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99% Efficient Three-Phase Buck-Type SiC
MOSFET PFC Rectifier Minimizing Life Cycle

Cost in DC Data Centers
Lukas Schrittwieser, Johann W. Kolar, and Thiago Batista Soeiro

Abstract—Due to the increasing power consumption of data 
centers, efficient dc power distribution systems have become an 
important topic in research and industry over the last years and 
according standards have been adopted. Furthermore the power 
consumed by telecommunication equipment and data centers is 
an economic factor for the equipment operator, which implies 
that all parts of the distribution system should be designed to 
minimize the life cycle cost, i.e. the sum of first cost and the cost 
of the power conversion losses. This paper demonstrates how 
semiconductor technology, chip area, magnetic component vol-
umes and switching frequency can be selected based on life cycle 
cost, using analytical and numerical optimizations. A three-phase 
buck-type PFC rectifier with integrated active filter for 380V dc 
distribution systems is used as an example system, which shows 
that a peak efficiency of 99% is technically and economically 
feasible with state-of-the-art SiC MOSFETs and nanocrystalline 
or ferrite cores. Measurements taken on an 8 kW, 4 kWdm-3 
hardware prototype demonstrate the validity and feasibility of 
the design.

Index Terms—Active third-harmonic current injection, buck-
type power factor correction (PFC) converter, three-phase recti-
fier systems, integrated active filter rectifier.

I. IntroductIon

INFORMATION and communication technology equip-
ment has become a significant consumer of electric power 

in recent years. In 2007, for example, the related annual 
consumption in Germany alone was 55TWh which equaled 
approximately 10% of the countries total consumption. The 
annual power consumption of data centers located in Germa-
ny is approximately constant at ≈10TWh since 2008 [1]. For 
the US an annual data center power consumption of 60TWh 
was estimated in 2006 with a energy cost of $4.5 billion [2], 
for 2014 an increase to 70TWh has been reported [3]. There-
fore the cost of electric energy is a significant economic fac-
tor for data center operators and should hence be considered 
in investment decisions.  

In conventional data centers using ac distribution systems, 
as shown in Fig. 1(a), up to 50% of the total energy con-

sumed is used for air conditioning, distribution and conver-
sion losses [4]. Compared to this, distribution systems based 
on a dc bus with a nominal voltage of 380V offer significant-
ly higher efficiency, improved reliability and reduced capital 
cost and floor space, cf. Fig. 1(b) [5]. Furthermore they allow 
a direct connection of lead acid batteries, consisting of 168 
cells connected in series, with a typical floating cell voltage 
of  ≈ 2.26 V, which results in a nominal bus voltage of 380 V. 
Accordingly, standards and components for dc distribution 
systems have been developed in recent years [6], [7].

Normally a boost-type power factor correction (PFC) 
stage is used to convert the 400 Vac mains into a dc voltage 
which is higher than the full-wave rectified ac input voltage, 
typically in the range of 700V to 800 V. A subsequent buck 
converter is then required to connect the PFC output to the 
dc distribution bus. (This configuration is also used for fast 
chargers of Electric Vehicle batteries which are powered 
from the three-phase ac mains [8].) As an alternative, a sin-
gle-stage conversion between the three-phase mains and a dc 
bus with lower voltage can be achieved with buck-type PFC 
converters, like the SWISS Rectifier, the six-switch buck 
rectifier or the Integrated Active Filter rectifier [9]-[12].

The circuit topology of the Integrated Active Filter (IAF) 
buck-type PFC rectifier, shown in Fig. 2, was first introduced 
in [13] for three-phase solar inverters. A similar circuit was 
also proposed for drive systems with small dc-link capac-
itors [14]. Three major blocks can be identified in the IAF 
rectifier’s schematic: an Input Voltage Selector (IVS) built of 

Manuscript received March 27, 2017. 
Lukas Schrittwieser, and Johann W. Kolar are with Power Electronic 

Systems Laboratory, ETH Zurich, Switzerland, Thiago Batista Soeiro is with 
ABB Switzerland Ltd., Corporate Research, 5405 Baden-Dättwil, Switzerland 
(e-mail: schritt-wieser@lem.ee.ethz.ch).

Digital Object Identifier 10.24295/CPSSTPEA.2017.00006

Fig. 1.  Data center power distribution concepts: (a) Conventional 400 
Vac distribution, using an ac output Uninterruptible Power Supply (UPS). 
Similar concepts can be used with 480 Vac. (b) Facility level dc distribution 
system based on a 380 Vdc bus which allows a direct connection of backup 
batteries [4].
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a linecommutated full-wave diode rectifier Dkx, Dzk k ∈ {a, 
b, c}2 and three four-quadrant switches Skyk , a current injec-
tion circuit Sxy, Syz, Linj and a dc-dc buck converter Sx, Dz, Lo 
which provides the constant dc output voltage upn. Typically 
a small capacitor C'

f is required to ensure a valid conduction 
path during the commutation of Sxy, Syz and Sx. Note that the 
IVS switches and diodes are commutated at mains frequency 
only which implies that almost no switching losses occur in 
the IVS, therefore rectifier diodes Dkx, Dzk which are opti-
mized for a low forward voltage drop can be used.

