© 2014 IEEE

Proceedings of the International Power Electronics Conference - ECCE Asia (IPEC 2014), Hiroshima, Japan, May 18-21, 2014

n-p Pareto Optimization of 3-Phase 3-Level T-type AC-DC-AC Converter Comprising Si and SiC Hybrid
Power Stage
H. Uemura,
F. Krismer,
Y. Okuma,
J. W. Kolar

This material is published in order to provide access to research results of the Power Electronic Systems Laboratory / D-ITET /
ETH Zurich. Internal or personal use of this material is permitted. However, permission to reprint/republish this material for
advertising or promotional purposes or for creating new collective works for resale or redistribution must be obtained from
the copyright holder. By choosing to view this document, you agree to all provisions of the copyright laws protecting it.

The 2014 International Power Electronics Conference

17-P Pareto Optimization of 3-Phase 3-Level T-type AC-DC-AC Converter
Comprising Si and SiC Hybrid Power Stage
Hirofumi Uemura*, Florian Krismer*, Yasuhiro Okuma t and Johann W. Kolar*
*Power Electronic Systems Laboratory, ETH Zurich, Physikstrasse 3, 8092 Zurich, Switzerland
Email: uemura@lem.ee.ethz.ch, www.pes.ee.ethz.ch
tFuji Electric Co., Ltd, 1, Fuji-machi, Hino-city, Tokyo 191-8502, Japan
Abstract-In this paper, the 7]-P (efficiency - power density)
Pareto front of a

20kVA

Uninterruptible Power Supply (UPS),

comprising a Si and SiC hybrid 3-level T-type rectifier and
inverter stage, and input! output side filters, is determind. A
multi-objective optimization procedure is detailed, which em
ploys an electrical converter model and coupled electro-thermal
component models. Each component model determines the cor
responding losses, volumes, and temperature rises. A detailed
description of the inductor model is given which considers high
frequency winding losses as well as core losses, and calculates the
temperature rises inside the inductor, e.g. the hot-spot winding
temperature. Based on the determined Tj-p Pareto front, the most

TABLE I.

CONVERTER SPECIFICATIONS

Input phase voltage
Input frequency
Max. input phase voltage ripple
EMI requirement
Output phase voltage
Output frequency
Output power
Max. output voltage ripple
DC voltage
Ambient temperature
Max. junction temperature
Max. inductor winding temperature
Max. inductor core temperature

Vin
Jin
'Yv,in
Vout
fout
Sout
'Yv,out
Vdc
Tamb
'l9j,max
{)whs,luax
{)c,luax

230 V RMS
50Hz
7.6%
CISPR class A
230V RMS
50Hz
20kVA
1.0%
nov

55°C
150°C
150°C
Depends on material.

suitable realization of the proposed UPS system is determined,
which is based on the resulting sensitivities of the design param
eters (switching frequency, current ripples, magnetic materials,
etc.) on the performance of power converter system (efficiency

kHz,
20 %,

and power density). As a result, a switching frequency of 16

maximum relative input and output side current ripples of

amorphous core materials for DM inductors, and nanocrystalline

core materials for CM inductors are selected in order to achieve a

3
converter efficiency of 96.6 % at a power density of 2.3 kVA/dm •
I.

INTRODUCTION

The optimization of power converter systems is a multi
domain procedure [1], which considers thermal effects and
limitations besides electric and / or magnetic characteristics of
active and passive power components. Early implementations
of power converter optimizations are limited to the optimiza
tion with respect to a single performance index, e.g. power
density p or efficiency 'fI [2]-[4]. Simple-objective converter
optimizations, however, often yield unsatisfying remaining
converter characteristics, i.e. a converter optimized for high
power density may generate high losses, due to increasing
losses of high power density magnetic components. Thus, the
multi-objective optimization of a PFC rectifier based on the 'fI-P
Pareto front is proposed in [5]. This Pareto front identifies the
highest efficiency for a given power density (and vice versa)
and can be used as basis for initial decisions concerning the
converter design parameters. Details on the calculation of the
'fI-P Pareto front and the extension to a third variable (e.g. cost)
are presented in [6].
Examples of 'fI-P Pareto optimizations of power converters
include the realizations of an ultra-high efficiency DC-DC
converter ('fI
99% at p 2.3 kW /dm3) [7] and an ultra-high
efficiency PFC rectifier ('fI
99.2% at p 1.1 kW /dm3) [8].
Recent publications related to 'fI-P Pareto optimizations further
=

