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Abstract—Universal high-power three-phase mains interfaces
for electric vehicle (EV) charging must provide a wide output
voltage range (e.g., 200V to 800V) and thus provide buck
and boost capability. An advantageous realization combining a
three-level (3-L) T-type (Vienna) boost-type PFC voltage-source
rectifier (VSR) with a 3-L buck-type DC/DC converter stage is
presented in this paper. For high output voltages (boost-mode),
the VSR-stage operates with 3/3-PWM, i.e., continuous PWM of
all three phases to regulate the output voltage while the DC/DC-
stage remains clamped to avoid switching losses. For low output
voltages (buck-mode), the DC/DC-stage advantageously controls
the DC-link voltage according to a time-varying reference value,
which allows to sinusoidally shape the currents of two mains
phases, such that the VSR-stage can operate with 1/3-PWM
(only one of the three bridge-legs operates with PWM at any
given time) with reduced switching losses. This paper proposes a
novel 2/3-PWM scheme for the output voltage transition region,
where output voltages are between the buck-mode and the boost-
mode. This enables loss-optimum operation (i.e., the minimum
number of the VSR-stage bridge-legs operating with PWM, and
with the minimum possible DC-link voltage) for any output
voltage. Furthermore, this paper introduces a new synergetic
control concept that ensures seamless transitions between the
loss-optimum operating modes. A comprehensive experimental
verification, including pre-compliance EMI measurements, using
a 10-kW hardware demonstrator with a power density of
5.4kW/dm’ (91 W/in®), a peak efficiency of 98.8% at rated power
and 560V output voltage, and >98% efficiency for all operating
points with >400V output voltage and more than about 50% of
rated power, confirms the theoretical analyses.

Index Terms—Electric Vehicle Chargers, Three-Phase Boost-
Buck Voltage DC-Link PFC Rectifier, Three-Phase Bidirectional
Vienna Rectifier, Synergetic Control, One-Third Pulse-Width
Modulation, Optimal Two-Third Pulse-Width Modulation.

I. INTRODUCTION

More efficient and compact EV battery chargers are key
enablers for the transition from fossil-fuel-based to carbon-free
road transportation by electric vehicles (EVs). This transition
is an important element for achieving the net-zero CO, emis-
sion target set forth in the Paris Agreement before 2050 [1].
Typical high-power EV chargers include, first, a three-phase
(3-®) power-factor-correcting (PFC) AC/DC rectifier stage and
a subsequent DC/DC converter stage with high-frequency (HF)
isolation (see Fig. 1a). The isolation stage provides voltage
adaption and galvanic isolation, i.e., a large common-mode
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Fig. 1: (a) Typical two-stage EV charger architecture including a DC/DC
stage with high-frequency (HF) isolation and constant voltage transfer ratio,
i.e. a DC transformer (DCX, [4]-[6]). (b) Typical non-isolated EV charger
architecture using residual current devices (RCDs) to ensure end-user safety.
(c) Typical operating range of a 10kW EV charger module [7], [8]; note the
output current limit of Ioy = 25 A.

(CM) impedance between the 3-® mains and the vehicle,
which ensures electrical safety [2]. Recently, also extensive
research has been carried out on non-isolated EV chargers
(see Fig. 1b), where the ground leakage current is monitored
by Residual Current Devices (RCDs) to guarantee end-user
safety [3].

Universal DC fast chargers should support today’s typical
EV battery voltages of 200V to 750V [7]-[10]. To achieve
high efficiency, often series resonant DC/DC converters with
limited voltage regulation capability, i.e. DC transformers
(DCX, [4], [5]) are employed [6]. Assuming a near-unity
voltage conversion ratio, the AC/DC PFC rectifier front-end
must cover a correspondingly wide output voltage range of
200V to 800V and/or the AC/DC front-end must incorpo-
rate buck-boost capability. The same is true for non-isolated
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Fig. 2: Circuit schematic of the considered 10 kW three-phase (3-®) boost-buck (Bb) voltage DC-link PFC rectifier system including CM and DM EMI filter
stage, which employs a 3-® three-level (3-L) T-type (Vienna) voltage source rectifier (VSR)-stage cascaded by a 3-L buck-type DC/DC-stage. To filter the
common-mode (CM) noise at the DC-link and the DC output port, integrated CM filter capacitors, i.e, Ccmyvsr and Cempempe, are applied.

chargers. Fig. 1c¢ shows the corresponding operating range of
an exemplary 10kW universal AC/DC EV charger module.
Note that several such modules could be paralleled to realize
higher output power levels, and that the concepts discussed
throughout the article are likewise applicable to units with
higher power ratings.

A three-level (3-L) realization of the 3-& AC/DC PFC
rectifier stage facilitates small EMI filters and hence compact
converter realizations [11]. In particular, the T-type (Vienna)
voltage source rectifier (VSR)-stage [12], [13] is a widely
used industry-standard solution [14]-[16]. To achieve boost-
buck (Bb) functionality, the boost-type VSR-stage must be
combined with a buck-type DC/DC stage (e.g., [17], [18]) as
shown in Fig. 2, which again advantageously is realized as a
3-L structure to reduce the magnetics volume and to enable
controllability of the VSR-stage DC-link midpoint potential.

The basic and/or conventional, decoupled operating regime
of this two-stage system is as follows: For high output voltages
(boost-mode), the VSR-stage switches all three bridge-legs
with PWM (3/3-PWM) whereas the DC/DC-stage is clamped
(Tocpp and Tpepn are always on), i.e., the VSR-stage directly
controls the output voltage. Advantageously, the VSR-stage
low-frequency (LF) common-mode (CM) voltage injection is
selected as proposed in [19] to achieve zero local average
(over a pulse period) mid-point current (ZMPC), i.e., Ey ~ 0,
which implies that two small DC-link capacitors are sufficient
for high-frequency ripple filtering and that there is no need
for large (electrolytic) capacitors as energy buffers.! As will
be discussed later, such a decoupled operation requires a
minimum DC-link voltage of V,;, > 590V for a 400 V mains
(if ZMPC is used), and typical DC-link voltage values would
be Vpn = 640V or V,, = 720V, taking into account grid
voltage fluctuations and some control margin. If the output
voltage is lower, the DC/DC-stage must operate with PWM,
too, to step-down the DC-link voltage accordingly.

