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Abstract—The recent availability of novel monolithic bidirec-
tional GaN switches (MBDSs) renders current-source convert-
ers (CSCs) with their inherently sinusoidal output voltages an
interesting alternative to voltage-source converters (VSCs) for
future motor-friendly variable-speed drives (VSDs). However,
CSC commutation cells contain three MBDSs and hence ob-
taining low-inductance and symmetric PCB layouts is more chal-
lenging. Furthermore, CSCs employing MBDSs require special
multi-step commutation sequences that rely on current-direction
and/or voltage-polarity information. In this paper, we provide an
overview of these challenges, and, employing Ansys Q3D simula-
tions, comparatively evaluate CSC commutation cell PCB layouts
with first-generation 600 V, 140 mW GaN MBDSs regarding
commutation inductances and parasitic capacitances. Whereas
clearly all available packages are optimized for VSC half-bridges,
the identified CSC commutation cell layouts facilitate a compact
realization of a full AC-AC VSD prototype (3D CAD model).
Still, concepts such as PCB-embedding or chip-level integration
of the MBDSs, gate drives, etc. could greatly benefit future
high-performance CSC realizations, and ultimately lead to an
intelligent power module (IPM) concept for CSCs.

Index Terms—Current-source converter, monolithic bidirec-
tional GaN transistor, commutation cell, commutation sequence,
voltage-source converter.

I. Introduction
Variable-speed drives (VSDs) with sinusoidal output volt-

ages reduce harmonic motor losses and prevent issues arising
from switched output voltages with, especially in case wide-

bandgap (WBG) power semiconductors are used, high 𝑑𝑣/𝑑𝑡
values (reflections on motor cables and transient overvoltages,
common-mode bearing currents, etc.). Voltage-source convert-
ers (VSCs, see Fig. 1a) achieve this with the integration of
an output filter [1]. Alternatively, current-source converters
(CSCs, see Fig. 1b) inherently feature continuous motor volt-
ages. Because the higher switching frequencies enabled by
WBG devices mitigate concerns regarding the physical size
of the required DC-link inductors, in the last years CSCs have
been increasingly considered also for VSDs with lower power
ratings [2]–[8], and also for PFC rectifiers applications e.g.
for EV chargers [9]. However, CSCs require switches with
bipolar voltage blocking capability [2], i.e., advantageously an
anti-series connection of two transistors, which is a significant
structural drawback compared to VSCs regarding chip area
usage. This drawback is removed by recently available first-
generation GaN 600 V, 140 mΩ dual-gate monolithic bidirec-
tional switches (MBDSs) [5], [10], which use the same chip
region for blocking either voltage polarity (see Fig. 1c).

Furthermore, in contrast to a VSC’s half-bridge (two-switch)
commutation cell (see Fig. 1a), a CSC commutation cell in-
volves three switches connected to a common switch-node and
three (AC-side) capacitors (see Fig. 1b). This paper provides
an overview of the implications on PCB layouts, commutation
sequences, and the main fault scenarios. For example, CSC
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PCB layouts with discrete switches tend to be more intricate
compared to half-bridge layouts for VSCs. Therefore, Sec-
tion II discusses first a baseline CSC commutation cell hard-
ware realization with available bottom-cooled MBDS samples,
which is used to experimentally verify Quasi-static (QS) elec-
tromagnetic (EM) Ansys-Q3D-simulation-based estimations of
the commutation loop inductances. Achievable improvements
of CSC commutation cell layouts employing MBDSs with
top-cooled packages can thus be quantified and compared
to reference layouts of VSC half-bridge commutation cells.
We then explore potential improvement vectors such as PCB
integration and chip-level integration of gate drive circuitry
and MBDSs in a common package, which could be considered
for next-generation MBDS-based CSC commutation cell units.
Similarly, whereas a VSC’s commutation logic is relatively
simple (interlock delay time between gate signals), CSCs
employing MBDS require special multi-step commutation se-
quences, which depend on current-direction or voltage-polarity
information; this is addressed in Section III. Finally, Section IV
discusses the most important fault scenarios for CSC and VSC
commutation cells, before the paper concludes with an outlook
on two hardware prototypes of CSC-based and VSC-based AC-
AC VSDs.

