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a  b  s  t  r  a  c  t

This  paper  presents  a holistic  solution  towards  prognostics  of industrial  Proton  Exchange  Membrane  Fuel
Cell.  It involves  an  efficient  multi-energetic  model  suited  for diagnostics  and  prognostics,  developed  using
some  specific  properties  of  Bond  Graph  (BG)  theory.  The  benefits  of Particle  Filters  (PF)  are  integrated
with  the BG  model  derived  fault  indicators  named  Analytical  Redundancy  Relations,  for  prognostics  of the
Electrical-Electrochemical  part.  The  hybrid  prognostics  involves  statistical  degradation  model  obtained
using  real  degradation  tests.  Prognostics  problem  is  formulated  as the joint  state-parameter  estimation
rognostics
ond graph
article filters
EM fuel cell
emaining useful life

problem  in  PF framework  where  estimations  of state  of health  (SOH)  is obtained  in  probabilistic  domain.
This  in  turn  is  used  for prediction  of  Remaining  Useful  Life  (RUL)  under  constant  current  as  well  as  dynamic
current  solicitations.  The  SOH  estimation  and  RUL  prediction  is  obtained  with  very high  accuracy  and
precise  confidence  bounds.  Moreover,  a comparative  analysis  with  Extended  Kalman  Filter  demonstrates
the  usefulness  of PF.

© 2016  Elsevier  Ltd. All  rights  reserved.
. Introduction

Addressing the issue of sustainable energy requirement has
ecome a major challenge, especially as the world faces major
ecline of the available fossil energy resources and global warm-

ng. Usage of hydrogen as the energy source and development of
roton Exchange Membrane Fuel Cell (PEMFC) has emerged as one
f the promising solutions and a potential alternative to the fos-
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

il energy (Ziogou et al., 2011). However, several factors inhibit the
ide utility of PEMFC such as irreversible degradation mechanisms,
ultiple impairments etc. These manifest in form of deteriora-

Abbreviations: ARR, analytical redundancy relations; BG, bond graph; BG-LFT,
ond graph in linear fractional transformation; DM,  degradation model; DPP, degra-
ation progression parameter; EE, electrical-electrochemical; EKF, extended kalman
lter; EOL, end of life; ESCA, electro-chemical active surface area; FC1, fuel cell under
onstant current load; FC2, fuel cell under variable current load; GDL, gas diffu-
ion layer; I-ARR, interval valued analytical redundancy relations; OCV, open circuit
oltage; PDF, probability density function; PEMFC, proton exchange membrane fuel
ell; PF, particle filters; PHM, prognostic and health management; RA, relative accu-
acy; RMAD, relative median absolute deviation; RMSE, root mean square error; RUL,
emaining useful life; SIR, sampling importance resampling; SOH, state of health.
∗ Corresponding author.

E-mail addresses: jha.mayank.jha@gmail.com, jha@insa-toulouse.fr (M.S. Jha).

ttp://dx.doi.org/10.1016/j.compchemeng.2016.08.018
098-1354/© 2016 Elsevier Ltd. All rights reserved.
tion of the carbon support, the dehydration of the membrane, a
catalytic degradation and the ripening of the platinum particles
(Martínez et al., 2008; Schmittinger and Vahidi, 2008). These phe-
nomena generate voltage drops which are difficult to forecast when
a constant or variable profile of load (current) is considered (Pei and
Chen, 2014). Most of the phenomena described above are mutually
dependent and understood with insufficient clarity. The presence
of irreversible degradation severely affects the useful life of PEMFC
and leads to inefficiency, reduced lifespan, lesser power density
and high maintenance cost (Venkatasubramanian, 2005). This in
turn reduces the reliable deployment of PEMFC, thus preventing
its widespread use. The latter has led to an urgent need of effective
pro-active maintenance strategies against the traditional preven-
tive action ones. The latter lead to enhancement in the useful life of
PEMFC and reduction in the maintenance cost. The issue of useful
life assessment is best addressed from the perspectives of Prognos-
tic and Health Management (PHM) (Dai et al., 2013; Jardine et al.,
2006). For instance, knowledge of the Remaining Useful Life (RUL)
of a fleet of energy sources (e.g. batteries (Hu et al., 2014; Ng et al.,
2014) and PEMFC (Chen et al., 2015)) leads to good estimation of the
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

power that can be delivered to adapt the energy distribution. This
enhances the service time of the system and economic investment.

Thus, the core problem at hand can be seen in two folds: complex
and mutually dependent multi-energetic physics of PEMFC along

dx.doi.org/10.1016/j.compchemeng.2016.08.018
dx.doi.org/10.1016/j.compchemeng.2016.08.018
http://www.sciencedirect.com/science/journal/00981354
http://www.elsevier.com/locate/compchemeng
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mailto:jha@insa-toulouse.fr
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Notations

I0 Exchanged current in PEMFC
Ifc Load Current in PEMFC
IL Limiting Current in PEMFC
Rohm Global Resistance
ns Number of cells in a stack
Ufc Stack Voltage sensor

�d System parameter under degradation
�dn Nominal value of �d

��  Additive uncertainty on �
�� Multiplicative uncertainty on �
rn(t) Numerical evaluation of the nominal part of ARR
yd
k

Measurement of prognostic candidate �d(or, ˛) at
discrete time k

�d Degradation progression parameter associated to �d

X̂ Estimated value of species X
X∗ True value of species X
�X Standard deviation value of random specie X
�2
X Variance of population values of X

N Number of particles in PF
wi
k

Weight of ith particle at discrete time k

wd(t) Noise associated with the measurements yd
k

� Bounds of true RUL in � − � metric for RUL assess-
ment

 ̨ State of health indicator
 ̌ Rate of change of ˛
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�k Normally distributed artificial random-walk noise

ith the irreversible degradation mechanisms involved, and the
equirement of efficient assessment of the RUL for development of
fficient pro-active maintenance strategies.

Recently, Jha et al. (2016) proposed a hybrid prognostics
ethodology where benefits of Bond graph (BG) modelling tech-

ique and Sequential Monte Carlo based Particle filters (PF) were
ntegrated for efficient prognostics. As such, statistical or empirical
egradation models (DM) could be exploited along with information
btained from physics based models.

This paper implements the methodology proposed in Jha et al.
2016) in the context of PEMFC. As such, a holistic solution is devel-
ped towards aforementioned issues related to PEMFC. The first

ssue is tackled in BG framework where mutually-dependent com-
lex dynamics of PEMFC is systematically modeled and graphically
epresented. The second issue of prognostics is addressed for the
lectrical-electrochemical (EE) part of PEMFC in PF framework. To
hat end, the electrical global resistance parameter is considered
ncertain. Also, based upon the aging tests conducted in real time,
he global resistance and limiting current are considered as the
rinciple system-parameters undergoing significant degradation.
o achieve a robust detection of degradation beginning, uncertain
G model named BG in Linear Fractional Transformation (BG-LFT)
Sié Kam and Dauphin-Tanguy, 2005), is developed for the EE part.
his enables a robust detection of degradation-beginning in form of
n incipient parametric fault. Thereafter, prognostics is exercised
sing PFs.

To this end, a fault model is constructed in state space mod-
lling the dynamics of state of health (SOH) evolution. The latter is
nspired from the DM and observation equation is obtained from
he uncertain BG derived fault indicators or Analytical Redundancy
elations (ARRs). This way, the ARR used as the degradation indi-
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

ator, is further exploited to obtain SOH evolution information.
sing PF algorithms, SOH estimation is obtained along with the
stimation of the associated unknown parameter that influences
 PRESS
l Engineering xxx (2016) xxx–xxx

the degradation evolution. The latter is tracked to obtain the SOH
in probabilistic terms. These estimations are projected in future,
to achieve RUL predictions of the EE part of PEMFC. The method-
ology is applied on real degradation data sets under constant and
dynamic load (current) profiles.