Note that discontinuous PWM (DPWM) concepts [20]-[23] (which would
allow one bridge-leg of the VSR-stage to be clamped) are not considered
because these would lead to relatively high midpoint currents [19], [24], [25].
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However, recently extensive research has been conducted
on a variable DC-link voltage modulation strategy, so-called
1/3-PWM2. Proposed in the early 2000 [26], [30], [31], for
2-L converters, the key idea is to utilize the DC/DC-stage
for shaping the DC-link voltage such that two phases of
the AC/DC rectifier can be clamped and only the remaining
phase must operate with PWM; both stages together regulate
the mains currents. This leads to a significant reduction of
switching losses generated by the VSR-stage. 1/3-PWM has
been analyzed mostly for 3-® two-stage systems with 2-
L voltage DC-link front-ends [26]-[29], and [32]-[34] have
described the operation of such systems, in the context of
motor drive/photovoltaic inverter and EV charger applications,
covering a wide output voltage range, i.e., with buck-boost
functionality, emphasizing the advantages of 1/3-PWM for low
output voltages and the seamless transition to 3/3-PWM for
high output voltages.

For two-stage systems with 3-L AC/DC front-ends, there
are even concepts that operate this front-end only as a
mains-frequency commutated three-phase unfolder and use
two DC/DC converters to shape the two DC-link voltages
(i.e., vpy and vy, in Fig. 2) such that ultimately sinusoidal
grid currents result [35]-[37]. However, in this case, the two
DC-link voltages vary widely and reach zero several times
per mains period. Therefore, first, the two DC/DC stages
are not utilized well as the power they process fluctuates
correspondingly, and, second, they must provide boost and
buck functionality. Therefore, this approach can not be adapted
for the considered topology with a non-isolated buck-type
DC/DC stage.

Alternatively, 1/3-PWM has also been suggested for 3-
L NPC AC/DC front-ends combined with isolated DC/DC
converters [38], or a combination of a 3-L. ANPC front-end
with a non-isolated 3-L. DC/DC converter [39], and finally for
a 3-L VSR-stage front-end with arbitrary (i.e., featuring buck

’Note that 1/3-PWM is sometimes also called space vector pulse-width
amplitude modulation (SVPWAM) [26], 240CPWM [27], [28], or two-phase-
clamped DPWM [29].
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and boost functionality and thus typically isolation) DC/DC
converters in [8], which also shows the transition between
1/3-PWM and 3/3-PWM. However, all these studies are based
on simulations only. A detailed analysis of the wide-output-
voltage-range operation of the 3-® 3-L Bb voltage DC-link
PFC rectifier system shown in Fig. 2 is thus missing, especially
considering the non-isolated buck-type DC/DC-stage where
the input voltage can only be stepped down to a lower value but
not also be boosted as would typically be feasible with isolated
DC/DC-stages [8]. Note further that if isolated DC/DC con-
verters (with buck-boost functionality enabling unconstrained
selection of the DC-link voltage) are used, the decision on
the optimum operating mode (i.e., 1/3-PWM or 3/3-PWM) is
solely based on an optimization, e.g., for maximum efficiency.
With non-isolated DC/DC buck converters as considered here,
in contrast, for each output voltage a single loss-optimum
operating mode with a defined DC-link voltage exists.

This paper therefore studies the loss-optimum operation of
the converter shown in Fig. 2, considering the wide output
voltage range of 200V to 800 V. Complementing a detailed
discussion of the already mentioned 3/3-PWM (for the boost-
mode) and 1/3-PWM (for the buck-mode), two new 2/3-PWM
modulation methods for the transition-mode (see Fig. 1c¢) are
proposed in Section II. Further, Section III introduces a
synergetic control concept that ensures loss-optimum converter
operation and seamless transitions between the three PWM
variants. The proposed synergetic operating principle requires
only three (out of five) half-bridges (HBs) to operate with
PWM at any given point in time,> and the minimum pos-
sible DC-link voltage is used to ensure minimum switching
losses. Furthermore, the DC-link capacitors are only needed
for switching frequency ripple filtering but do not need to
buffer low-frequency power fluctuations, which contributes to
a compact realization. Thus, Section IV provides a detailed
experimental verification, including efficiency and conducted
EMI measurements, using a 10kW hardware demonstrator
with a peak efficiency of 98.8% at rated power and a power
density of 5.4 kW /L (91 W /in®), before Section V concludes
the paper.

II. OPERATING PRINCIPLE

The operating principle of the analyzed 3-® Bb voltage DC-
link PFC rectifier system shown in Fig. 2 is analyzed in this
section, considering operation interfacing a 400 V mains with
near-unity power factor. Advantageously, the following goals
should be achieved for the full output voltage range of 200 V
to 800 V:

o A total of three HBs of the VSR-stage and the DC/DC-
stage are operating with HF switching while the remain-
ing two HBs are clamped, and the minimum possible
DC-link voltage is used. This guarantees loss-optimum
operation, i.e., minimum possible switching losses of the
whole converter.

3Note that this corresponds to the minimum of three degrees of freedom
needed to control the total constant power flow (two mains currents to ensure
PFC operation) and the power sharing between the two DC/DC-stage half-
bridges (i.e., the DC-link midpoint potential).
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o LF currents in the DC-link capacitors are avoided and
hence the DC-link capacitors are only needed to filter
HF ripples; no bulky energy-buffering DC-link capacitors
are needed. Note that 1/3-PWM in the buck-mode (see
Section II-B) necessitates small DC-link capacitors to
minimize the capacitive charging and discharging currents
needed to control the DC-link voltage to the time-varying
six-pulse shape.

Before discussing the most suitable operating modes for
different output voltages, it is useful to first thoroughly explain
and derive the range of the CM injection voltage vcy that is
available for the modulation of the VSR-stage. Considering
Kirchhoff’s Voltage Law and the VSR-stage front-end and
UcM = Uky (occurring across the CM filter capacitor Com,vsr
as shown in Fig. 2, i.e., showing a continuous waveform) all
three phases, at the same time, should follow ¥k 4+ vem, with

1 1
_§VDC = Vi < gk +vem < Vpy = §VDC> (H

where s € {a,b, c} and Ty is the local average DM voltage at
the VSR-stage switching node; Vpc is the total DC-link volt-
age, i.e., Vpc = Vpy + Vin. Then, assuming vmax = max(vs)
and vy, = min(%gy ), the boundaries of vcy can be derived as

1 1
_§VDC + [Umin| < vem < §VDC — Umax, )

which is as a general (time-varying) limitation of the injected
CM voltage regardless of specific modulation schemes [23].4

A. Boost-Mode

If the output voltage is sufficiently (depending on the
employed CM injection) higher than the peak value of the
line-to-line voltages, the converter operates in the boost-mode:
the VSR-stage uses 3/3-PWM, where all three HBs of the
VSR-stage operate with HF PWM to ensure 3-® sinusoidal
mains currents and step up the 3-® mains voltages to the
higher DC output voltage such that the switches Tpcp, and
Tpcpn of the DC/DC-stage are permanently on and do not
contribute to switching losses. Thus, the DC-link voltage
Vbess is simply equal to the output voltage Vi, which is
the minimum possible DC-link voltage in this case.

