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Abstract—Turboelectric propulsion is emerging as an enabling
technology for the future aviation industry, aiming to reduce
its carbon footprint. To provide electrified thrust for aircraft,
the converter-fed motor drive system is a promising solution for
the energy conversion between an onboard dc distribution bus
and a high-speed electric machine. However, the neutral-point
potential fluctuation and even drifting can be an outstanding
issue when employing three-level neutral-point-clamped (3L-
NPC) topologies, which puts the converter output performance
and the lifespan of capacitors at risk. To address these problems,
in this paper, a new hybrid active pulse-width-modulation (PWM)
strategy is proposed for the studied airborne electric propulsion
systems. With the versatile dual-mode modulation signals, not
only can the proposed PWM algorithm keep capacitor voltages
balanced at the entire range of operating points but also switching
losses can be lowered with the help of discontinuous pulse trains
during the cruise. Moreover, the computational burden rendered
by a short switching cycle is reduced by the sextant coordinate-
based analytical derivation. The effectiveness of the presented
modulation technique are validated through simulation results
from a Simulink/PLECS model and experimental results obtained
from a 200 kVA silicon-carbide (SiC) based T-type 3L-NPC
prototype with a variable output fundamental frequency.

Index Terms—Coordinate-based, neutral-point voltage, discon-
tinuous pulse trains, turboelectric aircraft propulsion, three-level.

I. INTRODUCTION

HE electric aircraft propulsion technologies result in

higher energy conversion efficiency, lower maintenance
costs, reduced greenhouse gas emissions, and new methods
of aircraft design for the future aviation industry [1]-[3]. To
realize these advantages, electric propulsion systems offering
electrified thrust attempt to partially or even fully replace their
mechanical counterparts. For example, NASA has launched
a research project named N3-X with the state-of-the-art su-
perconducting and turboelectric technologies, where the 14
propulsive fans can provide up to 25 MW thrust power during
takeoff [4]. Though the all-electric-aircraft (AEA) concept
leads to zero carbon footprint, the turboelectric distributed
propulsion (TeDP) based aircraft is more viable in the near
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Fig. 1. Configuration of the advanced aircraft TeDP system.
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term because of fewer technical and economic barriers. One
of the convincing cases is the STARC-ABL by NASA [5],
where an aft motor-driven fan fed by 2 to 3 MW generators
provides electrified thrust for the aircraft.

To increase the penetration of electrical systems on the
aircraft, an advanced TeDP system fed by integrated electric
starter/generator (ESG) systems is proposed, as shown in
Fig.1. In comparison with the original turboelectric powertrain,
the functionality of aircraft engine startup is added without the
use of the auxiliary power unit (APU). Two sets of high-power
permanent magnet synchronous machines (PMSMs) and bi-
directional active front ends (AFEs) take power from the main
engine via high pressure (HP) and low pressure (LP) shafts. To
raise the output power of electrified thrust, this dual-channel
power generation center transfers power to the electric power
system (EPS) altogether. While the &+ 270 V is still the highest
standard voltage for the existing aircraft systems, the medium-
voltage dc distribution (MVDC), such as + 2 kV for N3-X,
is preferable as the weight of the power cable can be reduced
significantly. Considering other onboard avionic loads, here,
a bipolar dc-bus architecture of £ 540 V is chosen as a
candidate so that the requirements for propulsive and non-
propulsive loads can be satisfied all at once. Furthermore, it
is noteworthy that not only can the dc distribution with an
elevated voltage standard improve the efficiency of electrical
machines but also enables an operating point of a higher power
factor (PF) during the cruise. These becomes a paradigm for
the latest electrified aircraft propulsion applications [6]-[8].
Owing to low electromagnetic interference (EMI) emission
and enhanced power quality, the three-level (3-L) converter,
instead of its two-level counterpart, could be utilized to drive
an MW-class motor for the thrust generation. With the maturity
of the high-performance wide bandgap (WBG) semiconductor,
the silicon-carbide (SiC) based 3-L T-type converter (T?C)
illustrated in Fig.2 is prototyped to investigate the aircraft
TeDP system. This circuit deploys the minimum count of
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Fig. 2. Schematic of 3-L T2C-fed electric propulsion motor.

switches compared with other 3-L topologies, such as the
active-neutral-point-clamped (ANPC) converter [9].

