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Abstract: In this paper, the performance of a 5-level cascaded H-bridge inverter in unmanned aerial
vehicle (UAV) applications is analized to identify, at the converter design stage, the better device
choice depending on different UAV operation scenarios. Considering that regardless of the specific
application there are some typical operations, such as take-off, climb, land, cruise, and potential
recurring climbs and descents, the results can support the choice by considering the typical working
conditions of the specific application where the UAV would be used. The results have been obtained
by simulating the H-bridge inverter considering the circuit models of insulated-gate bipolar
transistors (IGBTs), GaN high-electron-mobility transistors (HEMTs), and Si and SiC metal-oxide-
semiconductor field-effect transistors (MOSFETs) provided by manufacturers. The study has
highlighted that the choice of the device depends on the UAV usage, switching frequency, and load
conditions. More specifically, considering the typical devices and systems costs in the case of a
selective harmonic elimination procedure operating at the fundamental switching frequency, the Si
devices should be used. Moreover, the preference for using IGBTs or Si MOSFETs depends on the
typical working conditions of the UAV application. In the case of phase-shift carrier modulation
technique, at 4 kHz the MOSFET is the best device and the choice between Si and SiC devices depends
on the UAV application's main operation scenarios. At 20 kHz the SiC MOSFET is the best device, while
at higher frequencies the GaN HEMT cost should be faced to take advantage of its best performance.

Keywords: multilevel inverter; unmanned aerial vehicles; power electronics device; circuit model;
circuit simulation
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1. Introduction

Gallium nitride (GaN) and silicon carbide (SiC) wide bandgap semiconductors have a large
atomic bond strength which provides high saturated electron speed and large breakdown field strength,
and they show favorable characteristics including low conduction resistance, threshold voltage,
capacitance, reverse recovery charge, etc. [1-3]. Thanks to these characteristics, GaN and SiC power
devices will be used for high power density and high efficiency and will replace conventional silicon
counterparts in applications ranging from 600 to 1700 V [4,5]. In terms of voltage rating, the
drain-to-source voltage of GaN power devices is typically below 650 V [6]. The applications of GaN
power devices are focused on wireless power transmission [7], switched-mode power supplies [8], and
microinverters [9]. For SiC power devices, the voltage rating is typically in the range of 600~1700 V and
high thermal conductivity allows good thermal performance [10-12]. The applications are mainly
focused on renewable power conditioning systems [13], electric vehicles, and medium-voltage
motor drives [14].

Multilevel converters have the general advantages of improved efficiency, lower dv/dt and di/dt,
reduced harmonics, reduced EMI, lower common mode current, and the advantages of transformerless
and fault-tolerant operations [15-20]. This class of converters is used in high or medium voltage, high
power (multi-MWs) applications, including induction and synchronous motor drives for various
industrial applications, high voltage DC systems, flexible AC transmission systems (FACTS), static
VAR compensators, photovoltaic and wind generation systems, unmanned aerial vehicles (UAVs), etc.
Generally, multilevel inverters are used for medium voltage applications to divide high voltage into
smaller voltage steps [21]. The application of multilevel inverters can be extended to the 560~750 V
voltage range due to the development of power semiconductors such as SiC and GaN, returning lower
conduction and switching losses, higher energy efficiency with respect to the classical two-level
inverter. Additional benefits of multilevel topologies are the reduction of voltage transients at the motor
windings especially with long shielded motor cables, reduced stresses on the power switches, lower
harmonic distortion content in the output voltage and current, and smaller output filter and inverter
size. Since electric mobility applications require high power density, high efficiency, and a wide range
of batteries, multilevel inverters are good candidates for these applications.

