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Abstract—Fast charging of electric vehicles (EVs) requires
isolated AC/DC converters with a wide output voltage range of
200V to 1000 V. Combining a three-level Vienna Rectifier (VR)
with four isolated Dual-Active-Bridge DC/DC Converter (DABC)
modules and latest-generation 600 V GaN technology enables very
high switching frequencies of 560 kHz for the VR and up to
330 kHz for the DABCs. Hence, in this paper an ultra-compact
realization of a 10kW EV charger module with a power density
of 9kW/dm? (about 150 W/in3), not including the coldplate, is
presented. In this context, a simplified DABC modulation method
and straightforward yet accurate (confirmed by experiments) loss
models for the DABCs and the VR are introduced, which facilitate
a thorough investigation of the optimum synergetic operation of
the two stages: For the considered converter, changing the VR
operating mode from conventional 3/3-PWM (where the two
stages operate rather independently and hence all three VR
bridge-legs operate with PWM) to 1/3-PWM (where the DABCs
shape the voltage of the shared intermediate DC-link such that
always only one of the VR’s three bridge-legs must operate with
PWM) results in an advantageous efficiency improvement of up
to about 2% over a large part of the output voltage and power
range, and in a peak efficiency of more than 97%. Further, the
synergetic operation of the two-stage system (VR and DABCs) is
experimentally verified for the first time, confirming the modeling

results and the efficiency advantage of 1/3-PWM (i.e., 95.4% vs.
95.1% at the rated load of 10 kW and with 500 V output voltage).

Conducted EMI pre-compliance measurements indicate that the
change of the operating strategy from 3/3-PWM to 1/3-PWM
only requires minor changes of the EMI filter design.

1. INTRODUCTION

VER the past decade, electric vehicle (EV) sales have

grown significantly [1]. For example, since 2019, the
share of EVs among global car sales has risen by a factor of
four to almost 10% in 2021 [2]. This trend can be expected to
continue, given worldwide government policies that subsidize
the adoption of electric mobility (e.g., the U.S. government
targets a 50% EV market share by 2030 [3]). With the
increasing fleet of EVs, a corresponding need to scale the
charging infrastructure emerges. Certain market studies estimate
that in the U.S. alone, 1.2 million public and 28 million private
EV chargers will be required by 2030 [4].
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Fig. 1. Block diagram of a typical two-stage EV charger with a three-phase
AC/DC PFC rectifier front-end and a downstream isolated DC/DC converter,
and the output voltage, U,, and output current, I,, range of the considered
10kW system.

The general functionality of an EV charger is to transfer
power from a single- or three-phase AC mains to the EV
battery, which has DC voltage ratings of typically 400V or,
especially if higher charging powers are desired [5], 800 V.
Depending on where they are installed, EV battery chargers
can be classified as either on-board or off-board chargers [6].
On-board chargers feature an AC input, and standards such as
IEC 62196 or SAE J1772 define charging power levels in the
range of 3kW to 22kW, depending also on whether a single-
or three-phase mains is available. Fast charging of comparably
large EV batteries requires much higher power ratings, however,
which are realized with stationary charging stations and a DC
interface to the EV. Then, for example, the CHAdeMo standard
allows power levels of up to 400kW at 1000V DC [7], [8]
(note that even higher voltage and current ratings of up to
1250V DC and 3000 A are envisioned for the future [9], e.g.,
targeting electric trucks). To ensure compatibility with a wide
range of EV batteries, such stationary fast-charging stations
should feature a wide output voltage range of typically 200 V
to 1000 V. Fig. 1 shows the output voltage, current, and power
ranges of the exemplary three-phase 10kW charger that we
consider in this paper. The unit could be employed as an
on-board charger, where the achieved high compactness is
beneficial, or several units could be operated in parallel to
realize a high-power fast-charging station.

Fig. 1 further shows the typical block diagram of an
EV charger: there is a power-factor-correcting (PFC) AC/DC
rectifier stage, an intermediate DC bus, and an isolated DC/DC
converter [7], [8], [10] that provides galvanic separation to
ensure user safety and contributes to covering the wide output
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Fig. 2. Conceptual power circuit of the considered EV charger, where the
AC/DC PFC rectifier is realized as a Vienna Rectifier (VR) and two isolated

DC/DC converter stages, realized as Dual Active Bridge Converters (DABCs),

are employed. As indicated by the dashed lines, the DABC modules’ outputs
could be reconfigured into a parallel connection to increase the available output
current and hence power at low output voltages.

voltage range [11] (this is necessary as, e.g., a typical boost-type
PFC rectifier operating from a 400V line-to-line mains can
not generate a DC voltage below about 650V if some control
margin is taken into account [12]). Even though non-isolated
EV chargers are being considered as an alternative that could
possibly facilitate higher efficiency and compactness [13], the
two-stage approach with galvanic separation still is the most
widely employed solution, not least because of electrical safety
considerations.

Literature discusses a wide variety of converter topologies
for the realization of the AC/DC PFC rectifier and the isolated
DC/DC converter stages of EV chargers [7], [8], [10]. Aiming
for a very compact realization, we select a Vienna Rectifier
(VR) [14] front-end (see Fig. 2), which advantageously can
be realized using latest-generation 600V GaN transistors
and 1200V SiC diodes. The thus enabled high switching
frequency and the three-level characteristic of the VR facilitate
a very compact realization of the boost inductors and the
EMI filter stages. Note that bidirectional power flow could be
achieved by replacing the diodes with transistors. The split
intermediate DC-link of the VR is then used as input for the
subsequent stage realizing the galvanic separation with two
stacked DC/DC converter modules, which therefore also can
be realized with 600 V GaN technology. Again, many different
realization options exist (e.g., phase-shifted full bridges, LLC
or CLLC resonant converters, etc. [8]), but Dual-Active-Bridge
Converters (DABCs), advantageously, have the ability to operate
with a wide range of voltage conversion ratios [11] and provide
very high control dynamics.

For simplicity reasons, the rectifier and the DC/DC converter
stage are often operated rather independently, as typically
the intermediate DC-link is realized with large electrolytic

capacitors that serve to decouple the control of both stages.

Thus the voltage uy, (see Fig. 2) is usually constant for a given
operating point. The PFC rectifier stage ensures sinusoidal input
currents and at the same time regulates uy, to a fixed voltage
ux; = Uxz. In particular, this implies that all three bridge-legs
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Fig. 3. Simulated waveforms of the VR operating with (a) 3/3-PWM and (b)
1/3-PWM (note the six-pulse shape of the intermediate DC-link voltage uy,,
which is controlled by the DC/DC converters to impress currents in two of
the mains phases). (i) Switch gate signals, (ii) DC-link voltage uy,, (iii) diode
current of phase a, (iv) switch current of phase a

of the three-phase AC/DC front-end must continuously operate
with PWM (3/3-PWM; for the sake of clarity discontinuous
modulation schemes [15] are not considered in this paper) as
indicated in Fig. 3a. The DC/DC converter stage then draws
power from the intermediate DC-link capacitor and delivers
the power to the output port of the converter, while regulating
the output voltage, U,, to the desired value. In order to reduce
the required range of the DC/DC stage’s voltage transfer ratios
(which typically leads to more favorable design trade-offs), it
is advantageous to adapt Uy, depending on the output voltage.
The upper limit for Uy, is given by the permissible blocking
voltage of the power semiconductors and the selected DC-link
capacitors, and the lower limit follows from the grid voltage
(i.e., the peak line-to-line voltage plus a certain margin; for
a 400V grid, Uy, > 640V follows [12]). Of course, for each
operating point (i.e., combination of output voltage and output
power), there is an optimum value of Uy, that minimizes the
combined losses of the VR and the DC/DC converter stage, as
will be addressed in detail later.

It seems now sensible to think of ways in which the operation
of the two converter stages could be further integrated, such that
ultimately minimum overall losses could be achieved. A first
such option [16]-[19] (based on [20]) reduces the functionality
of the AC/DC front-end to that of a three-phase unfolder; there
is no high-frequency (HF) switching of the VR semiconductors
and consequently near-zero switching losses. The two DC/DC
converters then generate time-varying voltages uyy and uy, and
thus ultimately ensure sinusoidal grid currents and regulate
the output voltage. Whereas these solutions advantageously
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completely avoid HF switching of the VR unfolder and do
not require AC-side boost inductors, the intermediate DC bus
voltages uyy, and uy, are varying widely, and, in particular,
reach OV three times per grid period—and thus so does the
power processed by each of the two DC/DC converters, i.e.,
their utilization is relatively low. Furthermore, the blocking
voltage stress on the power transistors increases and a blocking
capability of 600V would no longer provide sufficient margin.

