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Abstract—DC power distribution systems for data centers,
industrial applications and residential areas are expected to
provide higher efficiency, higher reliability and lower cost com-
pared to ac systems and have been an important research topic
in recent years. In these applications an efficient power factor
correction rectifier, supplying the dc distribution bus from the
conventional three-phase ac mains is typically required. This
paper analyzes the three-phase, buck-type, unity power factor
SWISS Rectifier for the realization of an ultra-high efficiency
PFC rectifier stage with 400 V rms line-to-line ac input voltage
and 400V dc output voltage. It is shown that the mains
current THD of the rectifier can be improved significantly
by interleaving two converter output stages. Furthermore, the
dc output filter is implemented using a current compensated
Integrated Common Mode Coupled Inductor which ensures
equal current sharing between the interleaved half bridges
and provides common mode EMI filter inductance. Based
on a theoretical analysis of the coupled inductor’s magnetic
properties the necessary equations and the design procedure for
selecting semiconductors, magnetic cores, the number of turns
and the EMI filter are discussed. Based on these results an
ultra-high efficient 8 kW, 4 kW dm 3 (64 W in—3) lab-scale
prototype converter using 1.2 kV SiC MOSFETS is designed.
Measurements taken on the prototype confirm a full power
efficiency of 99.16 % and a peak efficiency of 99.26 % as well
as the compliance to CISPR 11 Class B conducted emission
limits.

I. INTRODUCTION

Over the last decades the power demand of intrinsic dc
loads, such as information and communication technology
equipment, data centers, electric vehicle battery charging sta-
tions, LED lighting equipment, etc. increased substantially.
Furthermore, renewable energy sources such as PV modules,
fuel cells and storage batteries are also based on dc. In
such applications, dc distribution systems are expected to be
advantageous in terms of efficiency, reliability and/or cost
as the total number of conversion stages can be reduced.
Consequently, dc power supplies and dc distribution systems
for information and communication technology equipment,
electric vehicle traction battery fast charging and dc micro-
grids have been a major topic in research and industry in
recent years and corresponding standards have been issued
[1-12].
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Fig. 1. (a) Conventional three-phase buck-type SWISS Rectifier consisting
of an EMI input filter, an Input Voltage Selector commutated at mains
frequency and two dc-dc buck converters as proposed in [13]. (b) Proposed
interleaved SWISS Rectifier using a novel four winding current compensated
Integrated Common Mode Coupled Inductor (ICMCI) which is used to
ensure equal current sharing ip1 = ip2, in1 = in2, and provides common
mode EMI filter inductance. For ultra-high efficiency designs all diodes are
typically replaced by MOSFETs to lower the conduction losses.

In these applications, loads with typically tens of kilowatts,
or more, are supplied from a dc bus with ~ 400V that is
powered from the conventional three-phase ac mains. Due to
the high power levels, sinusoidal ac input currents, in-phase
with the mains voltage are required. In countries utilizing a
three-phase mains with a line-to-line voltage of ~ 190V
rms, a boost-type power factor correction (PFC) rectifier
can be used to supply the dc bus. However, for mains with
400V or 480V rms line-to-line voltage this is not possible as
the dc voltage is lower than the amplitude of the full-wave
rectified three-phase line-to-line voltage. Hence, two-stage
systems are normally used which consist of a boost-type PFC
rectifier front end providing ~ 800V dc and a subsequent
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TABLE I
CONVERTER SPECIFICATIONS

Input Voltage (Line-to-Neutral) U; = 230V rms

Input Frequency w1 = 27 50Hz
Switching Frequency fsw = 27kHz
Nominal Output Voltage Upn =400V
Nominal Output Power P =8kW
Input Filter Capacitance Cx,y,z = 4.4uF
Input Filter Inductance Ly = 150 puH
DM Output Inductance Lam = 350uH
CM Output Inductance Lem = 600puH

step-down dc-dc converter. Buck-type PFC rectifiers allow a
direct conversion from the three-phase ac mains to a dc bus
with lower voltage, making them an advantageous alternative
that offers potentially lower losses, volume and cost [14-16].

The schematic of the three-phase buck-type SWISS Rec-
tifier introduced in [13] is shown in Fig. 1(a). It consists of
an ac-side EMI input filter, an Input Voltage Selector (IVS)
and two buck-type dc-dc converters Syp, Dyp and Sg,, Day.
Note that all diodes and switches in the IVS are commutated
at mains frequency only, therefore, basically no switching
losses occur in the IVS. Hence, diodes with a low forward
voltage drop, or MOSFET-based synchronous rectifiers can
be used in the IVS. The IVS output voltages uy, ty, U,
are sections of sinusoidal waveforms as the input phase with
highest potential is always connected to node x, the one with
lowest potential to z and the remaining phase to node y.

In this paper the conventional (single buck converter
output stage), cf. Fig. 1(a), and interleaved SWISS Rectifier,
cf. Fig. 1(b) [18], are compared regarding their ac input
and dc output properties in Section II. The main steps
and the necessary equations for the design of an ultra-
efficient interleaved SWISS Rectifier are discussed in Section
III. Measurement results obtained from an 8 kW prototype
are presented in Section IV. Finally, the main findings are
summarized in Section V.

II. SWISS RECTIFIER
A. Non-Interleaved SWISS Rectifier

In Fig. 1(a) the SWISS Rectifier with two coupled dc
output inductors, L., for common mode (cm) and Lgy, for
differential mode (dm), is shown. As the dc load is connected
between output nodes p and n of the converter and has no
connection to the star point N of the ac mains, i, = —i,
can usually be assumed and the dm inductor alone would
be sufficient for implementing the basic converter function.
However, this is not the case if the load is, for example, a
widespread dc distribution bus, potentially including phys-
ically large backup batteries, which can have a significant
capacitance Cgm load to ground. This creates a conduction
path from the output nodes p and n to the grounded star
point N for high frequency cm currents ¢y, as shown in Fig.
1. This is also the case if dedicated cm capacitors are added
to the converter as part of a cm filter, which is typically
required to comply with EMI regulations.

Simulation results for a conventional non-interleaved 8 kW
SWISS Rectifier specified in Table I are shown in Fig. 2(a).
It can be seen that the ac input currents %,, i1, % show a
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significant switching frequency ripple and distortions with
an amplitude of ~ 6 A at every 60° mains voltage sector
boundary. Detailed simulation results for the vicinity of the
first sector boundary at wt ~ 60° are shown in Fig. 3(a).
These distortions are due to the switching frequency voltage
ripple on the filter capacitors Cy y , as described in [17]. As
Uy, Uy and u, are sections of sinusoidal waveforms due to
the IVS operation, the capacitors Cy, , create reactive power
at the ac input, despite being connected to the dc-side of the
IVS. This reactive power demand is typically limited to a few
percent of the converter’s rated output power, which limits
the capacitance value of Cy y ,. As the SWISS Rectifier is a
buck-type topology the input currents 4, i, and 4, of its dc-
dc converters are discontinuous, resulting in a high switching
frequency ripple of uy, uy, and u, (cf. Fig. 3(a)), due to the
limited capacitance of C y ,.

