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Abstract—A three-phase current DC-link AC/DC buck-boost
converter, composed of a three-phase current-source recti-
fier (CSR) front-end and a three-level DC/DC-stage, can provide
two independently regulated DC outputs. A conventional syner-
getic control strategy, which coordinates the modulation of the
CSR and the DC/DC converter stage to achieve minimum overall
switching losses, is extended to the case of two independent DC
outputs, retaining all advantageous features such as seamless
transitions between operating modes and modulation schemes.
The extended synergetic control strategy allows loss-optimum
operation (i.e., reduced number of switching instants due to
clamping of a phase of the CSR-stage (switching only two out of
the three phases, i.e., 2/3-PWM) or individual clamping of the
DC/DC-stage’s two half-bridges, and minimum possible DC-link
current) for any operating point, especially also for two different
output voltages and/or two different loads. Finally, experimental
confirmation of the proposed control scheme using a 10 kW
demonstrator system is provided. Operating in the boost-mode
at a total output voltage of 800V, the proposed synergetic
control achieves a significant measured efficiency improvement
over a wide load range, e.g., from 95.7 % to 96.9 % (1.2 %) at
2kW and from 97.9% to 98.4% (0.5%) at 10kW, which
is largely independent of output voltage asymmetries and load
asymmetries.

Index Terms—Three-Phase Buck-Boost Current DC-Link PFC
Rectifier, Two Independent DC Outputs, Synergetic DC-Link
Current Control, Two-Third Pulse-Width Modulation.

I. INTRODUCTION

HE availability of two independently regulated DC out-
T puts presents a considerable cost-saving potential for
advanced three-phase (3-®) Power Factor Corrected (PFC)
AC/DC converter systems that supply separate loads, e.g.,
high-power heaters for different process stages [1], or charg-
ers of future high-voltage batteries for heavy-duty electric
vehicles [2], which could advantageously be split into upper
and lower halves [3]. Recently, research on fully controllable
hybrid or monolithic bidirectional bipolar switches [4], [5] has
triggered renewed interest in current DC-link systems [6]-
[10]. Compared to conventional voltage DC-link boost-buck
rectifiers, 3-® current DC-link buck-boost (bB) rectifiers offer
several advantages, i.e., most prominently a reduced number
of magnetic components as the DC-link inductor employed in
the front-end buck-type current-source rectifier (CSR) stage
[11]-[13] is shared with the boost DC/DC output stage [14],
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[15] (see Fig. 1a, where a three-level (3-L) boost DC/DC-stage
is used).

The 3-L boost DC/DC-stage inherently can provide two DC
outputs. Thus, independent control of the two output voltages
of a similar system has been analyzed in [1]. In general, the
two partial output voltages Voyp and Voyu,n can be controlled
to equal or to different values, and at the same time the loads
connected to either DC output can differ, i.e., Roup 7 Routn 15
possible. However, the concept presented in [1] considers only
conventional operation with a constant DC-link current ipc,
which must be selected at least as high as the mains phase
current amplitudes such that the desired sinusoidal phase
currents can be obtained by pulse-width modulated distribution
of the constant DC-link current to the three phases. The CSR-
stage thus operates with the so-called 3/3-PWM, i.e., all three
phases of the CSR-stage are operated with PWM regardless
of the operating mode (buck-mode if Voup + Vourn < 3/2Vm or
boost-mode if Voup + Vourn > \/gf/]n where V}n denotes the
grid phase voltage amplitude). Similarly, the two output DC
currents, Ioyp and oy, are again obtained from the constant
DC-link current by PWM operation of the two DC/DC-stage
bridge-legs. Consequently, the constant DC-link current must
also be at least as high as the higher of the two output DC
currents and/or load currents. This is illustrated in Fig. 1b.(i)
and Fig. 1b.(ii), respectively.

In the buck-mode, the DC-link current is selected equal to
the larger of the two output DC currents (i.e., ipc = Joutp In
the example shown in the figure) and hence the corresponding
half-bridge (HB) of the DC/DC-stage can be clamped (i.e.,
operated with duty cycle d, = 1 and thus Tpcpp permanently
turned on). On the other hand, the second HB of the DC/DC-
stage operates with a duty cycle d, < 1 to reduce the DC-link
current to the second, lower output current Iy, ,. Furthermore,
as the DC-link current is larger than the peak phase current
(only phase a is shown in the figure for better readability),
the CSR-stage operates all three phases with PWM (i.e., with
duty cycles dype < 1).