Since the 3-L T2C plays a significant role in the energy
flow of the TeDP system, its performance affects the efficiency
and reliability of entire airborne facilities. Nevertheless, one of
the prominent drawbacks of the NPC topology is the neutral-
point (NP) potential deviation caused by the split dc-link ca-
pacitors, which jeopardizes capacitor bank lifetime, increases
ac output harmonics and over-stresses SiC devices. Though
the imbalance can be rectified to some extent in particular
situations by the self-equilibrium phenomenon [10], stringent
requirements of system parameters might be hardly fulfilled,
and its recovery process is not prompt. Another solution to this
problem is to use auxiliary circuits across the capacitors, such
as two extra isolated dc sources [11], while the added weight
and volume might be prohibitive to be adopted for aerospace
applications. By contrast, without any hardware-level efforts,
the pulse-wide-modulation (PWM) technique with active NP
voltage balancing emerges as a simple but powerful alternative.

In the existing literature, there are two major categories of
PWM strategies, i.e., the space-vector modulation (SVM) and
the carried-based (CB) modulation, for the 3L-NPC converter.
In the SVM category, the nearest-three virtual-space-vector
(NTV?) in [12] is much more suitable for perfect NP potential
balance in those applications of high modulation index (MI)
and low PF. The reason for that is an average zero NP current
can be obtained in every switching period. This concept is
followed by the continuous research in [13], [14] to maintain
NP voltage balanced after perturbation, even under overmod-
ulation conditions [15]. Moreover, the common-mode voltage
(CMV) can be alleviated by deploying the optimal switching
states [16]-[18]. Along with the increased equivalent switching
frequency, additional switching losses undermine its benefit.
Hence, quite a few SVM solutions with nearest-three-vector
(NTV) outputs have been reported, as referred to [19]-[21],
which are helpful for the NP potential fluctuation elimination,
CMYV attenuation and less thermal stress. Apart from these
methods, with the help of the non-linear control, such as the
sliding-mode control (SMC) [22] and the model predictive
control (MPC) [23], system dynamic performance is improved
as a premise of NP voltage balance. Due to high computation
burden, however, the implementation of SVM could be less
competitive for multilevel topologies, particularly for those
using WBG technologies with a high switching frequency.

In contrast, the simplicity of the CBPWM scheme is realized
by a comparison between the modulation signal and the
carrier waveform. Novelties come from the re-arrangement
of modulation signals [24]-[26] or carriers [27] for balanc-

ing capacitor voltages or suppressing CMV magnitude. On
other hand, creativity comes with the injected zero-sequence
voltage (ZSV) that generates dedicated pulse trains. In [28],
the authors introduce a CBPWM with flexible ZSV injection
to correct NP potential error and lower the switching loss,
followed by presenting zero-sequence components to extend
the output capability of the traction inverter in the overmodu-
lation region [29]. Adopting two types of ZSVs alternatively
[30], two discontinuous PWM (DPWM) solutions that are
beneficial for reducing switching loss toggle back and forth if
capacitor voltages deviate. Nevertheless, an appropriate ZSV
is not always easy to determine. One possible path is to derive
modulation waves from the known switching patterns, which
evolves a type of hybrid PWM technique incorporating SVM
and CBPWM features. In the works of [31], aiming for electric
vehicle (EV) applications, duty cycles of redundant switching
states by the NTV are calculated from a single carrier wave to
balance NP voltage and reduce switching actions. In [32], with
a single virtual carrier, modulation waves of the NTV scheme
are derived. In [33], with the vector-shifted method, NTVs
are equivalently generated by modulated signals. To settle the
low carrier ratio issue, using the inverse operation of NTV
scheme, a synchronized CBPWM is proposed by authors of
[34]. In [35], by the PWM model of the 3L-NPC, a NTV?-
based CBPWM is introduced. Nonetheless, these attempts are
all established from the a-b-c reference frame perspective and
rely on the resultant three variables, thus lacking intuitive
correspondence in the vector space named as space-domain.
Though the works of [36] explore a hybrid PWM on a basis
of the sextant plane, setting out a simple implementation of
the NTV? for the ESG system with lower PFs, all merits are
at the expense of extra switching losses. Therefore, its core
modulation concept may not be optimal for the target systems
with a profile of a higher load angle anymore.

In this paper, a hybrid active PWM strategy with dual-
mode modulation waves is proposed for the 3-L T2C in
the studied aircraft TeDP systems. Compared with the ba-
sic theoretical analysis and preliminary results of this work
initially presented in [37], the major contributions of the
introduced modulation technique are given as follows: 1) The
equivalence between the NTV scheme and CBPWM scheme is
revealed under the sextant-coordinate system, thereby leading
to a new hybrid modulation algorithm. 2) The space-vector
coordinate-based ZS Vs that bridge the space-domain and time-
domain are strictly derived to streamline the proposed PWM
method, which offers CBPWM an extra degree of freedom. 3)
With flexible modulation signals, the versatile pulse patterns
enabling DPWM can be generated during the long-range
cruise flight, which aims to realize capacitor voltage balancing,
switching loss reduction and NP potential ripple suppression
at the same time.

