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Abstract—With the goal to decrease weight and increase
overall efficiency, power electronics is proliferating in the
aircraft applications. The conventional mechanical, pneumatic and hydraulic systems are substituted with on-board
electrical distribution systems. The new power electronics based distribution architectures should comply with
the airworthiness standards by providing adequate redundancy to operate even under multiple failures. However,
each redundant system adds to more weight and cost, and
hence optimizing redundancy without compromising safety
still remains a challenge. In this scenario, modular power
converters offer promising solution for obtaining reliable
operation. Apart from ensuring availability and operation of
the system, the modular converters enable controlling the
stress for the individual converter cell and therefore their
wear-out. This work considers the failure mechanisms of
the most sensitive devices in the system, the power semiconductors, and predicts their remaining useful lifetime.
Based on this remaining useful lifetime, an optimization of
the system loading is performed in order to delay the wearout based failures in the system without reducing the mean
lifetime of the building blocks. A study case is shown in
order to demonstrate the lifetime extension of the system
with the proposed algorithm.
Index Terms—DC-DC power converters, more-electric
aircraft, reliability.

I. I NTRODUCTION

T

HE concept of More Electric-Aircraft (MEA) is receiving more focus than ever with the advances in power
electronics to decrease the weight and increase the overall
efficiency [1]–[3]. MEA focuses on replacing the conventional
non-propulsive functions onboard powered by mechanical,
pneumatic and hydraulic systems with electrical system [4].
The penetration of electrical systems onboard opens up new
challenges for the power distribution. The Power Distribution
System (PDS) of the Airbus A380 uses an ac bus architecture
with variable frequency, whereas the Boeing 787 introduces a
270 V dc distribution system. One of the main goals of these
PDS architectures is to reduce the weight and size, either by
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Fig. 1: Proposed dc-grid architecture for MEA.

utilizing variable frequency or dc power. However, in order to
comply with airworthiness standards, the PDS should allocate
enough redundancy to operate even in case of multiple failures
[5]. Nevertheless, having a duplicate for each system adds up
to the weight and thereby reduces efficiency of the airplane.
In this scenario, modular power converters, which has the
potential for high efficiency and power density while catering
the redundancy requirements, is a promising solution [6] . With
the trend of increasing distribution voltage level, studies are
focusing on the use of modular power converters [7].
Another challenge for the onboard power electronics is
to comply with the reliability requirements. Regarding the
electronic hardware reliability of the aircraft, DO-254 provides
the necessary guidance [8]. Accordingly, there are 5 levels of
compliance, depending on the effect of failure of a hardware
on the operation of the aircraft. The required failure rate of
critical loads is 10−9 per hour (1 FIT) for a commercial
aircraft.
The constant failure rate methods are regarded as inapplicable for power electronics applications. Hence, Physics
of Failure (PoF) based lifetime models are used to explain
the wear-out failures in power electronic components such as
power devices and capacitors [9]. One of the most critical
components to fail in power converter systems are the power
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devices [10], [11]. Thermal stress is identified as the main
reason for failure for power semiconductor devices [12]. To
control the thermal stress, active thermal control methods are
proposed in literature [13]. Even though the thermal stress can
be reduced and consequently the aging, potentially occurring
additional losses need to be considered . For modular systems,
unbalanced power sharing strategy termed as power routing is
studied in literature for increasing the reliability [14], [15].
The power routing is different from the conventional method
of activating/deactivating the cells for improving the efficiency
[16]. In latter, the efficiency improvement comes at the cost
of uneven lifetime consumption of the individual cells.
In this work, an advanced power routing algorithm with
optimization function is proposed so that the cells are loaded
in an optimal way to increase the overall system lifetime.
The lifetime control is implemented for the dc/dc converters
interfacing the HVDC and LVDC bus for the architecture
shown in Fig. 1. The sensed junction temperatures of the
converter modules are given as controller input, which estimates the remaining useful lifetime (RUL) based on lifetime
models and controls the power processed by the converters to
achieve lifetime extension. Compared to the existing literture
[17], this work analyses the sensitivity of the proposed control
strategy for thermal parameter variation with Monte-Carlo
analysis, whereas [17] validates the controller performance for
a specific case. Detailed controller design and analytical results
are presented in this work. Moreover, a system level reliability
analysis is discussed to quantify the impact of the proposed
lifetime control algorithm.
The paper is organized as follows. The description of the
investigated system architecture is given in section II. Section
III gives an overview about the reliability of power electronics.
Proposed control algorithm for enhancing the reliability is
described in section IV. The demonstration of the impact
of power routing and lifetime control algorithm is validated
through experimental and simulations in section V. Finally, a
conclusion is drawn in section VI.
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Fig. 2: Dual active bridge topology.