It can be shown that the resulting mains current THD
essentially depends only on L¢, Ck .y, and the switching
frequency fsw [17]. In this paper, fs, is selected to be
below 30kHz to enable a very high efficiency and the
resonance frequency 1/27m,/L¢ Cx y , of the input filter is
set at 6.2kHz, (resulting in Ly = 150 uH) in order to be
sufficiently larger than a typical current controller bandwidth
of 1.5kHz.

B. SWISS Rectifier with Interleaved Output Stages

To reduce the input current and voltage ripples either the
ac input filter capacitance Cf and inductance L; can be
increased or a higher switching frequency fs,, can be used.
Both options increase volume and/or losses and cost of the
converter system. In order to overcome these disadvantages
two interleaved dc-dc converters can be used as output
stage to reduce the input and output current ripples [19—
21]. The schematic of the resulting system, denominated as
interleaved SWISS Rectifier in the following, is shown in Fig.
1(b) where two individual bridge legs Sxp1 / Dyp1 and Sypo
/ Dyp2 are used for the p-side, and Sa,1 / Day1, Saz2 / Day2
are used for the n-side dc-dc converter stage. Compared to
the conventional SWISS Rectifier two additional MOSEFTs,
diodes and gate drivers, as well as two extra windings and
current sensors are required, which increases the converter’s
cost and its control complexity.

Simulation results of the interleaved SWISS Rectifier are
shown in Fig. 2(b), where it can be seen that the ripple
of the IVS output voltages uy, uy, u, (i.e. of the filter
capacitor voltages) and of the ac input currents are reduced
significantly compared to Fig. 2(a). By using the same duty
cycle but 180° phase shifted carriers for the pulse width
modulation (PWM) of Sis1 and Sype the high frequency
components of the resulting input current i, have twice
the effective frequency and half the amplitude compared
to the non-interleaved case. This can be seen from the
corresponding simulation results for the first mains voltage
intersection at wt ~ 60° shown in Fig. 3(b). Due to the
reduced ripple of the buck converter input currents 7., z; and
i.., the peak-to-peak ripple of the filter capacitor voltages s,
uy and u, reduces from 60V without interleaving to 18 V
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Fig. 2. Simulation results for a conventional and interleaved 8 kW SWISS Rectifier (cf. Fig. 1) as specified in Table I, showing the ac line voltages ua b c»
the filter capacitor voltages ux,y,, and the resulting ac input currents ¢, p, .. (a) Due to the discontinuous input currents ¢ ,, , of the non-interleaved de-de
buck converters (cf. Fig. 1(a)) a high ripple in ux,y , and in the ac input currents i, , . results. This also leads to s1gmﬁcant distortions of ¢, 1, at each
60° mains voltage sector boundary, as described in [17]. (b) In the interleaved SWISS Rectifier (cf. Fig. 1(b)) the switching frequency voltage rlpples of
Ux,y,z are reduced significantly due to harmonic cancellation, which reduces the ac input current (i, ) ripple and the resulting current distortions at
sector boundaries.
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Fig. 3. Detailed simulation results of the first intersection of the mains line-to-neutral voltages u, and uy, at wt =~ 60°: (a) the discontinuous buck

converter input currents 74, z’y of the conventional non-interleaved SWISS Rectifier (cf. Fig. 1(a)) lead to high switching frequency ripples of the input
filter capacitor voltages ux and uy. As ux and uy cannot intersect due to Dyp and Sxp a distortion of the mains currents 4, and 4y, results [17]. (b) In
case of an interleaved SWISS Rectifier (cf. Fig. 1(b)) the amplitude of 4/, zg, is reduced and the effective frequency is doubled which leads to a significant
reduction of the ripples in ux and uy. The intersection of i, and 1, leads that of ua and up, by 87us (i.e. 1.6°) due to the reactive current created by

the input filter capacitors Cx,y .

with interleaving. Also the ripple and the distortions of the
input currents i,, 7, and i. are reduced from ~ 6 A to < 1 A.

Note that the interleaved buck converters can be controlled
such that the individual dc-dc converter currents are split
equally, i.e. ip1 = ip2 and 4,1 = 7,2, except for the switching
frequency ripple. This allows current compensated filtering
of the dc-dc converter output voltages with closely coupled
inductors, which ideally carry no dc flux component in the
magnetic core and can therefore be implemented without an
air-gap, leading to a larger inductance value, similar to a cm
inductor. Typically this is realized with so called Intercell

Transformers (ICTs) [22-26], were the interleaved SWISS
Rectifier requires two ICTs, one for the p- and one for
the n-side bridges as shown in Fig. 4(a). To analyze this
circuit the SWISS Rectifier’s input filter, IVS, and dc-dc
converters are replaced by equivalent voltage sources, which
define the potentials of nodes pl, p2, nl and 12 with respect
to the mains star point and/or ground. These four voltage
sources can be converted to a tree structure of a common
mode (cm), an outer differential mode (odm) and two inner
differential mode (idm) voltage sources as shown in Fig. 4(b).
These equivalent voltages can be calculated using a linear
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Fig. 4. (a) Simplified circuit diagram of the interleaved SWISS Rectifier
with two Intercell Transformers (ICTs). The IVS and the dc-dc converters
can be replaced by equivalent voltage sources split into common mode (cm),
outer differential mode (odm) and p- and n-side inner dm (idm,p & idm,n)
components as shown in (b). For cm (¢) and odm (d) the currents in the
ICT windings cancel and basically no flux results in the ICTs’ cores. (e)
This is not the case for the idm voltages which create the fluxes ®;qm,p
and ®iqy, , in the ICTS’ cores.
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Fig. 5. (a) Circuit diagram of the interleaved SWISS Rectifier with an
Integrated Common Mode Coupled Inductor (ICMCI), which provides cm
(b) and idm (d) inductance, hence no dedicated cm Inductor L, is required.
(c) The directions of the p- and n-side windings are selected such that the
odm current 7,4y, cancels in all three windows of the core, which implies
that the ICMCI does not provide odm inductance and can therefore use a
core without air gaps, similar to conventional ICTs.

transformation S

Uem 1 1 1 1 Upl
Uodm 11 2 2 =2 =2 U2
= )
uidmp 4 2 72 0 Unp1
Uidm,n 0 0 2 -2 Uz
——
Usep S u
with the inverse transformation
2 1 2 0
11 2 1 -2 0
T=S1=_ )
212 -1 0 2
2 -1 0 -2