The rest of this paper is organized as follows. The principles
of the aircraft TeDP system are briefly introduced in Section
II. The proposed hybrid PWM algorithm, along with the
capacitor voltage balancing control, dual-mode pulse train
generation, and dedicated coordinate-based ZSV derivation,
is presented in Section III. The effectiveness and feasibility
of this modulation strategy are verified by the simulation and
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experimental results in Sections IV and V, respectively. Finally,
The main conclusions of this work are drawn in Section VL.

II. PRINCIPLES OF AIRCRAFT TEDP SYSTEM

A. Control Design of TeDP System

Fig.3 presents the control block diagram of the devel-
oped TeDP system that involves machine speed control, flux-
weakening control, dc-link current control and PWM modu-
lator. The speed control is enabled throughout the flight. The
vector control technique is used for machine decoupling pur-
poses, which allows controlling flux and torque independently.
As a result, machine torque represented as active power is con-
trolled by g-axis current. To regulate the current of bipolar dc
distribution bus, droop characteristics are required to consider
in the control design. A negative d-axis current may be injected
if an immense amount of propulsive power is needed when the
aircraft executes a go-around accidentally. It is worth noting
that the g-axis current is constantly required during the cruise,
which generates active power for electric thrust. The PWM
scheme is responsible for producing advanced pulse trains in
order to deliver electricity to drive propellers.
B. Three-Level T-type NPC Topology, SVM and CBPWM
Strategies, and Associated Modulation Issues

The main circuit of the 3-L T2?C is shown in Fig.2. As
shown, each phase consists of two switches (S;; and S,4) in
the normal half-bridge (HB) configuration and two switches
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Fig. 6. SVD of the NTV scheme with the g-h coordinate system.

TABLE I
SWITCHING PRINCIPLE OF THE 3-L T2C

Switching  Gating Signals Output
States (Sz1,522) Voltages
[P] (1,1 Va2
[O] 0, 0
[N] 0, 0 — Va2

(Sg2 and Sp3) in the common-source (CS) configuration,
where z={A, B, C}. The gating signal of S,; is complemen-
tary to that of S,3. Also, S,;o and S, 4 follow the same manner.
Two identical capacitors (C; and C3) are series-connected to
form the dc-link. For this topology, there are 27 switching
states generated in total. When S, and S,o are turned on,
the switching state is represented as [P], with output voltage
Vic/2. The switching state [O] indicates that both switches
in the CS configuration are turned on, corresponding to the
null output voltage. The switching state [N] means that S,3
and S,4 are turned on and produces —Vy./2 of the output
voltage. The switching principle can be found in Table 1. The
combination of these states formulates zero, small, medium
and large vectors approximating reference voltage command.
The division of the symmetric NTV strategy results in 6
subsectors in each sector. If the reference voltage vector falls
into the subsector-5 in Sector-1, the NTV with four switching
states, i.e., [POO], [ONN], [PON] and [PNN], are deployed
to synthesize Vs, as shown in Fig.4(a). However, due to the
predominant participation of medium vectors, the NP potential
imbalance occurs. By contrast, the repartition of the original
NTV? strategy results in 5 subsectors in each sector. Assuming
that the reference voltage vector is located in the subsector-
4 of Sector-I. To compose V., a virtual space-vector, as
a specific proportion of [ONN], [PON] and [PPO], is used
together with [PPN] and [PNN], as given in Fig.4(b). Due to
average-zero NP current over a switching cycle, this scheme
achieves perfect NP voltage balance, particularly fitting for low
PF scenarios. Given that the TeDP systems seldom induce a
lower load angle, and the advantage of balanced NP voltage
is taken at the expense of an increased switching loss of 33%
[34], the NTV? might not be the suitable PWM candidate.
The CBPWM generates pulse trains with a comparison
between sinusoidal modulation signals, denoted as V..., and
level-shifted carriers. To boost dc-bus voltage utilization ratio,
by (1), a ZSV in the time-domain component, denoted as Vj, is
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injected, as presented in Fig.5(a). To attain the 3-L switching
intervals as same as the NTV?, two auxiliary signals are
required in specific instants, as shown in Fig.5(b). Likewise,
these extra switching actions are unfavorable for the efficiency
of the high-power converter in the target propulsion drives.

