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Abstract—Since three-level neutral-point-clamped (3L-NPC)
power generation units bring much competitiveness to the next-
generation electric starter/generator (ESG) system for more-
electric-aircraft (MEA) applications, the versatile multi-optimized
pulse-width-modulation (PWM) becomes a key enabler to this
technology. Regarding the mission profile of the state-of-art ESG,
the operating points at the cruise feature a high modulation index
and low power factor. This means that the neutral-point potential
(NPP) fluctuation becomes severe. Besides, if switching states are
not configured properly, not only could the lifetime of capacitors
be threatened but also irreversible damage to bearing insulation
occurs due to the common-mode voltage (CMYV), followed by
devastating effects on the reliability of other avionic facilities.
Given the limitations of the 270VDC unipolar dc-bus structure,
deep flux-weakening currents are constantly required for the high
speed, resulting in more machine copper losses. To address these
issues without any hardware-level efforts, an advanced PWM
strategy with dual-carrier-based implementation is proposed in
this paper, which achieves boosted dc-link voltage utilization,
CMV reduction and balanced NPP at the same time. Simulation
results obtained from Simulink/PLECS and experimental results
obtained from a 45 kW, 32 krpm ESG prototype system verify the
effectiveness and feasibility of the proposed algorithm.

Index Terms—Common-mode voltage, dc-link voltage, neutral-
point voltage ripple, starter/generator (S/G), three-level.

I. INTRODUCTION

HE more-electric-aircraft (MEA) concept brings several

benefits to the aviation industry due to more expected fuel
efficiency, better environmental impact of emissions and less
maintenance cost [1]-[3]. Cutting-edge technology of the MEA
applications is to replace three-stage would-field synchronous
generators with the integrated electric starter/generator (ESG)
system [4]. The ESG system serves as the energy interface for
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Fig. 1. Configuration of the studied ESG system in the MEA.

delivering electrical power to feed onboard loads. To pursue
high power density and high efficiency, the developed system
shown in Fig.1 is mainly composed of a high-speed permanent
magnet synchronous machine (PMSM) and a power electronics
converter. The PMSM is mechanically coupled to the aircraft
engine shaft and electrically connected with a bidirectional
converter. Compared with the two-level counterpart, the 3L-
NPC converter is preferable because of better output harmonics,
low voltage stress across switches and reduced dv/dt, etc.

With respect to other multilevel topologies, extra isolated dc
sources are needed for the cascaded H-bridge (CHB) inverters
[5], and bulky capacitors are necessary for flying-capacitor (FC)
inverters [6]. As the weight and volume of airborne equipment
are of importance to the aerospace industry, the classic diode-
clamped three-level converter with a single dc source given in
Fig.2 is selected as a candidate for design and manufacturing.
As for the developed S/G system, the converter works as an
inverter in the starter mode, aiming for cranking the aircraft’s
main engine by motor drives. When the machine speed reaches
10 krpm, the engine ignites at that time. After that, the ESG
system is in standby mode. Once the engine speed approaches
20 krpm, the power generation mode activates. In this mode,
the engine cranks the PMSM that works as an electric generator,
and the 3L-NPC converter operates as a rectifier to convert this
ac power to dc for the electric power system (EPS).

It is worth noting that the 3L-NPC converter plays a crucial
role in energy flow paths, determining efficiency and reliability.
Nevertheless, one of the challenges for such a capacitor bank-
split topology is the neutral-point (NP) voltage imbalance
problem. Capacitor voltage deviation renders phase voltage
distortion on the motor side and the undesirable low-frequency
NP potential (NPP) fluctuation puts the lifetime of capacitors at
risk. Though large capacitance can alleviate the above demerits,
oversize issues induce inevitably. Compared with hardware-
intensive solutions to keep NP voltage balanced [7], [8], the
advanced modulation strategies are simple but powerful
alternatives, which have drawn much attention in recent studies.
Among them, the space-vector modulation (SVM) scheme [9]
features a degree of freedom for space-vector selection and
switching pattern configuration. The carrier-based modulation
(CBPWM) [10] offers a chance to simplify the modulation



IEEE Transactions on Energy Conversion

Phase-C

Phase-A

Fig. 2. Topology of the 3L-NPC converter.

process by injecting appropriate zero-sequence voltage (ZSV).
However, the high modulation index (MI) and low power factor
(PF), as the steady-state characteristics of the ESG system,
aggravate the NP voltage oscillation and deviation. To solve
this drawback for all loads, the nearest-three-virtual-space-
vector (NTV?) modulation scheme is proposed in [11]. In the
works of [12], with generalized bias-offset injection, a novel
active NPP balancing control algorithm is studied for the
supplement of the NTV? strategy. In [13], the model-predictive-
control (MPC) based NTV? method is explored to improve the
dynamic response of T-type three-level inverters.