For this paper the IAF buck-type PFC rectifier was select-
ed to demonstrate a cost-driven converter design approach, 
as only two line-commutated diodes Dkx, Dzk, and one power 
transistor Sx are in its main conduction path [9], [15]. Based 
on a short review of the IAF rectifier’s main properties in 
Section II and using the capital equivalent worth of energy 
together with component cost models, a non-isolated 8kW 
PFC rectifier is designed in Section III. This allows selecting 
cost optimal components such as semiconductors and in-
ductors achieving an economically optimal converter which 
minimizes life cycle cost, i.e. the sum of first cost of the con-
verter hardware and the cost of conversion losses during the 
service life. Measurements taken on a hardware prototype 
are presented in Section IV.

II. IntEGrAtEd ActIVE fIltEr Pfc rEctIfIEr

Simulation results for a 8kW IAF buck-type PFC rectifier 
(cf. Fig. 2) are shown in Fig. 3, for the system specifications 
given in Table I. For the IAF rectifier the current injection 
circuit and the buck converter can be analyzed, optimized 
and operated almost independently of each other. As the dc 
output is provided by the buck converter (Sx, Dz, Lo), the out-
put current io and voltage upn can be controlled independently 
of the injection circuit. This can be seen from the simulation 
results in Fig. 3: During ωt < 180° the current injection cir-
cuit is turned off, i.e. iinj = 0. As the buck converter creates a 
constant output current io it consumes constant power from 
the ac input. Hence non-sinusoidal ac input currents ia, b, c 
result and only two ac input phases ia, b, c conduct current at a 

time.

For ωt > 180° the injection circuit is used to create a cur-
rent iinj which is proportional to the voltage uyN,

(1)

where Î1 is the peak value of the rectifier’s ac input line 
current and Û1 is the ac phase-to-neutral voltage amplitude. 
This results in sinusoidal ac input currents as shown in Fig. 
3. A more detailed description of the modulation and control 
strategy can be found in [9], a brief description of the main 

TABLE I
conVErtEr sPEcIfIcAtIons

              Input Voltage (Line-to-Neutral)          U1 = 230 V rms
              Input Frequency          ω1 = 2π 50 Hz

              Switching Frequency          fs = 27 kHz

              Nominal Output Voltage          Upn = 400 V
              Nominal Output Power          Po = 8 kW

Fig. 3.  Simulation results for an IAF buck-type PFC rectifier as shown in 
Fig. 2, plotted are the ac input voltages ua, b, c, the IVS output voltages uxN, 
uyN and uzN, the buck stage duty cycle dx, the duty cycle dxy of switch Sxy, 
the output current io, the injection current iinj and the ac input currents ia, b, c,. 
During ωt < 180° the injection circuit is disabled (i.e. iinj = 0) which results 
in non-sinusoidal mains currents ia, b, c,.

Fig. 2.  Schematic of the Integrated Active Filter rectifier (IAF), using an 
Input Voltage Selector (IVS) commutated at mains frequency, combined 
with a buck converter providing the output current io and a current injection 
converter which serves as active harmonic filter for achieving sinusoidal ac 
input currents.
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components is given in the following.

A. Input Voltage Selector

As described above, the IAF rectifier uses an IVS, which 
connects each ac input phase a, b, c to either node x, y or z. 
This implies that the voltages uxN, uyN and uzN are piecewise 
sinusoidal, which allows to move the ac filter capacitors 
Ca, b, c from nodes a, b, c to nodes x, y, z as shown in Fig. 4. 
This shortens the commutation paths of the buck converter 
and the injection switches. Additionally the diode bridge 
currents ix and iz become continuous which reduces the con-
duction losses in the bridge diodes Dkx and Dzk and in the 
fourquadrant switches Skyk. The resulting rms current values 
can be calculated as

(2)

(3)

Assuming that MOSFETs are used as synchronous rectifiers, 
as shown in Fig. 4, the conduction losses are reduced by 
31% in the rectifier bridge and by 78% in the four-quadrant 
switches compared to the original circuit shown in Fig. 2 
[16].

