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Abstract—Variable speed drives (VSDs) operating from a
three-phase mains are typically realized as ac-ac voltage dc-
link/source converters (VSCs). However, compact VSC-based VSDs
implemented with wide-bandgap (WBG) semiconductors such as
SiC and GaN often require LC output filters to protect the
motor from high dv/dt of the switched voltage. In contrast, ac-ac
current dc-link/source converters (CSCs) featuring a back-to-back
connection of a current-source rectifier (CSR) and current-source
inverter (CSI) with a shared dc-link inductor inherently provide
continuous motor voltages, making them an interesting alternative.
Therefore, this paper first introduces the loss-optimal operating
mode of an ac-ac CSC: using the minimum possible and hence
time-varying dc-link current (defined by the maximum absolute
value of CSR’s and the CSI’s phase currents), the conduction
losses are minimized and either the CSR or the CSI operates with
2/3-PWM, i.e., at any given time, one phase terminal is clamped
to the dc-link inductor while PWM is only needed to synthesize
the remaining two phase currents, thus reducing switching losses.
The respective other stage employs PWM in all three phases (3/3-
PWM) and shapes the dc-link current. Closed-form expressions
for the transistor conduction and switching losses facilitate a
quantitative assessment of the efficiency improvements. Then, the
paper proposes a synergetic control method that realizes loss-
optimal operation for the entire output voltage and current range
of the ac-ac CSC, with motor voltages lower and higher than the
grid voltage, and ensures smooth transitions between operating
points. Finally, detailed experimental results of a 1.4kW, 200V
(line-to-line rms) ac-ac CSC demonstrator using first-generation
600V, 140 mQ? monolithic bidirectional GaN transistors, grid-
side and motor-side EMI filters, and a switching frequency of
72 kHz confirm the loss optimal operation and seamless transitions
between operating points. Compared to conventional operation
and in close alignment with calculation results, the measured
nominal ac-ac efficiency increases by 0.3% to 97% with the
proposed loss-optimal operation, and part-load efficiency gains of
up to 1% are observed.
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I. INTRODUCTION

Electric motor applications account for an estimated share of
about 45% of the global electricity consumption [1]. Driven by
the trends towards urbanization and ubiquitous automation, the
demand for electric motor drive systems is expected to increase
further [2]. Therefore, any investment towards improving the
efficiency of motor-driven systems and/or thus reducing their
over-all energy consumption is of utmost importance. Variable
speed drive (VSD) systems enable significant energy savings
in motor-driven applications, particularly for systems operating
with variable load [1]-[6].

In typical applications, VSDs are supplied from a three-phase
ac mains, i.e., are ac-ac power converters which are realized
as a back-to-back connection of an ac-dc rectifier and a dc-ac
inverter power stage. The two converter stages are coupled
with a common intermediate energy storage element which can
either be a dc-link capacitor (voltage-source converter, VSC) or
a dc-link inductor (current-source converter, CSC) as shown in
Fig. 1. The CSC consists of a grid-side current-source rectifier
(CSR) and motor-side current-source inverter (CSI) that share
a common dc-link inductor.

VSCs require semiconductor devices with only unipolar
voltage blocking but bidirectional current conduction capability,
whereas CSCs require bipolar-voltage-blocking devices with
only unidirectional current conduction capability!. Thus, in the
past, CSCs have been implemented with thyristors, GTOs and
GCTs for high power applications where they were preferred
over VSCs due to absence of large electrolytic capacitor
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f a reversal of the polarity of the dc-side voltages of the rectifier and
inverter stages is allowed for power regeneration from the load to the grid
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Fig. 1. Core structure of the power circuit of the considered ac-ac current-source converter (CSC), which is formed by a back-to-back arrangement of a
current-source rectifier (CSR) and a current-source inverter (CSI), both employing monolithic bidirectional switches (M-BDSs); specifically, the employed first
generation 600V, 140 mQ2 GaN M-BDSs facilitate interfacing a 200 V (line-to-line rms) three-phase ac mains. The dashed rectangle labeled CSy, indicates an
exemplary commutation cell of the CSR, which consists of three M-BDSs and three delta-connected commutation capacitors. Note that the grid-side and
motor-side EMI filter stages, that are employed in the finally built hardware demonstrator (cf. Section IV), are not shown here for the sake of clarity and the

missing relevance for the proposed synergetic control method.
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[71, [8], the capability of four-quadrant operation (supporting
regenerative braking of the motor) by allowing reversal of the
dc-side voltage polarity to reverse power flow without requiring
extra components, smooth motor voltages, and inherent load
short-circuit protection due to large dc-link inductor limiting
the di/dt of the short circuit current [9]-[11].

