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Fig. 14: DBII-VSI inverter (cf. Fig.6) hardware prototype employ-
ing unipolar modulation. Dimensions 132 mm× 49 mm× 29 mm,
power density 5.8 kW/dm3 (95 W/in3).

TABLE IV: DBII-VSI hardware prototype parameter values, corre-
sponding to the schematic diagram notation of Fig. 6.

DBII-VSI - Unipolar Modulation
Switching frequency fs 300 kHz
Switches (2 devices parallel) 200 V EPC 2034
Switching parameters (40 V) k0 = 3.6 µJ, k1 = 0.4 µJ/A
On-state resistance (100Co) RT,on = 10 mΩ
Inductance Lo 2.5 µH
Capacitance Co 4 µF
Capacitance Ci 10 µF
Switching parameters are calculated based on [43].
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Fig. 15: DBII-VSI inverter experimentally measured waveforms at
nominal operating condition M = 2, P = 1 kW: Motor terminal a1

(yellow) voltage and (blue) voltage ripple, motor terminal a2 (red)
voltage and (green) voltage ripple, and (grey) phase a motor voltage.

and the ceramic capacitors Co, Ci. Based on the optimization
results, a switching frequency of fs = 300 kHz is selected. The
selected benchmark designs for the DBII-VSI and DBI-VSI are
given in Tab. IV and Tab. V, respectively. Using the analytic
formulas derived in Sec. III, the inverter component stresses
are calculated and summarized in Tab. III. There, the unipolar
and unfolder modulation strategies are compared. Furthermore,
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Fig. 16: DBI-VSI inverter (cf. Fig.10) hardware prototype employing
unfolder modulation. Dimensions 76 mm× 31 mm× 36 mm, power
density 13.1 kW/dm3 (215 W/in3).

TABLE V: DBI-VSI hardware prototype parameter values, corre-
sponding to the schematic diagram notation of Fig. 10.

DBI-VSI - Unfolder Modulation
Switching frequency fs 300 kHz
Switches (2 devices parallel) 200 V EPC 2034
Switching parameters (40 V) k0 = 3.6 µJ, k1 = 0.4 µJ/A
On-state resistance (100Co) RT,on = 10 mΩ
Inductance Lo 5 µH
Capacitance Co 2 µF
Capacitance Ci 10 µF
Switching parameters are calculated based on [43].

ua1n

∆ua1n
∆ua2n

ua1a2

ua2n

C1 DC1M
10.0V/div

0.00V offset

C1 DC1M
10.0V/div

0.00V offset

C1 DC1M
1.00V/div

0mV offset

C1 DC1M
1.00V/div

0mV offset

Timebase 0.0ms
2.50ms/div

10MS/s500kS

0

Ui=40V

Fig. 17: DBI-VSI inverter experimentally measured waveforms at
nominal operating condition M = 2, P = 1 kW: Motor terminal a1

(yellow) voltage and (blue) voltage ripple, motor terminal a2 (red)
voltage and (green) voltage ripple, and (grey) phase a motor voltage.

the semiconductor losses of the selected DB-VSI, designs,
are visualized in Fig. 13. The unfolder modulation generates
the same semiconductor conduction losses but half switching
losses, compared to the unipolar modulation.

Furthermore, Tab. III serves as a general design guideline
and can be used for motor drive systems with different spec-
ifications. After the designer selects an appropriate switching
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Fig. 18: SB-VSI inverter (cf. Fig. 5) hardware prototype. Dimensions
106 mm× 50 mm× 35 mm, power density 6 kW/dm3 (98 W/in3).

TABLE VI: SB-VSI hardware prototype parameter values, corre-
sponding to the schematic diagram notation of Fig. 5.

