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Abstract— The aircraft industry demands a significant increase in terms
of efficiency and gravimetric power density of power converters for next
generation aerospace applications. Between the two minimum targets, i.e.
an efficiency > 98 % and a gravimetric power density > 10 kW/kg, the
specification concerning the converter weight is the most challenging
to fulfill. Since cooling systems and magnetic components dominate
the weight breakdown of conventional converter concepts, multi-cell
topologies, enabling improved semiconductors performance and reduced
filtering requirements, are foreseen as promising solutions for the power
electronics on board of More Electric Aircraft. On the other hand, the
necessary simultaneous operation of a high number of cells inevitabl
limits the reliability of multi-cell converters if redundancy is not provided.
In this paper, a favorable scaling trend of power density with resf[f)ect to
reliability, aiming to guarantee fault-tolerant operation without affecting
the performance figures, is identified in modular multi-cell converters.
Thus, a 45 kW weight-optimized modular multi-cell three-phase inverter
featuring a redundant power stage is optimized, achieving an efficiency
of 99 % and a gravimetric power density of 22.8 kW /g,

Index Terms— Modular Multi-Cell Inverter, Figure of Merit of Power
Semiconductors, Power Converters Reliability, Multi-Objective Optimiza-
tion, More Electric Aircraft.

I. INTRODUCTION

Driven by the advantages enabled by More Electric Aircraft (MEA)
concepts, i.e. decreased fuel consumption and CO, and NOy emis-
sions reduction, in 2010 the electric power demand of commercial
airplanes surpassed the 1 MVA milestone on-board of Boeing 787
[1]. As a consequence of the established next steps towards More
Electric Engine (MEE), this figure is expected to double in 2020, i.e.
when the maiden flight of a 2 MW hybrid-electric propulsion system,
developed in a collaboration among Airbus, Siemens and Rolls-Royce
[2], is scheduled. Furthermore, according to Airbus’s forecasts, the
power requirements of next generation single aisle aircraft should
finally reach 20 MW in the next decades [3].

Motivated by these trends, the power electronics roadmap for next
generation aerospace applications is targeting to significantly improve
efficiency (1) and gravimetric power density () of power converters
[4]. As an example, Fig. 1 compares the goals in the ny-performance
space of two on-going projects focusing on MEA with the figures of
comparable (in terms of power rating) state-of-the-art prototypes (yel-
low dots). The Horizon2020 European Project 636170 - Integrated,
Intelligent Modular Power Electronic Converter (I2MPECT) [5] (red
dots) and the NASA Government Contract NNX14AL79A - High
Speed, High Frequency Air-Core Machine and Drive [6], [7] (blue
dots) set the minimum targets at n = 98% and v = 10kW/kg.
From the comparison in Fig. 1, it becomes evident that the most
demanding improvement concerns ~y. The reason is identified in the
fact that for each kg on board of an aircraft roughly 1.7t of fuel are
burned and 5.4t of CO, are emitted per year from all the air traffic
[1]. Thus, a reduction of weight can significantly help to meet the
lowered emissions target [1].

The weight breakdown analysis of modern power converters reveals
that magnetic and filter components and cooling systems are the
principal contributors to the overall converters weight [8]. Increasing
the switching frequency in conventional inverter topologies (to reduce
magnetic components volume and weight) faces a trade-off with
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maintaining a high-efficiency, therefore different approaches must be
evaluated. Moreover, the growing power demand on board of MEA
is inevitably accompanied by an increasing DC-link voltage of the
installed energy distribution network, e.g. from the actual 540V [5]
to the 3kV of the mentioned MEE prototype [3] (and reasonably
further). Thus, as occurred in medium-voltage (MV) applications,
conventional converter solutions will face limitations, e.g. in terms
of power devices blocking voltage and capacitors availability [9]. Fi-
nally, high reliability, scalability, and reduced design and maintenance
efforts are key features in the aircraft industry [10], hence also these
aspects must be considered in the selection of alternative topologies.
Multi-cell converters enable improved semiconductor performance
and the downsizing of the magnetic components because of the
diminished harmonic content of their voltage waveforms [11]. Con-
sequently, they are identified as a candidate approach to meet the de-
fined performance targets. Unfortunately, their increased complexity
inevitably worsen the system reliability, thus providing redundancy
becomes mandatory. The effectiveness of this strategy is proven with
a decade of successful operation in MV applications [12].

Only modular multi-cell topologies can combine high reliability with
superior 7y-performance, since few redundant cells, which have a
negligible impact on the converter power density, are sufficient to
achieve even higher reliability figures than conventional solutions
[13]. Their modular structure additionally ensures straight-forward
scalability, facilitating a flexible design procedure [9].

Ultimately, in order to extend the advantages of modularity also to
the electric machines connected to these converters, e.g. compressor
units for the environmental control system, multi-phase inverters (and
accordingly machines) are preferred [14]. In this case, fault-tolerant
operation after a partial (involving one or few phases) failure is
ensured, increasing the overall system reliability. Moreover, when the
power electronics is integrated in the machine housing, additional
advantages, e.g. in terms of system power density and installation
costs and complexity, are enabled [15].

The goal of this paper is to investigate the achievable ny-performance
of a fault-tolerant modular multi-cell three-phase inverter designed
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Fig. 1: n-y-performance space presenting the performance goal (n > 98 % and
v > 10kW/kg) of on-going projects focusing on power electronics for next
generation aerospace applications and the result of this work. The ~-target is
significantly higher compared to the figures of state-of-the-art prototypes.