CSCs have also been considered for low-power applications
already more than two decades ago, realizing the bipolar-
voltage-blocking device as a series connection of an IGBT and
a diode or with reverse blocking IGBTs [12]-[14]. However,
with switching frequencies thus limited to typically less than
16 kHz, the notion of a bulky dc-link inductor has emerged.
But, as CSCs offer some key advantages including, but not
limited to, inherently providing smooth output voltages to the
motor without needing a dedicated LC filter, research towards
CSCs with higher switching frequencies and hence compact
dc-link inductors has continued, also driven by wide-bandgap
(WBG) power semiconductors [15]-[22]. It should also be
noted that the use of CSCs has not been limited to motor
drive systems; CSCs have been and are still considered for
a wide range of other applications such as data center power
supplies [23]-[25], solid-state transformers [26], grid interfaces
for renewable energy [27] and EV chargers [28], [29].

Until recently, the only way of implementing switching
devices with bipolar voltage-blocking and bidirectional current-
conducting capability (bidirectional switch, BDS, sometimes
also called ac switch) for CSCs was an inverse-series connection
of two transistors (or a transistor and a diode in applications
where unidirectional current flow suffices). Both devices must
be rated for the full blocking voltage to ensure the required
bipolar voltage blocking capability. Consequently, the on-state
resistance of such a series arrangement is twice that of a single
transistor. The corresponding increase in conduction losses
can be avoided by connecting a parallel branch of yet another
inverse-series combination of two transistors, resulting in a
BDS with the same on-state resistance as a single transistor
but with four times the semiconductor chip area [30]. To
address this clear drawback of CSCs compared to VSCs, there
has been continuing research towards developing monolithic
BDSs (M-BDSs) that realize a factor-of-four reduction of chip
area, i.e., provide BDS functionality with the same on-state
resistance and the same chip area as a unipolar voltage blocking
device (the same drift region is used for blocking voltages of
both polarities) [31]-[38]. By now, there are mature M-BDSs
using GaN technology; specifically, 600V, 140 m{2 devices
[39] are available and have been characterized by the authors
for application in CSCs [40], [41] and T-type VSC rectifiers
[42]. Therefore, GaN M-BDSs are shown as switching devices?
in Fig. 1, which depicts the core stage of the considered ac-ac
CSC VSD.

VSDs are required to cover wide ranges of output voltage
(proportional to the motor speed) and current (proportional to

2The depiction of GaN M-BDSs in this paper illustrates that both gates are
normally-off, as indicated by two discontinuities in the connection between
the two source terminals. Note that the use of dual-gate M-BDSs in CSC
based VSDs also requires the implementation of multi-step commutation
strategy similar to the BDS implemented with inverse-series connection of
two transistors.

TaBLE |
KEY SPECIFICATIONS OF THE CONSIDERED AC-AC CSC.

Parameter Value  Unit
Rated power P, 14 kW
Grid line-to-line RMS voltage Ven 200 V
Grid frequency fe 50 Hz
Nom. motor phase current Inn 4 A
Nom. motor line-to-line RMS voltage ~ Vinn 200 V
Max. motor line-to-line peak voltage Vm,m 400 V
Max. motor frequency fm 200 Hz

Note: Capital V' denote line-to-line RMS voltages, capital /
denote phase RMS currents and subscript g and m denote a
grid and motor side quantity respectively.
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Fig. 2. Output voltage/current operating area of the ac-ac CSC from Fig. 1
with specifications from Tab. I, where the buck, transition, and boost regions
are indicated. For motor voltages above the nominal value of Vy, =200V, the
power rating of the CSR limits the maximum motor current (Given the fixed
grid voltage, the rated power of 1.4kW limits the maximum grid side current
which results in lower current at the motor side for motor voltages higher than
the nominal value of V;,, = 200 V.). The current/power ratings follow from
available first-generation 600V, 140 m2 GaN M-BDSs, and target switching
frequency of fs; = 72kHz [41].