Due to the higher common-mode voltage (CMV) produced
by the original virtual-space-vector (VSV), premature damage
to winding insolation has an adverse effect on the reliability of
a machine, especially for the studied aerospace drives. Hence,
those switching states resulting in high components of CMV
need to be substituted. In [14], with the hysteresis control and
logic blocks, a modified NTV? scheme is proposed to reduce
switching losses and CMVs. The authors in [15] use small and
medium vectors to synthesize new virtual small vectors that
participate in the reference voltage vector approximation. This
facilitates capacitor voltage balance and CMV suppression at
the same time. As the medium vectors are characterized by zero
CMYV and their NP currents alternate three-phase currents over
a line cycle, an enhanced NTV? strategy is presented in [16].
However, the pulse train of the aforesaid approaches features
multi-segments and the opposite dc-rail clamping sequence.
More importantly, SVM-based implementations cause a heavy
computation burden when using fast-switching devices.

Furthermore, based on the standard of MIL-STD-704F [17],
the rated voltage of the aircraft’s main dc-bus is 270VDC
though 250~280VDC operation is allowed by the droop control
[18]. It indicates that the back electromotive force (EMF) of the
motor is large when operating in the generation mode. For the
sake of a higher shaft speed under limited converter/machine
output capability, the deep flux-weakening (FW) current is
constantly required, thereby leading to more machine copper
losses. To overcome this disadvantage, in contrast with the
latest conceptualization of medium-voltage EPS [19], a boosted
dc-link voltage utilization would be a straightforward solution
that avoids partial discharge issues and superconducting
barriers. In the existing literature, the third-order harmonic
voltage injection (THVI) method was broadly considered. For
the active split dc-bus four-leg inverter [20], the THVI is
effective for controlling the fourth leg independently as well as
a higher utilization on the dc-link voltage. With respect to the
two-stage matrix converter [21], a ZSV is added to the phase
leg reference voltages to improve dc-link voltage utilization. In
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Fig. 3. Control blocks of the developed ESG system.

multiphase induction motor (IM) drives [22], a third harmonic
is also injected for torque-enhancement purposes. As for the
modular multilevel converter (MMC) [23], not only can THVI
boost dc-link voltage utilization but also mitigate capacitor
voltage ripple and circulating current. However, all the above
algorithms only focus on the liner modulation improvement,
which is still quite limited. In other words, the operating points
of the converter are further required to be extended into the
overmodulation region. For two-level topology, in accordance
with the reference voltage vector track, a continuous PWM
algorithm has been studied in [24]. The method consists of two
modes until it transits to the six-step operation. An approach in
[25] defines a holding angle and a reference space vector angle.
Thus, the desired MI can be precisely manipulated by the
Fourier series expansion. In [26], an overmodulation scheme
with the phase current reconstruction is reported for PMSM
drives. An optimized PWM strategy is proposed in [27] for the
minimum harmonic distortion in overmodulation conditions,
particularly for inverter-fed high-speed drives with a low-
carrier ratio. To satisfy the overmodulation conditions for the
3L-NPC topology, a CBPWM has been studied for IM drives
with dynamic loads [28], which extends the operating point into
the overmodulation region. It is noticeable that the ZSV affects
the performance of the NPP balance. Aiming to obtain perfect
capacitor voltage balance regardless of output voltages and PFs,
[29] and [30] give two polygon compression technologies for
the original NTV? strategy, but the implementation highly relies
on the dwell-time calculation in every PWM sampling time.

