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Abstract—Aiming for ever more compact and efficient Electric
Vehicle (EV) battery chargers, in this paper a three-phase phase-
modular buck-boost Three-Level Flying Capacitor Y-Rectifier
(BL-FC-YR) is introduced. The unique circuit structure of the
3L-FC-YR requires time-varying flying capacitor voltages, making
the safe and performant operation of such a converter system
challenging. Accordingly, a special clamping modulation strategy
is proposed which assures equal blocking voltage distribution
among the power semiconductors. Further, control strategies and
protection circuitry for system startup or failure-mode handling
are discussed, such that all practical aspects of the 3L-FC-YR are
covered. The concept is verified by means of closed-loop circuit
simulations and the resulting waveforms are presented. Finally, a
Pareto comparison considering the efficiency and power density
limits of the 3L-FC-YR and the standard 2L-YR is conducted
considering an extremely wide DC output voltage range of 200 V
to 920V according to the DC CCS HPC350 EV charging
standard. The results indicate a significantly higher performance
of the 3L approach and/or the feasibility of a CISPR 11 Class A
compliant 3L-FC-YR prototype with a peak efficiency of 98.5 %
and power density of 19 kW /dm?® (311 W /in?®).

Index Terms—EV charger, AC/DC converter, three-phase,
three-level, SiC, flying capacitor, buck-boost Y-Rectifier

I. INTRODUCTION

The proliferation of three-phase AC/DC converters with
buck-boost capability increases, as a large set of applications
requires converter operation within wide input-output voltage
ranges. Typical examples are highlighted in Fig. 1, where the
three-phase AC voltages (with line-to-neutral voltage ampli-
tude Uac) are converted into a DC voltage Ug. or vice versa:

Fig. 1a shows an Electric Vehicle (EV) battery charger pow-
ered from the European three-phase grid with Upe = 325V,
where for the DC Combined Charging System (DC cCS) High
Power Charging (HPC) class [1] a DC voltage range from
Ugc,min = 200V t0 Uge,max = 920V has to be covered. The
charger system comprises a Power Factor Correction (PFC)
rectifier front-end and an isolated DC/DC converter. If the
DC/DC stage is realized as an ultra efficient series resonant
converter with limited output voltage controllability [2], the
rectifier front-end is required to cover the complete DC output
voltage range. Further, bidirectional converters are preferred as
power can be fed back to the AC grid, hence enabling EV bat-
teries to serve as distributed energy storage elements. Fig. 1b
presents a server supply rectifier generating a constant DC bus

J. Everts
Prodrive Technologies B.V.
Eindhoven, Netherlands

U
P 1y = Ugna
DC [\ DC 7—1 2 750 oo 1y Uon
dc +~
S 250 o
ac \lpc \ & S Uzmn
Batter 0
@ Y 0 Time (s) T,
U 1000

=
%
=)

5]
[
=)

Voltage (V)
g

(b) % . Tirﬁe (s)
7 1000
de —~
ve /Ui £ oo oz

! % 500 og g o e

de S e .

=N i )
3ph Motor 0

(©)

0 Time (s) T,

Fig. 1: Typical application examples for three-phase AC/DC converters with
buck-boost capability: (a) EV battery charger, (b) server supply and (¢) DC-
supplied motor drive system powered by e.g. a fuel-cell or a battery.

voltage of Uy, = 400V which supplies the server racks via
a Power Distribution Unit (PDU) [3]. The AC input voltage
level provided by a supplying medium voltage transformer
depends on the geographic location and is typically 480 Vs
(i.e. Use = 390 V) in the US and 400 Vs (ie. U, = 325V)
in Europe and can further vary in a range of +20 %/—10 %.
Last, Fig. 1c¢ shows a DC-supplied motor drive system, where
motor speed-dependent output AC voltages are generated from
a DC voltage, which also varies in a wide range if the system
is powered by e.g. a battery [4] or a fuel-cell [5].

