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Abstract—This Paper proposes a novel Dual Three-Phase
Active Bridge (D3AB) PFC rectifier topology for a 400V
dc distribution system, which features galvanic isolation, bidi-
rectional power conversion capability, a high level of component
integration, and can be dimensioned with respect to high effi-
ciency. In the course of a comprehensive and in-depth analytical
investigation, the working principle of the D3AB PFC rectifier
is described in order to enable converter modelling and the
derivation of mathematical expressions and limitations needed
for converter design and optimization. The developed converter
models are verified by means of circuit simulations. An overall
optimization of a system with 400 V line-to-line input voltage,
400V dc output, and P,;; = 8 kW rated power with respect
to efficiency and power density reveals the feasibility of a full-
load efficiency of 98.1% and a power density of 4 kW /dm? if
SiC MOSFETs are used. The finally presented design is found
to achieve efficiencies greater than 98 % for Py, > 1.7 kW.

I. INTRODUCTION

Recent efforts with regard to a more sustainable electric
power generation propose the installation of distributed dc mi-
crogrids in order to effectively utilize distributed renewable
energy sources [1]. A dc microgrid architecture typically
incorporates dc sources (e.g. photovoltaic, fuel cell), energy
storages (e.g. batteries), and loads (e.g. household appliances,
IT equipment, electric vehicles) and employs an isolated bidi-
rectional rectifier system to establish energy transfer between
the dc grid and the three-phase ac mains.

This paper evaluates a novel topology of a grid-connected,
bidirectional, and isolated three-phase power factor corrected
(PFC) rectifier with a rated power of F,, = 8kW and
further specifications as listed in Tab. I, which fulfills the
requirements of bidirectional conversion capability and gal-
vanic isolation with very low complexity. Due to the versatility
of the proposed system, it is suitable for various further
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applications including PFC rectifiers for common dc bus
architectures as, for example, used in efficiency-optimized
multi-axis drive systems [2], where it is reasonable to consider
advanced rectifier topologies to define the electric potential
of a dc terminal, include a battery to buffer outages, etc.
Furthermore, the system could e.g. be implemented for battery
chargers of plug-in hybrid electric vehicles [3].

Conventional realizations of three-phase and isolated ac—dc
rectifiers are two-stage solutions, with grid-side rectifiers and
series-connected isolated dc—dc converters [4], [5], [6]. Two-
stage converter systems feature the advantages of decoupled
functional parts, at the cost of higher expected losses due
to the high number of power components in the current
path. State-of-the-art research with regard to more efficient
converter topologies reveals various solutions that combine
PFC functionality, galvanic isolation, and voltage conver-
sion in a single stage. In this context, isolated single-stage
PFC rectifiers, based on isolated Swiss-forward or matrix-
type topologies [7], [8], [9], represent suitable but complex
solutions. With regard to reduced converter complexity, a
direct connection of the high frequency (HF) transformer of a
single-phase dc—dc converter to a three-phase PFC rectifier
is proposed in [10], which, due to the asymmetry of the
converter, is considered more viable for lower power levels.
Further level of integration is achieved with a topology with
coupled input inductors proposed in [11]. There, the isolated
dc port is immediately coupled at the ac port in order to reduce
the number of power components in the current path and
achieve increased efficiency. The required coupled inductors
and the high number of IGBTs (24), though, render the
presented converter structure comparably complex.

TABLE I: Specifications of the D3AB PFC rectifier.

Nominal mains line-to-phase voltage (rms value) Ve = 230V
Mains frequency m = 50 Hz
Nominal output dc voltage, port 1 (not isolated) Vier = 800V
Nominal output dc voltage, port 2 (galv. isolated) Vier = 400V
Nominal output power Py = 8kW
dc port 2
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Fig. 1: Proposed bidirectional converter topology with a three-phase ac input port, a dc output port 1 and an isolated dc output port 2.