3/3-PWM can be simply implemented without any CM
injection, i.e., vcy = 0V as shown in Fig. 3a. However, this
comes with two main drawbacks: (i) limited linear modulation
range without over-modulation and (ii) large LF currents EC,DCP
and EC,DCn (up to 4A) flow through the DC-link capacitors,
which cause LF DC-link voltage variations (not shown in
the figure). Such LF DC-link voltage variations increase
the transistors’ voltage stresses, lead to additional switching
losses, and possibly cause LF distortions of the 3-® mains cur-
rents [40]-[45]. Importantly, such DC-link voltage variations
are inversely proportional to the DC-link capacitance values,

“Note that conventional DPWM is achieved if one of the two equalities in
(2) is attained. E.g., if vey = —1/2Vpe + |Umin|, the switching node of the
phase with the minimum voltage is connected to negative DC-link potential
n, e.g., if vmin = gy, the switching node a’ is connected to n by turning on
T, As mentioned above, DPWM would lead to relatively high LF midpoint
currents (and hence LF currents in the DC-link capacitors) and is therefore
not further considered.
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Fig. 3: Exemplary key waveforms for operating over a wide output voltage range, i.e., buck-boost operation, of the considered 3-® Bb voltage DC-link PFC
rectifier system shown in Fig. 2. In the boost-mode, the VSR-stage operates with 3/3-PWM to ensure 3-® sinusoidal mains currents and regulate the output
voltage. (a) 3/3-PWM can be implemented with zero LF CM injection, however, LF capacitive currents (up to 4 A) flow through the DC-link capacitors
(note that the DC-link capacitors are replaced with ideal voltage sources such that these LF DC-link capacitor currents do not result in LF DC-link voltage
variations). Thus, (b) another variety of 3/3-PWM with LF CM voltage injection that ensures zero mid-point current (ZMPC) [19] and hence zero LF DC-link
capacitor currents is implemented. (c) In the buck-mode, the VSR-stage operates with 1/3-PWM [8], where the DC/DC-stage controls the DC-link voltage to
follow the six-pulse shape of the upper envelope of the line-to-line voltage absolute values and hence only one of the VSR-stage’s three HBs operates with

HF PWM at any given time.

which must be small to allow 1/3-PWM in the buck-mode
(see below). Therefore, 3/3-PWM with zero CM injection is
discarded in this application.

Alternatively, as shown in [19], it is possible to inject a
nonzero CM voltage such that the LF mid-point current iy is
zero and, as a result, zero LF currents flow through the DC-
link capacitors (see Fig. 3b). The required LF CM injection
voltage can be obtained by first considering the expression
for the LF mid-point current i, in dependence on the phase
modulation indices and the phase currents as

iy=> (1- is, 3)

S

Uk + 'UCM|) _
VDC/2
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where s € {a,b,c}, and is = G - Ugk is the phase current of
the 3-® mains assuming ohmic behavior with a conductance
of G. Then, a zero mid-point current (ZMPC) is attained [19]

if
zy—G Z

From that, the required LF CM voltage vcwm 33 can be calcu-
lated as

|vsk + UCM|)

gy )0k =0 @

|Umid|
6]
max(|vmin|7 |Umax|))

where vn;q is defined after sorting the 3-® mains voltages

UeM33 = UCM,ZMPC = Umid - (1 —
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such that vy > Umia > Umin. Injecting vem zmpe ensures zero
midpoint current and hence removes the need for bulky DC-
link capacitors as energy buffers even without operating the
cascaded DC/DC-stage. Note that vcvm zvpc always lies within
the range defined in (2) without attaining either equality, i.e.,
without clamping any of the three phases. Note further that
vemzmpe does not depend on the DC-link voltage, so that the
result from (2) is applicable to the 2/3-PWM-ZMPC method
discussed below in Section II-C.

Therefore, considering a 400 V mains and (1), the converter
operates in the boost-mode with 3/3-PWM when V;,, > 590V
(see Fig. 3b); unless otherwise noted, 3/3-PWM indicates
using ZMPC third-harmonic injection. Note that the minimum
DC-link voltage allowing 3/3-PWM-ZMPC is slightly larger
than the theoretical boost-mode boundary of \/3171,1 =563V
as stated in [46].

B. Buck-Mode

The converter operates in the buck-mode when Vi, <
3/2‘71n = 488V (see Fig. 3c¢) [46]. For such low output
voltages, the DC/DC-stage must operate. Advantageously,
however, the VSR-stage operates with 1/3-PWM where each
phase only switches with PWM during one-third of the mains
period (see vyy in Fig. 3c), or in other words, two out of
the three phases are clamped at all times. To still obtain 3-&
sinusoidal mains currents, the two DC/DC-stage HBs have to
regulate the DC-link voltage Vpc following the six-pulse shape
of the envelope of the 3-® line-to-line mains voltage absolute
values; this necessitates relatively small DC-link capacitors as
otherwise excessive capacitive currents would occur. Impor-
tantly, no additional switching losses are generated since the
DC/DC-stage anyway has to be operated to step down the
DC-link voltage to a lower output voltage value.

The required time-varying DC-link voltage Vpc 13 can be
derived from (2), i.e., if two phases are required to clamp,
both equalities in (2) must be met and we have

VDC,1/3 = Umax — Umin- (6)

The injected CM voltage vewm 173 1S

1 1
vem, 13 = §VDC — Umax = *§VDC + |Umin|
(7)
1
= _§(Umax - |Umin|)~

Therefore, the LF CM voltage for 1/3-PWM is fixed and not
subject to choice (as for 3/3-PWM). Adding this LF CM
injection signal to the voltage references of the VSR-stage
modulator automatically ensures the desired clamping of the
phases with the maximum and the minimum phase voltages
and appropriate PWM of the third phase.

Even though the resulting LF mid-point current of the VSR-
stage, fy, is not zero for 1/3-PWM (notice ix # —i, in
Fig. 3c), it is compensated by the cascaded DC/DC-stage that
controls the DC-link voltage; this again ensures essentially
zero (neglecting the very small current needed to shape the
DC-link voltage) LF capacitor current (see icpcp = ic.pcn = 0
in Fig. 3c).

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

C. Transition-Mode

Whereas for both, boost-mode and buck-mode operation
the stated goals (only three HBs switching, minimum DC-
link voltage, no LF currents in the DC-link capacitors) are
achieved by the described conventional methods, this is not the
case in the transition-mode, i.e., when 488V < Vg, < 590V
(for a 400V mains). The state-of-the-art transition-mode
operation employs a time-varying DC-link voltage Vpc =
max (Vou, Vbc,1/3) for a direct change from 3/3-PWM to 1/3-
PWM, see Fig. 4a. This approach has been analyzed and
implemented for 2-L voltage-source front-ends [34] or 3-L
front-ends but with (two) cascaded isolated buck-boost DC/DC
converters [8]. For these cases, this straightforward approach to
handling the transition-mode is feasible since either no mid-
point current can occur (2-L front-end) or isolated DC/DC-
stages provide full buck-boost functionality.