II. Commutation Cells
This section first discusses the structural differences between

the CSC and VSC commutation cells and briefly touches on
RRC gate drives for GaN gate-injection transistors (GITs).
Then, based on measurements and Q3D simulations, com-
mutation inductances, layout capacitances, and PCB area re-
quirements of CSC commutation cells with bottom-cooled and
top-cooled GaN MBDS samples are evaluated and compared
to well-known VSC half-bridge layouts. Finally, we explore
improvement vectors for future integrated CSC commutation
cells.

A. Structural Differences of VSC and CSC Commutation Cells
The fundamental difference between three-phase VSC and

CSC switching stages lies in the number of commutation cells
and the number of switches per commutation cell. As shown
in Fig. 1ab, a three-phase VSC consists of three commutation
cells with two transistors each (i.e., three half-bridges) that
thus form three switched voltage nodes. In contrast, the CSC
consists of only two commutation cells with three transistors
each, and thus two switched voltage nodes. The voltage at the
switched node of a VSC switches between a constant DC-
link voltage and zero (with respect to N), whereas the voltage
of a CSC’s switch node changes between the three phase
voltages (𝑣A, 𝑣B, 𝑣C) with respect to an artificial output voltage
star point. The CSC’s switches are blocking the line-to-line
AC voltages and thus must provide bipolar voltage blocking
capability.
As in a VSC, any commutation of a CSC directly involves

two transistors, and all three AC-side capacitors (in Fig. 1b,
only the current path over the capacitor mainly involved in
the current commutation is highlighted with the capacitors
connected in delta configuration, which ultimately enables
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Fig. 2. (a) Employed RRC gate drive, which is based on [11] and (b)
exemplary key waveforms [12]. The advanced RRC network ensures a fixed
negative gate voltage in the off-state and duty-cycle independent switching
behavior.

more compact commutation loops). Note that the commutation
loop capacitors and external filter capacitors could also be
arranged in star connection. In this case, a star point would
directly be available for advantageous EMI filter realizations
[10]. Note further that in grid-connected CSC stages, both,
the filter capacitors and the commutation capacitors must be
safety-certified (Class-X), as they are exposed to the grid
voltage.
In a VSC, each half-bridge can be equipped with its

own commutation capacitor, and hence all three commutation
loops can be made equal. The three switches connected to
a common switch node in the CSC, however, result in three
overlapping commutation loops (per CSC commutation cell),
and hence challenges in obtaining a symmetric layout (three
equal commutation loop inductances), see Section II-C below.
Furthermore, even though also in a CSC only two switches
are actively involved in a given commutation, the voltage
across the third switch connected to the common switch note
changes as well. First, the resulting charging currents incur
additional 𝐶oss switching losses in the hard-turned-on switch
[5], similar to three-level T-type brige-legs [13]. Second, it is
in general1 desirable to permanently tie the gate of the third
switch to a negative bias voltage, thereby mitigating the risk
for parasitic turn-on. For the considered GaN gate-injection
transistors (GITs), this can be achieved with an extended RRC
network as discussed in the following.

B. RRC Gate Drive for GaN Gate-Injection Transistors (GITs)

Standard MOSFETs have capacitive gates and thus draw
gate current only during turn-on and turn-off transients. In
contrast, GaN GITs (such as the available MBDS samples)
show a diode-like behavior between gate and source and
require a continuous gate input current of a few mA while in
the on-state [15]. Therefore, a standard gate drive IC must be
extended by a so-called RRC network2 see, e.g., [11], [15].
The essential idea is to employ a series capacitor 𝐶s that
transiently provides a low-impedance path to charge/discharge
the gate capacitance 𝐶gs, and a parallel high-impedance path
that supplies the small steady-state current required by the

1Note that certain FETs with a high-enough ratio 𝐶gs/𝐶gd may be virtually
immune against parasitic turn-on [14].