The work in [22] presents a comparison of conduction and switching losses of Si-IGBT,
SiC-MOSFET and GaN devices in a 3-phase 3-level diode clamped inverter fed induction motor drive.
The work in [23] proposes a front-end isolated quasi-Z-source cascade multilevel inverter for PV
grounding issues, and it compares the SiC and GaN MOSFETs performance. A comparison of the
efficiency of GaN and SiC devices in two-level and three-level converters considering different
modulation techniques has been considered in [24]. In [25], an overview of the performance of various
power switches in multilevel inverters has been presented. The analysis has shown that MOSFETs are
better for low-power applications while IGBTs are suitable for high-power applications and GaN
devices are promising for developing high-frequency multilevel inverters in the next future. However,
there is no device comparison in multilevel converter that could be used for UAV. Hence, the paper
analyzes five-level cascaded H-bridge inverters equipped with power semiconductors Si, SiC
MOSFET, GaN HEMT, and IGBT in the range of input power 500—-8000 W and calculates the power
losses when the switching frequency varies between 400 Hz and 20 kHz. A further comparison between
wide bandgap devices has been performed at 100 kHz. The goal of this study is to give a guide for the
choice of the devices to be used in the 5-level inverter depending on different UAV operation scenarios.

AIMS Energy Volume 12, Issue 4, 905-923.



907

2. Reference scheme working at a fundamental switching frequency

As a reference scheme, a S-level cascaded H-bridge (CHB) inverter (Figure 1) built with ideal
switches is considered and a selective harmonic elimination (SHE) procedure operating at a
fundamental switching frequency equal to 400 Hz is proposed [26].
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Figure 1. CHB 5-level inverter configuration.

This procedure analytically computes the switching angles. It starts with the Fourier series
expansion of output phase voltage Vout as:

Vout = 21-2013,5,7,... Hy sin(kwt) 1)

where Hk is the amplitude of the kth harmonic

Hy = ‘“:j—;m [cos(ka,) + cos(kay)] @

where Vcin 1s the DC voltage input and (a1, 02) the unknown switching angles, which have to satisfy
the following constraint:

0<a;<a, <

ISHIE

€)

To eliminate the third harmonic and its multiple, the following system has to be solved:
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{cos(Bal) + cos(3a,) =0 @)
cos(ay) + cos(ay) = 2m
where m = -2 the modulation index and H; is the fundamental harmonic amplitude.
dcin
The equation system (4), by applying the Prostaphaeresis formulas, can be rewritten as:
aq +a2 a;—ap _
cos (3 T) + cos (3 T) =0 ©)

cos (%) + cos (%) =2m
giving

T
Cll + Clz ::'5

) (6)

a;—a, = Zarccos(

m
COS(H)
6

That in matrix form is

with
] = 1 —11]
o] =[] U
3
[b] = 2arccos< mn>
COS(—)

Observing that the inverse of the matrix [A4]71 = % ,since [A]? = 2[I] and [I] is the identity

matrix, the vector of switching angles [e] can be computed by the product [a] = [A] [Zi] )

The obtained switching angles eliminating the third harmonics and its multiple, depending on the
modulation index, are shown in Table 1. Figures 2, 3, and 4 show the harmonic spectrum obtained by
the previous switching angles for m = 0.8, 0.7 and 0.5, respectively.

The total harmonic distortion (THD), including the harmonics up to the forty-ninth, can be
computed as:

49 cos(kaq)+cos(kay) 2
k=3,5,7,...[ k ]

|cos(aq)+cos(as)|

rip = &2 ®)

For switching frequencies higher than the fundamental one, simulations are carried out by using
the phase-shifted (PS) carrier modulation technique. The major advantage of this scheme over
level-shifted and space vector modulation schemes is its inherent ability to evenly distribute losses
between semiconductor devices. Its implementation requires a capacitor voltage balancing scheme.
For the CHB 5-level inverter, the carrier signals of the two cells, which are equal in amplitude and
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frequency, are phase-shifted by w2. The PS scheme allows shifting the voltage harmonics towards high
frequencies that depend on the switching frequency fsw. More specifically, the generated harmonics
are centred at frequencies f=4.k-fsw, k=1, 2, ...