The phase-modular buck-boost Two-Level Y-Rectifier
(2L-YR) [5] [6] allows for a compact AC/DC converter re-
alization with a low number of inductive components. The
2L-YR is a bidirectional converter and is applicable to all afore-
mentioned applications, where in the following an EV battery
charger rectifier front-end is considered (cf. Fig. 1a). As the
power density is a key metric of EV chargers, the utilization of
three-level (3L) FC bridge-legs [7] which allows a substantial
reduction of the inductive component volume [8] but poses
several challenges, is analyzed in this paper. The main power
circuit structure of a 3L-FC-YR is depicted in Fig. 2b (module a
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Fig. 2: Proposed Three-Level Flying Capacitor Y-Rectifier (3L-FC-YR) interfacing the three-phase grid and a DC source (e.g. a solar panel) or load (e.g. an
EV battery or a passive load). The converter terminal voltages with respect to the negative DC-link rail n and the sinusoidal input currents are shown in (a.i)
and (a.ii), respectively, and in (b) the main power circuit is depicted with module a highlighted in grey.
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Fig. 3: (a) Terminal and FC voltages and (b) corresponding semiconductor control signals of the 3L-FC-YR phase module a (cf. Fig. 2b).

is highlighted), where semiconductors with lower rated voltage
(compared to the 2L-YR) and hence improved figure of merit
can be employed [9]. As the high-frequency operation of buck-
stage A and boost-stage B is mutually exclusive in each phase
module [5], while time-varying input FC voltage references are
given, the safe and performant operation of such a converter
system is challenging.

Accordingly, this paper describes the relevant aspects of the
3L-FC-YR topology and in Section II a dedicated clamping
modulation strategy assuring the FC voltage management is
derived. In Section III, the proposed modulation concept is
verified by means of a closed-loop circuit simulation of the
system. Furthermore, as the safe start-up of FC converters is
critical [10], a start-up control sequence and added passive
safety elements are presented in Section IV. Then, a Pareto
power density / efficiency and a virtual prototype comparison
of the 3L-FC-YR and the 2L-YR is conducted in Section V.
Finally, in Section VI the findings are summarized.

II. OPERATING PRINCIPLE

The main power circuit of the 3L-FC-YR interfacing the
grid AC voltages u,, up, u. and the DC output voltage Ugy.
is depicted in Fig. 2b and consists of three identical FC
DC/DC buck-boost phase modules. As for the standard 2L-YR
[5] strictly positive converter terminal voltages way, Ubn, Ucn
(cf. Fig. 2a.i) are generated with respect to the negative DC-
link terminal n and since the common-mode offset voltage
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uc = 3(Uan + Ubn + Ucn) has no corresponding cur-

rent path, sinusoidal grid currents i,,%p,%. (cf. Fig. 2a.ii)
can be impressed. Here, the offset voltage is constant with
ucy = Une and hence the maximum input voltage is given
by Uanmax = 2 - Uac. Note that the voltage ucy is only
constrained by the requirement of strictly positive terminal
voltages Uan, Ubn, Uen and can also be used to enable e.g.
discontinuous Pulse Width Modulation (PwWM) [5] [11].

The three modules of a 3L-FC-YR are operated independently
and therefore the modulation strategy is explained here only
for phase module a, where the derivation of the duty ratios
for the converter stages A and B is identical to the standard
2L-YR [5]. In order to achieve single-stage high-frequency
energy conversion, the phase module a is working depending
on the instantaneous modulation depth m(t) = wan(t)/Ugc
(i.e. the input-output voltage ratio, cf. Fig. 3a) in one of
the two possible operation modes. In boost operation (i.c.
Uan < Ugc) the upper switches of the input buck-bridge-leg
Ta; and Tpo are permanently turned on (hence the switch-
node A is clamped to the input terminal), while the stage B
is PWM operated and stepping up the input voltage u,,. In
buck operation (i.e. u,, > Ug.) the upper switches of the
boost-bridge-leg 751 and Tgs are permanently turned on (the
switch-node B is clamped to the positive DC-link rail), while
stage A is PWM operated and stepping down the input voltage
Uy Accordingly, the respective time varying duty cycles are

defined by da(t) = min(1, %) and dg(t) = min(1,m(t)),
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Fig. 5: 3L-FC-YR phase module a closed loop circuit simulation waveforms of (a) terminal and FC voltages, (b) switch-node voltages and (c) currents, for
Uac =325V, Ugc =400V and P =9kW. The converter operating parameters and component values are fs o = 2- fs = 200kHz, L = 85uH, Ca = 2 yF,

Lg =20 pH and CfA = CfB =0.5 HF.

assuring the mutually exclusive high-frequency operation of
stages A and B. The semiconductor control signals (cf.
Fig. 3b) are generated in a known manner using two 180°
phase shifted PWM carriers for the outer (e.g. T'a; and T//u) and
inner (e.g. Ta2 and TAQ) half-bridges of each stage. By doing
so, the inductor current i1, equally charges and discharges the
FCs during one switching period and natural balancing of the
FC voltages is enabled [7] [12].

