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Abstract

The combination of modularity and diagnosability is a natural candidate for mitigating environmental
impacts (El) throughout the lifecycle. This article proposes a method for quantifying Life Cycle Assessment
(LCA), tailored to a power electronics product composed of power devices and gate drivers. It considers
the effects of both modularity and diagnosability on the repair with replacement units (RU).

The results highlight that modularity and diagnosability are not relevant when several RU are subjected
to failure almost concurently (typically wearout failures of similar components), and need to be replaced
during the intented lifespan. However, their significance is notable for faults qualified as "random” or
"early”, as these faults do not necessarily manifest throughout several RU. In certain situation involving
this type of faults, system modularity and diagnostic accuracy can prove beneficial when implemented
together, leading to a reduction in total El over the service life, especially when considering mineral and
metal ressource depletion.

(modularity) influence this jump. The more precise
the diagnostics, the more the replacement is lim-
ited to the component affected by the fault, provided
there is modularity allowing for it. An integrated ar-
chitecture does not allow for separating the faulty
component from the rest.

1 Introduction

The goal of considering modularity and diagnos-
tic techniques is to allow a more precise system
reparation in case of failure. Indeed, modularity

allows for the replacement of only the faulty parts, T
and diagnostics identify which modules to replace. El e
Since the parts that remain operational after a fail- | e e

ure are retained, there is no need to remanufacture " ’

the entire system, thus limiting the impacts due to
manufacturing.

Modularity, considered a pillar of the circular econ-
omy [1], is increasingly favored to enhance the sus-
tainability, repairability, and recyclability of products.
The question then is to quantify the environmental
gain from the addition of modularity and diagnos-
ability. The evolution of El over time for a PE system
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can be represented as in Figure (1| Initially, there
are El from the product’s manufacturing. Then, the
slope represents the El during usage, i.e., losses
during operation. Furthermore, in the event of a
fault, El increases, corresponding to the replace-
ment of the faulty part. Diagnostics and architecture

Fig. 1: Staircase curve.

This paper first presents the consideration of mod-
ularity and diagnosability in PE, then a generic
method for quantifying El. Finally, it proposes a
case study, using the method, to highlight the rel-



evance of these two characteristics in determining
El over the lifecycle.

2 Modularity and diagnostic in
power electronics

2.1 Modularity

The development of PE systems has been marked
by complex evolutions aimed at optimizing various
parameters such as cost, efficiency, and robust-
ness. This optimization leads to different product
structures. Currently, in EV applications, integrated
power modules, comprising all the power semi-
conductor switches of the inverter predominate [2],
offering high efficiency and optimal power conver-
sion. However, this integration can result in a total
system loss if a part fails, due to the inability to
separate the faulty part from the rest, which can
impact El over the lifecycle.

Modularity involves reducing integration (bringing
together, in the same volume and on the same sub-
strate, all the constituent elements of the converter
[3]). High integration makes repair more difficult
in case of failure. The power module solution is
highly integrated, as all 6 chips are located on the
same substrate, the DCB. There are more modular
solutions achieved by playing on integration, such
as using discrete components, which only contain
a single chip. Figure 2| shows different types of
integration at the conversion cell level for electric
vehicle inverters.

Renault Zoé

BMW I3
Volkswagen group
Half bridge
Cadilac CT6 plug-in
Hybrid

Audi e-tron

Etc.

Discrete

Tesla Model 3
Etc.

o 4
“
ﬁz

Fig. 2: Different design choices for inverter integration
of electric vehicles [2].

Other modular structures exist, achieved by playing
on design [4], which either allow the separation of
functionalities into blocks or a matrix view of the
converter.

2.2 Diagnostic

Diagnosability is of crucial importance, coupled with
modularity to ensure specific fault repairs. Before

exploring the various diagnostic techniques avail-
able, let us examine a common protection measure
implemented in converters, as it can guide the di-
agnostic process.