This paper proposes a novel isolated bidirectional Dual
Three-Phase Active Bridge (D3AB) PFC rectifier topology,
depicted in Fig. 1, that aims for high level of integration
and, for this, integrates the functionalities of PFC inductors
and HF transformers. Thus, the system essentially combines
the functionalities of a bidirectional three-phase PFC rectifier
and a three-phase Dual Active Bridge (DAB) converter and
provides three power ports, i.e, the ac (input) port, a dc (out-
put) port without isolation, and an isolated dc (output) port.
With a total of twelve power MOSFETs, and since the
two-level three-phase rectifier structure facilitates the use of
conventional 6-pack power modules, the proposed structure
features reduced realization complexity compared to state-
of-the-art solutions. The paper is organized as follows. Sec-
tion II presents a comprehensive description of the proposed
converter system and, for this purpose, first investigates the
properties of a single-phase version of the system and then
extends the analysis to the three-phase system. Subsequently,
Section III summarizes results of a converter optimization
with respect to efficiency and power density. Section IV,
finally, evaluates a selected design of the D3AB PFC rectifier
with regard to losses, volumes, and efficiency in order to
assess the suitability of the proposed concept for the given
application.

II. OPERATING PRINCIPLE

The input inductors, L,., of a conventional three-phase
PFC rectifier without galvanic isolation (and filter capacitors
connected to the dc output midpoint, i.e., the primary-side part
of the converter depicted in Fig. 1), are subject to an inductor
voltage, vy, with nearly zero local average value, (vy) =~ 0
(angle brackets denote the average over one switching period),
but large HF spectral components at the switching frequency
(fs = 35kHz) and multiples thereof. For the purpose of illus-
tration, Fig. 2(a) depicts the instantaneous and local average
values of the voltage across the input inductor of phase a over
one mains period for rated operation according to Tab. I and
Fig. 2(b) shows the corresponding spectrum. The proposed
isolated converter topology is derived based on the idea that
the input inductors are replaced by transformers in order to
take advantage of the applied HF voltages. The secondary-
side windings are connected to a second three-phase PFC
rectifier, which, in combination with the transformers’ stray
inductances L, realizes a converter structure similar to a
three-phase DAB converter. It is worth to note that Fig. 1
illustrates only one possible realization of the D3AB PFC
rectifier. Variations of this concept may only use differential or
common mode voltage components for energy transfer and/or
employ different three-phase transformers, e.g., with delta-
connected windings on the secondary side [12].

In this work, the corresponding power transistors at the
converter’s primary and secondary sides operate with same
duty cycles. For this reason,

v v
{ab,c}1 _ {ab,c}2 (1)
Vvdcl ‘/;102
applies. The gate signals of the six corresponding primary-
and secondary-side transistors are subject to a common phase
shift, ¢, in order to facilitate output power control at dc port 2.

Based on the assumption that the capacitances of the split
dc-link are sufficiently large to achieve negligible fluctuations
of the dc-link capacitor voltages, the analysis can be confined
to the single-phase system with separated input inductor and
HF transformer shown in Fig. 3. With this modification
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Fig. 2: (a) Instantaneous and local average values of the voltage across Lac;
(b) spectrum of vy, (operating parameters according to Tab. I, f; = 35 kHz).
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Fig. 3: Single-phase system with input inductor L, primary- and secondary-
side low-frequency blocking and filter capacitors Cf; and Cf,, and HF trans-
former.

a comprehensible description of the operating principle is
feasible and the derived results can be directly applied to
the three-phase converter of Fig. 1. The converter of Fig. 3
has been documented with regard to dc—dc operation, for
D; = Dy = 0.5 [13] and arbitrary (but equal) duty cycles,
0 <D = Dy = Dy < 1 [14]; its extension to a dc—dc
converter with a three-phase HF dc-link is investigated in [15].
Section II-A revisits its main operating principles for dc—dc
operation in order to allow for a comprehensible extension
to ac—dc operation of single- and three-phase PFC rectifier
systems in Sections II-B and II-C, respectively.

A. Single-phase system at dc—dc operation

Fig. 4 illustrates voltage and current waveforms simulated
for the single-phase converter system of Fig. 3 at a selected
operating point. The ac input voltage, v,., changes slowly
with respect to the switching period, T, and can thus be
considered as constant during one switching period. The
converter features four degrees of freedom for the control
of the output power, i.e., switching frequency, fs, input- and
output-side duty cycles D; and Ds, and phase shift angle, ¢.