still operate in a derated mode till it is replaced. Any dc/dc
converter with galvanic isolation can be used depending on
the requirements. In this study, a Dual Active Bridge (DAB)
topology is investigated owing to its compatibility with the
MEA requirements.

B. Dual Active Bridge Topology
Fig. 2 shows the dual active bridge topology for the dc/dc
converter stage. It can control the power flow in both directions
using the 2 active bridges with the high frequency transformer
providing electrical isolation. For transferring power from the
HVDC to the LVDC bus, phase shift modulation is used in
this work. For the DAB i, the processed power is expressed
by
Pi =

2
mVHV
DC
φ(1 − |φ|)
2
2π fsw Li

(1)

where φ is the phase shift between two bridges, VHV DC is
the HVDC link voltage, Li is the leakage inductance and fsw
is the switching frequency [19]. The modulation index m of
the cell DABi given by
m=

VLV DC
VHV DC · n

(2)

Here, n is the transformer turns ratio and VLV DC is the
LVDC link voltage.

A. Investigated System Architecture
The MEA concept introduces the possibility of different
grid configurations comprising of ac and dc systems. The ac
distribution of no-bleed aircraft typically consist of 115 V ,
400 Hz three phase, and 230 V variable frequency system. The
low voltage dc-distribution (LVDC) is standardized at 28 V .
The high voltage dc (HVDC) bus of 270 V is used in Boeing
787 and Joint Strike Fighter. One of the promising solutions to
improve efficiency is to make the distribution system dc since
it requires less conversion stages.
Fig. 1 shows the proposed architecture of the dc distribution
grid with modular dc-dc converters based on the literature
[7], [18]. Here, the HVDC bus is powered by the converter
connected to the generator and the LVDC bus supplies all
the low voltage dc loads. A modular architecture with four
dc/dc converters is considered in this work for enhanced
reliability. Even if one of the converter fails, the system can

III. R ELIABILITY

OF

P OWER E LECTRONICS

IN

A IRCRAFT

This section introduces the basics of reliability in power
electronics and analyzes the possible problems in the system
arising due to power device failures.
The FITs are obtained from failure test statistics. 1 FIT
corresponds to 114000 years of operation of a component
without failure, which does not provide any comprehensive
information about the required lifetime of the component. FIT
reliability metric is obtained from reliability tests performed
on a large number of components and hence, can’t be directly
interpreted as the lifetime of a single component.
In order to better estimate the lifetime of a component, ’Bx
lifetime’ is used in this work. It is defined as time at which
x percentage of components are failed and is calculated from
the unreliability curve of the component [20].
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Fig. 3: (a) Methodology of lifetime study. (b) Mission profile
representation by probability density.

the actuators for the flaps, galley appliances, lighting loads,
communication loads and In-Flight Entertainment/Seat Power
Supply System (IFE/SPSS). Out of these loads, some loads,
for example, lighting, can be classified as continuous loads.
Loads such as (IFE/SPSS) have probabilistic nature and the
actuators also operate only for a short time [23]. Therefore,
it is realistic to assume the LVDC load as a combination of
constant and variable loads. The Fig. 3 (b) shows the modeling
of mission profile with a normal distribution. Here, mean, µ =
Constant Loads(CL) and standard deviation is given by σ =
V ariable Loads(V l). It is assumed that the constant loads
can also vary upto a certain range depending on the number
of passengers. This is taken into account by the deviation δ
around the mean value, for example, δ is assumed to have a
variation of 10 − 20 % from the mean value.
D. Motivation For Lifetime Control