TABLE I: Specifications of the considered three-phase inverter.

Parameter Description Nominal Value
Vie DC-link voltage 1000V
Pout output power 45 kW
Sout output frequency 2kHz
Mindex modulation index 0.9

according to the requirements of next generation aerospace ap-
plications and to the specifications given in Table I. Section II
discusses an analytical study, based on loss models and figures of
merit, comparing the semiconductors performance in conventional
and multi-cell inverter topologies. Section III introduces the reliability
figures of multi-cell converters and evaluates the impact of different
redundancy approaches on their power density. Section IV presents
the trend towards Integrated Modular Motor Drives (IMMD) applied
to modular multi-cell inverters. Since the Stacked Polyphase Bridge
(SPB) converter combines all the highlighted features, it is finally
identified as the best candidate solution to fulfill the targeted perfor-
mance. Hence, it is optimized in Section V for the specifications of
interest, achieving n = 99 % and v = 22.8 kW/ig (19.2 kW /kg adding
one redundant cell, cf. Fig. 1). Section VI summarizes the results of
this work.

II. PERFORMANCE ANALYSIS OF POWER SEMICONDUCTORS

The switching and conduction losses in the semiconductors dominate
the loss breakdown of modern power converters featuring a high
power density [16]. Hence, accurate loss models based on the
characteristics of state-of-the-art semiconductors can provide sensible
estimations of their overall performance and enable the comparison
in terms of efficiency among different converter concepts. Therefore,
with the final aim of designing a 99 %-efficient 45kW weight-
optimized three-phase inverter, a semiconductors performance study
is presented in this section.

A. Loss Models of Power Semiconductors

The semiconductors loss analysis is based on a conventional phase-
leg, for which switching and conduction loss models are developed
and discussed herein.

In case of an hard-switching transition, the switching losses P, are
separated in current independent and current dependent fractions
[17]. The switching losses of soft-switching transitions are neglected,
since proven to be typically one order of magnitude smaller [18].
The current independent fraction of Py, i.e. Piwoss = fsw Vchoss|Vd

models the losses due to the charging and discharging processes of
the parasitic output capacitance Cos of the power semiconductors,
with QOSS|VA ~ indicating the charge stored in Coss when charged

from OV to the DC voltage Vj.. If present, the additional charge
Q) associated to the reverse recovery phenomenon should be added
to Qoss, but is neglected herein.

The current dependent fraction of PFi, 1ie. Py =
fswY/2VaeLow (i + ty) is caused by the simultaneous existence
of Vi and of the switched current I, at the terminals of the
turning on device. An experimental validation of this model can be
observed analyzing a hard-switching transition of a phase-leg, e.g.
in a double-pulse test setup with inductive load: first the device
current igs linearly rises with a fixed diss/az until I is reached,
while the voltage across the device vqs is clamped to V.. As soon
as igs = Lo (if the reverse recovery phenomenon is neglected), vgs
starts to quasi-linearly decrease from V. to 0V with a fixed dvas/az.
Expressing the current rise time ¢;; and the voltage fall time ¢, as
Iswfaige/ar and Vac/avye/ar respectively, highlights the possible reduction
of switching losses, or the complementary increase of switching
frequency fsw, enabled by fast switching power semiconductors (e.g.
Silicon-Carbide (SiC) and Gallium-Nitride (GaN)). Additionally,
it clarifies how this benefit vanishes if the maximum switching
speed is limited from external factors: for example, partial discharge
induced motor windings isolation aging and over-voltage due to
wave reflections in case of long motor cables are typical reasons
to limit the dvas/ar below 10 V/ns [19], whereas voltage oscillation
and overshoot at the gate terminal or at the switch node define the
maximum dis/a¢ [20].

TABLE II: Fitting coefficients of the FoM model aV'*.

Si GaN SiC
a 1.23-10'%  1.63-10!2 2.55 - 1012
k —2.05 —1.40 —1.48
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Fig. 2: FoM calculated as 1/( RysonQoss) Of most of the commercially available
Si, SiC and GaN power semiconductors as function of their blocking voltage.
The model FoM = aV'* with the fitting coefficients reported in Table IT best
interpolates the data.

The conduction losses Pe.ona are calculated as Rds,onlfuLRMS, where
Rason 1S the on-state resistance of the power semiconductors
alternatingly conducting the phase current. Sinusoidal phase current
and voltage with peak values Vo = Vae/2 (no third harmonic
injection) and Iy = 2Pou/vi,, i.e. Lowrms = 2V2Pou/vy, are
assumed. Finally, Pimi = Fiw + Feond constitutes the overall
semiconductors losses.

B. Figure of Merit of Power Semiconductors

The accuracy of the proposed loss models heavily depends on the
underpinning parameters, e.g. Rason and Qoss. A practical approach to
consider and compare different power semiconductors is based on the
corresponding figures of merit (FoM) and is introduced in this section
[21]. A FoM consists of a numeric value obtained combining several
characteristics of a device (e.g. a power semiconductor), appropriately
selected to be representative of its performance. The FoM calculated
as 1/(RgmQos) [22] is considered as a promising indicator for the
analysis of interest and therefore preferred [23]. Fig. 2 summarizes
the selected FoM of more than hundred commercially available
Silicon (Si), SiC and GaN power semiconductors as function of their
blocking voltage Vasmax (75V ... 1.7kV). As can be noticed, a linear
trend characterizes each semiconductor material in logarithmic-scale,
hence

_ 1
Rds,on Qoss } v

best interpolates the data. The coefficients of the model, different for
each semiconductor, are reported in Table II. It is worth noticing
how

e GaN and SiC (comparable with each other) outperform Si as
a result of their higher breakdown electric field and bandgap
energy, and that

« all FoM trends scale over-proportionally with respect to voltage
since |k| > 1 in all cases.