Desaturation protection (desat) is frequently inte-
grated to detect short circuits [5], a critical fault for
power components. This mechanism reacts quickly
by cutting off the control of a component when a
desaturation threshold voltage is reached. This pro-
tection provides useful information for diagnosis in
case of triggering during a fault.

Regarding diagnosis, attention must be paid to
techniques for monitoring the lifespan of active
components in PE. Various methodologies have
emerged over the years [6]. Among them, moni-
toring temperature-sensitive electrical parameters
(TSEP) proves to be interesting, and among TSEP,
the gate resistance (Rgj) is particularly relevant [7].
Estimating the junction temperature from Rg, in-
volves a calibration phase to determine the function
linking the read TSEP and temperature, followed
by the application of direct current (DC) to the sys-
tem’s gate and measuring the voltage between the
gate and the emitter to estimate the temperature
using the calibration function. The equivalent circuit
is generally modeled by an RC circuit, as illustrated
in Figure[3] A related method, called "Tjbalancing,”

Module 4 Vge
R?“ v TE Vge 2
7 Resistive
Tv 1 Z 9 / contribution
ge N

Utety t, t; “time

|Rgin(Tj) = (8Ry - Tj +1) - Ryo |

t
Vge(t) = Rgin . +

ies

Fig. 3: Equivalent circuit with TSEP Rgin (left) and sig-
nal shape during Ig current injection (right) [7].

stands out for its use in systems with multiple chips
in parallel [8]. This technique provides real-time
estimation of the junction temperature for each chip
using the TSEP Rg,. It then thermally balances
the chips by individually modifying the commands
of the components, thus mitigating temperature dis-
parities between them.

Monitoring temperature variations resulting from
potential failures can enable precise localization of
issues and contribute to the proactive maintenance
of power electronic systems.



3 Methodology

This section presents the general methodology for
determining the El of a PE product, taking into ac-
count replacement due to system faults, the use of
diagnostic technology for more or less precise fault
detection, and modularity. Figure [{]illustrates the
methodology for creating the staircase curve figure
For manufacturing, an inventory of material flows
and processes is conducted. For usage, the El con-
cern the energy lost during operation, and a typical
operating cycle (e.g. WLTP for automotive applica-
tion) with a loss model is used [9]. The El related to
manufacturing and usage are not further detailed in
the document. The replacement modeling includes
fault generation and diagnostic processes that allow
for defining replacement scenarios.

The replacement modeling implies the concept of
the Replacement Unit (RU), representing the small-
est replaceable component in the system. It is
crucial to clearly define this RU, as this definition
guides the methodology. For example, in the case
of a three-phase inverter built with discrete compo-
nents such as TO247, the RU could be the discrete
component itself. However, the same inverter built
using an integrated power module would have the
entire module as the RU.

3.1 Diagnostic : Replacement matrix

The objective of this section is to create replace-
ment scenarios, i.e., for each fault, what replace-
ment choice the diagnostic allows. To achieve this,
we generate a matrix called the "Replacement Ma-
trix (RM).” This matrix is an input to the algorithm
shown in Figure [4]

To develop this matrix, it is necessary to model the
observation of the diagnostic for each type of fault.
Depending on the observation, the diagnostic can
deduce the location of the failure, and the deduced
part is then replaced, thus forming a replacement
scenario. It is essential to understand the conse-
quences of faults, as well as the perspective of the
diagnostic. A fault tree can be constructed to link
the fault, the effects, the observations of the effects,
and the replacement scenario. If the same observa-
tion is made for failures of several/all RU, then the
several/all RU need replacement. If an observed
effect is linked to a specific RU or group of RU, then
only the RU or the group is replaced. The replace-
ment matrix [RM] specific to a diagnostic technique
(1) can then be constructed as shown in Figure 5
RU; represents replacement unit i ranging from 1
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Fig. 4: Product life modelling with replacement and di-
agnostic.

to m, and dy, ; represents fault k£ of replacement unit
i, with a total number of faults of n « m where n
is the number of listed faults. The columns of the
matrix are denoted by ¢ and the rows by j = k. 1.