The filter capacitors Cf; and Cp, are blocking the dc volt-
age components, Voy and Vip, in order to avoid saturation
of the transformer core. Thus, the HF voltages,

Unfl = Vswl — Vorr 2
Uhi2 = Vsw2 + Vorp, 3
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Fig. 4: Definitions of D1, D2, and ¢ using simulated waveforms of vy,
vpf2, and ¢; over one switching period, Ts. Considered operating conditions:
fs = 35kHz, Lo = 58 uH, n = 2, vac(t) = 325 Vsin(¢t 27050 Hz), t =
5ms, Vg =800V, Vi, =400V, and ¢ = 22°.

result at the HF transformer of the DAB, cf. Fig. 3. The
analysis of the lossless converter is similar to the analysis
of a conventional DAB converter. For D = D, = D, the
expression for the output power is

nv;iclv:ltﬂ 2 |50|
Pp=——""-—"—(2D(1-D)— ], 4
1T TofLe 2n ( )~ o @)
which is found to be valid for
Il rin(p.1- D). (5)
27

Fig. 5 evaluates (4) with respect to different duty cycles and
phase shift angles. A close inspection of the curves in Fig. 5
reveals that maximum power results for a phase shift angle that
meets condition (5). For a given duty cycle, the expression

nv:icl V;chQDlgld),max (6)
87T2st0'

Pld),max =
with
©P1p,max = 27TD(1 - D) (7)

applies for maximum power. As with all DAB converters, the
inductor Ly limits the maximum output power.

B. Single-phase system at ac—dc operation

The investigated system is operated with ac input voltage,
Vae(t) = Vinpk sin (27 fimt) , (8)

cf. Fig. 6(a) and therefore, the above presented derivations for
dc—dc operation need to be extended accordingly. For the sake

of brevity, basic sinusoidal modulation is considered, i.e., the
input and output stages apply a time-varying duty cycle,
1 Ve (t)
Di=Dy=~—-1|1 s 9
1 2”5 ( + Vier /2 )

in order to achieve a sinusoidal phase current with unity power
factor.

Fig. 6(b) shows the calculated waveform of the primary-
side current ¢; over a mains period, for ¢ = 22° = constant.
The filter capacitors Cy; and Cy, are blocking the low-
frequency (LF) voltage components and with (1) and (9),

Viaea
{ven)(t) = 7‘/6 (ven) () = vac(t) 10)

del
applies. For this reason, the HF transformer currents are
subject to LF offsets caused by superimposed LF capacitor

currents,
d(ven)
) , 11
dt dt (in
cf. Fig. 6(c). Thus, the analytical investigation for dc—dc
operation presented in Section II-A is extended with respect
to the time varying duty cycle and the capacitor currents. The
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Fig. 5: Average power over one switching period as a function of the phase
shift angle ¢, for different values of D = Dy = D,, fs = 35kHz, Ls =
58 uH, n = 2, and dc voltages according to Tab. I. The thin black line
denotes the trajectory of maximum power and the dashed line denotes the
delimitation of the validity range of (4), according to (5).

respective analysis reveals that the superimposed LF capacitor
currents have no impact on the current power level, for which

(P1¢p) = Prop.dc + Prp,acpk cOS(4T fint) (12)
1 (Vo)
Plcb,dc:M£ L -pk _‘ﬂ . (13)
2fiLs 2w |2 Vel s
nVactVaea ® Vmpk 2
P = —— : 14
1¢,ac,pk 2sto- o ‘/Zicl 5 ( )
is derived.

According to (12), (13), and (14) and for constant phase
shift angle ¢,
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M _ 1 _ Vm,pk 2 _ (V::ICI 2Vm*pk> _ 8stGP1q),dc

m 2 V;icl 4‘/;1%1 nv;lcl ‘/1:102
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5)
the local average of the instantaneous power of the single-
phase PFC rectifier, (p¢) is a sinusoidal function with twice
the mains frequency, amplitude P4 acpk, and dc offset P qc.
In this regard, a detailed analysis reveals that power limitation
relevant for the design of L occurs at the maximum values
of |vyc|, since the maximum possible output power decreases
considerably for duty cycles approaching 0 or 1, cf. Fig. 5.
With this and expressions (6) and (7), the useful range for ¢

is limited to
|90| 1 Vm pk ?
< - - - 16

2 < 4 ‘/;10] ( )
and with (13), a condition for L results,

Vi1 Ve 1 _ (‘/m,pk>2
4 V:icl

o= 8fsPiop.ac
C. Three-phase system

It would be straight-forward to use three of the single-
phase rectifiers given in Fig. 3 to realize an isolated three-
phase PFC rectifier system. With dedicated input inductors,
L., and DAB transformers, however, the resulting system
would require increased total converter volume, since it would
not take advantage of the HF voltage applied to the input
inductors. For this reason, the remaining part of the paper
solely considers the topology of Fig. 1. Nevertheless, the
results derived in Sections II-A and II-B directly apply, merely
the waveforms of the input currents, iy ,pc}, change, due to
the superposition of the currents through L,. and L,