the motor torque) as indicated in Fig. 2 for the ac-ac CSC
system from Fig. 1 with specifications listed in Tab. 1. The
600 V blocking voltage of available GaN M-BDSs facilitates
operation from a 200 V three-phase mains as used in the U.S. or
in Japan. The wide output voltage range implies that the VSD
must feature both, buck and boost capability as highlighted
in Fig. 2. Pure buck operation occurs if the instantaneous
maximum of the absolute motor voltages v, vg and vc is lower
than the instantaneous maximum of the absolute three phase
input voltages v,, vy, and v, i.e., if Vi, < \/§/Z-Vg with V,, and
Vg denoting the motor and mains line-to-line rms voltages. In
analogy, pure boost operation occurs if Vi, > 2/V3 -Vs. Between
these two boundaries, the CSC operates in the transition region,
i.e., changes sequentially between instantaneous boost and buck
operation. Note that for high motor voltages of Vi, > 200V, the
maximum motor current (motor power) is limited by the CSR’s
rated power of P, = 1.4kW. Please refer to Appendix A for
a brief overview on the operating principle of CSCs.

Fig. 3 illustrates the phase current and voltage waveforms
on the grid and the motor side of the ac-ac CSC during buck,
transition, and boost mode for constant output current amplitude
while the load voltage amplitudes increase over time (note that
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Fig. 3. Options for selecting the dc-link current ig. in an ac-ac CSC operating with constant amplitudes of the output/motor currents ia, ig, ic but increasing
amplitudes of the output phase voltages va, VB, v, i.e., increasing output power. Thus, the constant amplitudes of the mains voltages v,, vy, v imply increasing
amplitudes of the mains currents iy, iy, ic such that the input/output power balance is maintained (see also the Appendix). Note that in a motor application, an
increase of the output/motor voltage is coupled to an increase of the output frequency; this increase in frequency is, however, not important for the explanation
of the proposed synergetic control method and therefore not shown for the sake of better visibility. (1) Non-adaptive constant dc-link current at a level high
enough for all operating points. (2) Adaptive constant dc-link current equal to the amplitude of the mains or motor phase currents (determined by the larger of
the two) at a given operating point. (3) Variable dc-link current / synergetic control [40], where the dc-link current equals the instantaneous maximum of the

absolute values of the grid and motor phase currents.

for a motor load, increasing output/motor voltage is coupled
with increasing frequency; however, the increase in frequency
is not shown in the figure for the sake of clarity and better
visibility). Because of the thus increasing motor power and the
fixed grid voltage V, = 200V, the grid currents increase, too,
to maintain the input-output power balance.

In ac-ac CSC systems, generally the CSR controls the dc-link
current ig4. to a reference value while the CSI modulates ig. to
synthesize the required ac output currents [8], [12], [16], [23],
[43], [44]. There are three options for selecting the dc-link
current reference.

1) Non-adaptive constant dc-link current: The standard
method, which is straightforward to implement, employs a
single, constant iq. throughout the operating range [16], [45],
analogous to maintaining a constant dc-link voltage in ac-ac
VSC systems. The modulation indices for the CSR and the

CSI are:
mg = ig/idc’ mm = i'\m/idc, (D

respectively, where, fg and 7, are the amplitudes of the local
average values of the CSR’s and the CSI’s ac-side currents

(ia,s for CSR’s phase a and ia s for CSI’s phase A in Fig. 1).

Since both, Mg, Mm € [0, 1] ide must be at least equal to
max {zg max lm max} where zg max and lm max are the maximum
amplitudes of i, and i, in the entire operating range. The curve
igc,1 in Fig. 3 corresponds to this option.