In this paper, an advanced dual-carrier-based PWM strategy
is proposed for the ESG system in MEA applications. An initial
attempt at an enhanced modulation strategy is studied in [31],
wherein a reference voltage vector trajectory, by the sextant-
coordinate system, is incorporated with the CMV-reduced pulse
train. However, the method is unfavorable for implementation
in digital controllers. In this paper, a novel dual-carrier-based
modulation technique is proposed with advanced pulse train
generation, detailed algorithm verification, output performance
comparison, and discussion. The proposed PWM realizes multi-
objective optimization at once, that is, NPP ripple elimination,
CMYV suppression, and boosted dc bus voltage utilization. To
improve computational efficiency, dedicated modulation
signals are analytically derived by exploiting the coordinates of
the programmed reference voltage vector’s track.
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TABLEI
THE SWITCHING PRINCIPLES OF 3L-NPC CONVERTER
Switching SWITCH STATUS Output Voltage
State VTy VTe VTg VT Level
[P] 1 1 0 0 Vacl2
[O] 0 1 1 0 0
[N] 0 0 1 1 Va2

Compared with the works of [31], the major contributions
and supplemental validations of this study are given as follows:

1) Dual-carrier waves are employed to implement inverse
pulse trains with balanced NPP and reduced CMV magnitude.

2) Three-phase modulation signals are defined by algebraic
coordinates of the reference voltage vector in the first sextant.

3) The information of the polygonal track of vector vertex
coordinate is merged into modulation waves.

4) Losses breakdown of the 3L-NPC converter and PMSM
are presented with the addition of analysis and comparison.

5) The trajectory of operating points of the ESG system with
the proposed PWM algorithm is discussed, together with the
resultant dg-axis currents and the output torque capability.

6) Extensive simulation and experimentation are carried out
to verify the effectiveness of the proposed PWM technique.

The rest of the paper is organized as follows. Section II gives
the principle of the ESG system. Section III reviews a CMV-
reduced NTV? solution. The proposed PWM algorithm is
studied in Section IV, including the operational analysis under
overmodulation conditions. The simulation and experimental
results are presented in Sections V and VI, respectively. Finally,
Section VII draws the main conclusions of this work.

II. PRINCIPLES OF ESG SYSTEM

A. Control Design of ESG System

For the designed aircraft ESG system, the surface-mounted
PMSM is chosen due to its high-power density, high torque-to-
current ratio, and fault tolerance capability. Although high
efficiency can be sometimes obtained by increasing pole-pair
numbers, the low pulse-ratio problem comes with high-speed
operation. Considering these factors, a 6-pole 36-slot machine
is selected as a candidate for the target systems [4].

Fig.3 displays the overall control blocks. As shown, the outer
control loop consists of the FW control, aiming to operate in
high-speed regions, the motor speed control for the startup
process, and the dc-link current is controlled based on the droop
characteristics. The inner control loop is designed for current
control. The magnitude of the space vector is still calculated by
the classic current PI control because of its robustness. The
vector control technique is adopted for machine decoupling
purposes and linearizing its mathematical model. It implies that
the flux and torque can be controlled independently. Hence,
machine torque represented as active power can be controlled
by g-axis current. Noteworthy, in power generating mode, a
large negative d-axis current must be constantly injected to
handle the large back EMF, which causes a lower PF angle.

B. PMSM Model and Operating Constraints
The dg-axis models of the PMSM are given as follows:
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Fig. 4. Space vector diagram of the CMV-reduced modulation scheme.
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where T, is the electromagnetic torque, n, refers to the pole-
pair numbers, ¢ris the permanent magnet flux linkage, Va, V,
and iy, i, represent the dg-axis components of motor voltage and
current, Lgand L, are the dg-axis inductances, w. is the electrical
angular frequency and R is the stator winding resistance.

For the applied PMSM, dg-axis inductance shares the same
value. This implies that the electromagnetic torque of the
machine is only provided by permanent magnet torque, which
is the first term in (1). As the maximum machine stator voltage,
denoted by Vi, is determined by the de-link voltage and PWM
strategy, the corresponding limitation can be written as:

. Pra o Vi \2
(ld+Ld) +i _(a)eLq) “4)

Considering the capacity of the designed machine/converter,
the maximum current value denoted by /., should fulfill:

i<l ©)

The solution of (4) and (5) determines an overlapped area of
voltage and current limit circles, which restricts the allowable
operating zones of the studied ESG system.