The replacement matrix is filled with 0 and 1, where
0 means no change is made, and 1 indicates a
replacement. For example, in the matrix [5}, if fault
d11 of type 1 occurs on RU1, only RU1 is replaced,
indicating high diagnostic accuracy for this specific
fault. However, if fault d21 of type 2 occurs on RU1,
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Fig. 5: Replacement matrix generated from the fault
tree, specific to a diagnostic type (I).

the diagnostic is less precise, and both RU1 and
RU?2 are replaced.

Each diagnostic technique has its own replacement
matrix; they do not all have the same precision,
some may better target the fault and result in fewer
replacements for repair.

3.2 Fault Generation

First, an exhaustive list of all potential fault types
for each RU needs to be established, along with
determining the probability of the fault occurring
over time. For example, a fault for a power chip
could be a short circuit. The vector d of size n x m
with n as the total number of faults and m as the
number of RU can be created as follows:

(d)=1 : (1)

dn,m

With k as the fault number and i as the RU number.
Mathematically, faults can be modeled based on
statistical laws. The Weibull function is the one
selected (with two parameters o and ), equation
[2, as it allows for reproducing the "bathtub curve”.
This curve characterizes the different failure phases
during the product’s lifetime (LT) of a PE product
[10], encompassing the “infant mortality” phase
B < 1 (related to insufficiently controlled design
or manufacturing issues), the "useful life” period
B = 1 (where failures occur independently of the
component’s age), and the "aging” stage g > 1 (re-
sulting from wearout). The distribution function of
each fault & is written in the form:

felt) =1—e ()" 2)

The algorithm for determining the fault type is pre-
sented in Figure[7] it consists of two key steps: fault
generation and fault type selection.

Firstly, it is necessary to find the overall distribu-
tion function of the RU. It is necessary to associate
faults within a RU, several types of associations
exist [11]. Here, the series association is selected,
meaning all subsystems must function for the over-
all system to be operational. In other words, there
should be no faults, represented by the distribution
function of an RU equation

n

Fi(t) =1-[](1 = fri(®)) 3)

k=1

With f;, ; being the distribution function of fault £
of RU ¢ and n the total humber of faults for the
RU. A random number compared to the RU’s dis-
tribution function determines the fault time (¢7). A
second random number is used to select the fault
type (dj. ; = dj), based on the probabilities associ-
ated with each type at the time of the fault. This
algorithm allows for each RU, both to determine the
time at which a fault occurs (¢7) and also, what type
of fault occurs (d;). This enables the generation
of two vectors t* and d* of size m representing re-
spectively the occurrence times and the fault types
for each RU.

Fault list
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Fig. 6: Algorithm for generating a replacement unit fault.



3.3 Replace

The previous sections describe, on one hand, the
creation of the replacement matrix based on faults
and diagnostics for the input data, and on the other
hand, the fault generation.

To calculate the El related to replacement, it re-
mains to link the two. For this purpose, depending
on the fault type at a given time ¢, we will generate
a replacement vector formed by a logical "OR” op-
eration of all faults generated from the replacement
matrix at time t*, to avoid counting the replacement
of a RU twice. This is expressed mathematically as
follows:

RM(j,:) ifd*(i*) = d(j)
0 otherwise

RM*(j,:) = { (4)
Where i* represents the RU; in fault, d* the faults
at t* and d the vector of all type of faults.

(RV*) = \/ RM*(j,3) (5)

i=1

Where RV* represents the replacement vector
when a fault arrives at ¢*, \/ the logical OR operator,
and RM*(j,:) is the j-th line of RM*.

Let's take an example: at time t* = ¢, RU1 un-
dergoes d21, and RU2 undergoes fault d12. The
corresponding lines of the replacement matrix are
as follows:

RU, RU, RUp,
0 O 07411
1 1 0 [ d2a
[RM*] =0 0 -~ Oldu
0 1 -~ O0lde
0O 0 - (0lém

Fig. 7: Example with RU1 undergoing d21 and RU2 un-
dergoing d12 at time ¢.

