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Abstract—The electrification of aircraft is a key and proven
means of realising decarbonisation. A key pillar of this,
the More-Electric Aircraft (MEA), has been shown to be a
viable alternative to conventional aircraft where traditionally
pneumatic and hydraulic systems are replaced with electrical
equivalent systems such that efficiency gains, noise, carbon
emission and mass reductions are achieved. With electrical
systems performing new flight-critical roles on-board MEA, and
the Power Electronic Converter (PEC) being a core technology
in these systems, there has been increased interest in recent
years in better characterising and improving the reliability of
PECs. Using Fault-Tree Analysis (FTA) and Reliability Block
Diagram (RBD) methods, this paper presents a study of the
contribution of the PEC failure rates to the reliability of
flight-critical loads in a concept High Voltage Direct Current
(HVDC) aircraft application. It is shown that whilst the failure
rate of PECs will typically shape the overall failure rate of
electrical systems and subsystems, the installed redundancy
in aircraft Electrical Power System (EPS) mitigates the risk
of unacceptably high rates of failure in flight critical loads,
even if the aircraft is dispatched in a non-full-up configuration.
Moreover, the paper illustrates how the greatest gains in these
load systems’ reliability can be realised through improvements
in the reliability of the PEC interfaces to these load subsystems,
where there is naturally less system redundancy.

Index Terms—More-Electric Aircraft,Power Electronic Con-
verter, Reliability, Electrical Power System

I. INTRODUCTION

The electrification of aircraft through the implementation
of the More-Electric Aircraft (MEA) ideology has led to
improvements in efficiency, noise and emissions, through the
utilisation of electrical technologies to perform new roles
within the aircraft system. In particular, MEA applications
see the progressive removal of pneumatic, hydraulic and
mechanical systems, and their subsequent replacement with
electrical equivalents [1], [2]. This progression offers a
solution whereby mass reductions are possible, whilst also
offering additional opportunities for electrical diagnostics for
fault identification and on-line monitoring, enabling addi-
tional potential cost reductions through enhanced reactive

and predictive maintenance procedures [3]. With the intro-
duction of starter-generator systems, higher voltage power
distribution systems and motor-driven loads (including ac-
tuators and pumps), the Power Electronic Converter (PEC)
is now one of the key underpinning technologies in modern
MEA. Accordingly, its reliability shapes the reliability of
many on-board MEA systems.

In the literature, roadmaps for reliable PEC topologies and
the reliability-oriented design of PEC for aircraft applications
are presented [4], [5]. In addition, authors in [6] present
an initial study examining the sensitivity of a hybrid AC-
DC Boeing 787-type architecture to reliability-enhancing
features within PEC designs.

Accordingly, this paper presents a complementary study of
the reliability of an equivalent High Voltage Direct Current
(HVDC) aircraft Electrical Power System (EPS) architecture,
supplying flight-critical electrical loads, and considering the
same range of PEC failure rates as [6]. The generated results
will enable a direct comparison with the previous study
in order to illustrate how the change of primary power
distribution method impacts on the failure rates of flight-
critical loads. This study will also consider both full-up and
off-nominal EPS operating configurations to understand the
impact of in-flight failures on the system sensitivity to PEC
reliability. The paper concludes with reflections on required
further study in this area.

II. HVDC ARCHITECTURE OVERVIEW

The HVDC EPS, shown in Fig. 1 was developed by
incorporating key features from conventional hybrid AC/DC
MEA EPS architectures from the literature (such as starter-
generators for electrical main-engine starting) and combining
these with DC-MEA-specific features where appropriate [7],
[8]. A reference AC/DC MEA EPS is presented in Fig. 2,
where AC is used as the primary power distribution voltage
whilst featuring a four-generator system, with four associated
distribution channels. In the proposed HVDC architecture,
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Fig. 1: HVDC MEA EPS architecture, with section G1 shown in red, L1HVDC in green and L1HVAC shown in blue.

