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Abstract—This paper describes the research and
development of a 3kV active rectifier for a 4MW aerospace
generator drive system demonstrator. The converter is fed
by a multi-phase high speed/high frequency, permanent
magnet generator. The main aim of the work is to
demonstrate for the first time the feasibility of a MW-class
generator system meeting future hybrid-electric propulsion
requirements. A concept with multiple and isolated three-
phase systems feeding different power buses is proposed
to meet the availability requirements. Multiple converters
(one for each three-phase system) are connected in series
and/or in parallel to achieve the rated power and DC link
voltage. This paper describes the key design concepts and
the development and testing of the converter to meet the
challenging application requirements. Reduced power
tests are carried out on a full scale 4 MW converter
prototype, validating the proposed design. The work
represents a step forward in terms of voltage, power, and
output frequency, with respect to the state of the art.

Index Terms—Hybrid Electric Aircraft, High-Power
Generation Systems, High-Power High-Voltage Converter
Design, Multiphase Drives, Aerospace Generation Drives,
Variable Speed Drives.

I. INTRODUCTION

N the past two decades, all the major stakeholders in the

aviation industry have been working to define aircraft

technology roadmaps for the reduction of net carbon
emissions [1]. In Europe, the vision for sustainable aviation set
by the Flightpath 2050 program targets a reduction of CO,
emissions per passenger kilometer of 75% and NOy of 90%,
compared to the 2000 figures [2], [3]. W.ithin the
Environmentally Responsible Aviation (ERA) framework,
NASA has set equivalent goals and timescales, to reduce both
fuel burn by 50%, as well as NOx emissions by 75% [4].
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A number of programs have led to the development of concepts
for a new generation of future air vehicles which are ever-more
efficient, environmentally friendly and quiet [5], [6]. These
developments are all aiming at reducing the fuel consumption
and have a strong direct socio-economic and environmental
impact [7]. The programs mentioned above are tackling the
problem from varying angles, for example trying to improve
combustion technologies and/or to look for new disruptive
technologies leading towards electric and hybrid-electric
solutions. Full electric propulsion systems are not yet able to
replace the conventional fuel engines [8]. However, thanks to
the on-going development of power electronics, hybrid-electric
solutions already have the potential to revolutionize aircraft
propulsion and generation systems, as well as the aircraft
design. A hybrid-electric propulsion system combines the
advantages of fuel-based and battery powered systems and
offers new design freedoms [9].

Among all the passenger aircraft, the 50 to 150 seat regional
aircraft are considered as suitable candidates for this first short-
to-medium term transition, and key companies have put
together joint efforts in the attempt to boost the development of
this technology [1]. A clear example is the E-Fan X
demonstrator, which is a collaboration between Rolls-Royce
and Airbus for the development of a hybrid-electric propulsion
system [10]. This activity was aimed at replacing one of the 4
traditional propulsion gas turbines with a 2 MW electric drive,
supplied from a 2MW generator driven by a gas turbine in the
fuselage [11]. Other programs, that have seen the involvement
of international consortia, comprising industrial, research and
academic institutes, are moving towards the same goal in
exploring revolutionary aircraft technologies [12]. Among
these, Boeing and JetBlue in the Zunum Aero program, are
targeting the development of a hybrid-electric passenger
aircraft with 10-50 seats [13].

Within this context, there is a critical need for reliable
electric drive architectures with high power and voltage with
reduced mass and volume [14]-[16]. A typical concept for a
hybrid turbo-electric layout is shown in the schematic in Fig. 1.
Starting from the left-hand side, a gas turbine (T) drives an
electrical generator (G) connected to an AC/DC converter, with
two separate isolated output channels (here called BRAVO and
ECHO). Each channel supplies different power buses each of
which provides power to its propulsion motor(s) (M), through
a DC/AC converter, and is interfaced to an energy storage
system (battery) through DC/DC converters.

Copyright (c) 2020 IEEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.



This is the author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.

The final version of record is available at

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS

- |Power Distr — M —u
BRAVO

fF TEHG =
ECHO
= | Power Distr — M m|

Fig. 1: Schematic of the drive train system. The subsystem considered
within this project is the one highlighted in the orange box: where G is
the electrical machine (Generator) and where BRAVO and ECHO are
two channels of the converter.