C. Three-Level NPC Converter

Fig.2 shows the circuit diagram of the 3L-NPC converter that
consists of four IGBTs (VTx1~VTx) and two clamping diodes
(DZy and DZy,), where x={A4, B, C}. Two equal capacitors (C|
and () are series-connected to form the EPS. This topology
clamps the pole voltage to the midpoint, positive and negative
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Fig. 6. The VSV-based PWM strategy for operating at the OM-I in Sector-1.

rail of the dc-bus. Therefore, three-level output voltages (£V4./2
and 0) are produced. Table I details the relationship among the
switching state, switch status, and output voltage level.

[II. REVIEW OF ENHANCED VIRTUAL-SPACE-VECTOR
MODULATION STRATEGY
A. The G-H Reference Frame
With a transformation matrix in (6), duty cycles can be
calculated by algebraic functions, as opposed to complex
trigonometric functions in the orthogonal reference frame [12].

Vil Lo 2/\3 |17
By using the volts-second rule in the 60-degree plane, V, and
Vi, can be therefore calculated as:
Vy=X,d +Y,d, +Z,d, )
Vi =X,d, +Y,d, + Z,d;
where (Vg, Vi), (Xe, Xi), (Ye, Yi) and (Zg, Z;) represent the

position of space vectors in the g-/ reference frame. di, d» and
ds denote the duty cycles of the nearest-three space vectors.

B. The Definition of CMV-Reduced Virtual Space Vectors and
Their Associated Pulse Trains

The CMV is defined as the voltage between the midpoint of
the AC-side and the NP of the dc-link, which is calculated by:

1
Vcom = g(Vao +Vb0 +VCO) (8)

(6)

where V0, Vi and V¢, refer to three-phase pole voltages.
According to the series of reformulated VSVs presented in
[16], two pairs of large vectors are exploited to compose two
virtual small vectors, and adjacent three medium vectors
synthesize a virtual medium vector, whereas the selection of
zero and large vectors follow the same rule of the original NTV?
scheme. As shown in Fig.4, the blue, orange, and green dashed
arrow lines represent these modified VSVs defined as follows:

V31 = [V[PPN] (0) + VEPNP] (0)] /2

Vsz = [V[PNN] 0)+ V[NPN] (0)]/2

Vin = [V[OPN] (G)+ V[PON] )+ VEPNO] (i)1/3
Vo = V[OOO] 0)

V= V[PNN] 0)

Vi, = V[PPN] 0)

where the subscript bracket of the space vector indicates the

selected switching state and the value in the parentheses refers
to the corresponding NP current.
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Fig. 7. Reference voltage vector trajectory with a compression factor A by (a)
Hexagonal boundary limit. (b) Circular + hexagonal locus.
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Fig. 8. The g-h coordinate of the reference voltage vector in the case of 1=0.97
with (a) Hexagonal boundary limit. (b) Circular + hexagonal trajectory.

And then, the dedicated switching sequence can be arranged,
accordingly. On the one hand, the corresponding switching
states in (9) can determine the CMVs through (8), resulting in
one-sixth of the dc-link voltage. On the other hand, the value in
the bracket of equation (9) represents the NP current produced
by the adopted space vector. Therefore, the average null NP
current is always fulfilled. Based on the above elucidation, it
concludes that not only can the enhanced NTV? scheme obtain
balanced NPP for all loads but also the CMV magnitude is
suppressed. Fig.5 shows the pulse trains and associated CM Vs
by this dedicated PWM approach in subsector 4 of Sector-I.
Additionally, it can be observed that, with the help of the g-/
reference frame, the duty cycle of each switching state has been
expressed by coordinate-based algebraic operations.

IV. PROPOSED ADVANCED DUAL-CARRIER-BASED MULTI-
OPTIMIZED PWM TECHNIQUE

In this paper, the MI, denoted as m in (10), is defined as the



IEEE Transactions on Energy Conversion

[P] [0] 0]
[O]] Phase-A 1ol Phase-B- I_;ﬂ_l
[P] Phase-B+ [P] Phase-C | |
o IN] [ToT11 IN]
(a) (b)

Fig. 9. Three-phase modulation signals in subsector-4 of Sector-I for (a)
Positive pulse train generation (b) Negative pulse train generation.

ratio between the magnitude of the desired reference voltage
vector and the radius of the inscribed circle of the hexagon.