In the boost-mode, the DC-link current is still constant but
the minimum required value is given by the amplitude of the
phase currents and not by one of the two output currents,
which are both lower than the DC-link current. Consequently,
both HBs of the DC/DC-stage operate with d,, < 1 to adapt
the DC-link current to the respective output currents, Jo,, and
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Fig. 1: (a) Circuit schematic of the considered 10 kW three-phase (3-®) buck-boost (bB) current DC-link PFC rectifier system. The two DC output voltages,
Voutp and Vourn, are independently regulated to enable asymmetric loading capability. Circuit parameters are designed based on [16], i.e., switching frequencies
fesk = foope = 100kHz, DM DC-link inductor Lpcpm = 250 uH, input filter capacitor Cj, = 3 x 6 uF, CM DC-link inductor Lpccm = 14 mH,
CM filter capacitor Ccy = 88 nF, and output capacitor Coye = 2 X 11.2uF. (b) Exemplary key waveforms for (i) operation in the buck-mode (identical
for the conventional concept [1] and proposed concepts), (ii) conventional boost-mode with 3/3-PWM, and (iii) proposed boost-mode with 2/3-PWM where
the DC/DC-stage controls the DC-link current to follow the six-pulse shape of the upper envelope of the phase current absolute values. Thus, at all times in
boost-mode operation, only two out of the CSR-stage’s three phases are operated with PWM while the third phase is clamped, which results in a considerable

reduction of switching losses.

Iouen. As the DC-link current is still constant, also all phases
of the CSR-stage operate with PWM as in the buck-mode, i.e.,
with dyp. < 1 at all times, and hence with 3/3-PWM.

However, if a time-varying (i.e., not constant) DC-link
current is accepted, this current only needs to be at least as
high as the highest instantaneous value of the rectified three-
phase input currents. A two-stage 3-® bB current DC-link PFC
rectifier system can thus advantageously operate the CSR-stage
with so-called 2/3-PWM [17], [18] in the boost-mode by using
the DC/DC-stage to control the DC-link current into the six-
pulse shape of the upper envelope of the phase current absolute
values. This is possible if the DC output current is lower
than the minimum value of that envelope, i.e., if the converter
operates in boost-mode. This then allows switching only two
instead of three phases of the CSR-stage with a corresponding
reduction in switching losses as illustrated in Fig. 1b.(iii).
Note that d, = 1 for 1/3 of the grid period, i.e., the phase is
clamped. Considering only a single load connected between
the upper positive and the lower negative output terminals, a
synergetic control concept that achieves 2/3-PWM whenever
possible and ensures seamless transitions between the buck-
mode (the CSR-stage operates with 3/3-PWM and regulates
the DC-link current, while the switches Tpcpp and Tpcpn of
the DC/DC-stage permanently conduct) and the boost-mode
(the CSR-stage operates with 2/3-PWM, while the DC/DC-
stage regulates the DC-link current along the above mentioned
six-pulse shaped envelope) has been proposed in [19].

In this letter, we extend this synergetic and/or collaborative
control concept to the case with two fully independently
controlled DC outputs. The control scheme (see Fig. 2, Fig. 3
and the detailed description in Section III) achieves loss-
optimal operation of the converter system over a wide output
voltage range, and still ensures seamless transitions between
the different operating modes (i.e., buck- and boost-mode)
and modulation schemes (i.e., 2/3-PWM and 3/3-PWM), con-
sidering especially also corner cases with zero loading of

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

one output. Experimental results of a 10kW demonstrator
system confirm the proposed concept and reveal a considerable
efficiency improvement over a wide load range, e.g., from
95.7% t0 96.9 % (1.2 %) at 2kW and from 97.9 % to 98.4 %
(0.5%) at 10kW with 800V output voltage, also for boost-
mode operation with unequal loads and with unequal output
voltages.