Fig. 4.  Schematic of the IAF rectifier where the input filter capacitors have 
been moved from the ac side (a, b, c) of the IVS to its output side (x, y, z), 
which reduces the conduction losses [16]. The diodes Dkx, Dzk are replaced 
with SiC MOSFETs Sxk, Skz operating as synchronous rectifiers to further 
increase the efficiency. An interleaved buck converter with cells Sx1, Dz1 
and Sx2, Dz2 is used where Sx1 and Sx2 are controlled with 180° phase shifted 
PWM signals. This lowers the current ripple in i'x which leads to a lower 
voltage ripple at the input filter capacitors Cx, y, z. The buck converter output 
inductors are implemented as an inter-cell transformer (ICT) with closely 
coupled windings and a single output inductor Lo.

B. Buck Converter

It can be seen in Fig. 4 that the buck converter’s input is 
connected to uxz which is a six-pulse shaped voltage pro-
vided by the IVS’ rectifier bridge, cf. Fig. 3. Neglecting any 
voltage drops across the semiconductors and inductors, the 
dc output voltage upn can be expressed as

(4)

where Û1 is the ac phase-to-neutral voltage amplitude and m 
is the converter’s modulation index. Note that a small distor-
tion of the output current and the mains input currents occurs 
at every 60° sector of the ac input voltage, i.e. at the intersec-
tion of two phase voltages ua,b,c. This is most likely due to the 
switching frequency ripple of the filter capacitor voltages uxN, 
uyN, uzN as similar disturbances exist in the SWISS rectifier 
[16]. This voltage ripple is the result of the buck converter’s 
discontinuous input current i'x and could be reduced with 
larger Cx, y, z . However, as the capacitor voltages uxN, uyN, uzN 
are piecewise sinusoidal they generate reactive power which 
is typically limited to 5% to 10% of the converter’s active 
power rating.

C. Interleaved Buck Converter

In order to reduce the buck converter’s input current ripple 
and hence the mains input current distortions and the electro-
magnetic noise emission of the rectifier, an interleaved buck 
converter can be used, as shown in Fig. 4. By modulating the 
switches Sx1 and Sx2 with 180° phase shifted PWM signals 
the peak-to-peak ripple in i'x is reduced by approximately a 
factor of two and the ripple frequency is doubled due to can-
cellation of harmonics. 

The dc output filter of the interleaved buck converter can 
be implemented by a combination of an inter-cell transform-
er (ICT) with closely coupled windings and a single inductor 
instead of two separate inductors. Using ICTs for interleaved 
dc-dc converters has been extensively described in literature 
and has been shown to result in a reduction of the magnetic 
component’s volume, losses and weight [17]-[19].

In Fig. 5 the basic operating principle is shown for a duty 
cycle of dx = 0.75 and 180° phase shifted PWM signals. The 
two cells Sx1/Dz1 and Sx2/Dz2 produce the output voltages u1 
and u2 shown in Fig. 5(e). These can be transformed into the 
corresponding common-mode (cm) and differential-mode 
(dm) voltages ucm and udm , cf. Figs. 5(f)-(g)

(5)

(6)

By replacing the ICT with the equivalent circuit shown in 
Fig. 5(b) the circuit diagram Fig. 5(c) results, which can be 
decomposed into two uncoupled circuits as shown in Fig. 
5(d). It can be seen that the cm voltage ucm, which is applied 
to the dc output inductor Lo and the ICT’s leakage inductance 
Lσ, switches twice per switching frequency period and has a 
voltage step height of half the input voltage uxz.

Note that unbalances in the system, such as unequal on-
state resistances of the switches, duty cycle differences and 
mismatched PCB track resistances can lead to unbalanced 
ICT currents io1 ≠ io2. This results in a dc magnetization cur-
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rent of the ICT,

(7)

that could lead to a saturation of the core material. However, 
the dm voltage udm is applied to the ICT’s magnetizing in-
ductance Lm and can be used by an active control circuit to 
ensured an equal current sharing io1 ≈ io2 in the ICT windings. 
Strategies for active current balancing control in ICTs have 
been described in the literature [20]-[21].

III. lIfE cyclE cost bAsEd conVErtEr dEsIGn

The design of any power electronic converter is essential-
ly aiming for a best possible overall compromise of multiple 
trade-offs which result from couplings between different 
components concerning stresses and utilization. For example 
increasing the switching frequency reduces the peak-to-peak 
flux ripple of magnetic components which typically leads to 
smaller and/or more efficient components, but also increas-
es the switching losses of the semiconductors. This in turn 
requires a larger heat sink and which could overcompensate 
the volume reduction achieved in the magnetic components. 
Similar trade-offs also exist on the component level, e.g. 
increasing the number of turns in an inductor decreases the 
core losses at the expense of increased winding losses. Fur-

thermore even for a given fixed switching frequency multi-
ple combinations of volumes or sizes of the different com-
ponents can lead to similar power densities and efficiencies. 
Designing an optimal converter becomes even more chal-
lenging if more than a single circuit topology and/or several 
different core and winding materials are taken into account. 
Due to these tradeoffs a single optimal converter can typical-
ly not be found but rather a range of pareto optimal designs 
can be calculated which achieve e.g. the highest efficiency 
for a given power density and vice versa.