The diagnosis indicates the need to replace RU1
and RU?2. Using a logical OR, we obtain the follow-
ing replacement vector:

(RV*) = (11 ... 0) (6)

Then, simply perform the matrix calculation of the
replacement vector with the matrix of El for the
manufacturing of each component:

EIreplace(t) = (RV*) ' (E[mf) (7)

Elnf ru1

(Blyy) = | Fmmoz ®)
Elynf Rum

With E1,, representing the environmental impacts
during manufacturing.
In conclusion, the developed methodology provides
an approach to evaluate the El related to the re-
placement of a PE system subdivided into RU.
Through fault generation, determination of fault
type, modeling of replacement scenarios via a
diagnostic-dependent replacement matrix, and fi-
nally the calculation of El associated with these
replacements.

4 Case studies

To illustrate the method and quantify the environ-
mental benefits of implementing modularity and
diagnosability, a case study is developed here.

4.1 Systems studied: modularity and di-
agnostics

The analysis compare two topologies comprisingan
IGBT conversion cell and its gate control board
(driver). One is the "integrated” topology, illustrated
in Figure [8] and the other is the "discrete” topology,
represented in Figure[9] (a and b), which represents
our modular cases.

The integrated topology is characterized by 2 RU,
an IGBT power module consisting of six IGBT
chips and six diodes, along with a control board.
The power module is the FS820R08A6P2B (750V,
820A) with its driver, as presented in reference [9].
For the discrete topology, 2 proposals are studied:
Discrete (1): The simplest simplification involves
virtualy splitting the integrated topology into 6 parts,
where the total El for manufacturing remains identi-
cal to those of the integrated one. However, there
are now 12 replacement units (RU), including 6
components and 6 drivers, sharing these impacts.
Discrete (2): Represents a more realistic modeling
of a modular system compatible with current rating
of discrete component. It consists of 48 RU, includ-
ing 24 discrete components and 24 drivers. The
chips are paralleled four by four, each with its driver.
The IGBTs are packaged in TO247, similar to the
inverter of the Tesla Model S. The IGBT chip and
the diode are in the same package, with a rating
of 205A and a nominal voltage of 750V. The El for
the manufacturing of the IGBTs are deduced from
the specific LCA of the TO247, which is not devel-
oped in the article. As for the drivers, given the lack



of examples of discrete drivers, an assumption is
made regarding their form, representing them in the
form of cells arranged on the same printed circuit
board, maintained at a sufficient distance to allow
access without damaging neighboring cells in case
of repair of the faulty component. This assumption
is inspired by the proposal of standard conversion
cells presented in reference [12], allowing individual
repairs of the cells. The total El for manufacturing
of the drivers are considered equivalent to those of
the integrated driver. Each driver RU evenly shares
the total El for manufacturing.

Integrated

Driverl‘
PRECHCYC
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Fig. 8: Integrated topology.
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Fig. 9: Discrete topologies (1) and (2) of the case study.
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4.2 Default type and probability

Based on a literature review [13], [14], a list of
failures has been established for IGBT chips and
drivers, with information regarding the stages of
infancy, useful life, and end of life, all presented in
Table[dl

Current literature presents limited availability of
data regarding the parameters ¢ and g of the
Weibull functions used to model the faults.

The three functions for infancy (Early-E), useful
life (Random - R), and aging (Wearout - W) are
modeled separately, and the values of the three
functions are shown in Figure [10}]

Random Alt) Eol

Aw Early Alt)

All RU IGBT

All RU Driver

Fig. 10: Selected default probability functions.

The parameters for infancy-related faults are ob-
tained from a reference at Semikron [15]. The
values correspond to the entire PE system, with
B = 0.6 and o = 3424 years. In our case, these rep-
resent the values of the overall reliability function of
the (IGBT+driver) for infancy-related faults.