II. OPERATING MODES WITH INDEPENDENT OUTPUTS

A 3-® bB current DC-link PFC rectifier system as shown
in Fig. 1a with its two partial output voltages Voy.p and Voun
utilized as a single output Vou = Vourp + Vourn (connection of
the load between the positive terminal of V4, and the negative
terminal of Voun) features only two main operating modes, i.e.,
buck-mode (3/2Vm > Vou) and boost-mode (\f 3Vin < Vou) as
described in [19]. However, four main operating modes (see
Tab. I) must be distinguished in case of utilizing Viu, and
Voutn as individual, independently regulated DC outputs.

Similar to the single-output case, operation in these modes
should optimally feature reduced switching losses by using
2/3-PWM of the CSR-stage whenever possible, or, alterna-
tively, clamping both, one or none of the 3L DC/DC-stage’s
HBs, depending on the load conditions. Furthermore, mini-
mum overall conduction losses should be achieved by ensuring
operation with the minimum possible DC-link current: The

TABLE I: Operating modes of the proposed synergetically controlled 3-®
bB current DC-link PFC rectifier system with two independent DC outputs
(for the definition of x[’j and z;} see Section III).

Mode H CSR-stage | DC/DC-stage ‘ ipC ‘ x5 Ty
Buck-I 3/3-PWM No HB Sw. Tout 0 0
Buck-II 3/3-PWM 1 HB Sw. Toutmax | 0 (1) 1(0)
Boost-I 2/3-PWM 1 HB Sw. ipcos | 0(1)  1(0)
Boost-11 2/3-PWM 2 HBs Sw. iDC2s ay ok
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3-® input currents and the two output DC currents are obtained
by PWM-based reduction of the impressed DC-link current.
Consequently, the DC-link current value has to be at least as
high as the six-pulse time-varying upper envelope ipc;3 of
the instantaneous values of the rectified mains phase currents
and at least as high as each of the two output DC currents.
The minimum possible DC-link current at any given point
in time is thus the maximum of these three currents, i.e.,
ipc = max{Joup, Loun;iDC2/3}, Where ipcos denotes the
upper envelope of the absolute values of the 3-® mains
currents (see also Fig. 1b) [19].

On the basis of the generic explanations given in the
context of Fig. 1b and for the sake of brevity, the following
description of the four operating modes (see Tab. I) is directly
illustrated by later experimental results of a 10 kW hardware
demonstrator (see Fig. 4), which are in excellent agreement
with simulation results (see Fig. 5 for buck-mode and Fig. 6
for boost-mode operation). Section III addresses the challenge
of finding a control system that operates the converter in
the respective optimum mode for a given load condition and
furthermore achieves seamless transitions between the modes
when the operating point changes.

A. Buck Modes

The converter operates in the buck-mode if Iyymax =
max {Loutp; Toun} > ipc23 and hence the DC-link current is
defined by ipc = loumax- The CSR-stage then operates with
conventional 3/3-PWM to step down the 3-® mains voltages
to a lower DC output voltage (AC/DC voltage conversion of
the CSR-stage and control the DC-link current). Considering
the DC/AC current conversion of the CSR-stage, 3/3-PWM
sinusoidally distributes ipc to the three mains phases. Because
ipc = Lourmax. advantageously at least one HB of the DC/DC-
stage is clamped to reduce the switching losses.

Specifically, in the Buck-I mode, the output power is only
delivered through one of the two outputs, e.g., the upper output
(i.e., no load is present at the lower output, Iy, = 0) and
the DC/DC-stage switching losses are avoided by ensuring
tpc = louwp and permanently turning on Tpcp, and Tpcyn,
where the continuous on-state of Tpc v, prevents a current flow
into Coytn-

In the Buck-II mode, both outputs deliver power to their
respective (possibly different) loads at (in the general case)
two independent voltages. If, e.g., Ioun > Ioup, the lower
HB is clamped, i.e., Tpchn is continuously turned on and
ipc is controlled to I,y ,. However, switching of the upper
HB is required to step down ipc to oy and, at the same
time, this HB regulates ipc. The CSR-stage modulates the thus
externally impressed ipc into sinusoidal 3-® input currents
with 3/3-PWM as ipc is constant. The modulation index M
of the CSR-stage can then be calculated as

M = .jin _ 'Upn

DC

o qur o dp : ‘/out,p + ‘/out,n
3y, 3y, 37)
N7 v

;o (D

where [, denotes the grid phase current amplitude. Thus, the
input power drawn from the mains through the CSR-stage is
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controlled indirectly by the upper HB duty cycle d, which
ultimately modifies the CSR-stage modulation index M.
B. Boost Modes

The converter operates in the boost-mode if Iy max < ¢DC2/3
and ipc = ¥pcos, as shown in Fig. 1b.(iii). The CSR-stage
then operates with 2/3-PWM where no zero switching state
is employed (vp, never attains 0 V). To still obtain sinusoidal
3-® mains currents, at least one HB of the DC/DC-stage is
required to regulate ipc to follow the six-pulse shape ipc o3
needed for 2/3-PWM.