2Note that there are dedicated, integrated GaN GIT driver ICs; but typically
these can only provide a negative bias during a (half-bridge) commutation and
not continuously as is desirable in a CSC due to the third turned-off switch
across which the blocking voltage is forced to change during any commutation
between the other two switches.
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GIT in the on-state. To ensure a fixed negative gate bias
in the off-state, and to eliminate the duty-cycle dependent
transient behavior observed with standard RRC networks,
we employ the circuit shown in Fig. 2, which is closely
based on the approach proposed in [11]. During the turn-on
transition, the gate current is supplied via 𝑅on and 𝐶s and
since 𝑅on << 𝑅ss the gate voltage quickly rises with a time
constant of 𝜏 ≈ 𝑅on𝐶gs until the GIT’s gate diode clamps
at 𝑉Dgs. The voltage across the series capacitor increases to
𝑣Cs = 𝑉s,max = 𝑉p − 𝑉Dgs. During turn-off, the gate voltage
quickly reduces to −(𝑉n +𝑉F) (𝑉F is the forward-voltage drop
of the Schottky diodes employed in the gate drive network)
via 𝐶s and 𝑅off with a time constant of 𝜏 ≈ 𝑅off𝐶gs until D4
clamps the gate to the negative supply voltage. Furthermore,
D4 provides a fast discharge path for 𝐶s via 𝐷1 and 𝑅off , such
that 𝑣Cs quickly reaches (almost) zero. Note that without the
extension of the RRC network by the additional diode D4, the
voltage across the gate in the off-state would depend on 𝑣Cs,
which would slowly discharge via D1, D3 and 𝑅ss. Thus, the
gate voltage could ultimately increase to zero (i.e., the desired
negative gate bias would be lost), and the initial conditions for
the next turn-on would inherently depend on the duty cycle.

C. CSC Commutation Cell Layout
This section comparatively evaluates the commutation loop

inductances of CSC commutation cell layouts employing first-
generation 600 V, 140 mW GaN MBDSs [5], [16], which come
in DSO-20-85 (bottom-cooled) or DSO-20-87 (top-cooled)
packages.
Since a CSC commutation cell contains three switches and

thus three commutation loops (see Section II-A), it is challeng-
ing to achieve a symmetric layout having equal commutation
inductances between all three phases. Symmetric arrangements
would place the three switches in a star or delta configuration
[17]. However, at least considering the given discrete packages,
such arrangements result in high PCB area usage, e.g., because
of the necessity to separate the low-voltage side and the high-
voltage side of the gate driver circuitries.
Considering in a first step the 600 V, 140 mΩ bottom-cooled

GaN MBDS samples, a characterization PCB containing one

CSC commutation cell has been realized (see Fig. 3a) to verify
their switching performance [5] with the conceptual layout ar-
rangement shown in Fig. 4a (with the commutation capacitors
configured in a star arrangement). To evaluate the commutation
loop inductances 𝐿comm of other configurations, e.g., with top-
cooled devices, the quasi-static (QS) electromagnetic (EM)
simulation tool Ansys Q3D is used. Thus, first, the accuracy
of the simulation setup is verified against measurements using
the said prototype PCB. Since the internal structure of the
novel GaN MBDSs is not known (and therefore, cannot be
modeled in the simulation), the GaN devices were substituted
by a copper sheet during measurement and simulation (see
Fig. 3b). We compare the measured (with a Keysight 4294A
precision impedance analyzer) and simulated inductances of
the BC loop, considering the measurement terminals at the
edge of the PCB as marked in Fig. 3a. These points were
chosen for the verification of the simulation due to the
good repeatability of the setup in the simulation environment.
Fig. 3c demonstrates a precise matching between the measured
and simulated inductances. The resonance of the PCB that is
observed in the measurement is not modeled in Ansys Q3D
due to known difficulties of modeling high frequency effects
[18]. Further, the contribution of the DSO-20-85 package
to the total commutation loop inductance was evaluated by
measuring the PCB inductance between the same measurement
points (marked in Fig. 3a) while substituting the copper sheets
used in the earlier measurement with the (turned-on) switches.
Fig. 3d shows the comparison of the measured PCB inductance
with both the switches short-circuited by copper sheet, with
one switch present, and with both the switches present. The
contribution of the two DSO-20-85 packages is found to be
around 8 nH (i.e., about 4 nH per package).
With the simulation setup successfully verified, further