=

=

=
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confirm that this approach can be advantageously used for
designing power converters, e.g. for the design of a 50 kW
bidirectional resonant converter in [9], and the selection of a
suitable five-level inverter topology in [10].
This paper determines the 'fI-P Pareto front for a complete

20 kVA UPS system consisting of a rectifier and an inverter
stage and corresponding input and output filters in order to
enable the converter design with respect to power density at a
given efficiency. Section II presents the converter topology and
specifications, Section III outlines the optimization procedure
and the employed loss and volume models, and Section IV
details the inductor models (loss and thermal models), which
are verified based on experimental results. Section V discusses
the obtained 'fI-P Pareto front and the selection of optimum
design parameters. Based on the results, a power density of
2.3 kVA/dm3 is calculated for a converter efficiency of 96.6%.
II.

THREE-PH ASE THREE-LEVEL T-TYPE CONVERTER

Fig. 1 depicts the rectifier and inverter stages of the con
sidered UPS system. It consists of three-phase three-level T
type inverter and rectifier circuits, a mains-side EMI filter, and
a two stage output filter. Both power stages employ hybrid
Si and SiC power semiconductor configurations and reverse
blocking IGBTs in order to achieve minimum semiconductor
losses, which is detailed in [11].
The input and output filters are both realized with two-stage
differential mode (DM) filters and include damping networks
in order to avoid instabilities due to resonances. The input
filter, in addition, contains a fifth-order common mode (CM)
filter with three CM inductors in order to fulfil the EMI
requirements. Tab. I summarizes the converter requirements
and specifications.
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Schematic of the 3-phase 3-IeveI T-type AC-DC-AC converter comprising a Si and SiC hybrid rectifier and inverter stage.

TABLE II.

DESIGN VARIABLES FOR OPTIMIZATION

Switching frequency
Max. input phase current ripple
Max. output current ripple

III.

L1,out,u

Inverter part

Input filter with EMI eM filter (Mains side)
Fig. 1.

U

fsw.i.n
"Yi.in.n
"Yi.out.n

8kHz . . . 40kHz
5% . . . 40%
5% . . . 40%

MULTI-OBJECTIVE OP TIMIZATION PROCEDURE

The multi-objective optimization approach presented in this
paper considers the converter and component models listed
below:
•

Electrical converter model: voltages and currents,
predictions of CM and DM noise levels and filter
component values to fulfil the design specifications;
cf. [12], [13].

•

Inductor model: winding and core losses, thermal
model, boxed volume.

•

Capacitor model: only boxed volume, capacitor losses
are neglected; cf. [2].

•

Power semiconductors: conduction and switching
losses, thermal model; the volume of the semiconduc
tors is not considered; cf. [11].

•

Heat sink: thermal model for forced air cooling, power
demand of the fan, boxed volume (heat sink plus fan);
cf. [14].

Each component model facilitates the calculation of the respec
tive losses, the temperature rises, and the component volumes.
The losses and the temperature rises of the components are
coupled, e.g. the inductors' winding and core losses depend on
the respective winding and core temperatures (according to the
material properties) and vice versa (according to the properties
of the inductor's thermal network which includes the heat flux
to the ambient). For this reason, not only accurate loss models,
but also accurate thermal models are required. According to
the list given above, a large number of publications related to
component models is readily available. This is particularly true
for the semiconductors [11] and the heat sink [14]. However,
no detailed discussion of coupled electro-thermal models for
inductors is available. Therefore, in this paper a coupled
electro-thermal inductor model is developed, implemented, and
verified.

Fig. 2 depicts the flow chart of the optimization procedure.
It conducts fully automatic converter designs and calculates
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and stores the respective components' losses, temperatures, and
volumes in a pool of design results. The models employed
in this automatic design procedure are highly non-linear and,
therefore, a high number of converter designs is carried out
in order to find the global optimum. Thus, in a first step, the
design space is created for the considered power converter,
which, for the AC-DC-AC part, is based on Tab. II: I
•

switching frequencies !sw ,n: from 8 kHz to 40 kHz
with a step size of 1 kHz;

•

reI. input and output inductor current ripples li,in,n
and li,out,n: from 5% to 40% with a step size of
5%; the ratio of the maximum peak-to-peak inductor
current ripple, 6.h,n, to the peak fundamental current,
f, defines the relative current ripple:

ri,in,n
ri,out,n

6.h'.in,n/ fin,
6.h"out,n/ fout;

If required, the optimization procedure could also consider
further design variables, e.g. the numbers of semiconductors
operated in parallel for each switch or diode (here: constant;
the actual numbers are given in [11]), the base plate tem
perature of the heat sink (here, a base plate temperature of
{}
100°C is assumed), and the DC link voltage (here:
=

