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Overall reaction: H2 + ½ O2  H2O + Current + Heat

1. Polymer Electrolyte Membrane (PEM) Fuel Cells
– How do PEM Fuel Cells work?–

H2 

H2 O2

H2O

Hydrogen oxydation
  e2H2H2

OHOeH 22 244  

Oxygen reduction
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Polymer Electrolyte Membrane (PEM) Fuel Cell
– Application fields

Transport Stationary Portable

http://batteryuniversity.com/lear
n/article/fuel_cell_technology

http://www.afhypac.org/
http://inhabitat.com/tag/hydrogen-fuel-cell/

http://inhabitat.com/germany-unveils-the-
worlds-first-zero-emissions-hydrogen-
powered-passenger-train

http://www.renewableenergyfocus.com/
horizon-launches-pocket-sized-fuel-cell-
charger-for-portable-electronic-devices/

http://fuelcelltoday.com/news-
archive/2013/september/panaso
nic-and-viessmann-to-launch-
fuel-cell-system-in-germany

Fuel cell µCHP system 

inhouse5000+

1. Polymer Electrolyte Membrane (PEM) Fuel Cells
– Applications –
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• Durability – the ability of the PEM Fuel Cells to resist to permanent changes in 
performance over time. Durability is restricted by degradation mechanisms.

• Reliability – the ability of the PEM Fuel Cells to deliver the required power, under stated 
conditions, for a period of time. 

Objective: Development of PEM Fuel Cells faults diagnosis tool using its stack voltage only  

 Non-intrusive, without Fuel Cells excitation and low cost tool

1. Polymer Electrolyte Membrane (PEM) Fuel Cells
– Reliability & Durability–
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Characteristics PEMFCAutomotive PEMFCµCHP

Number of cells 8 12

Electrode active surface 220 cm2 ?250 cm2

Gas distributor plates Metallic plates

Operating conditions PEMFCAutomotive PEMFCµCHP

Coolant flow: deionized water 2  l/min 3 l/min

Anode stoichiometry (H2) 1.5 1.3

Cathode stoichiometry (air) 2 2

Absolute pressure for H2 inlet 150 kPa 11 kPa

Absolute pressure for air inlet 150 kPa 5 kPa

Maximal anode - cathode pressure gap 30 kPa 20 kPa?

Temperature at cooling circuit outlet 80°C 70°C
Anode relative humidity (80°C) 50 % 50%

Cathode relative humidity (80°C) 50 % 50%

Load current 110 A 80A

Current density 0.5 A.cm-2

Table 2. Summary of the nominal operating conditions

Table 1. Summary of the tested PEMFC characteristics
The experimented 8 cell 

PEMFC (operated with 

pure H2)

Manufacturer : CEA 

LITEN Grenoble-France

Experiments done in the 

frame of the ANR 

DIAPASON2 project

2. Synopsis of the investigated PEM Fuel Cells

Design for automotive application

☞Two experimented PEMFC

Design for µCHP application

The experimented 12 cell 

PEMFC (operated with 

mixture gas of 75% H2 

and 25% CO2).

Manufacturer : Inhouse

Engineering GmbH-

Germany

Experiments done in the 

frame of micro-

cogeneration project.
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3. Experimental process

Materials Mates
Electrochemical 
Impedance 
spectrometer   
(0,1Hz-10kHz)

EIS

Software 
Human
Machine
Interface Auxiliary

 Test bench of the fuel cells test platform in Belfort - France

Acquired data:
 Stack voltage
 Individual cell voltage
 Current
 Power
 Gas pressures
 Gas flows
 Temperatures
 Hygrometry rates
 Impedance spectra

(stack & cells)



10

3. Experimental process

☞ The various fault scenarios have been introduced by changing different parameter values from the nominal ones :

– cathode stoichiometry rate ‘FSC’ – anode stoichiometry rate ‘FSA’ – gas pressure ‘P’ –

– cooling circuit temperature ‘T’– Relative humidity level ‘RH’ – carbon monoxide ‘CO’ poisoning –

Parameters
value

Ref DFSC DFSA DP DT DH DCO

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

PEMFC

Automotive

PEMFC

µCHP

FSC 2 2 1.3 2.6
1.6

2 2 2 2 2 2 2 2 2 2

FSA 1.5 1.3 1.5 1.3 1.3 1.5
1.2

1.5 1.3 1.5 1.3 1.5 1.3 1.5 1.3

P(bars.abs) 1.5 0.1 1.5 0.1 1.5 0.1 1.3 ND 1.5 0.1 1.5 0.1 1.5 0.1

T(°C) 80 70 80 70 80 70 80 70 75 72
65

80 70 80 70

RH (%) 50 50 50 50 50 50 50 50 50 50 ND 46
54

50 50

Presence
of CO 
(ppm)

0 0 0 0 0 0 0 0 0 0 0 0 10 ND



 Sampling frequency = 3 kHz
 Recording time = 45 min (~ 8.4 millions of 

voltage measures / operating condition.
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• EIS for individual Cells + 
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operating condition
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4. Dynamic multifractality in the voltage signal 

 Proposed method = pointwise singularity analysis of the PEMFC voltage signal

To extract a latent information from the morphology of the stack voltage signal

Analysis method: 

Discrete wavelets + multifractal formalism
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Singularity

h0 (strong

irregularity)

h1 (low

irregularity )

Regularity

 Pointwise regularity of the signal is measured by 

Hölder exponent « h ».