Vo = ~ max(Va, Vi, Vo) —2|-m1n(Va, Vi, Ve) )
C. Simplified SVM with Sextant Coordinate System
To simplify the SVM process, by (2), algebraic operations
of dwell time are adopted to reduce computational costs of
the NTV? strategy for the 3L-NPC topology [18]. As for the
NTV counterpart, its modified hexagonal space-vector diagram
(SVD) under the g-h reference frame is illustrated in Fig.6.
[ g
Vil |0 2/V3 Vs
It is worth noting that the linear programming of associated
coordinate sets can easily identify sector and subsector. Also,
dwell times of switching states are expressed as functions of
coordinates. These features inspires us to migrate the space-
vector coordinate to the modulation waves, which paves the
way for presenting the proposed hybrid PWM afterward.

III. PROPOSED HYBRID ACTIVE PWM STRATEGY WITH
DUAL-MODE MODULATION WAVES

In the following text, the presented hybrid active PWM
technique with dual-mode modulation waves is elaborated in
each subsection. Without loss of generality, the first sector is
chosen as a representative example to explain.

A. Analytical Analysis of Space-Vector Coordinate and Asso-
ciated Modulation Waves

Assuming that the reference voltage vector is located in
subsector-5 of Sector-1, as given in Fig.4(a), the modulation
waves and associated switching patterns equivalently gener-
ated by the SVM scheme are shown in Fig.7. With the help
of similar triangles, the following equations can be attained:
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Fig. 8. The dual-mode modulation waves generation of the proposed hybrid
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Fig. 9. Three-phase modulation waveforms by the proposed hybrid active
PWM strategy with continuous and discontinuous switching pattern under:
(a) MI=0.4 and (b) MI=0.9.

2V T,/2—(1—g—h)-T,/2

Vie T,/2

2y _[A=g=n)/2+(g-1/2)]- T, 3)
7Vdc TS/2

2V [(I—g—h)/2+(g—1/2)+h] T,

7Vdc B TS

where V¥, V" and V* indicate three-phase modulation waves,
T, refers to a switching period, and V. is the dc-bus voltage.
If the modulation waves are normalized with half of the
dc-bus voltage, then g-h coordinate-based modulation signals,
denoted by mj,, mj and m}, can be simply yielded as:

mg=g+h
my=h—g “
m; = —(g+h)

With a similar derivation for the functions of coordinate-
based dwell time, the resultant modulation signals establish
the basis of the proposed hybrid PWM algorithm in this paper.
B. NP Potential Balancing Control

As a pair of the small vector is projected into modulation
waves, a straightforward solution from the perspective of
SVM to maintain NP potential at a balanced condition is to
dynamically manipulate the dwell time of P- and N-type small
vectors. In other words, to realize an equivalent adjustable
switching pattern in the time-domain, the coordinate-based
modulation waves offset dc-bias in the NP with a voltage-
domain regulation, thus producing scalable coordinates for the
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hybrid active modulation strategy. The coefficient k represent-
ing capacitor voltage divergence is defined in (5). If k£ equals
0.5, it means that two capacitor voltages are well balanced.
o Vdcl
B Vdcl + Vch

Here, subsector-5 of the first sextant is still taken as an
example to explain the introduced NP potential balancing con-
trol method. In order to recover the imbalance, the duty cycle
of [ONN] and [POO] are compensated as 2(1—k)(1—g—h)
and 2k(1—g—h), respectively, as illustrated in Fig.8. Accord-
ingly, three-phase modified modulation signals, represented as
m my oq and m? are expressed as follows:

€ [0,1] ®

*
a_mod>

c_mod>’
m:_mod =1-2k- [1 - (g+ h’)]
mlt_mod = (1 - 29) — 2k - [1 - (g + h‘)] (6)

m:_mod = 2(1 _k) : [1 - (g+h)] -1

C. Discontinuous Pulse Trains Generation

It can be seen from Fig.8 that the modulation waves of
phase-A and C take initiative to dynamically regulate if the
NP potential drifts away from zero. Consequently, there is a
scenario where a P- or N-type small vector is removed in every
switching period. This indicates that the center-aligned seven-
segment PWM omits two switching actions, resulting in five-
segment pulse trains. In order to realize such discontinuous
switching patterns for the proposed hybrid active PWM, the
coefficient k is required to be bounced back between 0 and 1.
One of the simple implementations is to employ a feedback
hysteresis loop of NP potential bias so that only one type
of small vector takes effect in every PWM interrupt service
routine. Accordingly, in terms of the presented modulation
technique of the studied TeDP systems, its continuous pulse
train (C-mode) shifts to a discontinuous counterpart (D-mode).