A. Power Device Failure Analysis
The prominent failure mechanisms in IGBT modules are
identified as cracking of solder joints and bond wire liftoff.
Thermal cycling is the major cause of failure in the IGBT
modules, which introduces cyclic stress leading to the failure
of device. The influence of the junction temperature on the
wear-out and consequent aging of the power modules is given
in (3).
a3
Nf = a1 (∆T )a2 · e Tj,av+273◦ C
(3)
Here, Nf denotes the number of thermal cycles to failure
depending on the thermal swing ∆T , average junction temperature Tj,av and the device dependent parameters a1 , a2 and a3 .
The parameter a2 ≈ −5 makes Nf highly sensitive to junction
temperature variations [21]. For fatigue analysis, Miner’s rule
can be applied to calculate the accumulated damage using (4)
X Ni
D=
(4)
Nf i
where D is the accumulated damage, Ni the number of cycles
and Nf i the durability of the i-th stress range. When the
accumulated damage becomes 1, the device fails.
B. Methodology of Reliability/Lifetime Study
In order to analyze the lifetime using the PoF method, a
mission profile is used to generate the working condition of
the power converter. The methodology of lifetime estimation
is summarized in Fig. 3 (a). Depending on the mission profile,
the thermal loading of the converter is obtained using an
electro-thermal model of the system. Once the junction temperature fluctuations are known, the lifetime can be calculated
using the rainflow counting method and lifetime model of the
power device [22].
C. DC Loads - Mission Profile Analysis
For conducting the lifetime study of a power converter, it
is essential to understand the behavior of the loads catered
by this converter. The dc/dc converters feeding the LVDC bus
feed all the LV loads supplied with 28V dc. Main loads include

When we consider a system of N converter cells, the device
dependent parameters such as on state voltage drop, on-state
resistance vary between these cells due to the tolerances in the
manufacturing process and aging. The heatsink temperatures
also differ between the cells even when they process the same
power depending on the spatial configuration of the heatsinks
and the direction of flow of the coolant. Considering all these
factors, it is realistic to assume that the losses generated in N
cells by the same power will have a probabilistic distribution
resulting in different junction temperature profile for each
converter. This results in different thermal swings for the N
cells processing same power and thereby obtaining different
accumulated damages. Thus some of the cells fail earlier than
others even when the power is equally distributed among them.
For increasing reliability, it is necessary to minimize the
frequency of failures in the converter system. Therefore, an
active lifetime control of the cells to delay the wear-out
dependent failures is necessary. Moreover, it is not optimal
to distribute the same power through each cell since it results
in different aging of the cells. This gives motivation for the
”power routing concept: unequally distribute the power among
converters in order to improve the lifetime of the system”.
IV. L IFETIME C ONTROL S TRATEGY

FOR

R ELIABILITY

In this section, the detailed formulation of the lifetime
control algorithm using an optimized power routing strategy
is presented. The algorithm is shown graphically in Fig. 4. All
the converters are equipped with junction temperature sensing
systems based on Vce measurement [24]. The converters used
for high reliability applications are expected to be equipped
with Vce sensing for condition monitoring. The mission profile
of the converter system for a time period generates the junction
temperature profile for each converter. Here, a certain time
period is considered (e.g. one hour as done in this work)
and it is termed as the lifetime-control-period. This junction
temperature profile of the past control period can be used
to calculate the consumed lifetime ∆Di of each converter
using rainflow counting and the lifetime model as described
in section II. Subsequently, the total accumulated damage can
be calculated for each converter over m hour using (5)
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Fig. 4: Lifetime control with power routing using optimization.
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where Wi,period is defined as the weight assigned to the
converter cell i for the current period and Wi,(period−1)
denotes the weight of the cell in the previous period. Ki,D
is a proportional factor which is a function of individual
accumulated damages of each cell, Di , as given in (8). Here,
LTexp,sys is the expected lifetime of the system.
In the beginning, Wi,(period−1) is initialized as 1 for every
cell. This results in equal power sharing among the cells. Since
the deviation of expected RUL of the individual cells from the
average RUL of the system is less than that of LTexp,sys and
the maximum value of Di is 1, the weights Wi,period remain
positive.
Finally, these weights are given to an optimization function,
which minimizes the power flow through each cell depending
on the respective weights. The optimization algorithm uses a
convex optimization function as expressed in (9) for a period
m
N
X
min(
Wi,period Pi2 )
(9)
i=1

subjected to the constraints
N
X

W4

Fig. 5: Graphical representation of the power flow in the
investigated dc architecture.