720 V).
In a second step the design procedure selects the n-th set of
design variables from the design space and conducts a single
converter design. It calculates the semiconductor losses, PS C,n,
and the respective junction temperatures for the assumed heat
sink base plate temperature. With known semiconductor losses
the heat sink can be optimized according to [14], which yields
the total boxed volume of the cooling system, VCS ,n, and the
power demand of the fans, PCS ,n The values of the filter
components are calculated according to [13] in order to fulfil
the design specifications and design variables. The total losses
and the boxed volumes of the DM and CM inductors (PLDM,n,
PLCM,n, VLDM,n, VLCM ,n) are calculated with the inductor
optimization procedure detailed in Section IV , which employs
an inductor model that considers electro-thermal and magneto
thermal couplings. Furthermore, the total volume of all DM
'

IThis paper is confined to the optimization of the AC-DC-AC part of the
UPS, since the optimization of the DC-DC converter (not shown in Fig. 1)
which is employed for interfacing the battery storage to the UPS DC link, can
be implemented in an analogous manner.
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Fig. 2. Block diagram of the optimization procedure used to determine the ry-p Pareto front. PSC,n, PCS,n, PLDM,n and PLCM,n denote the total losses of
the semiconductors with the n-th set of design variables, the fans of the cooling system, the DM inductors and the CM inductors, respectively. VCS,n, VLDM,n,
VLCM,n, and VCDM,n denote the total boxed volume of the cooling system (heat sink with fans), the DM inductors, the CM inductors, and the DM capacitors,
respectively. The optimization of the DC-DC converter part which interfaces the UPS battery storage to the DC link can be perform in analogous manner.

capacitors, VCDM,n, is determined for each converter design
(the total volume of all eM capacitors is found to be relatively
small, i.e. negligible in a first step).

L

Based on all power densities and efficiencies calculated for
all converter designs the 1J-P Pareto front can be generated
which, finally, facilitates the identification of the optimum
converter design, cf. Section V .

j

irnain

b.h isw

Tamb Twhs,max

Tc,max

Select j-th set of inductor design variable
Core parameter, nstack,j' Bpk,j' kj
Calculate the inductor properties
Wire diameterdw, and number of turns N

IV.

INDUCTOR MO DEL

Iterative loop

,-------�---,
Calculate the winding and core losses

A. Procedure overview and loss model

The calculation of the inductor losses is implemented
according to the flow chart depicted in Fig. 3. The proposed
procedure requires the specifications listed below:
•

The inductance value L.

•

The fundamental peak current

j and

+

Calculate winding and core temperatures
fales

Pw,j) Pc,j) Twhs,j) Te,j

mains frequency

fmaino
•

The maximum peak-to-peak inductor current ripple
6.h and the switching frequency fsw.

•

The maximum allowed winding hot-spot and core
temperatures Twhs,max and Tc,max and the ambient air
2
temperature Tamb.

The implemented automatic inductor design procedure is based
on a high number of different inductor designs and the auto
matic evaluation of the resulting p-1J-Pareto front similar to the
converter optimization procedure discussed in Section III. In a
f) arnb + 273 K
The same representation manner is applied for the other temperatures.
2Tarnb is the absolute ambient air temperature, e.g. Tarnb

=
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j=j+1

of optimum inductore design
Results: losses. boxed volume. and design data

Fig. 3.

Flow chart of the inductor design procedure.
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TABLE

first step, the inductor design space is created. The considered
inductor design variables are:
•

core material and geometry (selected from a prede
fined list of available magnetic cores),

•

number of stacked cores nstaek (n

•

peak flux density Bpk (50% Bsat to 100% Bsat with
a step size of 10%),

•

filling factor k (50% to 100% with a step size of 10%).

=

III.

MAGNETIC MATERIALS FOR OPTIMIZATION

Name
EPCOS N87 (Ferrite)
Magnetics KooJ-Mu (Iron powder)
MetgJas 2605SA 1 (Amorphous)
Finemet FT-3M (Nanocryslalline)