a four generator system is once again used (with power
levels also assumed to be consistent with the High Voltage
Alternating Current (HVAC) architecture). However, in this
design generators are paralleled onto a common busbar on a
per-engine basis (exploiting the ease of paralleling possible
with DC). These then supply three main load busbars per
voltage level, with PEC utilised for the conversion to 28 Vdc
and 230 Vac load busbars, respectively, whilst HVDC loads
are fed from a dedicated load busbar that connects with the
main distribution bus. This architecture is also equipped with
an Auxiliary Power Unit (APU), for electrically starting the
main engines and for providing additional electrical power
during flight in the case of a main generator failure, with a
Ram Air Turbine (RAT) also available for use in extenuating
circumstances.

Fig. 2: A reference AC/DC, Boeing 787-type architecture
[9]

III. CALCULATED PROBABILITY OF FAILURE OF
FLIGHT-CRITICAL LOADS

By employing the RBD method for the reliability anal-
ysis of the EPS, an expression for the reliability of the
flight-critical loads (for example, the Environmental Control
System (ECS) and flight surface actuation systems) can be
determined based on their supply from either HVDC or
HVAC buses. An example RBD is shown in Fig. 3, this
is consistent with the FTA approach that will be discussed
in subsequent sections. Note, that constituent components
of network subsections Gx and Lx are illustrated in Fig. 1.
In the case of FTA, the top event failure is defined as the
probability of failure of the complete loss of supply to the
flight-critical loads. In keeping with the RBD approach, this
can be mathematically defined using the base equations for
the determination of series reliability, Rseries(t), as

Rseries(t) = e−λt, (1)

where λ is the summation of failure rates in the series
channel, and for the purpose of this analysis, t is defined as a
single flight-hour. In addition, parallel reliability, Rparallel(t),
is defined as

Rparallel(t) = 1−((1−e−λ1t)(1−e−λ2t)...(1−e−λnt)), (2)

where λn is defined as the summation of failure rates in
each parallel channel.

Furthermore, it is assumed that each flight critical load is
duplicated three times within the EPS, offering three layers
of redundancy at the load level via the left, right and centre
load busbars. In keeping with the analysis conducted of the
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Fig. 3: Reliability Block Diagram

baseline AC/DC MEA EPS in [6], the rate of complete
failure of the generic flight critical loads was evaluated
(including failures of supply to these loads) using four
separate failure rates for PEC subsystems within the EPS.
These consisted of:

• a baseline PEC failure rate extracted from NPRD-16
database [10]

• a physics-of-failure modelling-derived failure rate for
a PEC topology with controlled circulating current
injection (offering a 68.25% reliability improvement
[11]),

• a failure rate representative of the use of integrated
power modules (with a stated ten-fold improvement
against the baseline failure rate [12]).

• and an idealised scenario with a PEC failure rate of 0;
this is to establish a best-case the system asymptote for
reference purposes.

The complete failure rate data for components used within
this analysis is shown in Table I, where the PEC presented
is that of the baseline.

Table I: Failure rate data for components used within the
system [10], [13], [14]

Component Failure Rate (hour-1)
Cable 8.09 ×10-7

Busbar 3.96 ×10-9

Motor 2.31 ×10-6

Circuit Breaker 5.28×10-6

Solid State Power Controller 5.28×10-7

Generator 1.41×10-5

Power Converter 4.54×10-5

Switch 5.28×10-6

Contactor 5.28×10-7

As stipulated in CS-25 [15] and 14 CFR Part 25 [16],
extremely improbable failure conditions should be consid-
ered so unlikely that failures of this nature must have a
probability of occurrence of less than 1x10-9 per flight
hour. This provides a benchmark for performance for the

Table II: Probability of failure per flight hour, for the
complete loss of generic flight-critical electrical loads
within a HVDC MEA EPS

PEC
Reliability
Multiplier

HVAC Supplied
Loads

HVDC Supplied
Loads

1 1.328 ×10-12 1.475 ×10-13

0.5952 3.911 ×10-13 4.086 ×10-14

0.1 2.232 ×10-14 1.665 ×10-15

0 6.883×10-15 4.441 ×10-16

Fig. 4: FTA for the complete loss of all generic HVDC
flight-critical loads in full-up system configuration.

considered generic flight-critical loads. In Table II, the
probability of complete failure of the generic flight-critical
loads, as supplied by either the HVAC or HVDC buses, is
presented. The calculated probabilities all provide a good
degree of margin over the minimum required 10-9 probability
requirement. When this is compared with the analysis in [6],
it can be seen that the HVAC EPS offers superior probability
of failure for selected flight-critical electrical loads. This can
be attributed to the additional layer of load redundancy in
HVAC architecture.