However, in contrast to two-stage systems with isolated
DC/DC-stages [8], here only buck, i.e., step-down, functional-
ity can be achieved by the DC/DC-stage. Therefore, the time-
varying VSR-stage DC-rail currents i, and i, cannot be larger
than the DC/DC-stage inductor current ipcpc (see Fig. 2)
to avoid LF current flowsinthe D C-link ¢ apacitors a nd a
corresponding voltage variation (remember that the DC-link
capacitors must be comparably small for 1/3-PWM operation).
Considering Fig. 4a, note that the converter operates with 1/3-
PWM in interval @ and with 3/3-PWM in interval @, where
in both cases the LF DC-link capacitor currents actually are
zero. However, the state-of-the-art transition-mode operation
cannot satisfy the requirement during the highlighted (pink)
interval @, where, e.g., iy 1S larger than ipc/pe, and this cur-
rent difference (shaded) corresponds tofC,DCp flowing through
the top DC-link capacitor. These DC-link capacitor currents
not only contain LF components but even a DC offset, which
implies that practical realizations of the considered topology
with finite capacitance DC-link capacitors (note that the DC-
link capacitors are replaced in Fig. 4a with ideal voltage
sources for illustrative purposes) could not operate in this
mode. There is thus a need to find alternative modulation
schemes for the transition-mode, which do not cause such LF
DC-link capacitor currents; two different options are proposed
in the following.

The first p ossible s olutioni s a n e xtension o f 3/3-PWM-
ZMPC to the 2/3-PWM-ZMPC (see Fig. 4b), where the
time-varying DC-link voltage allows always to clamp one of
the VSR-stage’s three phases (the two others are operating
with PWM, hence 2/3-PWM). The injected CM voltage is
calculated as in (5) to ensure zero midpoint current even during
2/3-PWM operation. Then, the DC-link voltage Vpc zmpc for
2/3-PWM-ZMPC can be derived from (2) when only one
equality is attained as

Vbczmpe = 2 - max(—vmin — UCM,ZMPC ;s Umax + UCM,ZMPC)~
(3)
The DC-link voltage waveform consists of two sections, i.e.,
3/3-PWM (Vpc = Vou) is applied while the output voltage de-

fines the minimum D C-link voltage, and Vpc = Vpczmpc en-
sures 2/3-PWM operation of the VSR-stage but both DC/DC-
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Fig. 4: Exemplary key waveforms for operation in the transition-mode at Vo = 540 V, considering different modulation schemes. (a) Conventional 2/3-PWM

with Ve = max(Vout, Vb 13) uses 3/3-PWM in interval @ and 1/3-PWM in interval 3/3-PWM

@, but the resulting 2/3-PWM in interval @ generates LF

currents in the DC-link capacitors (note that here again the DC-link capacitors are replaced with ideal voltage sources such that these LF DC-link capacitor
currents do not result in LF DC-link voltage variations) if the DC/DC-stage does not provide buck-boost functionality as in [8]. (b) The proposed 2/3-PWM-
ZMPC achieves zero LF current in the capacitors but requires PWM-operation of a total of four HBs and a higher-than-necessary DC-link voltage. (c¢) Proposed
loss-optimum 2/3-PWM-OPT with adapted DC-link voltage shape (derivations in the text) that results again in 3/3-PWM in interval @, 1/3-PWM in interval
@, and, advantageously, also only three HBs switching in interval @ as well as minimum possible DC-link voltage.

stage HBs have to operate with PWM (and equal duty cycles)
to shape the DC-link voltage accordingly. Consequently, there
are time intervals where a total of four HBs operate with
PWM—one more than needed, given that the three degrees
of freedom that must be controlled remain the same. Hence,
2/3-PWM-ZMPC cannot yet be the loss-optimum operating
mode for the transition region.

To arrive at the second proposed solution, it is useful to first
reconsider that the state-of-the-art transition-mode operation
(see Fig. 4a) employs 3/3-PWM during interval @ and 1/3-
PWM during interval @, and only the highlighted interval
@ (pink) is problematic due to LF currents through the DC-
link capacitors. Therefore, a second modulation scheme, 2/3-

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

PWM-OPT (see Fig. 4c), is proposed for the highlighted
interval @ (pink), which ensures that also the transition-mode
does never require more than three PWM-operated bridge-legs.
Generally speaking, compared to Fig. 4a, in interval @ a
higher DC-link voltage is necessary to reduce ix such that it
is equal or smaller than ¢pcpc. Equality is preferred in this
case such that the upper HB of the DC/DC-stage doesn’t have
to operate to compensate the current difference between 7, and

IDC/DC-

The operating principle of 2/3-PWM-OPT is explained in
detail focusing on the highlighted interval @ (pink) in Fig. 4¢
(note that an analogous consideration can be made for %, and
the lower DC/DC-stage HB for intervals where the conven-
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tional transition-mode operation would result in iy > iDC/DC)-
In this exemplary interval, only the phase voltage v,, i.e., the
maximum absolute phase voltage, is positive and the switch-
node potential a’ is alternatively connected to potentials p and
y. By doing so, the phase current i, can be modulated such
that iy, = ipcpc and hence the upper DC/DC-stage HB can
be clamped (see Sp), i.e., Tpcpp is permanently on, to save
switching losses generated in the DC/DC-stage. The phase
with the middle voltage vpiqg, i.e., phase b in this interval,
always has to be operated with PWM to ensure 3-® sinusoidal
mains currents (similar to 1/3-PWM), but the third phase (the
phase with the minimum voltage vy, i.€., here phase ¢) can be
clamped to the negative DC-link rail. However, because then i,
equals the phase current of phase c, we have i, % ipcpe = T
and therefore the lower HB of the DC/DC-stage must operate
with PWM to adapt i, to ipcpc. Thus, two out of the three
VSR-stage HBs, i.e., those connected to the phase with the
maximum voltage vm.x and the phase with the middle voltage
Umid, and the lower HB of the DC/DC-stage (see S,), i.e.,
three HBs in total, are operating with PWM in interval @ The
VSR bridge-leg corresponding to the phase with the minimum
voltage (see S.) and the upper HB of the DC/DC-stage (see Sp)
are clamped as shown in Fig. 4¢. Furthermore, compared to the
2/3-PWM-ZMPC discussed above, a lower DC-link voltage is
used.

