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Abstract: Development of hybrid and electrical cars
encounters integration of a key enabler. Integration,
at the largest meaning, delivers a system that is
greater than the sum of its parts. New technologies
are considered and tight combinations of existing
technologies are experimented. Evaluating the
possibilities of failure mechanism, investigation
reliability and the way for active safety monitoring
are impacted as studies have to be revisited and
new approaches are to be delivered. In this context,
Ampere-lab is carrying several activities that are
summarized here. Activities on high-temperature
have led to analyses of failure mechanisms and
possibility of reliability evaluation on wide-band-gap
semiconductors. Passive devices receive new efforts
as temperature ranges are pushed. Storage
components become key devices with the idea to
bring their lifetime to the limit. Prognostics and
diagnostics are renewed issues.

Keywords: high temperature power conversion,
wide-band-gap semiconductors, magnetic devices,
dielectric devices, super capacitors, batteries,
prognostics, diagnostics, and supervision of
electrical network.

1. Introduction

Electrical vehicle, EV or HEV, is the ground for
advanced developments in term of electrical
network. Advances are comparable in diversity,
constraints and objectives as the ones related to
smart grids. An electrical network is an assembly of
software and hardware components (Fig. 1, [1]).
Different schematics may be appreciated depending
on the issues to enlighten. In Figure 2, the network
aspect is more obvious with the exchanges of
information and energy between components.

Reliability of such a network is complex to evaluate
and monitor. Each components of the network are
subject to analyses in order to assess reliability
indicators. Unfortunately the assembly of satisfying
components in term of lifetime or reliability is not
guarantee of system reliability. The assembly should
follow a dedicated design approach for safety. In a
second step the operation of the system should be
monitored to assess the real conditions and their

impact on the remaining lifetime of the system.
Prognostic helps to build a map of targeted lifetime
and diagnostic covers the assessment of realistic
indicators under real mission profiles.
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Figure 1: Possible schematic of the electrical
network in an electrical vehicle [1]

Figure 2: Example of brake-by-wire network point-of-
view [2]

The paper summarizes several activities performed
at Ampere-lab toward the reliability and safety
assessment of embedded electrical network for
electrical vehicles. Hierarchically and considering the
traction issue, it may be seen that a power converter
that comprises active and passive components while
the energy is delivered from a battery system pilots
the electrical motor.

High levels of cycling and high ambient temperature
are generally stress factors. Wide band gap
semiconductors are good candidates but suffer from
several limitations. Section 2 details aging analyses
and the proposal of a law for remaining useful
lifetime evaluation. Active devices come with passive
devices and Section 2 details some activities about
reliability of capacitors and the behavior of air-core
transformers for control signal isolation for drivers.
Section 2 is dedicated to reliability of energy storage
systems, a long-term activity at Ampere-lab.
Diagnostics, prognostics and health monitoring
approaches are given in Section 4. Finally several
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on-going results are detailed in Section 5 about
design for safety of an electrical network.

2. Components of converters

2.1 Failure of SiC MOSFET gate oxide

When a silicon carbide MOSFET is submitted in
switching conditions to a prolonged stress, there is
no doubt that failure mechanisms will be triggered in
time. In [3, 4] is detailed the analysis of failure
mechanisms related to the gate of SiC MOSFET in
harsh temperature environment. Ageing tests have
been performed in stress switching conditions with a
monitoring of device characteristics. Failures sensed
from the gate (Fig. 3) have been investigated as
detailed in [5].

Figure 3: Cracks at gate level in a FIB image of a
sample

2.2 Tentative remaining useful life evaluation

In relation to the previous study, the phenomenon of
Threshold Voltage instability has been reported to be
a critical issue for the first generations of commercial
SiC MOSFETs. The long-term reliability of such
device has to be estimated prior to any integration
regarding electrical vehicle mission profiles [6].An
approach based on the Acceleration Degradation
Test methodology allows evaluating the time-to-
failure, as well as its distribution, in nominal EV/HEV
application from the data collected in accelerated
conditions . Aging tests produce a set of data (like
threshold voltage deviation in Fig. 4). All data are
used to estimate the lifetime distribution in each test
conditions. Ultimately these lifetime distributions are
used to model voltage and thermal related
acceleration factor and to extrapolate the time-to-
failure in a given application. Due to the uncertainty
and variability within devices, the deterioration
process can be regarded as a time-dependent
stochastic process.