These trade-offs can be simplified by introducing a sin-
glevalued objective function such as life cycle cost (LCC). 
As described in [22] the capital equivalent worth of one watt 
of continuous dissipation can be used to select components 
in order to minimize the LCC of that component. Combined 
with cost models, the switching frequency, semiconductors 
and magnetic components are selected to achieve minimal 
life cycle cost for a given service life time assuming continu-
ous operation at rated power as will be shown in the follow-
ing for the IAF rectifier [23].

Given some basic economic parameters, such as interest 
and inflation rates, the capital-equivalent worth of a continu-
ously dissipated watt of ac power can be estimated. In 2008 
the authors of [22] estimated an average value of $14 per 
watt for the US market and 15 years of service life, which 
implies that up to $14 could be invested now in order to re-
duce the equipment’s power consumption by one watt over 
the next 15 years. Although the prices for electric power 
show a considerable geographical variation (approximately 
a factor of 5 in the US), the authors conclude that the cost of 
dissipation significantly overshadows the first cost for tele-
com power supplies.

A. Semiconductor Technology Comparison

An example calculation for the input voltage selector 
fullwave rectifier Dkx, Dzk / Sxk, Skz is shown in Fig. 6, where 

Fig. 6.  Comparison of life cycle cost for different implementations of the 
diode bridge rectifier Dkx, Dzk of the IVS with Irms = 8.1 A, Iavg = 4.6A (Po = 
8 kW) and a capital equivalent worth of EUR 0.12 per kWh [22]. Switching 
losses are neglected as the IVS commutates at twice the mains frequency 
only. It can be seen that the significantly higher first cost of a SiC MOSFET 
is compensated by the reduced conduction losses of the device achieving 
roughly the same life cycle cost as Si diodes and Si MOSFETs for run times 
of approximately ten years, assuming continuous operation at rated power.

Fig. 5.  Operating principle of an interleaved buck converter using a 
close-coupled inter-cell transformer (ICT). (a) shows the basic circuit dia-
gram, the switches are controlled with 180° phase shifted PWM signals as 
shown in (e). Replacing the ICT with the equivalent circuit of an non-ideal 
transformer as shown in (b) and separating voltages u1 and u2 into com-
mon-mode (cm) and differential-mode (dm) voltages, ucm and udm, yields the 
circuit shown in (c). It can be seen that ucm is applied to Lσ and Lo and can be 
used to control the output current io, while udm controls the ICT’s magne-
tizing current im as shown in (d).
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a capital equivalent worth of  γ = EUR 0.12 per kWh (ap-
proximately USD 0.13 at time of publication) is assumed. 
Neglecting switching losses in the IVS, the device losses can 
be directly determined from the rms and average currents 
found by numerical simulation, resulting in Irms = 8.1A and Iavg 
= 4.6A for an 8kW system. Assuming a service life time of 10 
years or more, a SiC MOSFET with a high initial cost of ap-
proximately EUR 30 and low on state resistance achieves the 
same or lower life cycle cost than conventional Si diodes with 
an initial cost of EUR 2.6. The same holds for a parallel con-
nection of two Si MOSFETs with a first cost of approximately 
EUR 8. Note that all devices are operated far below their ther-
mal limits, e.g. 1.7W of conduction losses result for the SiC 
MOSFTEs, ≈ 4W for the Si diodes and Si MOSFETs while 
all devices are rated for more than 100W of continuous pow-
er dissipation.

B. Semiconductors without Switching Losses

The calculation shown in Fig. 6 is based on a selection of 
standard semiconductor devices which might not achieve the 
lowest possible LCC. Using more than one device in parallel 
reduces the total on-state resistance Rds,on of MOSFETs or the 
(differential) bulk resistances rb of diodes which lowers the 
conduction losses. This reduces the cost of dissipation during 
system operation, but increases the first cost as more devices 
are used, which implies that the resulting LCC is a function 
of the number n of devices used in parallel. For a MOSFET, 
continuously conducting the current Irms for the run time tr , 
without switching losses the corresponding LCC Ʌ  can be 
expressed as

(8)

where σM is the cost of a single MOSFET with an onstate 
resistance Rds,on. A plot of the resulting values for tr=10 years, 

Rds,on=96mΩ and σM = EUR 7.14 is shown in Fig. 7. For a 
given tr the optimal number of devices nopt , which achieves 
minimal life cycle cost, can be derived by minimizing (8) 
with respect to n as

(9)

(10)

(11)

Note that a certain minimum nmin exists due to the thermal 
limits of the device and the cooling system as indicated in 
Fig. 7. However, even for short run times of tr ≈ 1 year the 
optimal n is typically larger than nmin.

