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Experimental data concerning the reliability of fuel cell systems (FCS) in aviation are still
unavailable to technical community, while assessing reliability of a component or a whole
system represents a fundamental aspect that allows a new technology to be introduced in
a high safety system such as an aircraft. The main aim of this paper is to show a method to
estimate the reliability of an aircraft power system based on a hydrogen fuel cell, mainly
for design purposes. The method is based on a high-order adaptive response surface
technique, coupled with a dynamic model of the aircraft power system, and it is applied to
the failure event represented by an incorrect power supply due to the failure of sensors of
the control system of the powertrain. The most important advantage of the proposed
method is the low computational effort it requires. The result is a ranking of the most
critical sensors to be considered in the design phase of the power system and demonstrate
that accurate temperature sensors and sensor calibration are of dramatic importance for
the control of the stack power, in case of powertrain based on PEM fuel cell systems.
Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

Introduction

use of fuel-cell systems for propulsion of manned aircraft has
been adequately demonstrated only in three projects: Boeing
fuel-cell demonstrator airplane [1], the Antares DLR-H2 fuel-

In parallel with the increasing interest in renewable fuels,
high efficiency powertrain technologies start to be considered,
such as fuel cell technologies. The high efficiency and envi-
ronmental advantages of fuel-cell technology have generated
an increasing interest in the aviation community. So far, the

cell aircraft project [2], and the ENFICA-FC project [3].
Among the various types of Fuel Cells, the PEMFC tech-
nology has found widespread use, especially in vehicular
application [4]. Instead, only two fuel cell technologies could
be considered for aviation applications: PEMFC and SOFC,
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HEX, Heat Exchanger; FC, Fuel cell; MC, Monte Carlo; Mem, Membrane; ohm, Ohmic; RSM, Response surface method; st, Stack; WC,
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Notations

A Area, [m?]

Ac Cell active surface, [cm?]

Cy Water concentration, [mol/cm?]

D Diffusion coefficient, [cm?/s]

Eo Open Circuit Voltage, [volts]

C,Cp Specific heat, [J/(kg K)]

F Faraday number, [C/mol]

G Mass flow rate, [kg/s]

g Gibbs free energy, [W]

h Mass specific enthalpy of the mass flow, [J/kg]
i Current density, [A/cm?]

I Current, [A]

1 Electrode perpendicular distance

m Total mass, [kg]

N, Net water flow [mol/(s cm?)]

Nc Number of cells in series in the PEMFC stack
N4 drag coefficient [-]

P Pressure, [bar]

psat Saturation pressure, [bar]

R Universal gas constant, [J/(mol °K)]

R, Propeller radius, [m]

SHEX Frontal surface of the heat exchanger, [m?]
r Resistance, [Q m?]

5 Propeller thrust, [kg]

T Temperature, [°K]

tm Membrane thickness, [cm]

Ve Cell voltage, [V]
Veo Onset flow velocity, [m/s]
X; mole fraction of constituenti [-]

Wel Electric power produced by the stack, [W]

Greek letters

! electrode transfer coefficients [-]
(i) Heat transfer, [W]

n over-voltage, [V]

P Air density, [kg/m?]

while the AFC systems have been used for space, but issues
with poisoning by CO and CO, would eliminate applicability
for general aviation. The MCFC technology [5,6] is the less
suitable for transport application due to its low power density
and the adoption of the electrolyte in molten phase; they are
instead the cells with the higher rate of installation worldwide
in the stationary applications, mainly at the level of power
plants, with also the largest size power plant so far in opera-
tion (58.8 MW in Korea, produced by Posco energy).

Some of the key advantages and some disadvantages of
PEMFC systems over the other competitive types of FCs can be
specified as follows [7,8]: They provide high power density,
high chemical-to-electrical energy conversion efficiency, and
fast and easy start-up and operated a low temperature. The
disadvantages are: they are very sensitive to impurities of
hydrogen, need humidification units of reactive gases and use
very expensive catalyst (platinum) and membrane (solid
polymer).