Among the various existing stochastic process, the
non-homogenous Gamma process could be a good
candidate for modeling the degradation of SiC
MOSFET threshold voltage.

The use of a gamma process in the field of reliability
has been introduced in 1975 by M. Abdel-Hameed
[8] to model gradual damage monotonically
accumulating over time. Since then, it has been
widely used for maintenance optimization models
based on degradation data [9]. Nevertheless, as far
as the authors know, the use of a non-homogeneous

Gamma process to model the threshold voltage
degradation of a commercial SiC MOSFET is original
[7].

Let X(t) be the degradation level at time t and
{X(t),t=z0} a non-homogeneous gamma process.
Then the probability density function associated with
the increment of degradation (Ax=x —x;_,) is

given by:
Av(t) XAv(t)—l e~ ux
faxco AXIAV(D, 1) = —ees— ()

Where x is the support of the distribution (x €
[0; +oo[ ), T(v)is the gamma Euler function v(t) and
u>0 are respectively a time-dependent shape
parameter and a constant scale parameter.
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Figure 4: Threshold voltage variation as a function of
aging time for Vgs = 25 V and T; = 100 °C.Once the
degradation process has been modeled it is possible
to estimate the lifetime distribution associated to this
Vi, degradation. A component is said to fail when the
deterioration level reaches a threshold limit Ds (a limit
in threshold voltage value). Let T be the failure time.
Due to the gamma distributed deterioration, the
lifetime distribution F(t) can be written as:
I'(v(t),Dau

(v(t), Dgu) @

rv®)
Where T'(v(t),Dsu) = f:xta_le_tdt is an incomplete
gamma function for x = 0 and a > 0.
A simple algorithm is needed to populate the
stochastic process, X.
Fig. 5 shows an example of lifetime distribution
extracted from measurements of 3 Vgg conditions at
Tj=50°C.
Using An Inverse-power law it is possible to express
the voltage acceleration factor by:

B
o=@ ©

F(t) = Pr{X(t) = D¢} =

AF(V,V,) = v
u

Where V and T, are respectively the gate voltage for
acceleration test and nominal application expressed
in volts.

Finally a corrected lifetime distribution is obtained
incorporating the acceleration factors in order to
assess the lifetime during normal operations.
Ultimately the Gamma process enables to evaluate
the remaining useful life of the device in a first step
toward prognostic of remaining useful life in
embedded power electronics.
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Figure 4: Lifetime distribution function for 3 Vgs
ageing tests conditions at Tj =50°C

The Remaining Useful Life (RUL) of a device or a
system is defined as the amount of time from the
current instant to the End-of -Life (EOL) of the
system. The RUL estimation is required for the
implementation of condition-based maintenance
(CBM) [9] and Prognostic and Health Monitoring
(PHM) [10]. The approach carried out for RUL
prognostic purpose is quite similar to the one used
for TTF estimation. The parameters associated with
the degradation process are estimated by
maximizing the likelihood function. Then the
degradation is extrapolated until it reaches the failure
criterion (D;, 20% deviation in our study) as
presented in Fig. 5.
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Figure 5: Time-To-Failure estimation and pdf
associated at aging moment 49h
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Figure 6: RUL estimation for different time during the
ageing process

The same estimation is performed at different
moments of the aging process. Thus the Remaining
Useful Life is defined by the duration between the
prognostic time and the estimated Time-To-Failure
(Fig. 6). Given the SiC MOSFETs taken as example
vehicles of the methodology, the very first estimation
after 19h and 30h of test are very pessimistic
compared to the real end of life (about 160h). These
underestimations of the TTF in the first hours of tests

are linked to the rapid increase of the Threshold
voltage at the beginning of the aging process as
observed in Fig. 4.

2.4 Reliability of air-core transformers

Air-core transformers are considered in the isolation
of control signal at the input of drivers. In a previous
paper, [11] endurance tests on the coreless chip had
been performed at 200°C and an important
degradations were observed. It was caused by
oxidation of the insulation layer as no specific
coating was used. In recent tests, the coreless chips
have been coated with parylene and the preliminary
results are presented in Fig.7.
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Figure 7: Relative Inter-winding capacitance
evolution of coreless transformer with (red) and
without (blue) parylene coating.

The parameter used to estimate the aging is the
parasitic capacitance between the primary and the
secondary windings of the coreless transformer. It
can be observed that for coated transformer, there is
no significant degradation. A preliminary conclusion
is that the proposed coreless transformers withstand
a temperature of 200°C. Currently, coreless
transformers are tested in a control isolation
application at 200°C with no issue.