Various motivations for the development of this work are:

• There are very few existing model-based works that propose effi-
cient prognostics for PEMFC. Wang et al. (2011) proposes physics
based DM of the Electro-Chemical Active Surface Area (ECSA),
used for damage tracking and prediction using Unscented Kalman
Filter. However, ECSA is only one of the many factors that influ-
ence the damage progression. As such, more efficient approaches
are needed. (Chen et al., 2015) proposed a rapid lifetime predic-
tion formula to estimate the voltage drop rate. However, with
only a linear DM employed, it required further investigation.

• Recently, (Jouin et al., 2014a,b, 2015) have efficiently exploited
PFs for efficient prognostics of PEMFC. Therein, DM considered is
purely empirical in nature, employing a model fitting log-linear
DM.  As such, it lacks the insight into the physics of the phe-
nomenon. On the contrary, in this work, based on aging tests,
SOH is considered to evolve linearly. Moreover, although the DM
is statistically derived, the measurement of degradation state is
obtained from the ARR which reflects the energetic assessment
of EE part. As such, understanding of the underlying physics is
not compromised during the process of prognostics.

• Contrary to constant current solicitations, dynamic solicitations
are more representative of the current load profiles encountered
in practice (residential applications under changing weather-
temperature conditions (Oh et al., 2012)). The latter have not
been studied much (Bressel et al., 2016b). In fact, presence of vari-
able speed of degradation progression, reduces the effectiveness
of model based approaches for prognostics. Moreover, machine
learning techniques remain useful to a limited extent as they
require many examples/samples of similar degradation patter.
In this context, this paper shows that PFs are able to estimate the
damage pattern efficiently and generate precise RUL predictions.

• Interestingly, the issue of PEMFC prognostics based in BG frame-
work has not even been attempted. For instance, although Saisset
et al. (2006) and Peraza et al. (2008) develop a detailed PEMFC BG
model, they are not suited for diagnostics or prognostics. Ould-
Bouamama et al. (2013) develops Signed BG model of PEMFC, but
for diagnostics purposes only.

The scientific interests and novel contributions of this paper are
listed as follows.

• BG model of industrially oriented PEMFC is developed with
efficient functional decomposition suited for diagnostics and
prognostics.

• An efficient robust detection of parametric-degradation-
beginning is achieved by development of BG-LFT model of the
electrical-electrochemical part.

• Benefits of BG modelling technique and Monte Carlo framework
are integrated for estimation of SOH and RUL prediction in PEMFC
context.

• The method is applied on EE part of PEMFC under: (i) constant cur-
rent load stack solicitation, (ii) Dynamic (variable) current load
solicitations, using real/experimental degradation data sets.

• The SOH estimator is replaced with Extended Kalman Filter (EKF)
for constant current load case and the performance is compared
with that of PF.
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

Besides this introduction section, Section 2 discusses the back-
ground and related works, Section 3 details the BG model of the
PEMFC, Section 4 builds the BG-LFT model of the EE part and

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 1. Bond graph model of the P

escribes the ARR derivation and adaptive thresholds. Section 5
etails the degradation tests in real time and Section 6 discusses
he methodology of prognostics. Then, Section 7 provides the vari-
us evaluation metrics. Section 8 details the results and associated
iscussions. Finally, conclusions are drawn in Section 9.

. Background and related works

.1. Bond graph related works

BG has been extensively used owing to the behavioral, struc-
ural and causal properties (Mukherjee and Samantaray, 2006), that
rovide a systematic approach towards development of supervi-
ion and fault detection and Isolation (FDI) of highly non-linear and
omplex thermo-chemical systems (Ould-Bouamama et al., 2012),
omplex hydraulic systems (Zhang and Hoo, 2011) etc. In BG frame-
ork, the model based FDI is mainly based upon ARRs (Bouamama

t al., 2003; Jha et al., 2014; Samantaray and Bouamama, 2008).
or deterministic systems, the properties and ARR generation algo-
ithm are well detailed in Bouamama et al. (2003). Moreover,
G-LFT has been widely implemented for robust diagnosis (to
void false alarms) through generation of adaptive thresholds with
espect to parametric uncertainties (Djeziri et al., 2011, 2007, 2009;
ha et al., 2014).

.2. Hybrid prognostics and particle filter based works

Hybrid prognostics approaches (Sikorska et al., 2011;
achtsevanos et al., 2007) combine the advantages of the
odel based approaches (Jardine et al., 2006) and data-driven

rognostics (Schwabacher, 2005), in that they employ physics or
tatistical based DMs, and use the measured information to adapt
he estimation of damage progression. Thus, the un-modeled
ariations and environmental changes, external noise etc. are
fficiently managed for estimation of state of health state and
ubsequent RUL predictions.
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

Based in Monte-Carlo framework, PF or Sequential Monte
arlo methods (Arulampalam et al., 2002), have been extensively
xploited for prognostic purposes. Most of the previous attempts
nvolving PFs provide the RUL predictions based upon the esti-
 in preferred derivative causality.

mate of the current state of health of the system parameter
(concerned prognostics candidate) and state of the hidden parame-
ters that influence the damage-progression/degradation. The issue
of current health estimation is usually addressed as joint state-
parameter estimation problem (Daigle and Goebel, 2011). Then, the
RUL predictions are obtained as probability distributions that take
into account various inherent uncertainties (Daigle and Goebel,
2011, 2013). Significant works include prediction RUL  prediction of
PEMFC (Jouin et al., 2014a,b, 2015), assessment of RUL in lithium-
ion batteries (Saha and Goebel, 2009), battery health monitoring
(Saha et al., 2009a), prediction of crack growth (Zio and Peloni,
2011), application to pneumatic valve (Daigle and Goebel, 2011),
prediction of wear (Daigle and Goebel, 2013) etc. Comprehensive
studies on various optimal or sub-optimal filters for prognostic pur-
poses are found in An et al. (2015), Daigle et al. (2012), Saha et al.
(2009a,b).

3. Bond graph model of PEMFC

PEMFC is an electrochemical converter which converts the
chemical energy of hydrogen and oxygen into DC electricity that
flows in an external electrical load. It is based on the reverse
principle of electrolysis. The well-established basic chemistry of
PEMFC is omitted in this paper. The latter can be found detailed in
Larminie et al. (2003). Instead, the physics based-BG model built
to achieve the objectives of this paper is presented in Fig. 1. The
global PEMFC system is decomposed into various subsystems. The
inputs and outputs for each of the subsystems are the exchanged-
powers represented by two conjugated power variables: effort
and flow (graphically shown by a half-arrow). Depending on the
physical field considered, the power variables have their respec-
tive meaning. For instance, the electrical system involves the
pair voltage-current (U, i), thermal convection involves the pair
temperature-enthalpy flow (T, Ḣ), thermal conduction involves the
pair temperature-thermal flow (T, Q̇ ), pressure-mass flow (P, ṁ)
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

models the hydraulic phenomenon, the pair affinity-speed of reac-
tion (A, J) models the chemical and electrochemical transformation
phenomenon and the pair chemical potential-molar flow (�, ṅ) for
chemical reaction. As the initial conditions are not fully known

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 2. BG-LFT model of Electrical-Electrochemical subsystem.

n a real process, the derivative causality (suited for diagnostics
Bouamama et al., 2003)) is preferred to the integral causality (close
o the reality of physics, suited for simulation purposes (Mukherjee
nd Samantaray, 2006)). Employment of derivative causality avoids
nknown initial condition problem for ARR generation process.
oreover, all the detectors (De for the effort detector and Df for the

ow detector) are dualized into sources of signal SSe and SSf respec-
ively. The latter are used as inlet nodes in the unknown variable
limination oriented graph (Samantaray and Bouamama, 2008).