To obtain an expression for the DC-link voltage needed to
realize the advantageous 2/3-PWM-OPT, first consider that a
CM voltage vem opr has to be injected to ensure that the VSR
modulator clamps the phase with the minimum vy, voltage,
e.g., phase c¢ in the considered example, to the negative DC-
link rail:

Vbc.opr
2
The duty cycle of the phase with the maximum vy, voltage,
e.g., phase a, considering the forward voltage conversion
and the backward current conversion (ipcipc = Ioue due to

negligible HF components), can be written as

UCM,0PT = — + |Vmin|- )

_ Umax +UcMoPT _ ipepC  Lout

dmax - V - . - . ’
DC,0PT Tmax Tmax
2

and the DC-link voltage Vpc opr can be calculated by inserting
(9) into (10) as

(10)

Umax — Umin

Y

Vbcorr = 2+ T T

Tmax
Until now, only the case where |vmux| > |Umin| and hence
the clamping of the phase with vy, is considered. Similarly,
considering also the case |Umin| > |Umax| Where, by analogy,
the phase with vy« should clamp, the general expression for
the DC-link voltage Vpcopr becomes

Umax — Umin

1 + Lout

Vbcopr = 2+ 12)
Finally, in the optimum transition-mode operation, the time-

varying DC-link voltage (see Fig. 4¢) consists of three sec-
tions, i.e., 3) Voc = Veu (3/3-PWM), 2) Vioc = Vbcopr
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(2/3-PWM-OPT), and @ VDC = VDC,1/3 (1/3-PWM), which
guarantees a true seamless transition between the buck-mode
and boost-mode.

The proposed 2/3-PWM-OPT completes thus the wide-
range loss-optimal operation of the analyzed converter from
Fig. 2:

o Three HBs of the VSR-stage and the DC/DC-stage are
switching in total regardless of the operating mode, which
is the minimum number of required active HBs.

o The minimum required DC-link voltage, i.e., the mini-
mum switched voltage, is always employed.

o Furthermore, there are no LF currents in the DC-link
capacitors.

Note that the conduction losses in a first step solely depend on
the system operating points but not the modulation schemes.
Thus, the proposed modulation schemes for buck-, boost-,
and transition-modes ensure the minimum switching losses of
the VSR-stage and the DC/DC-stage, and hence overall loss-
optimum operation can be achieved for any operating point by
a suitable synergetic control strategy.

III. SYNERGETIC CONTROL STRATEGY

The proposed synergetic control strategy (see Fig. S, based
on generic cascaded-loop control strategy from [47], [48])
ensures a collaborative operation of the VSR-stage and the
DC/DC-stage such that the converter always operates in the
loss-optimum mode for a given operating point and transitions
seamlessly between modes, i.e., boost or buck operation in
case of changing operating points. The control system is
explained in detail in the following subsections.

A. Output Voltage Control & Mains Current Control

The outermost control loop tracks the output voltage ref-
erence V. by calculating the corresponding output power
reference PJ,, which is used to generate the VSR-stage
input reference conductance G*. The 3-® sinusoidal mains
current references 4;, ¢y, and 4 that are proportional to
the corresponding measured 3-® input voltages v,, vp, and
v, 1.e., ensure purely ohmic operation, directly follow. The
3-® mains current errors, resulting from the subtraction of
the references from the measured 3-® mains currents (boost
inductor currents), are fed into the mains current controller to
calculate the needed 3-® input inductor voltages vy, v}, and
vf'.. Subtracting these calculated 3-® inductor voltage refer-
ences from the measured 3-® input voltages (mains voltage
feedforward) sets the 3-® VSR-stage voltage references v},
vy, and v,

B. DC-Link Voltage Reference Generation

The DC-link voltage reference generation block first selects
the maximum v;,,, and the minimum v}, of the 3-& VSR-
stage voltage references, which are used to calculate the time-
varying DC-link voltage reference V}};, i.e., the upper envelope
of the absolute value of the 3-® VSR-stage voltage references
(see Fig. 3c), for 1/3-PWM in buck-mode operation [8].

The DC-link voltage reference for 3/3-PWM operation simply
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Fig. 5: Proposed synergetic control strategy block diagram for the 3-® Bb voltage DC-link PFC rectifier system shown in Fig. 2. (a) The VSR-stage controller
achieves closed-loop DC output voltage control, ensures 3-® sinusoidal-shape mains currents, derives required DC-link voltage V[3. for wide-range loss-optimal
operation and generates the VSR-stage gating signals. (b) The DC/DC-stage controller achieves closed-loop DC-link voltage Vpc and DC/DC-stage inductor
current ¢pc/pe controls, and ensures proper clamping of zero, one, or both HBs according to different operating modes and modulation schemes.

equals the constant output voltage reference V_;, due to the
clamping of the DC/DC-stage (see Fig. 3b). During 3/3-PWM
operation, the VSR-stage alone ensures 3-® sinusoidal mains
currents; however, with 1/3-PWM, the 3-® mains currents
are controlled by both, the VSR-stage (directly by the only
switching bridge-leg) and the DC/DC-stage (indirectly by the
impressed six-pulse-shaped DC-link voltage according to V75).

The DC-link voltage reference V,j; = Vpcopr in (12) for
the new 2/3-PWM-OPT can be formulated as a function of

voltages instead of currents for simpler control implementation

by substituting I}, = Fo/v;, and
. By,
Z:;lax =G*- Ul’f‘lax = 3/2 Out ’ ;ax7 (13)
. PO*Ut
Z;ﬁn =G*- 'Urtlin = 3/2 V2 . Uri:lin (14)
in
to finally obtain
Vv273 = max(%%,mam ‘/273,min) (15)
= max (k23,max; k23,min) - Vi3
where
2 2
k23, max = a0 and k3 min = BT
1+ Vo |U:1‘ax| + Vou |'U|‘£iu|
16)

This guarantees again that only the minimum number of HBs
are switching in the transition-mode.
The final DC-link voltage reference V-

* * * * *
Vpe = max(Vyj3, Va3 max> Va/3,mins Vout) 17)

then guarantees seamless and smooth transitions between
different operating modes and modulation schemes over a wide
output voltage range. The corresponding injected CM voltage
can then be calculated based on (2) and (5) as

vey = max(min(Vey a3, §VDC _§VDC — Umin)-

(18)

- 'Umax)7
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Therefore, the duty cycles of the VSR-stage bridge-legs can
be determined, e.g., considering phase a, as
d* _ U:’ + UEM

. o= (19)
2YDC

Note that dj = 1 is automatically attained whenever possible
when operating with 1/3-PWM and 2/3-PWM-OPT as a result
of selecting V5 and v¢,, as defined above, i.e., each bridge-
leg is clamped whenever possible, resulting in minimum VSR-

stage switching losses.

