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Three-Phase Two-Third-PWM Buck-Boost 
Current Source Inverter System Employing

Dual-Gate Monolithic Bidirectional GaN e-FETs
Mattia Guacci, Daifei Zhang, Mina Tatic, Dominik Bortis, Johann W. Kolar, Yusuke Kinoshita, and Hidetoshi Ishida

Abstract—Latest dual-gate (2G) monolithic bidirectional (MB) 
gallium nitride (GaN) enhancement-mode field effect transistors 
(e-FETs) enable a performance breakthrough of current DC-link 
inverters, e.g., in terms of power conversion efficiency, power 
density, cost and complexity. In fact, a single 2G MB GaN e-FET 
can replace the two anti-series connected conventional power 
semiconductors required in this inverter topology, realizing a 
four-quadrant (AC) switch with bidirectional voltage blocking 
capability and allowing controlled bidirectional current flow. 
Furthermore, as shown in this paper in case of three-phase (3-Φ) 
buck-boost (bB) current source inverter (CSI) systems comprising 
a DC-link current impressing buck-type DC/DC input stage and 
a subsequent boost-type 3-Φ current DC-link inverter output 
stage, a variable DC-link current control strategy, based on a 
Synergetic Control concept, can be applied to significantly reduce 
the switching losses occurring in the 3-Φ inverter. This strategy is 
denominated two-third pulse-width modulation (2/3-PWM), since 
by properly shaping the DC-link current with the input stage, 
the desired 3-Φ sinusoidal load phase currents can be generated 
by switching, in each switching period, only two out of the three 
phases of the output stage. Based on comprehensive circuit 
simulations and analytical calculations, a detailed explanation 
of the developed modulation and control schemes in different 
operating conditions is provided, and the reduction of losses 
enabled by 2/3-PWM is confirmed. Next, the seamless transition of 
the 3-Φ bB CSI system from 2/3-PWM to conventional 3/3-PWM 
is demonstrated. Finally, a 3.3 kW 3-Φ bB CSI system, applying 
2/3-PWM and employing research samples of 2G MB GaN e-FETs 
in the 3-Φ inverter, is estimated to achieve an efficiency of 98.4% 
and a power density of 18 kW/dm3(295 W/in3) at a switching 
frequency of 140 kHz. 

Index Terms—Dual-gate (2G) monolithic bidirectional (MB) 
gallium nitride enhancement-mode field-effect transistors 
(e-FETS), three-phase buck-boost current source inverter system, 
variable DC-link current control.   
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I. IntroductIon

THE three-phase (3-Φ) voltage DC-link inverter is the 
industry preferred solution to perform compact and 

efficient DC/AC energy conversion in variable speed drives 
(VSDs) and/or grid connected power electronic applications. 
To comply with the electromagnetic (EM) regulations and, in 
case of VSDs, to avoid excessive losses in the electric machine, 
insulation stress and bearing wear-out [1], filter circuits 
are connected at the output of voltage DC-link inverters to 
generate continuous output voltage waveforms [2]–[4]. To 
limit the size and/or cost of the output filter, but also to increase 
the control bandwidth of the system, high frequency, e.g., 
100 kHz, VSDs are employed. In this context, wide band-gap 
(WBG) semiconductors, i.e., gallium nitride (GaN) and silicon 
carbide (SiC), become key technologies to preserve a high 
power conversion efficiency, even outperforming conventional 
silicon (Si) based solutions [5]. Additionally, when the supplying 
DC input voltage varies in a wide range, e.g., when it is 
provided by the traction battery of an electric vehicle (EV) [6] 
or by a string of photovoltaic (PV) panels [7], voltage DC-
link inverters are preceded by a boost-type DC/DC converter 
input stage [8], which regulates the DC input voltage of the 3-Φ 
inverter. Hence, the so obtained two-stage converter (including 
the output filter), i.e., a 3-Φ boost-buck (Bb) voltage source 
inverter (VSI) system, can operate in a wide DC input voltage 
range and generate continuous output voltage waveforms, thus 
fulfilling the requirements of modern DC/AC power converters 
[1], [8].

The functionality of a 3-Φ Bb VSI system can alternatively 
be achieved with the quasi-dual approach, i.e., the 3-Φ buck-
boost (bB) current source inverter (CSI) system [9]–[11] 
shown in Fig. 1. It comprises a DC-link current impressing 
buck-type DC/DC input stage (gray) and a subsequent boost-
type 3-Φ current DC-link inverter output stage (black) 
[12]. Advantageously, the DC-link inductor Ldc forms, in 
combination with the output capacitors Co, an integrated 
output filter; i.e., the 3-Φ bB CSI system naturally generates 
continuous output voltage waveforms.

Nevertheless, this quasi-dual solution is rarely adopted, 
mainly because of the higher count of power devices. In fact, 
a 3-Φ voltage DC-link inverter only requires six power 
semiconductors with unidirectional voltage blocking 
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capability allowing controlled bidirectional current flow, such 
as MOSFETs or IGBTs (with external anti-parallel diodes), 
which are the most widely used power devices. Consequently, 
VSI systems are often preferred and, especially when WBG 
power semiconductors are considered, high power conversion 
efficiencies and extreme power densities can be achieved at 
any power level [8], [13].

In contrast, a 3-Φ current DC-link inverter requires six 
power semiconductors with bidirectional voltage blocking 
capability, such as, e.g., symmetric GTOs. However, when 
design constraints demand switching frequencies in the 
10~100 kHz range, these switches are preferably realized 
by anti-series connecting two discrete components, e.g., two 
power transistors (with external anti-parallel diodes) [14]. 
This ultimately causes an increase of chip area, cost, driving 
complexity and conduction losses, which disfavor CSI systems 
in comparison with VSI systems. However, the unprecedented 
performance of WBG devices, enabling a significant reduction 
of switching and conduction losses compared to Si MOSFETs 
at a given operating point, stimulate further research on current 
DC-link converters featuring GaN [15] or SiC [16] power 
semiconductors. Additionally, recent development in the 
power semiconductor industry culminated in the realization 
of monolithic bidirectional (MB) [17] GaN enhancement-
mode field-effect transistor (e-FET) research prototypes [18]–
[21] which feature bidirectional voltage blocking capability 
and allow a controlled current flow in both directions, i.e., 

excellently fit the requirements of current DC-link inverters. In 
particular, ±600 V 26 mΩ research samples of a dual-gate (2G) 
MB GaN e-FET [22] are available from a major manufacturer 
of power semiconductors. Preliminary tests on these devices 
are performed in [23], however, their potential in a 3-Φ bB CSI 
system still remains unclear. 