Table 1. Switching angles obtained by SHE.

m a,[rad] a,[rad]
0.45 0.5008 1.5480
0.50 0.4317 1.4789
0.55 0.3591 1.4063
0.60 0.2818 1.3290
0.65 0.1983 1.2455
0.70 0.1060 1.1532
0.75 0.0000 1.0472
0.80 0.1306 0.9166
0.85 0.3309 0.7163
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Figure 2. Harmonic analysis obtained for the reference scheme for m = 0.8.
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Figure 3. Harmonic analysis obtained for the reference scheme for m = 0.7.
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Figure 4. Harmonic analysis obtained for the reference scheme for m = 0.5.
3. Analysis of five-level CHB inverter considering real switch circuit models
3.1. Circuit models and simulation setup

In this work, power devices with different structures and technology have been tested. They are
listed in Table 2. The power devices have been chosen with similar breakdown voltage (600—650 V)
and on-state resistance (Rps.on), that is 48 mQQ at room temperature. The IGBT has been selected
considering the forward on-voltage (Vr) when the maximum current flows through it in this application.
In detail, the ratio between the Vr and this current (approximately 30 A) is similar to the Rps,on of the
other devices in Table 2.

Table 2. Devices considered in the comparison.

Device Manufacturer Code

Si MOSFET STMicroelectronics STO67N60DM6 [27]

SiC MOSFET Infineon IMZA65R048M1H [28]
GaN HEMT GaNSystem GS-065-030-2-L [29]

IGBT STMicroelectronics STGWA60V60DWFAG [30]

For each power device, a gate driver circuit has been implemented to optimize the switching
waveforms. In Figure 5, a generic gate driver used for the simulations has been reported.

Ron ' % Don
Vdriver
Roff Dclampi Ves
D

off

Figure 5. Generic gate driver adopted for the simulations.
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In the gate driver, Ron and Rofr enable the regulation of the turn-on and turn-off slew rates,
respectively. These regulations are important to avoid positive and negative glitches in the
complementary devices. In fact, the former could involve an undesired turn-on which involves shorting
the leg, while the latter could destroy the oxide of the complementary device. Moreover, as the value
of these resistances increases it is less probable the overlapping of the Vas of the devices of the same
leg during a commutation. Considering that the GaN device is the fastest one Ron Was initially set
to 20 Q according to usual rules [31]. However, during the simulations, the positive glitch on the
gate-source voltage of the off-state device (due to the turn-on of the complementary device) involved
its undesired turn-on causing leg shoot-through. Therefore, the value has increased to 25 Q. Although
a lower value could be considered for the others, it has been preferred to adopt the same value of Ron
to perform the comparison at equal external conditions. Similarly, the Rofr value has been set. The same
Ron (25 Q) and Rofr (3.3 Q) were used for all power devices. Don and Dofr are used as resistor selectors.
The first allows the current to flow only when the device is turning on, while the second enables the
current path during the turn-off. They present a forward voltage (FV) equal to 0.3 V. The diode
connected between the gate and kelvin is a clamp diode with an FV equal to 1.5 V. This component
avoids excessive negative Vgs voltage on the complementary device to the turning-on one to avoid
oxide damage.

As mentioned before, the simultaneous switching of two devices on the same leg must be avoided.
Hence, an adequate blanking time has been used considering the specific device features and the
previous choice of the resistors Ron and Rosr. Table 3 reports the blanking time adopted in the driver
for the converter control according to the adopted device as well as the related on and off voltage.

As faster the power device switches the smaller the blanking time. Moreover, other aspects must
be considered. A proper blanking time must be considered in a device subject to the reverse
phenomenon especially when it has a large negative impact. More specifically, a Si MOSFET is
affected by the reverse recovery of its parasitic body diode, while the GaN HEMT does not have a
reverse recovery time because it has not an intrinsic body diode. In Figure 6 the switching of the
considered GaN HEMT is reported. In this simple case, the considered blanking time is
largely sufficient.

The output of the multilevel converter has been modelled with an Rr load. The value of the input
voltage Vpcin 1s set to 283 V. The schematic of the simulated multilevel converter has been reported in
Figure 1, where the gate driver mentioned in the boxes is the one shown in Figure 5.