For arbitrary three-phase boost-type rectifier front-ends (not
only for VRs), it is well known that discontinuous PWM
(DPWM) methods [21], [22] require HF switching of each
bridge-leg only during 2/3 of the mains period, lowering
switching losses accordingly. Furthermore, the intermediate
DC voltage Uy, could be lowered to the minimum possible
but still constant value, i.e., the peak value of the line-to-line
voltages [12]. However, for the considered three-level VR front-
end, such DPWM schemes result in a relatively large midpoint
current, iy [23]. Thus, either bulky electrolytic capacitors would
be required, or the two DC/DC converters would need to
compensate a relatively large power mismatch.

Instead, by using the DC/DC converter to shape uy, into
the six-pulse envelope of the line-to-line voltage absolute
values, i.e., Uy, = max (|uy|, |up|, |uc|) as indicated in Fig. 3b,!
the currents in the two phases with the highest and the
lowest instantaneous voltage, respectively, can be controlled as
the corresponding diodes are conducting (or, in bidirectional
realizations, the corresponding anti-parallel transistors are
permanently conducting). Accordingly, only the third phase
current needs to be shaped by PWM of the corresponding
AC/DC-stage bridge-leg. Advantageously, this phase (for PFC

INote that this is essentially an approximation that neglects the (mains-
frequency) voltage drop across the boost inductors, which, however, is very low
especially if high VR switching frequencies and hence small boost inductors
with a low inductance value are used.

operation with near unity power factor) always carries the
current with the lowest absolute value. Thus, each front-
end bridge-leg only operates with PWM during 1/3 of the
mains period (1/3-PWM) where also the switched currents
are low [24], [25]. Therefore, 1/3-PWM significantly reduces
the switching losses of the AC/DC rectifier stage. Originally
proposed in 2005, [24], [25], the concept has been further
analyzed in [26], [27], and [28] has pointed out the close
relationship to the integrated active filter (IAF) [29] topology.
Furthermore, [12] provides a detailed comparison with 2/3-
PWM (DPWM), and [30], [31] analyze the behavior under
irregular grid conditions, [32] employs a delta-switch front-
end converter, and [33] details a generalized carrier-based
modulation implementation. Whereas the former references all
discuss non-isolated systems, i.e., with non-isolated DC/DC
converter stages, the same advantageous reduction of the front-
end stage’s switching losses can be achieved with isolated
DC/DC stages shaping the intermediate DC-link voltage uyy
accordingly [34]-[36].

Finally, 1/3-PWM can also be implemented in three-level
AC/DC rectifier stages whose split intermediate DC-link is
connected to two stacked isolated DC/DC converters, as initially
mentioned in [34] using a three-level NPC front-end and three-
phase PWM-operated DC/DC converters. The direct precursor
to the analysis presented in the following is [37], which details
the 1/3-PWM concept for an EV charger module consisting of a
VR and two generic DC/DC converter stages. As an aside, note
that also non-isolated DC/DC converters could be employed.
In that case, only the ratio of the required output voltage to the
grid line-to-line voltage amplitude decides whether the DC/DC
stage must operate; if it does, it is always advantageous to
operate it in a way that allows 1/3-PWM for the rectifier stage,
i.e., for each operating point there is a clearly defined optimum
operating mode of the two converter stages [38], [39]. This is
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Fig. 4. Full schematics of the considered two-stage EV charger hardware prototype, including an EMI filter, the VR front-end, and four DABC modules.
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different in the cases considered in [37] and here, where the
isolated DC/DC converter stage necessarily always operates
and hence a system-level efficiency analysis must be employed
to identify the optimum operating mode for a given operating
point. However, [37] did not include a quantitative analysis of
the optimum operating mode selection (3/3-PWM, 1/3-PWM)
considering the VR front-end and the DC/DC converters, nor
an experimental analysis.

Therefore, the optimal operation and experimental verifica-
tion of a 1/3-PWM VR in combination with isolated DC/DC
converter stages is analyzed in this paper, considering an
exemplary three-phase 10 kW ultra-compact EV charger module
with a wide output voltage range of 200V to 1000 V. As a
detailed overview of the considered system is needed for the
discussions in later parts of the paper (whose focus, after all, is
not on the hardware design but on the different operating modes
of a given hardware), we choose the somewhat unorthodox
approach of first introducing some details of the realized
10kW two-stage hardware demonstrator in Section II. Then,
based on straightforward but sufficiently accurate loss models
(confirmed by experiments) for the GaN-based VR introduced
in Section III and for the DAB DC/DC converter modules
in Section IV, we provide a comprehensive performance
evaluation of the two-stage system in Section V. For each
operating point, the analysis quantifies the achievable system-
level efficiency improvement (if any) for a change of the
operating strategy from the baseline 3/3-PWM to 1/3-PWM.
Then, Section VI discusses control implementation details of
the two-stage system and provides experimental verification
for typical operating points, including also a brief discussion
of the EMI performance, which confirms that a change of
the operating strategy from 3/3-PWM to 1/3-PWM has no
significant impact on the EMI filter design.

II. DEMONSTRATOR SYSTEM OVERVIEW

Whereas a theoretical analysis of the VR loss reduction
achieved by 1/3-PWM compared to 3/3-PWM can be carried out
by assuming arbitrary (ideal) DC/DC converters (see [37] and a
brief summary in Section III), this perspective is incomplete as
the losses of actual DC/DC converters depend on the operating
point and in particular on uy,. Therefore, specific realizations
of the VR front-end and the DC/DC converter stages must
be considered to analyze the system-level optimum operating
modes over the output voltage and power ranges.

Fig. 4 shows the power circuit schematic, including an
EMI filter for compliance with CISPR 11 Class A, of the
thus considered 10 kW two-stage EV charger system, an early
prototype version of which has been mentioned in [40]. Note
that each of the two DC/DC converters is realized with two
DABCs, each rated at 2.5 kW. This, first, facilitates an ultra-flat
realization and increases the DABC transformer surface area
that can be attached to the coldplate, and, second, would enable
improved part-load efficiency by only operating two instead
of all four DABCs. Note further that the DABC modules are
configured in a cross-wise input-parallel, output-series (IPOS,
e.g., DABC; and DABCyy) and input-series, output-parallel
(ISOP; e.g., DABC; and DABCyy) structure, thus utilizing
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Fig. 5. (a) Photograph of the considered realized 10kW three-phase two-stage
VR and DABC hardware prototype. The overall dimensions of 400 mm X
140mm X 20 mm (not including the non-optimized coldplate) yield a power
density of around 9kW/dm?> or about 150 W/in>. (b) Coldplate with the 7 mm
X 4.3 mm water channel passing underneath the 38 GaN switches, the 12 SiC
Schottky diodes, and the 4 DABC transformers. (¢) Overview of key aspects
of the PCB layout; the whole converter is realized on a single PCB.

the known natural balancing properties of IPOS and ISOP
arrangements [41] to ensure balanced intermediate DC-link
voltages.

Fig. 5 shows a photo of the realized system, and Tab. I
summarizes its main components. The high switching frequency
(fsw,vr = 560kHz) of the VR and the ultra-flat realization
(overall dimensions of 400mm X 140mm X 20mm, not
including the coldplate) result in a comparably high power
density of around 9 kW/dm? (or about 150 W/in®). The system
is liquid-cooled and the non-optimized and thus 10 mm thick
coldplate? increases the volume by about 30%, corresponding
to a power density reduction to about 6 kW/dm? (or 98 W/in?).
As shown in Fig. 5b, the water channel is shaped to cool all the

2As shown in [42], the thickness of the coldplate could be be cut in half,
i.e., reduced to about 5 mm without impairing the cooling properties.
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TaBLE I

MAIN coMPONENTS OF THE 10 KW EV CHARGER MODULE (SEE FiG. 4).