V.
(10)

rej

m=
Vdc/\/?:

Based on the value of (10), the operating regions of the 3L-
NPC converter can form three groups, i.e., linear modulation
(LM), overmodulation mode-I (OM-I), and overmodulation
mode-II (OM-II). If the reference voltage vector traces a
circular trajectory inside the hexagon, it obtains the LM. This
means that the MI (0<m<1) arises along with the length of the
output vector until the trajectory is inscribed on the hexagon
side. As for the OM-I mode, the radius of desired reference
voltage vector is between the inscribed circle and circumscribed
circle of the hexagon. This indicates a higher MI (1<m<:1.05).
In this scenario, the tip of the output vector transits from a
circular trajectory and then moves along the hexagon side once
its vertex exceeds the boundary of the hexagon. As can be seen
from Fig.6, a crossover angle (6.) maintaining the trajectory
inside half of the sextant can be regulated so that extending the
fundamental component of output voltage. To be more exact,
the reference voltage vector is fixed by a holding angle (8;) for
a period before jumping to the straight line of the hexagon. In
case 6, equals 30° the classic six-step mode yields, which
constrains the MI of 1.1 for the OM-II mode [24].

Since the output performance of a converter degrades along
with a deepening MI [25], the ac variables of the OM-II mode
are not suitable for high-speed drives in aerospace applications.
As a result, the scope of this work primarily focuses on the
operation under OM-I mode, thereby extending the output
voltage of the studied 3L-NPC converter. The preset reference
voltage vector’s locus is incorporated with the aspects of NPP
balance, CMV reduction and simplified modulation process.
More detailed explanations are given in the following texts.

A. The Programmed Trajectory of Reference Voltage Vector
with Sextant coordinate

Based on the above principle of overmodulation operation
and the geometry relationship plotted in Fig.6, the sextant
coordinate (g, /) of the hexagon side can be derived in (11). It
is noted that the length of V. is normalized with the magnitude
of V. Thus, g and 4 conveniently point to the position of V..

Vref' _ 1
sin60  sin(120 —-6) (11
Vn?/' h _ g

sin120° sind  sin(60 —0)

3p= 097

Fig. 10. Desired modulation indices as a function of 1 and 6..
800

600 -

400 -

200

g-axis current (A)
o

800 | I I I I I I
-1200 -1000 -800 -600 -400 -200 O 200 400 600
d-axis current (A)

Fig. 11. Operating trajectory of the studied ESG system.

The solution of the above equation is calculated as:

_ sin(60" -0)
in(120" -0
sin( : ) (12)
sind

sin(120° - 6)
where 0 is the rotating angle of the reference voltage vector.

For the conventional NTV? strategy, the hexagon boundary
limit with a compression factor (1) for n-level NPC converters
[11] was explored, aiming to extend the LM into the OM region.
Inspired by this algorithm, multiplying (12) by 4 can therefore
specify Vs that tracks the dashed red hexagon plotted in
Fig.7(a). Moreover, by adapting 6., a circular trajectory is added
to the locus in order to trade dc-link voltage utilization against
output harmonics, as shown in Fig.7(b). In the case of 1=0.97,
the associated g-# coordinates for these two occasions are
presented in Fig.8. In conclusion, with the help of the enhanced
coordinate-based pulse trains presented in Fig.5, the operational
region of the presented ESG system with 270VDC is enabled to
be enlarged, together with balanced NPP and suppressed CMV.
B. Dual-Carrier-Based Modulation Technique for Hexagon-
Compression Technique

It can be seen from Fig.5 that the switching patterns for the
CMV-reduced NTV? scheme feature 9-segment. It indicates
that the conventional SVM implementation would take up extra
computational resources because of the complicated dwell-time
determination and switching pattern configuration.

