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fuel cell systems have not been deployed widely due to their low reliability and high

Accepted 31 August, 2018 price. In order to guarantee the lifetime of 10 years, which is the commercialization
goal of Polymer electrolyte fuel cells (PEFCs), it is necessary to improve durability
and reliability through optimized operation and maintenance technologjes. Due to
the complexity of components and their degradation phenomena, it's not easy to
develop and apply the diagnose and prognostic methodologies for PEFCs. The pur-
pose of the paper is to show the current state on PEFC prognostic technology for
condition based maintenance. For the prognostic of PEFCs, the model driven meth-
od, the data-driven, and the hybrid method can be applied. The methods reviewed
in this paper can contribute to the development of technologies to reduce the life
cycle cost of fuel cells and increase the reliability through prognostics-based

health management system.
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- Condition-based maintenance:

Stop and repair or maintain based on
reconfigurable control system

Decision Support

Prognostics
RUL Prediction
1,

Fault Diagnosis

- Prognostics: Estimate the expected RUL

- Diagnosis: Isolate a fault
- Fault detection: Compare features against
expected values or operation limits

Fault Detection

- Reliable, non-intrusive, non-damaging
observation techniques

Data Processing

Data Acquisition - Easily implementable technology

Fuel Cell System

Fig. 1. Architecture of condition-based maintenance
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Fig. 2. Learning and degradation estimation, and RUL prediction™
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Table 1. Components degradation in the stack*”

Component Failure modes Causes
Mechanical stress due to non-uniform press pressure,
Mechanical degradation inadequate humidification or penetration of the
Membrane catalyst and seal material traces
Thermal degradation Thermal stress; thermal cycles
Chemical/electrochemical degradation Contamination; radical attack
Loss of activation Sintering or dealloying of electrocatalyst
Conductivity loss Corrosion of electrocatalyst support
Decrease in mass transport rate of reactants Mechanical stress
Catalyst layer
Loss of reformate tolerance Contamination
. - Change in hydrophobicity of materials due to Nafion or
Decrease in water management ability . .
PTFE dissolution
Decrease in mass transport Degradation of backing material
. . Mechanical stress; change in the hydrophobicity of
GDL Decrease in water management ability . & varop v
materials
Conductivity loss Corrosion
. Conductivity loss Corrosion; oxidation
Bipolar plates - -
Fracture/deformation Mechanical stress
Sealing gasket Mechanical failure Corrosion; mechanical stress
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Fig. 3. Degradation condition, mechanism and effects, for
membranes’
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Open Circuit
Voltage

Shortage of
H,in anode

Load l

In plane fuel cels reactions, | | Oxidization current at anode | l

Local shortage
of water

Shortage of Air
in cathode

Free/thaw
cycle

high voltage at cathode supplied by side reaction |

I

Water oxidization

Decrease of
ionomer/catalyst

T interface

Carbon corrosion J

Platinum

oxidization & dissolution
Formation of
o 2 | Platinum particles
latinum

[ CO; formation D [ “ﬁ_l

Degradation Toss of N
mechanism surface area |
Measurable effect |
| eosueme el | Voltage degradation

Fig. 4. Degradation condition, mechanism and effects, for
electrodes*”

Platinum particle growth

Loss of Platinum surface area
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Prognostics
Approach

* Benefit from the advantages

of both approaches
* Better model learning
* Better uncertainty management "
+ Can be complex and
| ) computationally expensive )

Machine Physics of
Learning System Model Failure

White box model
Empirical

Grey box model

Non-parametric Unsupervised

Signal-based Black box model

« Analytical models of nonlinear phenomena
« Need a small quantity of data

+ High computational cost

« Default / system specific

+ Models hard to develop

« Transformation of raw data Into
behavioral models (learning)