In the early phases of the introduction of a new technology
in highly controlled systems, information about the elements

that most affect the reliability is critical for the designer. Un-
fortunately the reliability of new technologies is rarely known,
because of an insufficient pool of data, both in terms of
quantity and representativeness. In particular, for new device
such as fuel cells, the failures data are always very difficult to
obtain, due to the prolonged test periods required [9].

Some authors that works in fault detection and diagnosis
found that some common fault sources of improper operation
and control of fuel cell systems are sensors system (spurious o
mal function) [10—13].

Several authors such as Mawardi and Pitchumani [14],
Placca et al. [15] and Noorkami et al. [16] have worked on the
study of uncertainties with the idea of assessing the effects on
the performance of the fuel cell.

Mawardi and Pitchumani [14] develops a sampling-based
stochastic model to elucidate the effects of uncertainty in
operating cell temperature, anode pressure, and cathode
pressure on the variation of power density. A one-
dimensional non isothermal model is used to simulate the
fuel cell operation for each sample. Based on the stochastic
convergence analysis, a sample size of 100 was selected.

Noorkami et al. [16] estimate the expected level of uncer-
tainty in polarization performance based on a given uncer-
tainty in the temperature of the system (spatial and temporal).
A simple lumped mathematical model is used to describe
PEMFC performance under temperature uncertainty. An
analytical approach gives a measure of the sensitivity of per-
formance to temperature at different nominal operating
temperatures and electrical loadings. The uncertainty
assessment method used in this work is a direct Monte Carlo
simulation.

The work of Placca et al. [15] focuses on the statistical
analysis of the output voltage of a semi-empirical proton ex-
change membrane fuel cell model, introducing a degradation
rate on the cell active area. The statistical analysis is per-
formed by a quadratic response surface method and ANOVA
with 1000 samples. The authors are able to define sensitivities
and statistical description of the output, however the imple-
mented statistical method requires great computational effort
for models that require high number of variables.

In this work the authors present a method of failure anal-
ysis of fuel cell-based powertrain in case of aircraft applica-
tion that can be used during the design phase. The method is
general enough to be applied to different performance pa-
rameters of the targeted system, and to different sources of
failure (here described as uncertainty in the performance of a
component).

The novelties of the presented work are twofold: first of all
the problem is analyzed from the point of view of the fault of
sensors; this is due to the fact that the motivations of the work
is to provide a tool to define the required equipment of the fuel
cell system in an aeronautical application, where safety is
often achieved by redundancies. Sensitivities can provide a
useful measure of the relative importance of each sensor.

The second innovative aspect of the work is the used
probabilistic method: an adaptive response surface is used to
accurately predict the model outcome and to be processed by
estimation methods (Monte Carlo, FORM, SORM or any other
method). The method is able to evaluate the most suitable
form for the response surface and this allows an easier
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implementation of a high number of random variable and a
save in computational effort.

The Fig. 1 shows the PEMFC system, composed of the FC
stack and the balance of plant (a heat exchanger, a pump and
a water tank reservoir) furthermore shows the sensors
configuration. The analyzed sensor are: Anode inlet temper-
ature (Tan_in), Anode inlet pressure (Pan_in), Anode inlet mass
flow (Gan_in), Cathode inlet pressure (Pca_in), WC inlet tem-
perature (Twc_in), WC inlet mass flow (Gwc_in), Ambient
temperature (Tamb), Cathode inlet mass flow (Gca_in) and
Cathode inlet temp (Tca_in). From the FC control point of view,
the sensor signals could be treated as input parameters of the
control system.

Being the fuel cell a power generation device, one of the
most important parameter to control is (from an uncertainty
analysis point of view) the stack power of the system, since it
is the measure of the performance of the whole system. For
this reason the fuel cell stack power was chosen as the system
response to be studied by probabilistic investigation, while the
failures are represented by the misreading of the sensors used
by the logic of control to drive the fuel cells.

The problem was approached coupling a dynamic model of
the aircraft power system based on fuel cell, and an adaptive
high order method for response surface generation. This
approach has the advantage to use a complex dynamic model
that requires a significant computational effort, but a very fast
probabilistic method that allows to evaluation the behavior of
the model with sufficient accuracy without solving it for every
sample point of the random experiment space, as in standard
Monte Carlo simulations. The dynamic model was not only
validated by open literature case studies, but also, for the first
time as far as the authors are aware of, by a real world
application: the telemetry data provided by the six flights of
the ENFICA-FC aircraft were used to tune and verify the cor-
rect behavior of the mathematical model.