FoM(V) =aV"* 1)

C. Conventional Inverter Concept

The proposed semiconductors loss models and FoM are combined in
this section to evaluate the n-limit of a conventional inverter phase-
leg. The specifications of Table I are considered as reference for one
phase-leg, i.e. Vac = 1000V and Pouphase = 15kW. The values of
Ras.on and Qoss are calculated (eventually extrapolated) with the fitting
coefficients of the FoM model (Table II). In this ideal approximation
V = Vi = Vismax is assumed, whereas in a real design a certain
margin between Vi and Vgomax is necessary, e.g. Ve < 2/3Vg max.



To eliminate in a first step the dependency from the mentioned
switching speed constraints, déas/a¢ and dves/ar — oo are assumed,
i.e. Pawyi =0 and

SW Ras.on

results. It can be noticed that Peona X Rason While Paw o< 1/Ryoons
thus Prong o< Psg,l. In fact, for a fixed voltage, increasing the chip
area to reduce Ryson leads to a counter proportional increase of Coss,
consequently of (Qoss and hence of P, in the considered model.
The described trend is visible in Fig. 3 (a), where n of a Si phase-
leg is illustrated as function of f and Rgson. Fixing fow, Peond and
Py vary as described, leading to a minimum Py, i.. maximum
n, when Peong = Piw. The weight breakdown analysis of modern
power converters reveals that magnetic and filter components are the
principal contributors to the overall weight. Since a higher f reduces
the filtering effort (i.e. the size of magnetic and filter components),
the maximum fy, ensuring the 7-target is highlighted. » = 99 % can
only be reached if fiw < 28 kHz even if the sole P is considered.
The same calculations are repeated for a SiC phase-leg and the results
are shown in Fig. 3 (b). Since FoMsic(1000V) = 92MHz/y =~
10 FoMs;i (1000 V), superior performance is expected. The 7-target is
shifted to 99.5 %, assuming a more reasonable loss breakdown where
Piemi constitutes half of the overall allowed losses. Nevertheless, the
few-limit is increased by approximately a factor of 3 to 78 kHz. This
preliminary result justifies the narrowing of the focus to wide bandgap
semiconductors.

Pyw = Pyyoss = fSW‘/dCQ"SS|VdC @

D. Multi-Cell Inverter Concepts

The FoM based analysis of achievable 77 and f, confirms the superior
performance of wide bandgap power semiconductors compared to Si,
but does not take advantage yet of the benefit of the over-proportional
voltage scaling of the FoM (cf. |k| > 1 in Table II). To evaluate this
aspect, the performance of a generic multi-cell (e.g. Flying Capacitor
or Modular Multi-Level) power converter concept is analyzed in this
section adapting the previously developed procedure.

A phase-leg formed by the series connection of N phase-leg cells,
each rated for reduced power Poyi = Fou/N and DC voltage
Viaei = Vac/N, is considered to model the different multi-cell converter
concepts. To deliver the same overall output power Poun = Pou =
N Pouii, Towi = Lou 1s necessary. In the rest of the section, subscript
i defines a quantity relative to a single cell, whereas N indicates the
respective total for the complete phase-leg. Thus, Piemin

= N(Pyw;i + Peondi)
Vae/ ) LT IA Pa/n 2
N <fm<d/N>1 R (2201 )
a Rds,on
Py
is obtained and the optimum number of cells Ny, can be derived as

dPiemiN (3) 141k K| Pow
L = N, = —_. 4
N 0o = opt 1/ P 4

If k] = 1 is assumed, Noy = +/Pw/P.g. The corresponding
Piemin = 24/ PowPeona features a minimum coinciding with Piemi.
Consequently, if |k| < 1, multi-cell approaches would not be
beneficial in terms of semiconductors performance.

In reality |k| > 1, hence, considering e.g. N = 6, FoMgan (1000 V/s =
167V) = 1.26 GHz/v is 2.3 times bigger than 6 FoMsic(1000V) =
0.55GHz/y, ie. the FoM trends scale over-proportionally with re-
spect to voltage. Accordingly, superior semiconductor performance
is expected when multi-cell concepts are adopted.

Differently from Section II-C, in this case, for each (fsw, Rdson)-pair,
the corresponding Nop is derived according to (4) and considered
in (3) to calculate 7. Noy and 7 are overlapped in Fig. 3 (c) to
summarize the obtained results for a GaN phase-leg. GaN scales
similarly to SiC according to the selected FoM, but GaN devices
are available with lower Viysmax, thus preferred in the multi-cell
approach. It can be noticed that for high f. and low Rgson (i.€.
high Qoss) values, high Ny values are preferred to compensate
for otherwise dominating F.,, whereas the viceversa is true in
the complementary half plane (low fi and high Rgson values).