It can be seen from the equivalent circuit diagrams shown
in Fig. 4(c) and (d) that the cm and odm currents cancel
in the two windings of each ICT. Therefore neither cm nor
odm flux results in the ICTs’ cores, while the idm voltages
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are applied to the ICTs’ windings and drive corresponding
fluxes (I)idm,p and (I)idm,n~

C. Integrated Common Mode Coupled Inductor - ICMCI

In order to reduced the number of magnetic components
in the interleaved SWISS Rectifier the two ICTs and the
cm inductor L., can be integrated into a single four wind-
ing magnetic device, which is denominated as Integrated
Common Mode Coupled Inductor (ICMCI) in the following
and is shown in Fig. 1(b) and Fig. 5(a). To analyze the
ICMCT’s magnetic properties the mains voltages, IVS and
buck converters are again replaced by a tree structure of
cm/odm/idm voltage sources. Neglecting any leakage fluxes
in the ICMCI, the fluxes @1, ®p2, Py1, Pno generated by
the four windings, have to fulfill

(I)pl + (pr =Py1 + Pua, 3

due to the ICMCT’s core structure, cf. Fig. 5(a). This implies
that the sum of the p- and n-side winding voltages has to be
equal, i.e.

“

Using Kirchhoff’s voltage law on the circuit shown in Fig.
5(a) three additional equations can be found

Uw,pl + Uw,p2 = Uw,nl + Uw,n2 -

®
(6)

Uw,pl + Uw,p2 + Uw,nl + Uwn2 = 4 (ucm - ucm,lf) .
————

Uw,pl — Uw,p2 = 2uidm,p s

Uw,nl — Uwn2 = 2uidm,n s

Uem, hf

(N

Note that ucm e 1s the switching frequency component of
the converter’s cm voltage .y, as given by (1). Solving the
system of equations defined by (4) to (7) with respect to the
ICMCT’s winding voltages yields

Uw,pl = Uidm,p + Ucm, hf » (8)
Uw,p2 = — Uidm,p + Ucm, hf » (9)
Uw,.nl = Uidm,n + Ucm,hf » (10)
Uw n2 = — Uidm,n + Ucm,hf - (1 1)

It can be seen that the ICMCI’s winding voltages are defined
only by the switching frequency cm voltage and the inner dm
voltages, while the outer dm voltage is applied only to the
differential mode inductor L4, and the dc output uy,y,, which
can also be seen from the equivalent circuit diagrams in Fig.
5(b-d)

Simulation results of the ICMCI’s winding voltages and
the outer dm voltage for nominal operation are shown in Fig.
6(b). Compared to a conventional non-interleaved SWISS
Rectifier the (outer) dm voltage applied to Lg,, is reduced,
which leads to a significant reduction of the peak-to-peak
ripple in ioqy, compared to igy, (cf Fig. 6(a)). The same
holds for the cm current i¢p,.

In Fig. 7 simulated switching frequency voltage and cur-
rent waveforms, for a reduced switching frequency of 9 kHz,
are shown for 0° < wt < 30°. It can be seen that the
ICMCT’s winding voltages Uy p1, Uw,p2, Uw,nl and Uy n2
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Fig. 6. (a) Detailed simulation results for a conventional non-interleaved SWISS Rectifier with the same operating conditions as in Fig. 2, showing dm
and cm voltages uqmy and uem created by the dc-de converter stages and the resulting dm current 74y, and the total cm current (2 ¢cm and 4 icm). (b)
Simulation results of the corresponding quantities of an interleaved SWISS Rectifier employing an ICMCIL Due to the interleaving the outer differential
mode (odm) voltage uo,qm peak-to-peak ripple reduces, which leads to a reduction of the ripple of the corresponding current ¢oqm-

are periodic with the switching frequency, while the voltage The resulting cm and idm flux paths are shown in Fig. 9(g)

Uodm,hf applied to Lg, shows twice that frequency due to  and Fig. 9(h).

harmonic cancellation. In order to derive a model of the cube-type ICMCI,
the reluctance models shown in Fig. 9(b) and (f) can be

expressed as inductance matrices L:
D. Cube-Type ICMCI

Implementing an ICMCI using a core with four parallel Uw,p1 ip1
branches, as shown in Fig. 5(a), typically requires either a Uwp2 | _q, 9 ip2 (12)
custom core or an assembly of different core material rods Uwnl | Ot | n1 |
and/or plates. Due to the finite permeability of the core Usy n2 102
material and leakage fluxes different couplings between the R —

C g . Uy i
four windings result. These disadvantages can be overcome

by using a symmetric structure where the edges of a cube
form the ICMCI’s core and each of the four vertical core
branches holds one winding. This structure can be assembled
from four conventional C (or U) cores, each carrying one

For the neighboring (L,) and opposing (L,) configuration
this results in:

winding as shown in Fig. 8. % 5—612 R%n 0

For a cube-type ICMCI two different winding configura- n2 = w 0 1
tions exist: The p-side windings can either be wound on two Ly = 9 ﬁ 510 " Ryt Ra i ’
neighboring branches or on diagonally opposing ones. In Fig. R(‘)” 1 Rﬁ“ R fj"]‘% 5
9(a) the neighboring case is shown were air gaps J; exist in Rs1 Rs2 Rs1Rsa
the magnetic paths connecting the p- and n-side and air gaps 13)
Jo exist in the perpendicular direction. Neglecting leakage 2 011
fluxes and the finite permeability of the core material, the n2 0 2 1 1
reluctance model Fig. 9(b) results. In Fig. 9(c) and (d) the L, = TR(; 11 2 0| (14)
resulting cm and idm magnetomotive forces and fluxes are 110 2

shown. Alternatively the p-side windings can be wound on
diagonally opposing branches as shown in Fig. 9(e). The
corresponding reluctance model is given in Fig. 9(f), where where n is the number of turns. Using the linear transfor-
an air gap 0 between all the individual C cores is assumed. mations (1) and (2) these matrices can be separated into cm,
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Fig. 7. Simulated dc-dc converter output voltages up1, up2 and ug1, Un2
during a 30° mains voltage sector, with a reduced switching frequency of
9 kHz. This results in the ICMCI voltages Uw,p1, Uw,p2, Uw,n1 and Uw,n2
and the outer dm voltage uodm,nf applied to Lqp,.
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Fig. 8. (a) Structure of a symmetrical, cube-type ICMCI core, which

is constructed from four ungapped C cores, where each core carries one
winding as shown in (b). Air gaps can be inserted between the individual
cores in order to reduce the ICMCI’s inductance values.

idm and odm as

Uy sep — S Ln T isep P (15)
Ln sep
1
A0 0 0
L 00 o 0
Ln,sep =n 0 0 2Rs1+Rso 1 ., (16)
2R51R52 2R51
0 0 1 2Rs51+ Rso
2Rs1 2Rs1 Rs2
2 0 00
n 0 000
Lo,sep - E 0 0 1 0 (17)
00 0 1