2.5 Failure of capacitors and remaining useful life
evaluation

Electrolytic and metallized film capacitors are among
the most popular capacitors used in electronic
equipment for automotive. The choice of capacitors
is of major importance because one of the most
frequent causes of the equipment breakdowns
results from the failure of capacitors, and will
therefore determine the overall lifetime of the
system. During their operating lifetime, capacitors
may be subject to a variety of stresses that can
irreversibly degrade their properties with time and
cause their so-called "ageing". Ageing mechanisms
capacitors are quite well known for metallized film
capacitors [12-14] and electrolytic capacitors [15].
Considering the simplified electrical model showed in
Fig. 8, with ESR the Equivalent Series Resistance
taking into account all losses in the component; ESL
the equivalent series inductance due to the
capacitors windings and electrodes and C the
capacitance of the capacitor, ageing modes
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capacitors result in an increase of ESR and/or a
decrease of C.
ESR EsL C

A

Figure 8: Simplified electrical model of capacitors

For example, to model natural random events such
as self-healing phenomena (the main ageing
mechanism) for metallized polypropylene film
capacitor, the evolution of the capacitance C as a
function of time t can be given by the equation below
[13]:
C(t)=A+A1.A2.eXp(-A1.t) (4)

Where A is a parameter which depends on the
capacitance initial value, and Ay, A, depend on the
component characteristics and the applied stresses
[13]. The adequacy of equation (4) with the
capacitance evolution under different electrical and
thermal stresses is shown in Fig. 9.
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Figure 9: Comparison between the experimental
values and the capacitance evolution model, Ug
represents the capacitor rated voltage

For aluminum electrolytic capacitor, evaporation of
electrolyte is the main cause of ageing. When the
electrolyte evaporates, ESR increases significantly
and capacitance C decreases. Several models
describe ESR and C evolutions as a function of
ageing time. For example, C(t) and ESR(t) for a
given temperature can be given by:
C(t)=Co-ac.t (5)
ESR(t)=ESRo+ar.t.exp(br.t) (6)

ESRy and C, are the values of ESR and C for a
healthy capacitor. The different coefficients agr, bgr
and ac are functions of the component. They depend
on the geometry of this latter, of its technological
characteristics and of the utilized electrolyte.
Considering the Arrhenius model in (3), we can
deduce the evolution of the parameters of this model
as a function of time for another temperature. The
activation energy E, of Arrhenius model was
estimated at 0.4 eV.

Since the drifts of the different parameters are
known and can be expressed as equations,

predictive maintenance systems of capacitors can be
elaborated [16].

3. Energy storage

3.1 Ageing mechanisms in supercapacitors

The reliability and diagnostic of state of health of
different energy storage components are a major
issue.  Supercapacitors (SC) and Dbatteries
impedance monitoring is mainly used as a non-
destructive test for ageing monitoring. Our work
concern lithium-ion and lead-acid batteries and
supercapacitors. In this part, we do a focus on SC.
For storage energy in SC, electronic charges are
maintained face to face with ionic electrolytic counter
charges by electrostatic forces in two space charges
zones of nanometer scale (zone 1 and 3 in Fig. 10),
this phenomenon is called double layer. Other
electrolyte zone (zone 2) stays electrically neutral.
The energy storage capacity is proportional to the
face-to-face surface so the SC electrodes are
constituted by porous material (activated carbon
more commonly).

Separator

+10)9[0D
+

+9P 0L SNOI0g
PO snoiog
- 10393[0D)

Rl
Zonel Zone2 Zone3

Figure 10 : Constitution and energy storage principle

for SC

In electrochemical energy storage system, it is usual
to use Nyquist diagram for shown the impedance of
components. Fig. 11 presents the impedance
spectrum of a 3000F SC obtained by
electrochemical impedance spectroscopy (EIS). The
low frequency part of the spectrum (l) is associated
with the capacitive energy storage. The second zone
(I1) corresponds to the zone in which energy storage
doesn’t occur. Inductive phenomena start to occur
because of the wire-wounded geometry of
components [17-18].