2) Adaptive constant dc-link current: However, the switching
losses of both, the CSR and the CSI, depend directly on iqc,
and at any point in time, overall four M-BDSs as well as the
dc-link inductor carry i4.. Therefore, maintaining the dc-link
current at a fixed high value leads to unnecessary high losses
for part-load operating points. An alternative method [44] thus

still employs a constant ig. that is controlled by the CSR, but
adapts it for changing load conditions. The minimum constant
value of iy that is sufficient to cover grid and motor currents
at a given operating point, fg and iy, is therefore equal to
igc = max {ig, Im}. Note that this implies iqc = Iy during buck
mode and 4. = fg during boost mode. This corresponds to igc 2
in Fig. 3, whose magnitude is clearly lower than i4. ; for all
part load operating points, hence resulting in lower losses. This
mode of operation is hereafter referred to as the conventional
operation for ac-ac CSC in this paper.

3) Variable dc-link current / synergetic control: However,
there are still time intervals within each mains/motor period
where igc 2 is higher than the instantaneous maximum absolute
value of the six phase currents (three on the grid side, three on
the motor side). As proposed in [46] for an ac-dc rectifier and
in [47] for a dc-ac CSI, shaping iq4. to the six-pulse (in a three-
phase system) envelope of the maximum absolute values of
the phase currents not only leads to a further reduction of the
conduction losses, but advantageously significantly reduces
the transistor switching losses by avoiding high-frequency
switching in some part of the fundamental ac period, i.e.,
realizes 2/3-PWM, which is further discussed in Section II
below. The concept has further been discussed for dc-ac inverter
applications [48], [49] and ac-dc rectifier applications [29],
where in both cases additional dc-dc converter stages shape iqc
to the required six-pulse shape.

The applicability of this concept was extended to ac-ac
CSCs by the authors in [40]. There, the CSI defines the dc-
link current reference in the buck mode and the CSR does
so in boost mode, see iq. 3 in Fig. 3; in the transition region,
both stages define sections of the dc-link current reference
alternately. Advantageously, the respective other converter stage
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can shape the dc-link current accordingly; the CSR and the
CSI thus synergetically control the dc-link current to the
minimum possible value at all times and, in doing so, realize the
minimum possible conduction losses and significant switching
loss savings for the stage operating with 2/3-PWM (further
explanation in Section II).3

Whereas [40] introduces synergetic control of ac-ac CSCs,
only simulation results are presented, and the paper puts a
focus on detailed characterization results of the novel 600V,
140 m$2 GaN M-BDS in a CSC commutation cell. A detailed
discussion and derivation of the synergetic control concept as
well as an experimental validation are missing. Therefore, this
paper first provides an in-depth explanation of the loss-optimal
operating modes of an ac-ac CSC in terms of space vector
modulation in Section II, which further provides closed-form
solutions for the semiconductor losses and briefly mentions
the impact of synergetic control on the design of the dc-
link inductor L4.. Section III then presents the synergetic
control structure that realizes loss-optimal operation of the
ac-ac CSC throughout the operating area, ensuring seamless
transitions between buck and boost operation. Section IV
employs a full ac-ac CSC demonstrator with first-generation
140 mf2, 600 V GaN M-BDSs to comprehensively validate the
proposed synergetic control method in static and transient cases
and to characterize the system-level efficiency improvements
over the full output voltage/current range. Finally, Section V
provides concluding remarks. In addition, Appendix A presents
a concise overview of the basic operating principles of the
current-source converters.

II. Loss-OprimaL OperATION OF AC-AC CSCs

For understanding the modulation of CSCs, it is helpful to
consider the (quasi) duality relationship [50] to VSCs: Whereas
in ac-ac VSCs a (constant) dc-link voltage is pulse-width-
modulated to synthesize the desired three-phase input/output
low-frequency (LF) ac voltage waveforms, in ac-ac CSCs high-
frequency (HF) switching is used to modulate a (typically
constant) dc-link current, ig., into the desired three-phase
input/output LF ac currents. Therefore, each CSC switching
stage (CSR and CSI) comprises two commutation cells (see
Fig. 1). Interfacing a three-phase ac system, each commutation
cell comprises three BDSs, and each BDS connects the dc-
link inductor to one of the three ac-side phase terminals.
Further, there are three ac-side commutation capacitors in
each commutation cell, which can be arranged in star or delta
configuration; note that the dc-link inductor terminal is the
commutation cell’s switching node. Therefore, at least one (to
ensure a path for the inductive ig.) and only one (to avoid
short-circuiting the ac-side commutation and filter capacitors)
BDS in each commutation cell must be turned-on at all times.