1, 2, or 3),

Bsat

{)c,lnax

O.25T
LOT
1.5T
1.23 T

120°C
100°C
150°C
150°C

Rth,wa

The procedure starts with selecting the first set of design
parameters from the inductor design space and calculates the
inductor properties that can be directly calculated, such as the
wire diameter, the number of turns, and the air gap length. In a
next step, the procedure calculates the winding and core losses.
The winding losses are separated into low (mains) frequency
and high (switching) frequency losses. The low frequency
losses are calculated with the DC resistance and the calculation
of the high frequency losses is based on the mirroring method
detailed in [12]. The inductor design considers two types of
conductors, i.e. solid copper wire and high frequency litz wire.
The core losses are calculated based on the improved General
ized Steinmetz Equations (iGSE) [15]. The winding and core
losses, however, depend on the winding and core temperatures,
which are determined using the thermal model discussed in
the next Subsection IV-B. The winding and core losses and
temperatures are calculated in an iterative loop according to
Fig. 3. This loop is repeated until all differences between
previously and currently calculated temperatures fall below
1 K. The losses and volumes resulting for both types of wires
are evaluated with respect to the maximum allowable winding
hot-spot and core temperatures (Twhs and Te, respectively).
The design results of every inductor design, which features
hot-spot temperatures less than the specified maximum values
is stored in the pool of inductor design results. Thereafter,
the design procedure selects the next set of design parameters
and conducts the next inductor design. After processing the
complete inductor design space, the results available in the
pool of inductor design results is analysed in order to determine
the optimal inductor according to the following procedure:

1.

The inductor with minimum boxed volume, VL,min
min(VL,j), is identified in the pool.

2.

The inductor designs with VL,j > 1.2
removed from the pool.

3.

The inductor design with llllmmum losses in the
remaining pool of inductor design results denotes the
considered optimal choice.

X

Mr

2200
14".125
45000
70000

=

VL,min are

The losses of the inductors contribute relatively little to the
total losses, therefore, a major optimization criterion is maxi
mum power density. Very compact inductor designs, however,
yield comparably high losses. A considerable loss reduction
is achieved if a somewhat higher boxed volume is allowable,
which is taken into account by the procedure given above.
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I: Conduction
II: Conduction &
Radiation
1lI: Convection &
Radiation
Fig. 4. Extended thermal network of the inductor. Pw and Pc denote the
total winding losses and the core losses, respectively. Twhs and Tc denote the
hot-spot winding temperature and the temperature inside the core. Tws, Tcs
and Tps are the surface temperatures of the winding, the core and the metal
base plate, respectively. The base plate is considered only for the evaluation
of the inductor model and it is neglected in the converter optimization in order
to keep some safety margin for the inductor design.

For DM inductors the inductor design procedure considers
E-core shapes and four different magnetic materials (Nanocrys
talline, amorphous, ferrite, and iron powder, cf. Tab. III) with
different magnetic properties, in particular different saturation
flux densities (Bsat), operating core temperatures (1'Je,max),
and core loss characteristics. For CM inductors, toroidal cores
made of nanocrystalline material are considered, due to the
high permeability and the low core losses required. N.B.:
Inductors using tape wound cores made of amorphous or
nanocrystalline magnetic materials are subject to increased
core losses in presence of orthogonal components of the
magnetic flux density, i.e. if the direction of the magnetic
flux vector is not aligned to the hard magnetic direction of
the magnetic material, which particularly happens close to the
inductor's air gap [16]-[18]. Currently, there is no loss model
known to the authors, which accurately takes this effect into
account. In order to still consider the expected increase of the
core losses due to this effect, the core losses are multiplied
with a correction factor kPe
2, which has been determined
based on the results of [16].
=

B.

Thermal model

The thermal model is implemented on the basis of [19] and
estimates the hot-spot temperature inside the winding ( Twhs),
the temperature inside the core (Te), the surface temperature
of the winding (Tws), and the surface temperature of the core
(Tes). It takes three different heat transfer mechanisms into
account, i.e. conduction, convection and radiation. The thermal
resistance network of [19] is extended by three additional
thermal resistances in order to determine Te and to consider
the heat transfer from the inductor to the metal base plate the
inductor is mounted on. Fig.4 depicts the resulting thermal
model.
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THERMAL PROPERTIES OF THE CORE MATERIALS

TABLE IV.

TABLE V.

Ferrite
Iron powder
Amorphous
Nanocryslalline

4.1SW/(mK)
SW/(mK)
7.65W/(mK)
7.65W/(mK)

/-------- ------- /

r---r-� - �
�

u

...c:�

1l_

��
_

.

V--

,

4.1SW/(mK)
SW/(mK)
9W/(mK)
9W/(mK)

Core legs' center line

i, !
I

'

!L- -

Wei

'/!

: �wcw-.t : ?!.
� wc -!,ac

hp

L�==

(a)
Fig. 5.

(b)

Simplified core dimensions (a) and base plate dimensions (b).