As any electric energy storage system,
supercapacitors have a limited lifetime. Indeed, they
damage with time because of parasitic reactions
between electrodes and electrolyte. Porous
electrodes are complex structures and pores present
size  dispersion because of manufacturing
processes.
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Figure 11: SC Impedance spectrum for a 3000F SC

As a matter of fact, SCs behavior is dependent on
various parameters such as pore size distribution of
electrodes, electrolyte state, temperature, and
aging... We have developed multi-pore (MP) model
of supercapacitor taking into account physical
considerations. This model allows analyzing the
behavior of supercapacitor in its whole operating
frequency range by modeling each group of
electrode pores as a branch of an electrical
equivalent circuit. It is possible to study the specific
impact of ageing on supercapacitor through different
pore groups thanks to multi-pore model. Each group
of pores is represented as a parallel branch on the
equivalent circuit as shown in Fig. 12. Impedance of
the global MP porous structure is thus composed
with several branches as depicted in Fig. 13.
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Figure 12: Principle of MP model
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Figure 13: MP model equivalent circuit

As depicted in Figs. 14, a three-branches MP model
is very accurate to model the impedance behavior of
the SC throughout more than 3 decades. The
measurement frequency range includes the normal
frequency range of SCs usage.
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Figure 14: Fitting of MP model with experimental SC

As said before, highly reactive parasitic functional
groups present on electrode surface, porous
structure slowly blocks with parasitic reactions
products (solids and gases) as shown in Fig. 15.
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Figure 15: Ageing mechanisms for SC

All of SC ageing phenomena increase the Equivalent
Series Resistance (ESR) and decrease the
capacitance C of the porous structure as shown in
Fig. 16 representing SC impedance evolution with
time.
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Figure 16: Impact of ageing on SC impedance

MP model can be a powerful tool for SC aging
monitoring. The advantage of MP model compared to
others is that it allows following the evolution of
different pore groups. Many parameters change
during aging: the pore accessibility resistance (Reli)
to electrolyte (i.e. pore length), the branch
capacitances (i.e. storage surface), ions diameter
(solvation), thickness of double layer, etc. That allows
to explain the different process acting during ageing
and to monitor the latter parameters (Fig. 17). More
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information on MP aging monitoring can be found in
[19].
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Figure 17: Deduced effects of ageing on branches

In power network, supercapacitors are subject to
high frequencies current ripple due to the presence
of DC-DC converters. We have studied they are a
factor of overageing for supercapacitors. The results
show that high frequency current ripples are
transparent in term of ageing. These results are
interesting as they prove that the supercapacitors
can be inserted in polluted power networks without
particular precautions [20].

3.2 Supercapacitor remaining useful life evaluation
Two types of ageing may occur in supercapacitor
failure: floating ageing (constant voltage and
temperature constraints) and cycling ageing (high
current charge/ discharge cycles).

For floating ageing, the kinetic of supercapacitor
ageing depends essentially on temperature and
voltage. Floating degradation law can be obtained
thanks to Eyring law that generalizes Arrhenius
model on several parameters other than temperature
(here the voltage parameter is added). It is an
ageing law able to predict the lifetime of a system as
a function of constraints level (Usc voltage,
temperature T), a known lifetime for voltage Usc,
and temperature T4 constraints. It can be expressed
as follow [21]:

(—(Usc—Usm)) (—(T—T1)
U
tire(T, Use) = tye(T1; Usm)-AFUSC ¢ A,

Arusc and Agr are respectively called voltage and
temperature acceleration factors. They are the
quantifiers of ageing constraints impact. We can
notice than both acceleration factors are linked with a
differential value (AUsc and AT). A value of 2 for Agysc
or Arr means that the failure appearance time is
divided by 2 every time the constraint level is
increased by AUgc or AT.

For example, Fig. 10 presents the experimental
ageing results (capacitance decrease) for 60 °C
temperature for different voltage constraints. We can
calculate Agysc (1.8 for AUsc=0.1 V) and Agr (2.1 for
AT=10 °C) [20].

For cycling ageing, the charge/discharge current
heats the supercapacitor. The consideration of this

o )(7)

heating in the equation (7) is not sufficient. Indeed,
besides self-heating of the component, the current
creates a significant acceleration of ageing which
must be taken into account. In [22] a law considering
Irms current was proposed:

_(UZCU_SZSCJ)A(_(Z_Y‘TJ) (—(IRMJIS};:;MSJ)

FT Flpus (8)

with RMS current acceleration factors Arprus = 2 for
AIRMS=30 A.