Losses
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Fig. 3: The n-limit of (a) a Si, (b) a SiC and (c) a multi-cell GaN phase-
leg (Vae = 1000V and Pyyphase = 15 kW) as function of fsw and Ry on-
n = 99.5% can only be achieved with wide bandgap semiconductors, i.e.
(b) and (c), in the considered fsw range. The multi-cell approach enables
a significant performance improvement compared to the conventional ones,
maintaining the 7-target up to fsw = 173kHz when N = 6.

300

1n = 99.5% can be achieved with fo = 173kHz and N = 6. N is
in fact limited to 6, since the modeled FoM unrealistically diverges to
oo for higher values of N, leading to n — 100 %. The selected ideal
GaN semiconductor features Rgson = 4 mS§2 and Qoss =~ 210nC.
Overall, significantly better semiconductors performance, e.g. n >
99.5% with fow > 100kHz, is achieved considering the multi-
cell inverter concept. Volume and weight of the overall converter
are assumed to reduce accordingly, since lower losses require lower
cooling effort, i.e. smaller heat-sinks, and a higher f, enables the
downsizing of the filter and magnetic components.



III. RELIABILITY ANALYSIS OF MULTI-CELL INVERTERS

Since decades, safe-failure and fault-tolerant mechanical systems
relying on redundancy are the core of the aircraft design industry [24].
In parallel with the paradigm shift towards MEA, higher reliability,
eventually exceeding the capability of conventional solutions, is
nowadays also required in power converters for aerospace appli-
cations [25]. In fact, a reliable system in a critical environment,
does not only guarantee the safety of its users, but as well reduces
maintenance costs, extends operating times and avoids costly un-
expected interruptions of service [26]. Nevertheless, efficiency and
light-weight still maintain high priority among the specifications
of power converters for aerospace applications [5], [6], arising the
challenge of investigating topologies able to simultaneously combine
all the mentioned features.

In this section, the reliability problem is formalized, defining the
framework for the comparison of different multi-cell inverter topolo-
gies. Finally, it is proven how the optimization of multi-cell inverters
cannot prescind from an accurate analysis of their reliability. The
higher number of cells, in fact, significantly affects the reliability of
the overall converter and this drawback can only be compensated
by installing redundant elements, which negatively impact the power
density.

A. Reliability Model

A common approach to formalize reliability problems [27] is based
on the definition of the reliability function of a component. Recomp (%)
states the probability that a component does not fail until time ¢,
i.e. that it is able to perform its associated functions as intended and
when required. The expectation of the continuous operating time of
that component, i.e. the mean time between (to) failures (MTBF), is
obtained from the area underlying Rcomp(t) as

MTBFcomp = / Reomp(t)dt. )
0

Assuming a constant failure rate A over time (only random failures
occurring), a typical expression for Reomp(t) is the unitary decaying
exponential function

Rcomp(t) - €7At7 (6)

where A = 1/MTBF.m, since [ e™ " = 1/x.

Engineering systems in critical environments are typically formed by
the interconnection of several components and ensure high reliability
by means of redundancy. In the interest of this analysis, systems
formed by K + ) components, where K indicates the number of
components necessary for the system to operate as intended and Q
is the number of installed redundant components, are considered.
Moreover, all components are assumed to have the same Recomp(t)
(time dependency is omitted from now on). In this case, the reliability
function of the system Rsys can be calculated [26] as

K+Q
Z K+ r —r

Rsys = < r Q) Rcomp(l - RCOmp)K+Q A (7)
r=K

Finally, the mean time between failure of the system MTBFy can
be estimated applying the definition of MTBF (expressed in (5) for
Rcomp) to Rsys obtained with (7). In case K > 1 and ) = 0 (system
without redundancy), Rsys = Rf(fmp and MTBF,y, = MTBFemp /K can be
significantly smaller than MTBF.n,. Differently, in case K > 1 and
@ > 1 (system with redundancy), MTBF;y can exceed MTBFcomp
depending on the ratio between K and (@, i.e. the reliability of the
system can exceed the one of the single component, as aimed for
installing redundant elements.

B. Redundancy in Multi-Cell Inverters

The developed reliability model is applied in this section to calculate
the reliability functions characterizing two identified categories of
multi-cell inverters. Conventional inverter solutions are not included
in the comparison, since their performance is judged insufficient to
meet the target defined by the aircraft industry.

From the system point-of-view, multi-cell three-phase inverters with-
out redundant elements are modeled first as the series connection
of N identical components, i.e. phase-leg cells (Rcen, MTBFcn),
forming the phase-leg system ([,.1). Hence, three identical phase-
leg systems composed of N cells each form the overall three-phase

inverter system (Riny, MTBFi, ). Thus, the total number of cells is
Nt = 3N, as shown in Fig. 4 (a) for N = 3. The abstract concepts
of component and system are therefore now transferred to the one
phase-leg cell, to the three phase-legs and to the three-phase inverter.

No Redundancy: Since the functioning of a phase-leg in multi-
cell inverters generally requires the correct operation of all NV cells
forming it, K = N. Therefore, Ry = Rf\e’ll, Rinw = Rg’_l = Rfe]l\l’ and
consequently MTBFi,, = MTBFai/3n. Fig. 5 shows Reen (red) and
Riny (black dashed) in case of N = 9. MTBF;,y can be compared to
MTBF..i visualizing the reduction of area underlying the respective
reliability functions.

