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Abstract— Reliability is one of the most important
parameters in aircrafts. In this paper, a method for the
calculation of reliability (i.e. number of failures / 10° hours) of a
three-phase full-bridge inverter, which is employed in the
dynamic waste heat recovery system of an aircraft, is presented.
The main factors for the reliability analysis that have to be
considered is the topology of the inverter, the ambient
temperature conditions, the power switches (type and modulation
technique), and the harmonic filter. The power inverter
reliability has been calculated using a software program
developed under the Matlab platform, which was used to
calculate the failure rate of each device of the inverter, such as
the power switches, the DC-bus capacitor and the filter inductor,
given the operating switching frequency value. The results
indicate that at higher switching frequency levels the inverter of
the DWHR system exhibits a high failure rate, thus resulting in a
lower Mean Time Between Failures (MTBF).
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1. INTRODUCTION

Due to safety requirements, reliability is one of the most
important parameters in aircraft electric systems, which in
recent years plays an important role because of the regulations
that have been established [1]-[2]. The main research effort in
this application is currently on improving the reliability of
power electronics [3]-[4].

Towards this direction, an important electric power supply
that has been recently introduced is the so-called Dynamic
Waste Heat Recovery System (DWHR), which constitutes a
backup supply while, simultaneously, it achieves a high
energy saving ratio [5], [6]. The block diagram of the DWHS
system that is incorporated in All-Electric Aircrafts (AEAs) is
illustrated in Fig. 1 [5]-[6]. It consists of a hot-air engine,
which is fed directly by the kinetic energy of exhaust gases,
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causing the rotation of a permanent magnet (PM) synchronous
generator. The PM synchronous generator is employed, since
it provides the advantages of high power density and low
maintenance requirements. Thus, the reliability of the overall
DWHR system is increased. Due to its high output power, the
DWHR system is typically designed to also operate as a
standby power generator, which operates in case that the
operation of the main generator is suspended (e.g. in case of
malfunction). This feature increases the reliability and
availability of the overall electric network. The electric energy
produced is interfaced to a three-phase inverter through an
external filter (i.e. the three phase inductor depicted in Fig. 1),
which is connected at the stator windings of the generator.
Finally, the inverter manages the regenerated energy amount
and feeds it to the 270 V DC bus. The inverter operates at a
time-varying power level, depending on the load power
consumption, thus it is designed such that it is capable to

+

vddZ

N 270 Vdc
Bus

HAE

19

________ VddZ
ch{T/ S2¢ DZbL S2b D2a% \S2a

Fig. 1. A block diagram of the aircraft DWHR system.

operate with transient loads.

Several power converter topologies have been proposed in
the past, which fulfil the high-reliability requirements of the
aircraft DWHR application under study, such as the three



phase discontinuous conduction mode (DCM) boost rectifier
in series with a dc/dc buck converter [7]-[9], the three-phase
buck-boost power factor correction (PFC) rectifier [10]-[11],
the parallel active filter (PAF) [12] and the three phase buck
rectifier in series with a dc/dc boost converter [13]. However,
for the specific application under consideration, these
converters are less attractive, mainly due to their high cost and
circuit complexity [14]. Thus, the three phase full-bridge
inverter structure shown in Fig. 1 is mostly suitable for
incorporation in the aircraft DWHR system.

Till present, the reliability performance of DWHR systems
has not been investigated. This paper presents the detailed
model of reliability for each device that composes a three-
phase full-bridge inverter for energy recovery in aircrafts, such
as the power semiconductors, capacitors, inductors, etc. Then,
the failure rate of the overall inverter is evaluated under
various operating conditions and power semiconductor types
and the corresponding reliability-analysis results are
presented.

II. THE PROPOSED METHOD FOR RELIABILITY ANALYSIS
OF THE AIRCRAFT DWHR SYSTEM

A flowchart of the procedure employed to calculate the
reliability of the aircraft DWHR system, is depicted in Fig. 2.
The failure rate of the individual devices is calculated in
accordance with the MIL-HDBK-217F [15], taking into
account their technical characteristics, the topology of the
power inverter and the associated stress factors which depend
on the modulation technique of the power semiconductors, the
ambient temperature etc.

The failure rate of the three phase full-bridge inverter (in
number of failures / 10° hours) is the sum of the failure rate of
each device that it comprises and it is given as follows [16]:

=64, +64,+24, +31, (D)

where, /1,”, /1,,,1 are the failure rates of the power switches and
diodes of the converter, respectively, 4, is the failure rate of
the capacitors in the DC-bus and 4, is the failure rate of the

filter inductor.

The Mean Time Between Failures MTBF (hours) is
calculated using the resulting value of /,,, according to the
following equation:
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The calculation of the failure rates of all components that
compose the power inverter is performed as analyzed in the
following sections.