The result is a ranking of the most critical sensors: this
information can be used by the designer, as an example, to

consider the proper redundancy of sensors or the appropriate
handling of the data by the control software.

Description of the power system of the 2-seater airplane
powered by fuel cells

The fuel cell system was installed in the light sport aircraft
RAPID 200, manufactured by Sky Leader Aircraft. The
requested mission performance is reported in Ref. [17], how-
ever can be summarized as follow:

1. Take-off (max 40 kW);

2. Climbing up to 1000 m with a rate of climb of 2.5 m/s (max
40 kw);

3. Cruising over the airport at approximately 150 km/h for
40 min (max 20 kW);

4. Descending and landing;

The required power for each phase of the mission is shown
in Fig. 2.

A full description of the power system could be found in
Ref. [17], but it is briefly described here.

A hybrid battery/fuel cell system was chosen: the fuel cell
system able to provide 20 kW of net unregulated power and
two Li—Po battery packs supply 20 kW for 18 min. Although
the main motivation for introducing the hybridization in fuel
cell systems in aircraft applications is reduce the overall
weight of the system, the benefits are not limited to that. The
use of a second source of energy could work as an emergency
power source, as in the case of the failure of the fuel cell, in
order to allow pilot to land safely. To guarantee the necessary
performance, the brushless electric motor relies on air cooling
and this has led to a saving in weight as a water cooling sys-
tem is no longer required. The hydrogen storage and distri-
bution system consists of two tanks of 26 L each and they were
manufactured for a working pressure of 350 bar (leading to a
total H, mass capacity of 1.2 kg).

Tamb sensor

Anode exit
TACK
Cual Call
ruercett
Air compressor I .
| Air Fresh
Twec_in
| — /alh
| T DA N
I i [ N
A - Liquid
L(, ~ { /)_ Water separator
- ~ Tank
Gwec_in Water Pump
Current circuit Coolant circuit Air circuit Hydrogen circuit

Fig. 1 — General scheme of the sensor signals.
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Fig. 2 — Mission and required gross power profiles.

The FCS, designed and built by the UK-based Intelligent
Energy Company (EC200-168), includes two separate PEMFC
stacks electrically connected in series. Each stack is composed
of a series of 168 cells. The maximum power output of the
systems is approximately 20 kW net or 24 kW gross at
approximately 220 V. The membranes have an active area of
200 cm?. A complete description of the FCS and the Balance of
Plant is reported in Ref. [18].

Model description

A PEMFC stack dynamic model, taking into account the main
electrochemical, fluid-dynamic and thermal processes is
briefly described. The code (see Fig. 3) is based on a existed
dynamic model of the fuel cell and balance of plant [19]
coupled with the model of the propeller, and taking into ac-
count geometrical parameters of the aircraft [20,21]. The input
of the code needs data of the external environment (ambient
temperature and pressure), the mission profiles (altitude and
speed) and the propeller characteristic curves (obtained from
Ref. [22]). As it is shown in Fig. 3, the fluid dynamic model is
able to provide the instantaneous amount of fresh air wetting
the heat exchanger active surface where it cools the waste
water—air mixture from the fuel cell stacks. The cooled waste
water returns to the water tank to be re-used. In order to
obtain the stack power output, the temperature of the water
leaving the heat exchanger, the temperature of the water
entering fuel cell stack and the temperature at the cathode
side outlet have to be computed. Moreover, since the voltage
depends on the reactant pressures at the catalyst layer, the
concentration needs to be described as a function of the cell's
operating condition.

The code is based on physical inputs (Table 1) and fixed
parameters assumed from specific literature (Table 2), and
several assumptions were made to prepare these models: all
gases obey the ideal gas law; when the relative humidity of the
gas exceeds 100%, vapor condenses into the liquid form, in
order to obtain a computationally non-intensive ideally

analytical model an 1D description (One-dimensional treat-
ment) has been developed.

