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Abstract—In the course of the design of single-phase PFC rectifiers, the demand for a high efficiency n and a high
power density p must be met at the same time. Depending on the weight on these two design criteria different topologies
could be advantageous. However, a comprehensive comparison of the topologies is difficult, since a large humber of
parameters must be determined and constraints in different physical domains, as e.g. magnetic or thermal properties, and
EMI issues must be considered. Therefore, in this paper an approach based on relatively simple analytical equations is
presented for calculating the limiting curves of conventional, bridgeless and TCM resonant-transition single-phase PFC
rectifiers in the p-n-plane. These Pareto-Limits represent the Topology Performance Map of the considered topologies
and allow a direct comparison of the achievable performance and the limitations with respect to power density and/or

efficiency.

I. INTRODUCTION

Over the last decades, the development of power
electronics systems was mainly targeting higher power
densities p and a reduction of the realisation costs
[1]-[4]. A power loss reduction and/or increase of the
conversion efficiency n was only indirectly required, as
the surface area available for power loss dissipation
decreases with decreasing converter volume. However,
due to environmental concerns, high efficiency is more
and more important, so that today at least two design
requirements, i.e. high power density and high efficiency,
have to be met. This results in a multi-objective design
optimisation, where a best possible compromise must be
found between the two conflicting criteria, since a higher
efficiency usually leads to a higher system volume, i.e. a
lower power density.

In the design process, a large number of parameters
must be determined and constraints in different physical
domains, as e.g. magnetic or thermal properties, and EMI
issues must be considered. This is complicated by the
fact that many of the design parameters take influence
not only on a single design aspect but on different con-
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Fig. 1: a) Power density — efficiency plane (p-n-plane), where the
maximal efficiency n,, and the maximal power density py; as well as
the p-n-Pareto-Front are shown. The Pareto-Front defines the maximal
achievable performance for a compromise between power density and
efficiency. b) System Performance Map, which shows the p-n-Pareto-
Fronts of different converter topologies.

verter properties as given e.g. the switching frequency,
which influences the losses in the semiconductors, the
cooling system, the design of the magnetics, etc. Ac-
cordingly, the set of parameter values which results in
an optimal design is difficult to identify.

Based on multi-domain converter models [3], [5]-[7],
an optimal mapping of the design parameters into the
system Performance Space could be performed as de-
scribed in [8]. There, different design criteria or quality
indices could be considered and/or the best compromise
of the required system level performances could be
determined. Such an optimisation has been performed
for telecom power supplies in [3], [4] or for single-phase
bridgeless PFC rectifiers in [8], [9]. There, however only a
single design criteria (either power density or efficiency)
has been maximised, i.e. a 1- dimensional (1D) optimi-
sation has been performed.

With an 1D optimisation, the maximal achievable effi-
ciency and the maximal achievable power density can
be identified for a given set of technologies, i.e. for
unipolar/bipolar semiconductor switches, core materials,
foil/electrolytic capacitors, etc. By simultaneously optimis-
ing the efficiency and the power density with different
weights a performance limit and/or Pareto-Front could
be determined in the p-n-plane (cf. Fig. 1a) [8]. The
Pareto-Front directly indicates e.g. the maximal achiev-
able efficiency for a required power density or shows how
much the efficiency would be sacrificed in case the power
density would have to be increased.

In case the Pareto-Limits of e.g. single-phase rectifier
topologies would be known the performance of different
concepts could be directly compared. This would allow to
immediately identify the concept best suited for satisfying
a given power density and efficiency requirement (cf.
Fig. 1b).

In alternative to optimising the systems with different
weights, the Pareto-Front also could be approximated
directly by relatively simple analytical models as will be
shown in this paper for single-phase PFC rectifiers in the



power range of a few kilowatts. There, the standard PFC
boost rectifier, a bridgeless converter and a resonant-
transition (i.e. zero voltage switching), triangular current
mode (TCM) PFC rectifier are considered and a Topology
Performance Map is derived.

First, the considered topologies are shortly discussed
with respect to efficiency and power density in section Il.
Thereafter, the equations for calculating approximations
of the Pareto-Limit are presented in section Ill. The
Pareto-Limits of the different rectifier concepts are cal-
culated in section IV. There, also experimental systems
for validating the calculations and measurement results
are presented.

[l. SINGLE-PHASE PFC RECTIFIER TOPOLOGIES

With the specifications of a converter system given,
one of the first steps in the design process is the selection
of the converter topology. For single-phase PFC rectifiers
numerous topologies are described in literature. The
most common concepts are shown in Fig. 2, where the
simplest topology is the conventional PFC boost rectifier.
However, this converter requires the largest silicon area
for achieving a high efficiency as shown in Fig. 3. There,
the required chip area for the MOSFET and the number
of diodes is shown for the case that all converters have
the same conduction losses. All diodes, which are only
commutated with mains frequency (D;-D, in Fig. 2a and
D, &D, in Fig. 2c), are replaced by MOSFETs used as
synchronous rectifiers in order to reduce the conduction
losses.

With the bridgeless PFC rectifier the smallest amount
of silicon area, which is proportional to costs, is required
for achieving a high efficiency. Consequently, this topol-
ogy has been used in [9] to optimise a single-phase PFC
rectifier for maximal efficiency. There, an efficiency of
99.3% has been achieved at a relatively low switching
frequency of 18kHz, which is necessary to limit the
switching losses. Due to the low switching frequency,
the volume of the boost inductor is large resulting in a
relatively low power density of 1.35kW/dm?.

The hard switching operation of the bridgeless PFC
rectifier as well as of the conventional concept and the
AC-switch PFC rectifier is a fundamental limitation, since
the parasitic capacitances of the MOSFETs and the
boost diode are causing losses at the MOSFET turn on.
Besides the higher switching losses, this also prevents
replacing the fast commutated freewheeling diodes with
synchronous rectifiers, since the MOSFETs employed
instead of the diodes exhibit a relatively large nonlinear
capacitance, which would cause large turn-on current
peaks resulting in even higher switching and total losses.
Consequently, it is not possible to achieve a high power
density and a high efficiency at the same time as will be
demonstrated later with the help of Pareto Fronts, which
clearly show the limits of the hard switching concepts in
the p-n-plane.