L

. a7

iL{a,b,C} = iLac,{a,b,c} - Z'L(y,{a,b,(:}- (18)

Fig. 7 depicts characteristic waveforms obtained from
circuit simulation using operating conditions and settings
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Fig. 6: Voltage and current waveforms determined for the single-phase
system. (a) Sinusoidal input voltage over a mains period 7. (b) Primary-
side transformer current ¢; over a mains period. (c) 4; and primary- and
secondary-side HF transformer voltages vpf; and vhe over a switching period
Ts at t = Tin/4 and t = T /2, respectively.

according to Tables I and III. According to Figs. 7(a) and (b),
the three-phase voltages are phase shifted by 120° and the
primary- and secondary-side capacitor voltages are propor-
tional, cf. (10). Fig. 7(c) illustrates the input currents, i7,{ap.c}>
at rated power and reveals that, with the considered value of
Ly, Zero Voltage Switching (ZVS) is partly lost at the primary
side.! Detailed waveforms of the input currents at t = 0 and

= 5ms are shown in Fig. 7(d) and clearly disclose the
superposition of iy,., and ir,, according to (18). Fig. 7(e)
illustrates the time-varying output power levels of each phase,
{P1¢{abc})» Which are sinusoidal and phase shifted by 120°.
For this reason, constant total power results,

Poul = 3P1€b,dc- (19)

It is worth mentioning that the output power of each phase
is maximal at the zero crossing of the corresponding phase
voltage, which is due to D = 0.5, cf. (4). Furthermore,
with the considered specifications and converter settings, the
amplitude of the sinusoidal characteristic superimposed on
<p1¢{a,b,c}> is less than its average value (1.6 kW < 2.7kW).

III. OPTIMIZED CONVERTER DESIGN

In this Section, the investigated D3AB PFC rectifier is
optimized with regard to efficiency and power density; the op-
timization objective is maximum power density at a converter
efficiency of 98%. The implemented optimization procedure
employs analytical expressions to calculate the component
currents, which have been verified at different operating points
using a circuit simulator, revealing a high accordance with
errors of less than 2%. With known currents, the below listed
component models are evaluated with regard to losses and
volumes:

!Full ZVS requires a minimum current, which is indicated in Fig. 7(c) and
described in Section III-A.
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Fig. 7: Simulation results for the operating conditions and settings according
to Tables I and III: (a) primary-side capacitor voltages; (b) secondary-side
capacitor voltages; (c) input currents (= primary-side transformer currents;
cf. Fig. 1); (d) magnified input current of phase a during 0 < ¢t < Ty and
5ms < t < 5ms + T, revealing the input current of the PFC rectifier (with
current ripple) and the superimposed HF DAB transformer current, which
shows a deviation from the ideal shape that originates from the series resonant
circuit formed with L and the filter capacitors Cy; and Cp; (e) local average
values of the instantaneous power levels of each phase and total output power.

Semiconductors and cooling system in Section III-A,
Magnetic components in Section III-B,

Capacitors in Section III-C,

EMI filter, gate drivers, and control in Section III-D.

A fully generalized converter optimization would feature
a great number of open design parameters. Due to given spec-
ifications, known converter characteristics, and/or available
components, however, a great number of design parameters
can be readily defined. In this regard, Vg is set to 800V
in order to feature reasonable duty cycles with sufficient
margins to 0 and 1, cf. (9), and still enable the use of
power semiconductors with a blocking voltage of 1200V.



Furthermore, it is known that DAB converters achieve most
efficient operation for Vy.1/(nVye2) ~ 1. Thus, with regard to
the specified output voltage, Vi, = 400V, the turns ratio is
set to n = Ny /N, = 2. Furthermore, (17) limits the maximum
value of L for given output power. The considered converter
inductance is set to 80% of the maximum value,
2

nVaerVae |1 (Vmpk)

4 V;lcl ’

fSLO‘ = 80% (fSLU)max - 80%

8P/3

to ensure controllability of the converter.