This optimization can be extended from MOSEFTs to 
diodes modeled by a constant forward voltage drop Uf con-
nected in series with a (differential) bulk resistance rb as

(12)

In this case nopt does not depend on Uf , however the losses 
and hence the cost of dissipation Γ increases. An example 
calculation for different run times is shown in Fig. 8 where a 
96mΩ SiC MOSFET and Si diode with Uf = 0.74A and rb = 
4mΩ are considered as unit elements. For both, MOSFETs 
and diodes the optimal n increases proportional to    tr , how-
ever for Si diodes the resulting losses show little variation 
due to Uf. As the first cost of the considered diode is ≈ 6 

Fig. 7.  First cost, cost of dissipated energy and life cycle cost (LCC) as 
a function of the number of devices connected in parallel for the rectifier 
bridge Sxk, Skz at nominal operation with Irms = 8.1A (Po = 8 kW). A SiC 
MOSFET with Rds,on = 96mΩ and a cost of EUR 7.14 is considered as unit 
device together with a capital equivalent worth of γ = EUR 0.12 per kWh 
and a run time of tr = 10 years.
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Fig. 8.  Optimization results for Si Diodes and SiC MOSFETs showing the 
optimal (lowest LCC) number of parallel devices, resulting device losses, 
first and life cycle cost as a function of the run time tr in years. The same 
parameters as in Fig. 7 are used.
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times lower than the MOSFET’s the Si diodes achieves low-
er LCC for small tr while the SiC MOSFET achieves lower 
LCC for tr ≥12.5 years.

C. Device Selection

So far n has been assumed as a real number which has 
to be rounded to the next integer or to the next Rds,on value 
available from the device manufacturer. This leads to a 
suboptimal LCC, but it can seen in Fig. 7 that  Ʌ(n) is flat 
around the optimum. If a certain allowed increase α in LCC 
is assumed, a resulting lower and upper bound (nl, nu) for 
permissible values of n can be calculated using (8) as

(13)

(14)

To derive the required granularity of n the ratio rn of nu and 
nl can be calculated,

(15)

which does not depend on any device specific parameters in 
(8) and results in a value of 2.43 for α = 0.1 (also shown in 
Fig. 7). This implies that the achievable LCC is at most 10% 
higher than the theoretical optimum if the ratio between two 
consecutive Rds,on values of the available devices is 2.4 or 
less.

D. Including Switching Losses

In the derivation (9), which gives the LCC optimal num-
ber of device, it was assumed that switching losses can be 
neglected which is typically not the case for the half bridge 
Sxy, Syz used in the current injection circuit. The calculation 
can be extended by fitting a second order polynomial to 
measured hard switching losses (turn-on and turn-off) for the 
switched voltage,

(16)

where Isw is the switched current. Switching losses measured 
in [23] for a half bridge of two C2M0080120 SiC MOSFETs 
and 600V dc link voltage at various Isw are shown in Fig. 
9 together with a second order polynomial fitted by least 
squares regression. If n devices are used in parallel, equal 
current sharing is assumed and the switching frequency cur-
rent ripple in the output current can be neglected the total 
switching losses can then be calculated as

(17)

where Isw , avg and Isw , rms are the average and rms values of the 
switched current over one mains voltage period. It can be 
seen that the terms in (17) have the same dependency on 
n as those in (8) which implies that the optimal number of 
devices which achieves minimal LCC for a given fsw can be 
calculated as

(18)

The resulting nopt, first cost ∑opt and LCC  Ʌopt for the injec-
tion switches Sxy, Syz are shown as function of the switching 
frequency fsw in Fig. 10. It can be seen that nopt and therefore 
∑opt decrease with fsw while the cost of dissipation Γ increas-
es, mainly due to the switching losses.

E. Magnetic Components

The dimensioning of magnetic components is performed 

Fig. 10.  Life cycle cost   and optimal number of MOSFETs in parallel nopt 
for a half bridge built with C2M0080120 devices for the injection Switch-
es Sxy and Syz with an rms current Irms = Isw, rms = 4.7A and an average 
switched current of Isw , avg = 4.1A as a function of the switching frequency 
for tr = 10 years.

Fig. 9.  Sum of turn-on and turn-off losses Esw measured in [23] as a 
function of the switched current Isw for a half bridge of C2M0080120 SiC 
MOSFETs with 600V dc link voltage at 25 °C. Additionally a second order 
polynomial function fitted by least squares regression is shown and the fit-
ted parameters are given in the legend.
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with a similar algorithm, but unlike for semiconductor de-
vices analytical solutions can typically not be found. For 
a given fsw the current and voltage stresses created by the 
converter can be determined and for a selected core material, 
shape and size the optimal number of turns, which minimiz-
es the sum of core and winding losses, can be determined by 
numerical optimization methods. Using the losses and cost 
models for core and winding materials the inductor’s LCC 
is calculated, which allows the selection of an optimal core 
size achieving minimal LCC for the given fsw and tr .