Without loss of generality, herein, subsector-4 of the first
sector is taken as an example to present the dual-carrier-based
implementation for streamlining the proposed PWM. Since the
clamping sequence for phase-B is carried out as [P]—[O]—[N],
as opposed to phase-A and C. To generate such a pulse train,
two decomposed modulation signals are required, denoted as
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TABLE II
ESG SYSTEM PARAMETERS
Parameters Value
Ld = Lq 99 I.LH
Pole-pair numbers 3
Switching frequency 16 kHz
PM flux 0.03644 V/rad
Base speed 8000 rpm
Fundamental frequency in generation mode 1~1.6 kHz
Capacitor Value (C,=C,) 600 uF
DC-link Voltage 270 V
x10*
2 i |
Generation mode
. Engine ignites and
g_ 151 starter mode ends Stand-by mode ]
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0.5 5
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Fig. 12. Speed diagram of the ESG system.
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Fig. 13. Capacitor voltages of the ESG system with the conventional NTV?
scheme and the proposed modulation strategy.

V51 for Phase-B+ and V", for Phase-B-, together with two
reversely ordered carrier waves, represented as V. and V.

In accordance with similar triangles displayed in Fig.9, the

modulation signals can be yielded as follows:
Vi=g+h |Vh=g
Vo =h V. =g+h

As for positive pulse train generation, i.e., [P]—[O], V", and
V"1 are compared with V", and V", respectively. The TRUE
value refers to [P] while the FALSE manifests [O]. With respect
to negative pulse train generation, i.e., [O]—[N], the TRUE
value represents [N] while the FALSE value indicates [O].

It is known from (13) that the three-phase modulation waves
are the functions of sextant coordinates. Then, with the preset
loci displayed in Fig.8, the overmodulation condition for the
used 3L-NPC converter can be easily fulfilled.

C. Analysis of DC-Link Voltage Utilization Ratio and The
Operational Changes of ESG System

In terms of the trajectory shown in Fig.7(b), its fundamental

component can be calculated by the Fourier series expansion:

F(g):%joﬂ V()| sin6-d@ (14)

(13)

Fig.10 presents the 3D plot of the desired modulation indices
as a function of 6. and / that ranges from 0.97 to 1, in which the
unity compression factor leads to the maximum dc-link voltage
utilization. Hence, the converter's output capability constrained
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by a definite dc-link voltage of 270VDC would be expected to
improve in the generation mode, together with a lower FW
current. For example, the MI is around 1.02 when 6. and 4 are
set at 5° and 0.97, respectively. Moreover, the black curve in
Fig.10 refers to the reachable MI when the reference voltage
vector tracks the outline of the hexagon. While the MI is a bit
higher than its counterpart with a red dotted line, more
deterioration would be expected on the AC side.

Fig.11 displays the operating trajectory of the studied ESG
system. As shown, in the starter mode, point A moves along the
maximum torque per amp (MTPA) line until point B at the base
speed of the motor drives, i.e., 9233 rpm. With the machine
speed ramping up further, the operating point passes through
point C, followed by point D in the power generating region. At
last, it approaches point E, along with the reduced d-axis current,
if a higher dc-link voltage utilization is reached.

V. SIMULATION RESULTS

The simulated model of the aircraft ESG system illustrated
in Fig.3 is built in the Simulink/PLECS environment, and the
parameters can be found in Table II.
A.  Capacitor Voltage Balance Over Wide-Range Operation

In the simulation setup, the system initially runs in the starter
mode, and then the FW control activates at 0.45s. After that, the
aircraft’s main engine ignites. The power-generating mode
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Fig. 18. Experimental test rig.

starts by connecting a 3 kW resistive load to the dc-link at 1s
with a machine speed of 20 krpm, and the voltage droop control
takes over dc-link voltage regulation at the same time. At 1.1s,
the gating pulses transit from the conventional NTV? strategy
chosen as the benchmark method in the following tests to the
proposed PWM, in which the compression factor 4 is 0.98 and
the crossover angle 6. is 12.5°. The average MI and PF are 0.95
and 0.15, respectively. The speed diagram of the ESG system is
described in Fig.12. In Fig.13, the simulation results show that
upper and lower-side capacitor voltages (Vpc-H and Vpc-L)
maintain the same value over the wide-speed operation.
Furthermore, the line-to-line voltage by the presented PWM
scheme is shown in Fig.14. As shown, the output voltages of
this converter feature five levels over a fundamental period,
which thus exhibits the characteristics of three-level converters.
B. Common-Mode Voltage Reduction

The CMVs generated by the benchmark method and the

proposed modulation strategy are shown in Fig.15, respectively.