The model was validated on the basis of a thorough
demonstration session on an ultra-light aircraft, performed in
the framework of the ENFICA-FC project, during which an
extensive test campaign of six flights was performed. An
initial sensitivity analysis of the flight results is described in
Ref. [20], while the validation of the model through experi-
mental flight data is reported in Ref. [23]. The literature data
were obtained from publications written by Intelligent Energy
(IE), which as previously mentioned, is the manufacturer of
the Fuel Cell [24,25]. The lower and upper limits of the design
parameters were selected based on the basis of a parametric
study of PEM fuel cells found in Muller et al. (2006) [26].

Electrochemical model

In order to compute the fuel cell voltage, the open circuit
voltage (OCV) of the fuel cell is defined (Eo). When net current
is extracted from the fuel cell, a change in the equilibrium
conditions occurs and over-voltages take place. Activation
overpotential is expressed by the Butler—Volmer equation
[27,28] and could be written in explicit form with the electrode
overpotential, assuming that the symmetry factors on the
reaction on an electrode are equal [27,29]. The ionic resistance
of the membrane is related to the operating temperature, but
especially to the degree of humidification of the membrane
[29]. In Table 3 are summarized the key equations of electro-
chemical model.

Mass balance model

The cathode and anode flow behavior have been described on
the basis of the model presented by Pukrushpan et al., 2004
[31]. The gas transport in the gas diffusion layer is computed,
and the water transport across the membrane can then also
be analyzed assuming that the fuel is humidified and that the
effective water vapor pressure of the anode is 50% of the
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Fig. 3 — Schematic of the PEMFC-based system model coupled with fresh air model.

saturated vapor pressure [32]. The binary diffusion co-
efficients Dyso—n2, Do2_n2 and Do»_n20, have been determined
from the Slattery-Bird equation as outlined in Ref. [33]. The
equivalent water diffusion coefficient in the membrane (D)
and the electro-osmotic drag coefficient (ng) have been taken

Table 1 — System physical input.

Inputs Variable name Unit
Power required Wel req (kW]
Ambient temperature ety K]
Ambient pressure Pamp [bar]
Air inlet pressure Pair in [bar]
Hydrogen inlet pressure P in [bar]
Hydrogen inlet mass flow rate G2 in [kg/s]

from experimental data and curve fits from Ref. [30]. In Table 4
the key equations are shown.

Thermal model

The thermal model of the stack is briefly described here (Table
5), but a complete description could be found in Ref. [19].

Inlet fresh air flow HEX model

In order to develop an engineering model for inlet fresh air
flow inlet to the HEX, several approximations of real fluid
mechanics are required. In a previous work for the authors
[20], a simplified model that predicts the behavior of the heat
exchanger air intake is developed, even if the effect of the
propeller swirl wake and the pressure losses (due to skin
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Table 2 — Fixed assumed parameter values.

Name Parameter () Value

Anode exchange current density Toan 0.2 A/cm?
Anode pressure inlet B 101,325 Pa
Capacitance C 0.002 F/cm?
Cell active surface A 200 cm?
Convective heat transfer coefficient-FC body to ambient Neell-amb 20 W/(m? K)
Convective heat transfer coefficient-Water tank to ambient hwiank-amb 150 W/ (m2 K)
Frontal surface heat exchanger SHEx 0.042 m?
Membrane thickness tm 0.0025 Cm
Number of cells in series in the PEMFC stack Neen 336

Parameter of the heat transfer coefficient Kn 9000

Surface area-FC body to ambient Acell-amb 0.8 m?
Surface area-Water tank to ambient Awtank-amb 0.3 m?
Surface area-Heat exchanger to ambient AHEX-amb 0.6 m?
Thermal capacity of fuel cell body mCg; 24,000 J/K
Thermal capacity of coolant mCywe 8000 J/K
Thermal capacity of Heat exchanger mMCuex 25,000 J/K

Table 3 — Key equations of electrochemical model.