In order to avoid the capacitive losses occurring
for hard switching, a Triangular Current Mode (TCM)
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Fig. 2: Schematics of the conventional (a), the bridgeless with integrated
CM-filter [8] (b), the AC-switch (c) and the triangular current mode
(TCM) resonant-transition PFC rectifier with synchronous rectification
[10] (d) are shown. The bridgeless PFC rectifier also could be realised
with clamping diodes instead of capacitors Ccpr1 and Ceopge [11].

o—1 9

Conventional

CM Fitler
eless PFC
witch

TCM Resonant-

§

Bridgeless PFC
Clamping Diodes
Bridgeless PFC
Transition PFC

Int
AC-
eless PFC

cless PFC

witch

Clamping Diodes
TCM Resonant-

Bridgeless PFC
Integr. CM Fitler

Brid
Transition PFC

\
Conventional
Bridg

AC

(=] — (8] w B W f=) ~ oo N}
T T L. TR P P TR T

;

MOSFET Area No. of Diodes

Fig. 3: Total MOSFET chip area for equal conduction losses of the
topologies given in Fig. 2. Additionally, the quantity of required fast
recovery diodes (SiC) is shown. There, D1-D4 in Fig. 2a) and D2 &
Dy in Fig. 2c) are replaced by MOSFETSs (synchronous rectifiers).

resonant-transition single-phase PFC rectifier with a
switching scheme according to Fig. 4 has been proposed
[10], [12]-[14]. At the top of this figure an equivalent
circuit of the converter given in Fig. 2d) with only a single



—o0
B4k
P I— :E_
-5 C
1 'C,,, 0
A5
P I— o

a)

Connection due to S, turned on

iy 1 2 3

4\ 5\ ?

/

AVGL.N

©)

Fig. 4: a) One leg of the TCM resonant-transition PFC rectifier with
nonlinear parasitic capacitors C'p,, and b) waveforms of the inductor
current i,, and of the voltage w1 across the lower MOSFET.

half bridge leg (e.g. MOSFETs S; and S; in Fig. 2d) for
shaping the input current is shown. This equivalent circuit
is valid for the positive mains cycle, where switch Sy is
constantly turned on and not shown in Fig. 4.

In Fig. 4b) the control signals, the voltage across
MOSFET 5,1, and the inductor current i;, are shown for
one switching period T». The turn-off current Ig of switch
S1 is always chosen such, that the energy stored in
inductor L is large enough to increase voltage uci up
to Up in order to enable ZVS turn on of switch S, after
the resonant transition time Trr1. With S, turned on, the
energy stored in L is transferred to the output capacitor

and Sy acts as synchronous rectifier.

Due to capacitors Cp; and especially Cps, which
shows a large capacitance for ucy =~ Up, current iy, in L
reverses after the time interval T, ¢, so that again energy
is stored in L for a resonant-transition of ucz; down to
zero. Assuming, that the mains voltage u is smaller than
Uo /2 and neglecting losses, switch S, can be turned off
at the zero crossing of iy, (i.e. at Tr=0 in Fig. 4b) and due
to the resonance of L and Cp;||Cp2 voltage uc; reaches
zero. Shortly thereafter switch S; is turned on at zero
voltage and the new cycle starts.

In case uy > Up/2, the resonance of L and Cp||Cpa
is not enough to bring uc; down to zero. Therefore,
switch S, is kept turned on for time T after T,;; and
i reverses, so that finally the negative amplitude of iy is
increased as shown in Fig. 4. Time Tg is chosen such,
that enough energy is stored in L for decreasing uc;
down to zero. As soon as iy, is equal to Ii or after time
Tr, switch S, is turned off and uc; resonates down to
zero and S; is turn on at ZVS condition.

With this control scheme, the boost diodes can be
replaced with synchronous rectifier MOSFETs without
causing additional capacitive switching losses. This al-
lows a significant reduction of the conduction losses in
the semiconductors. However, the RMS currents in the
boost inductor and in switches S,/5, are larger than for
the conventional PFC rectifier, as for un > Up /2 an addi-
tional negative current I for achieving ZVS must be gen-
erated. With an increased I also Is must be increased in
order not to change I4v ¢, which is the average current
during a switching period. This I4yg,. should show a
sinusoidal time behaviour equal to T4y Ny @s shown in
Fig. 4c) and/or its average over half a mains cycle should
be equal to the average mains current [ 4y required for
the desired output power.

The larger RMS current could be compensated con-
cerning the losses by increasing the chip area of 51/5
and/or by reducing the Rps., and consequently the
conduction losses. However, for a larger chip area again
the RMS current values must be increased as the par-
asitic capacitances Cp; and Cpy have a larger value.
Furthermore, the gate drive losses increase as the gate
charge increases with the chip area. Thus, there is an
optimal value for the chip area resulting in minimal overall
losses as will be shown below.

The MOSFETs 5;-S; connected to an inductor in
Fig. 2d) are operating at a high switching frequency and
due to the resonant-transition with ZVS conditions. With
these MOSFETs the input current is shaped. The return
path for the inductor currents is provided by MOSFETSs S5
and Sg, which change their switching state at each zero
crossing of the mains voltage, i.e. at very low frequency.
This common return path used for all fast switching legs
simplifies the control and reduces the circuit complexity.

Due the return path operating at low frequency, the
output of the rectifier is always connected to the mains.
Consequently, the potential of the output voltage with
respect to ground varies only twice during one mains



cycle, so that the generated CM current is relatively
small. By interleaving several stages also the DM input
ripple could be decreased significantly, so that only a
small EMI filter is necessary. Further details about the
synchronisation of interleaved bridge legs can be found
in [15].

Details about the EMI behaviour of the bridgeless PFC
rectifier can be found in [8]. There, a setup with clamping
diodes and one with integrated CM-filter has been inves-
tigated and measurement results for the bridgeless PFC
rectifier are presented.

The MOSFET area for the TCM resonant-transition
PFC rectifier shown in Fig. 3 depends on the forward volt-
age drop of the boost diode, the input current (modulation
index) and the specific on-resistance of the MOSFET. In
order to obtain the same conduction losses for a 3kW
PFC rectifier operating at 230V mains voltage and a
specific on resistance of 25mQcm?, for the TCM rectifier
in total 1.2 times the MOSFET chip area of the bridgeless
PFC rectifier with integrated CM-filter would be required.
In Fig. 3 for the TCM rectifier it is assumed that the
MOSFETs have the same chip area as the bridgeless
PFC rectifier with integrated CM-filter, i.e a factor of 2
between the areas is shown. This results in the same
conduction losses at low line voltage, but higher efficiency
of the TCM rectifier at u=230V.

[Il. CALCULATION OF THE p-n-PARETO-LIMITS OF
DIFFERENT PFC RECTIFIER CONCEPTS

For determining the limiting curves in the p-n-plane
and/or the Feasible Performance Space [8], [16], in the
following mathematical expressions for the losses and
the volumes of the components of the single-phase PFC
rectifier topologies discussed in section 2 are derived.
These expressions are relatively simple approximations
but nevertheless allow an identification of the limits and
also of the relative performance of the different topolo-
gies.

In contrast to the equations presented in [8], where
a direct relation between the power density and the
efficiency for the bridgeless PFC rectifier has been de-
rived, here the losses and the volumes are calculated
in dependency on the switching frequency and then a
parametric plot of the limiting curve is performed. This
simplifies the calculation of the Pareto-Front significantly
and allows to easily add additional volume and/or loss
contributors.