layout options for the CSC commutation cell can be evaluated.
Note that the main purpose of the simulation is a comparative
study between different layout options rather than the accurate
extraction of frequency dependent EM models of the PCB
layouts (this would require detailed internal models of the
switch packages). As the baseline option, the CSC commuta-
tion cell with MBDSs in bottom-cooled DSO-20-85 packages
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(see Fig. 4a and Fig. 5a) was considered; the commutation
capacitors are connected in delta arrangement (see Fig. 1b).
The thermal vias needed below the bottom-cooled DSO-20-85
package force a mostly lateral commutation loop and there-
fore relatively large commutation loop inductances result (see
Table I; the inductances are extracted for a broad frequency
range as, e.g., in Fig. 3c, but the table summarizes the values
at 100 MHz). Note that there are two small loops (AB and BC)
and one larger loop (AC), with a corresponding difference in
the simulated inductances (17 nH vs. 21 nH, not including the
packages3).
A clear improvement in terms of lower commutation loop

inductance, lower thermal resistance4, reduced PCB area usage
(e.g., because of the possibility to place the commutation
capacitors below the switches instead of next to them) can
be achieved with MBDSs in a top-cooled (but otherwise
identical) DSO-20-87 package. The conceptual arrangement
of Fig. 4b shows a first layout option that aims at mini-
mizing the overlap of the switch node and the phase layers
(see Fig. 5b), i.e., minimizes the parasitic capacitance 𝐶par
of the PCB, which contributes to the hard-switching losses
(in parallel to the switches’ output capacitances 𝐶oss). The
resulting commutation loop is thus still partly lateral but much
smaller, which is reflected by the simulation results from
Table I (the simulated inductances of the small and of the large
commutation loop reduce to 7.2 nH and 11 nH, respectively,
not including the packages; without a significant increase of
the parasitic capacitance, 𝐶par). The parasitic capacitance 𝐶par
is obtained as the sum of the three capacitances between each
phase and the switch node, which can be obtained with the

3In the simulation, the switch is replaced with a copper sheet; the measured
additional inductance contribution of the DSO-20-85 package has been
measured at about 8 nH for two packages, see above, and we assume the
same contribution for the top-cooled DSO-20-87 package.

4For the bottom-cooled package, the heat extraction through thermal vias in
the PCB adds an extra contribution of 𝑅th,PCB ≈ 2.8 K/W which accordingly
increases the total thermal resistance from junction to heatsink.

Q3D CG solver (without placing the commutation capacitors
on the simulated PCB).
The commutation inductance can be further reduced by

accepting a larger overlap between switch node and phase
layers (i.e., a higher parasitic capacitance 𝐶par). The second
layout option shown in Fig. 5c moves the switch node beneath
the transistors, but still assigns all (inner) PCB layers to
the switch node, i.e., there is no full overlap of switch-
node and phase planes. This results in slight reduction of
the commutation inductances to 6.9 nH and 9.5 nH, but in
an increased parasitic capacitance of 33 pF. Finally, the third
layout option of Fig. 5d fully overlaps the switch node plane
with the phase planes, resulting in a fully vertical commutation
loop and thus minimal and especially almost fully symmetric
commutation inductances of 6.4 nH and 6.9 nH. However,
the parasitic capacitance further increases to 68 pF due to
significantly higher overlap of phase and switch-node planes.
All in all, the layout option from Fig. 5b seems to provide
the most favorable trade-off between commutation inductances
(20 % to 50 % higher than that of an optimized half-bridge
layout, see below) and parasitic capacitance.

D. VSC Commutation Cell Layout
Since the VSC commutation cell has only two switches

(considering the top-cooled DSO-20-87 package), the com-
mutation cell layout can be quite compact with a completely
vertical commutation loop (see Fig. 6). Thus, a low commuta-
tion inductance of 4.6 nH is found (see Table I). Note further
that the overlap of switch-node and the DC planes can be kept
relatively small, i.e., 𝐶par (7.8 pF) remains low even for a fully
vertical commutation loop (see Table I). These results confirm
that currently available packages are optimized for VSC half-
bridge layouts and possibly a higher degree of integration
would be required to achieve further improvements of CSC
commutation cells.

5All values are extracted from Ansys Q3D simulations for a broad frequency
range; the table lists the represntative values at 100 MHz
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TABLE I
Commutation inductances without (𝐿PCB) and with (𝐿comm) the

measured contribution of the packages (+8 nH for two switches), and
parasitic switch-node capacitances of the considered layouts5.

BC: bottom-cooled packages, TC: top-cooled packages.