SB-VSI - DC/DC stage
Switching frequency fs,i 300 kHz
Switches (2 devices parallel) 200 V EPC 2034
Switching parameters (80 V) k0 = 11 µJ, k1 = 1.1 µJ/A
On-state resistance (100Co) RTi,on = 10 mΩ
Inductance Li 1.5 µH
Capacitance Ci 10 µF
Capacitance CDC 25 µF
SB-VSI - DC/AC stage
Switching frequency fs,o 300 kHz
Switches (1 device) 200 V EPC 2034
Switching parameters (80 V) k0 = 5.5 µJ, k1 = 1.1 µJ/A
On-state resistance (100Co) RTo,on = 20 mΩ
Inductance Lo 5 µH
Capacitance Co 2 µF

Switching parameters are calculated based on [43].
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Fig. 19: SB-VSI inverter experimentally measured waveforms at
nominal operating condition M = 2, P = 1 kW: Phase a (yellow)
output voltage and (blue) output voltage ripple.

frequency fs, based on his/hers system specifications and the
available semiconductor technology, Tab. III can be easily
used in order to design a DB-VSI inverter.

For the sake of completeness, a conventional SB-VSI (cf.
Fig. 5) is designed for the specifications of Tab. I. The
detailed design process of a SB-VSI can be found in [48].
The selected SB-VSI benchmark design, features the same
switching frequency of fs = 300 kHz, for both the DC/DC
stage as well as the DC/AC stage. The SB-VSI component
parameters are summarized in Tab. VI. The semiconductor
losses of the selected SB-VSI design are depicted in Fig. 13.
It is deduced, that the conventional SB-VSI inverter generates
more than double semiconductor losses compared to a DB-
VSI solutions, for the same switching frequency fs. There
are two main drivers of the high semiconductor losses in the
case of the SB-VSI: (i) Two-stage energy conversion. The
power P is processed twice, first in the DC/DC stage and
subsequently in the DC/AC stage. (ii) High DC link voltage
UDC. The semiconductor devices of both the DC/DC stage and
the DC/AC stage process/switch the high DC link voltage.

B. Experimental Results

Three inverter hardware prototypes are assembled:
(i) DBII-VSI (unipolar modulation) of Fig. 6. The hardware

prototype is shown in Fig. 14 and the respective compo-
nent parameters are given in Tab. IV.

(ii) DBI-VSI (unfolder modulation) of Fig. 10. The hardware
prototype is depicted in Fig. 16 and the component
parameters are summarized in Tab. V.

(iii) Conventional SB-VSI of Fig. 5. The hardware prototype
is depicted in Fig. 18, while the component parameters
are summarized in Tab. VI. This hardware serves as the
state-of-the-art solution against which the following DB-
VSI hardware prototypes will be compared to.

In order to enable a meaningful comparison, all the above
hardware demonstrators feature the same switching frequency
of fs = 300 kHz. In addition, the gate driver circuit of the
employed MOSFETs features a dead time of 40 ns, a turn-on
gate resistance of 5 Ω and a turn-off gate resistance of 0 Ω.

First, the performance of the three hardware prototypes is
experimentally compared. The conventional SB-VSI hardware
prototype achieves a power density of ρ = 6 kW/dm3 (in-
cluding case, cooling system and control electronics) and the
lowest efficiency of η = 96% at P = 1 kW nominal operation.
There are two main reasons behind the SB-VSI low efficiency:
(i) The SB-VSI features two energy conversion stages (DC/DC
stage and DC/AC stage), and thus suffers high losses. (ii)
The semiconductor devices of both the DC/DC stage and the
DC/AC stage have to process/switch the high DC link voltage
UDC = 80 V, a fact that leads to high switching losses.

The DBII-VSI features in contrast a single energy conver-
sion stage. By employing a unipolar modulation, the DBII-
VSI achieves a power density of ρ = 5.8 kW/dm3 and a
nominal efficiency of η = 97.4%. The DBII-VSI is ∆η =
+1.4% more efficient than the SB-VSI for a similar power
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Fig. 20: Performance [ρ, η] of (blue) conventional SB-VSI, (orange)
DBII-VSI and (yellow) DBI-VSI hardware prototypes.

TABLE VII: Performance summary of the three inverter prototypes.