.1. Hydrogen inlet and oxygen inlet

As shown in Fig. 1, source of hydrogen is represented by Se : PH2
here the corresponding pressure PH2 is a known quantity. The

alve represented by a resistive BG element R : Rhn (where sub-
cript n denotes the nominal value) regulates the flow of hydrogen
measured by SSf : FH2). The pressure on the anode compartment is

easured by the pressure sensor SSe : Pan. The hydraulic dynamics
storage of gases) is represented with the capacitive elements C :
H2 for anode. To transform the mass flow (kg/s) into a molar flow
mole/s), a transformer element TF

:1/M
is used where M is the mod-

lus representing the molar mass (kg/mol). Flow sensor SSf : FH2
easures the mass flow rate ṁH2 . Non-linear Bernoulli equation

inks the pressure across the valve PRh, and the flow ṁH2 through
he valve, as:

Rh = Rhn(ṁH2)2 (1)

.2. Oxygen inlet

In the similar fashion, Sf : FO2 represents the source of oxygen
nlet flow, pressure sensor SSe : PO2 measures the pressure on the
node compartment, the hydraulic dynamics (storage of gases) is
epresented by the capacitive BG elements C : CO2 for cathode, a
ransformer element TF

:(R,T,P0)
transforms the mass flow(kg/s) into a

olar flow (mole/s).

.3. Chemical part

The reduction-oxidation reaction (driven by the chemical affin-
ty) is modeled using the Gibbs free energy �G in the 1b junction
s,
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

G  = A1 + A2 − A3 (2)

1 = �H2, A2 = 1
2
�O2, A3 = �H2O (3)
 PRESS
l Engineering xxx (2016) xxx–xxx

�H2 = �H2
0 + RTH2 ln (PH2) (4)

�O2 = �O2
0 + RTO2 ln (PO2) (5)

�H2O = �H2O
0 (6)

where R is the perfect gas constant,�x is the chemical potential of
species x and the water is in liquid phase. The three transformer
elements therein,TF

:vi
(i = 1, 2, 3), have their respective modulus 	i,

that represent the stoichiometric coefficients of the reactants (	1 =
1 for hydrogen and 	2 = 2 for oxygen) and the product water with
	3 = 1.

3.4. Electrical and electro-Chemical (EE) part

The EE subsystem accounts for electrical part and activation-
diffusion losses. The kinetics of reaction as shown in (2), generates
an over-voltage which is termed as activation loss. Furthermore,
the resistivity of the membrane electrode assembly decreases the
operational potential due to the Ohmic effect. The resistance value
depends on the degree of humidification of the membrane and on
the temperature. Finally, the reactive species are consumed and
imply a loss of partial pressure on the reaction surfaces. The latter
phenomenon significantly reduces the Nernst potential, especially
at high currents (Larminie et al., 2003). This phenomenon is called
diffusion/concentration losses (Park et al., 2015). Moreover, during
transients, electron accumulation along the membrane electrode
interface is observable. It is the double layer capacitance effect.

In the BG model, the EE subsystem and the chemical part are
connected using the transformer TF

:1/ne F
. This results in obtaining

the thermodynamic potential E0 as,

E0 = −�G
neF

= −A1 + A2 − A3

neF
(7)

where ne is the number of electron involved in the reaction and F is
the number of Faraday. RS is an active two port dissipative (resis-
tive) element that generates thermal energy. The two  port thermal
dissipative element RSohm models the Ohmic losses (membrane,
electrodes and connectors). Similarly, the activation and the diffu-
sion phenomenon are modeled by RSac and RSdf respectively. The
associated power variables are related as,

Uac = ATln

(
Ifc
I0

)
(8)

Udf = BTln

(
1 − Ifc

IL

)
(9)

where, A is the activation constant;A  = R/
nF and B is the diffu-
sion constant; B = −RT/
nF with 
 as the transfer coefficient,I0 is
the exchanged current, Ifc is the load current and IL is the limiting
current i.e. maximal current the fuel cell is able to provide. The
double layer capacitance phenomenon is modeled by a capacitor
element C : Cdl and imposes the dynamics of the activation phe-
nomenon. Uel is expressed at the junction 0C , as the solution of the
equation:

Ifc = Uel

Rohm
+ Cdl

dUel

dt
(10)

where Rohm is the global resistance (membrane and connectors).

3.5. Thermal part
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

The active elements and the chemical reaction being exother-
mic, generate heat that needs to be evacuated by means of a cooling
system. The thermal resistance of the PEMFC and cooling circuit

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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s modeled by the passive resistive element R : Rcc (representing
he thermal resistance). The thermal dynamics is fixed by the ther-

al  capacitance C : Cfc which depends on the fuel cell temperature
measured by the temperature sensor SSe: Tfc) and the ambient
emperature is represented by an effort source Se:  Tcc. The various
ower variables are related as,

˙ca = �SH2O ṅH2O − �SO2 ṅO2 (11)

˙ an = −�SH2 ṅH2 (12)

˙
ohm =

U2
fc

Rohm
(13)

˙
fc = C

dTcc
dt

(14)

˙ cc = Rcc
(
Tfc − Tcc

)
(15)

˙
df = Rdf I

2
fc (16)

˙ ac = RacI
2
fc (17)

here ṅx is the molar flow and �Sx = �Sx0 +
T∫

298

Cp
�
d� is the flow of

ntropy of the specie x.

. Generation of determinist ARRs and robust thresholds

In this work, the determinist ARRs are derived through energetic
ssessment at the junctions of BG model in preferred derivative
ausality of Fig. 1. The BG-LFT model of EE subsystem can be used
o derive uncertain ARRs in presence of additive or multiplicative
ncertainties. An uncertain ARR can be decoupled into nominal and
ncertain parts (Djeziri et al., 2011, 2007, 2009).

.1. Derivation of determinist ARRs of PMFC

In BG context, ARR is a constraint expression being a function of
ystem parameters and known variables as,

RR : f (SSe, SSf, Se, Sf, MSe, MSf, �) (18)

here � is vector of system parameters. The numerical evaluation
f the ARR gives a residual r, r = Eval[ARR]. For detailed description
f ARR derivation method and application of the latter, readers are
eferred to Bouamama et al. (2003), Djeziri et al. (2007), and Ould-
ouamama et al. (2012). In Fig. 1, at junction 1a (associated with
ow sensor SSf: FH2), the ARR candidate is deduced using power
onservation law: sum of efforts is equal to zero,

RR1 : PH2 − Pan − PRh = 0 (19)

Based on covering causal paths, using (1) and known
ariables,PH2 = Se : PH2, Pan = SSe : Pan and ṁH2 = SSf : FH2, (14) is
xpressed as,

RR1 = SSe : PH2 − SSe : Pan + Rhn(FH2)2 (20)

This ARR can be used to monitor the flooding (such as valve

ARR2 = r2,n(t) + r2,unc(t)