The thennal resistances Rth,whs, Rth,we, Rth,wa, and
Rth,ea are calculated according to [19].
The calculation of the temperature inside the core, Te,
assumes a constant temperature along the core legs' center
lines (cf. Fig. 5(a». Thus, the additional resistance Rth,e
represents the thermal resistance between the core legs' center
lines and the core surface and is expressed as:

1
Rth,e

1
1
+�,
Rth,e,xy
th,c,z
Ie
Rth,e,xy
,
Ae,xyAe,xy
dej2
Rth,e,z
,
Ae,zAe,z
where le is an effective thermal distance, Ae,xy and Ae,z

(1)
(2)

Ae,xy
Ae,z

(4)
(5)

(6)

The thermal conductivities of the core materials are given
in Tab. IV.
The second additional resistance, Rth,ep, represents the
thermal resistance between the core and the base plate due to
the combination of conduction and radiation. It is expressed
as

1
Rth,ep
Rth,eond,ep
Rth,rad,ep

1
1
+
'
Rth,eond,ep Rth,rad,ep
leg

hrad,epAep
Tes - Tps

(7)
(8)

(9)
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Metglas 265SA I Amorphous
AMCC06R3
X
2xO.5mm
(5
x4
'" 7.Smrl (at 5°C

(2 sets 2 stacked)

20 turns

turns

2

layers)
)

An equivalent air gap length of leg = 0.2 mm between the
core surface and the base plate top surface is found to yield
reasonably accurate and reproducible results for all inductors
measured with the test set-up detailed in Subsection IV-C.3
Moreover, Aair = 0.03W j(mK) is the thermal conductivity
of air at 80oe, Aep = wede is the contact area of the core
and the base plate, Ec = 0.9 is the assumed emissivity of
the core surface, and a is the Stefan-Boltzmann constant [=
5.67 x lO-s W j(m2K4)] [19].
The last additional resistance, Rth,pa, represents the ther
mal resistance between the surface of the base plate and
the ambient air and considers heat flux due to convection
and radiation. The dimensions of the base plate are depicted
in Fig. 5(b) and the expressions for calculating Rth,pa are
given in [19]. Further parameters are: the assumed emissiv
ity of the base plate surface, Ep = 0.04 (aluminum, pol
ished), the total open surface area of the base plate, Apa =
2 {wpdp + (wp + dp)}- Aep, and the total distance passed by
the air that cools the base plate, L = dp + hp.

C.
(3)

are
direction dependent effective thermal conductivities of the core
(cf. Fig. 5(a) regarding X-, y-, and z-directions), Ae,xy denotes
the total surface area of the core in x- and y-directions (top,
bottom, and both sides; Ae,xy also includes the surface areas
inside the core windows), and Ae,z is the surface area of the
core in z-direction (front and back). These parameters can be
calculated using the core dimensions shown in Fig. 5(a):

4
2 {(he + We) + (hew + Wew - Wei)}dc,
2 {hewe - hew( Wew - Wei )}.

TEST INDUCTOR DESIGN PARAMETERS

Core material
Core size
Air gap width
Number of turns
Rdc of wire

Material

Evaluation of Inductor Model

In order to evaluate the accuracy of the inductor model,
i.e. the accuracies of the calculated losses and temperatures, the
inductor's total losses and core and winding temperatures have
been measured. The inductor test set-up and a test inductor are
built as shown in Fig. 6. The inductor test set-up contains an
aluminum base plate (dimensions: 220 mm x 300 mm x 5 mm),
which supports a duct made of acrylic glass; the data logger
used to process the measurement results is located below the
base plate of the duct. The back side of the duct shown in
Fig. 6 is tenninated with a fan that can be used to control the
air flow inside the duct. The test set-up is equipped with K-type
thennocouples and air speed sensors to measure tJam b and the
air speeds at different locations inside the duct, respectively.
The test inductor, shown in Tab. V, employs Amorphous
core material and solid copper wire and is equipped with
thennocouples, located inside the winding, at the surface of
the winding, and at the surface of the core, in order to measure
tJwhs, tJws, and tJes (cf. Fig. 6(b).
The inductor losses are simultaneously measured with a
calorimeter and a power analyzer for a low frequency (LF) si
nusoidal current with a superimposed triangular high frequency
(HF) AC current. The test conditions are specified in Tab. VI.

Fig. 7 compares the obtained measured and calculated
inductor losses and temperatures. A good agreement between
3Experimental results confirm the existence of a non-zero value of
Rth,cp,
however, the exact value of the equivalent air gap length, leg, is difficult to
determine and may vary depending on the inductor core and the set-up.
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Fig. 6.
(a) Inductor test set-up with ambient air temperature sensors and
air-speed sensors; (b) test inductor.
:>-.
u
c

TEST CURRENT CONDITIONS

TABLE VI.