Inverter Power Density ρρρ Efficiency ηηη
SB-VSI∗ 6kW/dm3 (98W/in3) 96%
DBII-VSI 5.8kW/dm3 (95W/in3) 97.4%
DBI-VSI 13.1kW/dm3 (215W/in3) 98.1%
∗The efficiency is measured for an input voltage of Ui = 60V

density. Even though the DBII-VSI features two VSIs (six half-
bridges) continuously operated with the switching frequency
fs (compared to only four half-bridges for the SB-VSI), the
semiconductor devices only process/switch the low nominal
fuel-cell voltage of Ui = 40 V (compared to the high DC
link voltage UDC = 80 V of the SB-VSI). Since the switching
losses scale with the square of the commutation voltage, the
DBII-VSI, generates lower overall switching losses than the
SB-VSI.

The DBI-VSI achieves a very high power density of ρ =
13.1 kW/dm3 and the best nominal efficiency of η = 98.1%.
Compared to the SB-VSI, the DBI-VSI allows to more than
double the power density ∆ρ = +118%, while at the same
time increases the efficiency by ∆η = +2.1%. This re-
markable performance leap is achieved thanks to the unfolder
modulation: (i) Only one VSI is continuously operated with
the switching frequency fs, while the second VSI is operated
with the fundamental motor frequency fo. As a results, the
switching losses are kept low. (ii) The fundamental frequency
operated VSI can be directly connected to the motor, resulting
in a simplified and more compact filter configuration. The
comparison of the three hardware prototypes performance
is summarized in Fig. 20 and Tab. VII, while the whole
efficiency profile of the three inverter prototypes is illustrated
in Fig. 21.

Finally, the motor voltage quality is assessed. Experimen-
tally measured waveforms of the conventional SB-VSI are
shown in Fig. 19, where a sinusoidal motor phase voltage
uan is generated. Superimposed to the motor phase voltage uan,
there is a voltage ripple ∆uan due to the PWM operation of the
half-bridge ā. In particular, the switch-node ā two-level PWM
voltage acquires two voltage values uān = {0 V, 80 V} and is
processed by a DM/CM output filter (Lo = 5 µH, Co = 2 µF).
Thanks to the attenuation of the output filter (-31dB at the
frequency fs = 300 kHz), a worst case voltage ripple value of
∆Uan = 1.4 V is attained.

The DBII-VSI employs a unipolar modulation, while ex-
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Fig. 21: Efficiency profile of (blue) conventional SB-VSI, (orange)
DBII-VSI and (yellow) DBI-VSI. Note that, the efficiency of the
SB-VSI is measured for an input voltage of Ui = 60 V, while the
efficiency of the DB-VSIs is measured for Ui = 40 V.

perimentally measured waveforms for phase a are depicted
in Fig. 15. The DBII-VSI features complementary sinusoidal
motor terminals voltages ua1n and ua2n, resulting in an also
sinusoidal motor phase voltage ua1a2 = ua1n−ua2n. In addition,
each motor terminal a1 and a2 voltage features a voltage
ripple ∆ua1n and ∆ua2n due to the PWM operation of the
respective half-bridges ā1 and ā2. Namely, each two-level
PWM switch-node ā1 and ā2 voltage acquires two voltage
values uā1n ≡ uā2n = {0 V, 40 V} and is possessed by a
DM/CM output filter (Lo = 2.5 µH, Co = 4 µF). Thanks to
the attenuation of the filter (the same -31dB attenuation at
the frequency fs = 300 kHz as the SB-VSI), a worst case
voltage ripple of ∆Ua1n = ∆Ua2n = 0.7 V, is attained, on
either side of the motor. The worst case voltage ripple stress
on phase a motor winding is the sum of the voltage ripple
stresses of the respective terminals a1 and a2. Therefore, the
overall voltage ripple stress in the case of the DBII-VSI is
∆Ua1n + ∆Ua2n = 1.4 V, which the sane as in the case of the
SB-VSI.