Liire = tlife(Tlr'USCI,IRMSI)AFUSC
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Figure 18 Presentation of ageing results and lifetime
extraction

Nevertheless, the biggest issue of this method is that
it does not allow estimating the shape of capacitance
decrease with time. Thus, we take interest in ageing
laws able to give the capacitance value with time.
The loss of capacitance is mainly influenced by the
growth of one solid layer between the electrode and
electrolyte was proposed. The increase in interface
layer thickness is often represented by a law
proportional to the square root of time (t). This model
is quite well known for describing batteries ageing.
By considering that the loss of capacitance is
proportional to the growth of solid electrolyte
interface, we can express the loss of capacitance as
follow:

ACIOOmHz (t) = Ac \/{ 9)
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Figure 19: Decrease in Cgomnz (in percent)
compared with model

Comparisons between experimental results and this
law are presented in Fig. 19. The model parameters
are extracted on 75% of the experimental points
(identification zone) with a simple nonlinear least
squares method minimizing the difference between
(9) and the experimental capacitance decrease with
time.. The extracted parameters for 2.8 V, 60 °C are
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given as example in the figure. Then the model and
the 25% remaining experimental points are
compared (prediction zone).

3.3 Estimation of lithium ion battery state of health
Estimation of lithium ion battery state of health
depends on the type of vehicle. For electric vehicle,
the state of health is defined by considering the
battery capacity. This case is not discussed in this
paper.
In hybrid vehicles, lithium-ion cells constituting a
battery pack are frequently used to provide and
recover high power in order to assist the vehicle’s
internal combustion engine powertrain. This usage is
more present in mild hybrid applications where the
battery does not have long discharge time. In such
conditions, the pack’s series resistance Rs proved to
be an important parameter to monitor. This
resistance, monitored by the Battery Management
System (BMS), reflecting the available power level in
the cell can be used as an indicator to enhance the
security of the battery pack. Its evolution is also used
to quantify its ageing (State of Health).
The cells series resistance can be usually identified
through the voltage drop occurring across the cell
caused by a high current variation profile (mild hybrid
conditions). The calculation of Raya is based on the
voltage drops when current variations reach a
certain value. The following formula is adopted:
RAV/AI = AVcell /Alcell (10)

The determination of resistance at each current
variation may be inaccurate and/or noisy. This
inaccuracy increases with the variations between
successive iterations. Monitoring the resistance must
be "filtered" and one method than we propose is to
accomplish it through an "exponential moving
average" method. It offers the advantage of a
minimum storage space (no need to save the
previous samples) and a low computing power, which
is an advantage for BMS:
With the exponential moving average, the resistance
average Ry, is updated with each new measurement
of Rav/ai, Which is our value to filter.

Rs, = Rs,,.(1-a ) + Rayjar - 1
The level of previous samples taken into account is
performed through a coefficient a. This coefficient,
chosen between 0 and 1, modulates the new sample
compared to the previous average that includes the
effect of previous samples. The determination of a is
detailed in [23].
In Fig. 20, series resistance Rg determination is
represented with a 20 minutes current profile that
simulates mild hybrid utilization for a single cell
(nominal capacity of 11.5 Ah).
With different coefficients a, we can see the filtering
effect that introduces a delay in the determination,
but provides a more steady response. Some
compromises therefore allow satisfying results while

maintaining a good calculation close to real time
considering the operation mode.

This approach provides good results for mild hybrid
conditions, while minimizing the computing power
required.

Current (A)

N}

8 o

==L

— |
=

Voltage (V)
L
=
N
=
=
=
==
=

Resistance (m€2)
o
Q
I n
o

2 4 6 8 10 12 14 16 18 20
Time (min)

Figure 20: Determining the average series
resistance from incorrect initialization: 1 mQ

4. From diagnostics to prognostics

Research activities increasing the lifetime of complex
systems go through the knowledge of physical
phenomena or logical propagation defects.
Investigation fields include defect identification,
diagnosis and safe methods of design and fault
tolerance. Applications, which deal with electric
drives, actuator (motor, bearings), electrical drives
and storage elements (eg super capacitors), are in
constant evolution. Since these devices are widely
used in applications dealing with automotive as more
electric airplane, it is important to monitor and track
their ageing. Moreover, a novel approach has
recently been proposed to predict the ageing of ball
bearings, induction motors and super capacitors.
The challenge to overcome is the Remaining Useful
Lifetime of all these components. For that purpose, a
neo-fuzzy neural network has been developed in our

laboratory.
NFS
Better performance

RNN

Towards neuro-fuzzy
systems

Improved learning

FFN First prediction tool by ANNs
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: | : : time
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Figure 21: Applications of ANNs for the prediction.