C. DC-Link Voltage Control

The DC-link voltage has to be regulated by the DC/DC-
stage in the buck-mode (with 1/3-PWM) and transition-mode
(with 2/3-PWM-OPT) operation, which is implemented in the
DC-Link Voltage Control block shown in Fig. 5. The voltage
error between half of the DC-link voltage V{cp,; and the
measured upper DC-link capacitor voltage Vpcp is fed into
a P-controller > defining the upper DC-link capacitive current
reference i¢ pc,. The LF input current reference ipc , of the
DC/DC- stage upper HB is specified by i¢cpc, and the LF
current 7; in the VSR-stage’s upper DC rail, which can be
calculated with the information of the measured 3-® boost
inductor currents and the duty cycles. The same logic is
applied to the lower DC/DC-stage HB to derive if .. Thus, the
input power reference Pj., the upper input current reference
ipc,p and the lower input current reference ip , of the DC/DC-
stage are forwarded to the following DC/DC-Stage Current
Control block.

D. DC/DC-Stage Current Control

The buck-inductor current reference ipqpc, set by P and

Vs 1s compared with the measured value ipc/pc to determine

the required voltage v{c over the DC/DC-stage buck inductor.

SA P-controller is implemented to avoid a runaway of the voltage error
integral if operating with 3/3-PWM and the clamped DC/DC-stage. A PI-
controller with an anti-windup functionality is also feasible.
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Fig. 6: (a) Exploded view and (b) photo of the realized 10 kW hardware
demonstrator with a power density of 5.4 kW /L (91 W /in®) and dimensions
of 250 x 130 x 57 mm?® (9.8 x 5.1 x 2.2in?), featuring the power circuit
shown in Fig. 2. The demonstrator operates from the 400 V 3-® mains and
provides a wide output voltage of 200V to 800V. The maximum output
current is limited to 25 A.

The sum of v{pc and V3, (output voltage feedforward) leads
to the output voltage reference vy, of the DC/DC-stage, which
needs to be realized by both DC/DC -stage HBs together. Thus,

vy, is distributed to the two HBs according to the power ratio
between the upper and lower HBs; since Vpcp = Vpca, the
power ratio equals the ratio between if5 , and ipc ,. From that,
the output voltage reference vg, for the upper HB and vy, for
the lower HB result. Then, the duty cycles are given by

v v¥
* qy * yr
di = ——— and d; = — , (20)
DC/DC DC/DC
where
Vi _ 1 | | \% 21
DC/DC = imax( 2/3,max? ¥2/3,min> 73)- 2D

Note that (20) automatically ensures optimal clamping of both
HBs in the different operating modes:

« In the buck-mode (Vg5 < 488V), Vicpe = 1/2V}}; since

max (ka3 max; k23.min) < 1 is always attained® and hence

2 2V .
6rnax(kZ/B,ma)n k2/3,min) < /2. V2 = out <1 durmg the
14 —in v V / QWn
out mn

buck-mode operation because of V., < 3/2Vi,.
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TABLE I: Demonstrator system specifications and list of the main compo-
nents; the EMI filter component values are listed in TABLE II.

Description Value

Vin RMS phase voltage 230V
Vout DC output voltage range 200V ~ 800V
Pout Rated output power 10 kW
Toutmax Output current limit 25 A (Vour < 400V)
T VSR-stage semicond. Tp,¢;3  C3M0016120K, 1200V, 16 mS2
VSR VSR-stage semicond. Ty C3MO030090K, 900 V, 30 mg2
Jvsr VSR-stage sw. freq. 100kHz
Tpepe DC/DC-stage semicond. C3M0010090K, 900V, 10 m$2
focme DC/DC-stage sw. freq. 200kHz
Chc DC-link cap. 2x6.6 uF
Cout Output cap. 2x5uF
Lpm.1 Main input DM ind. 3x194pH
’ (2xKoolMu60 E43/17, 25 turns)
Lew, Main input CM ind. 4.6mH
’ (2x VAC 45/30/15, 12 turns)
. 2x34 uH

L Output DM ind.
DCDM uiput DAL (2xN87 E40/16/12, 11 turns)
2.6 mH

L Output CM ind.
peeu HipHt = (VAC 40/25/15, 10 turns)
CcM, VSR VSR-stage CM cap. 40 nF
Ccempepe  DC/DC-stage CM cap. 40 nF

max < Vi and Vs i, i73- Both DC/DC-stage
HBs are switching to regulate the DC-link voltage into
the required six-pulse shape.

e In the boost-mode, if neglecting UI’fDC, Vo > 990V
leads to vy, = vy, = 12V5 > Viepe =
1/2 max(Vy)3 naxs Va/amin)- Thus, Tpchp and Tpepn of the
DC/DC-stage are permanently on since dj and df are
always larger than unity and saturate the corresponding
modulator.

e In the transition-mode (488V < Vi < 590V), when
operating in 2/3-PWM-OPT and |vpax| > |Vmin|, the upper
DC/DC-stage HB should be clamped (see highlighted
interval (2) in Fig. 4c) Neglecting vipe and ipc .

Uy = Y2 Vijamwx = VBome and vy, < Viepe, such that

the upper HB is permanently conducting (d; = 1) and

the lower HB is switching (d} < 1).

IV. HARDWARE AND EXPERIMENTAL VERIFICATION

A hardware demonstrator is built to experimentally verify
the proposed synergetic control structure over the wide output
voltage operating range under different modulation schemes.
Significant power efficiency improvements are observed by
implementing 1/3-PWM in the buck-mode and the new 2/3-
PWM-OPT in the transition-mode. Furthermore, conducted
EMI noise emission measurements are provided.

A. Hardware Demonstrator

Fig. 6 shows the 10kW hardware demonstrator of the
analyzed 3-® Bb voltage DC-link PFC rectifier system and

71)[]*), = i/ +if )V;)ul = Vjope considering i = In, and if =
(Vou=Vbeme)/ Ve L&y during the highlighted 1nterval when 2/3- PWM is
applied.
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Fig. 7: Experimental waveforms of the converter shown in Fig. 2 with the proposed synergetic control strategy when operating in (a) buck-mode, (b)
transition-mode and (c) boost-mode at 10 kW nominal output power. In the buck-mode operation, the DC/DC-stage regulates the DC-link voltage Vpc to the
six-pulse shape to facilitate 1/3-PWM of the VSR-stage where only one phase is switching at any given time (see the switched voltage of phase a, v,'y). In the
transition-mode, the proposed 2/3-PWM-OPT is applied to ensure not only the automatic and seamless transition between buck- and boost-modes, but also
guarantee loss-optimal operation, i.e., only three HBs are switching at any given time. Finally, 3/3-PWM is applied in the VSR-stage during the boost-mode
operation while the DC/DC-stage is clamped (Tpcnp and Tpcnn are permanently on to avoid switching losses).

its exploded view. The prototype achieves a high power
density of 5.4 kW /L (91 W /in®). The realized demonstrator is
composed of three separate PCBs, including a 6-layer control
PCB (FPGA, gate drivers, measurement data acquisition, etc.),
an 8-layer power PCB carrying the main power converter
components, and a 4-layer EMI Filter PCB. The system
specifications and key components are listed in TABLE 1.