A. Semiconductors and cooling system

SiC power MOSFETs are used on the primary and sec-
ondary sides in order to take advantage of their low conduction
and switching losses. Initial calculations of semiconductor
losses reveal that low conduction and switching losses are
achievable if single 25m€Q/1200 V-devices (C2M0025120D
by Cree) and 10 mQ/900 V-devices (C3M0010090K by Cree)
realize each switch on the primary and secondary sides,
respectively. Using devices with increased on-state resistances
would be possible with regard to the devices’ rated currents
and losses, however, reduced efficiencies would result. Con-
versely, the use of multiple MOSFETSs connected in parallel
would attain only limited improvements that may not justify
the increased effort.?

The conduction losses are calculated based on the devices’
on-state resistances at junction temperatures of 125°C,

e C2M0025120D (25mQ/1200 V): Rpson; = 38mQ,
e C3M0010090K (10 mQ/900 V): Rpsons = 13mQ.

The calculation of the switching losses is based on mea-
sured switching losses for the considered devices from [16],
[17] and depicted in Fig. 8. The considered polynomials are

233 ) — 15.1 & Ip + 281 2IZ ¥V Ip <0.53A,

By = 12HJ+212uJ(2§$7;D) Y0534 < Ip < 23A.
17.1p) — 253 815 +136 8312V Ip > 2.3A.
(20)

for the 25 mQ/1200 V-device, for operation with 800V and
T; = 125°C and

164 ) — 448 5 Ip +2.85 2315V I < 1.2A,
34pJ+155uJ(28A7[D) v 12A<I<28A
964nJ 4+ 83750 Iy +10.1 2313 vV I >45A.

(2D
for the 10m(/900 V-device (Vps = 400V, T; = 70°C).
Negative values of the instantaneous drain current during
switching, Ip, denote switching operations where ZVS cannot
be attained, i.e. turn-on losses occur, and Ip > 0 denote
switching operations where ZVS is in principle feasible.
However, a minimum current is required for ZVS to fully
charge and discharge the MOSFET’s output capacitances. In
this regard, the second polynomials in (20) and (21) represent
partial ZVS that are approximated based on quadratic inter-
polations for a dead time interval of 200 ns. Remark: since
the MOSFETs are used without external capacitors increasing
Coss» the very low loss property of ZVS is lost at high positive
currents, due to turn-off losses (approximately at Ip > 20 A
in Fig. 8).

Esw =

2Even increased switching losses would result on the primary side, due
to time intervals where turn-on losses occur, cf. Fig. 7. As a result, optimal
designs would employ increased current ripples.
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Fig. 8: (a) Switching losses of the 25mQ/1200V SiC MOSFET
C2M0025120D for operation with 800V and 7} = 125°C and (b) the
10mQ/900V SiC MOSFET C3MO0010090K for operation with 400 V and
T = 70°C, with respect to the drain current, Ip, at the switching instant. Both
Figures depict measured results from [16], [17] for Ip < O and Ip > Izys min-
For 0 < Ip < Izysmin the switching losses for partial ZVS are interpolated
for an assumed dead time interval of 200 ns.

TABLE II: Expressions used for scaling all lengths, areas, and volumes
of the considered magnetic components (based on two stacked E 55/28/21
cores).

Vi = 435 X 10" % Voo
Ac = 206 x 1073V;2/3
A, =952 x 1073V,2/°
hy = 158 x 1073V,}/?
A, =631 x 10~ 3Vb},x“
Lug = 2.64V;-/3

Agpen = 5.51V2/7

box

Core volume

Core cross section

Available winding cross section of coil former
Height of core window

Width of core window

Average turn length

Open surface to ambient

The volume of the cooling system for power semiconduc-
tors with total losses of Piemitotal 1S considered by means of a
Cooling System Performance Index (thermal conductance per
volume), CSPI, of 13 35+ K and a considered temperature
difference between heat smk and ambient of AT}, = 50°C,

P%emi ota
semi,total - (22)
AThe o x CSPI

‘/cooling system —

B. Magnetic components

This paper uses a unified scaled model for all magnetic
components. The scaled model is parameterized according
to the geometrical properties of the transformers realized
in [8], which are compose of two stacked E 55/28/21 cores
(boxed volume, Viox, is 200 cm?®) and achieve efficiencies of
99.6% for an isolated three-phase PFC rectifier with a rated
power of 7.5kW. For a given value of V., all lengths,
areas, and volumes of the magnetic component are determined
according to the expressions listed in Tab. II. The input
inductors/transformers of the D3AB PFC rectifier and the
DAB converter inductors, L, are considered separately in
order to take the additional volumes and losses due to L,
into account.