 The whole of the singularity strengths is

represented by the singularity spectrum (SS).

– Method tools –
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 Discrete wavelet transform

W𝐚𝐯𝐞𝐥𝐞𝐭 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧: 𝜓𝑗,𝑘 𝑡 =
1

2𝑗
𝜓

𝑡 − 2𝑗𝑘

2𝑗
, 𝑗 ∈ ℤ and 𝑘 ∈ ℤ

𝐖𝐚𝐯𝐞𝐥𝐞𝐭 𝐜𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭𝐬: dX 𝑗, 𝑘 = න
𝑅

𝑋 𝑡 2−𝑗𝜓 2−𝑗𝑡 − 𝑘 𝑑𝑡

𝐃𝐢𝐚𝐝𝐢𝐜 𝐢𝐧𝐭𝐞𝐫𝐯𝐚𝐥: 𝜆 = 𝑘. 2𝑗 , 𝑘 + 1 . 2𝑗

 Leader coefficients

𝐃𝐢𝐚𝐝𝐢𝐜 𝐜𝐮𝐛𝐞: Γ = 3𝜆 = 𝜆𝑗,𝑘−1 ∪ 𝜆𝑗,𝑘 ∪ 𝜆𝑗,𝑘+1

𝐋𝐞𝐚𝐝𝐞𝐫 𝐜𝐨𝐞𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐭𝐬: 𝐿𝑋 𝑗, 𝑘 = sup𝜆′⊂ Γ 𝑑𝑋,𝜆′

j  multiresolution parameter. k  time location.

Structure function: 𝑆𝐿 𝑞, 𝑗 =
1

𝑛𝑗
σ
𝑘=1

𝑛𝑗 ሻ𝐿𝑋(𝑗, 𝑘
𝑞

 Multifractal formalism

𝐒𝐜𝐚𝐥𝐞 𝐟𝐮𝐧𝐜𝐭𝐢𝐨𝐧: 𝜉𝐿 𝑞 = lim
𝑗→0

inf
log2 ሻ𝑆𝐿(𝑞, 𝑗

𝑗

Singularity spectrum (SS):

𝐷𝑞 ℎ = inf𝑞≠0(1 + 𝑞ℎ − 𝜉𝐿 𝑞 ሻ

– Method tools –
4. Dynamic multifractality in the voltage signal 
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4. Dynamic multifractality in the voltage signal 
– Voltage Singularity Spectrum (VSS)–

-4 -2 0 2 4 6
-4

-3

-2

-1

0

1

2

q


(q

)

Frac Int 0

Mnul 4

j:[2-6]

w type 1

0.2 0.4 0.6 0.8 1

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

h

D
(h

)

0 200 400 600 800 1000
0

0.005

0.01

0.015

0.02

# Data

N
o

rm
a
li
z
e
d

 V
o

lt
a
g

e
 S

ig
n

a
l

Scaling exponents

VSSD(h0)

h0

hmax

hmin

Strong

irregularity

measures

Low

irregularity

measures

q=0

q<0
q>0



15

0 0.5 1 1.5 2 2.5 3

x 10
4

-0.1

-0.05

0

0.05

0.1

x

T
e
n
s
io

n
 n

o
rm

a
lis

é
e

N
o

rm
al

iz
ed

 s
ta

ck
 v

o
lt

ag
e

4. Dynamic multifractality in the voltage signal 
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– Voltage Singularity Spectrum as a non intrusive tool for PEM Fuel Cells Diagnosis –
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– Voltage Singularity Spectrum as a non intrusive tool for PEM Fuel Cells Diagnosis –

4. Dynamic multifractality in the voltage signal 

 These results highlight a dynamic multifractality in the voltage signal produced by 

the stack at different operating conditions.
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– Voltage Singularity Spectrum as a non intrusive tool for PEM Fuel Cells Diagnosis –

4. Dynamic multifractality in the voltage signal 
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Typical curves of electrochemical impedance spectrum

obtained at various ‘OC’.

0 0.2 0.4 0.6 0.8 1 1.2
0

0.2

0.4

0.6

0.8

1

h

D
(h

)

 

 

Typical curves of singularity spectrum obtained at 

various ‘OC’.

