt,P

[
1 fsw o

The losses due to the proximity effect in the primary winding
are defined as:

(22)

Vp S

n N. . .
<~ bfoirrp sinhvp+sinvp
Pproa:P = § E : oo
) coshvp—cosvp
n=1m=1 71"’L'fS'zu'/'L(J

1 2
TR

(23)

2:b

The winding losses in the secondary windings are calculated
with the same approach as for the primary windings, however,
since the winding order is: primary - secondary 1 - secondary
2, two cases have to be considered for calculating the prox-
imity effect: Current is flowing in secondary 1 leads only to
losses this winding. If the current is flowing in secondary
2, the H-field in secondary 1 is not zero which results in
additional losses in secondary 1.

The losses in the output inductor can be calculated with
the same approach as for the transformer, however, HF-losses
only have minor influence to the winding losses, since the

output current has only a small ac-component compared to
the dc-component. Because of the negligible ac-component,
the foil thickness with (15) would result in large values and
thus, its limited to 300 um. The peak-to-peak flux ABy ,u¢
can be calculated with:

Lout : hout . Iout
NL . Aco’re,L

with the number of output inductor turns Ny and the cross-
section area A, , of the inductor core. The maximum flux
density is defined as

ABLout = (24)

Lout . (Iout + 1/2 : klout . Iout)
NL : Acore,L

D. Dielectric losses in the output capacitor

Bmaa:7L = (25)

With the applied output capacitor from muRata [9] (2.2 uF
/ 100V / X7R / 1210 housing) and the given loss factor tan o
the losses are determined with:

2
ICout,rms - tan g

2'ﬂ-'fsw'c'out

with the rms-value of the capacitor ripple current Icout,rms-
There, it is assumed, that the output current /,,; has only a
dc-component and the entire ripple current is flowing in the
output capacitance. The capacitance can be calculated with
the allowed voltage ripple V), by solving the equation with
respect to Clyy:

PC’out = (26)

Vop = - /l/QbD'TP/2 Lout * krout t-dt+
BT D o
YrQ=DyTHa po
ou ou A t A dt
+ /0 (1—-D) - Tp/2

The losses in the auxiliary supply and control unit are
considered to be constant over the entire load range and set
to 3W.

III. OPTIMIZATION RESULTS

In this section the results of the optimization procedure are
presented and discussed. The results have been proved with
simulations.

A. Optimum Number of Parallel Switches

Before the first start of the optimization procedure, several
switches have been compared with respect to the resulting
losses. For preselecting the MOSFETs, a figure of merit
(FOM) could be defined based on the on-conductance G ps,on.,
which should be high for small conduction losses, and the
energy-equivalent output capacitance of the device Cogs eqs
which should be small in order in order to obtain small/no
switching losses over almost the whole power range: FOM =
Gps.on/Coes.cq [10]. This FOM is usually chosen for hard-
switching devices topology and might not result in best choice
for soft-switching topologies, as it will be presented.

In Fig. 6 the losses of the full bridge are presented
for a fixed operation point in the optimization procedure,
which may not result in the optimal design. There, Infineon



CoolMOS™IPW60R045CP [11] are applied, as an example. It
can be seen, that the conduction losses P.,,,q decrease with the
increasing number of the parallel switches 1/n..,, whereas the
driver losses P,y increases linearly with n,,. The switching
losses Ps,, are approximately zero until the interlock delay
between the switching states is not sufficient for the total
charge transfer of the output capacitors of the two MOSFETSs
in a bridge leg, where the losses are increase drastically. If the
number of parallel switches and the respectively capacitance
reaches a value, where the capacitors could almost not be dis-
/charged and the MOSFETs are completely switched hard off,
the switching losses increase linearly with 7,,.
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Figure 6.  Dependency of parallel H-bridge switches number on device
losses. (Infineon CoolMOS™IPW60R045CP [11] considered.)

If the number of parallel switches would be chosen for full
load, the respective optimal point in the example of Fig. 6
would be 14, p = 9 switches in parallel, where the total losses
on the primary side are calculated to be 4.4 W. Due to the
small losses, the temperature in the devices is small and thus
the on-resistance of 25 °C was considered for the comparison
of several switching devices. However, at part load (e.g. 25 %
output power) the total full-bridge losses increases drastically
by an factor of almost 5 to 21.1 W.
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Figure 7.  Efficiency contribution of full bridge switches (Examples of the
considered MOSFETs). The free-parameters are fixed for the calculation,
which may not present the parameters resulting in the optimal design. The
curves show the optimum of the semiconductor losses with the respective
optimal number of parallel switches.

In Fig. 7 the efficiency contribution of analyzed MOSFETSs
in the range of 600..700V is presented. There, the free
parameters have been fixed and the respective optimal number
of switches which leads to the minimum losses is plotted. For
the prototype, the STY112N65M5 from STMicroelectronics

[12] has been chosen, since they offer the best conditions in
terms of the optimization criteria as described in section II and
because of the small Rpg on, = 19mS2 (typ), only 2 MOSFETSs
are needed for the final prototype design.