B. Experimental Waveforms

Fig. 7 shows measured key waveforms of the 10kW
hardware demonstrator for the three different loss-optimal
operating modes, i.e., phase a voltage v,, phase a current ¢,,
DC-link voltage Vpc, and output voltage Vi, and proves basic
converter functionalities. Furthermore, the switched voltage of
phase a, vyy, clearly differentiates the switching or clamping
states of the corresponding VSR-stage bridge-leg. Similarly,
the switched voltage of the DC/DC-stage’s upper HB, vgy,
indicates the clamping intervals of the DC/DC-stage. Two
integrated CM filters of the VSR-stage and the DC/DC-stage
(i.e., capacitive connections between the artificial mains star
point k£ and the DC-link midpoint y; and between the output
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midpoint m and y, respectively) are used to suppress HF
CM noise at the DC-link and DC output midpoints and the
measured CM capacitor voltages vy, and vk, thus mainly
consist of LF components.

Fig. 7a presents the buck-mode operation with Vg, =
400V, Py, = 10kW. The DC/DC-stage regulates V¢ into the
six-pulse shape, i.e., the envelope of the line-to-line voltage
absolute values to achieve 1/3-PWM operation (see vyy) of
the VSR-stage, i.e., each phase switches only during one-
third of a mains period. Fig. 7b presents the transition-mode
operation with Vo, = 540V, Py, = 10kW. Note that Vpc
is in excellent agreement with the analytical reference shown
in Fig. 4¢, and the extended clamping interval of the DC/DC-
stage can be seen in vgy. Fig. 7¢ shows boost-mode operation
with Voue = 800V, Py = 10 kW where all three phases of the
VSR-stage switch all the time and the DC/DC-stage clamps,
i.e., Tpcpp and Tpepn are permanently on.

The proposed control strategy is verified in Fig. 8, where
automatic and smooth transitions between different operating
modes are achieved when the output voltage reference values
increase from 460V to 600V. Both modulation schemes
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Fig. 8: Experimental waveforms of the converter shown in Fig. 2 with the proposed synergetic control strategy operating with a constant resistive load of
50 2 and a linearly increasing output voltage Vour = 460 V ~ 600 V, where different modulation schemes, i.e., (a) 2/3-PWM-ZMPC, and (b) 2/3-PWM-OPT,
are applied in the transition-mode. 2/3-PWM-OPT achieves an automatic and seamless transition from the buck-mode to the boost-mode with the proposed
control structure (see Fig. 5) with an extended clamping time of the VSR-stage bridge-legs (see v,y) and also of the DC/DC-stage bridge-legs (not shown),
compared to 2/3-PWM-ZMPC. Note further the different shapes of the DC-link voltage Vpc between the modes (see also Fig. 4).

proposed for the transition-mode are compared, i.e., (a) 2/3-
PWM-ZMPC and (b) the proposed loss-optimal 2/3-PWM.
Note that to implement the transition mode with the (sub-
optimal) 2/3-PWM-ZMPC, a slight modification of the control
structure from Fig. 5 is needed; specifically, V5j; has to be
changed to the DC-link voltage reference V¢ zypc from (8).

C. Efficiency Measurement

The achievable efficiency improvement is quantified on
the realized 10 kW hardware demonstrator shown in Fig. 6
considering operation over a wide output voltage range (from
200V to 800V) and a wide output power range (from 25 %
to 100 % of the rated load). The (measured) 3D efficiency
surface (see Fig. 9a), featuring a fairly flat characteristic
over the full operating area, is first shown for the proposed
loss-optimal modulation scheme, i.e., 1/3-PWM in the buck-
mode, 2/3-PWM-OPT in the transition-mode, and 3/3-PWM
in the boost-mode. This surface is further visualized as a
2D contour plot in Fig. 9¢, where the measured operating
points are indicated. It is clear that high-efficiency operation,
e.g., efficiencies above 98%, are achieved over a large part
of the wide output voltage and power range. Fig. 10a shows
efficiency versus output power for different output voltages
and Fig. 10a shows efficiency versus output voltage at rated
power, where the peak efficiency of 98.8% at 10kW can be
noticed.

To highlight the efficiency advantages of using 1/3-PWM
over 3/3-PWM in the buck-mode, efficiencies when operating
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with 3/3-PWMS in the buck-mode and the (sub-optimal) 2/3-
PWM-ZMPC in the transition-mode are also measured (see
Fig. 9b). The efficiency improvements are quantified in the
contour plot shown in Fig. 9d. Clearly, using 1/3-PWM in the
buck-mode realizes a significant improvement of up to 3.2%,
and the proposed 2/3-PWM-OPT gives still a notable improve-
ment of 0.8% over 2/3-PWM-ZMPC. Fig. 10b visualizes the
efficiency gains at rated power for the different output voltages.
Note that no efficiency difference is expected in the boost-
mode, where 3/3-PWM (with ZMPC) is used in all cases.

D. EMI Measurement

Finally, conducted EMI tests have been carried out to assess
the compliance of the realized 10 kW hardware demonstrator
(see Fig. 6) with the limits according to CISPR 11 Class A
for the frequency range of 150 kHz to 30 MHz. The designed
EMI filter parameters are listed in TABLE II. The test setup
consists of a Rhode & Schwarz ESPI3 EMI test receiver and
a Rhode & Schwarz ESH2-7Z5 three-phase LISN.

First, Fig. 11 presents EMI measurement results when
operating in the buck-mode (Vy, = 400V, Py, = 5kW) with
different modulation schemes, i.e., 3/3-PWM and 1/3-PWM.
8.5dBuV more noise emission is measured if 3/3-PWM is

8Using Vpe = \/g\zn i.e., the minimum possible value for 3/3-PWM,
and triangular third harmonic injection, i.e., vom = —1/2(Vmax + Umin) (.€.,
the same LF CM injection as results for 1/3-PWM), are applied for a fair
comparison in the buck-mode. In the boost-mode, however,3/3-PWM-ZMPC
is used as before. The same approach is also used in the later EMI comparison
of 1/3-PWM and 3/3-PWM in the buck-mode.
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Fig. 9: Measured (Yokogawa WT3000) efficiencies of the realized 10 kW hardware demonstrator shown in Fig. 6, using (a) the proposed loss-optimal
modulation scheme (1/3-PWM in the buck-mode, 2/3-PWM-OPT in the transition mode, and 3/3-PWM (with ZMPC) in the boost-mode) and (b) the
conventional operating scheme, i.e., 3/3-PWM (without ZMPC) in the buck-mode and 2/3-PWM-ZMPC in the transition-mode. (c¢) shows the efficiency
contours corresponding to (a) and indicates the measured points. (d) quantifies the efficiency difference between the proposed (a) and state-of-the-art (b)
methods, highlighting efficiency improvements of up to 3.2% and 0.8% in the buck-mode and the transition-mode, respectively. Note that efficiency surfaces
and curves are linearly interpolated from measured points.