31t should be noted that of the three options for selecting igq., non-adaptive
constant dc-link current (ige = igc,1 in Fig. 3) offers the highest system
dynamics since a step increase of the output current reference only requires
a change in m; whereas for the other two options (igc = igc2 Or ige3 in
Fig. 3), first the dc-link current must be increased with finite dynamics of the
dc-link current control loop. However, a large share of applications (like fans
or pumps) do not require high control dynamics and hence can benefit from
the efficiency improvement achievable by adapting the dc-link current to the
load.
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Fig. 4. Space-vector (SV) modulation of CSCs. (a.i) Three-phase grid voltage
and (a.ii) three-phase motor voltage system with fundamental frequency of
50Hz and 80Hz divided into 12 sectors. SV diagrams for (b), (d) the CSR
and (c), (e) the CSI of the ac-ac CSC, with exemplary CSR current reference
SV ;g in sector 1 and exemplary CSI current reference SV Z’fn in sector 5,
respectively, for buck ((b), (¢)) and boost ((d), (e)) operation. For the proposed
loss-optimal synergetic operation, the dc-link current i¥ varies according to
(8)), which implies a continuous scaling of the hexagon size as indicated by

the shaded areas. In buck operation, the CSI currents i; and ié s define

,8? ié,s
ides Z’; is thus advantageously synthesized without a zero vector and with only
two switching transitions in each switching period (see (c)). In contrast, the
SV sequence required to synthesize ;g involves a zero vector ([bb] for sector 1)
and a total of four switching transition (see (b)). These roles of the CSR and

the CSI swap during boost operation (see (d) and (e)).
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The switching states of a CSR or CSI are thus represented
as [xy] where ’x’ and ’y’ denote the phases that connect to
the dc-link in the high-side commutation cell (e.g., CSy, in
Fig. 1) and in the low-side commutation cell, respectively.
Each switching state corresponds to a current space vector (SV,
representing the instantaneous phase currents) generated on the
ac side: For a three phase system there are six active vectors
with x # y and length 2/ V3 - ige (see Fig. 4), which implies
energy transfer between the dc-link and the ac side. There are
further three zero vectors (free-wheeling states*) where x =y,
which corresponds to free-wheeling of ig. from the high-side
to the low-side commutation cell with (instantaneously) zero
current routed to any of the three phases.

To synthesize a desired local average (over one switching
period) ac-side current SV, e.g., i, in Fig. 4b, the two adjacent
active SVs and any of the three zero SVs are applied during
respective dwell times, such that in average 7; results. Not that
if only active vectors were used, the correct direction (angle)
of ?; could be achieved, but the length would depend on i4c; a
zero vector is thus needed to scale the length of the synthesized
SV accordingly.

It is thus useful to divide the corresponding current SV
diagram into twelve sectors based on the active vectors and on
the sequence of active and zero vectors used for synthesizing a
desired ac-side current SV [15]. For instance, the grid current
reference ?; in Fig. 4b is in sector 1 and thus synthesized using
the two adjacent active vectors [ac] and [ab]; the choice of zero
vector, however, presents a degree of freedom for modifying
various performance indicators like overall switching losses,
generated common-mode (CM) voltage, dc-link current ripple,
etc.: In CSCs, a switching transition involves a fixed current
igc and a time-varying line-to-line voltage. Again considering
the exemplary sector 1 from Fig. 4b and assuming unity power
factor operation, the line-to-line voltages are |vpc| < |vap| <
|vea| (see Fig. 4a). Therefore, to avoid switching the line-to-
line voltage with the highest magnitude, v¢,, the zero vector
[cc] is not used in sector 1. The two remaining zero vectors
[aa] (switching sequence: [ac]-[ab]-[aa]-[ab]-[ac]) and [bb]
(switching sequence: [ac]-[ab]-[bb]-[ab]-[ac]) result in lower
but identical switching losses, since both sequences lead to two
hard and two soft commutations with the line-to-line voltage
magnitudes |vpc| and |vgp)-