= ns

(
E0 − (Rohm,n)Ifc − AT︸  
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

lockage) in the channels of the PMFC. The latter does not form the
nterest of this paper. The second ARR is deduced from junction 1c:

RR2 : ns
(
E0 − Uac − Udf − Uel

)
− Ufc = 0 (21)
 PRESS
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where ns is number of cells in a stack. Here, ns = 1. From (4)–(9) and
(10), the unknown variables can be eliminated using causal paths
and known electro-chemical relations, such that ARR2 is expressed
as:

ARR2 = ns

⎛
⎜⎝�H2

0 + RTH2 ln (PH2) + 1
2

[
�O2

0 + RTO2 ln (PO2)
]

− �H2O
0

− RohmIfc − ATln

(
Ifc
I0

)
− BTln

(
1 − Ifc

Il

)
⎞
⎟⎠ − SSe : Ufc

(22)

Note that due to fast electrical dynamics (10) has been approx-
imated as (De Bruijn et al., 2008),

Uel = Rohm.Ifc (23)

ARR2 is sensitive to drying, flooding and aging of the fuel cell. The
latter form the main focus of this paper. The third ARR is derived
from junction 0d in the thermal field:

ARR3 : Q̇ ac + Q̇df + Q̇an + Q̇ca + Q̇ohm − Q̇cc − Q̇fc = 0 (24)

From(6)-(12), the unknown variables are eliminated to express
(24) as,

ARR3 = RacI
2
fc + Rdf I

2
fc − Rcc

(
Tfc − Tcc

)
− C

dTcc
dt

+
U2
fc

Rohm
− �SH2ṅH2 + �SH2OṅH2O − �SO2ṅO2 (25)

This ARR can be used to monitor a fault in the cooling system,
which is out of the scope of this paper.

4.2. Generation of robust adaptive thresholds

In principle, the robust ARRs can be generated from BG-LFT as
detailed in Mohand Arab Djeziri et al. (2007, 2009, 2011). The pro-
cedure is not detailed in this paper. Moreover, as the interest of
this paper doesn’t lie in diagnosis of PEMFC per se,  BG-LFT model
of PEMFC is not developed here. Instead, BG-LFT model of EE sub-
system is built for the robust detection of degradation-beginning.
Consider BG-LFT model of EE subsystem, wherein the resistance
element R : Rhohm is considered as an uncertain parameter (cf. (26)).
The multiplicative uncertainty �Rhohm related to additive uncer-
tainty �Rh  as shown in (27).

Rhohm = Rhohm,n(1 + �Rhohm ) (26)

�Rhn = ±�Rh/Rhn (27)

Consider ARR2(see (22)) derived from energetic interaction
present in the electrochemical subsystem, ARR2 can be decoupled
into nominal part r2,n(t) and uncertain part r2,unc as,

Ifc
I0

)
− BTln

(
1 − Ifc

Il

))
− SSe : Ufc︷︷  ︸

r2,n(t)

− ns
(
�RhohmRhohm,nIfc

)︸  ︷︷  ︸
r2,unc(t)

(28)

The uncertain part is used to form the thresholds as,
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

−a < r2,n(t) < a (29)

a = |wRohm | = ns|�RhohmRhohm,nIfc | (30)

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 3. 10 kW in-lab test bench: (a) air and hydrogen supplies, (b) humidifiers, (c) cooling system (the PEMFC is located behind), (d) electrical load, (e) control and acquisition
unit.

5

p

5

i
s
a
t
a
t
p

5

a
1
f

a
F
I
a
c

Table 1
Operating Conditions.

Parameter FC1 FC2

Number of cells,ns 5 8
Surface 100 cm2 220 cm2

Temperature, T 60 ◦C 80 ◦C
Anode and cathode stoichiometry ratios 1.5−2 1.5−2
Absolute pressure anode/cathode,PH2& PO2 1.5 bar 1.5 bar
Relative humidity anode/cathode 50% 50%
Nominal current, I 70 A 100 A
Fig. 4. Recorded voltage for FC1.

. Degradation tests and degradation model

This section describes the industrial PEMFC setup and aging tests
erformed to obtain an appropriate DM.

.1. Experimental setup

Degradation tests are carried out on a 10 kW test bench as shown
n Fig. 3, which regulates the temperature (by means of a cooling
ystem (c)), the moisture content (through boilers (b)), the anode
nd cathode pressures (through the air and hydrogen supplies (a)),
he electrical load (d) and the test bench adjusts the gas flow rates
ccordingly. The stack voltages are recorded continuously (through
he acquisition unit (e)) during the test with a one-hour sampling
eriod.

.2. Degradation tests

Two different type of degradation tests were performed:
Constant Load Test (referred to as FC1): This test is done for

bout 800 h, on a commercially available stack of 5 cells, surface of
00 cm2 and a nominal current Inom of 70A. This corresponds to the
uel cell one (FC1).

Variable Load Test (referred to as FC2): This test is done on
 8-cells stack PMFC with a surface of 220 cm2, provided by the
rench Atomic Energy and Alternative Energy Commission (CEA).
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

t is subjected to a �-CHP profile (Combined Heat and Power) for
 period of 900 h. This profile is designed to simulate the energy
onsumption of a building along a year and follows the seasons:
nom

Maximal current Imax 140 A 170 A

• Winter: Imax for about 250 h.
• Spring: 7 cycles of 24 h between Inom and Inom/2, followed

by Inom/2 until 500 h.
• Summer: Inom/2 for 100 h, followed by 9 cycles of 24 h between
Inom/2 and null power demand until t = 800 h.

• Autumn: Inom/2 until the end of the test.

The operating conditions of these two PEMFC are summarized
in Table 1.

5.3. Degradation model

Although, it is possible to mathematically model the degrada-
tion physics (for instance, the loss of catalytic activity), in general,
obtaining a physics based degradation model is a difficult task in
the PEMFC context. The latter is caused due to huge variations in the
degradation processes as most FCs are handmade. As such, degra-
dation physics is sensitive to the quality of materials and gases
used. Moreover, as of now, correlation of the physics based degra-
dation models with experimental data is difficult. For instance, it is
impossible to obtain measurements of the ECSA, compression of the
Gas Diffusion Layer (GDL), and ionic resistance of the membrane.
These measurements can be performed only after PEMFC has been
dissembled.

On the other hand, the stack voltage can be measured easily to
obtain statistical degradation models. Moreover, the stack voltage
values represent the energetic assessment of the EE subsystem, to
which the parametric degradations can be correlated. Periodically
throughout the life of the fuel cell, the static response is measured
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

with a polarization curve (voltage as a function of the current) as
shown in (31). Note that ARR2 derived in (22) is nothing but the
polarization curve shown in (31), wherein the voltage sensor Ufc is

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 5. Polarization Curve and fitting result during aging for FC1.

ualized to SSe : Ufc to felicitate the derivation of ARR2 (22). Thus,
RR2 expression is used to obtain the polarization curve as,

fc = ns

(
E0 − RohmIfc − AT ln

(
Ifc
I0

)
− BT ln

(
1 − Ifc

IL

))
(31)

At each characterization time, Levenberg-Marquardt method is
sed to extract the parameters of (26). The algorithm is initiated
ith a set of parameters whose values are chosen from the lit-

rature (Laffly et al., 2007; Larminie et al., 2003). The algorithm
xtracts: the Open Circuit Voltage (OCV)E0 at nominal pressure and
emperature, the global resistance Rohm (membranes, connectors,
nd plates, etc.), the exchange current I0 and the limiting current
L .