The employed component model calculates the core
losses with the improved Generalized Steinmetz Equation
(iGSE) [18] and the Steinmetz parameters

k=1.02, « = 1.4745, and 8 = 2.6607 (23)
for the considered N95 ferrite core material (extracted for

f =25kHz, By = 300mT, and T, = 80°C with a software
tool provided by TDK/EPCOS [19]). The copper losses are



determined using simplified expressions for HF skin- and
proximity effects derived in [20], which assume a distributed
air gap. The computation of the copper losses considers the
first 30 harmonic components of each conductor current; the
conductors employ HF litz wires with single strand diameters
of 0.1 mm.

The automated design procedure further takes an effective
copper area of 38% x Ay, (Ay is the cross section of the core
window, cf. Tab. II), a copper temperature of 100°C, a max-
imum flux density of 300mT, and a maximum temperature
rise of the component’s surface of 50°C into account. The
surface temperature rise is approximated according to [21],

P/1mW T
AT = | ——~—— 1°C < 60°C. 24
(Aopen /1 cm2> % < (24)

In a first step, the design procedure scans a wide range
of values for Vi, in order to determine a boxed volume that
leads to a design close to the thermal limitation, Viox 0. For this
purpose, geometric sequences are used for Vj,ox with common
ratios of 0.5 (initial coarse scan starting from Vpox = 10 dm?)
and 1.1 (subsequent fine scan). For each given value of
Viox an inner loop determines the optimal number of turns
with respect to minimum total losses. In case of the input
inductors/transformers, the available cross section of the core
window is divided to the windings of primary and secondary
sides such that same current densities result. Finally, the air
gap length is determined to achieve the specified inductance.

Losses of magnetic components decrease with increasing
volume. For this reason, the copper and core losses are
calculated for further 29 magnetic components with increasing
boxed volumes according to

Vooxi = Vhoxo X 1.1V ¥V i€ {1,2,3,... 29} (25)
and for optimized numbers of turns. The resulting volumes,
losses, and design configurations (e.g. numbers of turns)

are stored and the data transferred to the main converter
optimization procedure.

C. Capacitors

The capacitors of the considered converter are subject to
relatively high currents. In order to still achieve high power
density, ceramic and film capacitors have been selected, which
are listed below:

o (i 1xB32754C2106K000 (film capacitor,
250 Vac, 12 A, EPCOS),

o Cyei: 1xCeraLink™ SP500 (ceramic capacitor, 12 uF,
400 Vdc, 41 A, EPCOS),

o Cp: 25xKR355WD72W125MHO01  (ceramic  cap.,
0.85 uF at 163V, 450 Vdc, ~ 2 A at 50 kHz, Murata),

o Cyo: 1xCeraLink™ SP500 (same as Cyc;; note: capac-
itance drops to 8.4 uF at 200V).

The total volume of all capacitors is 160 cm?, which includes
an additional volume of 30cm?® for damping networks, an
electrolytic output capacitor (120 uF, 450 Vdc), and two SMD
inductors that decouple the electrolytic capacitor from the
CeraLink™ capacitors (Cy). The final design suggested by
optimization has been successfully tested with comprehensive
circuit simulation, using the above capacitance values, reveal-
ing only minor differences in terms of rms values and losses
(conduction, switching, and core). It is worth to note that the
optimization does not consider capacitor losses, due to their
comparably low contribution to the total losses.

10 puF,

D. Remaining components

The volumes and losses of EMI filter, gate drivers, and
control have been adopted from [22], due to similar specifi-
cations and optimization objectives:

PeMmi filter =5W (26)
Pgale drivers T Peontrol + Pran = 12W, (27)
VEMI filter =0.35dm?, (28)
Vaate drivers + Veontrol =0.3dm®, (29)

Viout =115 Vi, (0)
i.e., 15% of the volume is considered to be unused.