Beside these new components, other intrinsic charac-
teristics [15] of 3-Φ bB CSI systems motivate the research on 
this circuit topology. In fact, while voltage DC-link inverters 
switch a constant voltage and a variable current, the opposite 
is true for current DC-link inverters. Since the switching losses 
are typically stronger influenced by the switched voltage than 
by the switched current [24], lower switching losses might 
occur in the current DC-link approach for the same processed 
power [25], eventually resulting in overall higher efficiencies 
[26]. Moreover, although capacitors (voltage DC-links) have 
a higher energy storage density than inductors (current DC-
links), a lower boundary for their volume is given by their 
current rating [27]. Differently, higher switching frequencies, 
i.e., WBG semiconductors, always enable the downsizing of 
magnetic components. Additionally, different costs, operating 
temperature ranges, critical environmental conditions, failure 
modes and failure rates are associated to capacitors and 
inductors. Hence, current DC-link inverters potentially 
show advantages over voltage DC-link inverters in certain 
applications. 

In this paper, the operating principle of the 3-Φ bB CSI 
system is introduced in Section II. Ideal waveforms of the 3-Φ 
inverter support the explanation of a variable DC-link current 
control strategy denominated two-third pulse-width modulation 
(2/3-PWM) [28]–[31]. Although the basic principle of 2/3-
PWM is originally presented in [29], [30], this is as well briefly 
summarized in Section III to provide a common basis for the 
subsequent analysis, which focuses on its range of applicability, 
resulting stress on the circuit components, e.g., switching 
losses, and operation supported by comprehensive simulation 
results (also in case of non-unity load power factor and load 
steps). In particular, analytic calculations, performed in Section 
IV, highlight the performance improvement of the 3-Φ inverter 
enabled by this concept. The developed Synergetic Control 
scheme, employed for the 3-Φ bB CSI system, is described 
in Section V and circuit simulations prove its functioning 
in different operating conditions. The considered 2G MB 
GaN e-FET research prototypes are presented in Section VI 
and compared to state-of-the-art power semiconductors. A 
prediction of the efficiency and power density achievable by 
the 3-Φ bB CSI system precedes Section VII, which concludes 
the paper. Finally, an experimental hardware, designed to 
evaluate the switching performance of the 2G MB GaN e-FETs, 
is described and measured switching waveforms are discussed 
in the Appendix.

II. power converter operAtIon

As first step of a comprehensive analysis of the 3-Φ bB 
CSI system shown in Fig. 1, its operating range and operating 
principle are described in this section.
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Fig. 1.  Schematic of the three-phase (3-Φ) buck-boost (bB) current source 
inverter (CSI) system analyzed in this paper. The boost-type 3-Φ current 
DC-link inverter output stage (black) is formed by six 2G MB GaN e-FETs 
and connected to an electric machine, as in a variable speed drive (VSD) 
application. The buck-type DC/DC converter input stage (gray), connected to a 
supplying DC input voltage source, introduces the bB functionality and allows 
to control and shape the DC-link current idc.

tABle I
NomiNal SpecificatioNS of the 3-Φ bB csI system shown In fIg. 1

Description Value

Supplying DC input voltage 400 V
Peak sinusoidal load phase current 11 A
Peak sinusoidal output voltage 196 V
Output frequency 50 Hz

Vdc
îout
v̂out
fout

Pout Output power 3.3 kW
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A. Operating Range 

The direction of power flow in the 3-Φ bB CSI system 
shown in Fig. 1 is defined by the sign of the DC-link current 
idc. In fact, since the output voltage of the buck converter vqn 

is unipolar, i.e., it is limited between 0 V and the supplying 
DC input voltage Vdc > 0 V, the average in a switching period 
of the input voltage of the 3-Φ inverter pn must be positive 
to guarantee the controllability of idc, i.e., the stability of the 
system. However, still both directions of power flow are 
possible in the 3-Φ inverter, as only the sign of idc (and not the 
one of pn, as for a conventional system [32]) must be inverted 
for feeding power back to the supplying DC input voltage 
source. 

Nevertheless, when pn approaches 0 V, i.e., when the 
peak value out of the sinusoidal output voltages or the load 
power factor cos φ of the supplied load are reduced [32], the 
controllability of idc, as well as the possibility to invert it, are 
limited. For this reason, the selected 3-Φ bB CSI system is 
particularly suited for VSDs supplying synchronous machines 
operated with high power factors or passive loads, e.g., 
pumps and fans [33], and, in the case of grid connected power 
electronic applications, for power factor correction (PFC) 
rectifiers and inverters, e.g., future bidirectional EV battery 
chargers, and PV inverters, i.e., for systems typically operating 
with cos φ ≈ ± 1. 

Irrespectively of this limitation, the DC/DC buck-type 
input stage based 3-Φ bB CSI system (see Fig. 1) is preferred 
to the back-to-back AC/AC system comprising two DC-side 
connected 3-Φ inverters [32] to better suite the requirements 
of voltage DC-link systems and distributed voltage DC-link 
architectures, becoming more and more prominent in VSDs 
[34]. 

B. Input-Output Voltage Gain 

The two main control variables of the 3-Φ bB CSI system 
are the duty-cycle of the buck converter 

v v
                           (1)

where qn indicates the average in a switching period of vqn, and 
the modulation index of the 3-Φ inverter

v

v
                  (2)

if constant idc = Idc and cos φ = +1 are assumed. In (2), out and 
out,ll correspond to the peak values of the sinusoidal load phase 

currents iout and sinusoidal line-to-line output voltages vout,ll 

generated by the 3-Φ inverter, respectively. Combining (1) 
and (2), the voltage gain gv of the 3-Φ bB CSI system can be 
calculated as

v
                  (3)

Since 0 ≤ Tdc,h ≤ 1 and 0 ≤ mdc/ac ≤ 1, gv can assume any 
positive value, i.e., the bB capability of the system is confirmed. 