IV. FAULT-TREE ANALYSIS IN FULL-UP SYSTEM
CONFIGURATION

From a reliability perspective, a system’s construction
allows for the creation of an RBD. From this RBD, an
equivalent fault tree can be constructed, whereby systems
connected in series take the form of an AND gate, with
parallel systems an OR [17]. The individual component
failure rate is shown in Table I, with the resultant FTA shown
in Fig. 4 for the complete loss of supply to all three generic
HVDC connected loads within the EPS in Fig. 1.

As shown in Fig. 4, it is clear that the system-level failure
characteristics are driven primarily by the load-side of the
EPS, with the contribution from the generator-side being
negligible in this configuration and for this particular top
event. This behaviour is also replicated in the analysis of
generic HVAC loads in this configuration. The probabilities
of failure per flight hour, for the complete loss of all generic
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flight-critical loads are already shown earlier in Table II.
When observing the factor of improvement between the
baseline and the ten-fold improvement in PEC failure rate,
the top event failure rate is reduced by a factor of 88.6 and
59.5 for HVDC and HVAC connected-loads respectively.
Interestingly, it can be deduced from this, that despite the
HVDC connected-loads exhibiting one less conversion stage
than that of HVAC connected-loads, and there being a
noticeably reduced probability of failure, the HVDC portion
of the EPS displays a higher degree of sensitivity to changes
in PEC failure rate. In addition, it can be seen that the further
enhancement of the PEC failure rate to the ideal case only
yields an improvement in the top event failure rate of a
factor of 3.75 and 3.24 for HVDC and HVAC connected-
loads, respectively. This suggests that beyond a ten-fold
improvement of PEC failure rate, other EPS components
more significantly shape the top event failure rate.

V. OFF-NOMINAL FAILURE ANALYSIS

In this section, case studies of the load-channel and
generator-channel off-nominal operating scenarios and the
impact of the PEC failure rates on the resulting system
reliability will be presented. Each case will be evaluated
with baseline PEC failure rate, 68.25% improvement, ten-
fold improvement and infinite PEC lifetime, respectively. In
all the cases studied, the top event associated with each of
the FTAs is the complete loss of supply to all associated
flight-critical loads of an HVDC or HVAC group.

A. Off-Nominal Conditions on the Load-Channel

In this study, the effects of losing a load channel for both
HVAC and HVDC loads were considered in isolation, with
the system evaluated at each multiple of PEC failure rate.
Figs. 5 and 6 present the fault trees for the loss of supply
to all HVDC/HVAC loads, respectively, following the loss
of one of the load channels. with Table III, showing the
calculated top event probability of failure per flight hour for
each of the considered PEC failure rate multipliers (where
the loss of a single load-channel, L3HVDC/HVAC is assumed).

Fig. 5: FTA for the complete loss of supply to all generic
flight-critical HVDC loads with 1 out of 3 load channels
failed.

Fig. 6: FTA for the complete loss of supply to all generic
flight-critical HVAC loads with 1 out of 3 load channels
failed.