.3.1. Constant load tests (FC1)
With nominal current of 70 A, the recorded stack voltage Ufc (at

ampling period of one Hour) is shown in Fig. 4.
Then, model fitting of the measured polarization curves (during

ging) is shown in Fig. 5. Fig. 6 shows the evolution of the param-
ter value with respect to the initial one (in percentage). From the
our chosen parameters, only two show significant deviations: the
verall resistance Rohm increases by more than 12% while the limit
urrent IL decreases by 13%.

.3.2. Variable load (FC2)
The current load profile and the corresponding recorded voltage
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

or FC2 is shown in Fig. 7. The corresponding polarization curve is
hown in Fig. 8.

The evolution of extracted parameters is shown in Fig. 9. Signif-
cant deviations are visible in: i) the overall resistance Rohm which

ig. 6. Case FC1: Deviation of the parameters values (in percentage of their initial value) 
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increases by more than 70%; ii) the limit current IL that decreases
by 60%. As observed for both FC1 and FC2, only two parameters
Rohm and IL show significant deviation over their initial values.
Change in Rohm is mainly due to degradation and dehydration of
the polymer membrane and the corrosion of the carbon support for
the resistance (Fowler et al., 2002). The limit current decreases due
to the ripening of the catalyst particles, an insufficient evacuation
of the water (due to changes in the surface) and the compression
of the GDL (Schmittinger and Vahidi, 2008). There is no significant
evolution in the value of the OCV and the exchange current I0, com-
pared to the other parameters. Therefore, OCV and I0 are considered
constant.

For a given operating condition, since only the stack voltage is
measured, it is impossible to separate the mutual coupling of global
resistance and limiting current i.e. the loss due to both of the phe-
nomena is not observable simultaneously. Moreover, although not
perfectly, both Rohm and IL seem to evolve in an approximate linear
fashion. Therefore, the variations in the latter are parameterized
with a single parameter ˛, a State of Health (SOH) indicator (not
to be confused with � − � metric, see Section 7). The parametric
variation is expressed through a linear model as,

Rohm (t) = Rohm,n (1 + ˛ (t)) (32)

IL (t) = IL,n (1 − ˛ (t)) (33)

˛ (t) =  ̌ × t (34)

where  ̌ explains the rate of change of  ̨ and sub-script n denotes
the nominal value. Very recently, a similar approach has been fol-
lowed in Bressel et al. (2016a) for construction of DM. In this work,
SOH is assessed with respect to state of  ̨ and ˇ.

5.4. Remark

The phenomenon of voltage drop following a linear-logarithmic
relation is admitted by the fuel cell community (Jouin et al., 2014a;
Kundu et al., 2008). In our context, with linear evolution of the
SOH indicator ˛, the voltage drop follows a linear-log relation
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

(see (26)). Here, linear voltage drop is due to increase in mem-
brane resistivity and logarithmic part is caused by increase in
concentration/diffusion losses. The latter is significantly related
with deviation in limiting current (Kundu et al., 2008).

during aging: (a) Change in E0, (b) Change in I0, (c) Change in Rohm (d) Change in IL .

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 7. Recorded profile for FC2: (a) Current (Load) Profile (b) Recorded Voltage.
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Fig. 8. Polarization curves during aging for FC2.

.4.1. Degradation model
SOH indicator  ̨ is chosen as prognostic candidate with respect

o which, RUL predictions are generated.  ̌ influences the speed of
egradation; as such, it is considered as the degradation progres-
ion parameter (DPP) (M.  S. Jha et al., 2016). DM is inspired from
tatistical evolution of Rohm and IL(see (32)-(34)) as,

(t) = ˇ(t) × t + v (35)

here v∼N(0,  �2
v ) is the associated process noise.

. Hybrid prognostics

In this section, the hybrid prognostics methodology proposed in
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

ha et al. (2016) is applied in the PEMFC context. However, instead
f building uncertain BG model with interval valued uncertainties,
G-LFT model (see Fig. 2) is exploited for robust detection of degra-
ation initiation. It should be noted that although the DM model is
obtained in a statistical way, the measurement of the degradation
is obtained from BG model based power conservative ARR.

6.1. Fault model

The prognostic candidate is included as a tuple (˛, ˇ) to construct
a fault model in state space form.

6.1.1. State equation
In discrete time k ∈ N, state equation is inspired from DM (see

(35)) as,

˛k = ˛k−1 + ˇ
k−1 × �t  + vk−1 (36)

ˇk = ˇk−1 + �k−1 (37)

where, vk∼N(0,  �2
v ) is the associated process noise, hidden DPP ˇ

is modeled as random walk process, �k∼N(0,  �2
�

) is random walk
noise and �t  is the sample time. The state transition dynamics is
assumed to follow first order Markov dynamics.

6.1.2. Observation equation
The observation equation relates the degradation information

with the state variables  ̨ and ˇ. ARR2 (see (28)) corresponds to
energetic assessment in EE subsystem; as such, it remains sensi-
tive to Rohm and IL . With suitable algebraic manipulations, nominal
part of an uncertain ARR can be exploited to obtain state infor-
mation (Jha et al., 2016). In this manner, detection of degradation
commencement and prognostics can be achieved in a unified way.
To this end, ARR2 is expressed as,( ( ) ( )
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

ARR2 : r2(t) = ns E0 − Rohm,n (1 + ˛ (t)) Ifc − ATln
I0

−BTln
(

1 − Ifc
IL,n (1 − ˛ (t))

))
− SSe : Ufc = r2,n(t)

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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ig. 9. Case FC2: Derivation of the parameters values (in percentage of their initial 

+ns
(

−Rohm,n˛ (t) Ifc − BTln

(
1 − Ifc

IL,n (1 − ˛ (t))

)

+BTln
(

1 − Ifc
IL,n

))
(37)

∀t > 0, power conservation in ARR dictates,

r2(t) = r2,n(t) + ns

(
−Rohm,n˛ (t) Ifc − BT ln

(
1 − Ifc

IL,n (1 − ˛ (t))

)

+BT ln

(
1 − Ifc

IL,n

))
= 0 (37

Thus, measurement of ˛ (t) can be acquired from r2,n(t). In dis-
rete time k, observation equation is built as,

yd(k) = r2,n(k) = ns

(
Rohm,n˛kIfc + BT ln

(
1 − Ifc

IL,n (1 − ˛k)

)

−BT ln

(
1 − Ifc

IL,n

))
+ wdk (37)

here wd
k
∼N(0, �2

wd
) models the noise associated with residual

easurements. It is considered additive, independent and identi-
ally distributed (i.i.d.) drawn from a zero mean normal distribution,
ssumed to be uncorrelated to state process.�wd is approximated
rom residual measurements during degradation tests.