Parameter

Value

EMI Filter

Boost Ind. Lgm,;

36 pH, Magnetics Molypermalloy Powder
(MPP), 55550 core, 36 turns, 1.4 mm wire

CM Ind. L,y 320 nH, TDK N87, R34 (B64290L0058X087),
12 turns per winding, 1.4 mm wire

DM Cap. Cyp,1 560 nF (10x56 nF X2 rated)

CM Cap. Cep,1 18.8 nF (4x4.7 nF Y2 rated)

CM Resistor Rem 1 220

CM Cap. Cem, 11 220nF

CM Resistor. Rem, 11 47Q

CM Cap. Ccm,12 220nF

DM Ind. Ly 16.5 pH, Kool Mp MAX Toroids (79351), 18

DM Resistor. Rqm 2

turns, 1.8 mm wire
47Q

DM Cap. Cym,2 336 nF (6x56 nF X2 rated)

CM Ind. Ly 2 560 pH, VAC Nanocrystalline VITROPERM
cores T60006-L2025-W380, 6 turns per
winding, 1.8 mm wire

DM Ind. Ly 3 6.8 pH, shielded wirewound inductor (Wiirth
7443556680)

DM Cap. Cym3 224 nF (4x56 nF X2 rated)

CM Cap. Cem,3 9.4nF (2x4.7nF Y2 rated)

Vienna Rectifier Stage

Boost Ind. L 36 uH, Magnetics Molypermalloy Powder
(MPP), 55550 core, 36 turns, 1.4 mm wire

Switches 600V, 70mQmax / 55 My
CoolGaN™ IGOT60R070D1

Diodes 1200V SiC Schottky CoolSiC™

Gate Drivers

Sw. Freq. fw,vrR
DC Cap. Cyy, Cxy

IDM10G120C5 (2 in parallel)
EiceDRIVER™ [EDF5673K
560kHz

28 uF

Dual Active Bridge Converter Stage

Switches (Pri. & Sec.) 600V, 42mQmax / 37 mQyyp

CoolGaN™ IGOT60R042D1
EiceDRIVER™ [EDF5673K

ELP43/10/28 core, N97 ferrite, no air-gap, 16
turns prim., 1200x40 pm litz, 10 turns sec.,
1200x40 pm litz, L, = 13 pH, Ly, = 300 pnH
180-330 kHz

Gate Drivers
Transformer

Sw. Freq. fsw,paBC

38 GaN switches, the 12 SiC Schottky diodes, and the 4 DABC
transformers. Further, Fig. Sc gives an overview on some key
aspects of the PCB layout, which otherwise follows state-of-the
art best practices, e.g., regarding the design of GaN transistors’
commutation loops, etc. Note that, except for a small credit-
card-sized control board carrying a Xilinx Zyng-7000 SoC, the
converter is realized on a single 8-layer PCB. Therefore, care
has to be taken to prevent noise emissions from the power stages
from disturbing measurements and logic circuitry. Placing the
controller in the center of the converter facilitates routing the
gate signals (blue arrows) without any overlap with noisy switch-
node planes (red). The analog circuitry of the VR measurements
is also placed in the relatively quiet center of the PCB, whereas
the DABC measurements are beneath the transformer winding;
a shielding layer in the PCB (top layer connected to logic
ground) prevents noise issues. Furthermore, the PCB features
cutouts for the boost inductors and the transformers, which
facilitates the ultra-flat realization.

In the following, the operating modes and especially the loss
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models for the VR (Section III) and the DABC (Section IV)
stages will be introduced, which then allow a quantitative
comparison of the efficiency that the two-stage system achieves
when it operates with 3/3-PWM or 1/3-PWM (Section V).

III. Vienna RECTIFIER STAGE

As discussed in the introduction, there are two interesting
options for how to operate a boost-type AC/DC PFC rectifier,
specifically a VR, in a two-stage system. First, if standard 3/3-
PWM is used, the intermediate DC-link voltage Uy, is kept at a
constant value (for a given output voltage and power; different
constant values may be favorable for different operating points)
in the range of typically 640V to 800V (400V grid, 1200 V
diodes). However, as mentioned above, the downstream DC/DC
converters can contribute to the rectifier’s task of shaping the
grid currents by pre-shaping the intermediate DC-link voltage
Uy, into the six-pulse shape given by uy, = max (uy, Uy, Uc)
(1/3-PWM), which then implies that, advantageously, at all
times only one of the rectifier’s bridge-legs is operating with
PWM; see also Fig. 3. Note that to do so (i.e., to achieve
sufficiently high control dynamics), the intermediate DC-link
capacitors, Cyxy and Cy, must be relatively small (specifically,
28 nF is used in the considered system).

A detailed comparative analysis of the VR semiconductor
stresses and losses occurring with 3/3-PWM and 1/3-PWM
is given in [37]. For the sake of brevity, we summarize
the key results in Tab. II, where f, vr is the switching
frequency, lay, and I are the average and peak Vallie of the
sinusoidal input currents, respectively (Iove = 2/m -1 ), M is
the modulation index, and U is the peak value of the grid
(input) phase voltages. Note that for 3/3-PWM, space-vector
PWM (SVPWM), i.e., a common-mode (CM) third-harmonic
injection of ucmy = (Umax + Umin)/2 is assumed, whereby
Umax and umi, are the maximum and minimum instantaneous
phase voltage, respectively. The same CM voltage also appears
for 1/3-PWM as a consequence of always two phases being
clamped. The switching losses are considered with a linear
model, Pgy = Psw.0+ Psw,1, Where Py, o represents the current-
independent capacitive switching loss contributions and Py |
the dependency on the switched current. Compared to 3/3-
PWM, 1/3-PWM reduces the switching losses by more than
66%, as at all times only the bride-leg corresponding to the
phase with the lowest (absolute value) current operates with
PWM. For the same reason, also the conduction losses of the
transistors decrease significantly while the diode currents only
increase slightly.

A. VR Loss Model

The paper’s goal of providing a system-level comparative
analysis of the EV charger operation with 3/3-PWM and 1/3-
PWM requires a straightforward yet accurate loss model of the
VR, which considers the main loss components (i.e., conduction
and switching losses of the 600 V, 70 m{2 GaN transistors and
the 1200V SiC diodes, and the EMI filter losses; please refer
to Table I for a detailed component list).

The conduction losses of all semiconductors follow directly
from the per-device average and RMS currents given in Tab. II
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TasLE II
COMPARISON OF THE VR SEMICONDUCTOR STRESSES RESULTING WITH 3/3-PWM AND 1/3-PWM, FOR UNITY POWER FACTOR OPERATION.

Parameter Equation Difference Condition
3/3-PWM 1/3-PWM
P kewo - f. kwo ¢ —~66% /
Switching Losses Psw sw,0 sw,0 sw,VR 3 sw,VR
Psw,l ksw,l . Iavg . fsw,VR (1 - g) ksw,l . Iavg : fsw,VR —-86% /
; A |z, 3V3-16M-8 L |z o3I (2 _
Switch RMS Current Is rms 7=V 2 + 2 NZRVAS +2V3In (-5 69.4%
i i l_&) 18M -1 i [z, V3 (m) 9 Us, =640V, U =325V
Diode RMS Current Ip rms \/7\/(3 e | QM +1) + 16v3 NZRVAS + 5 In( %7 +9% M= (Ug/z) ~1.015
Diode Average Current Ip,avg I % I \6;;(” +19.1%

and the respective on-state characteristics from the datasheets.
An electro-thermal model is used to account for the temperature-
dependency of the conduction losses using a linear approxi-
mation of the on-state resistance’s dependency on the junction
temperature as Roy (73) ~ 70mQ+0.36 mQ /K- (T;[°C] -25°C)
(note that the maximum specified nominal on-state resistance at
room temperature, i.e., 70 m{2, is used to ensure a conservative
design). Furthermore, a (measured) thermal resistance from
transistor junction to the cooling liquid of Ry j-w = 2.5K/W
and an average liquid temperature of 35 °C are considered (note
that the temperature difference between liquid inlet and outlet
is less than 6 K and hence neglected).