Fig.9 shows generated three-phase modulation signals with
the C and D-mode pulse trains under unity PF and two
different MI. As can be observed from Fig.9(a), at a MI of 0.4,
more PWM intervals periodically stay at zero-state to avoid
unnecessary switching actions. Hence, the output voltages of
corresponding phase leg clamp to the NP, indicating a lower
dc-bus voltage utilization, which refers to the rotation speed
ramping-up stage of the electric motor. When the studied
propulsion drives operate at the steady-state with a high speed
at the cruising stage, the operating condition of a higher dc-
bus voltage utilization is required. This means that the output

Power Factor Angle (PF°) Modulation Index (MI)

Fig. 11. Normalized NP charge compensation at different MI and PF.
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voltage of the 3-L T2C will primarily clamp to the positive and
negative dc-rail, which corresponds to the case of Fig.9(b).
D. Coordinated-Based Zero-Sequence Voltage Analysis

To reveal the mechanism of ZSV injection for the presented
hybrid active PWM, three-phase sinusoidal reference voltages
as the output of current control loop would be projected into
the sextant plane. The transformation matrix is given by:

M 1 1/2
my | = | ~1/2 1/2 H] %)
e “1/2 -1

where m,, my and m,. refer to the components of the reference
voltage vector in the a-b-c coordinate system.

In accordance with (4) and (7), the dedicated ZSV demand,
denoted as m, for subsector-5 of Sector-I under balanced NP
voltage can be thus calculated by (8). Once NP potential drifts
away from zero, active ZSVs, represented as m}, participate
in correcting imbalance, which can be derived in (9). It is
apparent that (8) is satisfied if k£ equals 0.5.

mt=(1—2k)+ (2k—4/3) - g+ (2k—2/3)-h  (9)

Together with similar algebraic relationships fitting for all
sectors, the 3D-trajectory plots of ZSVs under different NP
potential states is illustrated in Fig.10. As shown in Fig.10(a),
which differs from the time-domain ZSV displayed in Fig.5(a)
for the conventional CBPWM, two decoupled variables in-
herited from the SVM concept that signifies the vertex of
reference voltage vector can precisely determine the amount
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of zero-sequence component. As for a MI of 0.4 and 0.9,
Fig.10(b) shows the injected ZSVs with designated polarities
in the case of deviated capacitor voltage convergence process.
E. Capacitor Voltage Balancing Performance Analysis

To evaluate the NP voltage balance control performance,
the compensated electric charge to correct the imbalance in
subsector-5 of Sector-I, denoted as AQ)cpp, can be calculated:

AQemp = 2(1 = 2) - [1 ~ msin(% — 6)
—msin(0)] - Irms - Ts - cos(0 — @)

(10)

where m refers to the MI, 6 indicates a reference voltage
vector rotating angle, I,.,,s manifests the phase current root-
mean-square (RMS) value, and ¢ denotes the load angle.

Through a similar derivation among other subsectors over a
fundamental period, the average active NP voltage balancing
control capability can be yielded as:

AQcmp _ L /Qﬂ' AQcmp(Q)
IrmsTs 2m 0 ITmsTS

From the above analysis, it is known that, when the P or N-
type small vector is solely employed, the maximum NP voltage
balance capability can be gained, which corresponds to the
D-mode. Fig.11 plots the generated electric charges that are
normalized with the maximum amount expressed as a function
of MI and PF. As shown, the positive and negative electric
charges, denoted as Qj‘mp and @), are holistically provided
by the proposed method. Also, it is evident that the ability to
merge the capacitor voltage difference is decreased gradually
when the PF towards + 90°. In view of operating conditions
of adjacent unity MI and high PF for the studied propulsion
drives, particularly at the cruise, the proposed modulation
technique is able to restore NP voltage at a balanced state.

Fig.12 presents the flowchart of the proposed hybrid active
PWM supplemented by dual-mode modulation waves.