This method is based on the analysis of recorded
data, in order to realize a prognosis or a diagnostic
of the device under test. Among all Artificial Neural
Network (ANN) applications from 1980 to now, we
can see that two types of network have been raised
up: the Feed Forward Neural Networks (FFNN) and
the recurrent neural networks (RNN)[24-26].
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However, Neural Networks need a training process
and they are composed inside the network of a large
number of non-linear functions. It is why some
authors describe it as a black box.

4.1 Neo-Fuzzy Neurons

In order to make a long-term predictor for diagnosis
purpose, a Neo-Fuzzy Neurons (NFN) developed by
Dr Rivas has retained our attention. Together, we
gave birth to an association of 2 structures based on
the fuzzy logic and the neural network. The Neo-
fuzzy Neurons predictor is composed of membership
functions for all inputs and the output system is
composed of a layer using sigmoid functions for
example. The structure of this long-term predictor
with n inputs and one1output is shown in Fig. 22.

%{ S
\ =2

>

f,,(x )
>W

Figure 22: One—step—ahead prediction by the NFN
predictor.

X1

The output of the NFN predictor is expressed as
follows

X1 = Nizo fi(xe—) (12)
Where x.; is the i-th input i={0,1,...,n}, %.,, is the
system output which represents the prediction at
time t+1.

The structural blocks of the neo-fuzzy neurons of the
hidden layer, are nonlinear synapses based on:

Xy = Z?ﬂ Wi Wi (Xe—) (13)
Where w; are weights and pji(x.i) is the membership
value.

Basically, membership functions are triangular
functions. Fig. 23 shows these functions that are as
follow:

XeoimCini
DO i € oo ci

Cji-Cj-1,i
HjiGee-) = % if x; € [Cji'cj+1,i] (14)
Jj+1,iCji
0 otherwise

Weights w; are updated during the training process
thanks to databases. The worldwide approach is the
incremental updating learning algorithm described as
follows:

Wi = =p Ry — Xt () (15)
Where p is the learning rate and x is the desired
output at time t+1. As a consequence, a long-term

prediction could be evaluated using this NFN at time
t+p as follows:
Revp = fo(xe) + -+ filoe) + -+ fu(xe—p) (16)
Hilx,)
A

1

Cpi=0  Cy; Cyi Chi G

i

i X,

Figure 23: Triangular membership functions.

4.2 Experimental Results on super capacitor
The experimental platform used super capacitors
(3000F, 2.7V) placed in a programmable precision
incubator for applying the temperature constraints
[27]. They are aged by groups of three at the same
voltage conditions (2.8V for the first group, 2.7V and
2.3V for the third group) and at the same
temperature (60°C). One can notice that the
dispersion between the SC aging states in the same
group is insignificant. All  components are
characterized regularly by using an impedance
spectrometer.

04

035 T

0.3

Q
Rgj00 (M)

0.25

/
02

T

— i
0 1000 2000 3000 4000 5000 6000 7000
Time (hours)

Figure 24: Training and validation of Cy by the NFN
predictor for accelerated calendar ageing test of SC1
(2.3V, 60°C) and SC3 (2.3V, 60°C).
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Figure 25: Training and validation of Rg1qp by the
NFN predictor for accelerated calendar ageing test
of SC1 (2.3V, 60°C) and SC3 (2.3V, 60°C).

After the data acquisition process, the serial
resistance Rs100 (Rs100 is defined as the real part of
SC impedance at 100mHz) and the double layer
capacitance Cy of the components SC1 at 2.3 V and
SC3 at 2.8V will be obtained. These parameters and
their corresponding voltages and temperatures will
be used as inputs to train the NFN predictor. Two
NFN models are defined. The inputs of the first one
includes the current voltage, temperature and the
time series of the serial resistance with V,=2.7V and
2.8V, T=60°C, r =100 (r denotes the prediction step)
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and n=7 (n defines the number of previous time
steps). The inputs of the second one include the
current voltage, temperature and the time series of
the double layer capacitance.

Fig. 24 and 25 perform the training and validation
results of the NFN predictor for Rgig9 and Cgq for
components SC1 and SC3. Results show the
efficiency of the proposed approach for the
prognosis of SCs.