Specifically, in the Boost-I mode, the output power is only
delivered through one of the two outputs, e.g., the upper
output, so that the upper HB switches to control the DC-link
current.

Differently, both, the upper and the lower HBs are activated
in the Boost-II operation and both outputs are loaded. The
DC/DC-stage’s two HBs are modulated such that they together
control the DC-link current to the required six-pulse shape,
while at the same time adapting this common DC-link current
to the respective, possibly different output currents o, and

I out,n-

C. Hybrid Modes

Furthermore, hybrid modes, i.e., combinations of the afore-
mentioned buck- and boost-modes within one mains period,
occur because of the time-varying characteristic of ipc 3,
which could be lower and higher than Iy, max Over the course
of one mains period; e.g., the converter operation could change
between Buck-II mode (when oy max > %pc2s3) and Boost-1I
(Ioul,max < iDC,2/3) mode.

III. SYNERGETIC CONTROL STRATEGY

The proposed synergetic control strategy (see Fig. 2) en-
sures that the converter always operates in the optimum mode
for a given operating point, i.e., with minimum possible losses,
and transitions seamlessly between modes in case of changing
operating points. As shown in Fig. 2, the control system
consists of three functional blocks whose roles are explained
in detail in the following subsections.

A. Independent Output Voltage Control

The two outermost control loops track the two output

voltage references Vo, , and Vi, ,, respectively, by calculating
the corresponding output power references By, , and Fj .

From that, the total power reference, i.e., the power that
the CSR-stage must ultimately draw from the grid, P}, =

ut

Piup + Pougn- follows. Furthermore, it is convenient to define
. * *
the corresponding power shares a;; and oy as
P F;
% __ _outp % __ ~outn
a, = D and o, = D 2)
out out

for later use in the DC-Link Current Control block (see Fig. 2).

Finally, the output current references, I, and Ij,,. are

obtained and fed to the the next functional block.
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Fig. 2: Block diagram of the proposed synergetic control strategy for the 3-® bB current DC-link PFC rectifier system shown in Fig. 1, which achieves
fully independent regulation of the two DC output voltages, Voup and Vourn, and optimum clamping of the CSR-stage and the two individual DC/DC-stage

half-bridges (HBs).
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Fig. 3: Algorithm to calculate the distribution factors z; and z; (continuous

values between 0 and 1) for the upper and lower DC/DC-stage HBs,
respectively. Outputs are listed in Tab. I for different operating modes.
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Fig. 4: 10kW hardware demonstrator (184 x 172 x 49 mm?, 6.4 kW/L,
7.2 x 6.8 x 1.9in3, 107.5 W /in?) of the system shown in Fig. 1 operating
from the 400 V 3-® mains. 1200 V SiC (CSR-stage) and 900 V SiC (DC/DC-
stage) MOSFETs are employed. Both DC outputs can operate independently,
whereby the maximum output voltages are limited to 600 V (in order not to
exceed 2/3 of the 900V rated blocking capability of the DC/DC-stage power
semiconductors) and the maximum output currents are limited to 25 A (DC-
link design current). Circuit parameters are specified in Fig. 1.

B. DC-Link Current Reference Generation

First, a CSR-stage input reference conductance G* is de-
rived from the total power reference P, .. The 3-® sinusoidal
mains current references 4, 4y, and ¢ that are proportional to
the corresponding (measured) 3-® input voltages v,, vy, and
V¢, 1.e., ensure purely ohmic operation, directly follow. The

upper envelope of the absolute 3-® sinusoidal mains current
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references defines the varying DC-link current reference ifyc /3
for 2/3-PWM operation.