A. Failure Rate for IGBTs

In this paper, the reliability of IGBT devices is calculated
based on the MIL-HDBK-217F [15]. According to this, the
failure rate of the IGBT devices depends on several factors,
such as the junction temperature, the voltage stress, the power
rating, the quality of the device, and the environmental
operating conditions. The IGBT failure rate model which has
been used is given by [2]:

A =y T T TTT, 3)

where 4, is the base failure rate of the IGBT device and =, is
the junction temperature factor.
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Fig. 2. A flowchart of the proposed method for performing the reliability
analysis of the aircraft DWHR system.

The value of 7, is calculated as follows:

7w, =exp|—-2114x ! _ 4)
T, +273 298

where =, =, w,, m, ., are the application type factor, the
power rating factor, the voltage stress factor, the quality factor
and the environmental factor, respectively, for IGBT power
switches [15], [17]. The factor values in (4) according to MIL-
HDBK-217F are presented in Table I.

Table I. The values of the reliability factors (MIL-HDBK-217F)

A , LA T, T, ey
IGBT 0.7 1 0.11 1 13 -
8 | Diode - - 0.054 1 13 -
% | Capacitor - - - 3 12 0.55
= Inductor - - 3 6

The Juncnon temperature of the IGBT power
semiconductor in (4) is given by the following equation [18]:

T..=T+6. P +0.P )

J.Ps Jje,ps— ps ca ’U’

where T, (°C) is the ambient temperature 6,.,, and 6, (°C/W)
are the thermal resistances from the junction to the case of the
IGBT device and of the heat sink, respectively, P,, and P,
(W) are the power losses (conduction and switching) of an
individual IGBT device and of all power semiconductors
(including both IGBTs and freewheeling diodes) which are
mounted on the same heat sink, respectively.

In the proposed method of reliability calculation, the
junction temperature of the IGBT Tj,, in (5) should be subject
to the following constraint:

T.f~PJ - T/ ps,max (6)
where T, 0 is the maximum junction temperature of the
IGBT switch, which is specified in the manufacturer
datasheet.

B. Failure Rate for Diodes

Similarly to the IGBT power switches, the failure rate of
power diodes also depends on several factors that play an
important role in their reliability performance. For the power
diodes, the failure rate model used is the following:




A

pd
where 4,,,,,1s the base failure rate of the diode [15]. The factor
values in (7) according to MIL-HDBK-217F are tubulated in
Table I.

=4, pa T T, (7)

The value of 7, is calculated as follows:
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The junction temperature of the diode T;,, in (8) is given
by the following equation [16]:
T’j,pd = 7; + gjc,pdppd + gcapmr (9)
where 6,4 ("C/W) is the thermal resistance from the junction

to the case of the diode and P,; (W) are the power losses
(conduction and switching) of the diode.

T; pa should be subject to the following constraint:

T ,<T,

J.pd = 7 j,pd,max (10)
where Tj,im 1S the maximum permissible junction
temperature for the diode, specified in the manufacturer
datasheet.

C. Failure Rate for DC-bus Capacitor

The DC-bus capacitors constitute the weakest device in
applications of power inverters, since they are sensitive to the
applied voltage stress and operating temperature. The
capacitor failure rate model, which has been employed in the
proposed method, is given by [15]:

/,i'pc = /,i'bcﬂ.cv”qﬂe (l 1)
where 7., is the capacitance factor. The factor values in (11)
according to MIL-HDBK-217F are shown in Table 1.

The base failure rate of the capacitor, A, in (11) is a
function of ambient temperature, 7,, and operating voltage of
the capacitor, according to the following equation:

3 59
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where S =V, [V
voltage of the DC-bus, V,..q is the rated operating voltage of
the capacitor and T,,., is the rated operating temperature of
the DC-bus capacitor under consideration.

, 1s the voltage stress ratio, V. is the

rate.

D. Failure Rate for Filter Inductor

The inductors generally exhibit high reliability, but the
usual cause of their failure is primarily the deterioration of the
winding insulation. This is due to the current stresses arising
from the voltage amplitude (e.g. Pulse Width Modulated -
PWM), as well as from high temperature operation [17]. The
failure rate of an inductor is given by [15]:

Ay = Ay T T TE (13)
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where A, is the base failure rate of the inductor. The factor
values in (13) according to MIL-HDBK-217F are shown in
Table 1.

The value of the inductor temperature factor, =z, is
calculated using the following equation:

0.11 1 1
”ri :exp - -5 - (14)
8.617-107° | T, +273 298

In (14) the hot spot temperature of the filter inductor, Tys, is
calculated as follows [15]:

T, =T, +1.1125-W, / A, -L-1 (15)

where L(H) is the inductance value, A, [m*/(H -A)] is the

radiating surface area of case per unit inductance, I(A) is the
output current of the PM generator and W; (W) is the total
copper and core losses of the inductor, which are calculated
according to [18].