Similarly, the switching losses can again be calculated with
the equations from Tab. II, but it is interesting to briefly
consider how the switching loss model parameters kg o and
ksw,1 are obtained. Even though full (calorimetrically) measured
loss maps for the employed GaN transistors are available
[43], these pertain to symmetric half-bridges and not to the
(relevant hard-switching) commutations against a 1200 V SiC
Schottky diode as occurring in the considered VR. To account
for this, and especially also for the second diode that is
not actively involved in a commutation but, being connected
to the switch node, contributes to the capacitive switching
losses, we calculate kg, o from the involved voltage-dependent
device capacitances (and the parasitic switch-node capacitance
resulting from the PCB layout) as described in [44]. Note that
ksw,0 thus depends on the voltage uyy (with 1/3-PWM, this
value would be even time-variant, but, for simplicity, we use
a constant value of uy, = 537V, i.e., the time average of uy,,
to calculate kgy ). On the other hand, the current-dependency
of the switching losses is assumed to be dominated by the
transistor’s characteristic and hence kg, 1 from the mentioned
loss maps [43] is used.

Finally, the main loss contributions of the compact EMI filter
(given the 560 kHz switching frequency) are the conduction
losses of all inductive components, which can be modeled by
a 70 mS2 series resistance for each phase; core losses of the
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magnetic components are neglected.3

B. Experimental Verification

To verify the aforementioned loss models, the VR stage is
commissioned and operated with 3/3-PWM and with a (for
testing purposes) reduced switching frequency of 400 kHz.
Fig. 6a compares the calculated (using the model from above)
and measured efficiencies of the VR stage and provides a (cal-
culated) loss breakdown. Even though the loss model is quite
straightforward, it achieves a reasonably good accuracy. Fig. 6b
shows the calculated efficiency curve and loss breakdown of the
VR stage operating with 1/3-PWM.# The significant reduction
of switching losses improves the efficiency by almost one
percentage point at nominal and even more at lower output
power; this effect will be even more pronounced at the final
switching frequency of 560 kHz.

IV. DABC MobuLgs wiTH WIDE OuTtPUT VOLTAGE RANGE

From a VR perspective alone, operation with 1/3-PWM
seems clearly favorable. However, the question to be answered
later in Section V is at what cost in terms of possibly increased
DABC losses the VR’s efficiency gain comes. Therefore, this
section discusses, similarly, the operating modes and loss model
of the DABC modules.

The DABC [45] is a versatile isolated DC/DC converter
topology that achieves tightly controlled bidirectional power
flow and hence can operate with widely varying voltage transfer
ratios [11], [46]. Essentially, two full bridges actively apply
voltages to the primary and the secondary side (i.e., u, and
us as shown in Fig. 4 for DABCy) of a magnetic assembly
(including a transformer with its stray inductance, and possibly—
not used here—a dedicated series inductor) to shape the current
in the (stray) inductance. Whereas in the simplest case, both
bridges operate with full duty cycle and hence the phase shift,

3For the operating conditions of Fig. 6a, calculations based on manufacturer
data indicate less than 0.6 W of core losses per boost inductor; the other
magnetic components of the EMI filter are expected to show lower core losses
as they carry already much lower high-frequency ripple currents. At rated
output power, core losses thus account for less than 1% of the total losses.

“Note that it is not possible to measure the efficiency of the VR operating
with 1/3-PWM without also running the DC/DC converters to shape uy,. The
corresponding measurements of the two-stage system are presented later in
Section VI
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Fig. 6. Calculated efficiencies and loss breakdowns of the VR operated (a)
with 3/3-PWM (U, = 640V), including measured (Yokogawa WT-1804E)
efficiencies for verification, and (b) with 1/3-PWM, which achieves a significant
reduction of the switching losses. Note that this comparison considers a
switching frequency of 400kHz, i.e., lower than the 560 kHz used in the final
prototype.

Tasre III
KEY spECIFICATIONS OF A SINGLE DC/DC DABC MODULE.
Parameter Value
Input Voltage Uy, (i.e., uxy or uy,)  240V...400V
Output Voltage Uyt 100V...500V
Nominal Power Py 2.5kW
Maximum Output Current lout,max 125A

¢, between the primary-side and secondary-side square voltages
is adjusted to realize a desired power flow [45], further degrees
of freedom exist, which can be leveraged to achieve certain
optimality criteria. Specifically, these are the duty cycles D of
the primary-side and D> of the secondary-side full-bridges, and
the switching frequency, fiw.paBc, see Fig. 7a. For example,
[46], [47] provides closed-form solutions to calculate the set of
modulation parameters that results in minimum RMS current
and hence minimum conduction losses for a given operating
point, which is defined by the tuple (Ujy, Uoyt, Pout), 1.€., the

input and output voltages, and the desired power transfer.

However, switching losses cannot be neglected either, i.e.,
it is advantageous to select modulation patterns that also
achieve soft-switching for all transitions (or at least for as
many transitions as possible).
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A. Simplified Modulation Scheme

Aiming for a simplified modulation method that features
continuous modulation parameters in case of changing operat-
ing points (advantageous for the implementation), limits RMS
currents, and achieves mostly soft switching, one degree of
freedom is fixed. Specifically, the duty cycle of the bridge
operating from the lower DC voltage (referred to the same
side of the transformer, e.g., the comparison is between Ui,
and nU,y) is clamped to the maximum of D = 0.5 (note
that D = Tyue/Tw, i, D = 0.5 results in a symmetric
square wave). Therefore, D; = 0.5 in boost (nUyy > Uip)
operation and D, = 0.5 in buck (nU,y: < Ujy) operation, where
n denotes the transformer turns ratio. This constraint reduces
the possible twelve basic voltage patterns (i.e., sequences of
switching transitions of the two bridges) that can be generated
by two full-bridges [46], [47] to the only two sensible choices
shown in Fig. 7ab.

With the phase-shift, ¢, used as a control input for the power
flow, two degrees of freedom that must be determined otherwise
remain (one duty cycle and the switching frequency). In
addition to aiming for minimum RMS currents, advantageously
also as many of the switching transitions as possible should be
soft, i.e., zero-voltage switching (ZVS) transitions. This means
that the switched transistor currents should have the correct sign
and should be high enough to charge/discharge the parasitic
output capacitances Cygs Of the transistors within the interlock
delay time interval [48]. For the selected switching patterns,
there are two switching transitions where it is inherently more
difficult to realize these ZVS conditions, namely 7, and 3
in the boost mode and #; and #3 in the buck mode (see
Fig. 7ab). Considering the boost mode, the corresponding
switched currents are

1 2
——nUou(Uoun — Uin)D2 + PLs

; _ Jsw,DABC )
L,t2,boost 2U0utD2an 5

. 1 1

IL,t3,boost = m (EUin - nD2Uout) ) 2)

where Uj, and U,y denote the input and output voltages of a
single DABC module (see Table III) and no magnetization
current is considered. Note that all current values are referred
to the primary side, even though the first of these transitions
actually happens in the secondary-side bridge with a corre-
spondingly scaled (by the turns ratio n) current of the opposite
sign (if the positive current direction is in all cases defined as
out of the bride-leg’s switch node).

Ideally, in each case both of these currents should equal
a certain minimum current, Izys > 0, that ensures full ZVS
transitions. Thus, the two remaining degrees of freedom of the
modulation pattern should be selected accordingly to ensure
iL2.boost = —Izvs and iL 3. boost = Izvs. Note that the correct
sign depends on whether the transition occurs on the primary
or on the secondary side (see above) as well as on the direction
of the switching transition (positive-to-negative or negative-to-
positive voltage). From these conditions, the remaining duty
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Fig. 7. Conceptual DABC waveforms (voltage patterns) for (a,b) selected simplified modulation with one duty cycle clamped to 0.5, and (c,d) the modulation

scheme resulting in minimum transformer RMS current [46], [47].

cycle (D5 in the boost mode) follows as

_ ~4fsw.pasclzvsL + Uin
2Uoun

and the switching frequency is given by (4). Similar consider-
ations can be made for the buck mode to find the conditions
iLt1,buck = —Izvs and ir 3 puck = —Izvs. Taking into account
the symmetry of the voltage sequences (see Fig. 7ab) identical
equations for Dy and fiw papc as (4) and (3) result, where,
however, nUyy,: and Ui, need to be exchanged. By doing so, (3)
is valid for D (remember that D, = 0.5 in the buck mode).
Considering three exemplary input voltages, Fig. 8a gives an
overview of the resulting modulation parameters’ dependency
on the output voltage, for the nominal output power of 2.5 kW
(note that at low output voltages, the maximum output current of
12.5 A limits the power as indicated in Fig. 8c¢).5 Furthermore,
Fig. 8b shows the four (per half period) switched current values
(Isw1 and Iy are for the primary-side bridge, Isy3 and Igya are
for the secondary-side bridge), where a negative value indicates
hard switching. Note that for each operating point at most one
switching transition (per half period) occurs without ZVS,
specifically at low output voltages. There, a further reduction
of fiw.papc below 180kHz would be needed to ensure ZVS,
which is not possible without increasing the losses of (and
eventually saturating) the transformer core. Finally, Fig. 8c
indicates the transformer RMS current and compares it against

D,

3)

b}

SNote that for now each operating point’s phase shift ¢ is calculated
numerically such that the desired power transfer results; in the final realization,
¢ is calculated by the DABC voltage controller (see Section VI-A).