m
X

Di = Dini,i +

∆Di

(5)

period=1

where Di is the total accumulated damage of converter cell i
and Dini,i is the initial damage. ∆Di is the rate of change of
damage for the past hour. At the beginning of operation of the
converter system, it is assumed that all the newly manufactured
power devices have zero initial damage and hence Dini,i is
taken as zero.
The expected Remaining Useful Lifetime (RUL) (LTexp,i )
at every control interval can be calculated as follows
LTexp,i =

1 − Di
∆Di

(6)

Since the ∆Di is used for RUL calculation at every control
interval, the variations in the mission profile is already taken
into account.
The temperature swing variations in the converter cells will
result in different expected RUL LTexp,i for each converter
cell. In order to adjust the power flow through each cell to
obtain equal lifetime, a weight is assigned to each converter
to determine the power flow. This is shown graphically in Fig
5. The weight for each cell is formulated as
!
PN
i=1 LTexp,i
Wi,period = Wi,(period−1) +Ki,D
− LTexp,i
N
(7)

Pi = Pn , Pi ≥ 0 & Pi ≤

i=1

Pn
N

(10)

where Pn is the nominal power. In an ideal case where all
the converters have identical thermal parameters, the weights
for each path become equal. For the topology in Fig. 1, weights
become
W1 = W2 = W3 = W4 = W

(11)

The resulting minimization according to (9) yields equal power
sharing among the four converter cells. The deviation from the
ideal equal power sharing condition depends on the extend of
aging of individual converter cells. Weight assigned to each
converter determines the power flow through them from the
HVDC to LVDC bus.
The constraints are imposed on the converters in such a
way that the power routing is active in partial load operation,
whereas all process equal power when the system is at full
load. Most of the time, the system is not operating with full
load, which enables to route the power unequally. This means
the converters need not to be over-sized for this strategy.
The optimization algorithm determines the power references
Pi∗ for each converter cell for the entire operating range of the
system, P = [0, 1] p.u and are stored in a look-up table. Since
the accumulated damage of each cell does not change in the
lifetime-control-period (1 hour), the weight computed for each
cell is fixed. Therefore, the power references Pi∗ calculated for
each converter cell can be stored in a look-up for the entire
power range. For a each system power P , where P ∈ [0, Pn ],
there exists a set of power references {P1 , ..., PN } for each
converter cells. Since the references get updated only every
hour, very fast computation of the optimization algorithm is
not required.
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A. Experimental Demonstration of Power Routing

2 A/div

To validate the proposed power routing control strategy,
a small scale prototype consisting of two DABs has been
developed as illustrated in Fig. 6. The H-bridges of DAB are
made with open-module DP25H1200T101616 from Danfoss
to facilitate direct junction temperature measurements. A
high speed infrared thermal camera is used to obtain the
thermal image of the open module. The setup is controlled
by the dSPACE SCALEXIO system. The parameters of
the experimental setup is summarized in Table I. Since a
transformer with turns ratio 1 is used for the experiments due
to availability, the VLV DC is kept at 240 V for maintaining
soft-switching operation.

5 s/div

(a)
100 V/div

10 A/div

Symbol
VHV DC
VLV DC
fsw

5 s/div

(b)

OF THE

Description
DC-link voltage reference
DC-link voltage (LV side)
Switching frequency of the DAB

Value
250 V
240 V
12 kHz

TABLE I: System parameters

Fig. 7: The output currents of both DABs and the LVDC
voltage for the given mission profile (a) with equal power
sharing (b) with unequal power sharing

V. D EMONSTRATION

30
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L IFETIME

CONTROL

This section discusses the implementation and the impact of
power routing lifetime control on a modular DAB topology.
First, the experimental demonstrates the ability of the power
routing controller to influence the thermal loading of individual cells. The results of the experimental from the small-scale
prototype is then further extended with the electro-thermal
model based lifetime analysis of the system. Case studies are
presented to highlight the advantages of the proposed algorithm. Finally, the sensitivity of the controller for parameter
variations is examined with Monte-Carlo simulations.