Once the architecture of the power system is defined,
enabling hybrid-electric aircraft flight with state-of-the-art
component technology requires the power density of the
electric drive to be pushed to its physical limits [6]. In fact, the
expectations for on-board power generation have rapidly
increased thanks to more reliable power electronics and drives
with higher voltage levels [16], and the transition from 270V to
540V DC is now considered to be the norm. However, higher
voltage systems, such as MVDC/HVDC, must be adopted when
the power density of the drive needs to be further increased
[17], [18]. Together with the voltage increase, it is usually
preferred to have direct coupling between the gas turbine and
the generator in order to remove the volume and mass of the
gearbox, and the related probability of failure [15], [19]. As a
result, direct drive generators normally need to operate at a
speed in the range of tens of krpm, to give the lowest mass of
the gas turbine-generator set [20].

Increasing the speed of generators increases the power
density of the electrical machine. However, producing large
power at high voltage and speed introduces significant
challenges from many points of view, such as: increased
insulation and power rating of each component; introduction of
rotor dynamics and mechanical stresses due to generator and
turbine interactions; increased fundamental frequency with
consequent increase of AC losses in the generator; increased
loss density requiring more intensive cooling systems for both
the converter and electrical machine. The achievable power and
power density and reliability/availability of the drive are
limited by state-of-the-art technologies.

Many of these limitations can be mitigated, especially when
high power density and fault tolerance is required through the
use of multiple 3-phase or multiphase sets of windings [21]. In
the literature, a wide range of multiphase electrical machine
designs have been proposed to improve system power density
in applications such as high power turbo compressors [22],
electric ship propulsion [23]-[25], and other safety critical
applications [14]. The key advantages of a multiphase solution
can be summarized as a split of the machine power among a
higher number of phases, flexibility in terms of architecture
layout, and more importantly for aerospace applications,
increased availability [26].

Similarly, to enable the use of lower voltage rated devices,
power electronics can be designed using multilevel converter
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topologies. Although series (cascade) connected switching
devices may be considered as an alternative, their use reduces
the maximum switching frequency and the efficiency of the
converter [27]-[29]. Therefore, multilevel converter topologies
are often applied to MV and HV 3-phase drives [30]. The main
disadvantage of multilevel converters is the increased number
of components and, thus, lower power density with respect to
simpler topologies. However, this issue can be addressed by an
optimized converter design for the specific application, with
Neutral Point Clamped (NPC) and Cascaded H-Bridge (CHB)
converters being particularly considered for drive applications
[31]. The NPC converter is a 3-level converter with a structure
that requires active balancing of its two DC-link capacitors, and
it is difficult to scale to higher number of levels [32], [33].

By taking advantage of a multiphase electrical machine
architecture, it is also possible to combine the advantages of the
NPC and CHB converter topologies to achieve a multiphase
and multilevel drive architecture. In fact, in a multi 3-phase
drive, the flexibility of the architecture allows the assembly of
multiple three-phase converters in series and parallel layouts.

This work presents and demonstrates the challenges in
developing a 4AMW (5MVA), 3kV, high power-density drive,
suitable for the future on-board generating systems of hybrid-
electric aircraft. The paper presents an architecture of a high-
power medium-voltage drive, featuring a high-speed
multiphase machine with a permanent magnet rotor and
multiple isolated three-phase windings in the stator. In this
paper, the converter structure is designed with a cascade and
parallel architecture of NPC submodules, and the design
choices are described in detail. This demonstrates that, with the
current state-of-the-art component technology, a high power-
density drive for future hybrid-electric platforms can be
achieved with innovative approaches to the architecture.

The research contributions of this work can be summarised
as follows: 1) for the electrical machine design adopted, a
feasibility analysis for different candidate converter structures
and devices is performed; 2) based on the selected topology, a
control scheme which combines several control operating
modes and voltage balancing systems is designed to address the
specific requirements of the converter and application; 3) a full
scale prototype has been constructed and tested, thus validating
the control approach and design as well as providing efficiency
measurements for the full generation system.

Il. HIGH LEVEL CONVERTER DESIGN

The three main parameters which need to be considered
when designing a medium voltage aircraft DC generation
system are:

1. The electrical machine nominal speed and, therefore, its
fundamental electrical frequency. In the case considered,
it is set to 1kHz.

2. The DC link nominal voltage. For this development, the
requirement is to have two independent DC output ports,
i.e., two isolated DC-links each with a DC voltage of 3kV.

3. The nominal power of the system, in this case 4MW
(5MVA) was targeted.
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It is important to highlight that the design decisions are also
affected by the generator design. Although the paper focuses on
the power electronic conversion system, information about the
generator is given in Appendix A.