Ulzn (Uin = nUout)

that achieved by the RMS-optimal modulation method from
[46], [47] (see Fig. Ted for the conceptual waveforms obtained
with that modulation method). Clearly, the employed simplified
modulation scheme results in only slightly higher RMS current
stress, but ensures ZVS for most switching transitions.

B. DABC Loss Model

Again, a straightforward yet sufficiently accurate loss model
of the DABC modules is needed. Note that in contrast to the
VR, the DABC modules employ low-ohmic 600 V, 42 mQ2 GaN
transistors on both, the primary and the secondary side. Please
refer to Tab. I for a detailed list of components.

To accurately predict the component stresses of a DABC
module, first an accurate representation of the transformer
current waveform must be obtained, because a rather small
change of a few amperes in one of the switched currents
can decide on whether the transition occurs with ZVS or not,
Obviously, this can quickly lead to large loss calculation errors.
Furthermore, due to the small series inductance (L, = 13 pH),
the transformer current waveform is sensitive to non-idealities
that must be expected in a real converter. Therefore, unlike as
for the VR, we do not employ a purely analytical model. Instead,
the implemented numerical waveform generator thus first takes
into account the (current-dependent) effects of all resistances
in the current path as well as the transformer’s magnetizing
inductance according to [49]. Then, also the voltage-time-area
contributions appearing during the interlock delay time of
50ns are considered, which can be estimated based on the
GaN transistors’ output capacitances Coss and the direction

fsw,DABC =

“)

2 (212vsUZ = 3avsUnnUow = Pnlou = [ Bys
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Fig. 8. (a) DABC control parameters (duty cycles Dy, D,, normalized phase shift ¢/, and switching frequency fsw paBc) obtained with the proposed
simplified modulation scheme; note that one duty cycle is always clamped to 0.5. Nominal power (or, for low output voltages, the maximum power compatible
with the output current limit of 12.5 A, see (c)), and three different input voltages are considered in (i), (ii), and (iii), respectively. (b) Switched currents (Igy1
and Iy are in the primary-side bridge, I3 and Igy4 in the secondary-side bridge) within one half period; positive values indicate ZVS transitions. (¢) RMS
transformer currents of the proposed simplified and the RMS-optimal modulation scheme from [46], [47].

and the magnitude of the switched current. Given the current-
dependency of these effects, a few iterations of the waveform
generator routine are needed for the waveform to converge to
its final shape.

With the transformer current waveform known, it is then
straightforward to extract the transistor currents and the
corresponding conduction losses, whereby again a temperature-
dependent on-state resistance characteristic of the 600V,
42m() GaN transistors is considered, i.e., Ron(7j) =~ 42mQ +
0.28 mQ /K- (7;[°C]-25°C). The thermal model uses Ry, j—w =
2.3K/W to account for the lower on-state resistance and
hence larger chip area. The switching losses incurred by each
transition are obtained from the switched current (direction,
magnitude) and published (calorimetrically) measured loss
maps for hard-switched and soft-switched transitions [50].
However, special attention has to be paid to cases where the

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

switched current is positive yet not high enough to achieve
full soft-switching. Then, partial hard-switching with corre-
spondingly higher losses occurs [48]. Time-domain simulations
of the switching transitions, considering the non-linear device
capacitances, are used to obtain the residual switched voltages
and the expected partial ZVS losses [48] for low-current ZVS
transitions. The loss maps are then modified accordingly in the
relevant region, i.e., for soft-switching currents < 2.5 A, using
quadratic fits similar to [51].

Finally, the transformer winding losses are calculated using
the measured frequency-dependent AC resistance of a prototype
transformer as well as the current waveform with all its
harmonics. The core losses are estimated using the datasheet
loss maps for N97 ferrite material, assuming a core temperature
of 100 °C.
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Fig. 9. Measured waveforms of a DABC module operating at rated load of 2.5kW (except for the case with an output voltage of 100V, where the 12.5 A
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maximum output current limits the power to 1.25kW, see also Fig. 10) and with various input/output voltage combinations. up, us, ip and is are the primary-side
and secondary-side transformer voltages and the primary-side and secondary-side transformer currents, respectively.
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Fig. 10. Measured and calculated DABC module efficiencies for various operating points, and calculated loss breakdowns. Note that the output current limit
(12.5 A, single module) limits the power to 1.25kW when operating with an output voltage of 100V only.

C. Experimental Verification

Fig. 9 shows measured voltage and current waveforms of a
DABC module for six different operating points (remember that
each DABC module connects to only one half of the split VR
DC-link, see Fig. 4, hence the maximum input voltage is Uj, =
400V for the maximum Uy, = 800V and, similarly, the output
voltage is, e.g., Uy = 400V for a system output voltage of
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U, = 800 V). The implemented simplified modulation scheme
results, as expected, in one duty cycle always being equal to 0.5.
Fig. 10 shows the measured (Yokogawa WT-3000) efficiencies
of the DABC module, again for six different operating points.
The comparison with the calculated efficiency curves shows
good accuracy. Furthermore, the calculated loss breakdowns
are shown, which illustrate that for different operating points,
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Fig. 11. Flowchart illustrating the procedure used for obtaining the efficiency
maps shown in Fig. 12. For 3/3-PWM, either a fixed Uy, for all operating
points can be used, or, alternatively and as indicated by the dashed line, for
each operating point an optimized Uy, that results in highest overall efficiency
can be used. In contrast, for 1/3-PWM, uy, shows a time-varying six-pulse
shape regardless of the operating point, and the corresponding average value
Uiy is used for the calculations. Note further that the loss models of the VR and
of the DABC have been introduced and experimentally verified individually
in Section III and Section IV, respectively.

different loss components dominate, e.g., conduction losses for
the case shown in Fig. 9a and (partial) hard-switching losses
for the case of Fig. 9d; note that this is consistent with the
theoretically calculated switched currents for this operating

point, some of which are borderline negative, see Fig. 8b.iii.

Note further that all four DABC modules have been tested and
shown similar performance.

V. OpriMUM OPERATION OF THE TWO-STAGE SYSTEM

In the previous two sections, the detailed loss modeling of
the VR stage and the DABC modules have been discussed, and
the accuracy of the relatively straightforward models has been
demonstrated by close agreement of calculated and measured
efficiencies. In a next step, the introduced loss models can thus
be used to assess the different options of how to operate the full,
two-stage EV charger demonstrator comprising a VR stage and
four DABC modules (see Fig. 5). This is done by calculating
efficiency maps, i.e., efficiencies for a grid of operating points
defined by the tuples (U,, P,) in the ranges given in Fig. 4,
and considering different operating regimes. Fig. 11 provides
an overview of this process, which is detailed in the following
together with the results.

A. Operation with 3/3-PWM

A first basic option is to select a single, constant value for
Uy, that is kept regardless of the operating point. The VR
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then operates with 3/3-PWM, regulates Uy, to a constant value,
and the DABCs provide isolation and scale the voltage as
required by the load. Fig. 12a and Fig. 12b show the resulting
efficiency maps for the considered output power and output
voltage ranges for Uy, = 640V and Uy, = 800V, respectively.
Clearly, the region of maximum efficiency shifts between the
two cases. Therefore, it is beneficial to consider adapting the
intermediate DC-link voltage Uy, depending on the operating
point, such that minimum overall losses (i.e., sum of VR and
DABC losses) result.