Here, a mission profile with a step change from Pn =
1.2 kW to Pn = 2.4 kW with each power cycle lasting for
10 s is applied for validation. When the power routing is
not activated, the DABs share the power equally as shown
in the Fig. 7 (a). The DAB,1 process ≈ 70% more power
than the DAB,2 with lifetime control active as shown in
Fig. 7 (b). The Fig. 8 (a) and (b) shows the impact on the
junction temperature of the DAB with and without lifetime
control. Here, the ability of the controller to unbalance the
power and therefore the thermal stress is demonstrated. Fig.
8 (b) shows the thermal cycling for overloaded and lightly
loaded cells with ∆T0 = 6◦ C and ∆Tl = 2◦ C when
delivering power P1 = 1.5 kW and P2 = 1 kW respectively.
In the balanced power sharing case, the thermal swing is
∆Tb = 4◦ C with each DAB delivering 1.25kW . Therefore, by
adjusting the power sharing between the DABs, their junction
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Fig. 9: Monte Carlo analysis considering the parameter variations of lifetime model (a) Annual accumulated damage (b)
Unreliability
temperatures can be influenced in order to control the lifetime.
This demonstrates the proof of concept of the power routing
lifetime control strategy.
B. Analytical Validation of Control Algorithm
To further analyze the impact of the algorithm on the
lifetime of the modular system, a simulation study is carried
out using the electro-thermal model of the 4 DAB converter
cells connected in parallel. It is assumed that all the cells
have initial accumulated damage as zero. The mission profile
for the study changes every hour according to the use of
the airplane. To model the varying power processed by the
converters, a profile with a certain probability distribution
function as described in section III is considered. The system
parameters for simulation are summarized in Table II.
Symbol
VHV DC
VLV DC
fsw
Pn

Description
DC-link voltage reference
DC-link voltage (LV side)
Switching frequency of the DAB
Nominal power of the system

Value
270 V
28 V
12 kHz
10 kW

TABLE II: Simulation parameters
Impact of lifetime model variations: The measured junction
temperature of the power modules are used to calculate the
remaining useful lifetime (RUL) using (3). The lifetime models are obtained from accelerated lifetime tests with a certain

(b)

Fig. 10: (a) Accumulated damage progression over time for
normal operation (b) Probability of system failure for normal
operation.

number of sample devices and the obtained experimental data
is curve fitted to derive the relationship between lifetime and
thermal stress [21], [25]. This implies that there is a degree of
uncertainity in the derived parameters and hence the calculated
lifetime is not a single deterministic value. In this work, the
device dependent parameters a1 , a2 and a3 are modeled by a
normal distribution function assuming a variation of 5 % [22],
[26].
For sensitivity analysis considering these parameter variations, Monte-Carlo simulation for 10000 samples is done using
the electro-thermal model of the system and the results are
shown in Fig 9 (a) and (b). The distribution of the annual
accumulated damage from the Monte Carlo simulations is
shown in Fig 9 (a). Fig 9 (a) also shows the Weibull fit
(indicated by red curve) of the annual accumulated damage
given by the Probability Density Function (PDF) as
"   #
β
β β−1
t
f (t) = β t
exp −
(12)
α
α
where t is the time, α is the Weibull scale parameter and β
is the Weibull shape parameter. The estimated RUL in years
is calculated by taking the inverse of annual accumulated
damage. Subsequently, the Cumulative Distribution Function
(CDF) or unreliability is calculated by integrating the PDF
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over time. Fig 9 (b) shows the CDF/Unreliability function of
the PDF in Fig 9 (a) and it is noted that the 1 % of total cells
are predicted to fail at 210th month. This is defined as the
B1 lifetime of the system. For the lifetime control algorithm,
lifetime at 1 % probability of failure is taken to incorporate
the effect of probabilistic nature of failure.
For a modular converter system with N cells, the cumulative
probability of the failure of the system is plotted using
CDFsys = 1 −
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Fig. 11: (a) Accumulated damage progression over time for
system with lifetime control (b) Probability of system failure
with lifetime control.
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250

(1 − CDFi )