For unity power factor, using the zero vector [aa] keeps
phase a clamped to the positive dc-link current (i.e., the high-
side commutation cell is not switching), but leads to the highest
magnitude of the generated CM voltage, with the CM voltage
of the CSR defined as vem = (vpk+vink) /2 (cf. Fig. 2 and Fig. 5
in [52]). Extending this criterion for the selection of the zero
vector to the other sectors further leads to discontinuities in
the local-average CM voltage at every second sector boundary.
Instead, using [bb] (in the exemplary sector 1) results in the
lowest CM voltage since |v,| > |vp| are the phase voltages with
the highest and the lowest magnitude in sector 1, respectively.
Further, using the zero vector corresponding to the phase
with the respective lowest instantaneous voltage value ([bb] in

4The free-wheeling states are alternatively named as “shoot-through” states
[51].

the exemplary sector 1) results in a continuous local average
CM voltage [52], [53] and further results in a more uniform
distribution of the instantaneous conduction and switching
losses among the BDSs, which is particularly important for
operation with very low ac fundamental frequencies (low
motor speed) [54]. Therefore, we consider this variant (phase
with lowest voltage magnitude defining the zero vector, i.e.,
switching sequence [ac]-[ab]-[bb]-[ab]-[ac] in the exemplary
sector 1) for the further analysis.

For an ac-ac CSC with its back-to-back connected CSR
and CSI, there are two independently working SV modulators
responsible for synthesizing the CSR current vector i z = z el et
and the CSI current vector 1m =i -elont respectlvely, using
the common iq4. (see Fig. 4). The dwell times of the active and
zero vectors of the CSR are

Ogs] = Mg - cos(pg — 1/3)
Olg-] = mg - cos(pg + 7/3) )
O[g0] = 1 = Opgs] = O[g-1

where (g4 and 6o are the dwell times of the active
vectors immediately leading and lagging 7; in counter-clockwise
direction, and 6140 is the dwell time of the zero vector. For
example, considering 7; in sector 1 as shown in Fig. 4b, we
have 6(g4] = Oac, O[g—] = dap and 6[40) = Opp. Further, ¢ is
the within-sector angle defined as

SeCtcsr s
— ]- 3
where sectcsg denotes the sector (see Fig. 4) of 7; and hence
¢y € [-m/6,7/6]. Similarly, the dwell times of the CSI are

3

g = wgt — |

O[m+] = Mm - cos(¢om — 7/3)
= mpy - cos(@m +71/3)

—O[m-]

O[m-] “4)

O[mo] = 1 = 6[m]
where 6] and 0|y are the dwell times of the active vectors
immediately leading and lagging i}, in counter-clockwise
direction, and 6[mo] is the dwell time of the zero vector. For
example, for i;, in sector 5 as shown in Fig. 4e, we have

O[m+] = 6BA, O[m-] = 0BC and d[mo] = dcc. Finally, the within-
sector angle is
sectcs Vg
¢m =Wt — | 3 IJ'ga

with sectcsy denoting the sector of :;"n

A. Conventional Operation - Adaptive Constant DC-Link
Current

As discussed above in Section I, the ac-ac CSC’s CSR
conventionally regulates ig. to a constant value while the
CSI uses this dc-link current to synthesize the desired motor
currents. The reference value for i4. is thus calculated as

ldc,conv = max ( g’ ) ’ (5)

corresponding to igc 2 in Fig. 3 in the case of adaptlve constant
dc-link current. Therefore, during buck operation i de.cony = =0

as shown in Fig. 5a (left part) with simulated key waveform
of the considered ac-ac CSC from Fig. 1 with specifications
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given in Tab. I. This implies that the CSR and CSI modulation
indices are:
ldc,conv

Similarly, for boost operation, i de.cony = f; (see Fig. Sa, right
part) implies mg cony = 1 and mpy cony < 1.