-df 11

IV. SIMULATION RESULTS

A simulation model for a 3-L T2C in the developed MW-
scale advanced aircraft TeDP architecture is built in the PLECS
blockset embedded within the Simulink environment under RL
load conditions, and the parameters are detailed in Table II. To
verify the performance of correcting NP potential drift, output
distortion and power losses of the proposed PWM, the con-
ventional CBPWM and NTV2-based CBPWM are chosen as
the benchmark in the following. The operating conditions with
two sets of fundamental frequencies, modulation indices and
power factors, referring to the startup and steady propulsion
stage of the target systems, are carried out in the simulations.
A. Capacitor Voltage Balancing Capability

At a fundamental frequency (fp) of 400 Hz within the
system startup process, two capacitor voltages are initially set
at 535 V and 545 V under the benchmark method. Though a
10 V bias in the NP is not too large, a proof of concept can
be fulfilled, even for the following D-mode activities under an
imbalance state. The corresponding MI and PF of the TeDP
system are 0.4 and 0.9, respectively. As shown in Fig.13, with
the NTV scheme, NP voltage is in a drifted condition and low-
frequency NP potential ripple is large. While the NTV2-based
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Fig. 13. Simulation results for the studied TeDP system executing the startup
process (MI=0.4, PF=0.9 and fp=400 Hz).

CBPWM eliminates this undesirable ripple, the NP voltage
error is still existed. When switching to the proposed PWM
algorithm, dual-mode operations are shown to verify the ability
of NP potential convergence. For the C-mode, an error of 10
V in the NP is effectively corrected, and so is the subsequent
D-mode. Fig.14 presents the steady-state with a MI of 0.95,
PF of 0.75 and fp of 1 kHz. A low load angle is adopted
here as this operating point indicates a case under a large flex-
weakening current injection. As shown, the existed NP voltage
deviation is removed. Furthermore, for the above operating
points, not only do two capacitor voltages remain balanced by
the proposed hybrid active PWM with D-mode but also the
magnitude of NP potential ripple is notably suppressed.

B. Output Variables Performance

With respect to the current in Phase-A, the THD of the
above two operating points is 2.13% and 2.55% by the
conventional CBPWM scheme, and is 2.12% and 2.53% by the
proposed hybrid PWM sending active continuous pulse trains.
When the the NTV2-based CBPWM is employed, that value
increases to 2.71% and 2.94%, respectively. By contrast, when
the proposed hybrid PWM sending active discontinuous pulse
trains trigger, it results in a further rise with 2.98% and 3.15%.
As for the modulated signals of the presented hybrid PWM,
it is evident from Fig.13 and Fig.14 that, regardless of the
operating status of the TeDP system, dual-mode modulation
waves work well for the applied 3-L T2C, which clamps ac
output voltage to the NP, positive/negative dc-rail effectively.
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Fig. 14. Simulation results for the studied TeDP system generating the steady
thrust process (MI=0.95, PF=0.75 and fo=1 kHz).
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Fig. 15. Comparison of power loss breakdown under the benchmark method
and the proposed hybrid active PWM algorithm.
C. Power Loss Analysis

To consist with the hereafter experiments, Cree/Wolfspeed
HT-3000 series 900 V silicon-carbide (SiC) module that builds
for the 3-L T2C prototype is chosen to analyze semiconductor
losses produced by the proposed modulation strategy in the
steady-state of the TeDP system. The selected power mod-
ule features the following parameters: drain-source resistance
(Bps(on)) is 1.25 m¢2 at a gate-source voltage (Vgzg) of 15
V and a continuous drain current (Ip) of 600 A, turn-on/off
switching energy (E,n/Eyfr) are 18.5 mJ and 12.5 m] at
25°C, a drain-source voltage (VDS) of 900 V, and a gate
resistance (R¢) of 2 (), respectively, the gate to source charge
(Qgs) and gate to drain charge (Q4q) are 544 nC and 640

nC, respectively. The switching frequency is set at 30 kHz,
the dc-bus voltage is £ 250 V and the power rating is 200
kVA. By using characteristic curves from the manufacturer’s
datasheet which contains energy dissipation in every turn-on
(Eor) and turn-off (E,ys) of the semiconductor as a function
of the current and under a given Vg, the power losses are
calculated by the PLECS simulation tools.

In Fig.15, the comparison of conduction and switching
losses breakdown is given by the benchmark method and the
proposed solutions at the steady-state of the TeDP system. It
can be found that, as a result of fewer switching actions, the
total amount of loss by the proposed hybrid PWM approach
with D-mode is the lowest among the others, whereas the C-
mode lead to a similar amount of loss compared with the
conventional CBPWM scheme. Because of 3-L output phase
voltages over a switching period, the NTV2-based CBPWM
scheme faces up to more severe thermal stress issues.

D. Comparison With Other Three-Level Hybrid PWM

Compared with the existing hybrid modulation strategies
for the 3L-NPC topology in the literature, the proposed PWM
algorithm attributes the following attractive features:

1) To realize the hybrid pulse trains, five logical control
blocks assist to generate gating signals for switching loss
reduction [31]. In this regard, dual-mode PWM in this study
is easier to implement with streamlined modulation processes.