As mentioned earlier, the minimal and thus optimal DC-
link current value for a given operating condition is the
maximum of the three possible reference values discussed
so far, ie., ipc = max{ipcos; lowps Lown)- Thus, a DC-
link current following the reference ifj- ensures minimized
converter switching and conduction losses for any operating
point, because (i) the DC-link current has the lowest possible
value that is necessary to supply both outputs and to draw
the total power from the grid, and (ii) because it facilitates
clamping of one DC/DC-stage HB in buck-mode operation'
and advantageous, in contrast to the state of the art [1],
operation of the CSR-stage with 2/3-PWM in the boost-mode?.

C. DC-Link Current Control

The next functional block is the DC-link current controller
that uses the CSR-stage and the two DC/DC-stage HBs to syn-
ergetically control the DC-link current to the aforementioned
reference value ijy-. The required voltage v; across the DC-
link inductor Lpc is first calculated by comparing the reference
i5c and the measured DC-link current ipc. The realization of
this voltage is then synergetically assigned to either the CSR-
stage or the DC/DC-stage, e.g., a positive v; can be generated
by either an increased output voltage vy, of the CSR-stage or
a decreased input voltage vy, of the DC/DC-stage (see Fig. 1a
for the definition of these voltages). Note that a feedforward
of the local average voltage vy, at the CSR-stage’s output can
be obtained from the DC-link current reference iy and the
total power (reference) Pj,.

Different from the case with a single DC output [19], the
synergetic generation of v{ now must consider two HBs of the
DC/DC-stage individually. Thus, the two distribution factors

z, and z; are introduced, whereby x5, z; € [0,1] and 0 <

xy + x, < 1. The distribution factors are determined from

'The HB corresponding to the output with the higher current can be
clamped, as the DC-link current ipc equals that output current.

2The DC-link current follows iBC,2/3’ i.e., it always equals the (absolute
value of) one phase current, and thus the corresponding phase of the CSR-
stage can be clamped.
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Fig. 5: Experimental waveforms of the converter shown in Fig. 1a with the proposed synergetic control operating in the two buck-modes with a load resistance
of Ry, = 3042 at the upper and of R, = 40 at the lower DC output, for different set points of the two output voltages Vourp and Voutn. Note that for
unequal DC output voltages a corresponding offset appears in the voltage vy across the CM filter capacitor Ccy in addition to the third-harmonic voltage
component (as Ccy = 88 nF only, the resulting low-frequency current flow is negligible, however). Note further the smooth and seamless transitions between

different operating modes and modulation schemes.

incs Loup and L5y, (ie., from the operating point) as shown
in Fig. 3. To better understand that flowchart and the role of
the distribution factors, it is useful to consider the effect of 1:;
and z; in the DC-link current controller from Fig. 2 for the

different operating modes:

For operating points in the Buck-I mode, z; = z3 = 0
and consequently the entire v’ is added to vy,. This modifies
the reference DC-link current ipc cgg used in the space-vector

pulse-width modulator (SVPWM) of the CSR-stage as
Pou

E;H—I—(l—a:;—x;)-vf'

ibeCsR = 3)
For vf > 0, a reduced ipccgp leads to prolonged active
switching states of the CSR-stage and thus realizes the desired
increase of Up,. Thus, only the CSR-stage regulates ipc (to
track, e.g., ipc = Igy, if only the positive output port is

activated) and the DC/DC-stage HBs can remain clamped
(for the considered example, d; 1 and d; = 0 follow
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from the control diagram?). This is clearly visible from the
measured waveforms shown Fig. 5.(i) and Fig. 5.(iv), where
3/3-PWM operation of the CSR-stage can be recognized from
Upn attaining the zero voltage level, and where both DC/DC-
stage HBs are not switching.