III. POWER LOSS MODEL OF THE DWHR INVERTER

In the proposed process for calculating the reliability of the
DWHR system, the power switches and diodes are modeled as
voltage sources, which are connected in series with resistors
[18], [19].The conduction power losses of each power switch,
P,(W) and diode, P,,(W), respectively, are given by:

Pps :Von,s 1
P,=Vyal

o

+R, -1 (16)

rms,s

+R, -1} (17)
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avg,s
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where V,, V), R(2) are the ON-state voltage and resistance,
respectively, of the IGBT power switch, V,, (V), R,(£2) are the
power diode forward voltage and resistance, respectively,
Lvg s> Lmss (A) are the average and RMS values, respectively,
of the power switch current and I, 4, 1,54 (A) are the average
and RMS values, respectively, of the diode current [18], [19].

The total switching losses of the three-phase full-bridge
inverter, Py, (W), are calculated using the following equation
[18]-[20]:

Ve LS,
" ;V—ll,[6 (E +Ey )J (18)

where f(Hz) is the switching frequency, V/(V), I(A) are the
test voltage and current values, respectively, which are
provided in the devices datasheet and E,,, E.; (Joule) are the
turn-on and turn-off energy, respectively.

The total conduction losses of the three-phase full-bridge
inverter, P,y is equal to the sum of the conduction and
switching losses of the power semiconductors (i.e. power
switches and diodes), comprising the three-phase inverter,
which are calculated using (16)-(17):

P, =6V, I

cond avg,s

+R-I. +V, .1

rms,s on avg.d

+R,-I%,,) (19)

IV. DWHR SYSTEM RELIABILITY ANALYSIS RESULTS

In order to evaluate the reliability of the DWHR system
(Fig. 1), the failure rate models described is Section II have
been incorporated in a properly developed software program



which operates under the Matlab platform. This program
calculates the MTBF of each device according to the MIL-
HDBK-217F and also taking into account the specifications of
the application (system) under study. The specifications of the
DWHR system are the following:

e nominal power: P =30kW ,

e nominal voltage: V=120V,

e fundamental frequency: f =2.1kHz,
e DC-bus voltage: V,, =270V,

e power factor: PF =0.95,

e ambient temperature: T, =75°C,

e DC-bus capacitor: C =1400uF and

o filter inductor (per phase): L=40uH .
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Fig. 3. The total failure rate of the three-phase full-bridge inverter of the
DWHR system for different switching frequencies, in case that either a six-
pack module, or dual-pack modules, or discrete IGBT power devices are
employed.

The reliability performance of the DWHR inverter has
been investigated for the cases that it is alternatively built
using the IXYS MWI75-12T7T six-pack module, the IXYS
MIXA100PF1200TMH dual-pack modules and the IXYS
IXDNS55N120D1 discrete IGBTs devices, respectively. During
the reliability evaluation process of the power inverter of the
DWHR system, the switching frequency has been considered
to vary in the range of 10 kHz - 50 kHz. This enables to
evaluate the reliability of the three-phase full-bridge power
inverter in case that either a six-pack module, or three dual-
pack modules, or six discrete IGBTs are used and also either
they are all mounted on a common heat-sink, or each IGBT
power device is mounted on a separate heat sink.
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Fig. 4. The efficiency of the three-phase full-bridge inverter of the DWHR
system for different switching frequencies, in case that either a six-pack
module, or dual-pack modules, or discrete IGBT power devices are employed.

The total number of failures per 10° hours of the DWHR
system for various switching frequencies is presented in Fig.
3, for the case that a common heat sink for all power devices
is used. It is observed that by using a single six-pack module
instead of three dual-pack modules, or six discrete power
IGBT devices, the resulting total number of failures per 10°
hours is lower by 2.63-3.34% and 5.84 8.21%, respectively.
Thus, the six-pack module provides higher reliability to the
overall DWHR system. Also, increasing the switching
frequency of the three-phase full-bridge inverter results in an
increase of the inverter total failure rate. Thus, in terms of
reliability, it is preferable to operate the three-phase full-
bridge inverter with a low switching frequency, but without
violating the requirements imposed by the specifications of the
DWHR system.

The power conversion efficiency of the DWHR system for
various switching frequencies, in case that the power
semiconductors are mounted on a common heat sink, is
depicted in Fig. 4. It is observed that increasing the switching
frequency results in a reduction of efficiency. However, using
a lower switching frequency results in a degradation of the
inverter power quality. In more details, Fig. 5 presents the
efficiency and the Total Harmonic Distortion, THD;, of the
current at the PM generator side, for the case of a three-phase
full bridge inverter (with a suitable three phase LCL filter at
the PM generator side). According to those results, the
efficiency drops almost linearly as frequency rises — due to the
fact that the switching losses are increasing while the
conduction losses remain almost constant. On the other hand,
THD; increases by 1% roughly as switching frequency
decreases from 50 kHz down to 10 kHz. Nevertheless, THD; is
generally low (lower than 3.5%) and so it is not expected to
raise compatibility issues with the relevant power quality
standards, such us the MIL-STD-704F [21]. These outcomes
highlight the fact that the selection of lower switching
frequency is valid — due to the SPWM modulation that reduces
significantly the THD; value — unless the power density of the
inverter is lower than the qualifications of the DWHR system
(higher volumes of passive filters).