Phase-Leg Level Redundancy: Inverter topologies such as Flying
Capacitor (FCC) and Neutral Point Clamped (NPC) converters, which
have a multi-cell but not a modular phase-leg structure, are grouped
in this category. In this case, as shown in Fig. 4 (b), redundancy
can be introduced in a first approximation only by installing ad-
ditional parallel phase-legs. Accordingly, Ny can be calculated as
Niotp1 = N(3 + Qpi). In case of failure, the faulty phase-leg can
be disconnected and replaced by any (to simplify the derivation)
redundant one. Even if more convenient strategies to handle certain
types of failures are proposed in literature [28], for the purpose of
this analysis only this generally valid approach is considered.

To update Rj, in presence of redundancy, (7) must be computed
with Reomp = Rp1 = Rgve“, K = 3 for the number of phases and any
@ = Qp1 > 1. The results for Qpy =1 ... 3 and N = 9 are shown
in yellow in Fig. 5. Qp1 = 3 is indicated in yellow to highlight the
corresponding Riny. A weak increase of MTBF;,, for each redundant
phase-leg can be noticed.

Cell-level Redundancy: Inverter topologies such as Modular Multi-
Level (MMLC) and Cascaded H-Bridge (CHB) converters are
grouped in this category, since they feature a modular multi-cell
phase-leg structure which allows to directly add redundant cells to
each phase-leg, as shown in Fig. 4 (c). Thus, Ny = 3(N + Q).
In case of failure, the faulty cell can be bypassed and a redundant
one (installed in the same phase-leg) operated. Hence, R, can be
calculated according to (7) with Reomp = Ree, K = N for the
number of necessary cells and Q@ = Q. > 1. Ri, obtained as Rg’_l
for Q. = 1 ... 3 and N = 9 are shown in blue in Fig. 5, where
Q. = 1 is also indicated in blue to highlight the corresponding Rijny.
A more significant increase of MTBF;,, for each redundant cell can
be noticed in this case.

C. Effect of Redundancy on Power Density

The discussed modeling of the two considered redundancy ap-
proaches provides the basis to define the scaling trends in terms of
power density of multi-cell inverters with respect to reliability.

To enable this evaluation, MTBF,, is calculated as described in the
previous section for the cases featuring Qp1 =0 ... 3, Q. =0 ... 3
and N = 3, 6 and 9. After computing the percentage ratio MTBF. =
100 MTBFiny /MTBF,, i.e. the ratio between the areas underlying each
Riny and Recen, the obtained results are shown in Fig. 6 as function
of Nio. MTBFce is technology and design dependent, therefore a
relative expression for MTBF;,, i.e. MTBF~, is preferred for the
sake of generality. Since MTBFj,y < MTBF. in all the cases,
MTBF. < 100 %. The system diagrams help visualizing again the
evolution of the circuits structure in presence of the two considered

| —
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Fig. 4: System level structure of the considered multi-cell three-phase inverters
in case N = 3, comparing (a) no redundancy, (b) phase-leg level redundancy
and (c) cell-level redundancy approaches.
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The system diagrams help visualizing the circuits structure in presence of the

two levels of redundancy (N = 3, Qp_l =Qc =1, Niot = 12).

levels of redundancy: N = 3 and Qp1 = Qc = 1 (Niow = 12) are
shown as an example.

In the graph, white dots indicate MTBF_ with @) = 0, which follow
the trend Niow = 3N and MTBF. = 100/3n3% highlighted by the
arrow. Without redundancy, MTBF. drops o 1/n, e.g. resulting
in MTBF;,y, =~ 4% MTBF. already with N = 9 (N = 27).
Additionally, for a fixed value of N, two different splines (yellow
and blue) describe the increasing trends of MTBF-, depending on
Qp1 and Q. according to the proposed model. It can be noticed that
the values of MTBF. obtained with QQp1 = 3(Q). are comparable
between each other, e.g. MTBF. ~ 30% for N = 3, Qp1 = 3
and Q. = 1. In fact, e.g. installing one redundant cell per phase-leg
(Qc = 1) or three redundant phase-legs (Qp1 = 3) provides almost
the same level of redundancy (cf. Fig. 5). Generally, increasing @,
the overall reliability is improved at the expense of increased Nio.
For higher values of IV, a second trend is identified in Fig. 6. Given
the expressions of Nigc and Niop.1, it is clear that increasing () by
1 increases Niotc by 3 (independently from V), whereas increasing
Q@p-1 by the same amount increases Nitp1 by N. This translates into
significantly flatter slopes of the yellow splines for increasing N
or, in other words, to a much more severe impact of the phase-
leg redundancy approach on the overall power density. A possible
countermeasure to this drawback is identified in realizing each phase-
leg as parallel connection of several phase-legs designed for reduced
power. Although Ny would be significantly increased, the reduced
power cells would have a smaller weight and/or volume and a better
trade-off between power density and reliability might be found at

the expense of increased complexity. Differently, for high values of
N, the effect of increasing Q. (i.e. of cell-level redundancy) on the
power density becomes even negligible.