A. Power Semiconductors

First, the losses in the power MOSFETSs and the diodes
are calculated in dependency of the operating frequency
based on general equations for the conventional PFC
rectifier. Based on this, the loss equations for the different
topologies are derived.

For the loss equations, the RMS and the average
currents in the devices are required. These can be cal-
culated with

P 1 4 .
Irpms,N = % Irnms,s = 5~ 37TMIN
2 1 . 4 .
I L =)
ave,s = — = orIn Irmsso sear N
1 . 1
Isava,BD = mfzv IrMs,RD = §IR1WS,N
1.
Iavag,rp = —IN

with the modulation index M = Uy /Ul

Currents Irns.s/lavea,s are the RMS and the average
current in the switch, Irars Bp/Iave,sp the RMS and the
average current in the boost diode and Irars, rp/lave,rD
are the characteristic current values of the rectifier
diodes.

These equations are all for the conventional boost PFC
rectifier and used in the following to determine the losses
for the different topologies. There, first the conventional
PFC is considered and based on the results the losses
for the other topologies are determined.

The conduction losses in the boost diode are

Pysp =Urpplava,sp + Rospliyssp (1)

with Rp gp ~ 1/Achip.ep- There, Up,p is the forward
voltage drop and Rp pp the differential resistance of the
diode. The differential resistance is linearly dependent on
the chip area of the diode Acpip sp. Which also deter-
mines the value of the parasitic boost diode capacitance.
This parasitic capacitance must be charged during turn-
on of the boost switch and generates switching losses
in the boost switch. The larger the diode chip area is,
the lower are Rp pp and the conduction losses, but
the higher are the switching losses in the MOSFET.
Consequently, there is an optimal value for Acnip.BD
resulting in minimal losses. The calculation of the optimal
area will be shown below.

In order to achieve a high efficiency and a compact
design, switching losses should be minimised, so that it
is assumed here that SiC Schottky diodes are utilised
as boost diode [17]-[19]. The conduction losses of the
rectifier diodes Py, rp can be calculated analogously and
the switching losses are negligible.

The conduction losses in the MOSFET can simply be
calculated with the on-resistance Rps., and the RMS
current. The switching losses are mainly determined by
the output capacitance of the MOSFET and the capaci-
tance of the boost diode, which are both discharged via
the MOSFET during turn-on. The additional switching
losses caused during the commutation of the inductive
current are relatively small if a high efficiency is desired,
since the time for the commutation decreases linearly
with an increasing chip area of the MOSFET. As for a high
efficiency a large chip area is required, the commutation
losses become relatively small in comparison to the
losses due to the output capacitance, which increase with
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Fig. 5: Dependency of the sum of conduction and capacitive switching
losses of a power MOSFET on the chip area Acpp,ar- The capacitive
switching losses are due to the output capacitance C,ss. Parameter:
Switching frequency fp and thermal resistance R;j. A larger chip area
reduces the conduction losses (Rpson ~ 1/Achip,ar) but results in
increased capacitive losses (Cp ~ Acnip,ar). Accordingly, depending
on fp minimum total losses are achieved for a chip area Achip, i, opt-
For higher thermal resistance R;,2 > R;n1 and/or higher junction
temperature and on-resistance, the loss minimum is shifted to higher
chip areas but despite the larger chip area higher total losses do occur.
(Similar relations can be shown for Achip, BD-)

the chip area. Moreover, by decreasing the gate drive
resistor, the time for turning on decreases. Therefore, the
MOSFET losses are approximately given by

(Ceq,IM + Ceq,BD) Ug
2

()

Pv.r = Rpsonlfns.s + fp

with Rpson ~ Ag,lu.p_M and Cey, ~ Achip.- There Ceg
is a constant equivalent capacitance, which results in the
same switching losses as the voltage dependent output
capacitance Cp of the switching MOSFETSs. The voltage
dependency of Cp could be approximated by Cp = Cy
VUo/ups with Cy = Cp at Up. This results in W¢,, =
2/3 Cy U, for the energy stored in the output capacitance
at a blocking voltage Up. Consequently, the equivalent
capacitance is

4
Ceq,M = gCO (3)

Analog considerations can be performed for the capaci-
tance C.q,5p Of the boost diode, which also results in the
same switching losses as the voltage dependent diode
capacitance.

Due to the strongly nonlinear behaviour of C'p of Super-
Junction MOSFETSs, the turn-off losses are relatively
small (ZVS condition) and are neglected in the following.

In (2) it could be seen that the conduction losses
decrease and the switching losses increase with increas-
ing MOSFET and/or diode chip area. Therefore, there
is an optimal value of the chip areas, which minimises
the MOSFET and the boost diode losses. This could be
seen in Fig. 5, where the MOSFET losses are plotted as
function of the chip area with the switching frequency as
parameter.

For determining the optimal chip area the minimum of
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d (PV,BD + fP‘CCQ’JszDU()) n 4
=0 = i o
dAChip,BD Chip,BD,opt ( )
dP
ﬁ =0 = AcChip,M,opt (5)

must be calculated. In the equation for the optimal diode
chip area Achip,BD,opt, also the capacitive switching
losses in the MOSFET caused by the parasitic diode
capacitance must be considered as these depend also
on Achip,Bd-

The temperature dependency of the on-resistance and
the differential resistance of the diode is calculated by

1
RpBp = —; 1 (1+appPv.epRih,j—a,BD)
D,25°C#1Chip,BD
1
Rpson = (I4+arPvrRinj—ar). (6)

*T,QSOCACM%JW

There, Rip j—a, is the thermal resistance between the
junction of the diode/MOSFET and the ambient and it is
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Fig. 7: Variable Losses in a 1kW TCM resonant-transition PFC rectifier
with the specifications given in Table | as function of the chip area
including losses in the EMI-filter, the output capacitor and the control,
which are not shown separately. In a) the loss distribution at 20% output
power and in b) for 100% output power are shown.

assumed that no thermal coupling between the semicon-
ductors exists. Including a thermal coupling is basically
possible but requires a numerical solution for the optimal
chip areas. This is also true if the dependency of the ther-
mal resistance on the semiconductor chip area should be
considered Rth,jfa,l/ ~ Rth7jfa70,l//AChip7V+Rth,jfa7HS,u1
where Ry, j_q ms, describes the part of the thermal re-
sistance, which is independent of the chip area (e.g. heat
sink). With G7 5. the specific conductivity at 25°C and
with «,, the temperature coefficient of the diode/MOSFET
on-resistances is denominated.

The losses in the rectifier diodes Py, rp can simply be
determined with the forward voltage drop and the average
current. In case the rectifier diodes are replaced by
synchronous rectifiers (MOSFETs) with an on-resistance
Rpson.s, the losses are RDSWSI}%{MS’RD.