It can be observed that, compared with the NTV? scheme, the
amplitude of the presented method has been reduced to half.
C. Improvement of DC-Link Voltage Utilization

Fig.16 shows the simulated dg-axis currents of the studied
ESG system. After switching to the proposed PWM algorithm

at 1.1s, the d-axis current roughly reduces from -125A to -117A.

This represents that the large FW depth has been relieved due
to the boosted dc-link voltage utilization. It is worth noting that
the g-axis current ripple is inevitably increased because of the
non-circular locus of the reference voltage vector.
D. Power Losses Analysis

The power losses are calculated by the thermal model of the
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Fig. 19. Experimental results of the proposed modulation scheme (4=0.98 and
0.~12.5°) during the steady state.
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Fig. 20. Experimental results of the proposed modulation scheme (1=0.98 and
0:=12.5°) during the dynamic state.

applied Infineon F3L400RO7ME4 B22/B23 insulated-gate
bipolar transistor (IGBT) power module that has a maximum
collector-emitter voltage of 650V and continuous collector
current of 400A. According to the manufacturer’s datasheet, the
losses can be obtained through the PLECS tools. The switching
frequency is set at 16 kHz. Before transiting to the proposed
modulation strategy, the MI is 0.95. With 25 kW of active
power generation at a speed of 20 krpm, the semiconductor
losses breakdown is shown in Fig.17. It can be seen that the
presented PWM technique achieves lower conduction losses on
both IGBTs and diodes. This is because, when the ESG system
delivers the same active power, the required FW current no
longer needs to be kept at such a higher value that handles the
large machine’s back EMF.

Moreover, by importing the data of phase currents into the
finite element analysis (FEA) model of the used PMSM, its
copper loss can be calculated when the fundamental frequency
of the target system runs at 1 kHz. The results show that the
value is significantly reduced from 152.63 W to 135.29 W.

E. Comparison with Other Modulation Strategies for 3L-NPC
Converter-Fed Electric Motor Drive Applications

In contrast with the recent modulation schemes for 3L-NPC
converter-fed motor drives in the literature, the proposed PWM
technique achieves the following advantages:

1) Since the trajectory of the reference voltage vector is
regulated based on dedicated pulse trains, the operational region
of the target drives is enlarged, together with other benefits,
such as inherent NP voltage balance, NPP ripple elimination
and suppressed CMVs. However, references [12], [14], [32]-
[37] cannot realize such multi-objective optimization.
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2) The VSVs are exploited in this work to achieve minimized
NP voltage fluctuation, but the prior modulation strategies in
[32], [34] and [35] for three-phase PMSM drives fail to address

this issue properly. Similarly, for a multi-phase IM drive in [37],

not only can a VSV-based direct torque control (DTC) method
ensure balanced NP voltage but also brings a good dynamic
response of speed and torque over a wide speed range operation.

3) This approach does not compromise on CMV magnitude
in specific operating points, i.e., +1/6V, over the entire speed
range operation. Nevertheless, most of the CMV-reduced PWM
derived in [36] is only suitable for low speed.

4) By implementing coordinate-based modulation signals,
the presented dual-carrier-based PWM scheme notably reduces
complexity compared with the works of [14] and [32]-[34].

Noteworthy, the turn-on/off operations over a switching
cycle by the proposed algorithm is more than the other methods
in [14] and [32]-[36]. It implies that the advantages are obtained
at the expense of extra switching loss. By contrast, due to non-
switching intervals in some carrier periods, the studies in [35]
and [36] are helpful for lower power losses on semiconductors.