Considering Qp1 = 3Q. (e.g. Q. = 1 and Qp1 = 3), the two
expressions describing the reduction of power density in converters
adopting the two considered redundancy approaches are found as

3 Q=3 o
Gy = 2§ M5 % 8
p-1 3+prl 0 2 ( )
and
N Q=1 N N>>1
C_N-I—QC&) — N—|—160 — (5(), (9)

for phase-leg and cell-level redundancies respectively. dp indicates the
power density (with @@ = 0) of a converter to which both redundancy
approaches are ideally applicable. Consequently, d. =~ do = 2dp.
holds when N >> 1. Therefore, when targeting a high reliability
figure in a power density optimized design, a converter topology
where cell-level redundancy is possible must be generally preferred,
since to guarantee the same level of redundancy, even twice the power
density can be achieved (e.g. in case Q. = 1 and Qp1 = 3).

It is important to mention that a comparison in terms of power
density and reliability of different converters should take into account
as well the inevitably different designs of the cells forming them,
since different designs might lead to incomparable power densities
and reliability figures. However, this aspect is strictly related to the
specifications and to the selected topologies, therefore cannot be
discussed in general terms.

Moreover, although this analysis is limited to the power stage of
the considered converters, it is worth mentioning that modularity
is necessary and must be extended to the overall converter, e.g.
to control and measurement circuits, not to introduce a different
bottleneck in the increase of reliability [29].

D. MTBF versus Safe Operating Time

The definition of MTBF introduced in Section III-A leads to
Reomp(MTBF.omp) = €' = 0.37, i.e. when ¢ = MTBFcom, the
component failure probability 1 — Reomp = 63 %, unacceptable in
the critical application of interest and independent of . A different
reliability indicator, i.e. the Safe Operating Time (SOT), defined
as the time at which Rj, drops below a certain, still high (e.g.
99 %), reliability threshold, can be introduced to better compare
the different redundant multi-cell solutions with the single cell. The
zoom of Fig. 5, highlighting Riny > 99 %, shows how the cell-
level redundancy approach (blue) with N = 9 and Q. > 1 can
even compete with the single cell (red) in terms of SOT, even if
MTBF- ~ 10 %.

IV. MODULAR INTEGRATED MOTOR DRIVES

The two most common modular multi-cell inverter topologies, to
which cell-level redundancy can be applied, are the CHB converter
and the MMLC [26]. Unfortunately, severe limitations prevent their
usage in power density oriented designs at the specified voltage and
power ratings. The CHB converter requires an isolated, therefore
inevitably bulky, DC voltage supply per cell while in the MMLC, a
significant amount of capacitance needs to be installed at the DC side
of each cell to compensate for the power pulsation. Control schemes
regulating the flow of fluctuating circulating currents to limit this
drawback enable a reduction of the capacitance requirements [30],
however, they are still insufficient to meet the power density targets.
Additionally, it is worth mentioning that in applications involving
electrical machines, the system reliability can also be compromised
by a failure of the load, e.g. due to the damaging of the motor
windings isolation, which is at least as likely to occur as the consid-
ered failures in the power stage [19]. For this reason, novel electric
machine concepts often feature modular multi-phase stators with
dedicated decoupled windings able to tolerate a confined failure [14].
Accordingly, a trend towards compact modular multi-cell inverters,
providing a power electronics interface suitable to drive multi-phase
electric machines, can be identified in literature labeled as Integrated
Modular Motor Drives (IMMD) [15].

Advantageously, IMMD in combination with multi-phase machines
not only improve the system reliability. IMMD, in fact, are typically
embedded in the machine housing, e.g. on the end plate or on
the surface of the stator iron, thus allowing to reduce the cables



length, the electromagnetic emissions, design and installation costs
and complexity, while increasing the system power density [31].
Since the mentioned benefits are the main design drivers in power
electronics for the aerospace and automotive industries, lot of atten-
tion is nowadays placed on IMMD [32]. Minimizing the length of
the cables connecting the inverter to the machine also prevents over-
voltages due to waves reflection (which could occur in case of long
cables), i.e. the limit on the maximum 9vs/de can be increased [19]
reducing the occurring switching losses (cf. Section II-A). Adopting
concentrated windings, a capacitive voltage divider rather than a
transmission line best models the voltage distribution along the coil
during a switching transient, i.e. the first-turn effect is not present
[33]. Moreover, differently from the case of distributed windings, the
maximum voltage difference between two adjacent turns is clearly
defined and therefore the isolation requirements can be reduced [19].
Finally, if the amplitude of the switched voltage waveform of each
cell is below the partial discharge inception voltage of conventional
windings isolation (typically above 1kV, [33]), no drawback can
be associated to high dvas/a¢, and output or dv/a: filters can even be
omitted pushing further the achievable power density.

A suitable IMMD converter topology combining all the mentioned
advantages is the Stacked Polyphase Bridge (SPB) converter, origi-
nally developed for MV train applications twenty years ago [34], but
recently re-proposed as an evolution of the Modular High-Frequency
(MHF) converter [35]. As illustrated in Fig. 7, each cell is formed
by a three-phase inverter, therefore no power pulsation occurs and
the requirement of capacitance at the DC side of each cell can be
significantly reduced. Since the cell element is commercially available
both as power module or as integrated circuit (depending on the
voltage and power ratings), the design effort is minimized and high
availability is guaranteed. Moreover, with the integration of gate
drivers in the power semiconductors packages [36], the power density
of SPB converters can be pushed even further.

Several recent studies on the SPB converter proved the stability of its
DC-link [37], developed modulation schemes improving the harmonic
content of the input waveforms [38] and distributed control strategies
[40] even able to bypass failures affecting one cell [39]. Given its
modular and scalable phase-leg structure and power dense cell design,
this topology is identified as the most favorable converter solutions
to fulfill the targeted performance.