Description Equation Ref
FC voltage VEc = Eo — Mlact — Mohm — Meonc

reuit vol 8G(Toupo) | RTy ], [ P76
Open circuit voltage Eo=— >+t &n Paro
Activation loss at the electrodes Nactcat + Tactan = Tact = olsinh ™ <2_lfm> + &Tsinh ™! (2.§M> [27—29]
Cathode exchange current density Ipc = T?(552 x 107?) + Ts(—321 x 107°) + 0.04674 [23]
Ohmic loss Nohm = Tohm *1=Tohm = Telec =+ Tion = Telec < <Tion
Ionic resistance T = T = L [30]

(5,139x10-3 + A —3,26x10-3)exp (2416- (ﬁ—ﬁ) )

Table 4 — Key equations of mass balance model.

Description Equation Ref

Hydrogen effective partial pressure Ph, = 0.5pi 1 —1 [32,34,35]
channel RT_ _Istlan
XH,0 €XP | pun2F DH,y0H,

Vapor effective molar fraction Xy, 0 = X5pamel exp (FCRAF ﬁ)

Nitrogen effective molar fraction xy, = xgpamnel exp (pcR,,EF D%};)

5 5 . 1-x},
Oxygen effective partial pressure Po, = bito {T;? - 1}
Net water flux rate across the membrane Ny memb = Ng — Dy, 2even [30,33,35—39]

Total mass flow rate across the membrane
Average water in cathode and anode
Average water activity

Membrane average water content

tm
Gy,memb = Ny,memb * My *Apc*n

_ Dva

Dyan
Qcqg = 5 =
€@ ™ Psatea

TP Poatan

— dantdq

am

e

0.043 + 17.81ay, — 39.85a2 + 3642, >0 <anm < 1
14 + 14(am — 1)—1<am <3
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Table 5 — Key equations of thermal model.

Description Equation Ref
Rate of change of energy inside the control volume mCs; -4 = > +Gi+hyhi — | @AMB | — |OYC, | + Psource
Reaction enthalpy rate > #Gi*hypni = > (Giv *Cpinv * Tin — Giour*Cpiour* Tiour)

1 1
Heat convection to the external environment | PA™E | = AZmb, -heeloamb (Toy — T, )
Heat generation in the stack Dsource = Ne*1+Ac* [Ts'z'.Arg'm + Z"}}

j

Heat flux rate transfer — Fuel cell body to WC | @S, | = AXC, -hWC-SH(Tsy — Thyc)

friction) are neglected. These effects were simulated in a CFD
model [21]. During the operating condition, the pressure drop
at the heat exchanger is equal to the pressure prevalence
provided by the air intake as indicated in Eq. (1)

o(sz)

where kq, k,, k; are empirically determined constants [20], and
Gair is the air inlet flow rate.

Tr
wR2

1
2

Gair

SHEX

Giir'k1+cair‘k2+k3:%p'Vi+ )

Uncertainty and sensitivity analysis methods

The approach to failure analysis is usually deterministic, in the
sense that the random nature of the failure events is mathe-
matically or numerically treated so that it can be expressed by a
deterministicvalue[11]. The problem canbe also approached by
probabilistic methods that describe the basic parameters
through probability distributions, such as reliability-oriented
techniques. These techniques can be divided in two wide cat-
egories: numerical simulation (Monte Carlo method and related
variance reduction techniques) and limit state approximation
and variables transformation (Firstand Second Order Reliability
Methods). These two categories are representative of two
opposite approaches: the first methods do not introduce ap-
proximations in the probabilistic representation of the model
and perform a probabilistic evaluation through an accumula-
tion of deterministic analysis, resulting very time consuming.
The second methods introduce a wide range of probabilistic
approximations both for the basic random variables and for the
probabilistic space in order to transform the problem in a spe-
cial case for which some very peculiar properties hold; those
properties allow to evaluate probabilities very quickly, but with
approximations whose entity depends on the differences be-
tween the original model and the transformed one.

A good compromise could be obtained by response surface
methods; they are based on the approximation of the real
model by an explicit mathematical function, usually obtained
by best-fitting a proper number of strategically chosen points
of the original model.

In this paper, the high order response surface method
presented in Ref. [40] is applied to the FC model; the method
builds the response surface through high order polynomials
whose order is automatically adapted to the model itself.

The method can be briefly summarized in three steps:

e Determination of the first approximation dependency be-
tween the model and each single random variable in a +6c
range of probability;

e Determination of the polynomials general structure
exploiting the results of the previous step;

e Generation of the model samples by Latin Hypercube
Sampling [41] and final regression by Single Value
Decomposition technique [42].