Although different combinations of Tdc,h and mdc/ac result 
in the same gv, Tdc,h =1 eliminates the switching losses in the 
buck converter (since Tdc,h is permanently on), while mdc/ac = 1 
minimizes the losses of the overall system for a given operating 
point [35]. Accordingly, these are the preferred values of Tdc,h 
and mdc/ac for a given gv; hence, two operating modes, namely 
the buck-mode (0 ≤ Tdc,h < 1, mdc/ac =1) and the boost-mode 
( Tdc,h = 1, 0 ≤ mdc/ac < 1), can be defined [28]. From (3), the 
boundary between the buck-mode and the boost-mode can be 
calculated as

v                                  (4)

In particular, for Vdc > 3 /2 out,ll, the system is operated 
in the buck-mode, whereas, when Vdc < 3 /2 out,ll, the buck 
converter can no longer control idc; consequently, the boost-
mode is entered.

C. Simplified Operating Principle 

The 3-Φ bB CSI system shown in Fig. 1 is simplified to 
the circuit shown in Fig. 2 (cf., Fig. 13 in [32]) to explain its 
operation in the buck-mode and with power flowing from 
the supplying DC input voltage source to the supplied AC 
output load. For this purpose, the buck converter and Ldc are 
replaced by a current source idc > 0, whereas the 3-Φ inverter 
is represented by two three-position switches Th and Tl. The 
two output terminals tapped by Th and Tl define one state of 
the 3-Φ inverter out of overall 32 = 9 possibilities; e.g., in Fig. 
2, a transition from state [ab] to [ac] is illustrated. The three 
shoot-through states [aa], [bb] and [cc] are denominated zero 
states in contrast to the remaining six states denominated 
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Fig. 2.  Simplified representation of the 3-Φ bB CSI system shown Fig. 1. The 
two three-position switches Th and Tl, modulating the DC-link current idc > 0 by 
alternately connecting the output terminals a, b and c to the DC-link terminals 
p and n, model the operation of the 3-Φ inverter.
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active states. In the zero states, the 3-Φ inverter short circuits 
the DC-link terminals p and n whereas, in the active states, it 
connects the load between them. Consequently, depending on 
the selected state, vpn varies between 0 V (zero states) and the 
six vout,ll values, i.e., ±vab, ±vbc and ±vca (active states), while 
the switching stage output currents ia,sw, ib,sw and ic,sw can either 
assume the value of 0 A (zero states) or of ± idc (active states). 
Hence, by appropriately switching Th and Tl, and output 
filtering (through Co), idc can be modulated and transformed 
into the sinusoidal load phase currents ia, ib and ic.

III. modulAtIon schemes

Two different modulation schemes, namely conventional 
pulse-width modulation (3/3-PWM) and two-third pulse-width 
modulation (2/3-PWM) [28]–[31] can be applied to the 3-Φ bB 
CSI system when operated in the buck-mode. Both approaches 
are described in this section with the support of idealized 
waveforms of the 3-Φ inverter, relative to its nominal operating 
point (see Table I). 

A. Conventional Pulse-Width Modulation (3/3-PWM) 

In the buck-mode (see Section II-C), the buck converter 
controls idc, while the 3-Φ inverter is responsible for generating 
ia, ib and ic. In case 3/3-PWM is applied, idc is controlled to a 

constant value Idc. The most significant waveforms of the 3-Φ 
inverter in these conditions are summarized in Figs. 3(a), 4(a) 
and 5(a), where the encircled numbers define the six symmetric 
π/3-wide sectors of an AC output period. In each interval of 
Fig. 3(a), three of the six 2G MB GaN e-FETs forming the 
3-Φ inverter are operated with PWM, i.e., are switched with 
switching frequency fsw. For example in sector ①,characterized 
by ia > |ib| and ia > |ic|, Ta,h is permanently on, while Tb,h and Tc,h 

are permanently off, and all three low-side switches Ti,l are 
alternately switched within a switching period. In other words, 
the states [aa], [ab] and [ac] are alternately applied since, as 
visible in the space vector diagram of Fig. 6(a), these are (in 
this sector) the closest neighbors of the vector of the reference 
sinusoidal load phase currenti , having | | = mdc/ac Idc = out. 
Hence,  can be expressed as 

              (5)

where δ[xy] indicates the duty-cycle of the state [xy]. Intuitively, 
all other δ[xy] = 0. 

In Fig. 3, the gate control signal sTi,j of each 2G MB GaN 
e-FET Ti,j and its average within one switching period Ti,j 

are additionally shown. The conversion from δ[xy] to Ti,j is 
immediately deduced from Fig. 2 and can be expressed as
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l           (6)

Furthermore, from Fig. 6(a), the duty-cycles of the active 
states δ[ab] and δ[ac] can be derived from the projections of 
according to

θ
θ

θ

(7)

where θ indicates the instantaneous phase angle of . The 
remaining fraction of the switching period is accounted for 
the zero state, whose duty-cycle δ[aa] is calculated as
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applied and (b) 2/3-PWM is applied. The waveforms are given for the operating point specified in Table I. The red lines correspond to the average input voltage of 
the 3-Φ inverter pn in a switching period. Further details are shown in Figs. 3 and 5.
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θ
θ

               (8)

It should be noticed in (8), that even if | | = Idc as given 
for the buck-mode and applying 3/3-PWM, δ[aa] > 0 results 
(except for the point in time in the middle of ① , i.e., for θ 
= 0, where δ[aa] = 0). Hence, a free-wheeling interval, i.e., an 
interval during which Idc bypasses the load flowing through 
Ta,h and Ta,l, is present during every switching period forming 
① .Since (7) and (8) can be extended to the other five 
sectors (from ② to ⑥ ) based on symmetry considerations, 
it can be concluded that zero states are always necessary 
when 3/3-PWM is applied, i.e., the zero state and the two 
active states are occurring in each switching period. 
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B. Two-Third Pulse-Width Modulation (2/3-PWM) [28]–[30] 

According to Section III-A, a zero state free modulation 
should be preferred to maximize the efficiency of the 3-Φ 
bB CSI system. In fact, the transitions into (and out of) the 
zero states cause additional switching losses and, during the 
zero states, conduction losses occur even though no power is 
transferred to the load. Additionally, zero states are responsible 
for generating the highest common-mode voltage [36]. 