The total semiconductor losses of the conventional
boost rectifier are

Py conv = Pyt + Pvep + 2Py RrpD. (7)

Based on these losses the volume of the heat sink could
be calculated as described in the following section. For
the bridgeless converter the semiconductor losses could
be calculated by

Py pr = Py,r + Pypp + 2Py Rrp. (8)

TCM resonant-transition PFC rectifier: For the hard
switching PFC topologies, the increase of the optimal chip

area of the boost diodes and MOSFETSs (i.e. reduction of
the conduction losses) is limited by the corresponding
increase of the switching losses due to the parasitic
capacitances. In the TCM resonant-transition PFC rec-
tifier, the switching losses are eliminated as described in
section Il and in detail in [10]. However, the RMS currents
in the boost inductor and in the switches as well as the
required gate drive power still increase with the chip area
and an optimal chip area can be calculated. Therefore,
the losses in the boost inductor, the switches and the
gate drives must be determined in dependency of the
semiconductor area following the procedure depicted in
Fig. 6.

In this procedure, the currents Iava,t, Irms,: and the
times Ton, TrT1, Toff, Tr, Trr2, and Tre (Cf Flg 4)
are calculated for each switching period separately for a
fixed chip area and output power level as described in
detail in [10]. There, the time for the resonant transition
is determined by solving a differential equation including
the nonlinear parasitic capacitances Cp; and Cpy and
the turn off current Ig is determined iteratively until
the average current for the considered switching period
Tave,: is equal to required one T4y, v This is repeated
until a quarter of a mains cycle is reached.

With the times and the current values for the different
switching periods, the boost inductor and the component
currents are described by a piecewise linear function
for a mains period and the harmonics of the currents
are calculated for determining the HF losses in the
winding. Furthermore, the RMS and average currents are
determined. Thereafter, the chip area is modified and the
whole procedure is repeated for the new area. Finally,
the currents, the losses and also the efficiency are given
as function of the chip area. Further details about the
calculation procedure can be found in [10].

In Fig. 7 the resulting losses for the TCM resonant-
transition PFC rectifier with the specifications shown in
Table | are given as function of the chip area for full
output power and for 20% of the nominal load. There,
also the gate drive losses are considered, since these
also depend on the chip area and finally have a significant
influence on the optimal chip area in the TCM PFC
rectifier. For the inductor losses a magnetic core E42
made of ferrite material N87 and a litz wire with 420
strands each with a diameter of 0.071mm has been con-
sidered. The core losses are calculated with the approach
presented in [20] and for the winding losses also the skin
and the proximity effect losses are included. Additionally,
the constant losses for the controller/auxiliary supply, the
ohmic losses for the EMI filter and the losses in the output
capacitor due to the high ripple current are considered.

As could be seen, with decreasing output power the
optimal chip area decreases rapidly and in order to
achieve a high efficiency for a wide operating range for
the prototype system shown in Fig. 15 a relative chip area
of 1, i.e. a realisation of a switch with a single MOSFET
STW77N65M5, has been chosen.



B. Cooling System

The cooling system is a major limitation for the achiev-
able power density, especially in case the efficiency is
low, so that a large amount of heat has to be dissipated
and a large share of the system volume is occupied by
the cooling system. The cooling system volume, i.e. heat
sink + fan/pump, is dependent on the applied cooling
technique (natural convection, forced air or water cool-
ing), the performance of the fan/pump and the material
of the heat sink (e.g. aluminium, copper, graphite). For air
cooled systems this dependency could be described with
the cooling system performance index (CSPI) defined in
[21], where the Ry, is directly related to the volume of
the heat sink by

CSPI[ L] = : _Gulil g
Kdm? 3 Rop [£] Vi [dm3] — Vi [dm3)’

The thermal resistance could be calculated with the
maximal allowed junction temperature Tj ,,,, and the
semiconductor losses (cf. section llI-A), i.e. Ry, =
Py /(T}.maz — Ta), what finally results in the heat sink
volume. For forced air cooled systems the CSPI is ap-
proximately between 5 for commercial cooling systems
and 30 for optimised systems.

C. Input Inductor

Besides the semiconductors, the magnetic compo-
nents are the main cause for losses in the PFC system.
In order to minimise the losses, the design of the inductor,
i.e. the geometry and the number of turns must be
optimised for minimal losses. As the losses decrease with
increasing volume due to the decreasing current and flux
density even in case the HF losses are considered as
has been shown in [8], the volume must be limited during
the design of the inductor. Otherwise, the volume would
go to infinity during the optimisation for minimal losses
and there are minimal losses for a given inductor volume.
In the following the losses are calculated as function of
the inductor volume and the optimal number of turns is
determined.

These considerations are performed with basic equa-
tions neglecting the HF losses, since these depend also
on the geometric design of the magnetic component.
As has been shown with numerical optimisations for the
bridgeless PFC rectifier in [8], the results for the system
level Pareto-Limits, which are determined with the basic
equations, show the same basic tendency as the curves
calculated with the numeric models, but allow a much
faster calculation.

The core losses are expressed as function of the
geometry and the Steinmetz parameters, which can be
obtained from the data sheets of the core material. The
flux density is calculated with the winding voltage and the
mean turn length I,y is expressed as function of the
cross sectional area of the core A¢, and the shape factor

ksc. Furthermore, it is assumed that the pulse duration
T is proportional to Y/¢.

ur \*
Poo = Bﬁ ¢ o= “A olCo
co=CB" f*V¢ C<NACO> f*Acolc
U\’ 1 1
=C(—<) r* kscAZ 10
(N) P TG fedee o)
with
~ Aco _lunt
kCW — m and kSC — ACO .

The winding losses neglecting HF-effects are calcu-
lated as function of the geometry, where the cross sec-
tional area of one turn is calculated with the copper fill
factor kcy times the window area Ay, divided by the
number of turns N.

N2y,

Pwag = RWII%{MS = m—’z%ms

_N 2kewksw 72
o Ao koy EMS

with kSW = l]\/[NT/\/ AW

Since the winding losses increase with the number of
turns N and the core losses decrease with IV, there is an
optimal number of turns No,: resulting in minimal losses.
This No,, is calculated in the third step and then used
to eliminate IV in the winding and core loss equations.

By minimising P¢, + Py as function of N with respect
to the losses one obtains

(11)

Nopt =U; D27 %55

—1

28—4 _ P T

. Aco k%’WU?D4k§WI?,RJVISf zact2fi e
C? B2 k%, 0

(12)

for the optimal number of turns.
For relating the losses and the inductor volume, the
core and the winding volume are expressed by

Voo = Acoksc/ Aw = Al kewksc (13)
Viv = Awksw v/ Aco = A% ksw VEkow . (14)

Solving this for the core area and setting V;, = Voo, + Vir
results in

(15)

ot ()
©o = W \ kowksc + kswkow )
Inserting the optimal number of turns and the expres-
sion for the core losses in the sum of (10) and (11) and
summarising the constants in ks~ = f(3) results in the
total losses

RO
P, = kZVL f 2+8 IRMSUH'B'

(16)
Assuming for example g =2 and o = 1 results in

N Ulrms

Py, 1
VIve

(17)



which shows that the losses decrease with an increasing
inductor volume. Furthermore, the losses monotonically
decrease with higher operating frequencies what is true
only if the HF losses are neglected. In reality, the losses
increase again at high operating frequencies.