The faults related to the useful life period all have
8 = 1. For the useful life faults of the integrated
power module, the parameters used are derived
from references [16]—[18]. o is determined from the
FIT (1 FIT corresponds to 1 failure per 10° hours).
The total FIT of the power module (=100, so ¢ =
1141 years) appears to be 10 times higher than that
of a discrete component, which is o = 11415 years.
This is logical, as the discrete IGBT RU consists of
only one chip, hence less chance of experiencing
failures.

For driver faults, the total number of FITs was set
at 1200 [19], which corresponds to 95 years. The
FIT of the integrated driver or the discrete driver is
considered to be the same.

The parameters for end-of-life faults only concern
the IGBT RU, with the modeling of system degra-
dation, both for the IGBT chip and the diode. The
values are determined from the chip lifetimes [20].
Firstly, input data are defined, including product
usage (operating cycle) and component physics
(electrical parameters, thermal parameters, and its
lifetime model). Then, the input data are imple-
mented into a loss model. The losses are used
to calculate the junction temperature rise using a



thermal model. A counting algorithm determines
the number of temperature cycles undergone by
the component, which are then compared to the
lifetime model. This provides the maximum cycle
number until failure denoted as N f5, with the 5 indi-
cating the failure rate to create the empirical model,
i.e., 5% of the failed sample.

Using the functions for each RU, equation (3| allows
retrieving the values of individual faults. Table
presents the different values obtained for each fault
depending on the topology.

4.3 Diagnostic technique and replace-
ment scenario

For the case study, both diagnostic techniques pre-
sented are utilized, namely the basic desat tech-
nique and Tjbalancing (which also implements de-
sat technique).

Based on the selected techniques and as explained
in the method, it is essential to model the diagnostic
observation for each fault, which is not detailed
in the article. Table [1| presents the replacement
scenarios according to the type of fault and the
diagnostic technique used. They are equivalent to
the replacement matrix in

4.4 Results

Figure [TT]illustrates the evolution of the Mineral and
Metal Resource Depletion (MRD) environmental
impact over time for integrated and discrete topolo-
gies, taking into account fault generation and di-
agnosis (according to the probabilistic method pre-
sented earlier). MRD is presented because it is
the impact most affected by manufacturing and re-
placement [9]. Additionally, the curves represent
the median values of the 1000 Monte-Carlo simula-
tions.

We can observe that diagnosis and modularity have
little impact on the curves between integrated and
discrete, as the entire system is replaced at 30
years. This is due to the type of fault, primarily
related to wearout. Thus, the curves corresponding
to integrated (desat and Tjbalancing) and discrete
(1) (desat and Tjbalancing) have the same El at 30
years, as both systems are entirely replaced once.
The discrete solution (2) is the most polluting (9%
higher than integrated), but this is solely explained
by the manufacturing El, which is more costly
(26%).

Adding diagnostic functions is not always a solution
to reduce El. For this to be the case, the entire sys-
tem should not be systematically replaced. Even if
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Fig. 11: Impact of diagnostics and modularity on MRD.

diagnosis allows for locating the fault and replacing
only the faulty component, it brings no benefit in
terms of El if other components are also likely to
fail shortly after.

This is why diagnosis is particularly relevant for
faults related to the youth or useful life of the sys-
tem, while faults related to wearout do not present
significant interest, as the failure of one chip will
likely be followed by failures of other chips in the
system.

The data used for modeling faults were probably
not representative of the actual probability of oc-
currence of faults, mainly due to a lack of in-depth
studies in this area. Therefore, a definitive conclu-
sion on the real interest of diagnosis and modularity
cannot be formulated at this stage.

Having no precise vision of whether a fault will oc-
cur or not, we will now focus on the impacts of
diagnosis and modularity depending on the type of
fault.

According to the faults studied and the RU, based
on Table [1} there are 4 levels of Fault Location
Identification (FLI):

— Without FLI (e): The fault cannot be localized,
resulting in the replacement of the entire sys-
tem.

— Low FLI (d): Fault is localized at the level of
one power arm with the associated drivers for
that arm.