Moreover, the inverter efficiency when six discrete IGBT
devices are used is higher by 0.08-0.48% and 0.52-0.81%,
than the efficiency obtained in case that three dual-pack
modules or one six-pack module, respectively, are employed
[22].
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Fig. 5. THD; and Efficiency parameters of the three-phase full-bridge inverter
of the DWHR system for different switching frequencies, in case that discrete
IGBT power devices are used to build the power inverter.



The number of failures per 10° hours of the individual
components comprising the three-phase full-bridge inverter of
the DWHR system, in case that the switching frequency is
equal to 50 kHz and the power devices are mounted on a
common heat sink, are illustrated in Fig. 6. It is observed that
the highest failure rate is exhibited by the DC-bus capacitor,
while the filter inductor features the lowest failure rate among
all devices of the power inverter.
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8057 2013 16 g SirPack

IGBT ' Diode DC-capacitor Inductor Inverter Module IGBT
Fig. 6. The failure rate of the individual devices comprising the three-phase
full-bridge inverter of the DWHR system for a 50 kHz switching frequency, in
case that either a six-pack module, or dual-pack modules, or discrete IGBT
devices are used.
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Fig. 7. The MTBF of the three-phase full-bridge inverter of the DWHR
system for a 30 kHz switching frequency, in case that either a six-pack
module, or dual-pack modules, or discrete IGBT power devices are used to
build the power inverter.

The MTBF (in 10’ hours) of the three-phase full-bridge
inverter of the DWHR system for a 30 kHz switching
frequency and various heat sink types, in case that either a six
pack module, or dual-pack modules, or discrete IGBT power
devices are used to build the power inverter, are depicted in
Fig. 7. The thermal resistance, 6,,, of heat sinks #1, 2 and 3 is
equal to 0.28, 0.19 and 0.10 °C/W, respectively. The heat sink
type #1 has been used in all power device configurations (i.e.
six-pack module, dual pack modules and discrete IGBTs), the
heat sink type #2 has been applied in the dual-pack modules
and discrete IGBT cases, while heat sink #3 has been
employed only for the discrete IGBTs structure. According to
Fig. 7, the selection of the heat sink type affects the reliability
of the power inverter. In case that heat sink type #1 is used,
then the MTBF of the inverter which is built using a six-pack
module is higher by 10.04% and 16.10%, respectively, than
the MTBF resulting when three dual-pack and discrete IGBT
devices are employed for constructing the power inverter.
Using three dual-pack modules on the heat sink type #2 results
in an MTBF which is higher by 3.67% than the MTBF of the
power inverter comprising discrete IGBT power devices (also
mounted on the heat sink type #2). Finally, using heat sink #3

results in an MTBF of the power inverter which is higher by
47.82% and 27.44%, respectively, than the MTBF of the
power inverter which is built using heat sinks type #1 and #2.

V. CONCLUSION

Dynamic waste heat recovery (DWHR) systems are
incorporated in All-Electric Aircrafts for converting the
kinetic energy of exhaust gas into electric energy. Because of
their design simplicity, the three phase full-bridge inverters
comprise a major subsystem of such a configuration. DWHR
systems must exhibit a high reliability, in order to comply with
the safety requirements of aircraft systems.

Till present the reliability features of the power conversion
structures employed in aircraft DWHR systems had not been
explored. In this paper, the performance of the three-phase
full-bridge inverter of a DWHR system in terms of reliability
has been investigated. The design results demonstrated that the
reliability of the DWHR system is affected by the selection of
design parameters, such as the switching frequency of the
power inverter and the type of the heat sink where the power
devices are mounted on. Also, the configuration of the power
devices in a single six-pack module, or three dual-pack
modules, or six discrete IGBT devices has a significant impact
on the overall reliability of the three-phase full-bridge inverter.
According to the design results, the highest reliability (i.e.
lowest number of failures per 10° hours) of the DWHR system
is obtained when applying a low switching frequency
modulation in combination with a single six-pack module.

The reliability analysis method, which has been presented
in this paper, comprises a valuable tool for optimizing the
design of the power electronic interfaces employed in DWHR
systems, such that the reliability is maximized.

Future work includes the application of the proposed
technique in additional inverter topologies, which are suited
for DWHR systems as well, in order to perform a comparative
reliability study.
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