E. Optimization

Based on the above considerations and assumptions, it is
found that the switching frequency, f, the input current ripple,

r = AILQal;Pkpk _ AILacstPk7 31)

3Vinpk Im,pk
and the considered boxed volumes of the magnetic compo-
nents remain for optimization of efficiency and power density.

The considered settings are defined with
fs €{23, 27, 35, 47, 72, 140}kHz, (32)
r € {30, 50, 75, 100, 125,

150, 175, 200, 225, 250, 275, 300} %, (33)
where the listed switching frequencies are preselected with
regard to small volume EMI filters (cf. Fig. 12 in [23]).
The sets defined for f; and r lead to 72 different settings.
Furthermore, 900 combinations of different designs result for
the input inductors/transformers and the DAB inductors (30
for each, cf. Section III-B) for given values of f; and r, which,
in total, yields 64800 results. Fig. 9 depicts the corresponding
results and discloses the n-p Pareto front for the investigated
converter system.

The orange star in Fig. 9 marks the selected operating
point, which achieves n = 98.1% and p = 4kW/dm? at
fs = 35kHz, r = 175%, and for magnetic components
with maximum power density, i.e., operated at their thermal
limitation. The resulting Pareto-optimal design points reveal
increasing efficiency for decreasing power density, which is
directly related to the similar 7-p characteristics of magnetic
components. From a detailed inspection of the design points
on the Pareto front it becomes apparent that design points
with Pareto-optimal power density and very high efficiency
are obtained for reduced switching frequencies (switching
losses, core losses) and reduced current ripples (rms currents,
conduction and copper losses, core losses; reduced switching
frequencies overcompensate the increases of switching losses
by reason of reduced current ripples).

The red triangles in Fig. 9 mark results with constant
switching frequency of 35kHz, magnetic components with
maximum power densities, and different values of r. It can
be observed that reduced power densities and efficiencies
result for r < 175%. The reduced power densities are mainly
addressed to increased boxed volumes of the PFC input
inductors and the reduced efficiencies originate from both,
the PFC input inductors due to the required increased energy
storage capability and the semiconductors on the primary side,
which generate increased switching losses due to an increase
of the region where ZVS is lost, cf. Fig. 7. Slightly reduced
converter volumes are feasible for r > 175%, however, the
efficiency quickly decreases by reason of large rms currents.
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Fig. 9: Efficiencies, power densities, and 7-p Pareto front determined for the
D3AB PFC rectifier.

The cyan circles mark results with constant current ripple
of 175%, magnetic components with maximum power densi-
ties, and different switching frequencies. It can be seen that
a considerably reduced switching frequency of 23 kHz still
facilitates a relatively high power density of 3.6kW /dm3.
In this regard it is found that Pareto-optimal designs with
very high efficiencies not only require reduced switching
frequencies and power densities but also magnetic components
with increased boxed volumes.

IV. DISCUSSION OF DESIGN RESULT

Tab. III lists the design results at the selected operating
point identified in Fig. 9 and Figs. 10(a) and (b) depict the
corresponding component losses and volumes, respectively.
According to Fig. 10(a), more than half of the total losses
are attributed to the semiconductor losses which are mainly
generated in the power MOSFETs on the primary side. A
reduction of the primary-side conduction losses could be
achieved by increasing the corresponding chip sizes, which,
however, would increase the switching losses. The magnetic
components generate one third of the losses; here, losses
mainly occur in the windings of the input inductors, which
are already operated with maximum flux densities of 300 mT,
i.e., a further increase of the core losses is not feasible.

Approximately two thirds of the converter volume are
required for passive components (magnetics, capacitors, EMI
filter). Due to comparably low semiconductor losses (84 W
at rated power), a cooling system with a comparably small
volume can be employed, e.g., using double-sided cooling a
small fan with an edge length of 30 mm, which is found to
enable the realization of a cooling system with the calculated
low volume of 130 cm?® and still provides a sufficiently large
base plates to accomodate all 12 MOSFETs.

