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Abstract—A novel carrier-based PWM (CBPWM) strategy is
proposed in this paper for a three-level T-type neutral-point-
clamped (3L-TNPC) inverter in electric propulsion applications.
For a civil aircraft, the performance during the cruising stage,
which is usually the longest in the typical mission profile
with lower-rated output power, relies on high-efficiency electric
propulsion. Meanwhile, its high reliability is realized on the
premise of balanced neutral-point (NP) voltage. To leverage the
above advantages at the same time, in this paper, by adopting the
reconstructed modulation signals, not only can the NP voltage
ripple be mitigated, but also the switching losses are reduced
effectively. Furthermore, the active capacitor voltage balancing
capability can be achieved by injecting adaptive zero-sequence
voltage (ZSV) in specific intervals of pulse trains. The results
of simulation and experimental test validate the effectiveness
and feasibility of the presented modulation algorithm for electric
aircraft propulsion applications.

Index Terms—Electric aircraft propulsion drives, enhanced
modulation signals, neutral-point voltage balancing, switching loss
reduction, three-level topology.

I. INTRODUCTION

Aiming at a more electrified green thrust for future airborne
transportation, the state-of-the-art multilevel converters play
a significant role in the electrical power conversion between
the onboard electric power system (EPS) to the propulsion
motor [1]. One of the interesting architectures is to combine
aircraft electric starter/generator (ESG) systems investigated
in [2] and [3] and turboelectric propulsion drives. Therefore,
prior to cranking the generator via a coupled shaft, the aircraft
turbofan engine can be activated electrically. Fig.1 displays
the nominal turboelectric distributed propulsion (TeDP) system
studied in this work. As can be seen, two ESG systems con-
sisting of a permanent magnet synchronous machine (PMSM)
and a bi-directional active-front-end (AFE) convert the shaft
mechanical power to the electrical form feeding to an onboard
dc distribution bus. It is worth noting that the bipolar structure
with £+ 0.5 kV is selected as it can suit onboard propulsive
and non-propulsive loads simultaneously. To improve the
output power quality, reduce dv/dt and lower electromagnetic
interference (EMI) while using the minimum switch counts for
this application, instead of other multilevel power electronics
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Fig. 1: The target aircraft TeDP architecture.

building blocks (PEBBs), such as cascaded H-bridge (CHB)
[4], [5], active NPC (ANPC) [6], [7] and multi-port converter
[8], [9] or two-level PEBB with active gate-driver [10]-[12],
a T-type three-level inverter shown in Fig.2 is prototyped, in
which the silicon-carbide (SiC) switching device is selected
because of its high blocking voltage and low switching loss
compared with silicone ones [13], [14]. A high-speed electric
propulsion motor is fed by this high-power inverter, featuring a
fundamental frequency of up to a kilohertz. The overall control
block diagram for the studied aircraft TeDP system can be
found in Fig.3. It involves motor speed control that regulates
the speed of the propeller, flux-weakening control that extends
inverter output capability, inner-loop current control that en-
sures sinusoidal ac variables, droop control that adjusts the
voltage level on ESP and the PWM modulator which is the
core investigated objective of this work.

Nevertheless, as a result of the split de-link capacitors of the
NPC topology, the NP potential fluctuation or deviation occurs
in certain operational conditions, especially under a higher
modulation index (MI) and a lower power factor (PF). This can
overstress the switching devices and lead to distorted output
voltage. To deal with these problems, numerous research
works from the perspective of PWM strategies have been
carried out in recent years. Among them, balanced NP voltage
can be attained by employing the nearest-three-virtual-space-
vector (NTV?) strategy [15] and many of its variants [16]-
[19]. However, this benefit is achieved at the cost of additional
switching losses. Although the thermal issue is not a standing-
out problem when exploiting the traditional seven-segment
pulse train and can be further alleviated by the discontinuous
counterpart, both ac and dc voltage offsets exist in the mid-
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Fig. 2: Circuit diagram of 3L-TNPC.
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Fig. 3: Control blocks of the TeDP system.

point of dc-link, which puts the lifetime of capacitor banks at
risk. In the works of [20], with constant clamping one-phase
voltage for the nine-segment pulse pattern, a modified NTV?
scheme is proposed to reduce switching losses. Nevertheless,
it should be pointed out that the implementation of this PWM
algorithm is complicated and the direct commutation from the
positive dc-rail to the negative one happens in some scenarios.
In [21], while a hybrid modulation scheme is proposed to
relieve the unnecessary losses by NTV2 in low MI region,
an additional loss of 33% would still be produced in the high-
speed power generating mode.