Hence, rewriting (8) for δ[aa] = 0, 

θ θ              (9)

is obtained. For symmetry, (9) can be generalized to

                     (10)

which is valid for the entire AC output period, neglecting the 
currents flowing in Co. In other words, if the buck converter 
controls and shapes idc to be equal to the instantaneous largest 
load phase current absolute value, e.g., to ia during ① , the free-
wheeling interval is avoided (since, e.g., again during ①, idc − 
ia = 0). Adjusting idc described translates, in the space vector 
plane shown in Fig. 6(b), into a continuous scaling of the 
dimensions of the hexagon over time such that its perimeter 
matches the trajectory defined by , resulting in δ[ac] + δ[ab] = 1, 
i.e., δ[aa] = 0. Following this approach, only the two active states 
[ab] and [ac] (instead of all three states) must be applied within 
one switching period; consequently, Ta,l is permanently off and 
only two (Tb,l and Tc,l) instead of three 2G MB GaN e-FETs are 
alternately switched, as illustrated in Fig. 3(b). Accordingly, 
this concept is named two-third pulse-width modulation (2/3-
PWM) and, as already speculated and further discussed in 
Section IV-B, it enables a significant reduction of switching 
losses.

As a consequence of (10), pn in Fig. 4(b) is not constant as 
in Fig. 4(a) but still guarantees a constant power pn idc at the 
input of the 3-Φ inverter. Moreover, since the zero states are 
avoided, vpn never assumes the value of 0 V.

In Fig. 5 the voltage van across Ta,l is indicated for complete-

ness. During ① in Fig. 5(b), generated applying 2/3-PWM, van 
varies between vab and −vca, while in Fig. 5(a), where 3/3-PWM 
is considered, it also reaches 0 V. The same reasoning can be 
extended to ⑤ , where the three states of interest are [ca], [cb] and 
[cc] (see Fig. 6), yielding to van not assuming the value of − vca 
in Fig. 5(b). Repeating the calculations described in Section 
II-B with idc = out cos θ, the range of applicability of 2/3-PWM 
can be determined as

v
θ

θll           (11)

Since 3 /2 < cos θ ≤ 1, (11) indicates that 2/3-PWM can be 
considered only if Vdc > out,ll, i.e., in a subset of the buck-mode 
operating region. However, when 3 /2 out,ll  < Vdc < out,ll, i.e., 
in the rest of the buck-mode region, 2/3-PWM and 3/3-PWM 
can be alternated depending on θ, as discussed more in detail 
in Section V-B. In practice, the range of applicability of 2/3-
PWM should be defined in the design phase of the 3-Φ bB CSI 
system, opportunely selecting Vdc as function of out.

Iv. AnAlysIs of the two-thIrd pules-wIdth modulAtIon

Following the basic analysis of 2/3-PWM provided in Section 
III-B, the enabled reduction of conduction and switching losses 
in the 3-Φ inverter are calculated in the following. 

A. Reduction of Conduction Losses 

Since idc continuously flows through Ldc and two MB GaN 
e-FETs, the conduction losses occurring in the 3-Φ inverter 
are proportional to the square of the root-mean-square (RMS) 
value of idc. Considering idc given by (10),

θ θ        (12)

Consequently, for a given operating point, the conduction 
losses reduce by 8% in case 2/3-PWM is applied. Similarly, the 
local average value of idc given by (10) can be calculated for 
each sector of an AC output period, obtaining <idc> = 3/π out = 
0.95 out.

B. Reduction of Switching Losses

To analyze the occurring switching losses, the 3-Φ bB CSI 
system illustrated in Fig. 1 is simplified to the circuit schematic 
shown in Fig. 7. This representation is valid during ① but, 
according to the symmetry of the phases, similar diagrams can 
be derived for the rest of the AC output period.

Only the three low-side switches Ti,l are considered in Fig. 
7, since (during ① ) the switching state of the three high-side 
switches Ti,h is fixed, i.e., Ta,h is permanently on, while Tb,h and 
Tc,h are permanently off. It can be recognized that the three line-
to-line output voltages vxy are applied across the corresponding 
pairs of low-side switches Tx,l and Ty,l, and that one switch in 

y

x

y

x

a

b

c

a

b

c

θθ

Fig. 6.  Space vector diagram highlighting the nine states of the 3-Φ inverter 
and the vector of the reference sinusoidal load phase current , in case (a) 3/3-
PWM is applied, i.e., the apothem of the hexagon is fixed to Idc and (b) 2/3-
PWM is applied, i.e., the size of the hexagon is scaled according to idc. The 
encircled numbers define the six symmetric π/3-wide intervals of an AC output 
period, as described in Fig. 3.



345

turn conducts idc. Therefore, the series connection of Tx,l and Ty,l 
can be considered as a bridge-leg configuration supplied from 
vxy, having the negative DC-link terminal n as switch node 
and idc as load current. Consequently, the switching transition 
between two states, e.g., from [ab] to [ac], is nothing else than 
the commutation of a bridge-leg, e.g., of the one formed by Tb,l 

and Tc,l, and supplied by vbc. 
Assuming idc > 0 and practically constant, on the one hand 

the sign of vxy determines whether a switching state change 
correspond to a zero voltage switching transition or a hard 
switching transition, while on the other hand the actual value 
of vxy determines the occurring switching losses. Moreover, 
the sequence in which the states of the 3-Φ inverter, i.e. the 
three closest neighbors of the vector of the reference sinusoidal 
load phase current  (see Section III), are applied within one 
switching period ultimately defines which vxy are switched [31]; 
e.g., vab and vbc are involved in the state sequence [aa]-[ab]-[ac], 
whereas vab is replaced by vca in the state sequence [aa]-[ac]-[ab]. 

Accordingly, the switching losses occurring in the 3-Φ 
inverter can be approximated by calculating the average value 
of the switched vxy over the considered π/3-wide interval of an 
AC output period, i.e., <vsw>, which is dependent on φ, on out and 
on the selected state sequence [37], [38]. For simplicity, only 
hard switching losses are considered in this analysis, i.e., zero 
voltage switching losses are neglected.