Fig. 11(a) and (b) depict the calculated characterists of
efficiency and selected components’ losses with respect to
the output power and reveal that > 98% is feasible for
Poy > 2.3kW. According to Fig. 11(b), substantial conduc-
tion losses and losses in the magnetic components remain at
very low power, due to the inductor current ripples. However,
increasing switching losses are observed for decreasing output
power and Py, < 2kW. A close investigation reveals that the
currents during switching of the secondary-side MOSFETsS are
insufficient for ZVS, cf. Fig. 12(a) and Fig. 8(b). ZVS could

EMI filter gate drivers,
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Fig. 10: (a) Component losses and (b) volumes for the selected design point
with n = 98.1% and p = 4kW /dm3.

100 ——
— 99 fn=2.1—
= 98 ===
<

97 /// >~ n=2.0

96
95 L1
00 1.0 2.0 3.0 40 50 60 7.0 8.0
(@) Pou [KW]

/

SW‘ n=2

P loss [W]
N
[

"

20 [N =

= | IDcond - PS“" n=2.1

0.0 1.0 20 3.0 40 50 6.0 7.0 8.0
(b) Pout[kw]

Fig. 11: (a) Total converter efficiency and (b) characteristics of selected
components’ losses with respect to output power.

be attained if three inductors would be placed in parallel to
the three transformers’ secondary windings. According to the
results of an analytical investigation of the equivalent circuit
of a transformer, however, the same effect can be achieved
for a slight adjustment of the transformers’ turns ratios, from
n =2ton = 2.1, cf. Fig. 12(b). With this minor adjustment,
a substantial efficiency improvement is achieved at low output
power levels, i.e., n > 98% for Py > 1.7TkW.

V. CONCLUSION

This paper proposes and analyzes a novel three-level and
three-port isolated and bidirectional PFC rectifier topology
(D3AB PFC rectifier), which can be realized with standard 6-
pack power modules on the primary and secondary sides, em-
ploys integrated input inductors and HF transformers, and/or
features galvanic isolation and high efficiency. The given
in-depth description of the working principle of the D3AB
PFC rectifier allows the derivation of key expressions needed



TABLE III: Summary of results for the selected converter design, cf. Fig. 9.

General results and rms currents

Switching frequency fs = 35kHz
Current ripple r=175%
Calculated efficiency at rated load n= 98.1%

Calculated total power density p= 4kW/ dm?®
Transformer rms current, prim. and sec. sides Iy = {17.2A,19.2A}

MOSFET rms currents,prim. and sec. sides Irprimsec = {12.2 A, 13.6 A}

Magnetic input inductor/transformer L,

Inductance L, = 195 uH
Boxed volume Voox = 223 cm®
Number of turns, prim. and sec. sides N, = {20, 10}

lar = 1.9 mm
{547,610} x 0.1 mm

Air gap length
Conductors, prim. and sec. sides (HF litz wires)

Copper losses P, = 10.6 W
Core losses P.=25W
Calculated temperature rise AT = 44°C
DAB inductor L/ n? (placed on the secondary side)
Inductance Ls =145 uH
Boxed volume Viox = 41 cm?®
Number of turns N =9
Air gap length lar = 1.7mm
Conductor: HF litz wire 610 X 0.1 mm
Copper losses P, =24W
Core losses P.=18W
Calculated temperature rise AT = 44°C
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< 2t 2 N N
= ook 1 o N INL [,
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Fig. 12: Calculated current at the transformer’s secondary side for Poy =
500 W, top = 2.5 ms, operating conditions and parameters according to Tab. I
and Tab. III, and different turns ratios: (a) n = 2, (b) n = 2.1.

to design the converter system with respect to optimized
performance values, e.g. efficiency and power density, which
serves as a basis for the converter optimization presented in
the second part of this paper. According to the calculated
results, a full-load efficiency of 98.1% and a power den-
sity of 4kW /dm? can be achieved for the PFC rectifier if
SiC MOSFETs are used (25 mQ/1200V and 10 mQ/900V
devices on primary and secondary sides, respectively). The
presented design is found to achieve efficiencies greater than
98 % for Py > 1.7kW.

The discussions given in this paper are confined to the
basic structure, operating behavior, and design of the new
topology. Further research will focus on the investigation
of prospective efficiency and/or power density improvements
that can be achieved with modified topologies and alternative
control schemes that take advantage of currently unused
degrees of freedom of the considered converter system. Cor-
responding examples include realizations where only CM or
DM components are utilized for energy transfer and alternative
control schemes with non-constant values of the phase shift
and different duty cycles, D; # Ds.
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