The DBI-VSI employs an unfolder modulation, while exper-
imentally measured waveforms for phase a are illustrated in
Fig. 17. The DBI-VSI features discontinuous motor terminals
voltages ua1n and ua2n, however, the motor phase voltage
ua1a2 = ua1n − ua2n is sinusoidal. Only the motor terminal
a1 voltage features a voltage ripple ∆ua1n due to the PWM
operation of the respective half-bridge ā1, while the motor
terminal a2 voltage features no voltage ripple ∆ua2n = 0
because the respective half-bridge ā2 is operated with the
motor fundamental frequency fo. In particular, the two-level
PWM switch-node ā voltage acquires two voltage values
uā1n = {0 V, 40 V} and is possessed by an output filter
(Lo = 5 µH, Co = 2 µF). Thanks to the attenuation of the filter
(the same -31dB attenuation at the frequency fs = 300 kHz
as the SB-VSI), a worst case voltage ripple of ∆Ua1n = 0.7 V
appears. The worst case voltage ripple stress on phase a motor
winding is ∆Ua1n + ∆Ua2n = 0.7 V, which is half compared
to the respective value for the SB-VSI and/or the DBII-VSI.

Although the DBI-VSI benefits from a lower voltage ripple
stress on the motor, it causes a residual CM voltage on the
motor windings. In particular, at each discontinuity of the
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Fig. 22: Integrated high-speed 280 krpm compressor/inverter proto-
type, employing DB-VSI technology and designed by Celeroton AG.

motor terminal voltages ua1n and ua2n of Fig. 17 a CM du/dt
appears on the motor. As illustrated in figure Fig. 11, the
DBI-VSI results in a motor CM voltage with rectangular
shape and a repetition frequency equal to three time the motor
fundamental frequency 3fo. This rectangular LF CM voltage
is a disadvantage of the DBI-VSI, but because of the low
repetition frequency of 3fo it does not compromise the motor
reliability over the drive system lifetime.

The DB-VSI technology allows for a performance im-
provement far beyond the SB-VSI state-of-the-art solution.
The choice between the DBII-VSI (unipolar modulation) and
DBI-VSI (unfolder modulation) inverter variants represents
a crucial trade-off: The latter DBI-VSI offers exceptionally
high performance, in terms of both efficiency and power
density, but results in a residual CM voltage on the motor.
In contrast, the former DBII-VSI solution sacrifices some of
the performance but achieves a better motor voltage quality,
with lower CM du/dt. Besides the better performance of
the DB-VSI technology compared to conventional SB-VSI
solutions, the high DB-VSI power density enables a seamless
integration of the inverter in the motor housing [17]–[19].
An integrated inverter-compressor example is depicted in Fig.
22. The integration of the inverter further adds to the DB-
VSI concept advantages: The open-end winding motor is
directly attached to the inverter, eliminating the need for
cumbersome and costly shielded motor cables. Finally, the
inverter integration adds value for the end user, since the latter
receives a complete inverter-motor product and thus is not
burdened with the complicated inverter-motor installation.

V. CONCLUSIONS

The double-bridge voltage source inverter (DB-VSI) tech-
nology is comprehensively analysed in this paper. A DB-VSI

comprises two independent VSIs connected to the opposite
sides of an open-end winding motor (without neutral point).
This inverter topology is an excellent choice for variable-speed
motor drive systems, supplied by a fuel-cell (or a battery).
The fuel-cell exhibits a wide DC voltage variation, which
must be taken into account by the inverter stage. The DB-VSI
excellently utilizes its DC input voltage, hence guarantees the
full speed/voltage range of the motor, independent of the DC
voltage fluctuation of the fuel-cell.

Two DB-VSI inverter variants and/or modulation strategies
are comparatively evaluated:
(i) Unipolar modulation strategy of Fig. 8. This modulation
corresponds to the DBII-VSI variant of Fig. 6 and the hardware
prototype of Fig. 14.
(ii) Unfolder modulation strategy of Fig. 9. This modulation
corresponds to the DBI-VSI variant of Fig. 10 and the hard-
ware prototype of Fig. 16.
Both DB-VSI variants incorporate an AC output filter in order
to protect the motor from du/dt originating from the wide-
bandgap semiconductor devices’ fast switching transitions. A
comparison between the two modulation strategies reveals
that the unfolder modulation offers exceptionally high per-
formance, in terms of both efficiency and power density, but
results in a residual CM voltage on the motor. In contrast,
the unipolar modulation sacrifices some of the inverter perfor-
mance but completely eliminates the motor CM voltage.