Differently, in Buck-II mode and assuming, as an example,
I3wp > Lown and hence ipe = I5, . we find z; = 0 and
xy = 1. Thus, the CSR-stage has no need to participate in
the generation of v; and only the DC/DC-stage controls the
DC-link current. The CSR-stage modulation index M can be
calculated as in (1). As discussed above, the upper HB of the
DC/DC-stage remains clamped as z; = 0 leads to d; = 1. In
contrast, x; = 1 modifies the duty cycle d;; of the DC/DC-
stage’s lower HB such that its input voltage vy, (see Fig. 1a) is
decreased (again considering the example of realizing a v{ >

3For example, we find

* ok * *
d* _ ap vpn _ Pout,p Potlt 1 _ Pout,p -1
P * - PR : * % * -
V;Jut,p Pl ibe ‘/Oul,p I out,p ‘/Oul,p

using the earlier definitions; df = 0 follows likewise.
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Fig. 6: Experimental waveforms of the converter shown in Fig. 1a with the proposed synergetic control operating in the two boost-modes with a load resistance
of Ry, = 6042 at the upper and of R, = 402 at the lower DC output. Note the absence of zero states in v, when the CSR-stage operates with 2/3-PWM.
Note further that for unequal DC output voltages a corresponding offset appears in the voltage v across the CM filter capacitor Ccy in addition to the
third-harmonic voltage component (as Ccy = 88 nF only, the resulting low-frequency current flow is negligible, however). Note again (cf. Fig. 5) the smooth
and seamless transitions between different operating modes and modulation schemes.

0) accordingly. The distribution factors o, and o, adjust the
ratio between vgy, and vy, according to the two ports’ output
powers, and the two duty cycles are given by

*
p

*
pn

*

out,p

Fig. 5.(ii) illustrates that in the Buck-II mode the CSR-stage
still operates with 3/3-PWM, and that always one of the two
DC/DC-stage HBs is switching while the other is clamped.

* =% * )k
Q- Upy — TR0f

*
out,n

Gk koK
d*_a v oy

p and d; =

4)

In the boost-modes, z; = o and z7 = a, are obtained ac-
cording to Tab. I. Since, by the definition in (2), oz; +ar =1,
only the DC/DC-stage HBs are used to control the DC-link
current ipc to the six-pulse shape ipc,; that enables the
CSR-stage to advantageously operate with 2/3-PWM, i.e., the
proposed synergetic control concept automatically ensures that
once possible (once the system operates in the boost mode)
2/3-PWM operation of the CSR-stage is achieved. In general,
if both outputs are loaded, the v required by the DC-link
current controller is distributed between the two HBs of the
DC/DC-stage according to the power ratio (note that v is
scaled with z; and z;; in (4), respectively, before it is used to
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modify the duty cycles dj and dy, respectively, and z; = ag,
Ty = af), i.e., both HBs are switching when operating in the
Boost-II mode. Fig. 6.(iii) clearly proves that the CSR-stage
operates with 2/3-PWM as v}, does not attain the zero voltage
level.

If only one output delivers power at a high-enough voltage,
the converter operates in Boost-I mode, which can be consid-
ered a special case with, e.g., oy =1 and oy = 0 if only the
upper DC output delivers power.

Importantly, the inner DC-link current control loop gain is
not affected by the seamless transitions between the modes,
i.e., there are no abrupt changes in v{ but only different
stages/HBs realize the required v; at different operating
modes. This ensures a resilient and robust DC-link current
tracking capability, especially in the hybrid operating modes,
where the system may transition between buck and boost
modes several times during a grid period.

requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 7: Measured (Yokogawa WT3000) efficiencies of the 10 kW hardware
demonstrator (see Fig. 4) in boost-mode operation (Voutp + Vourn = 800V)
using the conventional approach with 3/3-PWM and the proposed synergetic
control concept that facilitates 2/3-PWM of the CSR-stage. There is little
impact of unequal output voltages (yy # 0) or of unequal loads (vp # 0).
The total output power Foy is defined as FPouw = Poutp + Foutn-

IV. MEASURED EFFICIENCY IMPROVEMENT

As outlined above, whereas in buck-mode the system be-
haves in the same way as a conventional realization [1],
the proposed synergetic control concept promises significant
loss reductions in boost-mode operation compared to the
state of the art [1], which would maintain a constant DC-
link current and 3/3-PWM even though the DC/DC-stage,
which needs to operate anyway to step-up the CSR-stage
output voltage and/or step-down the DC-link current, could be
utilized to shape the DC-link current into the six-pulse shape
that would facilitate 2/3-PWM operation of the CSR-stage.
Fig. 7 quantifies the efficiency improvements obtained when
operating the 10 kW hardware demonstrator (see Fig. 4) at
different boost operating modes with either the conventional
approach (i.e., 3/3-PWM) or the proposed synergetic control
concept (i.e., 2/3-PWM). All efficiencies have been measured
with a Yokogawa WT3000 power analyzer and for a total
output voltage of Voyep + Vourn = 800V,