(13)

i=1

where CDFsys is the unreliability of the system, CDFi is the
unreliability of the cell i.
1) Without Lifetime Control Algorithm: The progression of
the accumulated damages of the 4 cells without any control
algorithm is shown in the Fig. 10(a). Here, even though the
power shared by each converter is equal, the accumulated
damages are different for each of them and subsequently,
the lifetimes. The variation in the mission profile results in
a variable rate of change of the accumulated damage as
explained in section III. When the Di of the converter cell
reaches unity, the cell fails and it is replaced. In Fig. 10(a),
the first cell fails at the 200th month and after replacement, the

(b)

Fig. 12: Accumulated damage progression over time for system (a) Without lifetime control (b) With lifetime control

D1 starts at 0 for the new cell. Table III summarizes the RUL
and the heatsink temperatures for the simulation case study.
Fig. 10 (b) shows the probability distribution of failure of
the cells for the investigated system. Here, it is assumed that
the cells are replaced when they reach 1 % probability of
failure.
2) With Lifetime Control Algorithm: In the following, the
same system is used with the control algorithm developed
in section IV, which provides the individual power reference
to each DAB converter to control the system lifetime. The
simulated resulting accumulated damage over the lifetime is
shown in Fig. 11(a), illustrating the convergence of accumulated damages to a common point in time. This proves the
effectiveness of the control algorithm, which actively controls
the power flow to delay the system failure. The probability
of a failure of the system is plotted in Fig. 11(b). Here, the
probability of failure of the individual cells also converge to
a common point in time. The prognostic maintenance can be
scheduled based on a thershold failure probability depending
on the criticality of the device [27], [28].
Table III summarizes the lifetime of dc/dc converter cells
without and with the lifetime control. All cells fail approximately around 237th month (1 % failure probability) with the
lifetime control. The relative lifetime is the normalized lifetime
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Fig. 13: The schematic of Monte-Carlo analysis for controller parameter sensitivity validation

Heatsink
Temperature
DC/DC 1
25 ◦ C
DC/DC 2
26 ◦ C
DC/DC 3
30 ◦ C
DC/DC 4
32 ◦ C
Mean RUL
Cell

RUL (p.u.)
Normal operation With lifetime control
0.84
1.00
0.92
1.00
1.13
1.00
1.21
1.00
1.02
1.00

140

120

100

80

TABLE III: RUL without and with lifetime control
60

of each converter cell with respect to the lifetime achieved
with the lifetime control algorithm. For example, there is an
increase in lifetime of the first dc/dc converter by 0.15 p.u
with the proposed control algorithm compared to the normal
operation. It is clear that the lifetime of converter 1 and 2
increases whereas the lifetimes of converter 3 and 4 have
reduced. However, the average lifetime of converter system
is only reduced by 2 % and the time between failures of the
cells is maximized.

40
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1

99% Failure
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C. Case Study With Unexpected Wear-out
In this case study, all the thermal parameters are considered
to be similar at the beginning of the operation. Therefore, the
devices age equally. However, during the operation over time,
an increase in the device on-resistance or lack of cooling of
heatsink of a cell would result in rapid aging of the cell. The
Fig. 12 (a) shows the accumulated damage progression of the
system when the converter cell dc/dc 1 wears out faster than
the others. Here, it is assumed that the cell receives insufficient
cooling resulting in a higher heatsink temperature compared
to the others. Without any active lifetime control, the cell fails
in 100th month resulting in a lower overall system reliability.
With lifetime control algorithm active, the over stressed cell
dc/dc 1 process less power compared to the others. This results
in an increased overall system lifetime with an increase of
100 % of cell 1’s lifetime as shown in Fig. 12 (b). The most
significant aspect of the active lifetime control algorithm is to
delay the failures during the flight. For example, a failure in the
cooling system during the flight can result in an abnormal rise
in the junction temperature and thereby, speeding up the aging
process. This is detected by the lifetime control algorithm and
to ensure a safe operation of the system by delaying the failure,
the power is routed from over-stressed cells to the fresh cells.