OC1    OC2 OC3 OC4 OC5 OC6 OC7 OC8 OC1  OC2 OC3 OC4 OC5 OC6 OC7 OC8



18

– Classification of the singularity spectrum pattern features –

4. Dynamic multifractality in the voltage signal 

Class C0 C1 C2 C3 C4 C5 C6 C7 C8 C9

Ref 87.5 0 0 12.5 0 0 0 0 0 0

DFSC 0 100 0 0 0 0 0 0 0 0

DFSA 0 0 100 0 0 0 0 0 0 0

DP 50 0 0 50 0 0 0 0 0 0

DT 0 0 0 0 100 0 0 0 0 0

DCO 0 0 0 0 0 100 0 0 0 0

DFSC & DP 0 0 0 0 0 0 100 0 0 0

DFSA & DP 0 0 0 0 0 0 0 71.43 28.57 0

DFSC & DFSA 0 0 0 0 0 0 0 0 100 0

DFSC & DFSA & DP 0 0 0 0 0 0 0 0 0 100

Number of class= 10.
Training set= 200 observations.
Test set = 100 new observations.
Number of singularity features = 6.

Good classification rate = 89,61%

Ref : nominal conditions

DFSC : cathode flow failure (O2 starvation)

DFSA : anode flow failure (H2 starvation)

DP : gases pressure failure (low gases pressure)

DT : cooling circuit temperature failure (low T°)

DCO : carbon monoxide poisoning (H2 + CO)

𝐂𝟎 ≡ 𝑅𝑒𝑓, 𝐂𝟏 ≡ 𝐷𝐹𝑆𝐶, 𝐂𝟐 ≡ 𝐷𝐹𝑆𝐴, 𝐂𝟑 ≡ 𝐷𝑃, 𝐂𝟒 ≡ 𝐷𝑇, 𝐂𝟓 ≡ 𝐷𝐶𝑂, 𝐂𝟔 ≡ 𝐷𝐹𝐶𝑆 & 𝐷𝑃,

𝐂𝟕 ≡ 𝐷𝐹𝑆𝐴 & 𝐷𝑃, 𝐂𝟖 ≡ 𝐷𝐹𝑆𝐶 & 𝐷𝐹𝑆𝐴, 𝐂𝟗 ≡ 𝐷𝐹𝑆𝐶 & 𝐷𝐹𝑆𝐴 & 𝐷𝑃

Supervised learning method: k-Nearest Neighboor ‘KNN’ method

PEMFCAutomotive
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– Classification of the singularity spectrum pattern features –

4. Dynamic multifractality in the voltage signal 

Class C0 C1 C2 C3 C4 C5 C6 C7 C8

Ref 100 0 0 0 0 0 0 0 0

DFSC↗ 0 100 0 0 0 0 0 0 0

DFSC↘ 0 0 100 0 0 0 0 0 0

DFSA↗ 0 0 0 90 0 10 0 0 0

DFSA↘ 0 0 0 0 90 0 0 0 10

DT↗ 0 0 0 20 0 80 0 0 0

DT↘ 0 0 0 0 0 0 100 0 0

DRH↗ 0 0 0 0 0 0 0 100 0

DRH↘ 0 0 0 0 0 0 0 0 100

Number of class = 9
Training set = 180 observations.
Test set = 90 new observations.
Number of singularity features = 6.

Good classification rate = 95.55%

Ref : nominal conditions

DFSC↗: cathode flow failure (O2 over-supply)

DFSC↘ : cathode flow failure (O2 starvation)

DFSA↗ : anode flow failure (H2 over-supply)

DFSA↘ : anode flow failure (H2 starvation)

DT↗ : cooling circuit temperature failure (high T°)

DT↘ : cooling circuit temperature failure (low T°)

DRH↗: dew temperature failure (high dT°)

DRH↘: dew temperature failure (low dT°)

𝐂𝟎 ≡ 𝑅𝑒𝑓, 𝐂𝟏 ≡ 𝐷𝐹𝑆𝐶↗, 𝐂𝟐 ≡ 𝐷𝐹𝑆𝐶↘, 𝐂𝟑 ≡ DFSA↗ , 𝐂𝟒 ≡ DFSA↘ , 𝐂𝟓 ≡ DT↗ , 𝐂𝟔 ≡ DT↘ ,

𝐂𝟕 ≡ DRH↗ , 𝐂𝟖 ≡ DRH↘

PEMFCµCHP

Supervised learning method: k-Nearest Neighboor ‘KNN’ method
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PEMFC 
« CEA LITEN, 
France»
Application: 
automotive

PEMFC 
« Inhouse Engineering, 
Germany »
Application:
µCHP

Stack voltage signal for various operating conditions ‘OC’
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4. Dynamic multifractality in the voltage signal 
– Portability of the developed diagnosis tool –
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5.  Conclusion & Future Works

 The singularity analysis based on wavelet leaders (mathematical microscope) 

highlights significant insights about the time dynamics of the fuel cell voltage during 

the considered operating conditions (fault scenarios).

 The computed singularity features describe the fuel cell time dynamics efficiently. 

These parameters offer good performance indicators on its SoH.  

 The good classification rates obtained on the two experimented fuel cell 

(PEMFCAutomotive and PEMFCµCHP ) confirm the relevance of the developed 

diagnosis tool.  

 The dynamic multifractality of the stack voltage can be considered as a pertinent 

non-intrusive tool for the monitoring of the fuel cell SoH.

In the near future: 

 On-line implementation of the diagnosis tool.  
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