The main advantages of the present method are the
following: as in every RSM, the original model evaluations are
far lesser than the ones required by a Monte Carlo simulation;
moreover the presented method, contrary to the relocation
techniques often used in RSM, keeps the full control on the
required simulation since the method accuracy improvement
doesn't depend on a convergence, but on the adaptive high
order polynomials. The method doesn't introduce any
approximation in the random variable space, so that the basic
random variables are correctly represented in the low proba-
bility density regions. Moreover a single execution can
generate different response surface for different model out-
puts, optimizing the original model evaluations done in the
first step and in the third step.

Sensitivity analysis of the fuel cell system model:
results and discussion

As mentioned above, the methodology is applied to the illus-
trative case study that has the stack power as the main per-
formance parameter and the sensor misreadings as the basic
random events that represent failures. The produced power
and the sensor readings are strongly connected by the control
software of the fuel cell system; a failure of one or more
sensors can severely compromise the control logic and hence
the functionality of the entire power system. The desired
result is a ranking of the importance of the effect of each
sensor to the selected performance parameter (the stack
power in this case).

Sensitivities represent the contribution of the uncertainty
of a single random variable to the global uncertainty of the
output random variable; this contribution can be interpreted
as the relative importance of one variable with respect to
another one, in the sense that a variable that mostly con-
tributes to the global uncertainty is more important because
its failure has a stronger effect on the performance parameter.
The computation of the sensitivity of the stack power with
respect to the main model parameters (m;) is performed
through the expression in Eq. (2), where W st is stack
electric power.
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Table 6 — Spurious signal distribution.

Name Variable Variable poly Distribution Mean value Standard deviation
Anode inlet temperature Termn_ i X4 Normal 1 0.015
Anode inlet pressure P n X5 Normal 1 0.015
Anode inlet mass flow Gan_in X3 Normal 1 0.015
Cathode inlet pressure Bl X4 Normal 1 0.015
WC inlet temperature T Xs Normal 1 0.015
WC inlet mass flow Goefin Xs Normal 1 0.015
Ambient temperature Tamb X, Normal 1 0.015
Cathode inlet mass flow G Xg Normal 1 0.015
Cathode inlet temp Tem_tin Xo Normal 1 0.015
spurious
signals

Monte Carlo

i

s Lo Dynamic
model

S

0.3 A/cm2

Single randon
variable analysis

Blynom. structure
selection

CDF evaluation
stack power

0.5 A/cm?2 $

0.7 A/lcm2

Latin Hypercube
Sampling

singular value

polynomial
structure

Sensitivity
stack POWER

(FORM) First
Order Reliability
Method

descomposition

Fig. 4 — General scheme of the sensitivity/uncertainly process.

VWei_stack (7
*ﬁ);_’ el-stack = f (i) @

In order to compare the importance of the variables, each
one has received the same probabilistic description in terms
of an equal probability distribution function; in this study a
normal distribution with a mean value of 1 and a standard
deviation of 0.015 was chosen (Table 6).

Each input of the system has been multiplied by a source of
uncertainty, as described in Fig. 4, in order to simulate the

S =

P = co + C1X1 + CoX2 + C3X3 + C4Xg + Cs5Xs + CsXe + C7X7 + CgXg + CoXo+

random (or spurious) signal. The distribution of each input is
shown in Fig. 5.

In the subsequent steps of the procedure, the probabilistic
code developed in Ref. [40] has been integrated with the
model developed in this paper, in order to develop the
response surface that is used for probabilistic sensitivity
analysis.