2) The presented modulation technique tightly bonds the
concept of space vector and ZSV by means of the g-h coordi-
nate. However, in the works of [32], three control objectives
derived from the a-b-c coordinate system are required to
generate equivalent switching patterns of the SVM.

3) By leveraging small vector pairs and regulating their
coordinate-based modulation signals, the capacitor voltage
deviation, even NP potential ripple, can be addressed signif-
icantly. In this key aspect, the works of [33] fail to settle
properly.

4) Since trigonometric operations are utilized in [34], the
massive computational effort to generate hybrid PWM is in-
evitable, particularly for a dedicated SVM with multi-segment
switching patterns, while algebraic operations adopted in this
research overcome this issue effectively.

5) The presented DPWM-enabling modulation waves are
beneficial for switching loss reduction. Therefore, the im-
proved overall efficiency of the 3-L T2C would be expected
when thrusting the aircraft electrically. By contrast, the solu-
tion in [35] suffers from thermal issues.

6) Unlike only using coordinate-based modulation signals,
yielded as a form of ZSV superposition, which implements
the modified NTV? [36], the proposed ZSV injection method
in the space domain refines the modulation process further.

Meanwhile, it is worth noting that the D-mode of the
proposed hybrid PWM strategy leverages the dc-rail clamping
pulse pattern to lower switching action. In comparison with
the continuous PWM, however, distortion on output variables
is inevitably increased as a result of exploit of the non-NTV.

V. EXPERIMENTAL RESULTS

Before an MW-scale high-speed electric propulsion motor
is available to serve as the load to investigate the modulation
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TABLE II
AIRCRAFT TEDP SYSTEM PARAMETERS

Parameters Simulation  Experimentation
Rated power 1000 kVA 200 kVA
DC-bus voltage + 540 V +250V
Switching frequency 30 kHz 30 kHz
Fundamental frequency (fo) < 1 kHz < 1kHz
Capacitance (C1=C2) 900 uF 300 uF
Modulation index (MI) < 0.95 < 0.95
Power factor (PF) 0.7~1.0 0.7~1.0

performance of the proposed hybrid PWM technique with
dual-mode modulation waves, the presented algorithm is ex-
perimentally validated on a scaled-down 200 kVA SiC-based
T-type 3L-NPC prototype for aircraft turboelectric propulsion
applications, as shown in Fig.16. Table II details the specifi-
cations. A Magna-Power TSD4000-5/208+LXI programmable
dc power supply is connected to the positive and negative
dc-rail of the converter and an RL load bank is connected
to its ac side, which imitates the aircraft onboard EPS and
load angles of assumed high-power density electric propulsion
motor, respectively. A cold plate installed underneath the
converter along with a Julabo FL2503 supplying recirculating
chilled water consists of the cooling system of the prototype.
The control platform includes a dSSPACE MicroLabBox and an
Intel Max-10 FPGA. The parameters of ac side are monitored
by a Yokogawa WTS5000 precision power analyzer. As the
direction of phase current changes rapidly in light-load con-
ditions, it impairs the NP potential drift correction capability.
Thus, the experimental tests mainly focus on the TeDP system
operating in a light-load condition with a variable fy. All the
variables are measured by high voltage differential probes and
A622 current probes connected on a Tektronix oscilloscope.
A. Initial Capacitor Voltage Imbalance

Fig.17 shows the two capacitor voltages (Vj.1/Vyc2), line
current and phase voltage when the proposed PWM is instantly
enabled at the operating point of the aircraft cruising stage,
ie.,, a MI of 0.95 and PF of 0.75 for the TeDP systems.
As seen from Fig.17(a), a NP potential bias of 45 V exists
under the conventional CBPWM scheme, which leads to a
distorted line-to-line voltage. However, the imbalance can be
recovered within 8.78ms when the proposed hybrid PWM with
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Fig. 17. NP voltage balance performance of the proposed hybrid active PWM
compared with: (a) The conventional CBPWM (b) The NTV?2-based CBPWM.
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discontinuous pulse train is employed. Furthermore, as a result
of the non-ideal switching characteristics, the NP potential
drifts under the NTV? scheme, but the shifted NP voltage are
shortly kept in a balanced state again under the hybrid PWM
with continuous pulse train, as shown in Fig.17(b). The above
results validate the well-performed NP voltage balance ability
of the introduced modulation algorithm.
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active PWM strategy under a step change of: (a) MI and (b) fo.
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B. Steady-State Performance