It is important to note that the natural balancing only holds if
the respective stage is high-frequency operated. If the module
is running e.g. in buck operation (i.e. m > 1), the stage
B switch-node is clamped to the positive DC-link rail such
that Cp is bypassed and hence remains at constant voltage.
Given the ideally constant FC voltage umg = Ugc/2 (cf.
Fig. 3a), the operation of the boost-stage B is unproblem-
atic and greatly resembles a FC voltage source rectifier. In
contrast, the input stage A FC voltage would ideally follow
ugA = Uan/2. Converters with time-varying FC voltages are
hardly known in literature [13] [14], where [13] relies solely
on passive balancing, and in [14] the DC bias-free FC voltage
is imposed by means of a passive 2:1 transformer. Here,
actively or passively maintaining the input stage A FC voltage
at uga = Uan/2 is only possible during buck operation, and
the key time instances for the voltage regulation of Cta are

highlighted in Fig. 3a:

When starting boost operation @, Ctp is bypassed and
it’s voltage remains constant at ugs = Uqc/2. More critical,
the antiparallel diode of T/,n starts conducting once the input
voltage u,, falls below wuga @, paralleling C, and Cia.
@. There, the
input voltage w,, starts to rise again and T;M builds up
voltage, while Cta (without further measures) remains fully
discharged, resulting in a massive blocking voltage imbalance
among the semiconductors of stage A when starting buck
operation in the subsequent AC period. Accordingly, the
proposed modulation scheme includes the simultaneous turn-
on of Ty and T:M when usy < Uqe/2, such that Cep is
actively clamped to C, when wu,,, starts rising and is only

Accordingly, Cga is fully discharged until

released once the desired FC voltage level is reached in @
Hence, equal stage A semiconductor blocking voltage sharing
is given when entering again buck operation in the subsequent
AC period.

III. CONTROL STRUCTURE

Fig. 4 displays the cascaded 3L-FC-YR PFC rectifier control
structure and Fig. 5 presents waveforms from a closed-loop
circuit simulation:
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Fig. 6: (a) 3L-FC-YR phase module a with passive protection circuitry, i.e. precharging resistor Rp; and bypass switch T}y, balancing capacitors CY, and
normally-on semiconductors T}, and T§. (b) Voltage and current waveforms of module a during a controlled ramp-up of the DC output voltage to Ug. =400V.

The control strategy bases on standard PFC rectifier control
and sinusoidal grid current references i},i;,,i; are derived
based on the DC voltage control error and the measured AC
voltages u,,un,Uc. Then, the input terminal voltage references
Uy Uy, Us, are set in order to enforce the required grid
currents. The subsequent phase module control (shown again
for phase a only in Fig. 4) consists of input voltage and
inductor current regulator, where the output signal is fed
into the 2L-YR modulator [5], generating duty ratios for the
mutually exclusive operation of buck-stage A and boost-stage
B. The control signals of the power semiconductors are then
generated using PWM blocks and taking into account the
derived clamping logic for the buck-stage A (cf. Fig. 3b).

Simulations revealed insufficient natural FC voltage balanc-
ing performance for stage A, which is dependent on how
good the capacitor C, resembles a voltage source [15]. Due to
dynamic capacitance limitations for C,, the natural balancing
quality is poor and further active control measures are required
to enforce the desired time-varying voltage waveform of Cta
(cf. Fig. 3a). Hence, an additional FC voltage control block
is added to regulate uss by slightly changing the duration of
the redundant FC charging and discharging intervals by means
of a correction duty cycle deo, [16].

The resulting closed loop circuit simulation voltage and
current waveforms for the 3L-FC-YR with an effective switching
frequency of 200 kHz (i.e. switches operating with 100 kHz)
are shown in Fig. 5. Sinusoidal grid currents can be realized,
verifying the derived control structure where the transition
from buck to boost operation (and vice versa) is completely
seamless. Also, the FC voltages follow closely the desired volt-
age profile shown in Fig. 3a despite a substantial switching-
frequency voltage variation.