TABLE II: EMI Filter Specifications.

99 . : : - -
< — o
é:: 98 [ o / — b Description Value
5 'S °
5 97t s 200 V| Cpmi  1st EMI DM film capacitor 3x3uF
&E - ggg x Cemi 1st EMI CM ceramic capacitor 18 nF
T 96k o] Lpvz  2nd EMI DM inductor 3x15uH, WE 7443641500
= 95 o | ! ! - ! Cpm2  2nd EMI DM film capacitor 3x6uF
0 2 4 6 8 10 Lema 2nd EMI CM inductor 870 uH, VAC 25/16/10, 8 turns
P, - output power (W) (a) Cemz2 2nd EMI CM ceramic capacitor 18 nF
99 . . . . . Lpm3 3rd EMI DM inductor 3x4.7uH, WE 7443640470
g /./:‘:':'3'5"\.\0 Lems 3rd EMI DM inductor 870 uH, VAC 25/16/10, 8 turns
{
§ 98 + / i ° g
& * ° — Proposed
g 97‘; Conventional | 1 step, can be simply represented by the rms value of
= Buck  Trans. Boost all HF components [49], i.e., the HF components of
96 —~ : : > i : — 1/3. (. . . — Yo -
200 300 400 500 600 700 800 vem = 1/3+ (Vay + vy + vey) and of vpm = vgy - vom
Vit - output voltage (V) (b) (phase a as an example). Thus, 1/3-PWM achieves

Fig. 10: Measured (Yokogawa WT3000) efficiency curves, i.e., (a) effi- 2 ij“ \ -les.s DM noise em15510n and 4 QBHV less CM
ciency versus output power Poyc (using the proposed loss-optimal modulation noise emission compared with the conventional 3/3-PWM
scheme) and (b) efficiency versus output voltage Vo at rated power (or rated as shown in Fig. 12.

outpu curren’ brzlf(;‘r”eriio X)p‘g;;r:fglcslz;?; z‘;r;gf;%o‘%zﬁn‘o/ﬁl oV « The voltage-time area (peak value) stresses applied to the
and Py = 10kW can be achieved. EMI DM/CM inductors are also compared between 1/3-
PWM and conventional 3/3-PWM in Fig. 12. Similar DM
stresses but significantly increased CM stress, i.e., 33%
applied instead of 1/3-PWM, which can be explained by the larger applied voltage-time area compared to 1/3-PWM,
following two reasons: are observed when using 3/3-PWM.

o The EMI noise sources of the VSR-stage, in a first Note that the DC/DC-stage operates similarly for both 1/3-
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Fig. 12: Comparison of analytically calculated HF (a) DM and (b) CM noise source characteristics of the VSR-stage using 1/3-PWM (red) and 3/3-PWM
(purple) for operation in the buck-mode at V5 = 400 V. Note that the operating conditions for the DC/DC-stage are similar in both cases and hence neglected.

PWM and 3/3-PWM employed in the buck-mode, i.e., both
HBs are always switching but only at slightly different DC-
link voltages, so the impact from the DC/DC-stage can be
neglected. Furthermore, this analysis also validates that the
EMI filter designed for 3/3-PWM can be directly used in 1/3-
PWM operation without any additional EMI redesign or filter
modifications.

Finally, Fig. 11b summarized conducted EMI pre-
compliance measurements of the hardware demonstrator for
four typical output voltage operating points and rated output
power, where always the loss-optimal modulation method is
used (i.e., 1/3-PWM in the buck-mode for V,, = 400V,
2/3-PWM-OPT in the transition mode for Vg, = 500V, and
3/3-PWM (with ZMPC) in the boost-mode for V,,; = 600V
and V4, = 800V). Except for some minor violations at
the maximum output voltage, which is likely due to partial
saturation of CM chokes and could be addressed by minor
redesigns, the demonstrator meets the CISPR 11 Class A
limits.
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V. CONCLUSION

Aiming for a standard building block for isolated and non-
isolated EV chargers, this paper comprehensively studies and
analyzes a three-phase (3-®) boost-buck (Bb) voltage DC-link
AC/DC converter that consists of a 3-® three-level (3-L) T-
type (Vienna) voltage source rectifier (VSR)-stage and a 3-L
buck-type DC/DC-stage. Whereas loss-optimum modulation
schemes for the buck-mode (1/3-PWM) and for the boost-
mode (3/3-PWM) are known, this paper proposes a new mod-
ulation scheme for the transition-mode (i.e., for output voltages
between buck-mode and boost-mode): the new 2/3-PWM-OPT
enables loss-optimal operation for the full wide output voltage
range of 200V to 800 V. This loss-optimal operation mode
ensures that only three (of the converter’s five) half-bridges
(HBs) are actively switching (i.e., operate with PWM) at any
given point in time and do so with the minimum possible DC-
link voltage, which results in the minimum possible switching
losses. Furthermore, a synergetic control strategy is proposed
to operate the VSR-stage and the DC/DC-stage collaboratively



This article has been accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics. 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/JESTPE.2023.3300693

to achieve automatic and seamless transitions between the dif-
ferent loss-optimum operating modes and modulation schemes
when the output voltage changes.

The operating modes and the control strategy are imple-
mented and verified with a compact 10 kW hardware demon-
strator (5.4kW/L or 91 W/in® ) with a peak efficiency of
98.8% at rated load and 560 V output voltage. Comprehensive
efficiency measurements confirm the expected improvement
achieved by the loss-optimal operation over the basic decou-
pled operation of the two converter stages, i.e., up to 3.2%
in the buck-mode with 1/3-PWM and up to 0.8% in the
boost-mode with 2/3-PWM-OPT. Finally, the conducted EMI
compliance of CISPR 11 Class A is tested and the regulations
are largely met. Importantly, an EMI filter designed for 3/3-
PWM can be directly used for 1/3-PWM operation.

All in all, the modulation and control concept presented in
this paper can be considered the optimum way of operating a
three-level boost-buck voltage DC-link AC/DC grid interface
with a wide output voltage range.
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