It can be seen from (16) and (17) that both winding con-
figurations provide cm and idm inductance but not odm
inductance. This is due to the fact that leakage fluxes are
neglected in the derivation. Note that in the neighboring con-
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Fig. 9. Winding configurations for a cube-type ICMCI: In (a) p- and n-side
windings are wound on neighboring branches. Neglecting leakage fluxes and
assuming a high permeability of the core the reluctance model (b) results.
The paths of cm and idm fluxes are shown in (c¢) and (d). For the diagonally
opposing winding configuration shown in (e) the reluctance model (f) results
with the corresponding cm and idm fluxes (g) and (h).

figuration Ly, sc, has two non-zero entries next to its principal
diagonal, which implies that the two inner differential modes
are coupled. Hence the p-side idm voltage iqm,p, applied to
windings pl and p2, will create a switching frequency ripple
current in all four windings of an ICMCI with neighboring
winding configuration. This will typically lead to higher
conduction losses than the opposing winding configuration.

E. Modulation and Control

Similar to conventional ICTs an equal sharing of the load
current between the two p- and the two n-side windings is
necessary to avoid saturating the ICMCI’s core, which is
typically achieved using closed-loop control. The proposed
control block diagram for the interleaved SWISS Rectifier
with an ICMCI in opposing winding configuration is shown
in Fig. 10. An outer output voltage controller G, is used to
control upn and determines the outer dm current reference
signal 4}, . By measuring the four ICMCI currents ip1, ip2,
in1 and 7,0 the outer and the two inner dm currents are
calculated using (1) and fed into the corresponding current
controllers Goqy and Gign. By adding the output voltage
as a feed-forward term to the output of Goanm and diving by
the maximum output voltage 1.5 U, the modulation index
m € [0,1] is derived [13,27]. Multiplying m with two unity
amplitude, piece-wise sinusoidally shaped signals s, and s,,,
as described in [27] for the non-interleaved SWISS Rectifier,
yields the duty cycle signals d, and d,,. The rescaled outputs
digm,p and diqm n of the inner dm current controllers Gigm
are added to and subtracted from d,, and d,,, in order to
determine the actual duty cycles dp1, dp2, dn1 and dy2 of
the individual bridges. Note that this allows an active control
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Fig. 10. Control block diagram for the interleaved SWISS Rectifier, using
an outer feedback loop Gy to control the dc output voltage upn by creating
the reference signal 47, ~for the outer dm current controller Goqm. Its
output is used to derive the rectifier’s modulation index m € [0, 1], which
is multiplied with piece-wise sinusoidal signals sp and sy, to derive the duty
cycles dp, and dy, of the p- and n-side buck converter stages. Two additional
inner dm controllers Giqn, are used to ensure equal current sharing in the
ICMCI windings by controlling the inner dm currents 4iqm,p and 4iqm,n
with a setpoint value equal to zero.

of the current sharing between the ICMCI windings. A
reference value of 0 is used for the inner dm currents, which
ensures an equal current sharing in the windings even with
unsymmetrical dc-dc converters resulting from mismatches
of switching delays, unequal conduction losses, etc.

III. PROTOTYPE DESIGN FOR ULTRA-HIGH EFFICIENCY

For power supply systems operating 24/7, as given in
data centers, an ultra-high efficiency is highly desirable to
minimize the cost of conversion losses and cooling and hence
the operating costs of the system [28,29]. Furthermore, a
high efficiency over a wide range of output currents is
required in applications where redundant supplies are used,
resulting in a nominal operation at half of the rated power or
less. Therefore, the design procedure for a SWISS rectifier,
with an efficiency of > 99% for P > Patea/3 and the
operating conditions listed in Table I, is presented in the
following.

As the rectifier’s dc-dc converter stage operates in hard
switching, comparably low switching frequencies f.w, typ-
ically below 30kHz, are required to achieve the efficiency
target. Due to the dc-dc converter’s discontinuous input cur-
rents 4., i, i, and the limited capacitance of Cx y , a large
voltage ripple results at those capacitors, which in turn leads
to a high ripple and distortions of the mains currents (cf.
Fig. 2(a)). As shown in the previous section the interleaved
SWISS Rectifier’s input voltage and current ripples are
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TABLE II
CURRENT STRESSES

Semiconductor RMS Current Nominal
Do Dy / Sk Sk WE+ 7.97A
Skyk IWi-¥ 2.79 A
Sxp1,2, Shizl,2 I ;7;/3’1 8.23A
Dyp1,2> Day1,2 / Sypi,2, Say1,2 1 471712 - 837;/51 5.67 A
I~ 3251 ~ m Dgad

significantly smaller, therefore, only the interleaved SWISS
Rectifier is considered in the following. In Section II only
two interleaved dc-dc converter stages are analyzed, but the
concept can be generalized to any number of parallel stages
and the number of stages could be optimized. However, the
simulation results presented in Section I show that the EMI
filter capacitor voltage ripple is reduced by 60 % and that
the peak value of the mains current distortions is reduced
by a factor of 6 with two stages. This is sufficient for the
considered application and more stages would increase the
number of switches, gate drivers and windings with little or
no benefit expected in terms of input current THD, voltage
ripple or loss reduction.

A. Semiconductors

The peak reverse voltage applied to the IVS semicon-
ductors is equal to the peak of the ac mains line-to-line
voltage. This results in 680V maximum blocking voltage
for a 400 Vs mains with 20 % overvoltage and therefore
switches and diodes with a blocking voltage rating of 900 V
or 1.2kV are typically used. To achieve the target efficiency
the diodes Di, and D, k € {a,b,¢} in the IVS and
Dyp1,2 and Dgyq 2 in the dc-dc converter stages are imple-
mented with MOSFETs operated as synchronous rectifiers.
The resulting circuit is shown in Fig. 11 and requires ten
additional MOSFETs and gate drivers compared to Fig. 1(b).
Note that the IVS switches Sg, and S,; are commutated at
mains frequency, at the same time when the diodes Dy, and
D,z commutate in a conventional SWISS Rectifier, which
can be determined from the measured mains voltage. As
the sign of the mains currents i,, i, 4. and that of the
output currents ¢, and 7, can be reversed, inverter operation
is possible, enabling a power flow from the dc to the ac
side [30]. Analytic expressions for the rms currents of all
semiconductors, neglecting any switching frequency current
ripples, are given in Table II [13,29].