From (2) and (4), clearly mgcony < 1 results in
(6[g+] +6[e-1) < 1 and hence 640 > O at all times during
buck operation, i.e., the CSR modulation must use zero vectors.
Similarly, mm cony < 1 leads to (Sm+] + 6[m-1) < 1 and hence
omo > 0 at all times during boost operation, i.e., the CSI
modulation must use zero vectors. However, even the stage
that defines izc,conv according to (5) and hence operates with
unity modulation index requires zero vectors, since mmy cony = 1
during buck operation also leads to (Spm+] +0m-]) < 1 if
¢m # 0, and mgcony = 1 during boost operation results
in (6[gs) +6[g-1) < 1 if g # 0. The presence of a zero
vector in the switching sequence results in a total of four
switching transitions per switching period (two hard and two
soft transitions; for example in Fig. 4b, the sequence [ac]-[ab]-
[bb]-[ab]-[ac] leads to switching of vcp, Vap, Vba and vyc) and
includes high-frequency modulation of iy, to synthesize all
three phase currents during a switching period (3/3-PWM).

Conventionally, thus, both, the CSR and the CSI, operate
with 3/3-PWM irrespective of the operating point, as shown in
Fig. 5a: The 3/3-PWM of the CSR and and the CSI is evident
from the respective switched dc-side voltages vp, and vpn,
which toggle between zero (zero vector) and the line-to-line
voltages (active vectors) which correspond to the respective
switching states, as well as from the switched currents i, ¢ and
ias, respectively (see Fig. 1), which toggle between zero (zero
vector) and =+igc cony (active vector).

%
_ e
Mg conv |= 5 —
La
c,conv

) <1, Mm,conv

B. Proposed Loss-Optimal Operation

Again, as briefly introduced in Section I, selecting a time-
varying dc-link current ig. of a CSR or a CSI equal to the
instantaneous maximum absolute value of the three ac phase
current references eliminates the need for using zero vectors
[29], [46]-[49]. The corresponding dc-link current references
for the CSC’s CSR and CSI, respectively, are

ife.cor () = max {liz (D1, 11y (O], lig (0l and— (©)
ife.cr () = max {liy (O lig (DL lig O} ()

Considering, for example, the CSI, the dc-link current thus
equals (the absolute value of) one of the three phase currents
during an entire sector. Therefore, the corresponding phase
terminal is continuously connected to either the positive or
the negative dc-link terminal, while only the two other phase
currents must be synthesized with PWM (2/3-PWM). In the
exemplary case shown in Fig. 4¢, the switching sequence [BA]-
[BC]-[BA] indicates that phase B is clamped to the positive
dc-link terminal by the high-side commutation cell, while
the low-side commutation cell operates two out of its three
transistors with PWM, distributing the dc-link current between
phases A and C. The corresponding absence of a zero vector

advantageously reduces the number of switching transitions
per switching period from four (3/3-PWM, see above) to two
(one hard and one soft transition involving vac and vca).
The elimination of zero vectors with (6) and (7) can be
easily verified with dwell time calculations according to (2)
and (4), respectively. Maintaining i:lC’CSR(t) according to (6)
implies i}, g (1) = fycos(pg) = my(t) = 1/cos(g,)

which leads to 6[g4) + g =1 = 0] = 0 Vg [49].
Similarly, maintaining i]*)C’CSI(t) according to (7) leads to
mm(t) = 1/cos(pm) = 6[m+] +5[m—] =1 = 6[m0] =0
Yom.

In an ac-ac CSC, the CSR and the CSI share the same
dc-link current, which hence must be selected according to

i:jlc,syn(t) = max {i;c,CSR(l)’ iZC,CSI(Z)} ' (8)
Doing so ensures that at any point in time, either the CSR
or the CSI operates with 2/3-PWM, while the other stage
must operate with 3/3-PWM and shape the dc-link current
accordingly, i.e., the two stages operate in a synergetic manner
to minimize the overall losses. This is visualized in Fig. 3
and in the SV diagrams of Fig. 4b,c for buck operation where
the CSI defines i* _ (¢#) according to (7) and operates with

dc,syn
2/3-PWM. The dc-link current % () thus varies according

dc,syn
to i%, cos(pm) with ¢, € [-7/6, ﬂ/y6], which corresponds to a
scaling of the SV hexagon such that 7;}1 always coincides with
its perimeter. In buck mode, the magnitude of 7; is smaller
than that of Z*n, i.e., the circular trajectory of 7; lies always
within the hexagon, which implies 3/3-PWM for the CSR.