In case of 3/3-PWM, extending the procedure proposed in 
[38], it can be shown that the state sequence offering minimum 
switching losses [39] requires two hard switching transitions 
with an average voltage

v vsw                          (13)

per switching period, independent of φ. In case of 2/3-PWM, 
instead, only the two active states [ab] and [ac] are applied 
within one switching period, i.e., the switched voltage, during 
① , is always vbc; hence, <vsw,2/3> (the counterpart of <vsw,3/3> 
for 2/3-PWM) can be calculated as the average of |vbc| over the 

considered π/3-wide interval of an AC output period [29]–[31], 
obtaining

v

v φφ

φ φ
sw

(14)

The mathematical expressions (13) and (14) are visualized 
in Fig. 8(a). The ratio between <vsw,2/3> and 2 <vsw,3/3> (where 
the factor 2 accounts for the fact that two hard switching 
transitions occur within one switching period in case of 3/3-
PWM) is already an indicator of the reduction of switching 
losses enabled by 2/3-PWM; in particular

v
v

φsw

sw
             (15)

is obtained for cos φ = +1.
More precisely, the hard switching losses Psw = Esw fsw 

occurring in the 3-Φ inverter can be calculated according to the 
conventional VI-overlap switching loss model. Considering 
only the dependency on the switched voltage given by (13) and 
(14), since the switched current is practically constant, Esw can 
be approximated with

v vsw sw sw                (16)

a
b

c

n

p

Fig. 7.  Simplified representation of the 3-Φ bB CSI system shown in Fig. 1 for 
the analysis of the switching losses in the 3-Φ inverter. Each pair of low-side 
switches forms a bridge-leg supplied from one of the sinusoidal line-to-line 
output voltages and having the DC-link current as load current.
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an AC output period) line-to-line output voltages <vsw> switched in the 3-Φ 
inverter, as function of the phase shift φ. (b) Switching energy Esw dissipated in 
the 3-Φ inverter in one switching period, as function of φ and of the selected 
modulation scheme. The lines indicate the results of the simplified analytical 
calculations while the dots are obtained from circuit simulations.
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and

v vsw sw sw                  (17)

for the case of 3/3-PWM and 2/3-PWM, respectively. The 
values of k1 and k2 in (16) and (17) are determined by the 
considered operating point (see Table I) and by the switching 
performance of the power semiconductors employed for the 
realization of the 3-Φ inverter. k1 = 60 A ns and k2 = 720 pF 
[40] are selected as an example in Fig. 8(b), where (16) and 
(17) are depicted for comparison. It can be observed that 2/3-
PWM clearly outperforms 3/3-PWM, as already speculated, 
especially for low values of φ, i.e., in approximately ohmic 
load conditions. This originates from the fact that 2/3-PWM 
requires only one hard switching transition per switching 
period and, in addition, that the switched voltage |vbc| is the 
smallest among all |vxy| for low values of φ [31]. In particular.

sw

sw
                               (18)

is calculated for cos φ = +1, i.e., in the typical operating 
conditions of VSDs supplying synchronous machines or 
passive loads, of PFC rectifiers and of inverters feeding 
renewable energy into the grid. The result of (18) is lower (and 
more accurate) than the one of (15) for the influence of the 
quadratic term present in (16) and (17).

Only for π/3 < |φ| < π/2, |vbc| features a maximum; hence, 
all state sequences avoiding the transitions from [ab] to [ac] 
and vice versa result in lower switching losses. However, 2/3-
PWM can nevertheless be applied and [aa] used only as a 
transitory state between [ac] and [ab], just to avoid the most 
lossy switching transition associated to the direct commutation 
from [ac] to [ab]. In this way, it is still possible to benefit from 
the reduction of conduction losses enabled by 2/3-PWM.

To prove the correctness of the developed analytic proce-
dure, the switching energy Esw is additionally calculated in a 
simulation environment. The same operating conditions (see 
Table I) and switching loss models (cf., (16) and (17)) are 
selected, but the exact switched voltage and current values 
are now considered. The so obtained numerical results are 
indicated with dots in Fig. 8(b), confirming the accuracy of 
the analytical results. The discrepancy between calculations 
and simulations is attributed to the averaging of vxy over the 
considered π/3-wide interval of an AC output period and to the 
neglection of the soft switching losses, as well as of the losses 
occurring in the switch not involved in the commutation of idc 

[41]. A more detailed (but more complex) analytic derivation 
of Esw, offering a better matching with the numerical results, 
can be found in [31].

In summary, it should be pointed out that, in particular for 
φ ≈ 0, typical for VSDs employing synchronous machines 
and passive loads, and for PFC rectifiers and inverters, the 
reduction of switching losses in the 3-Φ inverter enabled by 
2/3-PWM amounts up to 83 %. 

v. cIrcutt sImulAtIon

The detailed operation of the 3-Φ bB CSI system is discussed 
in this section through the analysis of circuit simulations, 
focusing on 2/3-PWM and on the developed Synergetic 
Control scheme.

A. Synergetic Control 

A key requirement for the correct operation of the 3-Φ 
bB CSI system, in particular when 2/3-PWM is applied, is a 
precise control and shaping of idc; for this purpose, the control 
structure shown in Fig. 9 is proposed and described in the 
following.

The input of the controller, indicated on the left, is the 
reference speed of the driven electric machine ω*, assuming 
a VSD application. Comparing ω* with the measured speed 
ω, a reference for the torque and hence for the sinusoidal 
load (motor) phase currents a, b and c are generated. Since 
this analysis focuses only on the operation of the 3-Φ bB CSI 
system, the speed and torque controller (typically implemented 
in a rotating dq-coordinate frame) is not discussed further.

The central part of the control structure determines the reference 
switching stage output currents a,sw, b,sw and c,sw from a, b and 

c and compensates for the currents iCo,a, iCo,b and iCo,c flowing 
through Co. As this part is identical for all the phases, the 
phase quantities a, b and c are unified in the generic reference 
sinusoidal load phase current out. Comparing out with the 
measured iout, i.e., with the measured ia, ib and ic, the error on 
the sinusoidal load phase current ei,out is calculated. Through 
a proportional-integral (PI) controller, ei,out is transformed 
into the reference sinusoidal output voltage v*

out to be applied 
across Co. Eventually, an estimation of vout, i.e., v'out, can be 
feed-forwarded to improve the performance of the current 
controller. In case of VSDs, v'out (see Fig. 2), i.e., the back-
electromotive force of the electric machine, can be obtained 
multiplying ω with the speed constant of the considered 
electric machine. Similarly as for the case of iout, comparing 
v*

out with the measured vout, the error on the sinusoidal output 
voltage ev,out is calculated. Again, through a PI controller, ev,out 
is transformed into the reference filter capacitor current i*

Co,i (i 
= a, b, c). Summing i*

out with i*
Co,i, the reference switching stage 

output current i*
i,sw (i = a, b, c) is finally obtained.