For determining the losses P;, and also for calculating
the power density of the system, the volume of the induc-
tor is required. This is related to the switching frequency
by the current ripple. Assuming an equivalent DC-DC
boost converter with a duty cycle D, the ripple of the
inductor current is given by

R Tt R Y
ViD 1
— L = — 18
ani I fp (18)

with the relative ripple current aa;, .

Furthermore, the inductor volume is approximately pro-
portional to the stored energy, i.e.

Vi = aVL%LI%, (19)

where ay, is atechnology factor of the inductor, which re-
lates the volume to the stored energy. At higher operating
frequencies and higher relative ripple currents, factor oy,
decreases due to thermal limitations. This is neglected in
the following, since this would require a thermal model,
that depends very much on the geometrical design of the
converter.

With the inductance value calculated in (18) and the
approximation I, ~ Iy, grms ~ I7, the inductor volume is

1 V[D 1 2 DQVL P] -~ DaVL PO

SO aan I fr LT 200, fr . 200, fr
assuming a high efficiency, i.e. Po ~ P;.

With (16) and (20) the losses and the volume of the
magnetic device are given as function of the frequency
and can be utilised to calculate the Pareto curve. There,
the parameters are adapted, so that these fit to the
different considered topologies.

VL, (20)

D. Output Capacitor

For the output capacitor either electrolytic, film or ce-
ramic capacitors could be used. Electrolytic capacitors
offer the highest amount of stored energy per volume.
However, the losses in the electrolytic capacitors due
to the ESR and the leakage current are the highest.
Ceramic capacitors offer a high ripple current capability
and a good stored energy per volume, but for realising
a high output capacitance a large number of capacitors
must be connected in parallel. Furthermore, the capaci-
tors are more sensitive to mechanical forces, what could
influence the system reliability, so that in the following
the ceramic capacitors are not considered any more.
Film capacitors also have a high ripple current capability
and low ESR/leakage current, but offer the lowest energy
density.

The losses in electrolytic capacitors are given by

2 2
Pcg = Resrirlop r+ REsrurlop prt

+ IreaUo (21)

where it is assumed that the equivalent series resistance
Resr,ur is constant for all the HF harmonics Ic, ur
and for calculating the losses due to the low frequency
ripple current I, r a separate ESR Rgsr 1 r is applied.
Additionally, the losses due to the leakage current are
considered, which are, however, usually quite small.

The energy density of electrolytic capacitors scales ap-
proximately linearly with the output voltage [2]. Assuming
a constant output voltage, the energy density is fixed and
the volume linearly depends on the capacitance value. In
the following it is assumed, that the capacitance value of
the output capacitor is mainly determined by the ripple
current and not by hold up time requirements. Thus, the
volume of the electrolytic output capacitor is proportional
to the ripple current

Vor = Yy, lo.rus, (22)

where 7\7.311; (energy per volume) is the proportionality
factor between the energy and the volume. The ripple
current could be directly related to the output power

1/ 4 1 2M ([ 4 1
C,RMS M(Z:’m 4M> NTUR (377 4M)PO’ (23)
where M is the modulation index. With this relation the
capacitor volume is approximately given by

, Po [8SM 1
E=Wergo\ 3r 2
The resulting capacitance value is usually large enough
to meet also the voltage ripple requirement.

In contrast to the electrolytic capacitors, the volume of
film capacitors scales linearly with the stored energy [2]
since the thickness of the capacitor is mainly determined
by the thickness of the dielectric layers. Therefore, the
volume could be calculated by

Ve (24)

Ver = 'y;ch%CFUg. (25)
In case the output voltage Uy is fixed, the volume just
scales with the required capacitance value Cr, which is
determined by the allowed ripple voltage. Approximating
the capacitor current by a sinusoidal current with an
amplitude equal to the average output current, the relative
peak output voltage ripple is given by

acp Po 1 Po 1

7 = = = . 26
OAucr Uo dwn %CFUg dwn Yo Vor (6)
This could be directly converted to
P,
Vop = ot © : (27)
WNXAucpr Ve r

for the volume of the output capacitors based on film
technology.



The losses can be evaluated with the same relations
as used for the electrolytic capacitors, but the ESR and
the leakage current are much smaller, so that the losses
often can be neglected.

E. Auxiliary, Control & Gate-Drive

The volume Vg, and the power consumption Pg,,
of the control is relatively independent of the applied
topology, but slightly depends on the chosen switching
frequency. This influence is neglected in the following and
just a constant volume and power consumption for the
control circuit are assumed.

The volume and power consumption of the auxiliary
supply scales with the switching frequency (e.g. gate
drive losses), the consumption of the control and with the
cooling, i.e. power consumed by a fan/pump. Additionally,
a constant power and volume is required e.g. for the
control IC of the auxiliary supply or power for a pre-
charge relays. Consequently, the volume/power is given
by

(28)
(29)

PAua; - PAuw,O + kP,Au;L'PAuw,lf
VAum = VAuLO + kV,AquAua:,l f

With increasing chip area the losses in the gate drive
increase as the gate charge increases. Furthermore, the
losses increase with switching frequency. Consequently,
the gate drive losses for an unipolar gate voltage Ugate
are

Achip
Achip,o

PGate = QGate,O UG’atefP7 (30)
where Qcrip,o is the reference charge at the reference
chip area Acnip,0- For the volume of the gate drive only

a fixed value is assumed.

F. Overall Systems

In the previous sections, mathematical expressions for
the losses in the semiconductors, the boost inductor, gate
drives, auxiliary power supply and output capacitor as
well as for the volumes of the different components have
been derived in dependency of the switching frequency.
In order to calculate now the p-n-Pareto-Limits of the
considered topologies, the total system losses, i.e. the
sum of the losses of the individual components, and the
system volume are calculated for different frequencies.
In case of the bridgeless PFC rectifier with electrolytic
capacitors this could be e.g. performed by

Ptot(f):PV,BL+PL+PCE+PCon+PAuI+PGate
V;tot(f) = VH+VL+VCE+VCO7L+VAUI+VGatG'

(31)
(32)

The resulting values for the losses and for the volume are
plotted as parametric plot in the p-n-plane. The results are
discussed in section IV. In these equations easily further
component losses/volumes can be added.
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Fig. 8: p-n-Pareto-Limits for the conventional, the bridgeless and the
TCM resonant-transition PFC rectifier. For the bridgeless PFC concept
two technology sets — one facilitating high power density and one
facilitating high efficiency — are shown. The dark blue curve shows the
limits for the conventional PFC rectifier with diode bridge and the light
blue curve for a system with synchronous rectifiers. The the curves are
calculated for systems with parameters optimised for operation only at
nominal voltage u=230V.