4.3 Experimental Results on Ball Bearings defects
This NFN predictor was applied in a real system to
predict the trending data of bearings provided by the
Center for Intelligent Maintenance Systems,
University of Cincinnati. The test rig is composed of
four Rexnord ZA-2115 double-row bearings installed
on one shaft. The rotation speed was kept constant
at 2000 rpm with 6000 Ib radial load placed onto the
shaft and bearing by a spring mechanism. The Root
mean square (RMS) extracted from bearing vibration
signals is worldwide considered excellent parameter
for tracking the evolution of bearing condition. The
RMS of the vibration signal of bearing 1, 2, 3 and 4
was recorded during 35 days in 2003 (Fig. 26). The
vibration data of the bearing 4 are used to evaluate
the performance of the ANFIS and the NFN for the
prediction of its trending data. Vibration data of
bearings 1, 2 and 3 are available and are used to
identify the parameters of ANFIS and the NFN
predictor [28]. The prediction of the future condition
of the test bearing 4 consists of two steps: off-line
and on-line. In the off-line step, the vibration data of
the bearing 1, 2 and 3 are used to train the ANFIS
and NFNN predictor. In the on-line step, the RMS of
the vibration data of the test bearing 4 is used as
inputs in the ANFIS and the NFNN predictor in order
to predict the future values.
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Figure 26: RMS of bearing 1, 2, 3 and 4.

In order to predict the evolution of the bearing 4,
vibration data of the first 8 days of this bearing are
used to train the methods: ANFIS and NFN
predictor. This is made in addition to parameters of
these predictor obtained for bearings 1 to 3 during
the training process.

The results coming from the predictors (ANFIS and
NFN) applied to the bearing 4 are shown in Fig. 27.
As we can see, the result is better in term of faraway
prediction by using the NFN predictor in comparison

with the ANFIS predictor. This is the opposite
conclusion in terms of nearest prediction.

In conclusion, the obtained results show the
efficiency of both the proposed approach for the
prognosis and for the tracking of the evolution of
bearing conditions and the super capacitors.
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Figure 27: Predicted results of ANFIS and NFNN

5. Supervision and design for safety

5.1 Operating mode management

To ensure safety of a system subject to breakdowns,
it is not only necessary to diagnose or predict
failures, but the control of this system has also to
react to faults. For an electrical vehicle, the safest
response is usually to quickly stop the vehicle.
However, this implies a lower availability. Another
way to manage safety while ensuring greater
availability is to use fault tolerance techniques such
as isolation (performs the exclusion of the faulty
component) or reconfiguration (reassigns tasks
among non-failed components) [30]. When the
system includes several components, a failure of
one or more of them may leave the system in a
degraded mode that offers only a subset of services
to the user. To the extent that several components
can fail, it becomes necessary to define a
management modes policy. This management
allows defining several degraded modes as well as
several nominal modes. A mode is defined by a set
of used components and by a set of requirements.
For example, various nominal driving modes are
available in up-market cars: normal, comfort, eco,
sport... In each of these modes, all necessary
components (engine, suspension, steering...) are
available but aren't controlled in the same way
according to different requirements. In case of
damage of the performance of power steering or
suspension system a degraded mode of conduct,
with reduced speeds, ensures the availability of the
vehicle while ensuring the safety of passengers.
Formally, components and requirements are
modeled with automata [31] and the behavior is
studied with the point of view of event sequences.
The approach is primarily based on individual study
of each mode, starting with nominal modes, to
ensure controllability and non-blocking for each one.
The real difficulty is to study the mode changes to
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verify the feasibility of these changing requirements
including their physical feasibility. In fact, the state of
common components can prevent instantaneous
change and require a transient mode in which the
state of these components is adapted to the new
requirements. Various properties have been
formalized [32] in order to detect possible problems
of transition from mode 1 to mode 2, and those
related to possible return to mode 1 after a time in
mode 2.

5.2 Dynamic dependability assessment for
distributed systems

Dynamic dependability notions have gained
popularity as an efficient indicator to assess
performance degradation during system life. Time
dependent failure rates, as well as impact of
operating constraints (for corrective even predictive
maintenance), can no longer be ignored when
characterizing service efficiency (cost/benefits,
know-how, technologic engineering). In this way,
factors influencing reference failure rates are restore
rate have been discussed and computations are
available based on simulation tools. The attempted
results concern dimensioning as well as structural
and functional design on one hand. Fault tolerance
ability and real time reconfiguration would be also
established and human management on the other
hand.