— Moderate FLI (c): Fault is localized at the level
of one power switch with its driver.

— Strong FLI precisely localized at the level of



Tab. 1: Type and probability of fault for each RU in the case study, with replacement scenario.

Weibull Replacement scenario
RUi Fault Life period o (years) . .
Integrated | Discret (1) | Discret (2) B Desat Tjbalancing
DC bus disconnection 50 060 991 750 9996 220 0.6 d c
Load disconnection Early 50 060 991 750 9996 220 0.6 d c
Bad thermal interface 50 060 991 750 9996 220 0.6 d b
Die SC IGBT 4564 45 660 45 660 1 d d
IGBT Die OC IGBT Random 4 564 45 660 45 660 1 d b
Die SC diode 4564 45 660 45 660 1 d d
Die OC diode 4 564 45 660 45 660 1 d d
IGBT degradation of the wire-bonds/
Degradation of the die-attach End of life 228 26.9 26.9 7.59 d b
Diode degradation of the wire-bonds/
Degradation of the die-attach 20.4 258 25.8 7.59 d d
Control board disconnection Early 50 060 991 750 9996 220 0.6 e c
Driver - Grid disconnection 50 060 991 750 9996 220 0.6 d a
Fault in high state (commands IGBT to close) Random 190 570 2280 1 d a
Fault in Low state(commands IGBT to open) 190 570 2280 1 e c
| -

Legend : Replace specific Driver (Strong FLI -

a), Replace specific IGBT (Strong FLI -

b), Replace specific IGBT and its Driver (Moderate FL

—

Replace all IGBTs and Drivers leg (Low FLI - d), Replace all (Without FLI - €)

the power component alone or at the level of
the driver alone.

The impact of these FLI levels on replacement is
directly related to modularity. For example, in the
case of moderate-level FLI, which corresponds to
the following information: when a fault occurs, it
may involve both the power component and its
driver. In this scenario, for discrete topology (1), the
specific IGBT and its driver are replaced, while for
integrated topology, the entire system is changed
because the RU do not allow for separation, even if
information about the fault location is obtained.
Furthermore, the Tjbalancing diagnostic technique
allows for precise RU selection for certain faults, un-
like the desat technique, which stops at the power
arm level, thus offering less fine resolution.
Knowing this, the cost of replacement for different
FLI levels and different topologies is determined, as
shown in Figure[12] The El at replacement of the
integrated case without FLI is taken as a reference.
Comparing the El of the fault without FLI simply
shows the difference in the system’s manufacturing
cost, as everything is replaced here. With the desat
technique, when a fault with low FLI occurs, mod-
ularity reduces the El at replacement compared
to the integrated case by 67% (discrete(1)), 36%
(discrete(2)). With the implementation of the Tjbal-
ancing technique, the positive impact of modularity
further increases. For faults with moderate FLI,
there is a reduction of 83% (discrete(1)), 91% (dis-
crete(2)). For faults with strong FLI, a reduction of
90% (discrete(1)), 92% (discrete(2)). In contrast,
the integrated model achieves only a 37% reduction

at replacement for faults with strong FLI. So, having
an accurate FLI benefits more to the most modular
system, namely the discrete (2). Further studies

M Integrated Discret (1) Discret (2)

220%
100% 100% 100% 100%
100%
80%
60%

74%
o
o 3%
20%
0%

40%
Wlthout FLI Low FLI Moderate FLI
(e) (c)

120%

63%

lono 8%

Strong FLI
(a) & (b)

MEAN EI REPLACE

Tjbalancing+Desat
Desat 1 g

Fig. 12: El at replacement between different modulari-
ties for different FLI, standardized EI compared
to replacement of integrated without FLI.