.2. Particle filter based SOH estimation and RUL prediction

The RUL predictions are obtained on the basis of actual SOH
stimate which are in turn achieved using Bayesian inference. The
ayesian solution to the problem of ˛

k
, ˇ

k
estimation at dis-

rete time k, based upon the history of measurements till time
, yd0: k

, is formulated as state-parameter joint estimation prob-
em in PF framework. The SOH estimate is obtained in form of
robability density function (PDF)p(˛

k
, ˇ

k
|yd0: k

). The arriving
easurement yd

k
, is assumed conditionally independent of the

tate process. The likelihood function becomes as,
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

(
ydk |˛k, ˇk

)
= 1

�wd
k

√
2�

exp
(

−
(
ydk − hd

(
˛k, ˇk

))2
/2�2

wd
k

)
(38)
 during aging: (a) Change in E0, (b) Change in I0, (c) Change in Rohm (d) Change in IL .

where hd(.) is any non-linear function constituting the obser-
vation equation (32). Given the prior PDF p(˛

k
, ˇ

k
|yd0: k−1),

Bayes rule is applied to update the prior as the measurement
arrives (Arulampalam et al., 2002). The latter gives the pos-
terior PDF of degradation state p(˛

k
, ˇ

k
|yd0: k

). However, the
recursive computation of posterior involves an integral due to
which, in general, closed form solutions cannot be obtained. Thus,
one resorts to Monte Carlo sampling based PF where the state
PDF is approximated by set of discrete weighted samples or

particles,
{

(˛i
k
, ˇi

k
), wi

k

}N
i=1

, where N is the total number of par-

ticles. For ith particle at time k, ˛i
k
, ˇi

k
are the joint estimate of the

state. In PFs, the posterior density at any time step k is approxi-
mated as,

p(˛k, ˇk|yd0 : k) ≈
N∑
i=1

wi
k.ı(˛i

k
,ˇi
k

)(d˛
i
k dˇik) (39)

where ı(˛i
k
,ˇi
k

)(d˛
i
k
dˇi
k
) denotes the Dirac delta function located

at (˛i
k
, ˇi

k
) and sum of the weights

N∑
i=1

wi
k

= 1. In this paper, PF is

not described; it can be found well detailed in Arulampalam et al.
(2002).

6.2.1. State of health estimation
In this work, sampling importance resampling (SIR) PF is

employed owing to the easiness of importance weight evaluation
(Arulampalam et al., 2002). Firstly, it is assumed that the set of

random samples (particles)
{

(˛i
k−1, ˇi

k−1), wi
k

}N
i=1

are available as

the realizations of posterior probability p(˛i
k−1, ˇi

k−1|yd0 : k−1) at
time k − 1. Then, three main steps are followed as illustrated in
Fig. 10.

6.2.1.1. Prediction. The particles are propagated through system
model by: sampling from the system noise vk−1 and simulation of
system dynamics (see (31),(32)), as illustrated in Fig. 10. This leads
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

to new set of particles which are the realizations of prediction dis-
tribution p(˛

k
, ˇ
k
|yd0 : k−1).

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 10. Illustration of estim

.2.1.2. Update. As the new measurement yd
k

arrives, a weight wi
k

is
ssociated to each of the particles based on the likelihood of obser-
ation yd

k
made at time k:

i
k = p(ydk |˛ik, ˇik)/

N∑
j=1

p(ydk |˛
j
k
, ˇj
k
) (40)

.2.1.3. Resampling. Previous steps lead to a situation where the
mportance weights become increasingly skewed. After few iter-
tions, all but one particle have negligible weights (particle
egeneracy) (Doucet and Johansen, 2009). To avoid the latter, a new
warm of particles are resampled from the approximate posterior
istribution obtained previously in the update stage, constructed
pon the weighted particles. The probability for a particle to be
ampled remains proportional to its weight. This way, particles
ith smaller weights (signifying less contribution to estimation

rocess) are discarded and particles with large weights are used
or resampling (see Fig. 10). In this work, systematic resampling is
referred owing to its simplicity in implementation, O(N) com-
utational time and modular nature. Being modular in nature,
he algorithm code can be simply injected into the main proce-
ure. In this paper, systematic resampling algorithm as given in
rulampalam et al. (2002) has been implemented.

The prediction,  update and resample procedures form a single
teration step; they are applied at each time step k.

.2.2. RUL prediction
The critical/failure value ˛fail must be decided beforehand. Once

he posterior PDF p(˛
k
, ˇ
k
|yd0 : k

) has been estimated at time step
, it can be projected in future such that information about EOL at
ime step k, EOLk is obtained depending upon the actual SOH. Then,
UL at time k, can be obtained as,

ULk = EOLk − k (41)

Obviously, such a projection of degradation trajectory in future
as to be done in absence of measurements. As illustrated in Fig. 11,

n order to achieve such a projection, posteriorp(˛
k
, ˇ
k
|yd0 : k

) can
e propagated using state model (36) until the failure horizon ˛

fail
is

eached. The latter may  take ld time steps so that  ̨ ≥ ˛fail at a time
 + ld. This calls for computation of the predicted degradation state
(˛
k+ld , ˇ

k+ld |y
d
0 : k

) as (Doucet et al., 2001):

p(˛ , ˇ |yd )
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

k+ld k+ld 0 :  k

=
∫

...

∫ k+ld∏
j=k+1

p
((
˛
j
, ˇ

j

)
|
(
˛
j−1, ˇ

j−1

))
p(˛

k
, ˇ

k
|yd0 : k

)

k+ld−1∏
j=k

d
(
˛
j
, ˇ

j

) (42)
 process in Particle Filters.

In PF framework, (37) can be evaluated by propagating each of

the particles
{

(˛i
k
, ˇi

k
), wi

k

}N
i=1

constituting p(˛
k
, ˇ
k
|yd0 : k

), ld-
step ahead into future (Daigle and Goebel, 2010; Jouin et al., 2014a).
Here, ld = 1,.  . .Td − k, where Td is the time until SOH remains lesser
than failure value i.e. time until ˛

k+ld ≥ ˛
fail

. Each of the particles is

propagated using the state equation (31). In this paper, for the ith

particle, the corresponding weight during the ld,i-step propagation
is kept equal to weight wi

k
at time of prediction k. This is based upon

the assumption that error generated/accumulated by keeping the
weights same, is negligible compared to other error sources, such
as settings of process noise, measurement noise, random walk vari-
ance, model inaccuracy etc. (Orchard, 2007). Then, for ith particle,
RULi

k
= k + ld,i − k = ld,i and the corresponding PDF is obtained as,

p(RULk|yd0 : k) ≈
N∑
i=1

wi
k ı(RULi

k
)(d RUL

i

k) (43)

The pseudo algorithm for SOH estimation and RUL prediction is
shown in Table 2.

7. Evaluation metrics

Various metrics employed to evaluate the prognostic perfor-
mance are briefly discussed. Readers are referred to Saxena et al.
(2010) for details and Daigle and Goebel, (2010), Daigle and Goebel,
(2013) for the implementation of the same. Root mean square error
(RMSE) metric expresses the relative estimation accuracy as:

RMSEX =
√
Meank

[(
mean(X) − X∗

X∗

)2
]

(44)

where, for species X , X∗ denotes the corresponding true
values.Meank denotes the mean over all values of k. At a par-
ticular prediction instant k, the prediction accuracy is evaluated by
relative accuracy (RA) metric as,

RAk =
(

1 − |RUL∗
k

− Medianp(RUL
k
)|

RUL∗
k

)
(45)

RA = Meankp(RAk) (46)

where RUL∗
k

denotes the true RUL at time k. The overall accuracy is
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

determined by RA as shown in (40), where RAk is averaged over all
the prediction points. Moreover, � − � metric (Saxena et al., 2010),
is used to assess the RUL prediction performance. Here, � ∈ [0,  1]
defines the bounds of true RUL as (1 ± �)RUL∗

k
. The third parameter

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 11. Schematic illustration o

Table 2
SOH Estimation and RUL Prediction using SIR PF.