𝐿PCB 𝐿comm Rel. 𝐶par
(nH) (nH) (-) (pF)

CSC BC Fig. 5a BC 17.0 25.0 1.99 18AC 21.1 29.1 2.32

CSC TC

Fig. 5b BC 7.2 15.2 1.21 22AC 11.0 19.0 1.52

Fig. 5c BC 6.9 14.9 1.19 33AC 9.5 17.5 1.40

Fig. 5d BC 6.4 14.4 1.15 68AC 6.9 14.9 1.19
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Fig. 6. (a) Conceptual illustration of a VSC half-bridge commutation cell and
(b) Q3D layout used for the simulations.

E. Improvement Vectors

The dual-gate GaN MBDS devices are four terminal
common-drain devices with two source and two gate terminals
(see Fig. 1c). This implies the need for two separate isolated
gate driver ICs (or one dual-channel driver IC) and two isolated
gate-drive power supplies per MBDS, which contributes sig-
nificantly to the total required PCB area6 of the commutation
cell. Therefore, as suggested for example in [19], pre-packaged
switches, gate drive ICs (and other components, e.g., gate drive
power supply transformers [20] and commutation capacitors)
could be embedded in PCBs, which are then joined by means

6Considering a CSC commutation cell layout as in Fig. 4b, the gate-drive
circuits including the RRC networks and the isolated power supplies occupy
almost the same area (7.5 cm2) as the switches (8.6 cm2).

of sintering techniques. Such 3D-stacking approaches enable
more compact realizations, especially because the additional
space on the bare top surface of the PCB can be utilized
for additional components (see Fig. 4c). However, whereas
corresponding manufacturing processes do exist [19], they
involve several additional and non-standard steps compared to
conventional PCB production lines. Furthermore, circuit de-
bugging may become challenging due to limited accessibility
of the embedded components.
Alternatively, (chip-level, monolithic) integration of gate-

driver, switches, and even sensing elements and protection
functionality, which has been demonstrated for GaN transistors
and half-bridge power ICs [21]–[23], could be considered
(see Fig. 4d). Even if the isolated gate drive power supply
might not be included on-chip or in the package, it could
reside on a second, stacked PCB, and facilitate more flexible
layouts of the power stage, e.g., aiming for a symmetric
commutation cell layout (e.g., star or delta arrangements of the
commutation cell’s three switches as suggested in [17] for SiC
power modules) without sacrificing extra PCB area. Such far-
reaching integration concepts, i.e., intelligent power module
(IPM) approaches for CSC commutation cells, could enable
significantly more compact, and possibly fully symmetric,
CSC commutation cells in the future.

III. Commutation Sequences
The structural differences of VSC and CSC commutation

cells also necessitate different commutation sequences to en-
sure safe operation. These are briefly outlined in the following.
To prevent a short-circuit of the DC-link during the com-

mutation of a VSC bridge-leg, it is necessary to insert an
interlock delay time 𝑡IL between the turn-off and turn-on gate
signals as shown in Fig. 7. Note that the sequence of the
applied gate signals is fixed and independent of the switched
current direction. As a result, the applied voltage at the switch
node during the interlock delay time depends on the current
direction (and, to a lesser extent, on the current magnitude),
i.e., voltage time area errors Δ𝑣 · 𝑡 occur. These distortions
may eventually degrade the THD of the output current, which
can, however, be mitigated by accounting for 𝑡IL in the duty
cycle calculation based on the feed-forward (and/or measured)
current direction, i.e., by compensating 𝑡IL [24].
In contrast, during the commutation of the DC-link current

between any two of the three phases of a CSC commutation
cell, two conditions must be fulfilled at all times:
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Fig. 8. Current-direction-based four-step commutation sequence of a CSC
commutation cell for a current commutation from A → B. (a) Overview
schematic and inner equivalent circuit of the MBDS (common-drain connec-
tion of two transistors). The time of the actual current commutation depends on
the polarity of the involved line-to-line voltage, i.e., (b) 𝑣ab > 0 (hard-switched
transition) or (c) 𝑣ab < 0 (soft-switched transition). The time intervals 𝑡IL
(interlock delay time as in a VSC) prevent a short-circuit of the AC-side
commutation capacitors, and the time interval 𝑡OL (overlap time) is needed
to ensure the continuous availability of a path for the DC-link current. The
commutation sequence results in current-time area errors Δ𝑖 · 𝑡 that depend
on the voltage polarity.