1) IVS: As basically no switching losses occur in the
IVS C2M0025120 silicon carbide (SiC) MOSFETs from
Wolfspeed, with a nominal Rpg(on) of 25m(), are selected
for Sg, and S, as they have the lowest on-state resistance
of commercially available MOSFETs in a TO-247 package
at the time of publication. The six devices are mounted on a
heat sink with an Ry}, of 1.2 K W1 that is cooled by a 0.4 W
30 mm fan (OD3010-05). With losses of 1.8 W per device, a
junction temperature rise of 15 K above ambient temperature
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Fig. 11. Schematic of the implemented interleaved SWISS Rectifier, where
SiC MOSFETs replace all diodes used in the basic circuit shown in Fig. 1(b)
to reduce conduction losses. Ten additional SiC MOSFETs and gate drivers
are required, which increases the circuit’s complexity, however, bidirectional
power flow capability is obtained as the currents 7a, iy, %c, ¢p and in can
reverse polarity [30]. A schematic of the implemented EMI filter is shown
in Fig. 14(a).
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Fig. 12. (a) Hard switching losses Esyw of a C2M0080120 SiC MOSFET
half bridge measured in [31] for different currents and voltages, shown
together with second order fits of Esy as a function of the switched voltage.
(b) Switching losses of the buck converter half-bridge Sxp/Syp for different
switched currents and nominal mains voltage. (c) Switching (Psw) and
conduction (F;) losses of the half-bridge and their sum (Psemi) as a function
of relative die area with a C2M0080120 SiC MOSFET as unit device, for
fsw = 27kHz and [1,,q = 20 A. (d) Optimal total losses and conduction
losses of the half-bridge as a function of fsyw .

results. Similar C2M0080120 SiC MOSFETs with a nominal
Rps(on) of 80mS are used for the four-quadrant switches
Siyk» as the rms current is approximately three times lower
than that of Sg, and S,;. The losses per device are only
0.8 W and therefore these MOSFETSs are not mounted on a
heat sink, but are placed in the airflow of the other devices,
resulting in an estimated junction temperature rise of 27 K.

2) Buck Converter Stages: For the buck converter stages
SiC MOSFETs are selected as well due to their high blocking
voltage rating (1.2kV) and low conduction and switching
losses compared to Si IGBTs and Si MOSFETs [31,32].
As the SWISS Rectifier is a buck-type rectifier the dc-dc
converter stages are switching a constant output current,
which is essentially equal to the load current (i = Ijpaq) if
the switching frequency ripple is neglected, over a varying
voltage. Measured hard switching losses Fq,, of a half-bridge
with two C2M0080120 SiC MOSFETS are shown in Fig.
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12(a) as a function of the switched voltage and the switched
current. For each current value ¢ a second order function with
parameters e; () and es (i)

Eo(i,u) = e(i) u+ea(i)u

is fitted using least squares regression. The resulting values
for the parameters e; and es are listed in Table III and
the corresponding fit lines are shown in Fig. 12(a). To
calculate the switching losses of the buck converter half-
bridge Sxp/Syp the fit lines (18) are averaged over the time-
varying mains input voltage uy, as

(18)

L3 [F .
Eqy sxp(1) = ;/0 B (1, Uy (wt)) dwt

~ e (Z) ny;dvg + ez (7/) U)?y,rms >
for every measured current value ¢. The resulting values are
shown as markers in Fig. 12(b) together with a second order
approximation
Eswsxp(i) = Eo + Bri+ Bz i®
Ey=40u] E,=33pJA™! E,=83nJA?

19)

(20)
ey

of the switching losses as a function of the switched current.
Assuming that switching (Ps,) and conduction P, losses
scale with die area A4 as

Ioa
w(Ad) = fow Ad Bawsxp (J)  J = lAdd (22)
R on
and P.(Aq) = wlﬁ,ad , (23)
Aq

an analytical expression of the optimal die area A4 opt, Which
achieves the minimal sum of switching and conduction losses
for a given switching frequency, can be derived [33]:

Psemi(Ad) - Pc(Ad) + Psw(Ad) 5

RDS(on) + fswEZ
fswEO .

This is shown in Fig. 12(c) for fs, = 27kHz and the
nominal dc output current of I,,q = 20 A. The resulting
minimal semiconductor losses of the half-bridge can then be
calculated as

Pscmi,opt = load |:2\/fswE0 (RDS(on) + fswE2) + fswEl
(26)

and depend on the switching frequency as shown in Fig.
12(d). Finally, SiC MOSFETs with an on-state resistance of
25 mS?2 are selected for all buck-stage switches of the proto-
type rectifier, which corresponds to a total of 6.4 unit devices
and is close to the optimum as shown in Fig. 12(c). The eight
buck stage switches are mounted on a heat sink with an Ry,
of 1.1K'W~! that is cooled by a second 0.4 W OR3010-05
fan. In nominal operation Sxp1,2 and Sz,1 2 exhibit 4.9 W per
device, which leads to a junction temperature rise of 32 K.
As Syp1,2 and Sgy1 2 conduct less rms current and take only
a small share of the switching losses, only 1.0 W results per
device with a junction temperature of 17 K above ambient.
The selected semiconductors and the calculated losses are
summarized in Table IV.

(24)

Ad,opt = Iload (25)
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TABLE III
FITTED PARAMETERS FOR SWITCHING LOSSES AS A FUNCTION OF THE
SWITCHED VOLTAGE

i in A
e;1 innJ V1
ez in nJ V—2
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Fig. 13. Simulation results showing the ICMCI’s cm flux ®cp, its p-side
inner dm flux ®;qpy,,p and the flux in winding p1, ®p1 = Pcm + Pidm,p»
for a dc output voltage upn, which increases from 49V (m = 0.1) to
439V (m = 0.9) within eight mains voltage periods. The maximum of
@51 occurs at 80 ms for dj, = m = 0.5 where @4y, , is maximal as well
and Pcm is close to zero.

B. Dimensioning of the ICMCI

For the magnetic core of the current compensated ICMCI
3C94 ferrite material is used due to its comparatively low
core losses. As C (or U) cores made from ferrite are not as
easily available as other core shapes like E cores, the smallest
core achieving the desired efficiency target, a U46/40/28, is
selected. The opposing winding configuration is used for
the ICMCI as it features a lower current ripple than the
neighboring configuration.

In order to selected the number of turns n of the ICMCI
such that minimal losses and stable operation without sat-
uration are achieved, the resulting magnetic fluxes in the
different parts of the core are required. Due to the symmetry
of the cube-type ICMCI it is sufficient to consider only
one winding and the corresponding C core. Assuming the
opposing winding configuration and omitting leakage fluxes,
the flux ®,; in the vertical core branch that carries winding
pl consists only of the cm flux (®.,,) and the p-side inner
dm flux (®igm,p). Both, cm and idm flux, are furthermore
separated into a low-frequency (If) and a high-frequency (hf),
i.e. switching frequency and higher, component:

q)pl = (Pcm,lf + q)cm,hf + q)idm,p,lf + (I)idm,p,hf .