F. Optimal Switching Frequency Selection

Once the optimal LCC of semiconductors and magnetic 
components has been calculated as a function of fsw these 
can be added in order to select a switching frequency which 
achieves the lowest total LCC. An example calculation for 
the injection circuit with the switches Sxy, Syz and the inductor 
Linj is shown in Fig. 11, where it can be seen that the induc-
tor’s first cost ∑Linj and cost of dissipation ΓLinj and hence its 
LCC decrease with increasing fsw as opposed to the increas-
ing LCC of the semiconductors, resulting in an optimal fsw . 
A total run time of tr = 10 years is assumed in this example.

G. Global Optimization Algorithm

In a final step the algorithm outlined above can be extended 
to include the entire rectifier to determine the optimal fsw and all 
optimal component sizes by minimizing the systems LCC

(19)

The design procedure sweeps over all relevant switching  
frequencies fsw and considered run times tr , where for each 
tupel (fsw , tr) and all components k (e.g. switches, inductors, 
etc.) of the system an optimal relative size nk,opt can be de-
termined which achieves minimal LCC Ʌ k,opt for component 
k. This implies that all components can be designed inde-
pendently of each other which simplifies the optimization 
procedure. Once all components have been selected, their 

life cycle costs can be summed up which yields the system’s 
LCC for the considered (fsw , tr) : Once all designs have been 
calculated the switching frequency achieving lowest overall 
LCC is selected for each tr considered in the analysis.

H. Auxiliary Components

The losses, volumes and costs of other components, such 
as gate drive circuits, DSP/FPGA, capacitors, PCBs, heat 
sinks, fans, EMI filter, etc have to be considered as well. 
While their contribution to the overall converter volume, and 
LCC can be significant, they are almost independent of the 
design point in the considered application. Therefore these 
auxiliary components have been considered in the design but 
were not part of the optimization.

I. Optimization Results

Fig. 12 shows the achievable minimal LCC  Ʌsys,opt(tr) and 
the resulting first cost ∑sys,opt(tr) as a function of run time 
calculated by the optimization outlined above. It can be seen 
that the first cost of the optimal systems is less than 30% of 
the total life cycle cost for a run time of 10 years or more. 
Furthermore, the LCC is comparable for all three core ma-
terials considered in the optimization. Designs using amor-
phous cores are expected to have slightly higher LCC than 
systems with nanocrystalline or ferrite cores, which is due to 
the higher core losses of amorphous materials.

However, the volumes and switching frequencies of the 
designed converters differ significantly as shown in Fig. 
13; the resulting efficiency as function of tr is shown in Fig. 
14. For short run times ( ≤ 2 years) converters with high 
switching frequencies and high power densities achieve min-
imal LCC as opposed to long run times ( ≥10 years) where 
designs with approximately half the switching frequency, 
twice the volume and half the losses result. Furthermore, 
these results show that very high efficiencies of up to 99% 
are economically feasible with available state-of-the-art SiC 

Fig. 11.  Example showing the selection of a switching frequency fsw which 
achieves the lowest sum of LCCs for the injection switches Sxy, Syz and the 
corresponding inductor Linj for tr = 10 years, not considering any other com-
ponents of the rectifier.

Fig. 12.  Minimal achievable LCC and according first cost of optimal converter 
designs as a function of run time for different inductor core materials. It can be 
seen that for a run time of ten years, the first cost is < 30% of the total life cycle 
cost. The optimization results in similar first costs for all three core materials, 
however the life cycle cost of designs with ferrite and nanocrystalline inductors 
is slightly lower compared to solutions with amorphous cores.
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switches and core materials. Note that three-phase rectifiers 
based on Si and SiC MOSFETS with slightly lower efficien-

cies have been reported in the literature [24], [25], however 
without considering cost.

J. Selected Design

Based on the numerical optimization results the design 
point with tr = 10 years,  fsw = 27 kHz, a power density of 4.0 
kWdm-3 and an efficiency of 99% was selected to implement 
a hardware prototype. FINEMET nanocrystalline cores with 
helical windings (cf. Fig. 15) are used as they achieve con-
siderably higher power density compared to designs based on 
ferrite. Detailed results of the optimization are shown in Fig. 
16: for systems with a run time of 10 years or more, it can be 
seen that the semiconductors and heat sinks contribute about 
half of the first cost, life cycle cost and losses, but only about 
10% to 20% of the total volume. Furthermore, the auxiliary 
components, such as PCBs, gate drivers, FPGA/DSP etc. 
have a significant contribution to both first cost and life cy-
cle cost which implies that they cannot be neglected in the 
design process.