Algorithm: SOH estimation and RUL Prediction for FC1 and FC2

Inputs:
{

(˛
k−1

,i, ˇ
k−1

,i), wi
k−1

}N

i=1
,r2,n

Variable: l

Output:
{

(˛
k
,i, ˇ

k
,i), wi

k

}N

i=1
; p(RUL

k
|r2,n)

% SOH Estimation
for i = 1 to N do
ˇ
k
i∼p(ˇ

k
,i|ˇ,i

k−1
)

wi
k
∼p(yd

k
|˛,i
k
, ˇi

k
)

end for

W ←−
N∑
i=1

wi
k

for i = 1 to N do
wi
k

←− wi
k
/W

end for{
(˛
k
,i, ˇ

k
,i), wi

k

}N

i=1
←− RESAMPLE

{
(˛
k
,i, ˇ

k
,i), wi

k

}N

i=1
% RUL Prediction
for i = 1 to N do
l  = 0
while ˛,i

k+l ≤ ˛
fail

do

ˇi
k+1

∼p(ˇi
k+1

|ˇi
k
)

˛i
k+1

∼p(˛i
k+1

|˛i
k
, ˇi

k+1
)

l  ←− l + 1
end while
RULi

k
←− l

end for{ }

ˇ
d
c
t

8

t

8.1.3. RUL predictions

T
E

RULi
k
, wi

k

N

i=1
∼p(RUL

k
|r2,n)

 ∈ [0, 1] signifies the desired (pre-fixed) fraction of the RUL pre-
iction probability mass percentage that should fall between the
ones of accuracy determined by ˛, for the respective RUL predic-
ion to be acceptable.

. Results
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The BG-LFT derived thresholds (see (23)-(25)) are used to detect
he initiation of degradation, when the ohmic resistance exceeds its

able 3
stimation-Prediction Performance Under With Different Number of Particles.

N RMSEr2,n RMSE˛ RMSEˇ

100 9.03% 31.43% 22.3% 

500  7.56% 28.67% 17.78% 

1000  6.84% 25.43% 11.44% 

2000  4.2% 23.56% 9.3% 
f RUL prediction process.

permissible deviation limits. Once the degradation is detected, the
estimation and RUL prediction process is triggered.

8.1. Constant load (FC1)

Motivated from Fig. 6, ˛fail = 0.12 signifies EOL of FC1 with
12% deviation on initial value. Moreover, the true value of ˛,˛true is
considered to evolve in a perfect linear way with true value of
slope ˇ, ˇtrue = 1.3 × 10−4. Thus, ˛fail is reached at 900 h. Value of
the measurement noise variance �2

wd
is obtained from square of

the standard deviation of the nominal residual r2,n recorded during
degradation tests, as �2

wd
= 10−6.

8.1.1. PF settings
Estimation performance by PF (see Fig. 12), is realized with

N = 2000 particles. The measurement noise variance in PF is set as
100 times that of residual measurement variance �2

wd
. This is done

to ensure a good estimation of the noisy measurement through-
out (M.  J. Daigle and Goebel, 2013). The initial random walk noise
variance is set as, �2

�
= 10−10 for a quick convergence. A good

value for process noise variance is found through successive tuning
as �2

v = 10−6, to obtain a smooth desirable estimation. As shown in
Fig. 12c, degradation is detected at t = 58 h by thresholds triggering
the prognostic module. The thresholds a and –a, are sensitive to 2%
uncertainty over nominal Rhohm i.e. �Rhohm = ±2% Rhohm and the
constant Ifc(cf. (25)). The measurement signal r2,n(t) is estimated
with RMSEr2,n = 4.2%. This way, the non-linearity that locally man-
ifests in the residual is accurately estimated.

8.1.2. SOH estimation
Fig. 12a shows the estimation of fairly linear  ̨ with RMSE˛ =

23.56% .  ̌ remains fairly constant; it is estimated accurately
with RMSEˇ = 9.3%.
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

Fig. 13 shows the box plots of RUL prediction obtained at time
intervals of 25 h (for the sake of clarity). For all time points, pre-
diction performance is assessed using �-� metric with � = 0.4 and

RA Computation Time
Taken for First
Prediction Step

Total Computational
Time for Prediction

68.54% 14.56 s 6.45 min
76.56% 1 min 34 s 1 h 34 min
89.43% 2 min 28 s 3 h 31 min
96.07% 4 min 5 s 6 h 48 min

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 12. Estimation performance in PF for FC1 (a). Estimation of  ̨ (b) Estimation of ˇ.(c) Measurement via. residual and its estimation.
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 = 0.4. The latter implies a requirement of 40% of RUL probability
ass containment within 40% of true RUL value, for the RUL pre-

iction to be considered viable. The percentage of probability mass
alling within the accuracy cone is indicated against each box plot.
tarting from t = 200 h, almost all the predictions are true (accept-
ble), except the ones at the last four prediction-points. This mainly
rises due to characterizations performed at t = 800 h, so that an
nsufficient recovery effect manifests on the stack voltage while
he latter is being recorded. Over all, starting from t = 350 h, the

rediction performance is very good with RA = 96.07%.
As shown in Table 3, with various PF factors kept same, an

ncrease in number of PF particles leads to efficient measure-
ent estimation and prediction accuracy. This justifies the choice

 = 2000, implemented in this paper. During RUL prediction, each
f the particles is propagated into future. As such, computational
omplexity is: i) directly related to number of particles used, ii)
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

nversely related to the time instant (from start) at which RUL pre-
iction is made. It also depends upon estimation values of hidden
PPs (M.  J. Daigle and Goebel, 2013). This is clearly reflected in
n in PF for FC1.

Table 3. Computational time per sample step usually decreases as
the time of prediction nears the end of life. In fact, larger the num-
ber of particles employed, higher is: i) estimation efficiency, ii) RUL
prediction efficiency, iii) consumption of total computational time.
These 900 h of data were run on an Intel Core i7 Processor with
16 GB RAM and 2.30 GHz clock frequency. The total time taken for
prediction was  6 h 48 min  (see Table 3).

8.1.4. Discussion
With real experimental data at hand, in reality, ˛true is only

approximately linear and ˇtrue is never perfectly constant. As
such, RMSE˛ and RMSEˇ cannot be regarded as reliable metrics for
evaluation of estimation performance. However, RMSEr2,n rightly
indicates the accuracy of measurement estimation. Moreover, pre-

diction performance is accurately judged by RA metric as the speed
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

of degradation is uniform (constant loading regime).
Performance comparison: Recently, Bressel et al. (2016a)

obtained the SOH estimations using Extended Kalman Filter (EKF)
(Celaya et al., 2011; Haykin, 2004), exploiting the same degradation

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 14. Estimation and RUL prediction by EKF for FC1 (a). Estimation of  ̨ (b) Estimation of ˇ. (c) Measurement via. residual and its estimation (d) RUL Prediction.

Table 4
Performance comparison with Extended Kalman Filter.

Estimator RMSEr2,n RA Total Computational
Time for Prediction

d
h
s
t

t
e
i
e

a
R
d
w
a
p
b
n
l

8

6
v
f
s
m
r
a
t
e
t

N
r
l
L
a

Table 5
Standard deviation & RMSE of Residual measurements.

Time Standard Deviation of
Measurement (Residual r2,n)

RMSEr2,n

100 < t < 300 h 0.156 V 42.56%
300 < t < 570 h 0.0532 V 19.56%
PF (N = 2000) 4.20% 96.07% 6 h 48 min
EKF  9.86% 38.16% Around 5 s

ata set. For a comparative study, the methodology implemented
ere is replaced with EKF as the Bayesian estimator. A total of 20
imulations are performed with different settings of EKF parame-
ers. The results are shown in Fig. 14.