24

7.7
0.6

4.3

0.4

1% Failure
Probability
0.2

0

20

22

24

26

(b)

Fig. 14: Monte Carlo analysis without and with lifetime
control (a) Distribution of failures over time (b) Unreliability
or Cumulative probability distribution over time

D. Validation of the Impact of Parameter Sensitivity On
Lifetime Control with Monte-Carlo Analysis
In order to validate the sensitivity of the controller to the
thermal parameter variations, a Monte-Carlo simulation is
carried out for 10000 test cases with and without lifetime
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control. The schematic explaining the Monte-Carlo analysis
is shown in Fig. 13.
As explained in Fig. 3, the mission profile serves as the input
to calculate the converter loading with the help of electrothermal model of the system. To validate the effectiveness
of the controller, the converter loading with and without the
lifetime control is subjected to Monte-Carlo analysis. Without
lifetime control, the four cells share the power equally, whereas
the lifetime control routes the power according to the lifetime
control algorithm and this is shown in Fig. 13. In the previous
case studies, specific heatsink temperatures were selected to
demonstrate the capability of the algorithm to control the
lifetime. But in a real scenario, the heatsink temperatures
for each of the cells can have many possible values. To
validate the effectiveness of the lifetime control under different
possible heatsink temperatures, a Monte-Carlo simulation with
the heatsink temperature as a Gaussian distribution with a
standard deviation of 5 % is considered.
The lifetime estimated for n cases follows a Weibull distribution, and therefore the reliability metrics such as the PDF
and CDF/Unreliability of the individual cells are extracted
first. The CDF/Unreliability of the system, CDFsys is given
by (13). In this study, both B1 and B0.1 lifetimes are shown.
B1 and B0.1 lifetimes mean that 1 % and 0.1 % of the samples
have failed in time respectively.
Fig. 14 (a) shows the failure distribution of the ST with
4 DAB cells over the years with Monte-Carlo analysis. During the normal operation without active lifetime control, the
earliest failures start around 22 years, reaching the maximum
failure probability around 25.6 years. The failure distribution
can be approximated by a Weibull distribution [22]. The
mean and standard deviation of the Weibull distribution are
calculated as 25.6 years and 19.6 months respectively. From
the Weibull distribution, the unreliability or the cumulative
failure probability distribution can be obtained as shown in
Fig 14 (b). The unreliability plot illustrates clearly the spread
of the failure distribution without any lifetime control. With
normal operation, the system reaches B0.1 and B1 lifetime
around 18.43 years and 20.75 years respectively. Here, 98 %
of failures are spread over 7.7 years, making the maintenance
scheduling difficult.
To evaluate the impact of power routing, Monte-Carlo
analysis is repeated for the ST model with the power routing
control. The thermal parameters of the system remain the same
as that of the normal operation. The lifetime control is able to
achieve a 44 % reduction in the standard deviation of failures
compared to that of normal operation. Moreover, the mean
lifetime of the system is slightly increased in comparison with
normal operation. Fig. 14 (b), depicting the unreliability curve
vividly demonstrates the advantage of the proposed strategy.
The system attains B0.1 and B1 lifetime around 20.75 years
and 22.95 years respectively. The results are summarized in
Table IV.
VI. C ONCLUSION
To fulfill the requirements of redundancy and the trend
of increasing voltage levels in the MEA power distribution

Operation Mode
Without lifetime control
With lifetime control
Lifetime improvement

B0.1 lifetime
18.43 years
21.5 years
+3.07 years

B1 lifetime
20.75 years
22.95 years
+2.2 years

TABLE IV: System lifetime without and with lifetime control

system, modular power converters are considered as a promising solution. To delay the early wear-out failures, a lifetime
control algorithm with an optimized power routing strategy
relying on the power semiconductor’s junction temperatures
is proposed for a modular system. The influence of unequal
power sharing on the junction temperature of the converters
is validated with experiments on a modular system with two
dual active bridge converters. Monte-Carlo simulation shows
a reduction in the standard deviation of failures of about 44 %
with the proposed strategy compared to the normal operation.
The proposed strategy results in an increase of 3 years in the
B0.1 lifetime of the system. Moreover, the mean lifetime of
the system is slightly increased with the proposed method in
comparison to the normal operation. In addition, the control
strategy delays the failures during flying time by actively
sensing the junction temperature and controlling the power
flow. The prognostic maintenance can be scheduled more
precisely using the probability distribution of failure in the
system.
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