Table III: Probability of failure per flight hour for the
complete loss of all generic flight-critical electrical loads
within a HVDC EPS in off-nominal load failure cases

PEC
Reliability
Multiplier

HVAC Supplied
Loads

HVDC Supplied
Loads

1 1.208 ×10-8 2.792 ×10-9

0.5952 5.348 ×10-9 1.187 ×10-9

0.1 7.920 ×10-10 1.428 ×10-10

0 3.631×10-10 5.490×10-11

From the presented results, it can be seen that in all cases,
the loss of a load-channel can have a particularly detrimental
effect on the considered top event rate of failure. Whilst
each reduction in failure rate of the PEC does ultimately
result in a reduced failure rate for both HVDC and HVAC
load top events, the relative improvement is considerably less
than for the same change in the full-up configuration. For
example, considering the HVAC loads, the reduction factor
in the calculated top event failure rate in this degraded EPS
configuration employing the baseline and ten-fold improve-
ment PEC failure rates is 15.26 (it was previously a reduction
factor of 59.5 for the full up configuration).

Interestingly, the further enhancement of the PEC failure
rate to the ideal case only yields an improvement factor in the
top event failure rate of 2.18 (compared with the reduction
factor of 3.24 for the full up configuration).

B. Off-Nominal Conditions on the Generator-Channel

In this study, the effects of the loss of a generator-channel
on the rate of failure for the complete loss of supply to
all generic HVDC/HVAC flight critical loads is presented.
Figs. 7 and 8 present the fault trees for the loss of supply
to all HVDC/HVAC loads respectively, following the loss of
one of the generator channels, with Table IV, showing the
calculated top event probability of failure per flight hour, at
each of the PEC failure rate multipliers when considering
the loss of a single generator-channel, G1.
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Fig. 7: FTA for the complete loss of all generic
flight-critical HVDC loads with 1 out of 4
generators-channels failed.

Fig. 8: FTA for the complete loss of all generic
flight-critical HVAC loads with 1 out of 4
generators-channels failed.

Table IV: Probability of failure per flight hour for the
complete loss of all generic flight-critical electrical loads
within a HVDC EPS in off-nominal generator-channel
failure cases

PEC
Reliability
Multiplier

HVAC Supplied
Loads

HVDC Supplied
Loads

1 1.328 ×10-12 1.475 ×10-13

0.5952 3.911 ×10-13 4.086 ×10-14

0.1 2.232 ×10-14 1.665×10-15

0 6.883 ×10-15 4.441×10-16

From the presented results it can be seen that the impact of
the loss of a single generator channel on the top events’ prob-
ability of failure is minimal. In both cases, the contribution
from the load channels still dominates the make-up of the top
event probability of failure per hour. This finding is echoed
by the very close alignment of the top event probability
of failure per flight hour when compared with the full up
configuration (at least to the 3 decimal places considered in
this paper).

It is worth noting that whilst the loss of a generator

does not impact on the top event probability of failure
per flight hour, it does affect the operational ability of the
aircraft. In the event of a single failed generator, dispatch
is still typically permitted, however restrictions mandating
a reduction in Extended Twin-engine Operation (ETOPS)
range from 330 minutes to 180 minutes, whilst limiting
maximum flight duration to 6 hours would be expected to be
applied [18]. In addition, there would likely be restrictions
placed on flight operability, where the aircraft operator would
be required to ensure that the repair of the faulted generator
is performed within 3 flight-days.

VI. CONCLUSIONS

This paper has shown that whilst the typical failure rates of
PEC subsystems are comparatively high compared to many
other EPS technologies, and that these significantly influence
the overall failure rates of flight-critical electrical systems,
the redundancy typically implemented within an aircraft EPS
mitigates this risk to acceptable levels (even in an HVDC
architecture with its slightly reduced redundancy compared
to HVAC systems). Furthermore, with the particularly ex-
tensive redundancy implemented in the connection of main
and auxiliary generators, it has been shown that the failure
rates of components in these generation channels (including
the PEC) has a negligible influence on the failure rate of
flight critical electrical loads. As such, the greatest gains in
flight-critical load system reliability will be realised through
improvements in the reliability or redundancy of the PEC in-
terfaces to these flight-critical electrical loads. Accordingly,
the next step of the authors’ research in this area is to explore
the trades of weight penalties and reliability benefits afforded
by additional-redundant or more reliable PEC technologies
for the load interfaces and to make recommendations on best
design practice.
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