TABLE I: Specifications of the single-phase PFC rectifiers. The nominal
output power of the TCM resonant-transition PFC rectifier is 3kW.

Output power Po 3.2kW
Line voltage U 230V+£10%

Output voltage Up 365V

Ambient Temperature 45°C

IV. TOPOLOGY PERFORMANCE MAP
AND SENSITIVITY ANALYSIS

Based on the algorithms and models presented in
section lll, the p-n-Pareto-Limits are calculated for the
topologies presented in section Il and the specifications
given in Table |. The results for systems optimised for
un = 230V are shown in Fig. 8, where the limits for the
conventional PFC rectifier, for the bridgeless PFC system
and for the TCM resonant-transition PFC rectifier as well
as the performance of prototypes of the systems (cf. next
section) are depicted. For the bridgeless PFC rectifier
two different technology sets, one optimised for efficiency
(natural convection, large inductor volume, low loss EMI-
filter, etc.) and one optimised for power density (forced air
cooling, small inductor volume, compact auxiliary power
supply, etc.) are considered.

This p-n-Performance-Map clearly reveals the perfor-
mances achievable with the different topologies and
technologies. For example, for achieving an ultra-high
efficiency the bridgeless topology with integrated EMI-
filter (cf. Fig. 2b) is a very promising candidate if it is com-
bined with technologies as e.g. control circuit, auxiliary
supply, cooling, EMI filter which are optimised for minimal
losses. As already mentioned, the required silicon area
for the bridgeless converter is relatively small compared
to the other topologies. Similar efficiency values can be
achieved with the TCM resonant-transition PFC rectifier.
However, a slightly larger silicon area is required for the
switches.

The ultra-high efficiency values are all achieved at
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Fig. 9: Winding losses, i.e. resistive losses considering skin and proxim-
ity effect and core losses of an inductor in dependency of the inductor
volume. The core geometry is optimised for minimum total losses;
winding losses due to the fringing field of the air gap are not considered.
An increase of the overall inductor volume results in a reduction of the
total losses.

low switching frequencies, which limit the HF losses in
the magnetic components and keep the switching losses
low in case of the hard switched topologies. During
the optimisation for minimal losses the volume of the
magnetic components must be limited, since the losses
monotonically decrease with increasing volume as could
be seen for example in Fig. 9. There, the winding and
the core losses including HF-effects of an inductor are
shown as function of the inductor volume.

At the low switching frequencies, the switching losses
are low and the chip area could be increased in order
to reduce the conduction losses (cf. Fig. 5). This reduces
the size of the heat sink for the semiconductors. However,
the volume of the inductor must be increased in order to
limit the current ripple at the low switching frequency and
in order to reduce the losses. Consequently, the ultra-high
efficiency comes with a relatively low power density. This
is also validated by two ultra-efficient prototype systems
which are discussed in detail in [8] and [9]. The prototype
system showing the highest efficiency is also shortly
presented in section I1V-B.

By increasing the switching frequency the inductor
value decreases and therewith also the volume. However,
the switching/gate drive losses increase, so that with the
increasing power density, efficiency drops. This could be
also seen in Fig. 8, where all the Pareto-Limits in the
p-n-plane start at the left hand side with low switching
frequency. The parameter with which one moves along
the Pareto-Limits is the operating frequencies, which
reaches values in the range of approximately 500kHz in
the area of the sharp bend. At this point the power density
as well as the efficiency drops resulting in non-optimal
designs.

In Fig. 8 it could be seen that the efficiency of the
bridgeless PFC rectifier drops slightly faster with increas-
ing power density than the efficiency of the conventional
system since with the bridgeless PFC rectifier, the chip
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area of both MOSFETs (S; and S; in Fig. 2b) must be
decreased with increasing switching frequency in order
to limit the switching losses. However, in the bridgeless
PFC rectifier one of the MOSFETSs is constantly turned
on and provides the return path for the current, which
becomes more and more lossy with increasing switch-
ing frequency due to the reduced chip area. In case
of e.g. the conventional PFC rectifier, the return path
(either diode or synchronous rectifier) is unaffected by
the increasing switching frequency. In the graphs shown
in this paper a fixed chip area is assumed for the return
MOSFETs of the TCM resonant-transition PFC rectifier
as well as for the synchronous rectifier MOSFETSs.

This is also true for the TCM resonant-transition PFC
rectifier, which has a separate return path, that operates
at low frequency. With this rectifier topology also the best
compromise between power density and efficiency could
be achieved. Power density values up to 5kW/dm?3 at
efficiencies higher than 98% are possible.

It is important to note, that in all the p-n-Performance-
Maps shown in this paper always the net volume, i.e.
only the component volume without additionally required
volume for interconnection and mounting, is used for
calculating the power density. Thus, the power density
values shown in the graphs typically must be reduced
by 20%-25% for real systems, what also could be seen
for the depicted performances of the prototype systems,
which are lower than the calculated maximal power
density values but still show outstanding power density
values.

So far in the p-n-plane given in Fig. 8 only one operat-
ing point, i.e. in the depicted case the nominal operating
point (uy), has been considered. In case of a wide
operating range, a design compromise is required due to
the strongly varying mains currents for uxy=100V and for
un=230V. This affects also the achieveable power density
and efficiency values as could be seen in Fig. 10a),
where the Pareto-Limits in the p-n-plane are given for an
input voltage of ux = 100V in a). Due to the high mains
current the achievable efficiency values significantly drop.
In case of the bridgeless PFC rectifier approximately
by 0.5%-0.75% and for the conventional and the TCM
resonant-transition system by significantly more. There,
it is important to note, that the chip area of the return
MOSFETs of the TCM resonant-transition PFC rectifier
as well as for the synchronous rectifier MOSFETSs is the
same as in case of the design optimised for uy = 230V.
Increasing these chip areas results approximately in an
efficiency drop of 1% for the conventional and the TCM
resonant-transition PFC rectifier compared to the case
where the systems where optimised only for operation at
uny = 230V and also increased chip area.

In case of a wide input voltage range operation, also
the efficiency values at u = 230V drop as could be seen
in Fig. 10b) where the limiting curves for operation at uy
= 230V are shown. There, the system parameters are
chosen so, that the system could operate also at low line
(un=100V), i.e. at high input current, what for example
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Fig. 10: The same limiting curves in the p-n-plane as shown in Fig. 8
but in a) for low line operation, i.e. with an input voltage of 100V. In
b) the limiting curves of the systems with parameters optimised for low
line operation, i.e. the chip area and the inductor are designed for the
high input current at uy = 100V, are shown for nominal input voltage
(uny = 230V). There, it could be seen that due to the wide input voltage
range, the Feasible Performance Space is reduced since the designs
need to be a compromise between optimal operation for high and for
low line operation.

results in a larger chip area that causes higher switching
losses at uny=230V. Compared to the systems where only
the nominal operating point (ux=230V) is considered for
determining the parameters, the maximal efficiency drops
by approximately 0.5% for all systems.