HF component
(peak-to-peak)
LF component

c;.[

isw

j

=
=

.�

9.5 A
16 kHz

ffi

0,20,48 A
!main = 50Hz
=

measured and calculated results for all considered operating
points (losses and temperatures) is obtained if the core loss
correction factor is reduced to kpc
1.65 (instead of kpc 2,
cf. Subsection IV-A): 4 The relative error for all considered total
losses and winding hot-spot temperatures is less than 10 %.
=

=

OPTIMIZATION RESULTS AND DISCUSSION

V.

Fig. 8(a) shows the power densities and efficiencies cal
culated for all considered converter design points. Besides
different switching frequencies and current ripples (cf. Section
II) also different core materials are considered for the DM
inductors. According to these results, highest efficiencies and
highest power densities are achieved with nanocrystalline
materials, due to the high saturation flux densities and the
low core losses of nanocrystalline materials even including
increased core losses with air gap. The high saturation flux
densities of amorphous materials allows high power densities
4The value of kpc is expected to depend on the air gap length and is,
therefore, not expected to be constant. For this reason, the optimization results
presented in Section V are still based on kpc = 2 to avoid unrealistic inductor
designs. Thus, further research related to a more accurate calculation of the
core losses of tape-wound cores with air gaps is required.
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Fig. 7. Comparison of measured and calculated inductor losses and temper
atures. Measurement results are shown by black bars (meas.) and calculation
results are shown by light gray bars (model). Ambient temperatures are shown
by dark gray bars ({Jamb � 33 °G inside the closed box of the calorimeter).
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Fig. 8.
rt-p Pareto front of the proposed UPS system with four different
magnetic materials (a) and Pareto front with amorphous material (b) used for
everything the mapping of the design space into the system performance.

too, however, due to higher core losses, the achievable con
verter efficiencies are less than the efficiencies achievable for
nanocrystalline materials. Also iron powder materials can be
used to realize the inductors, however, the permeabilities of
these materials are less than those of the other materials. In
addition, the permeabilities drop with increasing flux densities,
i.e. the inductances of inductors using iron powder cores
show a non-linear dependency on the inductor current. As
a consequence, the number of turns needs to be increased
in order to maintain a given inductance value at an elevated
current, which increases the winding losses. Due to the in
creased winding losses the inductor volume has to be increased
in order to maintain the winding hot-spot temperature limit,
which decreases the power density. Thus, for the given ap
plication, inductors using iron powder cores are found to be
less suitable. For the given application also ferrite cores are
found to give comparably low power density and efficiency
values, which is due to the low saturation flux density of
ferrite materials and the relatively low switching frequencies
used by reason of the employed semiconductors. Due to the
high cost of nanocrystalline materials (23 € /kg) [20] and the
comparably small difference in efficiency and power density,
the amorphous material (16 € /kg) is selected for realizing the
inductors of the converter.

Fig. 8(b) shows, how the design space is projected into the
performance space:
• between points A and B on the led line in Fig. 8(b),
the increase of the switching frequency at constant current
ripple of 20 % causes the power density to increase and the
efficiency to drop. If the switching frequency exceeds a certain
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Fig. 9. Influence of the design parameter switching frequency fsw on the
efficiency (a), the loss distribution (b), the power density (c), and the volume
distribution (d). In this figure, the current ripple is kept constant hi = 20 %).

Fig. 10. Influence of the design parameter current ripple 'Yi on the efficiency
(a), the loss distribution (b), the power density (c), and the volume distribution
(d). In this figure, the switching frequency is kept constant (fsw = 1 6 kHz).

value, however, the power density drops (cf. B-C in Fig.8(b»,
due to the additional converter volume needed to dissipate the
heat (increased heat sink volume, additional volume of passive
components due to thermal limitation).
• between points a and b on the blue line in Fig. 8(b) the
increase of the current ripple at constant switching frequency
of 16 kHz as the selected design causes the power density
and the efficiency to increase, due to the reduction of the
inductances, which helps to reduce the inductor winding losses
and volumes; between points b and c increasing current ripple
start to deteriorate the overall efficiency and power density due
to increase in the inductor losses and the capacitor volumes.
With higher current ripple at same switching frequency, the
inductor core losses is increased. In addition, in order to
dissipate the increased heat, the inductor volumes can not be
reduced (thermal limit). Moreover, the volume of the EMI filter
(CM inductor and DM capacitor) increases, since the required
filter attenuation increases with increasing current ripple.