With EKF as the estimator, the bounds on RUL are obtained using
he Inverse First Order Reliability Method (IFORM) (Hohenbichler
t al., 1987), which is used to estimate unknown parameters (for
nstance, the RUL) for a specified failure probability level (Bressel
t al., 2016).

As observed in Table 4, although the sub-optimal EKF gives

 manageable RMSE, the associated RA (considering the mean of
UL’s PDF) is comparatively very low. Moreover, there is a huge
ifference in the computational time. Thus, EKF may  be employed
here computation time is the major concern. As prognostic issues

re majorly dealt in an offline manner, PF outperforms EKF and
romises better prognostic outputs. Moreover, EKF may  not be the
est choice of the estimator when degradation models are highly
on-linear (like crack propagation etc. (Zio and Peloni, 2011)). The

atter, however, can be well taken care by PF.

.2. Variable load (FC2)

Motivated from Fig. 9, ˛fail = 0.6 signifies end of life of FC2 with
0% of deviation on its initial value. In the variable load regime, the
arying current profile (see Fig. 7) mimics the PEMFC usage in dif-
erent seasons. Variable load profile affects the speed of degradation
ignificantly. As such, ˛true seems to evolve in a piece-wise linear
anner (see Fig. 9(b) and (d)). In fact, ˛true and ˇtrue are unknown in

eality. Moreover, measurements are severely affected by the char-
cterizations (see Fig. 7(b) and Fig. 15. (c)), as re-standardizations of
emperature conditions and evacuation of liquid water are done at
ach phase of characterizations. This is followed by recovery effects
hat enable a good SOH estimation.

PF settings: SOH estimations (see Fig. 15) are realized with
 = 2000 PF particles. The initial measurements r2,n are heavily cor-
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

upted with noise and remain sensitive to stack voltage and current
oad. As such, the detection of degradation-beginning using BG-
FT thresholds is not viable. For this reason, the SOH estimations
re triggered at initial time t = 0 h. Values of measurement noise
570 < t < 820 h 0.0145 V 6.85%
820 < t< 900 h 0.0136 V 1.54%

variance �2
wd

are obtained from square of the standard deviation
of the nominal residual r2,n for various time regimes, as listed
in Table 5. The measurement noise variance in PF is set as 100
times that of residual measurement variance �2

wd
. This is done to

ensure a good estimation throughout. The RMSEr2,n for different
time regimes are listed in Table 5. It should be noted that less
RMSEr2,n can be obtained with different PF settings; however, this
may  lead to non-smooth estimations of ˛(t) and ˇ(t) with very large
spread and thus, non-viable RUL predictions.

SOH Estimation:  Due to variable speeds of degradation, the reli-
able ground truths for evaluation of RMSE˛ and RMSEˇ cannot be
found. Thus, a quantitative comparison of estimation performance
of ˛(t) and ˇ(t) cannot be made using RMSE˛ and RMSEˇ. However,

qualitatively, the results are observed to be very satisfactory as ˆ̨
reaches ˛fail at EOL. The initial random walk noise variance is set as,
�2
�

= 10−10 for a quick convergence. A good value for process noise

variance is found through successive tuning as �2
v = 10−5, to obtain

the desirable estimation.
RUL Predictions: Box plots of RUL predictions are shown in Fig. 16.

It should be noted that prediction accuracy in Fig. 13 (constant load

case) is assessed by RUL*, �-� and RA metrics. However, predic-
tion accuracy Fig. 16 cannot be evaluated using the same metrics
due to non-uniform rate of degradation. In Fig. 16, RUL predictions
obtained until t = 475 h are virtually useless owing to their huge
median value and large spread. This can be attributed to the large
associated RMSEr2,n . However, after t = 475 h, useful predictions are
obtained with small RMSEr2,n ; this leads to efficient estimations
of ˛(t), ˇ(t). The accuracy of RUL predictions is reflected by the
fact that it converges to zero at its true EOL of 900 h. Moreover, at
t = 800 h, the RUL seems to converge to value zero. This is in accor-
dance with estimation of ˛(t) which seems to reach ˛fail at t = 800 h,
followed by recovery of SOH before the next characterization is per-
formed (see Fig. 15. (c)). Clearly, the RUL distribution is assessed
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

with very high accuracy and precise confidence bounds. Being run
on the computer of same configuration as FC1, the RUL  prediction
took around 4 h 28 min  of total computation time.

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Fig. 15. Estimation performance in PF for FC2 (a). Estimation of  ̨ (b) Estimation of ˇ.(c) Measurement and its estimation.

Predic

9

1

2

Fig. 16. RUL 

. Conclusions

 The BG model of PEMFC is developed in this work which presents
a simplified graphical representation of the complex physics of
PEMFC and efficient decomposition based upon functionality.
Moreover, the model is well-suited for diagnostics and prognos-
tics as a systematic derivation of fault indicators is achieved by
exploiting structural and causal relationships. This BG model can
further be used for prognostics of other sub-systems (hydraulic,
thermal etc.) as the degradation data is procured or DMs  become
available. The latter forms a potential future work. Additionally,
the exact knowledge of degradation commencement is essen-
tial for efficient prognostics. The BG LFT model constructed for
the subsystem of interest provides the significant information
of degradation-beginning through robust passive-type detection.
This technique can be exploited as a diagnostic module in an inte-
grated health monitoring framework or separately, over other
subsystems in PEMFC context.

 In this paper, the two degradation tests were performed under
Please cite this article in press as: Jha, M.S., et al., Particle filter based h
graph framework. Computers and Chemical Engineering (2016), http:

completely contrast situations (constant load and variable load
solicitations), over two dimensionally different PEMFCs (FC1 and
FC2). They have: (i) given similar degradation trend (ii) been suc-
cessful in indicating the subsequent RUL for each case. As such,
tion for FC2.

ohmic resistance and limiting current can be exploited as viable
prognostics indicators. Moreover, the linear degradation model
can be employed over similar PEMFCs with other machine learn-
ing techniques for prognostics.

3 It has been successfully shown that PF provides SOH estimations
and RUL predictions with very high accuracy, accompanied with
precise confidence bounds. Moreover, the RUL evaluation met-
rics employed in this paper are comprehensively much stricter
than the existing PF based works (Jouin et al., 2014a,b, 2015), that
employ PF for PEMFC prognostics. Additionally, the accuracy of PF
is shown to be much higher than EKF, but with higher computa-
tional cost. Specifically, an approximate 96% of relative accuracy
is achieved for RUL predictions under constant current solicita-
tion. The PF computational time has been analyzed with different
number of particles for 900 h of data, wherein maximum accuracy
is achieved with an approximate total of 7 h of computational
time. The latter signifies an effective 28 s of computation per hour.
As such, PF can be used as a dedicated estimator in real time for
prognostics. On the other hand, for variable current load case, the
ybrid prognostics of proton exchange membrane fuel cell in bond
//dx.doi.org/10.1016/j.compchemeng.2016.08.018

initial RUL predictions can be ameliorated through online stan-
dard deviation calculation of residual, adaptation of the random
walk noise variance (Daigle and Goebel, 2013), and PF measure-
ment variance etc. These issues shall be resolved in future works.

dx.doi.org/10.1016/j.compchemeng.2016.08.018
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Zio, E., Peloni, G., 2011. Particle filtering prognostic estimation of the remaining
useful life of nonlinear components. Reliabi. Eng. Syst. Saf. 96, 403–409.
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The accuracy of results obtained here demonstrates the viability
of the method for prognostics. As such, this work forms a reliable
reference for related future works and a significant contribution
towards efficient prognostics in BG framework.
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