To this end, in this paper, an enhanced carrier-based PWM
(CBPWM) technique is introduced for a 3L-TNPC inverter
used in the aircraft’s next-generation TeDP system when ex-
ecuting the cruise. Through reconstructing modulation waves,
the proposed modulation solution can inherit exceptional NP
voltage balance capability by the 3L phase voltage clamping as
similar to the NTV? scheme but with simple implementation,
while an adaptive discontinuous PWM (DPWM) method is
adopted in specific intervals to reduce unnecessary switching
actions. Furthermore, two types of flexible ZSVs are injected
under the feedback control to correct two deviated capacitor
voltages once the voltage difference exists unexpectedly.

II. THE CONVENTIONAL NTV?
STRATEGY FOR 3L-TNPC INVERTER

Fig.2 presents the circuit diagram of the 3L-TNPC topology,
where each phase consists of four switches, i.e., S;1~Sz4,
x={A, B or C}. in which phase z denotes phase-A, B or C.
Two identical capacitors, i.e., C; and Cj, are series-connected

TABLE I: Switching Principle of The 3L-TNPC Inverter

Switching  Gating Signals Output
States (Sz1,522) Voltages
[P] 1 n Viael2
[O] ©, D 0
[N] 0, 0) —Vael2

to form the onboard main dc-bus. Similar to the classic diode-
clamped NPC converter, there are 27 switching states produced
by [P], [O] and [N] by three individual phase legs. +Vj refers
to S;1 and SS9 are ON, null voltage output mean that S,o and
Sy3 are ON, and —V,,. indicates that S;3 and S,4 are ON.
Table I summarizes this switching principle.

In each sector, the conventional NTV? strategy applies five
virtual-space-vectors (VSVs) producing average net-zero NP
currents [15], as referred to V0, Vzs1, Vzs2, Vzum, Vzr1 and
Vzr2 in Sector-I of Fig.4, in order to synthesize V.., thereby
gaining NP potential balance and minimizing its ripple in
every switching period. Nevertheless, in comparison with the
seven-segment PWM, one of the drawbacks of this modulation
method is the additional switching actions, which renders
[P]—[O]—[N] in one of phase legs.

On the other hand, the computation burden of such switch-
ing patterns by VSVs is heavy if the PWM interrupt service
routine is shortened, particularly for the wide bandgap (WBG)-
based converter applications.

III. PROPOSED CBPWM TECHNIQUE WITH
RECONSTRUCTED MODULATION WAVES

In order to simplify the modulation process, the equivalent
CBPWM is an effective alternative to generate the same
switching pattern as its space-vector counterpart.

Here, taking Sector-I as an example, the dedicated modu-
lation signals through (1) are derived prior to modifying the
NTVZ2, where V,, V}, and V. are sinusoidal voltage signals,
my, my;, My, and mY; refer to auxiliary reference voltages.

m;; = (Va - %)/2
my = (Vo — Vo) /2
Myy = (Vb - Va)/2
mg = (Vc - Va)/2

(D

It is noticeable that the modulation wave for phase-B is then
decomposed to attain 3L dc-bus voltage clamping intervals,
as shown in Fig.5. In contrast, two-level clamping intervals
of phase-A and C are available to reconstruct according to
the optimized objectives. Herein, discontinuous pulse trains
are properly configured to compensate for the extra switching
actions in phase-B. For the first sector, generic ZSVs yielded
in (2) are then flexibly injected into three-phase modulation
signals expressed by (1).

{‘/zsv.p - k(l - Vmam) + (1 - k)(fl - szn)

(2)
‘/zsv.n = (]- - k)(l - Vmaz) + k(_]- - szn)
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Fig. 5: Re-division of the carrier-based VSV implementation.

where V., and V,,;, refer to the maximum and minimum
reference voltage waves, respectively. Vg, , and V.4, corre-
spond to the case of V.1 >V and V.1 <Vyeo, respectively.