29 kHz, and no further improvement is seen with increasing

Efficiencies, loss distributions, power densities, and volume
distributions calculated for different switching frequencies,
constant relative input and output side current ripples of
20%, and inductors made of amorphous cores are shown
in Fig. 9. According to Fig.9(a), the efficiency drops with
an increase in switching frequency, which is mainly due to
the switching losses of the power semiconductors. The power
density improves with an increase in switching frequency due
to the volume reduction in the passive components. However, it
shows a maximum for a switching frequency of approximately

2840

switching frequency, due to an increase in HF core losses of the
DM inductors and the associated overall component surfaces
needed to maintain the thermal limits. A switching frequency
of 16 kHz is selected in order to achieve a high efficiency
and to avoid audible noise. At fsw
16 kHz, the contribution
of the total semiconductor losses on the total converter losses
is 65% and the contribution of the total passive components'
losses is 27%. The contribution of the passive components
(DM inductors, capacitors, and CM inductors) on the total
converter volume is 49%.
=

Fig. 10 depicts the results calculated for different current
ripples and constant switching frequency, fsw
16 kHz. In
this case the maxima of efficiency and power density occur
for similar current ripples (15% for maximum efficiency and
20% for maximum power density) on the input and output
sides. According to Fig. lO(b), the DM inductor losses decrease
significantly between 5 . . . 15%, since a reduction of the in
ductance value significantly reduces the LF winding losses in
the DM inductors. This helps to reduce the volume of the DM
inductor and improves the overall power density (cf. Fig. lO(c)
and (d». However, the DM inductor losses slightly increase
for current ripples between 15% . . . 40%, due to increasing
HF winding losses and core losses. Since the DM inductor
losses are not decreasing, the DM inductor volume is also not
decreasing in that range of the current ripple. However, the
DM capacitor volume increases, since the voltage ripple is
kept constant and the current ripple increases. Therefore, the
=
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power density drops if the relative current ripples exceed 20%.
In order to achieve a high power density, a current ripple of
20% is selected.
V I.

[8]

CONCLUSION

The optimization procedure presented in this paper em
ploys a multi-domain approach which is based on component
models that consider electric, magnetic, and thermal aspects.
The paper especially details a coupled electro-thermal and
magneto-thermal model of the inductors that features accurate
calculation of losses, volume, and hot-spot temperature inside
the winding. This presented results reveal that the global
converter optimization based on the Tf-P Pareto front enables
a high converter efficiency of 96.6% at a maximum power
density of 2.3 kVAjdm3 for the investigated 20 kVA UPS
system including the EMI input filter and the output filter. The
relationship between the Tf-P performance space and the fsw1'i design space is discussed and suitable design parameters
of the converter system are determined by projecting selected
performance points back into the design space. As a result,
a switching frequency of 16 kHz, a current ripple of 20 %,
and dedicated inductor realizations (DM inductors: amorphous
cores and solid copper wires; CM inductors: nanocrystalline
cores and solid copper wires) are selected.
Future research may focus on further improvements related
to the inductor model, e.g. modelling of the increased core
losses in the tape wound core in presence of an air gap,
and including forced air cooling in the thermal model of
the inductor. In sununary, the multi-objective optimization ap
proach gives a clear picture of the achievable overall converter
performances (efficiency, power density, etc.) as coordinates
in the performance space including all power components. It,
therefore, provides a very good basis for decision making and
helps to shorten the development time for an optimized power
electronics system.
REFERENCES

[1]

H. Ohashi, "Research Activities of the Power Electronics Research
Centre with Special Focus on Wide Band Gap Materials," in Proc. of
4th
the

[2]

[3]

[4]

International Conference on Integrated Power Systems (CIPS),

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

U. Badstuebner, 1. Biela, and 1. W. Kolar, "Power Density and Ef
ficiency Optimization of Resonant and Phase-Shift Telecom DC-DC
Converters," in Proc. of the 23r d Annu. IEEE Applied Power Electronics
Conference and Exposition (APEC), pp. 311-317,2008.
U. Badstuebner, 1. Biela, B. Faessler, D. Hoesli, and 1. W. Kolar, "An
Optimized 5kW, 147W /in3 Telecom Phase-Shift DC-DC Converter
th
with Magnetically Integrated Current Doubler," in Proc. of the 24

21-27,2009.

1. Biela and 1. W. Kolar, "Pareto Optimal Design and Performance
Mapping of Telecom Rectifier Module Concepts," in Proc. of the Power
Conversion and Intelligent Motion (PCIM), 2010.
1. W. Kolar, 1. Biela, S. Waffler, T. Friedli, and U. Badstuebner,
"Performance Trends and Limitations of Power Electronic Systems,"
th International Conference on Integrated Power
in Proc. of the 6
Electronics Systems (CIPS), 2010.