are needed to determine the actual occurrence of
faults and thus assess their diagnostic level, in or-
der to conclude on the real utility of diagnostics
and modularity. If, in reality, the most common
faults are related to wearout, then diagnostics do
not present a significant advantage. However, if the
most frequent faults are those that can be located
accurately and occur when the other parts of the
system have high value (i.e. reliability), then it is
worth to replace the single failed RU and modularity
and diagnosability become relevant characteristics.
To illustrate this point, Figure [T3] highlights the im-
pact of diagnostics and modularity on MRD over
time. Three faults are simulated, occurring at 10,
15, and 25 years for each topology. Each fault cor-
responds to a certain FLI level; for example, the

OF




strong FLI level is represented by the failure of the
thermal interface, leading to the replacement of the
specific IGBT RU.
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Fig. 13: Impact of diagnostics and modularity on MRD,
in the proposed 3-defect scenario.

As previously mentioned, without FLI, the differ-
ence is related to the manufacturing cost; modular-
ity does not influence, with integrated and discrete
(1) being at the same level, while discrete (2), with a
higher manufacturing cost, increases MRD by 13%
at 30 years. For a low diagnostic level, the total
MRD reduction compared to the integrated case
without diagnostics at 30 years is 25% and 18%
respectively for discrete solutions (1) and (2). With
a high diagnostic level, the total MRD reduction
is 34% and 33%, but also 18% for the integrated
solution with high diagnostics. Thus, two aspects
emerge: the impact of diagnostics and that of mod-
ularity.

Figure [T4]shows the same results at 30 years for all
El with environmental gain for different topologies
with different FLI levels. The results are normal-
ized relative to the integrated scenario without FLI
information. When faults lead to strong FLlI, all dis-
crete topologies show a reduction in El. However,
for most El, this reduction is low (< 5%), mainly due
to the significant contribution of the usage phase
compared to manufacturing [9]. Also, discrete topol-
ogy (2) leads to a significant increase in El in the
absence of FLI during a fault, with an increase of
47% for OD, 14% for HT, etc.

5 Conclusion

We have discussed some aspects of modularity
and diagnosability in PE. Our approach involved
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Fig. 14: Percentage gain (%) for each El at 30 years
of the different topologies with the different FLI
levels compared with the integrated case with
no FLI information.

a methodology for modeling El integrating modu-
larity and diagnosability. This method provides a
modular view through RU, the smallest entities that
can be replaced. It requires a thorough study of de-
fects specific to each type of RU. The methodology
implements a fault generation procedure and con-
fronts them with diagnostic techniques to propose
a replacement scenario for quantifying the EI.

An inverter composed only of power components
and drivers served as a case study to imple-
ment this methodology, with one non-modular (inte-
grated) topology and two modular topologies (dis-
crete). The analysis of the results highlighted the
influence of topology choice, as well as the pres-
ence or absence of diagnostics, on environmental
indicators such as Mineral and Metal Resource De-
pletion (MRD).

Modularity and diagnostics have been found to be
factors enabling El reduction by targeting specific
faulty components, although this reduction is not al-
ways guaranteed under all conditions. It is essential
to note that the actual effectiveness of diagnostics
and modularity depends on the frequency and type
of faults observed, the easier to localize the faults,
the more modularity will enable El reduction. Also,
we observed that, for wear-out faults, diagnostics
may not bring significant improvement compared
to an approach without diagnostics, as in all cases,



the entire system is replaced. In an industrial con-
text, this is relevant because converters are sized
not to have wearout failures over the product’s life-
time thanks to adequate cooling sizing for product
usage.

The current case-study concentrates on the power
semi-conductor devices and gate drivers only,
which represent around 1/3rd of the MRD impact of
a complete inverter [9]. Inverter-level modularity, to
provide dismontability from other key components
such as the casing and capacitors, may present ad-
ditional advantages than can be adressed with the
proposed metodology. Current literature presents
limited availability of data regarding the o and 3 pa-
rameters of Weibull functions used to model faults.
Therefore, the different data used come from vari-
ous sources and may not always precisely match
the studied fault not the target application. Future
research should thus focus on more comprehen-
sive and application-specific data collection to as-
sess the actual occurrence of faults and perform
the life-cycle assessment of modularity and diag-
nosticability.
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