Fig. 16.  Spline interpolated results of the numerical optimization (markers) for the semiconductors (incl. heatsinks), magnetics and remaining components 
(e.g. fans, gate drivers, PCBs, DSP/FPGA, capacitors, EMI filter) of the circuit shown in Fig. 4. Nanocrystalline cores with helical windings are used for all 
magnetic components as they offer the best performance in this case, cf. Fig. 13. Plot (a) shows the optimal LCC Ʌ (tr), (b) shows the corresponding optimal 
first cost ∑(tr), (c) the losses occurring in the components and (d) their boxed volume. It can be seen that the semiconductors contribute about half of the first 
cost and losses and hence the life cycle cost, but only ≈ 10% to 20% of the total converter volume.

Fig. 13.  Optimization results showing power density, efficiency and switch-
ing frequency fsw of designs achieving minimal LCC for different run times 
and inductor core materials of ICT, Linj and Lo .

Fig. 14.  Calculated efficiencies of life cycle cost optimal converter designs 
for different run times and core materials. Fig. 15. Picture of Linj and Lo, implemented using nanocrystalline C cores 

and helical windings. A boxed volume of 88 cm3 and 249 cm3 results for the 
two inductors. The specifications and parameters of the implemented induc-
tors are given in Table II.
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IV. hArdwArE PrototyPE

Using the optimization results presented in the previous 
chapter, an 8 kW, prototype IAF rectifier with a switching 
frequency of fsw = 27 kHz, according to the specifications 
given in Table I, was implemented. A picture of the hardware 
is shown in Fig. 17 and its main components are listed in Ta-
ble II.

A more detailed distribution of the calculated component 
losses for the implemented prototype at nominal operating 
conditions and the corresponding component volumes are 
shown in Fig. 18. About 50% of the total losses occur in the 
semiconductors. Core and winding losses in the main mag-
netic components Lo , ICT and Linj account for ≈ 22% of the 
total losses. The remaining 28% occur in the EMI filter, the 
PCB tracks, and other elements such as fans, gate drivers, 

FPGA, current sensors etc. Measurement results of the pro-
totype converter are presented in the following.

A. AC Input Currents

In Fig. 19 measurement results of the prototype rectifier 
operated at full load and nominal input voltage are shown.  
Sinusoidal input currents with slight distortions at the mains 
voltage sector boundaries result as expected from simula-

Fig. 17.  Picture of the hardware prototype, measuring 220mm x 118mm x 
77mm (8.66 in x 4.65 in x 3.03 in). This results in a power density of 4.0 
kWdm-3 (65W in-3).

TABLE II
comPonEnts usEd In thE hArdwArE PrototyPE

Linj ICT Lo

Core
Wire
Turns
Inductance
Volume
Losses

F3CC-6.3
1 x 4 mm
52
750 μH
88 cm3

4.8 W

F3CC-25
1 x 6 mm
36:36
3 mH
245 cm3

6.7 W

F3CC25
2.4 x 6 mm
30
300 μH
249 cm3

5.5 W
Sxk, Skx

Skyk

Sxy, Syz

Sx1, Sx2

Dz1, Dz2

C2M0025120
C2M0080120
C2M0080120
C2M0025120
C4D40120D

Ploss = 1.7 W
Ploss = 0.8 W
Ploss = 2.3 W
Ploss = 6.3 W
Ploss = 2.7 W
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Fig. 20.  Total harmonic distortion (THD) values of the rectifier’s mains in-
put line currents as a function of output power for nominal input and output 
voltages, measured using a Yokogawa WT 3000 power analyzer.

Fig. 19.  Measurement results with the converter operating at nominal con-
ditions and full output power, i.e. P = 8 kW, U1 = 230 Vrms and Upn = 400 
V. Note that phase quantities a and c were measured directly, phase b was 
recreated numerically as ub = —ua—uc and ib = —ia—ic.

Fig. 18. The calculated distribution of losses for the selected design point at 
nominal operation is shown in (a), the corresponding component volumes 
are shown in (b). Category other includes fans, gate drivers, FPGA, ADCs, 
current sensors, auxiliary supply, etc.
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tion. The measured total harmonic distortion of the mains 
input currents as a function of the dc output power is shown 
in Fig. 20.

B. Efficiency

A comparison of the rectifier’s calculated and measured 
efficiency as a function of dc output power is shown in Fig. 
21. The solid lines show the calculated efficiency for 400V 
and 380V output voltage, while the round and triangular 
markers show measurements taken with a Yokogawa WT 
3000 power analyzer. Additionally three efficiency measure-
ments were taken based on a direct measurement of the con-
verter’s losses using a calorimeter which closely match the 
values obtained by the electrical measurement.