(bCIIl

@7

Pidm,p

Both hf flux components can be calculated from the ICMCI’s
winding voltages Uy p1, Uw,p2, Uw,ni, Uw,n2 (cf. Fig. 7) by
applying (1) and integrating over time. The low-frequency
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cm flux can be calculated from the ICMCI’s cm inductance
L¢r and the low frequency cm current 4 ¢, Which is
required to charge and discharge the cm capacitance of the
load Cem 10ad and the EMI filter capacitor Cy,, as

LC LCm d

m .
q)cm,lf = —lemlf = )au

Ccm,load

(Crm + 5

cm,lf -
(28)

Note that the required low-frequency cm voltage can be
calculated from the IVS output voltages and the steady-state
duty cycles as

Uem,if = dplx + (2 — dn — dp) uy + dnu, . (29)

The idm If flux results from the If idm current occurring
due to offset and gain errors of the current sensors, which is
given in the data sheet as %jam p,1r = 300 mA under worst-
case conditions, and leads to

L;

Pidm,p it = % Tidm,p,1f < 19uV's. (30

Similar to (27) the flux in the horizontal branches of the core
can be calculated as (cf. Fig. 9)

(bcm <I)idm,p (I)idm,n

2 + 2 2
Using equations (27) and (31) the core losses can be
calculated with standard approaches such as the improved
Generalized Steinmetz Equation (iGSE) [34]. The number
of turns n can then be selected to achieve minimal losses in
the ICMCI; n = 20 turns and 0.4 mm x 15 mm copper foil
are selected for the prototype. Like in a conventional ICT,
it is desirable to select the air gaps in the ICMCI as small
as possible to maximize Ligqy, and L¢p,, which reduces the
amplitude of the hf idm and cm currents and hence reduces
hf winding losses. However, this also increases the If fluxes
calculated in (28) and (30), which increases the ICMCI’s
peak flux density. An air gap of ~ 50um is used in the
prototype converter.

Additionally, the peak flux i)pl for worst-case operating
conditions is required to ensure that the peak flux density
in the ICMCI’s core stays below the magnetic materials
saturation flux density. Note that an analytic derivation of
<i>p1 is theoretically possible by maximizing (27), but this is
out of the scope of this paper as the waveforms are quite
complex and depend on the modulation index m and the
mains voltages. However, simulation results of the winding
flux ®,,1, as well as the cm and idm fluxes (P & Piqm p)s
are shown in Fig. 13 for the output voltage u, changing
from 49V (m = 0.1) to 439V (m = 0.9) within eight mains
voltage periods. It can be seen in Fig. 13 that the winding
flux ®,; assumes its maximum for d, = 0.5 at wt = 0° (i.e.
m = 0.5 and up, = 244V). In this case the hf idm flux
@idm7hf is maximal and the hf cm flux is very close to zero.
Therefore, the peak winding flux can be approximated as

(32)

dy, = + 31)

Oh1 = Pem i + Pidm,p,if + Pidm,hr -
Note that the peak If cm current, and hence If cm flux, occurs
for m = 0 and can be calculated as

T Lcm
(I)cm,lf

UywiCy = 3.2uV's (33)

n
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TABLE IV
SELECTED COMPONENTS

Device Chosen Part Losses per Device
Sy Siy C2M0025120 1.8W
Skyk C2M0080120 0.8W
Sxp1,2s Shizl,2 C2M0025120 4.9W
Syp1,2, Siay1,2 C2M0025120 1.0W
ICMCI Lam
Core 4xU46/40/28-3C94 F3CC25
Wire 0.4 x 15 mm (foil) 2.4 X 6 mm
Turns n = 20, opposing conf. 2x15
Lidm = 1.28 mH
Measured Lom = 2.40 mH Lodm = 350 pH
Inductance Lodm = 37pH
Volume 420 cm? 249 cm3
Losses 9.6 W 29W

however, Finally the maximum peak hf idm flux can be
derived from wy 1 and uy p2 as

R 30, 1
Brgomnt = o ——
dm,hf 9 8fswn

Together with an effective core cross section of A, =
392mm? a peak flux density of

=113puVs. (34)

. D1
B = A—P =345mT

€

(35)

results, which is sufficiently below the core material’s satu-
ration flux density of By, > 450mT and allows operation
with more than 20 % mains overvoltage. The main param-
eters and measured inductance values of the implemented
ICMCI are listed in Table IV. In accordance with (17) the
ICMCTI’s measured cm inductance of 2.40 mH is approxi-
mately twice its idm inductance of 1.28 mH while an odm
inductance of 37 uH results due to leakage fluxes.

C. EMI Filter

A schematic of the implemented prototype rectifier, in-
cluding all electromagnetic interference (EMI) filter compo-
nents, is shown in Fig. 14(a) and all selected components
are listed in Table V. As a detailed analysis and design of
the EMI filter are out of the scope of this paper only the
main differences to the design of EMI filters for conventional
boost-type rectifiers are discussed [35].

The cm equivalent circuit of the SWISS Rectifier and
its EMI filter is shown in Fig. 14(b), where the buck
converter switches are replaced by a voltage source ucy,.
As the ICMCI provides a cm inductance L., a first cm
filter stage is implemented on the dc side together with
the feedback capacitors Cf, and the corresponding damping
resistors Ry, q. By connecting Cyp, to the star point N’ of
the capacitors Cy , , instead of connecting them to protective
earth (PE) the low frequency (i.e. 150 Hz) current flowing
through Cp, does not contribute to the rectifier’s ground
leakage current, which typically has to be less than 3.5 mA
for safety reasons [36]. Note that the cm filter’s attenuation
also depends on the load’s capacitance Cqm 10ad between the
dc rails (p & n) and PE [37]. For the design and verification
of the cm filter a load with a total capacitance between the
dc terminals and PE of 2Ccxy 10aa = 8nF is used. This
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Fig. 14. (a) Schematic of the implemented EMI filter and (b) its equivalent
cm circuit and (c) equivalent dm circuit. In (d) the calculated attenuation for
cm and dm are plotted. The cm attenuation is shown for the ideal case and
with a parasitic capacitance Cpar = 10 pF between the buck-stage output
terminals and PE.

is approximately two orders of magnitude larger than the
typical ~ 100 pF coupling capacitance between primary and
secondary side of a cascaded isolated dc-dc converter with
the same power rating. For applications with a considerably
higher value of Ccm j0ad, Such as photovoltaic arrays with
hundreds of nF per kW output power [38], an additional
filter stage could be added between C,, and output terminals
p and n.