Fig. 12¢ shows the corresponding optimal selection of
Uy in the range of 640V to 840V (the lower limit ensures
sufficient control margin for a 400V grid, and the upper
ensures compatibility with the employed 1200V diodes and
600V GaN transistors, the latter being exposed to Uy, /2 only).
Fig. 12d shows the corresponding efficiency map for optimally
selected Uy, values and Fig. 12e illustrates the improvement (in
percentage points, p.p.) over the case with an operation-point-
independent Uy, = 800V shown in Fig. 12a. Especially at lower
output voltage, it pays to select a low Uy, value, too, which
enables the DABCs to operate closer to their natural voltage
transfer ratio (n = 16/10). Correspondingly, Uy, should increase
with the output voltage, but only up to a point (U, ~ 600 V).
For even higher output voltages, a slight reduction of Uy,
lowers the VR switching losses more than it increases the
DABC losses. The changing VR loss share shown in Fig. 13a
illustrates this point.

B. Operation with 1/3-PWM

So far, adaptive but, for a given operating point, still constant
intermediate DC-link voltages Uy, and hence 3/3-PWM of the
VR have been considered. However, as discussed earlier, the
DABC modules can be utilized to shape the intermediate DC-
link voltage into a time-varying six-pulse shape to facilitate
1/3-PWM operation of the VR with the associated significant
reduction of switching losses (note the lower VR loss share
in Fig. 13b). Fig. 12f shows the corresponding efficiency
map, whereby the losses have been calculated approximating
the time-varying voltage uy, by its average value uy, = 537 V.
Fig. 12g then shows the efficiency change (in percentage points,
p-p.) between 1/3-PWM and 3/3-PWM (with adaptive Uy,).
Especially for lower output voltages and lower power levels,
a significant efficiency increase of up to 2% results; this is
not only because of the switching loss saving of the VR stage,
but also because the lower uy, in 1/3-PWM allows the DABC
modules to operate closer to the natural voltage transfer ratio.
At high output voltages and higher power levels, switching to
1/3-PWM is not always beneficial, as on the system level the
VR loss reduction might be overcompensated by increasing
DABC losses.

C. Optimal Combined 1/3-PWM and 3/3-PWM

Finally, Fig. 12h shows the efficiency map that can be
achieved by the optimal combination of 1/3-PWM and 3/3-
PWM. The thick dashed line delineates the region where
1/3-PWM should be used (i.e., where 1/3-PWM gives higher
system-level efficiency than 3/3-PWM). Fig. 13c¢ shows the
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Fig. 12. Efficiency of the two-stage system operated with 3/3-PWM and (a) constant Uy, = 640V or (b) Ux, = 800 V. Advantageously, however, Uy, is adapted
with the operating points as shown in (c) to achieve the best possible (with 3/3-PWM) overall efficiency shown in (d); (e) shows the improvement compared to
(b) in percentage points (p.p.). (f) shows the efficiency when operating with 1/3-PWM and (g) gives the improvement compared to (d), i.e., 3/3-PWM with
adaptive Uy,. Finally, (h) shows the best overall efficiency obtained when both, 3/3-PWM and 1/3-PWM are considered; the area where 1/3-PWM should be
selected is highlighted. Note that the maximum output current of 25 A limits the power for low output voltages.

corresponding VR loss share. The sharp step change at the
boundary exists because even though the efficiency of the total
system does change only very slightly (see Fig. 12h), the loss
contributions of the VR and the DABCs change significantly
when switching from 1/3-PWM to 3/3-PWM.

Note that in terms of efficiency (gains), see Fig. 12g, for the
given system it might as well be a good engineering decision to
always operate with 1/3-PWM, i.e., to forego certain minor loss
savings in a rather small part of the operating range in favor of
a simpler implementation. It is also essential to highlight that
the results shown here are valid for our specific realization of
the two converter stages. We reiterate that the system has been
initially designed for 3/3-PWM operation; by changing the
operating regime, a significant efficiency improvement can be
achieved. In general, note that the boundary between 1/3-PWM
and 3/3-PWM, and the overall efficiency map, depend (amongst
other parameters), on the DABC modules’ natural voltage
transfer ratio and hence on the selected transformer turns ratio.
Such degrees of freedom, and the possibility to employ 3/3-
PWM and 1/3-PWM, should be considered for a new converter
design, whereby a mission profile (weighted efficiency) could
be used to identify, e.g., the optimum natural voltage transfer
ratios of the DABC modules (i.e., the transformer turns ratio).

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

D. Output Series/Parallel Reconfiguration

In the standard prototype configuration (see Fig. 4), the
total output voltage is shared by a series connection of two
DABC modules. However, at lower output voltages it would be
beneficial to reconfigure the DABC modules such that all four
would be connected in parallel. Clearly, the maximum output
voltage is then limited to 500 V. However, advantageously,
the maximum output current increases to 4 - 12.5A = 50A,
which implies that nominal power can be supplied even at
only 200V output voltage. Thus, Fig. 14 shows the efficiency
map considering all degrees of freedom (i.e., 3/3-PWM, 1/3-
PWM, parallel reconfiguration of DABC outputs) to optimize
the efficiency for each operating point. As an aside, note that
this reconfiguration of the DABC outputs essentially has a
similar effect as changing the transformer turns ratio: it shifts
the area of maximum efficiency. Finally, note further that the
availability of four DABC modules could also be utilized to
improve the part-load efficiency by only operating two instead
of four modules. This, however, is not investigated further here.

VI. HARDWARE VERIFICATION

The two-stage demonstrator introduced in Section II and
analyzed throughout the paper has originally been designed for
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Fig. 14. Extension of the operating range by reconfiguring the four DABC
modules (all four in parallel for output voltages lower than the white line
indicates). The efficiency map considers the best combination of modulation
(3/3-PWM and 1/3-PWM) and DABC module configuration for each operating
point.

operation with 3/3-PWM. After briefly discussing some control
implementation aspects, we then provide a comparison of grid
current total harmonic distortion (THD), system efficiency,
and EMI performance for operation with 3/3-PWM and with
1/3-PWM, which is the main subject of this paper.

A. Control System and Implementation

The control of the two-stage system is implemented on
a Zyng-7000 SoC, which features a dual-core ARM central

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

processing unit (CPU) and an integrated FPGA fabric. Advanta-
geously, this allows to implement certain time-critical functions
in the FPGA and more advanced algorithms in the CPU, as
indicated in the overview control diagram shown in Fig. 15.
Even though a smooth transition from 1/3-PWM to 3/3-PWM
is possible [37], it is not strictly needed: as discussed in the
previous Section V, due to the DAB’s capability to step down
or step up ux, to the desired output voltage U,, the selection
of 1/3-PWM or 3/3-PWM is purely determined by efficiency
considerations.® Therefore, the control implementation can
be (externally) reconfigured between 3/3-PWM and 1/3-PWM
operation; this is indicated by the two signal selectors in Fig. 15.

We will now briefly explain the main functional blocks
of that control diagram, proceeding from left to right. First,
the outer VR control loop regulates the intermediate DC-link
voltage Uy, if 3/3-PWM is used; the DABCs then regulate,
fully decoupled, the output voltage U,. In contrast, if 1/3-PWM
is used, the outer VR control loop regulates the output voltage.
In both cases, a mains power reference (P}, or Pj,) results.
Together with the three measured (via two line-to-line voltage
sensors, Uap and uy.) grid phase voltages, u,pc, the phase current
references, i;bc, are then calculated. For 1/3-PWM, a common-
mode voltage injection of ucy = 1/2 - (Umax + Umin) Must be
used, where u,x and upy;, are the maximum and the minimum
of the measured instantaneous phase voltages, respectively.
As the duty cycles are calculated (in the FPGA, see below)
by essentially dividing the phase voltage references by the
actual intermediate DC-link voltage, uy,, which, for 1/3-PWM,
follows uyx, = max(Umax, |Umin|), this ensures automatically
that the two respective phases are clamped (the duty cycles
become 1 and 0, respectively). For 3/3-PWM, the common-
mode voltage injection, ucy, is a degree of freedom and various
options do exist [52]; advantageously, the method from [23]
could ensure zero midpoint current. However, in the following,
the same CM voltage injection as for 1/3-PWM is employed,
which is equivalent to employing standard space-vector PWM
(SVPWM). As the required bandwidth is relatively low, these
calculations are implemented in the CPU and executed with
an update rate of fy. = foc/50 = 22kHz, where f.. will be
explained immediately.