IV. CRITICAL OPERATING CONDITIONS

System start-up is a critical operating condition for any
FC converter [10] and it is crucial to maintain FC voltage
balancing. The 3L-FC-YR phase module a with the passive
protection circuitry necessary for a safe system start-up is
depicted in Fig. 6a, where a precharging resistor R, (with a

bypass switch T},;) limits the input filter inrush currents when
connecting the converter to the grid.

As the grid line-to-line voltage is impressed on the input
terminals and since the antiparallel diodes of the stage A semi-
conductors prevent negative voltages u,, and ugs, a minimum
constant offset voltage ucy = ac 1S naturally established.
Hence a maximum input capacitor voltage Uun max = 2 - Uac
(.2 Usmmax = 650V for U, = 325V) results. During
the control system initialization (or also in failure mode)
the semiconductors of stage A and B cannot be actively
controlled and are disabled, hence the FC clamping strategy
(cf. Fig. 3) cannot be performed and critical semiconductor
blocking voltage stresses could result in stage A. Accordingly,
the passive protection circuitry depicted in Fig. 6a further
includes balancing capacitors Cy, connected with normally-on
switches T3, in parallel to the semiconductors Tx; and Tlﬂ.
The capacitance value of C}, is selected such that equal AC
voltage sharing results among the stage A semiconductors,
while the antiparallel diodes also establish equal DC bias volt-
age sharing. Last, an additional normally-on semiconductor
connects the switch-node of stage B to the negative DC-link
rail in order to prevent an uncontrolled rise of Uy.. Note that
all normally-on devices are deactivated in normal operation.

In case of an active load (e.g. a solar panel or an EV
battery), Ugq. has a nonzero voltage value after system
initialization, and the 3L-FC-YR can directly start PFC operation
with the control structure discussed in Section III. In
contrast, for a passive load with initially Uy, = 0V a special
four-step start-up control strategy is required to ramp up
the DC-link voltage in a controlled manner as presented
in Fig. 6b: As soon as the power semiconductors can be
actively controlled (Step 1), the pre-charging resistors are
bypassed, the normally-on semiconductors 73, are disabled
and the clamping modulation assures all FC voltages within
safe boundaries. Note that during Step 1 the clamping of
Cia is released when w,n(t) > Uanmax/2 = Upe. During
Step 2, the DC-link voltage is ramped up to the minimum
value Ugc prc for PFC operation (e.g. Ugeprc = 50V)
in discontinuous conduction mode and with non-sinusoidal
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of 11 kW and the operating points considered for the performance evaluation
are highlighted in yellow. (b) Input capacitor voltages wan, Ubn; Ucn resulting
for Uye = 325 V.

grid currents. The stage B semiconductors Tg; and TE/31 are
permanently turned on and clamp Cip to the DC-link, and
Tho as well as Tp, are turned off with their body diodes
acting as diode bridge rectifier. The buck-stage A applies
voltage pulses to the inductor L, while the clamping of Cta
is maintained. As soon as Ug. > Uqc,prc, standard cascaded
PFC control with sinusoidal grid currents is performed during
Step 3 and the DC-link voltage is further ramped up until
steady-state operation (Step 4) at nominal DC voltage is
reached.

V. PERFORMANCE EVALUATION

In the following, a comprehensive Pareto comparison [17]
between the 2L-YR and 3L-FC-YR topology is conducted to iden-
tify the performance limits in power density p and efficiency
n for an EV battery charger rectifier front-end connected to
the European three-phase grid with Uae = 325V (cf. Fig. 7)
and complying with the CISPR 11 Class A EMI emission
limits [18]. Fig. 8a presents the considered DC output voltage
and current range according to the DC CCS HPC350 EV charging
standard [1] with the nominal system power scaled to 11 kW.
Nominal output power is provided from Uqemax = 920V to
Uge = 700V and below a current limit of Iqcmax = 15.7A
applies. The resulting input capacitor voltages Uan, Ubn, Uen
for U,. = 325V are also shown in Fig. 8b: Containing a

constant offset voltage ucy = Uac the maximum input ca-
pacitor voltage is Uan,max = 2 - Uac = 650V and accordingly
DC output voltages Ug. > 650V correspond to pure boost
operation. In contrast, for DC voltage values Ug. < 650V,
intervals of buck and boost operation result within one mains
period.