The same procedure is performed for the secondary side
switches. However, the switching losses are approximately
zero over the entire load range since the synchronous rectifiers
are turned on with zero voltage condition and the current-
capacitance-ratio is high enough to ensure ZVS. The selected
MOSFETs for the synchronous rectifiers are IRFP4668PbF
from International Rectifier [13] (Rps,on = 8m® (typ.) /
200 V). The optimum number of parallel switches are in this
case Mgy, s=11, which results in 9.3 W total losses in the
synchronous rectifier.

B. Losses in the Magnetic Components

In the inner optimization procedure of the magnetic device,
the geometry parameters are varied until minimum possible
losses result. In Fig. 8, the allowed maximum transformer
volume is varied as constraint in the inner optimization proce-
dure with respect to the transformer losses. For each allowed
volume, the optimal values for the transformer geometry are
chosen so that the overall losses became minimal, considering
the maximum allowed flux density in the core. The limited
flux density leads to a minimum core area and/or number of
primary turns Np, respectively. The resulting optimized losses
are higher because of a higher flux and smaller windings. The
more volume allowed, the higher the foil width and/or the
smaller the number of primary turns, and thus the smaller are
the resulting losses. However, the curve becomes flat, if even
a higher volume is used as the constraint in the procedure.
There, an increase of the core area would lead to a reduction
of the core losses but the skin/proximity losses are increasing
due to a larger winding length, which have to be balanced
with a larger winding in order to reduce the dc-resistance.

The optimized power losses for the maximum allowed trans-
former volume are presented in Fig. 8, where the geometry
parameters confer Fig. 4 are not limited. It is shown, that the
volume in the optimization procedure must be limited in order
to obtain realizable geometry parameters and volumes.

C. Optimized Design Parameters

For the practical converter design, the volume point of
18.3in3 (0.3liter) was chosen as limit for both, transformer
and output inductor. First runs with the optimization pro-
cedure, where the geometry parameters of transformer and
output inductor have not been limited, result in geometry
parameters for the magnetic components, which are close to
available standard cores. These results have been considered
in order to limit the geometry parameters a and b (cf. Fig.
4) with respect to the standard core parameters in the inner
optimization procedures. The best results have been reached
with parameter limits of the EPCOS E70/33/32 E-Core [14]
for the transformer and the Metglas AMCC 320 [15] for the
inductor, which are presented in the following.

In table I the optimization results of the free parameters are
presented. Conferring the described optimization criteria, the
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Table 1
FREE PARAMETER OPTIMIZATION RESULTS WITH A VOLUME LIMIT OF
18.39n3 (0.3 LITER). (fsw = SWITCHING FREQUENCY, Np / Ng / Ny, =
PRIMARY / SECONDARY / OUTPUT INDUCTOR TURNS NUMBER, L, =
TRANSFORMER LEAKAGE INDUCTANCE, Loyt = OUTPUT INDUCTANCE).

fsw Np Ng Ny Nsw,P Nsw,S Lo Lout
[uF] | [upF]

16.0kHz 22 3 5 2 12 2.0 48.8
25.0kHz 22 3 4 2 11 1.8 43.0
37.5kHz 15 2 3 2 9 1.0 34.6
50.0kHz 15 2 3 1 8 1.3 34.0
100.0kHz 15 2 2 1 6 1.8 23.1
200.0kHz 7 1 2 1 4 1.8 1.8

optimal design with the best efficiency characteristic can be

found at a switching frequency of 25 kHz.
The resulting optimized efficiency values 7 are given below:

Frequency N10% 120% M50% 1100%
Energy star® | 80.00% | 88.00% | 92.00% | 88.00%
Goal 86.09% | 94.70% | 99.00% | 94.70 %
16.0kHz 96.34% | 98.06% | 98.93% | 98.93%
25.0kHz 97.42% | 98.60% | 99.13% | 99.01 %
37.5kHz 96.98% | 98.39% | 99.09% | 99.07 %
50.0kHz 97.24% | 98.51% | 99.09% | 98.99 %
100.0kHz 97.31% | 98.53% | 99.06% | 98.93%
200.0kHz 96.52% | 98.12% | 98.88% | 98.82%

The power losses of the components as function of the
switching frequency are presented in Fig. 9. As shown in Fig.
8 and Fig. 9, respectively, the losses in the lower frequency
range are mainly determined by the magnetic components
because of the volume limitation. At higher switching fre-
quencies, the number of parallel full bridge switches decreases
because the switching losses, due to not completely dis-
/charge of the drain-source capacitor especially in the low-load
condition, increase with the switching frequency. Additionally,
the smaller number of parallel MOSETSs results in higher
conduction losses, as well. The pend in the total losses curve
after 37.5 kHz is mainly caused by this effect, since the number
of parallel switches in the full bridge changes from two to one.