Additionally, a Y2 safety rated capacitor Cyo is added
between N’ and PE to allow the cm current, which flows
through the load’s cm capacitance Cep joad, tO return to
the converter without flowing through the line impedance
stabilization network (LISN). An additional cm filter inductor
L¢ cm is added on the ac side, resulting in a third order filter
with the attenuation Ay, from uep, to urisn,cm as plotted in
Fig. 14(d). Note that the heat sinks are connected to N’ and
not to PE in order to minimize the parasitic capacitance Cpy,
between the buck-stage output terminals (p1, p2, nl, n2) and
PE, as Cpa: bypasses the dc-side cm filter elements and leads
to a reduced attenuation for frequencies above ~ 400 kHz as
can be seen from the plot in Fig. 14(d) for Cpar = 10 pF.

In Fig. 14(c) the dm equivalent single-phase circuit of the
rectifier and the EMI filter is shown. The ac-side inputs of
the buck-stage and the IVS are replaced by an equivalent
current source 4, and the filter attenuation is calculated as

Adm(w) = 20 log, (36)

ULISN,dm (W) 1 ’
1dm(w)

Q

Note that damping resistors R;q are added only to the
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TABLE V
EMI FILTER COMPONENTS

Cxyz 4.4uF 2x Epcos TDK B32923H3225, 2.2 uF X2 rated
Ct,dm1 3uF 2x Epcos TDK B32924C3155, 1.5 uF X2 rated
Ct,dm2 1.5uF  Epcos TDK B32924C3155, 1.5 uF X2 rated

t,damp 1.5uF  Epcos TDK B32924C3155, 1.5 uF X2 rated
Cy2 22nF  Epcos TDK B32022B3223 , 22nF Y2 rated
Cem,load 4nF Epcos TDK B32021 2.2nF Y2 + parasitic
Chy 264nF  8x AVX 1812PC333KAT1A, 33 nF 250V
Co 680uF  10x Rubycon 450BXW68MEFC, 68 uF 450 V
Rt g 50 2W SMD Resistor
Remd 100 Q2 1 W SMD Resistor
Lt am 15uH Wiirth Elektronik 7443641500

f.cm 140pH  VAC W380 ring core, 4 turns, 2 mm wire

second dm filter stage as the switching frequency voltage
ripple at the capacitors of the first filter stage Ct gm1 Would
cause several watts of losses. Despite this, the resonance
frequencies of the dm filter are sufficiently damped and
below the effective switching frequency of 54 kHz, as can
be seen from Fig. 14(d).

D. DM Inductor

Nanocrystalline core material (FINEMET) is used for the
dm inductor Lg,, due to its high saturation flux density
(= 1.27T) and lower losses compared to amorphous alloys.
Rectangular wire (2.4 mm x 6 mm) is used due to the high
filling factor. The loss calculation and dimensioning of Lg,
is similar to that of a conventional SWISS Rectifier, except
that only the outer dm voltage is applied to Lgn,. For a
given core size the number of turns is chosen to achieve
the minimal sum of core and winding losses. The air gap
length is then selected to implement the highest possible
inductance which avoids saturation at nominal operation plus
20 % margin for overshoots. Cores that lead to a peak-to-peak
odm current ripple of more than 30 % are excluded to limit
high frequency ac losses in L4y, and the ICMCI. This limit
is typically not active as large cores with low ac flux ripples
are anyway required for high efficiency converters, which
leads to a low current ripple. An F3CC25 core is chosen for
the prototype as it enables to achieve the efficiency target.

E. Switching Frequency

Using the design equations described above, a switching
frequency fs which achieves lowest converter losses can
be selected. For nominal conditions and full-load an optimal
frequency of 21 kHz results with total converter losses of
66.8 W. However, fg, is increased to 27 kHz to lower the
worst-case peak flux density (35) in the ICMCI and enable
a 30 % margin for mains overvoltages, tolerances, transient
current unbalances, etc. This increase in switching frequency
leads to only 0.6 W of additional losses, which is less than
one percent and is below the precision of the employed loss
models.

IV. MEASUREMENT RESULTS

The calculated losses of the selected components for nom-
inal operation are shown in Fig. 15(a) with the corresponding
volumes given in (b). About 58 % of the total losses result
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(a)

~ Sf(yfc (4.6 W)
_— Di/Dyi (10.8 W)

Dy /Doy (3.9 W) — ':Séléiril(.%"‘vvv)”
— Control (6.0 W)

Lgm (3.2 W) —
ICMCI (9.6 W) —/ \~ EMI Filter (4.5 W)

Sxp/Sns (19.8 W) —

(b)

~ ICMCI (0.42 dm?®)

Lam (0.25 dm® )
o= )~ — Buck Converter (0.12 dm?)
A — IVS (0.11 dm?®)

— Cixys (0.08 dm?®)
~— C, (0.10 dm®)

EMI Filter (0.35 dm?®) —

pu- 3
Control (0.30 dm?) / Unused (0.28 dm)

Fig. 15. (a) Calculated losses of the rectifier’s main components for
nominal operation (Upn = 400V, I} = 20 A). The control losses include
DSP/FPGA, gate drivers, fans and auxiliary supply. The corresponding
volumes in dm3 are shown in (b) (1dm?3 = 61in3).

DC Output
3

Gate

Drivers
FPGA
EMI Board
Input

Filter

ICMCI

Buck Converter
Switches

Fig. 16. Implemented 8 kW 400V ac / 400V dc interleaved SWISS
Rectifier prototype (420 mm x 95 mm x 50 mm) with > 99 % efficiency
(cf. Fig. 21) and a power density of 4kW dm~3 (66 W in—3).

from semiconductors, 19 % from the main magnetic compo-
nents and 23 % from the EMI filter, control, gate drivers,
auxiliary supply etc. A picture of the implemented hard-
ware prototype, achieving a power density of 4.0kW dm =3
(66 W in—?3) is shown in Fig. 16. Measurement results taken
on the prototype are presented in the following.

A. AC Input Currents

Measurement results of the rectifier’s mains voltages and
currents at nominal operation are shown in Fig. 17. The
resulting input currents 4, 1, . are nearly sinusoidal and free
of distortions at the sector boundaries as expected from
the presented simulation results (cf. Fig. 2(b)). Note that
the rectifier’s control circuit is configured for ohmic mains
behavior as described in [27]. An input current THD of
2.45 % results for a mains voltage THD of 2.29 %. In Fig. 18
the measured input current THD as a function of the output
current is plotted for operation with the mains voltages shown
in Fig. 17 and for purely sinusoidal mains voltages (voltage
THD < 0.1 %) created with a three-phase mains simulator,
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Fig. 17. Measured ac mains voltages u, ,c (200V / div, public mains
THD 2.3 %) and converter input currents i, , . (10 A / div) for nominal
operation. Note that the quantities for phases a and b were measured directly

while those of phase c¢ are created numerically as uc = —ua — up and
fe = —ia — ip.
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Fig. 18. Measured total harmonic distortion (THD) of the rectifier’s mains
input currents as function of dc output current for a low-distortion mains
voltage (voltage THD < 0.1 %), supplied by a three-phase mains simulator,
and for a typical public mains voltage with a voltage THD of 2.3 %.

which results in an input current THD of only 0.5 % for rated
load.