The innovation investigation involves exploring a
formal approach that integrates the effect of system
life factors as maintenance means on associated
components. This approach overcomes the
drawbacks of pure probability oriented methods and
error-prone apprehension on a global level. It also
benefits from the inherent advantages of
encapsulated capability of the formal techniques
retained. Embedded formalism has been developed
to model two important elements of dynamic
reliability, namely component disturbance due to
time and operating conditions. These impact the
availability of the expected service on a global level.
Therefore, innovative local dependency calculus has
been introduced to model the dynamic reliability of
the component subject to environmental constraints.
High-level Petri nets have been used [29] on one
hand to compose this coupling paradigm, and on the
other hand to assess the dynamic reliability level for
resources (local) and to compute the risk of service
loss (global).

5.3 Component-based design of control-command
systems

Due to design constraints bounding delays, costs
and engineering resources, component re-usability
has become a key issue in embedded systems’
design. The expertise of the design process has
shifted from code writing to the efficient management
of Commercial-off-the-Shelf (COTS) libraries: by
assembling adequately COTS components new

functions can be quickly built. Yet by assembling
COTS that have been separately designed, the
resulting interactions cannot be entirely anticipated.
Unwanted global behaviors may occur, although
each component taken separately is considered free
of errors.

This is why ensuring a safe behavior of a COTS-
based system remains an important challenge. It
calls for safe design methods and techniques,
ensuring functional correctness.

Besides simulation, the model checking technique
[33] is vital for discovering subtle bugs, often difficult
to uncover by simulation. This technique is mature,
yet designers must correct errors manually. This
process is extremely tedious. It takes time, requires
high-level expertise and deep insight in the design at
hand. At any rate by attempting to manually correct
an error, another one can be introduced, what
creates a vicious circle.

This contribution provides a novel design method
[35] based on the synergy between the Discrete
Controller Synthesis (DCS) [34] and formal
verification techniques. The main challenge is the
automatic generation of correct-by-construction
control-command COTS-based designs.
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Figure 28: Safe COTS-based design method

In this contextt COTS are designed using
ControlBuild, according to a synchronous modeling
paradigm. According to Fig. 28, COTS are
assembled in order to meet functional specifications
(Step 1). The assembly result is formally verified
(Step 2), in order to assess the satisfaction of the
specifications. If the verification is successful, then
the design process continues; otherwise, a
correcting patch generation is attempted, by using
DCS (Step 3). The patch generation produces a
logic component that constrains the behavior of the
COTS assembly so that the desired functional
requirement holds in the end. This controller is
subsequently verified (Step 4) to ensure no
behavioral incompatibilities exist with other valid
functional requirements.

[m Automatic Error correction
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This method has been assessed on a simple yet
expressive example: a passenger access system
composed of two COTS: a door management and a
filling-gap management COTS. This composition
should satisfy a safety requirement: for passenger
safety reasons, the doors should not open as long
as the filling gap has not been fully deployed. This is
expressed into the property specification language
(PSL) standard: P = always (req_open -
ack_deployed before ack_open).

Physical
Filling-gap

T
'

Figure 29: Enforcing a functional requirement P by
DCS

The formal verification of P (Step 2) establishes its
violation. DCS is used (Step 3) to generate a
controller that is composed of the door and filling-
gap COTS, and guarantees the satisfaction of P.
The resulting controlled system is shown in Fig. 29.

[ tame ||| [N RN

sns_open

140')50')'60';
PEars NP .
|

sns_close
sns_withdrawn
sns_deployed ! 4 + 4 '
req_open®™ _I ............ —
req_open

req_close ™ [ e ] AP S .

req_close
env
req_deploy
req_deploy | ,
req_withdraw

req_withdraw | |
clk i i

Figure 30: simulation of the controlled system

In Fig. 30, simulation shows that at time 10s the
driver requests to open the door (req_open®") while
the filling-gap is not yet deployed. The controller
blocks this request (req_open) until second 31 where
the filling-gap sensor (sns_deployed) provides the
“full deploy” information; from that moment the
controller stops blocking the door opening request.
Regardless of the order in which the driver requests
the doors and filling gap operations, they always
operate in the safe order, according to P. The
resulting architecture is ready for further simulation if
desired, and for RTL synthesis.

6. Conclusion

Failure mode analyses, reliability, safety, diagnostics
and prognostics, health-monitoring cover among
other issues, a wide and interdisciplinary field. The
paper wishes to illustrate some of the approaches
where Ampere-lab brings contributions with respect
to challenges in more-electrical transportation.
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