Applying the previously described procedure, a polynomial
structure is obtained, and of course this can be done for
different current density. As an example the structure for 0.5
A/cm? is reported:

2
+C10X7 + C11X1X2 + C12X1X3 + C13X1Xg + C14X1Xs5 + C15X1Xe + C16X1X7 + C17X1Xg+

+C18X1Xg + C19X2X3 + C20X2X4g + C21X2Xs5 + C22X2Xg + C23X2X7 + C24X2Xg+
+Co5X2Xg + Co6X3X4 + C7X3Xs5c + CogX3Xe + C29X3X7 + C30X3Xg + C31X3X9+

+C32Xi + C33X4Xs5 + C34X4Xe + C35X4X7 + C36X4Xg + C37X4X9 + C38X5Xe+

+C39X5X7 + C40X5Xg + C41X5Xg + C42XeX7 + C43XeXg + C44XeX9 + C45X;+
2

+C46X7Xg + C47X7X9 + C48Xg + C49XgXo;



10362

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 40 (2015) 10354—10365

MC Gan-in

40

i}
0.94 0.36 0.98 1 1.02 1.04
MC GWC-in

o
=)

40

30

20

0.95 1
MC Pan-in

o
@

30

20

40

MC Tamb

1)
0.94 0.96 0.98 1 1.02 1.04 1.06
MC Tan-in
40
30 7
20 1
10 1
1)
0.95 1 1.05
MC Tca-in
40 T
30 1
20 b
10 7
1)
0.94 0.96 0.98 1 1.02 1.04 1.06

MC TWC-in

0.94 0.96 0.98 1 1.02 1.04 1.06
MC Gca-in
40 T T T T T
z0r 1
I
0.96 0.95 1 1.02 1.04

1.06

Fig. 5 — Signal distributions.

In order to compute the 50 unknown coefficients, the code
generates 86 sample points via Latin Hypercube Sampling and
performs the regression through the Singular Value Decom-
position technique. The results are reported in Table 7.

The probabilistic sensitivity analysis is carried out for
different values of current densities (0.3, 0.5 and 0.7 A/cm?)
using the response surface generated by the methodology
shown in the previous sections; the 0.5 A/cm? case has been
used as the test case for the response surface generation
comparing it to a crude Monte Carlo simulation. In Fig. 6 the
comparison between the CDF evaluated by Monte Carlo
simulation (10° model evaluations) with the simulation done
through the response surface (model evaluations and 10°

response surface evaluations) of the stack power, is respec-
tively reported. The comparison shows good agreement be-
tween the two methods.

After verifying that the methodology is reliable, the RSM
analysis can be extended getting response surfaces for
different current densities, as shown in Fig. 4.

The most important advantage of RSM is the computa-
tional effort it requires; for model of complex systems whose
analysis is time consuming and accumulation of thousands of
simulations for reliability analysis may become unacceptable.

Sensitivities are a function of the value of the CDF; each
point of the CDF presents a set of sensitivities to the basic
random variables. In this case study the sensitivity values
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Table 7 — Regression Coefficients of the polynomial
surface of the stack power at 0.5 A/cm?.

Co C1 C2 C3
—2.79E+03 —1.10E+03 —9.03E+02 1.60E+03
Cq Cs Ce C7
7.45E+03 —2.76E+02 1.68E-01 1.28E+02
Cg Cg Ci0 Ci1
5.71E+03 —5.06E+03 —3.72E+03 2.54E+03
[€P) C13 Cig C1s
—1.44E+03 —3.11E+03 4.29E+03 2.48E—-02
Cig Ci7 Cig C19
—2.02E+00 5.57E+03 —4.89E+02 2.29E+03
Cao C21 C22 Co3
3.86E+03 —3.33E+03 —1.70E-01 4.11E+01
Cog Cas C26 Ca7
1.21E+04 —1.18E+04 1.39E+04 5.80E+03
Cog Coo C30 C31
1.50E-03 —7.63E+01 1.43E+04 —1.31E+04
C3p C33 C3q Css
—2.80E+04 7.61E+03 —2.23E-01 9.49E+01
C3g Cz7 C3g C39
8.12E+03 7.76E+03 6.11E-02 —1.26E+02
C40 Ca1 Cq2 Ca3
7.34E+403 1.05E+04 5.98E—04 —2.79E-01
Caq C45 Cae Ca7
2.39E-01 —2.06E-01 3.35E+01 —4.22E+01
Cag Ca9

—1.74E+04 4.40E+02

change in each point but the relative weight doesn't, so that
the relative importance of each sensor is the same in every
range of probability. For this reason, the sensitivity at a
probability level of CDF = 0.5 are reported as representative for
the sensitivities at each other probability level.