A. Device and operating switching frequency selection

As already demonstrated in previous work [45] the converter
switching frequency should be at least 10 times higher than the
fundamental frequency. Thus, considering the generator
fundamental frequency of 1kHz, the minimum switching
frequency for the power conversion system is equal to 10kHz.
However, a further increase in the switching frequency benefits
the converter operation by reducing the phase current ripple and
the output voltage low frequency harmonic content as well as
increasing the current controller bandwidth that is obtainable.
The benefits of increasing the switching frequency are even
more pronounced when dealing with a high power, high
efficiency generator, which presents a small value of leakage
inductance. On the other hand, increasing the switching
frequency also increases the switching losses limiting the
selection of power devices. For these reasons, the switching
frequency has been set at a trade-off value of 15kHz, where
both SiC MOSFETSs and traditional Si IGBTS, rated at 1.2kV,
are viable options. Higher voltage rating IGBTSs are unlikely to
perform adequately at a switching frequency of 15kHz. For
example, Si IGBTs rated are 3.3kV are intended for
applications where the maximum switching frequency is in the
range of 2-3kHz [34], [35].

Similarly, 1.7kV SiC MOSFETs are still rarely used due to
procurement issues and SiC devices for voltages higher than
1.7kV are not yet commercially available.

B. Converter architecture

To work within the limitations of the power devices, various
converter architectures can be considered. In this paper, only
two and three level NPC I-type converters are considered. The
reason for this choice is mainly due to manufacturer availability
and lead-time for the related power modules.

The 3-Level NPC T-type converter, which presents a better
efficiency than other topologies, has been discarded as it does
not allow the use of lower voltage rated devices [36]. Also, the
3-Level active NPC have been excluded because of the high
number of devices per leg. Similarly, more complex layouts
with series connected devices have not been considered since
the available switching frequency is reduced, owing to the
parasitic components in the commutation circuit, which could
lead to possible overvoltage stress of the device die [37].

In conclusion, 1.2kV devices are considered in this work. For
these devices, the typical DC-link voltage for an active front
end is 700-750V (using a 2-level converter). Therefore, to meet
the specification of a 3kV DC voltage by using only 2 and 3-
level converters as building blocks, a number (Ns) of these
converters must be connected in series.

If 2-level converters are connected in series, four modules
are needed to sustain a DC voltage of 3kV. Whereas, only two
converters in series are sufficient if 3-level I-type power
modules are considered. In fact, the 3-level I-type topology
features an inherent voltage sharing capability which makes the
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converter able to sustain a DC-link of 1.5kV, halving the
required number of series converters.

C. Selection of the optimal number of phases

The final consideration is the nominal power of the
conversion system. In this specific case, the converter is
required to convert a power of 4AMW that is generated from an
electrical machine, which has a Power Factor (PF) of 0.8,
resulting in an apparent power of 5SMVA. From this data it is
straightforward to calculate the nominal power of each single
converter, once the number of series (Ns) and parallel (Np)
power modules is defined. The total number of converter cells
is Nt = Ns Np), and the total number of phases of the multi three-
phase electrical machine is Nph =3 N..

In order to establish the output voltage of each cell, the
maximum modulation index is set to 95% for the 2-Level
solution, whereas for the 3-Level it is set to 80% to take into
account some margin for the internal voltage balancing. At this
point, the rms phase current is evaluated from the power of each
cell (GMVA/N;). Once the rms phase current is calculated, it is
possible to estimate the rated current of the power module (the
typical value at a temperature of 25°C), by doubling the phase
current. However, considering the relatively high switching
frequency, the high power, and the complex converter layout,
the rated current of the Si IGBTs power modules is considered
3 times the phase current for safety margin. If SiC MOSFETS
are used, this can be reduce to 2 times the phase current because
of the lower switching losses [38].

D. Summary

As a final remark, it must be considered that a higher number
of cells results in a more complex electrical machine and
converter design, in terms of sensors, gate drives and control.
Ideally, the best solution is the one that minimizes the number
of cells whilst respecting the device capabilities.