Finally, the DB-VSI topology is compared to the state-of-
the-art inverter solution of Fig. 5, which features tow energy
conversion stages. Compared to the state-of-the-art hardware
prototype of Fig. 18, the DB-VSI technology achieves a
performance leap of ∆η = +2.1% higher efficiency and
∆ρ = +118% higher power density.

APPENDIX A

ALTERNATIVE MODULATION STRATEGIES

Two alternative modulation strategies that improve the ef-
ficiency of the DBII-VSI (cf. Fig. 6) are now detailed. First,
the hybrid modulation is analysed. This modulation strategy
resembles the unfolder modulation of Fig. 9, but instead of an
abrupt change of the duty cycles da1 and da2 at t = To/2, a
soft (gradual) transition takes place. The respective duty cycles
of the hybrid modulation are illustrated in Fig. 23(a) and are
analytically derived

da1 =


da, da ≥

d∗

2
1

2
− da

d∗
+da, − d∗

2
≤ da <

d∗

2

1+da, da < −
d∗

2

, (38)

da2 =


0, da ≥

d∗

2
1

2
− da

d∗
, − d∗

2
≤ da <

d∗

2

1, da < −
d∗

2

, (39)
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Fig. 23: (a) Hybrid modulation: Only half-bridge ā1 is continuously
operated with the switching frequency fs, while the second half-
bridge ā2 of phase a is operated for a small fraction of the fun-
damental period with the switching frequency fs. (b) CM voltage on
the middle of the motor windings.

where da is given in (4) and d∗ is a design parameter
that defines the slope of the soft transition at t = To/2.
According to the hybrid modulation, the VSI [ā1, b̄1, c̄1] is
continuously operated with the switching frequency fs. The
second VSI [ā2, b̄2, c̄2] is partially operated with the switching
frequency fs, for only a fraction of the fundamental period To
(around the zero crossing of the motor phase voltage). By
reducing the switching transitions of the VSI [ā2, b̄2, c̄2], the
hybrid modulation is able to achieve lower switching losses
compared to the unipolar modulation (30). As a result of
the hybrid modulation, a CM voltage appears on the motor
windings which is visualized in Fig. 23(b). The motor CM
voltage is calculated based on the equivalent circuit of Fig.
7, has a trapezoidal shape and a repetition frequency equal
to three times the fundamental frequency 3fo. In summary,
the hybrid modulation allows to reduce the switching losses
of the unipolar modulation at the expense of a higher CM
voltage stress on the motor. It is finally noted, that for a
design parameter d∗ = 2 the hybrid modulation is equivalent
to the unipolar modulation of (3), while for d∗ = 0 the hybrid
modulation is equivalent to the unfolder modulation of (15).

Subsequently, the alternative unfolder modulation is de-
scribed, which is suitable for the DBII-VSI of Fig. 6. The
sinusoidally shaped duty cycles da1 and da2 of Fig. 24(a)
control the two VSIs and are equal to

da1 =

{
da, da ≥ 0

0, da < 0
, da2 =

{
0, da ≥ 0

−da, da < 0
, (40)

where da is given in (4). Both half-bridge ā1 and ā2 of phase
a are partially operated with the switching frequency fs, for
half of the fundamental period To. The alternative unfolder
moudulation resembles the unfolder modulation of Fig. 9,
in that only three out of the six in total half-bridges are
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Fig. 24: (a) Alternative unfolder modulation: Both half-bridge ā1

and ā2 of phase a are partially operated, for half of the fundamental
period To, with the switching frequency fs. (b) CM voltage on the
middle of the motor windings.

operated with the switching frequency fs at any given moment
in time. However, in contrast to the unfolder modulation,
where only half-bridges belonging to the VSI [ā1, b̄1, c̄1] are
continuously operated with the switching frequency fs, in the
case of alternative unfolder modulation both VSIs share an
equal amount of switching transitions over the fundamental
period To. The main disadvantage of the alternative unfolder
modulation strategy is the asymmetric RMS current stress
it causes on the semiconductor devices. As a result, of the
alternative unfolder modulation a CM voltage appears on the
motor windings which is visualized in Fig. 24(b). The motor
CM voltage is calculated based on the equivalent circuit of Fig.
7, has a sinusoidal shape and a repetition frequency equal to
six times the fundamental frequency 6fo.
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