Fig. 5b shows simulated key waveforms, where buck
operation occurs for Vi, /V, < V/3/2. Then, the de-link current’s
six-pulse shape is defined by the motor currents according to
(7). The absence of free-wheeling states (zero vectors) during
2/3-PWM operation of the CSI is visible in the waveform of
vpN, Which never reaches zero and only switches between two
of the three line-to-line voltage absolute values (|vxy| and
|vxz|, where X refers to the clamped phase with the highest
absolute value of current). Further, note that the CSI’s output
current, e.g., ias, shows intervals without PWM operation
when iZC’CSI(t) = |ia(#)| and hence |ia | = igc syn, Which allows
clamping of phase A to the dc-link. On the other hand, 3/3-
PWM operation of CSR results in switching of vy, between
zero and two other line-to-line voltages, and i, ¢ is always
switching between zero and igc syn-

Fig. 4d,e depict the SV diagrams for boost operation, where
the roles of the CSR and the CSI are swapped, i.e., the CSR now
defines i}, (7) according to (6) and operates with 2/3-PWM
while the C§I operates with 3/3-PWM. Similarly, Fig. Sb shows
boost operation for Vi, /V, > 2/ /3, where now Vpn DEVer attains
zero and the switched current of the CSR’s phase a shows
clamping intervals with 7, s = igc,syn When i;C’CSR(t) = |ia(1)],
i.e., the CSR operates with 2/3-PWM. On the other hand, vpx
switches between zero and line-to-line voltages and ia ¢ always
toggles between zero and igc syn, i.€., the CSI operates with
3/3-PWM. Note the change in frequency of igcsyn in boost
compared to buck operation, which is a consequence of the
generally different grid and motor frequencies.
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Fig. 5. Simulated key waveforms of the ac-ac CSC from Fig. 1 with Vg, =200V, f, = 50Hz, fi, = 100Hz and Vi, increasing from 100V to 283V with a
maximum power limit of P, = 1.4kW according to Fig. 2. (a) Conventional and (b) proposed synergetic control: for Vi, /Vy < V3/2 (buck), the CSR operates
with 3/3-PWM and regulates iq. such that the CSI operates with 2/3-PWM. Similarly, for Vi, /Vg > 2/ V3 (boost), the CSR operates with 2/3-PWM and defines
the reference for ig., which is regulated by the CSI thus operating with 3/3-PWM. For V3/2 < Vin/Vg < 2/+/3 (transition mode), both, the CSR and the CSI
alternatingly operate with 2/3-PWM and 3/3-PWM. Conduction and switching losses are calculated considering measurements [40] of first-generation 600 V,
140 m€2 GaN M-BDSs. Note that in a motor application, an increase of the motor/output voltage is coupled to an increase of the output frequency; this increase
in frequency is, however, not important for the explanation of the proposed synergetic control method and therefore not shown for the sake of better visibility.

Note that the local average values of vpy and vy, follow
the six pulse shape of iy syn but in opposite relation, i.e.,
VPN,ave and Vpp ave are at their maxima when igc syn is at it’s
minimum and vice versa, as expected from the constant power
flow through the dc-side interfaces of the CSR and the CSI.

Finally, for \/5/2 < Vm/Vy <2/ V3, i.e., in the transition
region between buck and boost operation, the CSR and the CSI
interchangeably operate with 2/3-PWM and 3/3-PWM depend-
ing on the instantaneous value of max {i;C’CSR(t),i(*iC’CSI(t)},
which is visible in the waveforms of v,, and vpn, respectively.

It is therefore possible to always operate one of the ac-ac
CSC’s two stages with 2/3-PWM and hence with minimum
possible dc-link current, which ensures minimum possible

switching and conduction losses as discussed in the following;
then, Section III introduces a synergetic control method that
ensures this loss-optimal mode of operation.

C. Losses in Conventional and Loss-Optimal Operation

The quantitative reduction in losses achieved through loss-
optimal operation / synergetic control of the ac-ac CSC are
discussed based on closed-form expressions for transistor
conduction and switching losses.

1) Conduction Losses: Since, at any point in time, four (and
only four) M-BDSs conduct the dc-link current, the conduction
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