TABLEI
THE SINGLE CELL POWER, PHASE CURRENT AND VOLTAGE (RMS VALUES) FOR
DIFFERENT CONFIGURATIONS USING A 2-LEVEL CONVERTER

SiC Si
Cell Phase Phase

Ns  Np N N power Voltage  Current c;:ﬁgt Crl:;irﬁgt

h [VA] [Vrms]  [Arms] Al Al

4 2 8 24 62500 291 716 1432 2149
0

4 4 16 48 31250 2901 358 716 1047
0

4 6 24 72 20800 291 239 477 716
0

4 8 32 96 15600 291 179 358 537
0

TABLE I

THE SINGLE CELL POWER, PHASE CURRENT AND VOLTAGE (RMS VALUES) FOR
DIFFERENT CONFIGURATIONS USING A 3-LEVEL CONVERTER

Cell Phase Phase SIC Si
Ns  Np N Npn Power Voltage  Current ig:lrsgt Criﬁﬁgt
[VA] [Vrms] [Arms] (Al (Al
2 2 4 12 1250000 490 851 1700 2552
2 4 8 24 625000 490 425 850 1276
2 6 12 36 416700 490 284 567 851
2 8 16 48 312500 490 213 425 638
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Looking at Table I, the configurations featuring 2-level
power modules based on SiC MOSFETs will require a high
number of converters (72 or 96), owing to the limitation of the
currently commercially available devices, with current ratings
up to 450A. For this reason, the 2-level SiC MOSFET modules
are excluded. Conversely, market availability of 2-level power
modules with Si IGBTSs is high. Considering off the shelf
components and assuming one power module is used per phase,
there are multiple choices in terms of rated current: 450A,
600A, 900A, 1200A, 1400A, 1500A and 1800A, respectively.
The solution with the lowest number of converters is the one
with four in series and four in parallel, which leads to a total of
16 modules supplying a 48-phase electrical machine. The rated
current of the power module is 1200A. As a reference choice
the Infineon FF1800R12IE5P could be considered. This
solution is given in Table I, highlighted in bold.

In case of 3-Level | type power-modules there is a limited
number of available choices. However, it is possible to find
power modules with rated currents from 400A to 1800A which
use Si IGBT, whilst presently there are no power modules
which have SiC MOSFETSs for this converter structure, at least
for this current range. As for the previous case, the solution with
the lowest number of converters (i.e. eight modules rated at
1200A) is the preferable choice. This leads to the Vincotech 70-
WG624N3A1K2SC-L400FP power module selection. This
solution is given in Table Il, highlighted in bold.

The final choice for the converter architecture was made by
also considering its effect on the reliability of the system. The
main drawback of using power cells connected in series is that
if a single cell stops working (e.g., due to a fault detection) the
full converter series needs to be disabled. Contrarily, in case of
parallel cells, each cell can still operate even when one or more
cells are turned off. It results that reducing the number of
converters in series and increasing the number of converters in
parallel is a suitable choice for the reliability of the full system,
which is able to deliver more power under a fault detection in a
single cell. In conclusion, the 3-level converter solution,
highlighted in bold in Table Il, has been selected due to the
reduced number of phases (Nyh=24) and the effectiveness of its
redundancy, resulting from the limited number of cells in series
(Ns =2).

Ill. SELECTED CONVERTER DESCRIPTION

The selected topology for this prototype is a modular
multilevel and multiphase converter. Two independent DC-link
channels, namely BRAVO and ECHO, are designed each with
series-parallel connection of four 3-Level I-type NPC cells, as
shown in Fig. 2. Pairs of NPC converters are connected in series
to provide a 3kV DC-link. Each 3-phase NPC is connected to
one of the eight star-connected 3-phase machine windings and
consequently processes 0.5MW of power. Each channel
(BRAVO or ECHO) therefore interfaces to four star-connected
three-phase AC generator windings. Each NPC shown in Fig.
3(a) comprises three 3-level IGBT power modules from
Vincotech (70-W624N3A1K2SC-L400FP) and two custom
made DC-Link capacitors, as shown in Fig. 3(b), each of
600pF.
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x2: Systems BRAVO and ECHO

(b)

Fig. 3: (@) Three NPC power modules with DC-Link capacitors;
(b) Enclosure of the DC-Link capacitors (C1 and C2).

When multiple active rectifiers are integrated in a single
application, there are both design and control challenges. The
control must implement balancing algorithms to maintain the
voltages of all the capacitors close to the same value. Also, in
the converter design, the modularity of the layout has to be
carefully integrated in the overall structure as shown in Fig. 4
and Fig. 5. The power modules and the capacitors have been
arranged to minimize the mass and the volume of the overall
converter. The four series NPC clusters have been
mechanically grouped into four layers, with the arrangement
shown in Fig. 4, and stacked one on top of the other, as in Fig.
5 where the full converter prototype is shown.
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Fig. 4: Single NPC series.