In Fig. 7 the sensitivities of the stack power to the input
(and measurable) variables are shown at the current densities
of 0.3, 0.5 and 0.7 [A/cm?] respectively. It's important to un-
derline that sensitivities are functions of the selected proba-
bility level, i.e. functions of a particular value of the CDF.

CDF stack power
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Fig. 6 — CDF of the stack power, in case of crude MC and MC
with RS.

Exploring different probability levels is necessary in order to
assess the real influence of a basic variable; for this reason in
Fig. 7 each variable is characterized by three different values
of sensitivities related to a low probability level (CFD = 0.001),
an average probability level (CFD = 0.5) and a high probability
level (CFD = 0.999).

For what concerns the effects on the stack power, at low
current density (0.3 A/cm?) the signal with the highest impact
is the temperature of the anode inlet to the stack (Tqy_in), While
at high density current (0.7 A/cm?) the most important signal
is the temperature of the cathode inlet to the stack (T¢q in). At
mean current density (0.5 A/cm?), it is possible to see that the
values of sensitivity are almost equal. These signals (Tq,_in and
Tca_in) deserve special attention since they corresponds to 80%
of the total stack power sensitivity for low and high current
density. A particular case is seen at low currents density and
high probability, where the ambient temperature (tsm,) shows
50% of impact over the stack power (see Fig. 7). The sensitiv-
ities of the signals of the anode pressure, the anode mass flow,
the cathode pressure, the cathode mass flow, the water cool-
ing temperature, the water cooling pressure and the ambient
temperature, reveal that the uncertainty in these quantities
does not affect much the stack power.

The results demonstrate that accurate temperature sen-
sors and sensor calibration are of significant importance for
the control of the stack power. The selection of the correct
sensor resolution for a fuel cell system application is a task to
be cautiously carried out. The sensitivity analysis helps to
determine the required characteristics (such as accuracy, re-
dundancies or resolutions) of every sensor. Starting with a
tolerated uncertainty, the sensor tolerances could be
calculated.

Therefore the methodology and the results could provide a
valuable tool for fuel cell control under uncertainty.

Conclusion

The introduction of new and innovative systems in aero-
nautics is a problematic issue because of the very strict safety
requirements an aircraft system is subject to, even during
experimental flight. Designers need to be able to predict fail-
ure scenarios to guarantee safety conditions, and to be able to
extend the range of application of the innovative system.

In this paper, a possible application of reliability assess-
ment for a hydrogen fuel cell aircraft, combining dynamic
modeling and structural reliability techniques, has been pre-
sented. In particular the analysis is carried out for sensors
failures, but the methods are widely applicable to other as-
pects of the reliability analysis. Sensors were chosen because
they constitute the basis of the FC control system, which is
extremely important for this innovative powertrain system.

The dynamic model developed by the authors proved to be
accurate since it has been validated through several real flight
tests of an FC powered two-seat ultra-light aircraft, in the
framework of the EU funded ENFICA-FC Project.

The main outcomes are the following:

1. The use of the proposed uncertainty/sensitivity analysis to
improve the failure analysis: the sensitivity analysis
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Fig. 7 — Sensitivity of the stack power towards the main control parameters @ 0.3, 0.5 & 0.7 A/cm?.

provides useful information to engineers for developing a
system, as well as appropriate sensor control
characteristics;

. The results demonstrate that accurate temperature sen-
sors and sensor calibration are of unavoidable importance
for the control of the stack temperature, over systems such
as PEM fuel cells;

. As an example in terms of power control of the system: the
sensor signal with the highest impact on the stack power is
the temperature of the cathode and anode inlet into the
stack (Tca_in & Tan_in);

. The time consuming simulations of the Monte Carlo
method took around 420 min when only a single cycle of
the 300 s for only one current density was run, while that
RSM took a few seconds. Therefore, for model of complex
systems, the most important advantage of RSM is the low
computational effort it requires;

. The presented method can easily integrate more complex
model (i.e. simulations done with commercial finite
element codes) of the elements of the power system; in this
case the response surface generation is affected, but once
generated the computational effort of the probabilistic
analysis is totally unaffected.
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