It is apparent that when k equals 0.5, the conventional
space-vector modulation can be equivalently attained. Another
interesting finding is that when k rises up to 1, the modulation
waves can seamlessly transit to the DPWM strategy and pro-
vide NP currents with different polarities. This indicates that
drifted capacitor voltage can be corrected, and lower switching
loss can be achieved in this region. A similar derivation can be
analyzed and carried out for other sectors. The above concept
forms an enhanced CBPWM that reduces the power loss of the
3L switching intervals caused by VSVs and keeps capacitor
voltages balanced if an initial potential deviation exists in
the midpoint of dc-link. Fig.6 shows dedicated reconstructed
modulation waves and their corresponding ZSVs. As shown,
the clamping region of modulated waves has a strict correlation
with sector number. On the basis on NP current analysis in
the works of [19], Fig.7 plots the NP currents with dual polar-

({)
|

=}

Modulation
Signals

| _ Al

Sector:-ViSector-VI
Sector-1V,

Sector-I11
Sector-11

Sector
Number

Sector-I

az —-—"
bz b -

et
£

Va’ Vb’ Vc &
Vaz) Vbz’ ch
E

v
Ve

Fig. 6: The reconstructed modulation waves in different sectors.

TABLE II: Aircraft TeDP System Parameters

Parameters Simulation ~ Experimentation
Rated power 1000 kVA 200 kVA
DC-bus voltage + 540 V + 270 V
Switching frequency 30 kHz 30 kHz
Fundamental frequency (fo) < 1kHz < 1kHz
Capacitance (C1=C2) 900 uF 300 puF
Modulation index (MI) < 0.95 < 0.95
Power factor (PF) 0.7~1.0 0.7~1.0

ities associated with reference voltage rotating angles by the
proposed modulation algorithm supplemented for recovering
capacitor voltage divergence.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The developed 1000 kVA aircraft TeDP system using a SiC-
based 3L-TNPC converter is built in the MATLAB/PLECS
environment, while a scaled-down setup fed RL loads is
prototyped in the laboratory before a high-speed and high-
power electric machine is available. The system parameters
can be found in Table 1. Cree/Wolfspeed HT-3000 series 900
V power module is chosen to configure the main circuit and
to analyze power losses in the following.

Fig.8 shows the state-state performance of the traditional
SPWM scheme at a fundamental frequency (fp) of 1 kHz,
in which an obvious dc voltage error between two capacitor
exists. Figs.9 and 10 present the modulation performance of
the proposed CBPWM strategy under the steady-state at a f
of 400 Hz and NP voltage recovery process in the thrust-
generation mode with a fy of 1 kHz, respectively. It can be
seen that the shifted NP voltage can be kept again at a balanced
state regardless of fy, even though the two capacitor voltage
imbalance initially exists. These results can demonstrate the
effectiveness of the presented NP voltage balancing control
ability over a variable-frequency ac output.
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By using the datasheet of the adopted semiconductor, the
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Fig. 10: The NP voltage recovery process by proposed CBPWM
with fo=1 kHz.
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Fig. 11: Power losses breakdown by different PWM schemes.

power loss analysis can be conducted through the PLECE ther-
mal model. The specific power losses breakdown by different
modulation schemes is provided in Fig.11. The results show
that the switching loss by the proposed CBPWM strategy is
lower than the NTV? strategy. By contrast, the SPWM scheme
achieves the lowest switching loss because of no 3L switching
intervals over a carrier period.

Fig.12 displays the designed 3L-TNPC test rig that experi-
mentally verifies the modulation performance of the proposed
PWM algorithm. As capacitor voltage balance is the premise
of 3L inverter normal operation, in this regard, a process of NP
voltage balancing when an initial 25 V dc voltage bias exists
under the conventional NTV? strategy is tested and presented
in Fig.13. As can be seen, after switching to the proposed
modulation algorithm, the NP voltage imbalance issue can be
quickly restored within 10 ms, and with an output current
THD of 5.47%.

V. CONCLUSION

This paper proposes a new CBPWM strategy with recon-
structed modulation waves for the electric aircraft propulsion



Fig. 12: The SiC-based 3L-TNPC test rig.
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Fig. 13: NP voltage balancing process under the proposed CBPWM
scheme when k=1 at MI=0.9 and PF=0.8.

system with SiC-based 3L T-type NPC power conversion
stage. Aiming to reduce losses rendered by 3L switching
intervals, dc-rail clamping intervals are supplemented appro-
priately, and also retain the capacitor voltage balancing perfor-
mance. Moreover, the presented PWM algorithm is simplified
in contrast with space-vector implementation. The simulation
and experimental results initially validate the effectiveness and
feasibility of the proposed modulation technique.
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