Fig. 5: The final converter structure with the four series connected NPC
pairs stacked on top of each other.

The mass of the prototype converter is 240kg, and its volume
is 411 litres, so the power density is ~20.8kVA/kg and
~12kVA/litre. The power density is calculated using the mass
of all components and the volume within the cuboid converter
structure envelope, not including coolant mass. Considering
that the converter is developed with commercially available Si
IGBT technology, this is an outstanding power density, with
respect to the reference values presented in the most recent
developments [5], [6], [36]. To control the converter, two
independent control systems are used (namely BRAVO and
ECHO). These two systems are identical in their structure and
they are synchronized through a serial communication with a
bandwidth of 10MHz. In this way, at every sampling instant,
the two systems can exchange information about their status
and all the relevant information to implement the field-oriented
control. Fig. 6 shows the structure of the control hardware.
Each controller employs one TMS320C6713 Digital signal
processor (DSP) and two ProASIC3A3P400 field-
programmable gate arrays (FPGAS). Both the control systems
(BRAVO and ECHO) generate 48 gate-drive signals, while
monitoring the status of the gate drives receiving a discrete
signal for each output phase.

Additionally, each controller has 20 independent 14-bit
analogue to digital converters (ADC) that are synchronously
triggered to acquire all the electrical measurements
(specifically one current sensor per phase and two voltage
sensors per NPC). Furthermore, each control system is capable
of monitoring 24 multiplexed temperature measurements.
Finally, all the reference signals for each converter are sent via
a PC using a USB interface.

IV. THE CONTROL DESIGN

The overall control concept for the generator is based on a
field oriented scheme [39], assuming the direct axis of the
phase current aligned with the permanent magnet rotor flux.
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Fig. 6: The control hardware architecture.

Considering the modular (parallel and series) converter
structure under investigation, the control system presents
several challenges. Firstly, for each DC channel, the converter
has two voltage sources connected in parallel, represented by
the series connected NPC branches. Thus, it must be capable of
controlling the instantaneous voltage generated by the branches
to the same value, in order to avoid undesired circulating
currents through the converter. Secondly, within each NPC
branch, the converter must generate equal DC voltages on the
series connected NPCs.

Considering these challenges, the two DC-Link channels
(BRAVO or ECHO) have been with the control scheme shown
in Fig 7. Each channel can be operated in different modes such
as: speed control, torque control and DC link voltage control.
Considering the latter, the outer control loop aims to track the
reference set point for the total DC voltage of the respective
channel. Similarly, when in speed mode, the outermost control
loops control the speed of the shaft. The output of the outermost
loop (either speed or DC link voltage) defines the reference
value of the global quadrature current component, lqrer. Since
the application considered is in aerospace, it is vital to reduce
the converter volume and weight. This means that the capacitor
value must be minimized, making it challenging to passively
balance the DC voltage between the series connected NPCs and
within the single NPCs. This is achieved by an active DC
voltage balancing algorithm, which modifies lqrer in order to
maintain the DC voltages of the two series connected NPCs
equal. For example, Vpc1 and Vpez in Fig. 7, should be equal.
Consequently, the two NPCs of each series connection have
different current references, namely Iq:" and Ig.", respectively.
Finally, a current control is implemented for each NPC cell.
Furthermore, the capacitor voltage balance within the single
NPC is integrated in the modulation algorithm, which generates
the required switching signals and, at the same time, maintains
the voltage on the two inner capacitors of each NPC equal (C;
and Cz in Fig. 3). This algorithm employs a zero-sequence
voltage injection depending on the direction of the phase
currents and the reference voltage of each phase. This algorithm
aims to maintain the voltage of the two inner capacitors of each
NPC equal, for example, C1 and C2 in Fig. 3 [40]. Fig. 8 shows
the structure of the outer loops. If the system is operating in
motoring mode, the speed control can be implemented as in Fig.
8(a).
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A Proportional Integral (PI) controller generates a total
torque reference, which is then divided by 4 to define a torque
reference for each NPC. After being limited, the torque
reference is then converted to a quadrature current set point by
simply implementing Eq. (1), where k, [Nm/A] is the machine
torque constant. This reference current I, ... is the input to the
current control loop, represented by the schematic of Fig. 9.

o/ Vpe
o/ Vi
SPEED CONTROL / DC_LINK VOLTAGE CONTROL }7
I:|.rrf x2: Series NPC controllers

DC VOLTAGE BALANCING CONTROL

SERIES NPC ]\ Ve, Vo

I.l.,], l.l.,z

Vo, Ve
Ves, Ves

MODULATION MODULATION
NPC1 NPC2

Fig. 7: The control structure for a single channel.
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vl ®)

Fig. 8: The outer control loops: (a) Speed control (motoring mode); (b)
DC voltage control (generating mode).