VI. EXPERIMENTAL RESULTS

The modulation performance of the proposed dual-carrier-
based multi-optimized PWM technique is verified by a 45 kW,
32 krpm laboratory-built aircraft ESG prototype system. The
experimental test rig is illustrated in Fig.18. A 150 kW prime
mover and a high-speed machine are placed in an isolated room
for safety considerations. The prime mover mechanically
emulates an aircraft engine shaft that is coupled to the high-
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Fig. 23. Output torque capability curves of the ESG system.
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Fig. 24. Harmonic spectra of phase current under the steady-state operating
point with (a) The benchmark method. (b) The proposed PWM algorithm.

speed PMSM. TMS320C6713 DSP Starter Kit (DSK) and an
Actel FPGA-ProAsic A3P400 card are selected as the control
platform. AC-side parameters are monitored by the PPA5530
power analyzer. Since phase currents direction changes rapidly
at light-load conditions, which aggravates the capacitor voltage
imbalance, the experimentations primarily focus on a light-load
condition under the power generating mode of the ESG system,
whereas the starter mode is not presented here as it takes up a
short time compared with the whole period.
A. Steady-State Performance

Fig.19 shows the experimental results of capacitor voltage,
phase current and line-to-line voltage when the proposed PWM
approach with 4=0.98 and 6~12.5° performs at a MI of 0.95
and a PF of 0.15. As can be seen, the voltages across the two
capacitors are maintained at a balanced state.
B. Dynamic-State Performance

Fig.20 gives a transient instant when the firing pulses switch
from the benchmark method to the proposed advanced PWM
algorithm under a step change in load current. This scenario
represents that the aircraft ESG system requires a higher output
capability and meets more active power demand simultaneously.
As shown, the magnitude of CMV generated by the proposed
modulation strategy reduces to half of that of the counterpart.
Moreover, a smooth transition in phase current can be observed.
In Fig.21, the experimentations regarding the NPP, line-to-line
voltage and phase current are obtained during a step-change in
machine speed if 4 is set at 0.98 and 6. is 5°. This condition
corresponds to the fundamental frequency decreasing from 1
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kHz to 850 Hz. The above results demonstrate a good dynamic-
state performance of the proposed PWM technique.
C. DQ-Axis Currents and Output Torque Performance

To assess the proposed PWM strategy on dg-axis currents
and output torque, here, A and 8, are chosen as 0.97 and 6.~10°,
respectively. The direct and quadrature axis currents obtained
from the Graphic User Interface (GUI) are shown in Fig.22. As
can be seen, the d-axis current roughly reduces from -117 A to
-113 A when the presented modulation algorithm gets involved.
Through the FFT analysis of the 3L-NPC converter’s output
voltage under this situation, the result confirms a MI of 1.02,
which is the reason for the phenomenon of FW current

reduction. Furthermore, the dg-axis current ripple has increased.

Under the aforesaid operating conditions, the output torque

capability curves of the target drive systems are shown in Fig.23.

It can be observed that the maximum electromagnetic torque by
the provided PWM algorithm is approximately 12.6 Nm, raised
by 4.13% in contrast with the benchmark method.
D. Distortion Analysis

The total harmonic distortion (THD) analysis of the output
phase current is conducted when the PWM modulator changes
its switching patterns. Compared with the benchmark method
of 4.75%, the THD of the proposed PWM is 5.67%. A possible
reason for this consequence is that the reference voltage vector
is not approximated by the nearest three space vectors, and it
tracks a non-circular trajectory over a fundamental period.
E. Computational Time

To evaluate the algorithmic efficiency of the proposed PWM,
the execution time was tested on the digital controller kit. The
results show that this dual-carrier-based multi-optimized PWM
method costs about 48.6us in contrast with the computational
time of 65.3us using the conventional SVM implementation,
which presents the low complexity of this work.

VIL

In this paper, a novel dual-carrier-based modulation strategy
has been proposed for 3L-NPC converters used in aircraft ESG
systems. The introduced PWM technique aims to eliminate NP
potential oscillation, suppress CMV magnitude and boost dc-
link voltage utilization at the same time. Its advancements lie in
the following: 1) The simplicity of inversely arranged switching
patterns and multi-segment pulse trains that aim to lower the
CMV is gained by implementing coordinate-based modulation
signals against dual carriers. 2) This method brings an extra
degree of freedom for tracking a programmed reference voltage
vector’s trajectory over a fundamental period. 3) With the help
of a MI supplement, large FW currents caused by the MEA
unipolar DC-bus structure have been alleviated, together with
an improved output capability of motor drive systems and
reduced copper loss on the machine. The proposed modulation
technique is applicable to other three-level converter-fed motor
drives. Simulation and experimental results finally proved the
effectiveness and feasibility of the presented PWM strategy.

CONCLUSION
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