Simulations with different power outputs have been performed. In Table 4, the simulation of the
different conditions has been reported. These simulations have been first performed considering SHE,
which is a switching frequency equal to the fundamental one, i.e. 400 Hz, which is typical in this application.

Table 3. Parameters set in the pulse voltage source (Variver).

Vdriver min [V] Vdriver max [V] Blanking time [ns]
Si MOSFET 0 10 400
SiC MOSFET 0 18 100
GaN HEMT 0 6 50
IGBT 0 15 600
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Figure 6. Switching of the GaN HEMT.

Moreover, other simulations have been performed considering PS carrier modulation
techniques: 4 kHz and 20 kHz to account for the operating frequency of the IGBT. A further
comparison between wide bandgap devices has been performed at 100 kHz. The simulations have been
carried out with SIMetrix software using the circuit model provided online by the devices
manufacturers. They are typically Spice-like circuit model of the power devices [32-37].

Table 4. Simulation conditions.

Output power [W] Tow [A] Rouw [Q] Lou [WH]
500 1.7 388 16.3
1000 3.5 194 16.3
2000 7 96.5 16.3
5000 17.6 383 16.3
8000 28.2 23.7 16.3

3.2. Simulation results

The modulation index of the adopted SHE has been set to m = 0.85. In Figures 7-10, the
relationship between input power and power losses as the switching frequency varies has been graphed.
For each figure, there are four curves: a blue curve for GaN HEMT, a red curve for SiC MOSFET, a
green curve for St MOSFET, and a light blue curve for IGBT.

When SHE modulation is adopted (i.e., at the fundamental frequency, 400 Hz) until 50% of the
full load, the GaN HEMT and the MOSFETs (Si, SiC) present the same performance, which is better
than the IGBT one and the gap increases as the load increases (Figure 7).
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Figure 7. Power losses of Si and wide-bandgap devices at 400 Hz.

From 50% of the full load, the performance of GaN is worse in comparison to the MOSFETs (Si,
SiC), which present the best performance although the SiC MOSFET slightly outperforms the Si one,
especially at high load. In this case, the performance of the IGBT is the worst almost always because,
differently from the previous case, the gap decreases as the load increases. Indeed, at full load, the
IGBT tends to the SiC MOSFET while the GaN device presents the highest losses. Considering that
IGBT devices present the lowest cost and a St MOSFET costs less than a wide-bandgap device, the
following conclusion can be derived. The IGBT is the first choice only if the converter mainly operates
at full load. This occurs in applications where the UAV is often used at maximum performance, such
as flying at high speed or frequently climbing and descending. Otherwise, the higher cost of Si
MOSFET should be faced when the converter operates differently. This condition occurs when the
UAV is used at the maximum load only in a few intervals (i.e., during the take-off, climb, and landing
phase) while rarely it is forced at maximum speed during the cruise and rarely it has to climb and
descend during its operation. Therefore, the choice must account for the typical working conditions of
the specific application.

In conclusion, regardless of the UAV usage and consequently the converter operation, the use of
wide-bandgap devices should be avoided since there is not any performance improvement that justifies
a greater cost.

In the case of the PS carrier modulation technique at 4 kHz (Figure 8), there are some differences
from the previous case. In this case, the switching frequency is 4kHz since, differently from the
previous case, it depends on the carrier frequency. Until 50% of the full load, the GaN HEMT and the
SiC MOSFETSs present about the same losses, which is better than the St MOSFET while the IGBT
is the worst one. The gap between the Si MOSFET and the wide-bandgap devices is almost
constant (increases very slightly) while, as before, the gap with IGBT losses increases with increasing
load. From 50% of the full load, the performance of GaN HEMT is worse in comparison to the SiC
MOSFET and the gap slightly increases as the load increases.

AIMS Energy Volume 12, Issue 4, 905-923.
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Figure 8. Power losses of Si and wide-bandgap devices at 4 kHz.