*+ No degradation model a priori

* Good ability to catch nonlinearities

« Require a huge amount of data

Fig. 5. Prognostics approach®
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IEERE A 5 ol WeE Fatel olgAm gou?,
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4.1 GX| ZIEH A RUL 3 B AEShE $471E 28R skl o] el
WAL ARAXNE FAISHE 71 Aok whe
ARAA A AL 7 Ak o7 B3 AT F spol”
Table 2. Model-based approach
Method Description Output Articles
Proposing an unscented Kalman filter (UKF) approach for the
purpose of damage tracking and remaining useful life (RUL) Zhang and
Physical-based prediction of a PEMFC Cell Voltage Pisu” (2012),
Model Developing a physics-based catalyst degradation model g Zhang and
characterizing the degradation rate of the electro-chemical Pisu'” (2014)
surface area (ECSA)
. .. Building a degradation model capable of tracking the aging of the Jouin et al’®
Semi-empirical . . e . .
Model (IV curve) power delivered by the stack using the polarization equation Stack power  |(2015), Jouin et
with parameters that are functions of time al™ (2016)
Composing a static part and a dynamic parts
. .. The static part is based on the Polarization equation, and dynamic
Semi-empirical . . . L . .
model (IV curve part is electrical equivalent circuit of physical phenomena. Cell Voltage Lechartier et
. . The parameters of the model are successively updated based on al’ (2015)
equivalent circuit) L. L
characterization measurements such as polarization curves and
EIS (electrochemical impedance spectroscopy).
Semi-empirical Using particle filter to estimate time-varying parameters of the Stack power Jouin et al””
model (IV curve) polarization equation P (2015)
Semi-empirical model . . . .
cri-eipirical mode Using extended Kalman filter to estimate time-varying Bressel et al’™®
(IV curve, an extended arameters of the polarization equation Stack Voltage (2016)
Kalman filter) P P q
. .. Using extended Kalman filter to estimate the effective membrane Effective 79)
Semi-empirical . Headley et al
model surface area (EMSA) of each cell using cell voltage Membrane Surface 2017)
measurement Area(EMSA)
Proposing an Adapted unscented Kalman filter (AUKF) approach
Semi-empirical to estimate SoH and RUL Liu et al*”
. Stack Voltage
model (IV curve) The total resistance (R) and the exchange current of the (2017)
polarization equation are used as the aging indexes
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Table 3. Data-driven and hybrid approach

Method/Estimation Description Output Atticles
Using a particle filtering framework which allows predicting the future
. . behavior and estimating the remaining useful life Cell Voltage | Jouin et al®?
Particle filtering . . . . S
Three different model equations (Linear, exponential and logarithmic RUL (2014)
models) are tested as state models
Adaptive neuro-fuzzy Introducing an Adaptive Neurg-Fuzzy Ir}ferencg System (ANFIS) . )
inference svstem based methodology for prediction of time-series Stack Voltage | Silva et al
(ANFI g) The methodology is evaluated by predicting the voltage in a stack under RUL (2014)
constant operation during a long term operation test
Analyzing variance applied to echo state network (ESN) which Morando et
Echo state network forecasts the aging of a fuel cell system Cell Voltage | al* (2014),
(ESN) with ANOVA The application of the Analysis Of Variance (ANOVA) has prioritized RUL Morando et
parameters of ESN. al®? (2017)
. Proposing a constraint based ensemble of Summation 83)
Summation . . Javed et al
Wavelet-Extreme Learning Machine (SW-ELM)
Wavelet-Extreme . . . . . Stack Voltage (2016),
. . This ensemble strategy is generalized on two rapid learning 44)
Learning Machine . . . RUL Javed et al
model connectionist networks namely, extreme learning machine (eLM) 2015)
and Leaky-Echo State Network (Leaky-ESN)
Particle filtering with Improving the work presented in Headley et al79) by including
logarithmic, characterization-induced disturbances and voltage recoveries that . 85)
. . . . Cell Voltage | Jouin et al
exponential and linear can be observed during the stack aging RUL (2014)
models Three PFs are applied for the State model of power degradation,
(Hybrid) degradation’s acceleration, and power recoveries
Developing BG model named Bond Graph in Linear Fractional
Particle filter i Transft ion (BG-LFT
article filter in bond brans 0rmat19n (BG ) S . ‘ Cell Voltage |Mayank et al®?
graph model Using PF algorithms, SOH estimation is obtained along with the RUL R.IL (2016)
(Hybrid) estimation of the associated unknown parameter that influences the ?
degradation evolution
Particle filter with Presenting some improvements of PF based prognosis to predict the
polynomial equation, RUL of stacks regarding the power degradation recovery phenomena 86)
. L . . . . o Zhang et al
equivalent circuit for Different models such as quality evolution, equivalent circuit, and Stack Power (2016)
power recovery polynomial equation are studied to adapt the phenomena during
(Hybrid) operation
Particle fil ith . . . .
artic en ter Wl.t Proposing a model-based voltage degradation prediction model using
exponential equation, .. . . . 88)
non-linear empirical equation and particle filter approach, and a data-driven Stack Voltage Zhou et al
. prediction model using NARNN g (2017)
auto-regression neural . . . .
network The overall prediction results are described using weighted average
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b ®)

R(t) = Ry(1+a(t)) ©)
i (t) =i (1+alt)) (10)

alt) =pt (11)

A3} A RH2A 5 Aol A4 A2 effective
membrane surface area (EMSA)7} AMEE|RATE TV-
Sx44j0] A5 AEE EMSAY 52 EAIStol, 2
ol WE R od&sls AHPY AT A7) T2
EMSA &h<=2 ZA|3}9th EMSAE AEjo] Abe] o}
RULE 24571 §lste] 239 24 2w U
(adapted extended Kalman filter, AEKF)7} AF2=|Qic}?.
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