I Iz )

qref = k¢

When the system is operating in generating mode, a DC
voltage control is implemented as illustrated in Fig. 8(b). In this
case, the PI controller generates a DC current reference, which
is then saturated and converted into a torque reference T, by
using Eqg. (2).

Ve )

Tref = IDC,ref w_
m

Once the torque reference has been defined, the control
algorithms follow the same structure, already described for the
speed control.
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Fig. 9(a) shows the control structure implemented for the DC
voltage balancing control of the series connected NPCs. Based
on the difference between the capacitor voltages Vpci and Vpez,
a Pl controller generates an additional current reference, lqpal.

I I

quref

BEMF
(b)

Fig. 9: The inner control loops: (a) series NPC DC voltage balancing
control; (b) current control.

This is then summed/subtracted to/from the quadrature
current set point of each NPC (Ig:" and 1g2"), to compensate for
the voltage unbalance.

a1 12 = (g rer +1Igpa) + Ugrer = Igpar) ®)

= Zlq,ref

It is important to highlight that this balancing control does

not affect the dynamics of the outer loop, whilst maintaining

the DC voltages balanced. A similar technique has already been

applied in other series connected multilevel converters, such as
Cascaded H-Bridge converters [41].

Finally, a standard d-q current control with feed-forward
compensation terms is implemented for each NPC converter as
shown in Fig. 9 (b). In terms of modulation, a naturally sampled
PWM strategy is used for each NPC converter in this
application primarily for the benefits it can provide in terms of
ease of implementation and computational burden on the
control hardware. Additionally, a capacitor voltage balancing
strategy is implemented within the modulation algorithm [40].

V. POWER LOSSES AND EFFICIENCY OF THE POWER
CONVERTER

A PLECS model has been implemented for the computation
of the converter losses. The simulation calculates the
conduction and switching losses as a function of the
instantaneous current, voltage and junction temperature of each
of the switching devices. Assuming the nominal operation for
the generation unit is at 15000 rpm, with a DC link voltage of
3kV, a total power of 4MW, a power factor of 0.8, and a
switching frequency of 15kHz, the simulated total losses of the
converter are ~58.5kW (27.5kW conduction, 31kW switching)
leading to a converter efficiency is 98.5%.

The distribution of the losses within a power module are
displayed in Fig. 10. Although the devices with the highest
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losses are the IGBTs 2,3 and the diodes 1,4, the different
thermal impedances mean that diodes 1 and 4 reach the highest
junction temperature (Tj). Their temperature reaches 130°C,
assuming a cold plate surface temperature of 100° C. If the same
converter is used to drive a machine (as a motor), at the same

power, the efficiency will be slightly
total losses around 64kW.

IGBT 1

D6(7%) 3%)

D5(6%)

D4(14%)

D3(7%)

D2(7%)

D1(14%)

lower 98.4%, with the

IGBT 3
(20%)

Fig. 10: Loss distribution inside the power module at the nominal

condition in generating mode.

In this case, the distribution losses

within a power module

will be different: in this case, IGBTs 1 and 4 will be the devices
with highest loss and highest junction temperature. Considering
the same cold plate surface temperature of 100°C, these IGBTs

reach a junction temperature of 125°C.

VI. EXPERIMENTAL R

ESULTS

To validate the design of the converter, because of the
limited DC link voltage available (1.5kV instead of 3kV), at the

current test facility, the system has

been tested using the

arrangements shown in Fig. 11. The machine is not coupled to
a load drive and both channels of the converter (BRAVO and
ECHO) are connected to the same DC power supply. The
power supply is capable of maintaining 1.5kV, instead of the

nominal value of 3kV, and tests

are performed using

recirculating power operation of the system [42]-[44]. In Fig.

11, power is recirculated by having th
speed mode and ECHO in torque

e BRAVO converter in
(or current) mode. In

particular, BRAVO is motoring and ECHO is generating. With
this mode of operation, the DC power supply only provides the

system losses.