V. OPTIMIZATION OF THE SPB INVERTER

In this section, the design of the SPB three-phase inverter is optimized
with respect to gravimetric power density (v) and efficiency (n)
according to the specifications reported in Table I.

A. Optimization Algorithm - Design Space

The design variables subject to optimization, the constraints defining
their range of variation and the developed models computing the main
contributions to the overall converter losses, weight and volume are
summarized herein.

First, the number of series connected cells N forming the SPB
converter is varied from 1 to 7. A SPB converter with N = 1 is
equivalent to a conventional three-phase inverter; this solution is
considered only as benchmark for the multi-cell approaches. The
nominal input voltage of each cell Va; = Vae/N, after considering
a safety margin, defines the required power semiconductor voltage
rating Vismax. The best-in-class power device according to the
considered FoM is selected for each value of IV, as summarized in
Fig. 2 and Table III. Once the power stage is fixed, fqw is varied from
50kHz to 250 kHz. In case an output LC filter is desired, its corner
frequency f. is defined as the maximum frequency that guarantees
enough attenuation to the f5 harmonic component but still avoids
that fou related components can excite the resonance of the LC filter
elements (see Table IV). Several values of Loui, logarithmically
spaced in a range that avoids excessive inductor current ripple,
capacitive current and inductive voltage drop are considered [44].
These constraints form the output filter design space highlighted in
Fig. 8 and defined in Table IV. The value of Coyu, is calculated
according to Loy and fc. Cqci is defined solely to limit the voltage
ripple on Vqci at 3 fo. Additional constraints on Cg.; defined by the
application, e.g. energy storage requirements, are neglected, since do
not affect the comparison in relative terms.

For each design derived from the combination of all the values
assumed by the sweeping variables, all voltage and current waveforms
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Fig. 7: Schematic of the SPB converter. The input series connection of (a)
several identical three-phase inverter cells form the (b) modular multi-cell
structure of the overall converter, e.g. suitable to drive multi-phase electric
machines.

in the converter are generated with accurate and computationally
efficient analytical models. Hence, the losses in the power semi-
conductors are calculated according to the loss models described in
Section II-A. Volume and weight of the power and gate driver PCBs
are extrapolated from available hardware prototypes. Losses, weight
and volume of auxiliary circuits, e.g. control and measurement, are
estimated in the same way. The more significant losses, weight and
volume of Loy are calculated and optimized by the software presented
in [45]. Volume and weight of Coyi and Cgc; are derived from an
exhaustive analysis of most commercially available electrolytic, film
and multi-layer ceramic capacitors in the voltage range of interest.
For the necessary capacitance value, the most compact available
solution is selected. Volume and weight of the heat-sink are calculated
with the CSPI method [46], considering CSPI = 15W/k dm® and
AT = 40°C, values which are validated in [5].

B. Optimization Results - Performance Space

The results of the described optimization procedure are summarized
in the n~y-Pareto plot illustrated in Fig. 9 (a). Only the approaches
with N = 1, 2 and 6 are shown, since these designs correspond to
the ones where the selected power devices are operated each at the
maximum allowed voltage and therefore result in the best performing
solutions. In this case, in fact, the advantage of over-proportional
voltage scaling semiconductors performance can best compensate
for the drawbacks associated to the increased value of IV, e.g. in
terms of weight. Both multi-cell designs (N = 2 and 6) outperform
the conventional three-phase inverter (/N = 1) as expected from the
analysis derived in Section II-D. Although this more comprehensive
study reasonably estimates more losses, the expected trends are
validated. The selected design (highlighted in Fig. 9 (a) and described
in Table V) features n = 99 % and v = 22.8 kW /k¢ (including output



TABLE III: Best-in-class power semiconductors.

N Vaei (V) Power Semiconductor Vasmax (V) 0, (nC) Rgs,on (m€)
see Fig. 2 @ VieiMAX @ 100°C
=1 1kV  Wolfspeed C2M0045170D [41] 1.7kV 284 68
>2 500V  Gan Systems GS66516B-T [42] 650V 126 46
>6 167V  EPC EPC2047 [43] 200V 82 10
TABLE IV: Parameters defining the LC output filter design space. 99.5
Parameter Constraint Value 50 150 250 o N=6 Vi,; =167V
- - a N=2 Vg; =500V
Gf,out fe > agout fout 4 = fow (kHz) o N=1 ‘/:121 = Vac
Qf gw fc < fsw/al-_sw 5 \;: PR : . :
Ssw,min agswarout fout 40kHz s 99 e J
2 -
aic Icout < aiclout 40% HEG
aiL IL,oul,ripple < aylout 100 % m
Qay VL,out < ayVout 17%
\/ /MR gexmax — €087 dmax + sin dmax 98.5 A . A ‘
15 20 25 30
Gravimetric Power Density (kW /kg)
— 26
L i b 1 (a)
40 ~ IC(,m > aiIout \\\Qﬁ\olltf ] 24
S :'""T"r"l"jm?"{ 22
. 20 /\51‘74—4%1 | ‘ m 20 Switching Auxiliary Heat-Sink PCB
! o o > 2.5 18 EN 21W 10W 68g 57¢g
r < ! >
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Fig. 8: LC output filter design space defined by the constraints reported
in Table IV relative to fow and fou, to the inductor current ripple, to the
capacitive current and to the inductive voltage drop. White dots highlight the
selected combinations of Loy and Coy for a given switching frequency.