• At least one device in the commutation loop must be
capable of blocking the involved line-to-line voltage to
prevent a short circuit of the AC-side capacitors (see
Fig. 8a); note that in contrast to a VSC, the commutation
voltage can have either polarity.

• There must always be a conduction path for the DC-link
current 𝐼dc.

This is possible with either voltage-polarity-dependent (con-
sidering the line-to-line voltage involved in the commuta-
tion) or current-direction-dependent multi-step commutation
sequences, which have been previously described in literature
[4], [25].7 Since CSCs typically operate with a fixed current
direction (but inherently with bipolar commutation voltages), it
may be advantageous to consider current-direction-dependent
commutation sequences, as it is then in principle possible
to always employ the same commutation sequence.8 Thus,
Fig. 8bc show the current-direction-dependent four-step com-
mutation sequence for a fixed direction of the current 𝐼dc, and
the resulting behavior for the two polarities of the voltage 𝑣AB,
respectively. The four-step commutation sequence modifies the
four gate signals of the two involved dual-gate MBDSs with
two types of delays: an interlock delay time 𝑡IL, which, as in
a VSC half-bridge, is responsible for avoiding a short-circuit
of the AC-side capacitors, and an overlap delay time 𝑡OL that
ensures the continuous availability of a current flow path for
𝐼dc. As a consequence of the required commutation sequences,
differences in the applied current time areas at the phase termi-
nals appear, which depend on the polarity of the switched line-
to-line voltage. Considering Fig. 8bc, there is a constant part
(the first 𝑡IL delay that is present independent of the voltage
polarity), which can easily be accounted for in the duty cycle
generation. The remaining distortion then originates from the
overlap delay time, but could be compensated based on the
feed-forward (and/or measured) voltage polarity information,
i.e., similar as in a VSC.
As the described four-step commutation sequence is valid

only for a given DC-link current direction, a restriction on the
allowed DC-link current ripple and/or the minimum average
DC-link current arises, i.e., these values must be selected such
that a (even temporary) change of the current direction is not
possible (otherwise one of the two above-mentioned conditions
would be violated, with potentially fatal consequences for
the semiconductors). This is specifically relevant at low-load
conditions where it is advantageous to reduce the DC-link
current for efficiency reasons. There are basically three options
to meet this challenge: (1) Limit 𝐼dc to a minimum value that
is sufficiently higher than the worst-case current ripple ampli-
tude, which, however reduces the low-load efficiency of the
system; (2) employ voltage-polarity-dependent commutation
sequences [4], [25] for low-load operation; or (3) operate the

7Note that direct matrix converters essentially consist of three CSC com-
mutation cells, and hence the same conditions apply for their commutation
sequences. Therefore, various options for such multi-step commutation se-
quences have been proposed since the 1980s, and are summarized in [25].

8Note, however, that the two commutation cells in a three-phase inverter or
rectifier see different current directions, i.e., must employ different commuta-
tion sequences.
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CSC in the discontinuous conduction mode (DCM) (one of
the gates of MBDS is turned-off, making the switch operate
in an anti-series connection of switch and diode ensuring only
unidirectional flow of current), either with adapted space-
vector modulation schemes [26], [27] or based on charge
control, which inherently allows a seamless transition into
DCM [28].

IV. Fault Scenarios
Finally, the most important fault scenarios for CSC and VSC

commutation cells will be discussed.

A. Short-Circuit Faults
In a VSC, bridge-leg short circuits (see Fig. 9a) can occur

due to, e.g., parasitic turn-on, insufficient interlock delay 𝑡IL
or device failures, whereby the DC-link capacitor feeds energy
into the fault. Earlier, the bipolar voltage blocking capability
required by switches in CSCs was typically realized by a
series connection of a transistor and a diode. In such a
configuration, the likelihood of failures is much lower, as any
possible short-circuit path, regardless of the voltage polarity,
always comprises a robust diode. However, when modern
MBDSs are employed, identical short-circuit events as dis-
cussed above for VSCs can occur, see Fig. 9b, with the AC-side
commutation/filter capacitors serving as the energy reservoir.
Thus, the same protection concepts should be implemented
in CSC and VSC commutation cells. Recently, approaches
to overcurrent protection of GaN transistors based on the
desaturation detection concept [29] or relying on sensing of the
gate-source voltage [30] have been analyzed, amongst others.
In contrast, low-impedance faults at the AC-side terminals