B. ICMCI Current Balance

In Fig. 19 measurement results for a step change of the
outer dm current reference 4, ~and/or output current from
15 A to 20 A at wt = 0° are plotted. Shown are the measured
buck converter output voltage up; between the ICMCI termi-
nal pl and the mains neutral N, the two positive-side ICMCI
currents i1 and ip2 and the total cm current (44cy,) of all
four ICMCI windings. Additionally the outer dm current is
approximated as i,qm ~ Ip1 + %p2 and the positive-side
inner dm current is calculated as tigmp = (ip1 — ip2)/2.
As expected from theoretical considerations and simulations
(cf. Fig. 7), the cm and idm current ripples are considerably
smaller than the odm current ripple. Furthermore it can be
seen that ¢, and i,2 remain balanced and hence %iqm,p stays
close to zero, except for the switching frequency ripple, even
during the transient of ioqm-

C. Conducted EMI

Measurement results of the rectifier’s conducted EMI
emission in the frequency range of 150 kHz to 30 MHz are
shown in Fig. 20. Two scans with a maximum peak and an

Prmean(c2
s6ma
v

alve
tatus v v
1] € Fjea
50040
100 /s

Fig. 19. Measurement results for a step change of the outer dm current
reference z:; dm [rom 15 A to 20 A at wt = 0°, showing the voltage up1
(200V / div) between the ICMCI terminal pl and the mains neutral, the
two positive side ICMCI currents ip1 and ip2 (5A / div) and the total
common mode current 4icm (5 A / div). Additionally the outer and inner
dm currents, created by data postprocessing as ioam ~ ip1 + ip2 and
fidm,p = (ip1 — 9p2)/2 (5 A / div), are shown.
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Fig. 20. Conducted maximum peak and average EMI noise emission of the
prototype rectifier, measured with 4 kHz step size and 10 ms measurement
time. Selected peaks (markers) have been measured with the CISPR 11 quasi
peak and average detectors with 1s measurement time. All measurements
are below the respective limits for Class B equipment.

average detector are shown for 4 kHz step size, a resolution
bandwidth of 9kHz and a measurement time of 10 ms. All
measured points are below the respective limits, selected
peaks have been verified with the CISPR 11 quasi peak and
average detectors with 1s measurement time.

D. Efficiency

The calculated losses and efficiency of the rectifier for
Upn = 400V as function of dc load current are shown in
Fig. 21 for three different ac mains voltages, together with
measurement results taken using a Yokogawa WT3000 power
analyzer. It can be seen that the measurement results of the
prototype converter match the calculated losses over a wide
range of output currents. For a nominal ac mains voltage
of Uy = 230 Vs a peak efficiency of n = 99.26 % (error
range: 98.80% - 99.74 %) was measured for a dc output
current of 12.5A and = 99.16 % (error range: 98.84 %
- 99.49 %) at rated load, i.e. 20 A. Due to the rather large
error range of the electrical measurement according to the
power analyzer’s specification, these two operating points
have been verified by a calorimetric loss measurement with
a precision of 2% (i.e. 1.4 W), showing only 2W (2.9 %)
higher losses than the electrical measurement [39]. Note
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Fig. 21. Calculated and measured efficiency of the rectifier as function a
of the dc output current, indicating that the converter achieves an efficiency
above 99 % for > 30 % rated load with a peak efficiency of 99.26 %.
Measurements were taken on the prototype shown in Fig. 16 using a
Yokogawa WT3000 power analyzer. The peak efficiency and full load
efficiency for nominal mains voltage (U; = 230V, THD < 0.1 %) have
been verified with calorimetric loss measurements, which closely match the
electrical loss measurement. All measurements were taken at an ambient
temperature of 40 °C with the converter in thermal steady-state.

that the electrical measurements were carried out with the
converter placed inside a chamber that provides a controlled
ambient temperature of 40°C (£1°C). After changing the
input voltage or the output current the rectifier was allowed
to reach thermal steady-state (= 30 min) before the data was
recorded.

It can be seen from Fig. 21 that for a fixed low output
current the losses increase with increasing ac mains voltage
due to increasing core and switching losses. For high output
currents this is compensated by reduced conduction losses in
the input filter and IVS due to the lower mains input currents,
which leads to a full-load efficiency of the rectifier that is
almost independent of the ac mains voltage.

V. CONCLUSIONS

This paper describes a three-phase buck-type unity power
factor SWISS Rectifier with interleaved dc-dc converter
output stages. The system allows a single-stage conversion
from the three-phase mains to a lower dc voltage. Using
interleaved dc-dc converter stages reduces the input current
ripple and filter capacitor voltage ripple which improves the
ac input current THD and reduces the dc output current
ripple. Furthermore, the required dc output inductors can be
combined into a current compensated Integrated Common
Mode Coupled Inductor (ICMCI) and a differential mode
inductor. A symmetric implementation of the ICMCI, based
on four conventional U cores, is presented and analyzed,
showing that the winding currents can be controlled by indi-
vidual controllers using a proposed common and differential
mode splitting of the currents.

Based on this approach a high efficiency interleaved
SWISS Rectifier for dc distribution and power supply sys-
tems is designed, achieving a power density of 4 kW dm 3.
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Electrical and calorimetric measurements taken on a pro-
totype verify an efficiency of 99.16 % at nominal operation
with 8 kW dc output power and a peak efficiency of 99.26 %.
The proposed control structure is verified, showing that an
input current total harmonic distortion (THD) of < 5% can
be achieved over a wide range of output currents and that
equal current sharing between the ICMCI windings can be
achieved, even during output current transients.

In nominal operation about 58 % of the total losses result
from the semiconductors and approximately 19 % result from
magnetic components. This is similar to other high-efficiency
rectifiers, for example, in the > 99 % efficient VIENNA
Rectifier presented in [32] semiconductors cause 69 % of the
losses and inductors cause 30 %. For the buck-type PFC in
[14] semiconductor losses of 74 % and magnetic component
losses of 13 % are reported. In [40] semiconductor losses of
71 % and inductor losses of 17 % are reported for a single-
phase boost-type PFC rectifier. For comparison, the measured
full-load efficiencies, rated powers and power densities of
other high efficiency PFC rectifiers are listed in Table VI.

Further research could address potential benefits regarding
efficiency and/or power density which could result from
novel wide band-gap semiconductor devices such as mono-
lithic bidirectional Gallium Nitride (GaN) switches which
could be used in the IVS [41,42]. However, devices with a
blocking voltage rating of 900 V or more would be required.
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