On the other hand, given the VR’s rather high switching
frequency of fiw.vr = 560kHz and the thus small boost
inductors (L = 30pH) the grid current controllers are im-
plemented in the FPGA to realize dual-update mode, i.e., a
control loop execution frequency of fo. = 2 fsw vr = 1.12 MHz.
The controller outputs plus the feed-forward terms (i.e., the
phase voltages including the CM injection) are then used to
generate the VR reference voltages, uy . Finally, using the

6This is in contrast to non-isolated two-stage systems such as analyzed
in [12], [28], [38], [39], where the non-isolated DC/DC stage provides only
buck or boost functionality, i.e., for certain output voltages, the front-end can
not operate with 1/3-PWM (e.g., if a boost-type rectifier is combined with
a buck-type DC/DC converter, uy, > U, must hold at all times and hence
1/3-PWM is not possible for high output voltages.)



This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTE.2023.3297502

IEEE TRANS. TRANSP. ELECTRIFIC. 14
3-¢ AC/DC DC/DC EV
Grid Vienna Rectifier Stage Battery
1
D, x o
X% % . | PABG .”.
U i, L 3 = u,
— 103 - DABC, .||.
Uab | iy, b svri S svmo| |y pll
N Input >— J_ﬂl U, =
Filter I“lx- i, ¢| svrs SVR4 DABC), .”. -
. 1 +
- % 4. = u,
SVR5 SVR6 v e [ — o
. DABC,y .||.
78, — 00—
VA
SVR1 SVR2 ... SVR6 SDABC, ... SDABC SDABCyg
- Ui
Uon | - +Q uﬂw Duty Cycle & ‘ PWM Generation DABC; HH
CM Voltage il T PWM Generation
Uy | EL% Phase A U,
w Voltage Calc. U L0 2y | PDABL
1, Voltage Cale. [ Tu,, w_ d | dy | f
) =1 u, L\u,) u, u}/ o 114 fs
o db i(‘w+ grid gri(l_)Bj Ba[— DABC
o f- Q \ S Uy, Q Modulator
U X * * :
o . & g Ui, £ {—
Ux'zf'+ - ; -_. — Un
" RO, . ’ . paBoe =fee/5) ¢ :
U, - I, Uy, ‘ ‘ Uy Joasce =fec/5 Fatod = e/ 50
Fre=Feel 50 fue=1.12MHz

Grid Current Control

VR Voltage Control

VR Modulator

DABC Control

Fig. 15. Control diagram of the two-stage VR and DABC EV charger, which facilitates operation with either 3/3-PWM or 1/3-PWM. The functions with a blue
background are implemented in the Zyng-7000 SoC’s CPU whereas the functions with a gray background are implemented in the FPGA fabric. Please refer to

the text for a description of the functional blocks.

measured DC-link voltage uy,, the duty cycles are calculated”
and ultimately the modulator generates the VR gate signals.
Note that the FPGA clock frequency of 100 MHz results in
limited yet sufficient quantization resolution (between 7 bit and
8 bit).

Further, the reference value for the intermediate DC-link
voltage, uy,, follows from the VR phase reference voltages and
is fed to the DABC controllers, where, if 1/3-PWM operation
is enabled, it is used as a control reference. Actually, two and
two DABC modules regulate uy, = uy,/2 and uy, = uj,/2,
respectively, and thereby ensure balanced intermediate DC-
link halves (in addition to the shaping of uy, as required
by 1/3-PWM). Furthermore, since the VR can only control
the total output voltage, an additional balancing controller is
needed to ensure U, = Uy = Uyz = Uys. These controllers
define the required power transfers of the DABC modules and
hence the phase shifts ¢pap1.2,3.4. Because the required control
bandwidth to shape uy, is rather high (roughly 3kHz in the
current implementation), these controllers are executed in a
CPU task with an update rate of fpapce = feec/5 = 220kHz.
On the other hand, the modulation parameters, i.e., the duty

"To avoid the costly division in the FPGA, the actual implementation
correspondingly uses an approximation and scales the feed-forward terms ug,,
ugp, and ug. with 1/uy, in the CPU before passing them to the FPGA; a
corresponding re-scaling of uy,, — u; . after being passed from the FPGA
to the DABC control in the CPU is thus needed. This approach is feasible
because of the small low-frequency voltage drops across the boost inductors
(which are small given the high switching frequency) mentioned earlier, i.e.,

Q- a 0 Q *
small values of Ul e
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cycles D; and D, and the switching frequency f.w paBcC, are
calculated based on measured voltage values (see Section IV)
in a slower task updating at again fymod = foc/50 = 22kHz.
Finally, the DABC PWM modulators are implemented in the
FPGA.

B. Waveforms and THD Measurements

Using the control structure discussed in the last subsection,
the EV charger is operated with both 3/3-PWM and 1/3-PWM
at the rated power of 10kW and with an output voltage of
U, = 500V. For 3/3-PWM, the total intermediate DC-link
voltage is selected as Uy, = 640V, i.e., the lowest possible
value for 3/3-PWM which is hence closest ot iiy, = 537V
resulting for 1/3-PWM. Fig. 16 shows the measured waveforms
of the three-phase mains currents, the intermediate DC-link
voltages uyy and uy, (with uyxy +uy, = uy,), and the split
output DC voltages U, = Uyz and Uy, = Uyy (remember that
Uy + Usy = Uy). The split DC voltages on either side of the
DABC modules are balanced well.

In 1/3-PWM mode, the three-phase mains currents show
some low-frequency distortions around the peak values. This is
a consequence of the limited control bandwidth of the DABCs,
which thus cannot exactly reproduce the six-pulse waveform
of u}, around the polarity change of the dv/dt in the valleys.
Nevertheless, with a DABC control execution frequency of
220kHz, operation with 1/3-PWM (where two of the three
phase currents follow from the uy, impressed by the DABCs and



This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTE.2023.3297502

IEEE TRANS. TRANSP. ELECTRIFIC.

P3ms(Ca)
BA1TA
v

P4ms(C2) P5.- P6:-

Pl-- P2ms(C2)
1704 A WT04A
v

o t00men]  100AG
fisal 0 mAoffsa] 0 maofisal

Uxy Uyz |

a ib ic

P2ms(C2) P3msCa) P4ms(C2)
167IA 15.102A 1673
v v

Uxy Uyz

Upr  Uoo

P1mean(C1)
2555V

. M
"du

P2 mean(C2) P3mean(C3)

20928V
v

P4 mean(CH)
2903V
v

(a)

Measure
value

P5.0kok(C1) P6 okok(C2 P7okok(CT
220V 253V 1363V

: ;

P8 0kok(CH)
926V

50,0 Vv

PLmeanC1)
2746V
v

P2 mean(C2)
2724V
v

P4 mean(C4)
2312V
v

(b)

P3mean(C3) P5.0kok(C1) PBokok(C2 P7pkok(C3
2130V 56V 542V 1366V
v v

v v
(Tbase 00 ms rngi.y (E-10C]

PB.0kok(CH)
974V

v
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Fig. 17. Measured mains current THD (Yokogawa WT-1804E) for 3/3-PWM
(with Uy, = 640V) and 1/3-PWM, respectively, in dependence of the output
power and with an output voltage of U, = 500 V.

the VR directly controls only the remaining one) still achieves
a total harmonic distortion (THD) of the mains currents of
about 3% at rated power, see Fig. 17. This is higher compared
to the about 1% resulting for 3/3-PWM (where the VR directly
controls all three phase currents) but, given the efficiency
improvement achieved with 1/3-PWM, seems a reasonable
price to pay. Note that due to the high VR switching frequency,
a turn-off delay compensation must be implemented to achieve
these THD values; this is detailed in the Appendix.
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C. Efficiency Measurements

Fig. 18a shows the calculated and measured (Yokogawa
WT-1804E) efficiency characteristics of the two-stage system
operating with 3/3-PWM (Uy, = 640 V) and with 1/3-PWM, re-
spectively, and an output voltage of U, = 500 V. The calculation
results contain an additional offset of 16 W to account for the
control hardware (Zyng-7000 SoC, gate drives, etc.). Similarly,
Fig. 18bc show the calculated loss distributions between the
stages as well as the measured total losses, demonstrating again
a good accuracy of the relatively straightforward loss models
for the VR and the DABCs introduced in Section III and
Section IV, respectively. Clearly, at the considered exemplary
operating points, operating with 1/3-PWM significantly reduces
the VR losses at the expense of a moderate increase of the
DABC losses only, as also visible in the full efficiency maps
shown earlier in Fig. 12, which have been obtained using the
individually verified loss models of the VR and the DABCs.