LC filters), therefore meeting the aircraft industry targets (cf. Fig. 1).
Details of its loss and weight breakdowns, relative to a single cell,
are provided in Fig. 9 (b) and (c) respectively.

While the losses are almost evenly shared between the modeled
sources, the weights are unequally distributed, with Loy responsible
for = 50 % of the cell weight. This prevents a further increase of
and is unexpected for a multi-cell converter. Typically, e.g. in FCC
and MMLC, because of Vi = Vae/N and of the equivalent fyy,
i.e. foweq = N fow, the voltage-time area applied to Loy is reduced
o 1/n2 . Thus, the value of Loy can be reduced by N? still ensuring
the same current ripple of an equivalent single-cell solution. Hence, if
the volume of a magnetic component is assumed to be proportional
to the energy stored in it, i.e. vol[L] o 1/2LI7, also the volume
(and approximately the weight) of Loy results reduced by N? and
typically does not significantly contribute to the weight breakdown.
In the case of the SPB converter, instead, the configuration of the
cells do not enable the generation of fiweq and the reduction by
factor N in the size of Loy enabled by Vie; = Vae/N is compensated
by the necessity of N Lo elements per phase. Only the increase
of fs, consequence of the over-proportional voltage scaling of the
FoM, allows to partially reduce the overall weight of the magnetic
components. However, several motivations listed in Section IV lead to
believe that the presence of output L filters is unnecessary in IMMD
based on SPB converters. Thus, output LC filter can be neglected
and, as can be extrapolated from Fig. 9 (c), double figures of v can
be achieved.

Finally, it is worth commenting on the reliability performance of the

Fig. 9: (a) ny-Pareto plot summarizing the results of the optimization of the
three-phase SPB inverter. Both multi-cell solutions (N = 2 and 6) outperform
the conventional inverter (N = 1). The selected design, featuring n = 99 %
and 7 = 22.8kW/kg (including output LC filters) is highlighted. Details of
the (b) loss and (c) weight breakdowns of a single cell are provided.

designed modular multi-cell SPB converter. As discussed in Section
III-D, given the reliability critical application of interest, the concept
of SOT is preferred to the one of MTBF. As expected, the percentage
ratio between the SOT of the multi-cell approach and the one of
a single half-bridge cell, i.e. SOT., is very low when Q. = 0
(= 100/3n%, similarly to MTBF- ) and it worsens with increasing N
(i.e. 5.56 % with N = 6). However, with Q. = 1 and considering
SOT- at the time at which Riny = 99.73 % (+30 confidence range),
the selected SPB design results even 2.5 times more reliable than a
single half-bridge cell. In this case, 7 is only partially affected, i.e.
reduced to 19.5%W/iz (9). The calculated SOT- for all the values
of N considered in Fig. 9 (a), different values of (). and confidence
intervals are reported in Table VI together with the associated values
of the ~-limit ensuring n = 99 %. As a consequence of the selected
modular multi-cell topology, high SOT-. values can be reached even
with high values of N at reduced cost in terms of ~ and 7.

VI. CONCLUSION

Meeting next generation aerospace requirements in terms of effi-
ciency, gravimetric power density and reliability of power convert-
ers demands a breakthrough in power electronics designs, since a
significant improvement is necessary compared to the state-of-the-
art. The identified over-proportional voltage scaling characterizing
the power semiconductors performance suggests to investigate multi-
cell approaches, which as well typically enable the downsizing of the
magnetic components. Unfortunately, the increased circuit complexity
dramatically lowers the power converters reliability figures and the



TABLE V: Parameters of the selected Pareto design.

Parameter Description Value Note

N number of cells 6

Vici cell input voltage 167V

fsw switching frequency  110kHz

Lout output inductor 5uH  E25/10 Kool M,u®
Cout output capacitor 10uF 200V MMLC
Clc input capacitor 30puF 200V MMLC

TABLE VI: SOT- and 'y|n as function of N and Q..

=99 %

SOT.- (%) with N-Q, cells

Riny(SOT) 1-0 2-0 2-1 6-0 6-1 6-2
0.9545 +20 33.3 16.7 164 5.56 62.8 159
0.9973 +£30 " . 650 » 246 978
0.9999 4o » . 3340 , 1260 8540

7|n=99% - 193 129 228 195 17.1

introduction of redundant elements to compensate for this issue
negatively affects the power density.

In this paper, different multi-cell topologies are evaluated, considering
as reference the specifications of a 45 kW three-phase inverter for
aerospace applications. Among them, modular solutions, able to
achieve reliability figures comparable with the ones of conventional
inverters, but still maintaining significantly higher performance, are
preferred. The Stacked-Polyphase-Bridge (SPB) converter is selected
among the others, since it provides multiple three-phase outputs

and

therefore can be combined with multi-phase machines as an

Integrated Modular Motor Drive (IMMD), also reducing system
design complexity and installation costs. A SPB three-phase inverter
is finally optimized: a 6 cells design, featuring GaN power semi-
conductors, independent LC' filters and heat-sinks, can achieve an
efficiency of 99% at a gravimetric power density of 22.8kW/ig

(19.

2kW/ie adding one redundant cell) when switching at 110 kHz.

The set performance target is reached and high reliability is ensured,
justifying the interest and highlighting the potential of the presented

topology.
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