In a first step, the degrees of freedom and design constraints
of the power stage including the semiconductors as well as the
buck-boost inductor L are discussed in Section V-A. Then,
Section V-B presents the EMI emission mechanisms of the
3L-FC-YR and the 2L-YR, as well as the corresponding filter
design to ensure compliance with the EMI emission limits.
Given the wide DC output voltage range, the components of
the power stage and the EMI filter are dimensioned for the
respective worst-case operating point. The loss performance
is then evaluated over the DC output voltage range Uq. and
for the respective maximum output power according to the
boundary of the operating range highlighted in Fig. 8a. Finally,
the results of the performance comparison are presented in
Section V-C.

A. Power Stage

The bridge-leg structure of the 2L-YR and the 3L-FC-YR is
shown in Fig. 9a and Fig. 9b, respectively (the input capacitor
C, is attributed to the EMI filter and hence not shown). The top-
level degrees of freedom in the realization of the power stage
are the switching frequency fs as well as the maximum relative
inductor current ripple Aly, ;. defining the required buck-
boost inductor value L. For f;, values from 24 kHz to 144 kHz,
i.e. above the hearing threshold and up to the lower limit of the
regulated CISPR frequency band are considered. The relative
peak current ripple Alr, ;. = AL max /fac depends on the
operating voltage range as well as the switching frequency
and values from 25 % to 150 % are evaluated. Note that for a
given switching frequency, an inductance value scaled by 1/4
for the 3L-FC-YR (with twice the effective switching frequency
and half the voltage level amplitude) yields the same value
Al p.u. as for the 2L-YR.

For a maximum DC output voltage of Ugemax = 920V
Silicon Carbide (SiC) semiconductors with a voltage rating
of 1700V have to be employed in the boost-stages B of
the 2L-YR to assure sufficient voltage margin for safe and
reliable operation [19]. On the contrary, 900 V SiC devices with
superior performance are applicable for the 3L-FC-YR. Aiming
at a symmetric bridge-leg structure, the same semiconductors
and switching frequency are employed in the buck-stage A
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Fig. 9: Y-Rectifier phase-module structure for (a) 2L-YR and (b) 3L-FC-YR.

and the boost-stage B. This also allows to omit the 3L-FC-YR
passive FC voltage balancing circuitry discussed in Section IV,
as the 900V siC semiconductors can withstand the resulting
blocking voltages even if the FC voltage balancing cannot
be maintained during system initialization or failure. The
semiconductor losses are assessed based on the 10 mQ 900V
(Cree third gen. C3M0010090K [20]) and the 45 mf2 1700 V
(Cree second gen. C2M0045170P [21]) siC semiconductors.
Different numbers of parallel switches Np,, are evaluated,
where also values N, < 1 are considered to account for
the availability of devices with higher on-state resistance (i.e.
the semiconductor chip area is varied continuously for the
power stage optimization). The required heatsink volume is
approximated considering the worst-case semiconductor losses
and a Cooling System Performance Index [22] CSPI =
20 W /(K - dm?). For the buck-boost inductor winding and
core losses are evaluated for different core geometries and
winding realizations according to [23].

B. EMI Filter

The goal of the EMI filter design is to attenuate the converter
emissions below the CISPR 11 Class A QP limit values
of 79dBuV from 150kHz to 500 kHz, and 73dBuV from
0.5 MHz to 30 MHz, where an additional margin of 10dB is
considered to account for component tolerances and attenua-
tion derating at high frequencies resulting for practical power
components. The emissions are measured with a three-phase
LISN (cf. Fig. 7) which decouples the converter from the grid
for high frequencies > 150 kHz and redirects high-frequency
converter emissions to a 50 () receiver.