affect VSCs and CSCs differently. In a VSC, the fault current
path involves two transistors (see Fig. 9c), i.e., if the fault
impedance is small, similar conditions as during a bridge-leg
short circuit arise. In case of a CSC, a fault at the terminals can
only lead to a high current in the AC-side commutation and
filter capacitors (see Fig. 9d); the transistors are not part of the
fault current path and the switching stage would be capable

of feeding the fault with a limited current once the energy
stored in the capacitors has been dissipated into the fault (note
that this cannot be prevented, as no switching element is in
that path). Thus, to be robust against this type of faults, a
VSC needs fast-acting overcurrent protection of the transistors,
whereas the CSC does not.

B. Open-Circuit Faults
A typical, simple trip reaction to the detection of any fault

in a converter is to turn-off all switching devices. In a VSC,
the current impressed by the AC-side inductors then always
finds a path through either of the two diodes in a bridge-leg.
However, due to the bipolar voltage/current blocking capability
of the switches employed in CSC commutation cells, situations
where there is no path for the impressed DC-link current
may arise, e.g., if all transistors are turned-off instantly, or in
case of a wrongly selected current-direction-dependent multi-
step commutation sequence. The impressed DC-link current
would then quickly charge the small output capacitances of
the switches, leading to destructive overvoltages.9 Therefore,
CSCs (and also matrix converters that face the same chal-
lenge) are often equipped with overvoltage protection circuits,
such as described, e.g., in [31]–[33], which essentially divert
the energy stored in the DC-link inductor into a capacitive
buffer equipped with a dissipation element, thus clamping the
overvoltage and protecting the switches.

V. Conclusion

Available samples of first-generation 600 V, 140 mW GaN
monolithic bidirectional switches (MBDSs) pave the way for
competitive current-source converter (CSC) realizations. In
this paper, we provide an overview of the conceptual differ-
ences, i.e., regarding the circuit structure, commutation se-
quences, and fault scenarios, between CSC commutation cells
(employing the dual-gate GaN MBDSs) and well-known half-
bridge commutation cells used in voltage-source converters
(VSCs) (employing GaN transistors as well). Using Ansys
Q3D simulations (experimentally verified for one example),
we evaluate various layout options for CSC commutation cells
with GaN MBDSs in both, bottom-cooled and top-cooled
packages. In general, about 20 % to 50 % higher commutation
loop inductances (compared to half-bridge VSC layouts) and
asymmetries among the three commutation loops are difficult
to avoid, unless a relatively large additional parasitic switch-
node capacitance would be accepted. The analyzed VSC
and CSC (variant shown in Fig. 4b) commutation cells are
being implemented in full hardware demonstrators of all-GaN
1.4 kW, 200 V (line-to-line rms) AC-AC variable-speed drives.
Design details can be found in [10] and Fig. 10 shows the
3D CAD renderings and volume breakdowns of the converter
prototypes. All in all, even though suitable layouts for CSC
commutation cells based on available GaN MBDS samples
have been identified, we believe that CSCs could strongly
benefit from further integration, e.g., of MBDSs, gate drives,

9Note that this implies that the trip reaction of a CSC must ideally follow
a sequence of steps to bring the converter into a safe state.
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Fig. 10. 3D CAD renderings of all-GaN 1.4 kW, 200 V (line-to-line rms) AC-
AC VSD prototypes with 97 % target efficiency at nominal load, using (a) VSC
(power density 𝜌 ≈ 1.7 kW/dm3) and (b) CSC (𝜌 ≈ 1.8 kW/dm3) topologies,
the latter employing 600 V, 140 mW GaN MBDSs. (c) Volume breakdowns.
Both systems feature full EMI filters towards the grid and towards the motor;
design details are given in [10].

possibly sensing circuitry, etc. into the switch packages or
even monolithically on-chip. Such efforts could ultimately aim
for an intelligent power module (IPM) for high-performance,
highly compact CSCs.
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