Phase quantities are necessary in the right part of the block 
diagram; hence i*

i,sw is transformed back into i*
a,sw, i

*
b,sw and 

i*
c,sw. This part is divided in two sub-parts: one provides the 

duty-cycle of the buck converter Tdc,h, while the other one 
determines the average (within one switching period) gate 
control signals of the 3-Φ inverter Ti,j. 

In the upper part, i*
a,sw, i*

b,sw and i*
c,sw are first combined to 

generate the reference DC-link current i*
dc, , as defined in (10). 

Comparing i*
dc with the measured idc, the reference voltage to be 

applied across Ldc, i.e., v*
Ldc, is determined through the third PI 

controller. Summing v*
Ldc with pn, obtained from the lower part 
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of the block diagram, the reference output voltage of the buck 
converter v*

qn is obtained. Finally, dividing v*
qn with vdc, also Tdc,h is 

determined. 
In the lower part, i*

a,sw, i*
b,sw, i*

c,sw, and i*
dc are first inserted in 

(7) to determine the nine duty-cycles δ[xy]. For example, for θ = 
0 (during ① ), δ[ac] = δ[ab] = 0.5 (and all other δ[xy] = 0) results. 
Thus, the nine δ[xy] are converted to the six Ti, j, as indicated in 
(6). In the example, δ[ac] = δ[ab] = 0.5 translates into Ta, h = 1, 

Tb, l = Tc, l = 0.5 and all other Ti, j = 0. Finally, the six Ti, j are 
combined with the measured va, vb and vc to obtain

vv T T l                       (19)

required in the upper part of the control. In the example, (19) 
expands to pn = va − 0.5(vb + vc).

As clarified with this explanation, the control scheme shown 
in Fig. 9 is considered as Synergetic, since the upper and lower 
parts mutually contribute to the correct operation of the 3-Φ bB 
CSI system, i.e., the buck converter shapes idc in support of the 
generation of sinusoidal load phase currents, finally performed 
by the 3-Φ inverter. This control concept is applicable in the 
buck-mode, but can be easily extended to the boost-mode [28]. 

To conclude, it should be additionally noticed that, the same 
exact control structure can be considered for 3/3-PWM, except 
for (10). In case of 3/3-PWM, in fact, i*

dc is constant and i*
dc = I*

dc 
≥ i*

i,sw (i = a, b, c) is necessary. As shown in the next section, 
this allows a seamless transition between 3/3-PWM and 2/3-
PWM and vice versa.

B. Simulation Results

The functioning of the Synergetic Control scheme described 
in Section V-A is verified in the following analyzing the results 
of closed-loop circuit simulations of the 3-Φ bB CSI system, in 
different operating conditions. 

In particular, in the upper part of Fig. 10(a), (b) and (c), the 

simulated waveforms of idc and iout are shown together with the 
ones of vout, for φ ≈ 0, π/6 and π/2. Differently from the ideal 
case considered in Fig. 3(b), a small discrepancy between iout 

and idc, due to iCo,i, can be observed here. Although the same 
values of  out (hence idc) and out are considered in these three 
plots, the different values of cos φ result in different values of 
the output power Pout. Accordingly, the reduction of pn, directly 
proportional to the one of Pout, is highlighted in the lower part 
of Fig. 10(a), (b) and (c). For completeness, the simulated 
waveforms of idc, iout and vout, for −1 ≤ cos φ ≤ +1, are shown 
in Fig. 11. The smooth decrease of cos φ can be noticed observing 
how, e.g., the waveforms of ia and va, are in phase at time t = 0 s and 
in phase opposition at t = 80 ms. To guarantee the controllability 
of idc, i.e., to guarantee that pn is sufficiently positive 
when the direction of power flow is inverted (see Section V-A), 
φ instantaneously varies from π/2 − π/8 to π/2 + π/8 at t = 40 
ms. The same waveforms are summarized in Fig. 12, for
cos φ = ±1, and for different values of out, to analyze the 
dynamic response of the Synergetic Control scheme. Finally, 
the two operating modes described in Section II-B, i.e., the 
buck-mode and the boost-mode, and the two modulation 
schemes presented in Section III, i.e., 3/3-PWM and 2/3-PWM, 
are jointly shown in Fig. 13, for cos φ = +1. At t = 0 s, the 
supplying DC input voltage vdc > out,ll allows both 3/3-PWM 
and 2/3-PWM in the buck-mode; hence, both modulations 
are independently applied in the first and second AC output 
periods, respectively. At t ≈ 40 ms, vdc < out,ll; thus, although 
still in the buck-mode, 2/3-PWM can be used only in 
combination with 3/3-PWM, depending on the instantaneous 
value of vout. When vdc > 3 /2 out,ll after t ≈ 60 ms, the boost-
mode is entered.

To summarize, in all the operating conditions of interest, i.e. 
for different values of cos φ and out, the 3-Φ bB CSI system 
outputs the desired current and voltage waveforms and can be 
successfully operated with 2/3-PWM.

i i i

L

xy i

v C

Fig. 9.  Structure of the Synergetic Control combining the regulation and shaping of idc with the generation of sinusoidal load phase currents. The input of the 
controller (left) is the reference speed of the driven electric machine ω*, while the outputs (right) are the duty-cycle of the buck converter Tdc,h and the nine gate 
control signals (average in a switching period) of the 3-Φ inverter Ti,j. The illustrated control structure is applicable in the buck-mode (both for 2/3-PWM and for 
3/3-PWM) and can be extended to the boost-mode as described in [28].
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Fig. 11.  DC-link current idc, sinusoidal load phase currents ia, ib and ic, sinusoidal output voltages va, vb and vc within four AC output periods, in case 2/3-PWM is applied, 
and for load power factor cos φ decreasing linearly from +1 to −1. Independently of the value of cos φ, a constant peak value out of the sinusoidal load phase currents is 
maintained. At time t = 40 ms, cos φ reaches 0 and subsequently changes sign, i.e., the direction of power flow is swapped and idc must be inverted accordingly. 