The Y-Rectifier is a hybrid voltage / current source con-
verter topology, where the high-frequency components of the
current of the buck-stage A upper most semiconductor i (i.e.
i7 = i7a for the 2L-YR in Fig. 9a and iT = i7a; for the
3L-FC-YR in Fig. 9b) is the most relevant quantity defining the
EMI emissions and the required filter attenuation [24]: As can
be seen in Fig. 7, in case of a theoretical absence of the EMI
filter (including the input capacitor ), the high-frequency
content of ¢ would directly be flowing via the corresponding
LISN resistors, hence causing a voltage drop ur gy which may
exceed the emission limits. For a 50 {2 LISN resistor, the voltage
emission limit can be translated into a corresponding current

L
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Fig. 10: Exemplary input current i1 (cf. Fig. 9) frequency domain spectrum
of (a) 2L-YR and (b) 3L-FC-YR.

limit, e.g. 45dBpA = 79dBuV — 34dBQ, which allows to
assess the required filter attenuation for a given current it.

The high-frequency content of i1 varies during one mains
period and depends on the converter operating mode, as
a triangular current ripple results in boost operation with
iT = 11, and a square-wave current in buck operation. The
2L-YR current spectrum of i7 = i7a is outlined in Fig. 10a
for buck (red) and boost (green) operation and the emissions
result around multiples of the switching frequency n - f5. The
high-frequency spectrum in boost operation (triangular current,
approximately —40 dB/dec [25]) decays faster with frequency
compared to buck operation (square-wave current, approxi-
mately —20 dB/dec [25]) due to the attenuation provided by
the inductor L.

Then, the 3L-FC-YR current spectrum of ¢T = ¢pa; is high-
lighted in Fig. 10b. Given the effective switching frequency
fs,of = 2 fs, boost (green) emissions result around multiples
of n- fs o. In contrast, the buck emissions (green) are defined
by the operation of T4 1, and hence the spectrum results around
multiples of the switching frequency n - f5, where the decay
rate with frequency is again lower compared to the spectrum
for boost operation.

The maximum high-frequency RMS current Aipr over one
switching period of i1 for both the 2L-YR and the 3L-FC-YR is
approximately given by

. {fac 1/damin —1 (Buck, at f;)
AZHF =

J5afe (75007 (Boost, at fisen).

Note that in boost operation Aigr depends on the inductance
value L, as well as the (effective) switching frequency f
(fs,er). The maximum value Aigp results for Uge max and a
boost duty cycle dg = 0.5 for the 2L-YR and for the 3L-FC-YR
with dg = 0.25. In contrast, assuming unity power factor and
neglecting the high-frequency inductor current ripple, Aigp
in buck operation is defined by the minimum buck duty
cycle da min Within one mains period as well as the peak
AC current I,., and does not depend on the power stage
design parameters. For the considered DC operating range in
Fig. 8a, the system output power (and accordingly the grid

(1)

fs,ett
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Fig. 11: 7p-Pareto front of the 3L-FC-YR and the 2L-YR for the realization of
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current fac) is reduced for voltages below Ug. = 700V and
hence the maximum value of Aigg results for Ug. = 325V
(i.e. Udse = Uan,max/2 with da min = 0.5) and is given by

The high-frequency spectrum of the current ¢T can be
approximated as illustrated in Fig. 10 by attributing Aigp
to a single (effective) switching-frequency component and

ir(n- fs) = : 2)

where the spectrum decays with & = 1 in buck operation
(1/f,—20dB/dec) and k = 2 in boost operation (1/f2,
—40dB/dec) [25]. Note that the boost 3L-FC-YR spectral com-
ponents result at multiples of the effective switching frequency
n - fsen (cf. Fig. 10b).

The required filter attenuation is then defined by the design
frequency fp = np- fs (or fp = np- fs,cx for boost operation
of the 3L-FC-YR) equal the first switching frequency harmonic
np within the regulated emission band above 150 kHz. Note
that for the 3L-FC-YR, the design frequency of buck- and boost-
stage is not necessarily identical, e.g. for f; = 72kHz, the
design frequency is fp = 3 - fi = 216 kHz in buck operation
and fp =2 fs ¢ = 288kHz in boost operation.