D. Comparative Conducted EMI Pre-Compliance Tests

Finally, it is an interesting question whether changing the
operating mode of the two-stage system from 3/3-PWM (for
which the system has been designed) to 1/3-PWM (which,
advantageously, gives higher efficiency) affects the EMI noise
emissions to an extent that would require modifications of the
EMI filter design. Therefore, comparative pre-compliance EMI
measurements have been carried out. To emulate worst-case
grounding conditions, the DC output midpoint is connected
to earth. The coldplate, on the other hand, is tied to the
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Fig. 18. (a) Calculated and measured (Yokogawa WT-1804E) efficiencies of the
two-stage system with U, = 500V and operation with 3/3-PWM (U, = 640V)
and 1/3-PWM, respectively. (b) and (c¢) show the measured total losses and the
(calculated) loss distributions between the VR and the DABCs for operation
with 3/3-PWM and 1/3-PWM, respectively.

intermediate DC-link midpoint; deionized water is used as
a coolant.

Fig. 19ab show the measured conducted EMI emissions for
2.5kW and 5 kW output power, and with 500 V output voltage.
For all measurements, an external CM choke has been placed at
the mains input (3 X 5 turns on a VAC W517-51 core resulting
in 140pH CM inductance at 500kHz; this CM impedance
could be realized in a much smaller form factor for integration
into the converter). On the other hand, no housing has been
placed, which would help to reduce the noise emissions in the
high-frequency range. Note that for both, operation with 3/3-
PWM and with 1/3-PWM, the DABCs are expected to show
at least some switching transitions without ZVS (see Fig. 8)
and thus the selected operating point constitutes a worst-case
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Fig. 19. Conducted EMI noise emission spectra of the two-stage demonstrator
system for operation with 3/3-PWM (Ux, = 640V) and 1/3-PWM, an
output voltage of U, = 500V, and with (a) 2.5kW output power and (b)
S5kW output power. A Rhode & Schwarz ESH2-Z5 three-phase LISN and
a Rhode & Schwarz ESPI3 test receiver (setings: PK detector with 9 kHz
resolution bandwidth (RBW), 1 ms measurement time, 0.1 % step size) have
been used. The solid black line indicates the CISPR 11 Class A limit.

for dv/dt-imposed emissions in the upper frequency range.
The observed difference between 3/3-PWM and 1/3-PWM
for frequencies above 5 MHz could well be explained by the
circuit’s non-idealities and component tolerances, which might
allow for partial ZVS in case of 3/3-PWM.

Even though around 180kHz, there is a minor violation of
the CISPR 11 Class A limit8, the main point of these results
is comparative in nature: the noise emissions resulting for
3/3-PWM and 1/3-PWM operation are very similar. Hence,
a system designed for 3/3-PWM can operate with 1/3-PWM
without a redesign of the EMI filter.

VII. CoNCLUSIONS

The paper first presents a 10kW two-stage EV charger
with a wide output voltage range of 200V to 1000V, which
combines a three-level Vienna Rectifier (VR) AC/DC stage
and four Dual Active Bridge Converter (DABC) modules. This,
advantageously, enables a realization with latest-generation
600V GaN technology and enables very high switching
frequencies of 560kHz for the VR and of up to 330kHz
for the DABCs, resulting thus in a flat, ultra-compact design
with a power density of around 9kW/dm?> (about 150 W/in?),

8This is because the DABC operating frequency has been lowered slightly
compared to the switching frequency targeted in the original design; it could
be addressed in a next design iteration by selecting a slightly lower EMI filter
cutoff frequency and likely be implemented without a significant impact on
the EMI filter volume.
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not including the coldplate. Although, conventionally, the two
stages would operate largely independently and hence the
VR would switch all three bridge-legs with high-frequency
PWM (3/3-PWM), alternative synergetic operation concepts
are known. Specifically, the DABCs can be used to shape the
shared intermediate DC-link voltage such that always only one
of the VR’s three bridge-legs must operate with PWM (1/3-
PWM). Whereas it is directly possible (and has been done
before) to evaluate the according loss savings of the VR alone,
a system-level analysis including both converter stages has
been missing so far. As the optimum operating mode selection
(i.e., 3/3-PWM or 1/3-PWM) depends on the operating-point-
dependent loss contributions of both stages, such an analysis can
necessarily only be carried out for a specific system realization.
Therefore, in this paper a built 10kW charger is considered
and straightforward but accurate and experimentally verified
loss models are introduced for the VR and the DABCs (for
which, in addition, a simplified modulation scheme is proposed).
These then enable a comprehensive analysis of the optimum
synergetic operation. Changing the operating mode from 3/3-
PWM to 1/3-PWM gives efficiency improvements of up to
about 2% for a large share of the operating points (power,
output voltage). This is confirmed by running the two-stage
system with 3/3-PWM and with 1/3-PWM for an output voltage
of 500V, whereby the full-load efficiency improves from 95.1%
to 95.4%, respectively. Whereas a minor degradation of the
mains current total harmonic distortion for 1/3-PWM must
be accepted, conducted EMI pre-compliance tests confirm
that changing from 3/3-PWM to 1/3-PWM operation does
not necessitate significant changes of the EMI filter design. All
in all, three-level VR front-ends and (cascaded) DABC isolation
stages that are both realized with latest-generation 600 V. GaN
power transistors, and the advantageous synergetic operation
of the two stages, are both very promising concepts for future
highly efficient and ultra-compact EV charging solutions.

ACKNOWLEDGMENTS

The authors would like to thank Christos Leontaris for his
contributions to the DABC firmware.

APPENDIX
VR TurN-OFF DELAY COMPENSATION

Two of the main challenges of operating the VR with
a high switching frequency of 560kHz are the practical
implementation of the current control and the modulation. The
need for a fast current control loop requires an FPGA-based
implementation as discussed in Section VI. However, the turn-
off delay caused by the GaN transistor’s parasitic capacitances,
Coss» has to be compensated for, particularly for duty cycles
close to unity, to limit low-frequency current distortions.

As discussed in [53] for silicon superjunction (Si-SJ)
MOSFETS:, the challenge at higher switching frequencies (e.g.,
560kHz as opposed to 100kHz) is that the effective duty
cycle (i.e., the voltage-time area that is actually applied at
the VR bridge-leg switch node) is distorted by the turn-on, and,
particularly, the turn-off delays of the power semiconductors (in
addition to the propagation delays of the gate drive and control
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TaBLE IV
IMPROVEMENT OF MAINS CURRENT THD BY TURN-OFF DELAY COMPENSATION.
Power Modulation =~ Uncompensated Compensated
25 kW 3/3 PWM 73 % 4.2 % (-3.1 %)
’ 1/3 PWM 9.0% 6.5 % (-2.5 %)
5 W 3/3 PWM 42 % 3.8 % (-0.4 %)
1/3 PWM 29 % 1.8 % (-1.1 %)

signal isolation stages). This ultimately leads to an increase of
the mains current THD. The turn-on of wide-bandgap (WBG)
devices, assuming that the gate is driven by a strong gate driver
and the gate loop PCB layout is adequate, can, in a first step,
be assumed to have a much smaller effect than the device’s
turn-off process (considering also the missing turn-on of a
complementary transistor in case of current commutation to
a diode path). This is because the turn-off delay depends on
the charge stored in the parasitic output capacitance, and, in
particular, also on the switched current, i.e., it varies over the
grid period as the phase current does.

Although for the same Rgs on, GaN devices feature a much
more linear output capacitance and smaller output charge than
their Si-SJ counterparts [54], [55], it is still necessary to
adjust the duty cycles of the VR to compensate for the above-
mentioned current-dependency of the turn-off delay and the
thus introduced voltage-time area error. In the case at hand
this is achieved by shortening the on-time of the switches by

fcomp,i = Min (50 ns, 50 nsA? . ii_z) , 5)
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where fcomp is the on-time compensation in nanoseconds, and
i; is the (measured) input current of phase i. As in [53], the
equation parameters are obtained empirically.

Fig. 20 depicts measured mains current waveforms without
and with turn-off delay compensation, which clearly show the
reduction of the low-frequency distortions. This is reflected by
a corresponding improvement in the mains current THD, as
listed in Tab. IV. Note that the compensation is advantageous
for both, operation with 3/3-PWM and with 1/3-PWM.
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