Also, in this case, the performance of Si MOSFET is worse than the wide-bandgap devices and
the gap slightly increases reaching the maximum gap at the full load. Similar to the previous case, the
gap between the power losses of the IGBT and of the other devices reduces as the load increases. On
the other hand, differently from before, it performs worse than both wide-bandgap devices also at full
load. In this condition, both Si devices present about the same power losses. The IGBT should be
totally avoided if the power losses are the main selection criterion. The use of St MOSFETs could be
considered if it is expected that often the converter will be operated at low load (until 50%) since the
reduced cost compensates for the small additional losses. This condition occurs when the converter
operates at a high load during the ascending and descending period while mainly flying slowly.
Otherwise, as the average UAV cruise speed increases or frequently climbs and descends to perform
the specific application tasks, the loss gap between Si and SiC MOSFETs increases thus the higher
cost of the latter MOSFET should be faced.

In conclusion, regardless of the UAV usage and consequently the converter operation, the use of
IGBT should be avoided due to the bad performance, while the use of GaN HEMT devices must be
avoided since they cost more than SiC MOSFETs without performing better.

In the case of the PS carrier modulation technique, carrier at 20 kHz (i.e., the switching frequency),
the results reported in Figure 9 show that the considerations about the IGBT and Si MOSFET when
compared with the wide-bandgap devices are like the 4 kHz case. The main difference consists in the
strongly increased gap between Si and wide-bandgap devices. In this case, the two kinds of
wide-bandgap devices present the same performance regardless of the power level. Therefore,
considering the higher cost of GaN HEMT devices, the SiC MOSFET is the best choice.

According to these results, it is expected that if the switching frequency increases the gap between
Si and wide-bandgap devices increases and, consequently, the use of Si devices should be avoided.
Therefore, only the wide-bandgap devices have been simulated in the case of the PS carrier modulation
technique, carrier at 100 kHz (Figure 10). Indeed, regardless of the power losses, the use of IGBT
would be not possible since this frequency is out of its capability.

AIMS Energy Volume 12, Issue 4, 905-923.
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The results show that in this case, the GaN HEMT outperforms the SiC MOSFET regardless of
the load. However, until 50% of the full load the improvement achievable using the GaN HEMT is
negligible. However, considering the trend (Figures 9,10), it is expected that the gap becomes
significant as the switching frequency increases. From 50% of the full load, the performance of SiC
MOSFET is worse in comparison to the GaN HEMT and the difference increases as the load increases.
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Figure 9. Power losses of Si and wide-bandgap devices at 20 kHz.
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Figure 10. Power losses of wide-bandgap devices at 100 kHz.
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Considering that SiC MOSFETs present a lower cost than GaN HEMT, the following conclusion
can be derived. The GaN HEMT is the first choice when the converter mainly operates medium or
large loads. This occurs when the UAV is often used at maximum performance, by flying at medium
or high speed or by frequently climbing and descending to perform specific application tasks.
Otherwise, one can benefit from the lower cost of SiIC MOSFETs when the converter operates in a
different manner. In particular, in applications where the UAV is used at a high load only in a few
intervals, e.g., take-off and landing phase, while usually the cruise speed is low and rarely it climbs
and descends during its operation.

In conclusion, when a high switching frequency is considered, the GaN HEMT is usually the
best choice.

Figure 11 reports the amplitudes of the harmonic normalized with respect to the fundamental one
when the circuit model of the switches is adopted. In particular, they are expressed in percentage of
the amplitude of the fundamental component of the output voltage spectrum. The results are obtained
for the case 8 kW when the modulation index is equal to 0.85 and using the PS carrier modulation
technique with a carrier at 20 kHz. The related power losses of the 4 kinds of devices are reported in
Figure 9. Figure 11(a) reports the normalized amplitude of the odd harmonics until the 49-th related to
the output voltage. The third harmonic and its multiple appear in the figure differently from the ideal
case where they are zero (see Figures 2—4). However, their amplitude is low; a magnification of them
is reported in Figure 11(b). From the analysis of this figure is evident that the St MOSFET is the worst
device because the output voltage, generated when it is used, presents an amplitude of these 3-rd and
its multiples are much larger than when the other devices are used. On the contrary, the SIC MOSFET
presents the best performance, thus consolidating its leading position in the case of PS carrier
modulation technique with carrier at 20 kHz.