The shown Pareto-Limits in the p-n-plane are typical
for heterogeneous systems which consist of semicon-
ductors, magnetics and other passive components. In
these systems often the volume distribution between the
passives and the cooling is relatively balanced in case of
optimised system parameters. For systems which only
consist of a cooling system and passive components
(e.g. DC link capacitor) that are relatively independent
of the operating frequency as for example given in in-
verter drives, the limiting curves are very different, since
such system do not have components, which could be
made more compact at the expense of the efficiency.
Consequently, the Pareto-Limits shows an increasing
efficiency with increasing power density, since the cooling
system becomes smaller for higher efficiency values. An
example for such a line is given in Fig. 11, where all the
losses/volumes of the ultra-efficient bridgeless PFC rec-
tifier are included except for the inductor losses/volume.
The achievable maximal power density depends in this
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Fig. 11: Limiting curves in the p-n-plane for the bridgeless PFC rectifier,
when the volume and the losses of the magnetic components are
neglected. The maximal achievable power density is determined by
the constant volume contributions as e.g. the output capacitor or the
control and is reached at very low switchting frequencies, where the
semiconductor losses become negligible, i.e. the volume of the heat
sink becomes zero.

case on the volume of the heat sink and the volumes of
the components which are independent of the operating
frequency (e.g. output capacitor, control, gate drive). The
maximal power density and efficiency is reached for the
smallest operating frequency and the power density and
efficiency drops with increasing switching frequency due
to the switching/gate drive losses.

In the heterogeneous systems for each system a com-
promise between the power and the efficiency has to
be made as the efficiency decreases with increasing
power density. In order to compare different systems a
performance indicator as

1—np
PD

could be used [22], where ap is the angle between a
horizontal line and a line starting at p=0, n=1 and ending
at pp,np of the considered system. Further details can
be found in [22].

Note: Strictly speaking, the Pareto optimal solutions
are only the upper part of the Pareto-Limits in the p-7-
plane starting at the left hand side at small frequencies
and ending at the point where the highest power density
is achieved. The part below the maximal power density
represents non-optimal solutions, since for the consid-
ered power density a higher efficiency is possible (at a
lower operating frequency).

tanap =

(33)

A. DC-DC Converter

Based on the approach presented in section Il also
the limiting curves for other systems as e.g. DC-DC
converters can be calculated. In Fig. 12 the resulting
curves are shown for a current doubler rectifier, for which
in [4] a highly compact prototype system was presented.
In [4] also some basic analytic models are presented
for calculating the losses and the volumes. Details are
omitted here for the sake of brevity and will be published
in a future paper. A comparison between different DC-DC
converter topologies with respect to power density could
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Fig. 12: Limiting curves in the p-n-plane for a current doubler DC-DC
converter with the specifications given in Table II.

TABLE II: Specifications of the considered current doubler DC-DC
converter.

Output power Py 5kW
Input voltage U 400V
Output voltage Up: 48V
Ambient Temperature | 45°C

be found in [23]. The efficiency limit of a phase-shift DC-
DC converter with voltage output has been evaluated in
[24], [25], where a maximal efficiency of 99% has been
achieved.

B. Experimental Results

In order to validate the presented models and calcu-
lations, different prototype systems have been realised

Fig. 13: Laboratory prototype of the ultra-efficient 3.2kW bridgeless
PFC rectifier composed of two interleaved 1.6kW units with fp=16kHz;
overall dimensions: 190mmx188mmx65mm; output power density:
1.35 kW/dm?3, efficiency: 99.3%. (V;,, =230V, V,,:=365V).

Fig. 14: Prototype of the ultra-compact 3.2kW bridgeless PFC rec-
tifier composed of two interleaved 1.6kW units; overall dimensions:
175mmx80mmx42mm; output power density: 5.6kW/dm3.
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Fig. 15: Laboratory prototype of the ultra-efficient and ultra-compact
3kW TCM resonant-transition PFC rectifier with the specifications and
components given in Table I. Dimensions: 137x56x78mm3, power
density: 5kW/dm3, efficiency ~ 98.3%.
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Fig. 16: Measured mains voltage and current for the TCM resonant-
transition prototype system shown in Fig. 15 for Po,; = 3kW.

and tested. In Fig. 13 a 3.2kW ultra high efficiency PFC
rectifier based on the bridgeless topology (cf. Fig. 2b) with
the specifications given in Table | is shown. This converter
has an efficiency of 99.3% [9], and a power density of
1.35kW/dm?3. With the focus on power density the bridge-
less PFC system shown in Fig. 14 has been designed,
where a power density of 5.6kW/dm? at an efficiency of
95.6% has been achieved. The 3kW prototype system
of the TCM resonant-transition PFC as given in Fig. 15
has been built. It consists of three interleaved 1kW units
resulting in a much smaller input current ripple and has
a power density of 5kW/dm? at an efficiency of 98.3%.
In Fig. 16 measurement results for nominal output power
are shown, where it could be seen, that the mains current
is sinusoidal and the system operates as predicted.

V. CONCLUSION

In this paper the mapping functions, defining the rela-
tion of the material parameters and/or components per-
formance and the system performance (efficiency/power
density) are analysed for single-phase PFC rectifier sys-
tems. There, the conventional, the bridgeless and a
TCM (Triangular Current Mode) resonant-transition PFC
rectifier are considered and a relatively simple approach
is presented to determine the limiting Pareto curves of
the different systems in the p-n-plane.



These limiting curves define the boundary of the Per-
formance Space in the p-n-plane for the different topolo-
gies, i.e. the performance of the different topologies
with repsect to power density and/or efficiency could
be directly identified. Consequently, this topology perfor-
mance map significantly simplifies the topology selection
based on the desired system performance requirements.
It has been for example demonstrated that with the TCM
resonant-transition PFC rectifier the best compromise
between power density and efficiency could be achieved,
which could not be reached with the other considered
topologies.

For validating the considerations different prototype
systems are presented, which nicely confirm the pre-
sented limiting curves.

ACKNOWLEDGEMENT

The Authors would like to acknowledge the support
of Dr. Johann Miniboeck and Mr. Dominik Hassler in
connection with the practical realisation and experimental
analysis of the system prototypes.

REFERENCES

[1] H. Ohashi, “Research activities of the power electronics research
center with special focus on wide band gap materials,” Proc. of the
4t Conf. on Integrated Power Systems, Napels, Italy, pp. 153
156, 2006.