The DC Links are shared

Bidirectional
DC power supply

Main

Configuration:
1.5kV, 160A

Figure 11: Test rig setup for recirculating power between ECHO and

BRAVO.

In the following section several experimental measurements are
presented, in Figs. 12-14 all data is recorded by the DSPs at a

sampling rate of 66.6p.sec.
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Fig. 12 shows the reference and measured speeds at the shaft
from a 1MW test, where ECHO is controlling 300A (peak
value). The oscillation is equal to 0.026% of the nominal speed
value. This fluctuation does not affect the control operation and
it can be neglected in practical operation. Due to the DC power
supply voltage limit, the maximum speed of the machine is set
to 7500rpm. Fig. 13 illustrates the single capacitor voltages
(375V), series capacitor voltages (750V), and DC-Link
voltages (1500V) for the BRAVO channel. This is equivalent
for ECHO. During the tests, the main DC link was controlled
by the external DC power supply. This responsible for the DC
link oscillation which is also reflected onto the DC link voltage
of the NPCs. The control for series voltage balance is working
as designed and keeps the DC voltage of all the NPCs at the
same level within a small tolerance. Fig. 13 also highlights the
hysteresis voltage control for the internal capacitors of each
NPC. The voltage oscillation is higher than expected at rated
operation because the lower voltage for this test (half of the
nominal value) results in much lower energy stored in the
capacitors.

7510

Reference
T 7505 F Measured
e 1
= 7500 ——— —
(7
(7]
=S
“ 7495+
7490 . . .
0.235 0.236 0.237 0.238 0.239
Time [s]

Fig. 12: Set-point and measured speed.

15001 ]
Main DC-Links
> 1000}
()
E NPCs DC-Links
500F 1
PO O OO T ST TS
Capacitors of all NPCs

0.237 0.238
Time [s]
Fig. 13: Bravo converter: capacitor voltages (375V), DC-links NPCs

(750V), and main DC-Link voltages (1500V).

0.235 0.236 0.239

In Fig. 14, the transformed direct and quadrature currents, of
the fourth NPC of both BRAVO and ECHO, are shown. While
BRAVO is controlling approximately +300A along the g axis,
ECHO is keeping the speed of the shaft at 7500rpm by
maintaining approximately -300A along its g axis. The low
frequency ripple of the Iq currents is a consequence of the series
DC voltage balancing algorithm, which is implemented to
equalize the DC voltages of the series connected NPCs. Fig. 15
shows the measurements of the four phase currents while
controlling 1 MW of recirculating power.
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Two phases (B and C) of each channel, BRAVO and ECHO,
are shown. In the figure a noticeable phase shift between the
currents of the two systems is present. In fact, since one system
is in monitoring mode while the other is in generation mode, a
magnetic phase difference of 30 degrees is present, due to the
winding distribution of the generator (see appendix A).

The experimental results achieved with the prototype
converter and its related control algorithm agree with the
expected design values. During the high-power tests, carried
out in recirculating mode, the resulting drive system control
was able to follow the reference. The obtained results can be
considered as a first validation of the proposed high-power and
high-voltage multi-level and multiphase drive architecture.

300 koA eI TN NN O A
200F Bravo ?q4 Mc? i
Bravo ig4 Ref
= 1001 Bravo id4 Mea | 1
E 0
g
o -100r Bravo id4 Ref |1
Echo iqg4 Mea
-2007 ————— Echo iqd Ref |1
B S
0.235 0.236 0.237 0.238 0.239
Time [s]

Fig. 14: Reference (Ref) and measured (Mea) iq and id currents of
NPC4 from both BRAVO and ECHO converters.

\ v . ‘i‘
/_( W P AV
Yellow:BRAVO NPC2 IB, red:BRAVO NPC2 IC

blue:ECHO NPC2 1B, green:ECHO NPC2IC,
200A/Div SOOusec/Dlv

F|g 15 Phase currents acquired by the oscilloscope.