As a baseline, symmetric conditions are considered, i.e.,
equal output voltages Voup = Vourn and hence

WV = (%ut,p - %ut,n)/(%ut,p + ‘/out,n) =05 (5)
as well as equal loads Py p = Pou,n and hence
P = (Pout,p - Pout,n)/(Pout,p + Pout,n) =0. (6)

For this case, an efficiency improvement of more than 0.5 %
is found over a wide load range (e.g., from 95.7 % to 96.9 %
at 2kW and from 97.9% to 98.4% at 10kW). Then, two
cases with equal voltages (yv = 0) but asymmetric loads
(vp = 0.2, ie., a 60%:40% split of the total output power
Pou Poup + Poun, and vp = 04, ie., a 70%:30%
split) show almost exactly the same efficiencies and espe-
cially efficiency improvements between the conventional and
the proposed control methods. This is expected because the
operating conditions of the CSR-stage do not change, and even
though the conduction times of the DC/DC-stage’s switches
change, the total generated conduction and switching losses
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of the DC/DC-stage remain the same. Finally, a case with
equal load powers (yp = 0) but asymmetric output voltages
(v = 0.2, ie., Voup = 480V and Vi, = 320V) also
shows very similar efficiency improvements; an ever so slight
reduction can be attributed to the higher switched voltage of
one DC/DC-stage HB. These measurements thus confirm (i) a
significant efficiency improvement in the boost-mode and (ii)
that this efficiency improvement is rather independent of the
asymmetries of the output voltages and the two loads.

V. CONCLUSION

In this letter, a synergetic control concept for a three-
phase (3-®) buck-boost (bB) current DC-link AC/DC con-
verter featuring two independently regulated DC outputs is
proposed. The control scheme achieves a synergetic and/or
collaborative operation of the 3-® buck-type CSR-stage and
the two half-bridges (HBs) of the boost-type DC/DC-stage
with minimum losses for any operating point (2/3-PWM of
the CSR-stage or clamping of DC/DC converter HBs, and
minimum possible DC-link current). Furthermore, seamless
transitions between the different optimal operating modes and
modulation schemes are ensured. All features are experimen-
tally verified with a 10 kW hardware demonstrator system over
a wide output voltage range, i.e., a total output voltage of
200V to 800V and individual port voltages of up to 600 V.
Efficiency measurements show a significant improvement over
a wide load range, e.g., from 95.7 % t0 96.9 % (1.2 %) at 2kW
and from 97.9 % to 98.4 % (0.5 %) at 10 kW, compared to the
state of the art methods when operating in the boost mode.
This improvement is largely independent of output voltage
asymmetries and/or load asymmetries.

REFERENCES

[1] Y. Nishida, J. Miniboeck, S. D. Round, and J. W. Kolar, “A new 3-
phase buck-boost unity power factor rectifier with two independently
controlled DC outputs,” in Proc. IEEE Appl. Power Electron. Conf.
Expo. (APEC), Anaheim, CA, USA, 2007.

[2] CHARIN, “Megawatt Charging System (MCS),” accessed: 2019-11-13.
[Online]. Available: https://www.charin.global/technology/mcs/

[3] Y. Xu, Z. Wang, P. Liu, Y. Chen, and J. He, “Soft-switching current-
source rectifier based onboard charging system for electric vehicles,”
IEEE Trans. Ind. Appl., vol. 57, no. 5, pp. 5086-5098, Sep. 2021.

[4] R. A. Torres, H. Dai, W. Lee, B. Sarlioglu, and T. Jahns, “Current-
source inverter integrated motor drives using dual-gate four-quadrant
wide-bandgap power switches,” IEEE Trans. Ind. Appl., vol. 57, no. 5,
pp- 5183-5198, Sep. 2021.

[5] B. Pandya, “600V GaN dual gate bidirectional switch,” 2019, Power-
America Institute. [Online]. Available: https://tinyurl.com/2aumzc59

[6] F. Chen, S. Lee, R. A. Torres, T. M. Jahns, and B. Sarlioglu, “Perfor-
mance evaluation and loss modeling of wbg devices based on a novel
double-pulse test method for current source inverter,” in IEEE Transp.
Electrific. Conf. Expo. (ITEC), Chicago, IL, USA, Jun. 2021.