Fig. 21.  Comparison of measured and calculated converter efficiencies for 
two different dc output voltages Upn. The electrical efficiency measurements 
were performed with a Yokogawa WT 3000 power analyzer. For Upn = 400V 
additional measurements were done using a calorimeter. All measurements 
were taken at nominal ac input voltage U1 = 230Vrms and an ambient tem-
perature of 30 degrees C.

C. ICT Current Balance

As written in Section II-C unsymmetries in the interleaved 

buck converter lead to an unbalance of the ICT currents 
io1 and io2 which create a dc offset in the ICT’s magnetiz-
ing current im. Measurement results of the buck converter 
output voltages uDz1, uDz2, the ICT currents and the derived 
magnetizing current are shown in Fig. 22. Note that no active 
controller was used to balance io1 and io2, resulting in a peak 
magnetizing current of 0.73A and average value of 0.42 A. This 
corresponds to a peak core flux density of ≈ 460mT which is far 
below the core material’s saturation flux density of 1.2 T.

D. Conducted EMI

A two stage EMI filter with a reactive power consumption 
of ≈ 4% of the rectifiers output power rating has been imple-
mented. Its structure is shown in Fig. 23 and the values of all 
components are listed in Table III. However, a detailed anal-
ysis of the filter and of its design process is out of the scope 

Fig. 22.  Measurement of the interleaved buck converter output voltages 
uDz1 and uDz2, the ICT currents io1 and io2 and the calculated ICT magnetiz-
ing current im for converter operation with nominal power at ωt ≈ 0°, i.e. at the 
peak of the six-pulse voltage uxz (cf. Fig. 3) with a peak value of im , max = 0.73 A.

Fig. 23.  Schematic of the implemented EMI filter with two combined CM/
DM filter stages Lf , 1 , Cf , 1 and Lf , 2 , Cf , 2 at the ac input and an additional 
CM filter stage Lcm, Ccm at the dc output. The component values used in the 
prorotype are listed in Table III.

TABLE III
EmI fIltEr comPonEnts

Cxyz

Lf,1

Cf,1

Lf,2

Cf,2

Cd

Rd

CPE

Lcm

Ccm

4.4 μF
22 μH
2.3 μF
15 μH
1.4 μF
0.9 μF
4.7 Ω
47 nF

≈ 200 μH
130 nF

2 x 2.2 μF Epcos B32923, X2 in parallel
PQ26/25, 10 turns, 1 x 4mm wire
5 x 470 nF Epcos B32922, X2 in parallel
Würth Elektronik 7443641500
3 x 470 nF Epcos B32922, X2 in parallel
2 x 470 nF Epcos B32922, X2 in parallel
4 x 1W 1218 SMD Thick Film resistors
Epcos B3202, Y2, connected to case
Vacuumschmelze W424, 5 turns, 2.5mm wire
4 x 33 nF MLCC in parallel

Fig. 24.  Measured quasi-peak conducted EMI noise emission and corre-
sponding CISPR11 class B limit for the 150 kHz to 30 MHz range with a 
bandwith of 9 kHz, measured in 4 kHz steps.
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of this paper. Measurement results of the conducted EMI 
noise spectrum, using the quasi-peak detector, are shown in 
Fig. 24 together with the CISPR11 class B limit for the 150 
kHz to 30MHz range.

V. conclusIon

This paper describes a life cycle cost driven optimization 
process were not only the first cost of a converter, but also 
the capital equivalent worth of the energy dissipated during 
the system’s service life is considered. This allows the se-
lection of optimal components, such as switches, inductors, 
transformers, etc., which achieve minimal cost for a given 
application, run time and switching frequency. By sweeping 
over a range of suitable switching frequencies a cost optimal 
converter system can then be found.

As an example an 8kW buck-type three-phase interleaved In-
tegrated Active Filter rectifier for 380V dc distribution systems 
in data center and telecommunication applications is designed. 
Using state-of-the-art SiC MOSFETs and nanocrystalline cores 
a design with a power density of 4kWdm-3

 and an efficiency of 
99% results. Measurement results taken on a hardware proto-
type verify the validity of the employed models.

However, the cost driven optimization process is not only 
useful for data center applications with continuous operation, 
but could also be used in other applications were the sys-
tem operates only for a relatively short period of time. For 
example in an on-board charger of a plug-in hybrid vehicle, 
which is used only once or twice a day for 1 to 2 hours, the 
first cost. Similarly the cost of weight and volume is expect-
ed to have significant impact on power electronic systems 
in aircraft, where weight has an impact on the vehicle’s fuel 
consumption and hence on the life cycle cost. This is expect-
ed to lead to cost optimal systems with a higher switching 
frequency, higher power density and lower efficiency. In 
such cases an equivalent first cost, including weight and/or 
volume and the cost of conversion losses can still be used to 
compare, optimize and select components, circuit topologies 
and converter systems achieving minimal life cycle cost.
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