The EMI input filter optimization procedure considers DC-
link referenced filter stages (cf. Fig. 7) attenuating both
Differential Mode (DM) and Common Mode (CM) emissions
[26]. A filter comprising a single capacitor C', would require
extremely high values of C,, where the total capacitance
per phase module is limited to 10uF in order to avoid
excessive capacitive currents and corresponding conduction
losses. Accordingly, up to two additional LC' filter stages
are evaluated within the filter optimization process, where
filter stages with identical component values are selected
to minimize the filter volume [27]. A minimum separation
between filter resonance frequencies and switching frequency
by a factor of 3/2 constrains the selection of filter component
values to avoid exciting resonances in the EMI filter. Hence,
for a switching frequency of e.g. 72kHz, the filter resonance

AiHF

nk

TABLE I: SELECTED DESIGNS

Performance | 2L-YR | 3L-FC-YR
Avg. efficiency 7 97.0% 98.1%
Pk. efficiency nmax 97.7% 98.5%
Power density p 11kW/dm3 19kW /dm3
Volume 1037 dm?® 572dm?
Power stage
fs ! fseft 60kHz / - 72kHz / 144kHz
Ron (Semi, T} = 120°C) | 50mQ 17 m$2
L (AlLpa) 68 uH (125 %) 18 uH (100 %)
Core N87 3 x E 47/20/16 | N87 3 x E 32/16/9
Winding 14 turns 9 turns
3mm diam. 3mm diam.
75 um litz wire 100 pym litz wire
Cue 22 uF 18 uF
Cia = CiB - 2yF
EMI filter
I 180 kHz 216 kHz
Min. attenuation at fp 62dB 62dB
Attenuation at fp 82dB 84dB
Topology LC - LC LC - LC
L¢ 16 uH 10pH
Cy =Ca 2.9uF 3.3uF

frequencies have to be below 48 kHz.

Aiming at an ultra-compact filter realization, X 7R ceramic
capacitors [28] are considered. Also, in contrast to the buck-
boost inductor L with substantial high-frequency stresses and
losses, only the low-frequency conduction losses are relevant
for the EMI filter inductors. Therefore, commercially available
flat wire inductors are employed. The fundamental-frequency
voltage and current stresses of the passive components are
identical for the 2L-YR and 3L-FC-YR and defined by the
operating range presented in Fig. 8. Hence the same set of filter
components is applicable in both topologies and to realize a
given filter attenuation.

Note that the DC-link referenced filter does not attenuate
emissions resulting from the parasitic switch-node capaci-
tances [24], which are estimated to 35 pF per semiconductor
in a TO-247-4 package. Therefore, an additional filter stage
comprising safety capacitors C'yo to protective earth and a CM
choke Lcyy is required (cf. Fig. 7). However, according to [29]
up to Cyo = 240nF can be employed while still complying
with a ground current limit of 3.5mA. Hence, a small CM
choke in the range of ~ 200uH is sufficient to attenuate
the emissions resulting from the switch-node capacitances and
accordingly this additional filter stage is not included in the
filter optimization procedure.

C. Results

Fig. 11 displays the performance limits of the 3L-FC-YR and
the standard 2L-YR topology for the realization of an 11 kW
CISPR 11 Class A compliant EV battery charger rectifier front-
end. The average efficiency 7 results for operating points along
the operating boundary highlighted in Fig. 8a and the power
density values p were scaled by a factor of 3/4to account
for the fact that in practice the resulting converter volume is
larger than the sum of the boxed volumes of the individual
components (i.e. assumed to be 75 % of the total converter
volume)
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Fig. 12: Performance comparison of the designs highlighted with a star in Fig. 11: (a) converter volume distribution (scaled by a factor 4/3), as well as system
losses and efficiency of (b) the 2L-YR and (c) the 3L-FC-YR over DC output voltage and for the maximum output power according to Fig. 8. Semiconductor
switching losses are represented by hatched areas and the design details are given in Tab. 1.

Employing FC bridge-legs, power densities of up to
21kW/dm? (with 7 = 97.8%) can be achieved for the
3L-FC-YR, while the power density of the 2L-YR is limited to
11kW/dm? (with 7 = 96.6 %). The scatter points indicate
the design switching frequencies, and the maximum power
densities of the 3L-FC-YR and the 2L-YR results for f; =
108kHz (i.e. fs o = 216 kHz) and fs = 84 kHz, respectively.
For switching frequencies higher than these threshold values,
the gain in filter volume is out-weighted by the additional
switching losses and corresponding heatsink volume. As the
2L-YR employs semiconductors with higher voltage rating, the
maximum switching frequency resulting in a Pareto-optimal
result (84 kHz) is lower compared to the 3L-FC-YR (108 kHz).