20

10

0

10

20

 (A
)

ia

ib

ic

idc

0                                            20                                          40                                           60                                           80
t - time (ms)

(V
)

va

vb

vc

200

100

0

100

200

Fig. 12.  DC-link current idc, sinusoidal load phase currents ia, ib and ic, sinusoidal output voltages va, vb and vc within four AC output periods, in case 2/3-PWM is 
applied, for load power factor cos φ = +1 for time t < 40 ms and cos φ = −1 for t > 40 ms, and for different peak values out of the sinusoidal load phase currents, i.e., 
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±vca, and input voltage of the 3-Φ inverter vpn within one AC output period, in case 2/3-PWM is applied, for (a) phase shift of the sinusoidal load phase currents and 
sinusoidal output voltages φ ≈ 0, (b) φ ≈ π/6 and (c) φ ≈ π/2. Independently of the value of the load power factor cos φ, a constant peak value out of the sinusoidal 
load phase currents is maintained. The red lines in the graphs of vout,ll correspond to the average input voltage of the 3-Φ inverter pn within a switching period.
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CSI systems, and potentially of all circuit topologies requiring 
AC-switches as, e.g., AC/AC matrix converters.

In order to simultaneously control the bidirectional voltage 
blocking and current flow capabilities of the 2G MB GaN 

40

30

20

10

0

10

20

(A
)

ia

ib

ic

idc

0                                            20                                          40                                           60                                           80
t - time (ms)

(V
)

va

vb

vc

vdc

400

300

200

100

0

100

200

vout,11 vout,112
3

Fig. 13.  DC-link current idc, sinusoidal load phase currents ia, ib and ic, sinusoidal output voltages va, vb and vc, and supplying DC input voltage vdc within four AC 
output periods, for load power factor cos φ = + 1. By reducing vdc, a transition from the buck-mode to the boost-mode occurs; additionally, both 3/3-PWM and 2/3-
PWM are applied in the buck-mode. 

tABle II
mAIn chArActerIstIcs of the selected 2g mB gAn e-fet compAred to the Best-In-the-mArKet conventIonAl gAn power trAnsIstor In the sAme voltAge

clAss As A sIngle devIce (1x) And In the two AntI-serIes/two pArAllel confIgurAtIon (4x)

Fig. 14.  Conventional realization of a switch with bidirectional voltage 
blocking capability and allowing controlled bidirectional current flow, i.e., a 
four-quadrant (AC) switch, with (a) two anti-series/two parallel 650 V 25 mΩ 
GaN e-FETs [42] compared with (b) a single ±600 V 26 mΩ 2G MB GaN e-FET 
[23] (geometric proportions of the packages are preserved). Both solutions (a) 
and (b) achieve approximately the same voltage blocking capability and overall 
on-state resistance, however (b) enables a massive saving in terms of package 
size. (c) Perspective view of the 20-pin package of the 2G MB GaN e-FET. 
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vI. Aspects of prActIcAl reAlIzAtIon

In this section, after introducing research samples of 2G MB 
GaN e-FETs, a prediction of the efficiency and power density 
achievable by the 3-Φ bB CSI system is provided.

A. Dual-Gate Monolithic Bidirectional GaN e-FET 

The power devices selected for the realization of the 3-Φ 
inverter are ±600 V 26 mΩ 2G MB GaN e-FETs [23]. The 
main characteristics of this switch (currently only available as 
research sample) are compared in Table II with the ones of the 
best-in-the-market conventional GaN power transistor in the 
same voltage class, i.e., a 650 V 25 mΩ GaN e-FET [42]. 

To extend the operation of the conventional devices to 
four-quadrants, while maintaining the same overall on-state 
resistance Rss,on, two anti-series and two parallel devices must 
be connected as shown in Fig. 14(a); this massively increases 
costs and, as highlighted by Fig. 14(b), the required PCB 
area with respect to the solution based on the MB switch. 
Additionally, due to the increased parasitic output capacitance 
Coss, the figure of merit (FoM) [13] of the so obtained AC-
switch becomes almost three times worse than the one of the 
MB device. To summarize, the considered 2G MB GaN e-FET 
is expected to allow a performance breakthrough of 3-Φ bB 
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e-FET (see Fig. 15(a)), two gate voltages vgs,n and vgs,p must 
be separately applied to the 2G structure, as indicated in 
Fig. 14(b). Alternatively, if only one gate is controlled, only 
unidirectional current flow is possible. The gate voltages 
vgs,n and vgs,p must be isolated from each other because of 
the common-drain structure (split-source structure) which, 
based on a single drift layer, yields to lower values of Rss,on 

compared with the alternative common-source structure [20]. 
Additionally, the potential of the substrate must be left floating, 
while it is typically connected to the only source potential 
available in conventional GaN power transistors; different 
switching behaviors of the 2G MB GaN e-FET are observed 
when the substrate is connected to the one or the other source 
potentials, and are currently under investigation.

Since the device is of gate injection transistor (GIT) type 
[43], constant currents (in the mA-range) must flow through 
the gates to modulate the conductivity of the two-dimensional 
electron gas (2DEG) channel during on-state. As visible in 
Fig. 15(b), conventional gate driver circuits can be modified 
to include this feature [44]; alternatively, an ad hoc integrated 
circuit (IC) [45], i.e., featuring a dedicated pin for the supplying 
of the constant gate current, can be used. Adopting the latter 
approach, the compact gate driver design illustrated in Fig. 
15(c), requiring only three discrete components between the IC 
and the gate terminal, can be realized. 

B. Performance Estimation of the 3-Φ bB CSI System

The presented 2G MB GaN e-FETs, whose operation is 
verified in the Appendix, together with the simulation results 

discussed in Section V-B, demonstrate the feasibility of the 3-Φ 
bB CSI system operated with 2/3-PWM, and rise the interest 
in estimating its key performance indexes, i.e., the achievable 
efficiency and power density, e.g., for the specifications given 
in Table I.  

In particular, the design of the 3-Φ bB CSI system analyzed 
in the simulation environment (see Fig. 10) is estimated to 
achieve an efficiency η = 98.4%, a volumetric power density 
ρ = 16 kW/dm3 (260 W/in3) and a gravimetric power density 
β = 6.1 kW/kg at a switching frequency fsw = 140 kHz, if a 
cooling system performance index CSPI = 15 W/K/dm3 is 
considered [46]. The power density figures are mainly limited 
by the volume (81 cm3) and weight (240 g) of Ldc = 550 µH 
[47]. Accordingly, if the allowed peak-to-peak current ripple 
on idc is increased from 10 %, as selected for Fig. 10 (in order 
to clearly describe the operation of the 3-Φ inverter) to 30%, 
Ldc can be reduced to 185 µH, resulting in a more compact and 
lighter inductor design, i.e., in a volume of 50 cm3 (3.0 in3) and 
in a weight of 115 g; thus, for the same η = 98.4%, the power 
density figures increase to ρ = 18 kW/dm3(295 W/in3) and β = 
7.7 kW/kg. If 3/3-PWM is applied to the same design, η drops 
below 98 %; an even more significant reduction is observed 
for higher values of fsw, when the switching losses dominate the 
loss breakdown.