[2] J. W. Kolar, U. Drofenik, J. Biela, M. L. Heldwein, H. Ertl, T. Friedli,
and S. D. Round, “PWM converter power density barriers,” in Proc.
of the Power Conversion Conf. (PCC), Nagoya, 2-5 April 2007, pp.
9-29.

[3] J. Biela, U. Badstuebner, and J. W. Kolar, “Design of a 5-kW, 1-U,
10-kW/dm3 resonant DC-DC converter for telecom applications,”
IEEE Transactions on Power Electronics, vol. 24, no. 7, pp. 1701—
1710, 2009.

[4] U. Badstibner, J. Biela, B. Fassler, D. Hésli, and J. W. Kolar, “An
optimized 5kW, 147W/in3 telecom phase-shift DC-DC converter
with magnetically integrated current doubler,” in Proc. of the 24"
IEEE Applied Power Electronics Conference (APEC), 2009, pp.
21-27.

[5] C.J. Wu, F. Lee, S. Balachandran, and H. L. Goin, “Design opti-
mization for a half bridge DC-DC converter,” in IEEE Transactions
on Aerospace and Electronic Systems, vol. AES-18, no. 4, 1982,
pp. 497-508.

[6] S. Busquets-Monge, J.-C. Crebier, S. Ragon, E. Hertz, D. Boroye-
vich, Z. Gurdal, M. Arpilliere, and D. K. Lindner, “Design of a boost
power factor correction converter using optimization techniques,”
IEEE Transactions on Power Electronics, vol. 19, no. 6, pp. 1388—
1396, 2004.

[7] S. Busquets-Monge, G. Soremekun,
S. Ragon, D. Boroyevich, Z. Gurdal, M. Arpilliere, and D. K.
Lindner, “Power converter design optimization,” IEEE Industry
Applications Magazine, vol. 10, no. 1, pp. 32-38, 2004.

[8] J. W. Kolar, J. Biela, and J. Miniboeck, “Exploring the Pareto front
of multi-objective single-phase PFC rectifier design optimization -
99.2% efficiency vs. 7kW/dm3 power density,” in Proc. of the 6"
IEEE Power Electronics and Motion Control Conf. (IPEMC), 2009.

E. Hefiz, C. Crebier,

9]

[10]

(11]

(12]

[13]

[14]

(18]

[16]

(17]

(18]

[19]

(20]

(21]

[22]

(23]

[24]

(28]

13

J. Biela and J. Kolar, “Optimal design of a compact, 99.3 % efficient
single-phase PFC rectifier,” in Proc. of the 25" IEEE Applied
Power Electronics Conference (APEC), February 2010.

J. Biela, D. Hassler, J. Miniboeck, and J. Kolar, “Optimal design
of a 5kW/dm3 / 98.3% efficient TCM resonant transition single-
phase PFC rectifier,” in Proc. of the IEEE/IEEJ International Power
Electronics Conference (ECCE Asia/IPEC), June 2010.

Y. Jang and M. M. Jovanovic, “A bridgeless PFC boost rectifier
with optimized magnetic utilization,” IEEE Transactions on Power

Electronics, vol. 24, no. Ep 85-93, 2009.
J. W. Kolar, J. MInIbOCk J iela, and C. Marxgut, “Bidirektionaler,

verlustarm schaltender Konverter (Modulation and topology for a
bidirectional, soft switching PFC converter).” Patent Application,
2009.

J. W. Kolar, J. Biela, and D. Hassler, “Bidirektionaler, verlustarm
schaltender Konverter (Control concept and topology for a bidirec-
tional, soft switching PFC converter).” Patent Application, 2010.
C. Marxgut, J. Biela, and J. W. Kolar, “Design of a multi-cell, DCM
PFC rectifier for a 1mm thick, 200W off-line power supply — The
Power Sheet,” in Proc. of the 6" International Conference on Inte-
grated Power Electronic Systems (CIPS), Nuremberg, Germany,
2010.

——, “Novel interleaved bridgeless PFC rectifier topology for high
efficiency, high power density systems,” in Proc. of the IEEE/IEEJ
International Power Electronics Conference (IPEC/ECCE Asia),
Sapporo, Japan, 2010.

D. Mueller, G. Stehr, H. Graeb, and U. Schlichtmann, “Determin-
istic approaches to analog performance space exploration (PSE),”
in Proc. of the 42"d Design Automation Conference, June 13-17
2005, pp. 869-874.

M. Janicki, D. Makowski, P. Kedziora, L. Starzak, G. Jablonski, and
S. Bek, “Improvement of PFC boost converter energy performance
using silicon carbide diode,” in Proc. International Conference
Mixed Design of Integrated Circuits and System (MIXDES), 2006,
pp. 615-618.

G. Spiazzi, S. Buso, M. Citron, M. Corradin, and R. Pierobon,
“Performance evaluation of a Schottky SiC power diode in a
boost PFC applications,” IEEE Transactions on Power Electronics,
vol. 18, no. 6, pp. 1249-1253, 2003.

A. R. J. Hefner, R. Singh, J.-S. Lai, D. W. Berning, S. Bouche, and
C. Chapuy, “SiC power diodes provide breakthrough performance
for a wide range of applications,” IEEE Transactions on Power
Electronics, vol. 16, no. 2, pp. 273—-280, 2001.

K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tacca, “Ac-
curate prediction of ferrite core loss with nonsinusoidal waveforms
using only Steinmetz parameters,” in Proc. of the IEEE Workshop
on Computers in Power Electronics (COMPEL), 2002, pp. 36—41.
U. Drofenik, G. Laimer, and J. W. Kolar, “Theoretical converter
power density limits for forced convection cooling,” in Proc. of the
Power Conversion and Intelligent Motion (PCIM), June 2005, pp.
608-619.

J. W. Kolar, J. Biela, S. Waffler, T. Friedli, and U. Badstuebner,
“Performance trends and limitations of power electronic systems,”
in Proc. of the 62 International Conference on Integrated Power
Electronic Systems (CIPS), Nuremberg, Germany, 2010.

J. Biela, U. Badstuebner, and J. W. Kolar, “Impact of power density
maximization on efficiency of dc-dc converter systems,” I[EEE
Transactions on Power Electronics, vol. 24, no. 1, pp. 288-300,
2009.

U. Badstuebner, J. Biela, and J. W. Kolar, “Design of an 99%-
efficient, 5kW, phase-shift PWM DC-DC converter for telecom
applications,” in Proc. of the 25'* IEEE Applied Power Electronics
Conf. and Exposition (APEC), February 2010, pp. 773-780.

, “An optimized, 99% efficient, 5kW, phase-shift PWM DC-
DC converter for data centers and telecom applications,” in Proc.
of the International Power Electronics Conference (IPEC / ECCE
Asia), Sapporo, Japan, June 2010.