[71 Z. An, X. Han, M. J. Mauger, B. Houska, D. Yan, A. Marellapudi,
J. Benzaquen, R. P. Kandula, and D. Divan, “Laminated permanent mag-
nets enable compact magnetic components in current-source converters,”
IEEE Trans. Power Electron., vol. 37, no. 10, pp. 12391-12405, 2022.

[8] Y.Li, L. Ding, and Y. W. Li, “Isomorphic relationships between voltage-
source and current-source converters,” IEEE Trans. Power Electron.,
vol. 34, no. 8, pp. 7131-7135, Aug. 2019.

[9] D. Lu, X. Wang, and F. Blaabjerg, “Investigation on the AC/DC

interactions in voltage-source rectifiers and current-source rectifiers,”

in Proc. IEEE Workshop Control Model. Power Electron. (COMPEL),

Padua, Italy, Jun. 2018.

X. Wang, Y. W. Li, F. Blaabjerg, and P. C. Loh, “Virtual-impedance-

based control for voltage-source and current-source converters,” I[EEE

Trans. Power Electron., vol. 30, no. 12, pp. 7019-7037, 2015.

(10]



[11]

[12]

[13]

[14]

[15]

This article has been accepted for publication in IEEE Transactions on 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/TPEL.2022.3222236

F. Xu, B. Guo, L. M. Tolbert, F. Wang, and B. J. Blalock, “An all-SiC
three-phase buck rectifier for high-efficiency data center power supplies,”
IEEE Trans. Ind. Appl., vol. 49, no. 6, pp. 2662-2673, 2013.

D. Sharon and F. Fuchs, “Switched link PWM current source converters
with harmonic elimination at the mains,” IEEE Trans. Power Electron.,
vol. 15, no. 2, pp. 231-241, 2000.

C. J. Cass, R. Burgos, F. Wang, and D. Boroyevich, “Three-phase AC
buck rectifier using normally-on SiC JFETs at 150kHz switching fre-
quency,” in Proc. IEEE Ann. Power Electron. Specialists Conf. (PESC),
Orlando, FL, USA, Oct. 2007.

M. Baumann, U. Drofenik, and J. W. Kolar, “New wide input voltage
range three-phase unity power factor rectifier formed by integration of
a three-switch buck-derived front-end and a DC/DC boost converter
output stage,” in Proc. IEEE Int. Telecommun. Energy Conf. (INTELEC),
Phoenix, AZ, USA, Sept. 2000.

T. Nussbaumer, K. Mino, and J. W. Kolar, “Design and comparative
evaluation of three-phase buck boost and boost buck unity power
factor PWM rectifier systems for supplying variable DC voltage link
converters,” in Proc. Int. Power Conv. and Intelligent Motion Conf.

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.

[16]

[17]

[18]

[19]

(PCIM Europe), Nuremberg, Germany, May 2004.

D. Zhang, M. Guacci, M. Haider, D. Bortis, J. W. Kolar, and J. Ev-
erts, “Three-phase bidirectional buck-boost current DC-link EV battery
charger featuring a wide output voltage range of 200 to 1000V,” in
Proc. IEEE Energy Conversion Congr. Expo. (ECCE USA), Detroit, MI,
USA, Oct. 2020.

Q. Lei, B. Wang, and F. Z. Peng, “Unified space vector PWM control
for current source inverter,” in Proc. IEEE Energy Conversion Congr.
Expo. (ECCE USA), Raleigh, NC, USA, 2012.

M. Baumann and J. W. Kolar, “A novel control concept for reliable
operation of a three-phase three-switch buck-type unity power factor
rectifier with integrated boost output stage under heavily unbalanced
mains condition,” IEEE Trans. Ind. Electron., vol. 52, no. 2, pp. 399—
409, 2005.

D. Zhang, M. Guacci, J. W. Kolar, and J. Everts, “Synergetic control of
a 3-® buck-boost current DC-Link EV charger considering wide output
range and irregular mains conditions,” in Proc. IEEE Int. Power Electron.
Motion Control Conf. (IPEMC-ECCE Asia), Nanjing, China, Dec. 2020.