In all designs, the buck converter is realized with the best-in-
the-market conventional GaN power transistor listed in Table 
II, whose performance are reported in [40]; moreover the same 
switching frequency is considered for the buck converter and 
for the 3-Φ inverter [28]. 

vII. conclusIon

A 3-Φ bB CSI system employing a variable DC-link current 
control strategy denominated two-third pulse-width modulation 
(2/3-PWM) and 2G MB GaN e-FETs in its boost-type 3-Φ 
current DC-link inverter output stage is analyzed in this paper. 
Circuit simulations are performed to verify the operation of the 
3-Φ bB CSI system, considering 2/3-PWM and the developed 
Synergetic Control concept. Moreover, analytic calculations 
quantify a reduction of conduction losses of 8% and a massive 
reduction of switching losses of 83% (in case of unity load 
power factor), for 2/3-PWM in comparison with conventional 
3/3-PWM. The operation of the 2G MB GaN e-FETs, which 
are suitable for any topology requiring AC-switches, is verified 
in a hardware prototype, where voltages up to 400 V and 
currents up to 10 A are continuously switched. These novel 
devices, in combination with 2/3-PWM, have the potential to 
significantly enhance the performance of 3-Φ bB CSI systems, 
ultimately favoring their usage in place of 3-Φ Bb VSI 
systems; in particular, a 3-Φ bB CSI system, rated for an output 
power Pout = 3.3 kW, is estimated to simultaneously achieve 
an efficiency η = 98.4% and a volumetric power density ρ = 
18 kW/dm3(295 W/in3) at a switching frequency fsw = 140 kHz 
when 2/3-PWM is applied. 

AppendIx

A test bench for the 2G MB GaN e-FETs introduced in 

vgs,p
On Off

vgs,n
On

Off

Fig. 15.  (a) Equivalent circuit of the 2G MB GaN e-FET depending on the 
applied gate voltages vgs,n and vgs,p. (b) Conventional gate driver circuit adapted 
to GITs [44] based on a commercial IC. (c) Gate driver circuit for GITs based 
on a specialized IC featuring a dedicated pin for the supplying of the constant 
gate current [45]. 
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Section VI-A is realized as illustrated in Fig. 16(a), (b) and (c). 
It implements the three switches forming one side (e.g., the 
low-side) of the 3-Φ inverter, since, as clarified in Section IV-
B, this is sufficient, due to symmetry properties, to quantify the 
losses occurring in the entire 3-Φ inverter. In addition to the 
three Ti,l, the realized PCB includes the associated gate drivers 
[45] (see Fig. 15(b)) with isolated signal transmission and 
isolated power supply, and a fraction of the overall Co [48]. 

In particular, the bridge-leg formed by Ta,l and Tb,l, 
highlighted in Fig. 16(d), is considered in the following. This 
bridge-leg is operated connecting a supplying DC input voltage 
source Vba between the terminals b and a, and a resistive-
inductive load at the switch node n to sink the load current 
idc. Measured waveforms of the switch node voltage vna and 
of idc are recorded and plotted in Fig. 17(a) for Vba = 400 V 
and <idc> = 5 A (blue) and 0 A (red) in soft (zero voltage and 
zero current) switching and hard switching conditions. No 
significant overvoltage or oscillations are observed on vna, 
while turn-off zero current and hard switching transitions are 
performed at switching speeds dv/dt of about 15 V/ns (red and 
blue in Fig. 17(c), respectively). Moreover, the voltage slope 
occurring for the turn-on zero voltage switching transition (blue 
in Fig. 17(b)) confirms the expected Coss,Q value according to 

2Coss,Q = 
idc

dv/dt (cf., Table II). For 2G MB GaN e-FETs (and AC-

switches in general), particular care must be taken during the 
switching transition, such that always a path for the switched 
current is provided while one of the two switches involved in 
the commutation blocks the bipolar switched voltage (see Fig. 
15(a)). Hence, the four gate signals sTi,lp and sTi,ln are generated 
according to a current sign dependent multi-step commutation 
strategy [23], as illustrated in the lower part of Fig. 17(b) and 
(c) for the case of idc > 0. Additionally, the zoomed view of the 
measured vna is overlapped with the equivalent circuits of the 
bridge-leg (I, II and III) determined by sTi,lp and sTi,ln (see Fig. 
15(a)). These plots highlight how, depending on the type of 
switching transition, i.e., zero voltage, zero current or hard, the 
commutation takes place at different instants of the multi-step 
sequence. 

m n

n

b

a

b

a

Fig. 16.  (a) Perspective view, (b) top view and (c) mirrored bottom view of the test bench PCB comprising the three 2G MB GaN e-FETs Ti,l forming the low-side 
of the 3-Φ inverter, their respective gate drivers [45] with isolated signal transmission and isolated power supply, and a fraction of the overall output filter capacitors 
Co [46], in addition to robust power and signal connectors. The PCB is squared, with each edge measuring 7.1 cm (2.8 in). (d) Bridge-leg formed by Ta,l and Tb,l on 
which the waveforms shown in Fig. 17 are measured. The blue line should help to recognize this bridge-leg structure in Figs. 1 and 7.
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Fig. 17.  (a) Measured waveforms of the switch node voltage vna and of the load 
current idc during continuous operation of the bridge-leg shown in Fig. 16 (d), 
for a supplying DC input voltage Vba = 400 V and an average output current 
<idc> = 5 A (blue) and 0 A (red). (b)-(c) Zoomed view of vna during a turn-on 
zero voltage switching transition (blue in (b)), a turn-on zero current switching 
transition (red in (b)), a turn-off zero current switching transition (red in (c)), and 
a turn-off hard switching transition (blue in (c)), associated gate signals sTi,lp and 
sTi,ln determined according to the current sign dependent multi-step commutation 
strategy, and equivalent circuit of the bridge-leg. 
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