B

During the same tests, with reference to Fig. 11, it was
possible to assess the efficiency of the drive with the two
channels (BRAVO and ECHO) in a “series” configuration. The
power flows have been measured by acquiring the DC link
voltage and the two IDC currents, of BRAVO and ECHO,
respectively and feeding them to a power analyzer. Finally, the
evaluation of the total losses has been carried out by measuring
the output current of the power supply. The last measurement
has also been useful to confirm the accuracy of the acquired
data, as the sum of the three currents (or powers) flowing to the
DC link connection point must be zero.
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Fig. 16 shows the comparison of the efficiency resulting
from simulations and experimental tests during recirculating
power operation. Using a complete system model, which is
including the machine, the validation has been performed at
7500 rpm, a DC link voltage of 1.5kV, and a reference torque
for the ECHO channel corresponding to a g-axis current
(Ig_ref_ECHO) varying from 100Apk to 500Apk with steps of
100Apk. Analyzing the highest power test, the total losses of
the series drive system are about 85kW, compared to the
84.3kW obtained from the simulations. The split of the losses,
according to the simulation results are 53.9kW (64.7% of the
total) in the machine. The remaining losses are split in the
ratiol5.8kW for BRAVO and 14.6kW for ECHO, i.e., the
motoring and generating sides, respectively. The losses in
BRAVO are higher because, as mention in the previous section,
the efficiency is lower when motoring.

In order to show the remaining converter mode, an additional
test is reported. The generator is connected to a prime mover
operating at its nominal speed of 3000 rpm. The bidirectional
DC power supply connected to the converter is controlled in
current mode and operates as an electronic load. The voltage
reference for the converter is 1.5kV, and the current reference
for the DC power supply is set to its maximum value of 160A,
resulting in a total power of approximately 256kW.

Fig. 17 shows the BRAVO voltages: the two DC link
voltages of the two layers, all voltages of the NPCS, all internal
voltage of the NPC and the current of the DC link.

93
x 925
S 92 ot
2 915 -
Q 91 / NG
& 90.5 =
o 90 \V
89.5
100.0  300.0 500.0 700.0  900.0
RECIRCULATING POWER KW
== MEASURED SIMULATED

Fig. 16: Efficiency results: comparison between simulations and
experimental measurements in recirculating power mode.
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Fig. 17: Bravo system working in voltage mode, all relevant voltages and
Idc current.
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VII. CONCLUSIONS

In this paper, the research and development of a prototype
4MW (5MVA) medium voltage active rectifier (with two DC-
links at 3kV) to interface to a multi-winding 3-phase high-
speed generator has been described. A generator with 8
independent 3-phase windings has been considered. The
converter system adopted has been described and the
development of the architecture concept to meet the topological
requirements of the electrical machine and maximize the
reliability of the system has been explained. The resulting
structure uses NPC building blocks in cascade to achieve high
voltage operation with relatively low voltage and high-speed
devices. In this way the high frequency requirement imposed
by the high-speed generator can be met. An experimental rig
has been setup to perform a scaled down test up to 1MW,
adopting a recirculating power loop. The experimental results
are in line with the expected performance and they validate the
initial design and modelling. The outcomes of this work
represent a step forward in terms of power density, voltage,
power rating and frequency demand, with respect to the state of
the art, and demonstrates the feasibility of a high power
generator interface suitable for future high-speed, multi-
megawatt, medium-voltage series hybrid-electric aerospace
systems.

APPENDIX A — GENERATOR PARAMETERS

The generator features a permanent magnet machine whose
parameters are listed in Table I11.

The machine has two sets of multiphase windings, one for
each channel of the converter (BRAVO and ECHO). The two
sets of windings are shifted by 30 electrical degrees. This phase
shift is considered as an offset for the measurement of the rotor
position in the control algorithm that manages the ECHO
channel. Also, due to manufacturing aspects, the terminals of
the winding belonging to the ECHO channel are placed on the
opposite end-side of the electrical machine (i.e., shifted by
additional 180 electrical degrees). This results in an equivalent
shift of 150 electrical degrees between the two windings. This
also explains the results shown in Fig. 15, where the opposite
reference for the g-axis currents of the two channels has a phase
shift of 30 electrical degrees (180-150).

TABLE Il
GENERATOR PARAMETERS

Parameter Value Unit
Nominal Power 4 MW
Nominal speed 15 krpm
Nominal torque ~2.5 kN
Power factor ~0.8 /
Pole pairs 4 /
Electrical frequency 1 kHz
Number of phases 24 /
Number of isolated 3-phase systems 8 /
Number of magnetic phases 6 /
Displacement between the winding sets 30 el. deg
(electrical shift) (150)
BEMF rms voltage 404 \Y
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BEMF THD 1.9 %
Phase current 414 Arms
Self-leakage inductance 75 uH
Phase resistance 12 mQ
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