The most significant impact in the decrease of the total

60

total

40 |

Power losses in [W]

P rest
0 . . . . . . . LN

40 60 80 100 120 140 160 180 200
Switching frequency f, in [kHz]

Figure 9. Losses of the optimized Phase-Shift PWM converter as a function
of frequency. (Pyotq1 = total losses, Psemi,pri = primary side semiconductor
losses, Psemi,sr = synchronous rectifier losses, Pyr.q ¢, = transformer losses,
Pr,out = output inductor losses, Prest = losses in aux. supply, control unit,
output capacitors).

power losses with increasing switching frequency have the
losses in the synchronous rectifier, which is caused by the con-
tinuously decrease of parallel switching devices (cf. table I).
Since the synchronous rectifier MOSFETSs operate with ZVS,
switching losses does not force the optimization procedure to
reduce the switches. The decrease is caused by the increasing
gate-driver losses with higher switching frequencies, which
lead to a significant efficiency drop at lower load-conditions.
That is why the number of synchronous rectifier switches is
reduced by the optimization algorithm. However, this leads to
higher conduction losses at full load.

The transformer losses are higher for lower frequency
because of the volume limitation as described before. Due
to the flux density limitation, the minimum number of turns
rises, which leads to higher winding losses. Because of
the decreasing turns numbers and the smaller required cross
section areas for higher switching frequencies, the losses in the
magnetic components are decreasing as well. For frequencies
higher than 200 kHz, the winding losses (due to the proximity
and skin effect), as well as the core losses are increasing again.
For the output inductor, the losses are mainly caused by the
conduction losses, which are decreasing for higher frequency
due to the decreasing turns number. However, for higher
switching frequencies, HF-losses in the winding and higher
core losses are increasing, like for the transformer. (Note,
that switching frequencies above 200kHz have been omitted
in this paper, since for higher frequencies, additional losses
have especially to be considered in the cores of the magnetic
components due to the non-uniform flux distribution. The
accuracy of the applied models in the optimization procedure
would decrease.)

The residual losses (control unit, auxiliary supply, output
capacitors) stay approximately constant over the entire fre-
quency range.

IV. PROTOTYPE

In Fig. 10 the prototype design for the proposed converter
is presented. Standard components have been applied:



Transformer
Output inductor ........
Full bridge MOSFETs ..
Sync. rectifier MOSFETs
Gate driver ............
Digital control .........

EPCOS E70/33/32, 2 in parallel
Metglas AMCC320 (cut legs)
ST STY112N65MS5, 2 in parallel
IR IRFP4668PbF, 11 in parallel
IXYS IXDD414

TI TMS320F2808

In order to utilize the winding window with a high copper
fill factor, Litz wires have been used instead of foil wires (pri-
mary winding: 175/0.2 mm; secondary winding: 600/0.2 mm;
inductor winding: 1200/0.2 mm) .

Figure 10. Prototype design of the proposed high efficient DC-DC converter.
(n =99.2% at full load, p = 36 W/in® (2.2 kW/liter)).

Because of the selected components, the volumes are
higher as the volume limit of 18.3in3 (0.3liter), used in
the optimization procedure. For the transformer, the volume
results in 29.2in3 (0.48liter) and for the output inductor
23.149n3 (0.39liter). This leads to further improvement for
the efficiency as presented below. The total losses decrease to
37.0 W (full load) and the part load efficiency result in:

Load condition | 10% | 20% | 50% | 100%
Efficiency | 98.0% | 99.0% | 993% | 992%

In Fig. 11 the loss distribution is depicted for full load
conditions. The major loss distribution has the transformer
together with the output inductor (55 %), followed by the
power semiconductor losses (37 %).

Control / aux. supply / Caps (3.01W) Output inductance (4.30W)

Full bridge switches (4.80W) 8%

25% Sync. rectifier (9.33W)

42%
Transformer (15.52W)

Figure 11. Loss distribution at full load (5kW) for the prototype design.
The resulting power density of this design is p = 36 W/in?
(2.2kW/liter). Since the simulations have validated the ana-
Iytical models and based on the experiences with the power
density optimization (e.g. [10] and [4]), the metrological

validation with the prototype seems very promising. However,
variances could occur mainly because of the not considered
contact resistances, which are strongly depended on the design
and assembly.

V. CONCLUSION

In this paper, the design process of an ultra high efficient
400V/48..50V DC-DC converter for data center and telecom
application is presented. An optimization procedure based
on comprehensive analytical models, considering the part-
load efficiency, was applied to find the optimal design. The
final prototype design results in a calculated efficiency of 1 =
99.2% at full load and offers a flat efficiency curve over the
entire load range. At 10% load, i.e. 500W, the converter
system exhibits still an efficiency of 98.0%. The power
density of the realized prototype is p = 36 W/in3 (2.2 kW/liter).
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