Two designs are highlighted with a star in Fig. 11 and the
corresponding converter performance and specifications are
summarized in Tab. I. The selected 3L-FC-YR design shows
an average efficiency elevated by 1.1 percentage points and a
converter volume reduction of 45 % compared to the 2L-YR. A
detailed volume distribution is provided in Fig. 12a, where the
buck-boost inductor L as well as the semiconductors (and the
associated heatsink) are the main drivers of converter volume.
Both systems employ a similar switching frequency (2L-YR
with 60 kHz and 3L-FC-YR with 72kHz) and accordingly as
discussed in Section V-A, a small value of L results for
the 3L-FC-YR and enables a highly compact power inductor
realization. Further, employing superior 900 V SiC semicon-
ductors, smaller semiconductor on-state resistance values can
be selected for the 3L-FC-YR (17 m2 as compared to 50 mS2
for the 2L-YR), while the switching losses remain tolerable.

Two additional LC filter stages attenuate the EMI emissions
for the selected 3L-FC-YR and 2L-YR designs (cf. Tab. I). The
required attenuation is identical for both topologies, as the
design frequency fp equals the third switching frequency
harmonic, while a slightly lower filter crossover frequency
(and hence larger filter) is required for the 2L-YR with a lower
switching and design frequency. Given the specified minimum
separation of filter resonance frequencies and switching fre-
quency (cf. Section V-B), the selected component values yield
a filter realization providing more than the minimum required
emission attenuation for both topologies. As can be observed
in Fig. 12a, the contribution of the EMI filter to the overall
converter volume is small for both topologies, which is mainly
due to the fact that ultra compact X7R ceramic capacitors

were considered for the filter realization.

The system performance is depending on the DC output
voltage and current. Fig. 12b and Fig. 12¢ present the calcu-
lated converter losses and efficiencies for the selected 2L-YR
and 3L-FC-YR design, respectively, over the DC output voltage
range Ug. and for the maximum output power according to
the boundary of the operating range highlighted in Fig. 8a.
There, the switching losses (hatched areas) of the buck-stage
A and the boost-stage B are highlighted separately from the
conduction losses. Note that with increasing output voltage
Uqgc the system power increases linearly up to 700V (due to
operation with the maximum DC output current) where the
nominal power of 11kW is reached. The buck effort (cf.
Fig. 8) and accordingly also the stage A switching losses
decrease with increasing Ug. and for Ugqe > Uan max = 650V
the buck-stage A is not switched within an AC period and
accordingly no switching losses result, such that stage A only
causes conduction losses. The peak efficiency results for both
topologies in the vicinity of Uy, = 600V and is equal to
Nmax = 97.7% for the 2L-YR and 7pax = 98.5% for the
3L-FC-YR. For higher output voltages, the efficiency of both
systems drops again due to the increasing switching losses,
where the decrease in efficiency is less severe for the 3L-FC-YR.

VI. CONCLUSION

In this paper, aiming at evermore compact and efficient
AC/DC buck-boost converter realizations for applications such
as EV chargers, the circuit structure and operating principle
of a new Three-Level Flying Capacitor Y-Rectifier (3L-FC-YR)
is introduced. The required modulation and control strategies
necessary for safe and performant operation are derived and
verified by means of closed-loop circuit simulations. Critical
operating conditions are discussed and a passive voltage bal-
ancing circuit is proposed. A performance comparison between
the proposed 3L-FC-YR and the standard 2L-YR by means of
an 7p-Pareto optimization reveals that the 3L-FC-YR allows
to reduce the converter system volume by 45 %, while the
average system efficiency can be increased by 1.1% (i.e.
losses relative to system input power are reduced by 35 %
on average). The high performance of the 3L-FC-YR is mainly
enabled by the elevated switching frequency and the higher
number of voltage levels, allowing a massive volume reduction



of the buck-boost inductor, as well as the superior performance
of siC semiconductors with lower rated voltage.

The results indicate the feasibility of an ultra-compact
CISPR 11 Class A compliant 3L-FC-YR prototype covering
a wide DC output voltage range of 200V to 920V and
featuring a power density of 19 kW /dm? (311 W /in%) and a
peak efficiency of 98.5 %.
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