In order to evaluate the steady-state performance of the
proposed hybrid PWM strategy, tests are conducted under
fo of 400 Hz and 1 kHz that correspond to the target drive
systems operating in the startup process and in thrust genera-
tion, respectively. The former employs the active modulation
waves formulating continuous switching patterns, whereas the
latter transits to discontinuous pulse trains to lower power
losses, aiming for high-efficiency electric propulsion. It can be
seen from Fig.18 that two capacitor voltages are maintained
at a balanced condition under both aforementioned operating
points, also with sinusoidal phase currents.
C. Transient-State Performance

As the propulsive loads and the machine speed may change
during the flight, the following experiments are hence carried
out to verify the D-mode modulation transient-state perfor-
mance. Fig.19(a) shows that MI increases from 0.4 to 0.9,
whilst Fig.19(b) displays an instant that the fy raises from
800 Hz to 1 kHz. These results demonstrate a good dynamic
performance of the proposed hybrid PWM when the studied
TeDP system experiences a step-change in loads and speed.
D. Distortion Analysis

Using FFT analysis on phase current, the THD with the
conventional CBPWM and NTVZ-based CBPWM schemes
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Fig. 21. Harmonic spectrum of NP potential at the steady state with: (a) The
conventional CBPWM (b) The proposed hybrid active PWM with D-mode.
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proposed hybrid active PWM algorithm with dual-mode modulation waves.

are obtained. When the target systems operate under a MI of
0.95, PF of 0.75 and fy of 1 kHz, denoting the steady-state,
the value for the benchmark method are 4.56% and 5.43%,
respectively. In contrast, the THD with the proposed hybrid
active PWM strategy with the C-mode and D-mode are 4.62%
and 4.97%, respectively. Besides, harmonic components for
this situation are presented in Fig.20. As shown, the continuous
switching pattern results in evenly distributed harmonics spec-
tra, while its D-mode counterpart mainly clusters around low-
order harmonics as five-segment pulse trains are dominantly
generated to approximate reference voltage command. Fig.21
gives the spectrum of NP potential, in which the low-frequency
fluctuation, particularly the 37d_order harmonics, has been ef-
fectively eliminated by the proposed hybrid active PWM under
its D-mode formation, as opposed to the original CBPWM
scheme. Fig.21 shows the weighted THD (WTHD) comparison
of the line-to-line voltage under the benchmark method and
the proposed algorithm at different modulation indices. As
can be seen, the WTHD of the presented PWM technique
with C-mode modulation signals almost overlaps with that
of the CBPWM scheme while its D-mode counterpart causes
a higher WTHD. However, because of additional three-level
switching intervals, the value of the NTV2-CBPWM scheme
renders the highest WTHD during the entire operating points
of the investigated propulsion drives.
E. Computational Performance

The execution time of the proposed modulation strategy
including the benchmark methods are all implemented in the
dSPACE and their execution times are measured in the real-
time mode. The test results show that it costs 14.8us to
execute the presented hybrid active PWM. Compared with the
SVM implementation with 18.3us, the computation sources
are significantly saved by 23.6%. The performance is also
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acceptable in contrast with that of the conventional CB and
the NTV2-based CB implementations with 13.7s and 14.1pus.

VI. CONCLUSION

In this paper, a new hybrid active PWM technique with
dual-mode modulation waves has been proposed for a 3-L
T2C exploited in the next-generation aircraft TeDP systems.
With the help of the sextant coordinates, the modulated
signals are comprised by two simple control variables, thereby
evolving dual-mode pulse trains. Besides, the capacitor volt-
age balancing and switching loss reduction are realized by
the introduced modulation approach at the same time. The
major contributions of this work lie in the following: 1)
The equivalence of the NTV and CBPWM strategy is well
elucidated based on the sextant-coordinate system; 2) The
space-domain oriented ZSVs are derived, which merges the
characteristics of space-vectors into modulation signals effec-
tively; 3) Dedicated DPWM with NP voltage error correction
and ripple mitigation is achieved by the presented hybrid
active PWM, which especially aims for the operating points at
the cruising stage; 4) By leveraging programmable reference
voltage vector vertices and their projected ZSVs, this PWM
algorithm can bring simplicity as well as an extra degree of
freedom. The provided PWM strategy can also apply to other
3L-NPC topologies and establish a cornerstone in future MW-
class high power density motor drives for electric aircraft
propulsion applications. Simulation and experimental results
both confirmed the good overall modulation performance of
the proposed PWM solution in terms of NP voltage balancing,
power losses, ease of use and high scalability.
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