The normalized amplitude reported in Figure 11(a) for the actual devices has been compared with
the ideal ones that would be obtained in the case of ideal switches. The comparison has been performed
for the non-zero harmonics of the ideal output voltage spectrum (i.e., the 3-rd and its multiples are not
considered). The error, Eqx, on the k-th harmonic due to the use of a non-ideal switch, d, has been
computed according to the following equation:

Har _Hg
Eqp = Hd'lnk 0% ©)

Hq

where Haq,1 and Hax represent the amplitude of the fundamental and the k-th output voltage harmonic,
respectively, obtained by simulation using the device d (St MOSFET, SiC MOSFET, GaN HEMT and
IGBT); while Hi and Hk represent the same quantities for the ideal switches.
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Figure 11. Normalized harmonic amplitudes when the circuit model of the devices is
adopted: load equal to 8 kW. (a) Odd harmonics until the 49th; (b) third harmonic and its
multiple—(they are ideally zero).
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Figure 12 reports the values of Eak. As evident from Figure 12(a), once again, the St MOSFET
provides the worst results. Except for the IGBT, all the other devices present a large estimation error
for the 41-th harmonic. Figure 12(b) reports a magnification of the results in Figure 12(a). In the last
are removed the errors greater than 30% (i.e., results related to the 25-th harmonic for St MOSFET
and 41-th harmonic for GaN HEMT, Si and SiC MOSFET). Figure 12(b) confirms that St MOSFET
performs worse than the other devices. The IGBT is better at looking at the results as a whole.

—Si
== SiC

==-GaN
IGBT

(@) (b)

Figure 12. Estimation error (the orange circle represents zero error for each harmonic). (a)
Overall view; (b) magnification until the 30% error (errors larger than 30% are removed).

Figure 13 reports the amplitudes of the harmonic normalized with respect to the fundamental one
when the circuit model of the switches is adopted. In particular, they are expressed in percentage of
the amplitude of the fundamental component of the output voltage spectrum. The results are obtained
for the case 2 and 5 kW when the modulation index is equal to 0.85 and using the PS carrier modulation
technique with a carrier at 20 kHz. The results are similar to the ones reported in Figure 11, thus,
similar conclusions hold.

AIMS Energy Volume 12, Issue 4, 905-923.
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Figure 13. Normalized harmonic amplitudes when the circuit model of the devices is
adopted. (a) 2 kW; (b) 5 kW.
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4, Conclusions

In this paper, a 5-level cascaded H-bridge inverter and the related modulation have been
considered for UAV applications. More specifically, different operation scenarios considering typical
operations, such as take-off, climb, land, and cruise, as well as potential recurring climbs and descents,
have been considered to account for different application targets. The converter and the proposed
modulation techniques have been simulated using circuit models of the converter and IGBT, GaN
HEMT, and Si and SiC MOSFET. The results have highlighted that in the case of a selective harmonic
elimination procedure operating at the fundamental switching frequency, the Si devices should be used.
More specifically, IGBTs should be considered only when the converter frequently operates at full
load. Otherwise, the Si MOSFET should be adopted although it involves increased cost, while
additional wide bandgap devices are useless due to the lack of performance improvement. In the case
of the phase-shifted carrier modulation technique, at 4 kHz the MOSFET is the best device and
preferring the Si or SiC devices depends on the UAV usage. More specifically, at the load is GaN
HEMT and the SiC MOSFETs present about the same losses, which is a few better than the Si
MOSFET while the IGBT is the worst one. The gap between the St MOSFET and the wide-bandgap
devices is almost constant (increases very slightly) while, as before, the gap with IGBT losses increases
with increasing load. From 50% of the full load, the performance of GaN HEMT is worse in
comparison to the SiIC MOSFET and the gap slightly increases as the load increases. At 20 kHz the
SiC MOSFET is the best device, while at high frequency the GaN HEMT cost should be faced to take
advantage of its best performance.
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