2841

U. Badstuebner, 1. Biela, and 1. W. Kolar, "An Optimized, 99 % Effi
cient, 5kW, Phase-Shift PWM DC-DC Converter for Data Centers and
Telecom Applications," in Proc. of the International Power Electronics
Conference (IPEC), pp. 626-634,2010.
U. Badstuebner, 1. Miniboeck, and 1. W. Kolar, "Experimental Verifica
tion of the Efficiency I Power-Density (1)-p) Pareto Front of Single-Phase
th
Double-Boost and TCM PFC Rectifier Systems," in Proc. of the 28
Applied Power Electronics Conference and Exposition (APEC), 2013.

1. Huber, G. Ortiz, F. Krismer, N. Widmer, and 1. W. Kolar, "1)-P Pareto
Optimization of Bidirectional Half-Cycle Discontinuous-Conduction
Mode Series-Resonant DCfDC Converter with Fixed Voltage Tranfer
th Applied Power Electronics Conference and
Ratio," in Proc. of the 28
Exposition (APEC), 2013.

Y. Kashihara and 1. Itoh, "Parformance Evaluation among Four Types of
Five-level Topologies using Pareto Front Curves," in Proc. of the IEEE
Energy Conversion Congress and Exposition (ECCE USA), 2013.

H. Uemura, F. Krismer, and 1. W. Kolar, "Comparative Evaluation of T
Type Topologies Comprising Standard and Reverse-Blocking IGBTs,"
in Proc. of the IEEE Energy Conversion Congress and Exposition
(ECCE USA), 2013.
1. Mlihlethaler, H. Uemura, and 1. W. Kolar, "Optimal Design of EMI
Filters for Single-Phase Boost PFC Circuits," in Proc. of the 38th
Annual Conference of the IEEE Industrial Electronics Society (IECON),

1. W. Kolar, U. Drofenik, 1. Biela, M. L. Heldwein, H. Ert!, T. Friedli,
and S. D. Round, "PWM Converter Power Density Barriers," in Proc.
of the Power Conversion Conference (PCC), pp. 9-29,2007.

(APEC), pp.

[6]

[9]

pp. 1-4,2006.

Annu. IEEE Applied Power Electronics Conference and Exposition

[5]

[7]

2012.

D. O. Boillat, T. Friedli, 1. Mlihlethaler, 1. W. Kolar, and W. Hribernik,
"Analysis of the Design Space of Single-Stage and Two-Stage LC
Output Filters of Switched-Mode AC Power Sources," in Proc. of the
IEEE Power and Energy Conference at Illinois (PECl), 2012.
U. Drofenik, A. Stupar, and 1. W. Kolar, "Analysis of Theoretical Limits
of Forced-Air Cooling Using Advanced Composite Materials with High
Thermal Conductivities," IEEE Trans. on Computers, Packaging, and
Manufacturing Technology, vol. 1,pp. 528-535,2011.
K. Venkatachalam, C. R. Sullivan, T. Abdallah, and H. Tacca, "Accurate
Prediction of Ferrite Core Loss with Nonsinusoidal Waveforms using
only Steinmetz Parameters," in Proc. of the IEEE Workshop Computers
in Power Electronics, pp. 36-41,2002.

H. Fukunaga, T. Eguchi, Y. Ohta, and H. Kakehashi, "Core Loss in
Amorphous Cut Cores with Air Gaps," IEEE Trans. on Magnetics,
vol. 25,pp. 2694-2698,1989.

B. Cougo, A. Tliysliz, 1. Mlihlethaler, and 1. W. Kolar, "Increase of
Tape Wound Core Losses Due to Interlamination Short Circuits and
Orthogonal Flux Components," in Proc. of the 37th Annu. Conference
of the IEEE Industrial Electronics Society (IECON), 2011.

c. Marxgut, 1. Mlihlethaler, F. Krismer, and 1. W. Kolar, "Multiobjective
Optimization of Ultraftat Magnetic Components with PCB-Integrated
Core," IEEE Trans. on Power Electronics, vol. 28,pp. 3591-3602,2013.
A. van den Bossche and V. C. Valchev, Inductors and transformers for
power electronics. Taylor & Francis, 2005.

R. Burkart and 1. W. Kolar, "Component Cost Models for Multi
Objective Optimizations of Switched-Mode Power Converters," in Proc.
of the IEEE Energy Conversion Congress and Exposition (ECCE USA),

2013.

