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General diagnosis strategy

(prognosticated method) (invasive method)

Passive Active

Process signal (T, p, flow,....)

l System excitatiér\l\(sine, PRBS, ...) AVL responsibility:
‘/Models\‘ « implementation of THD
/ \
Physical Statistical \
./ \ ./ \ HE THD
Parity Kalman filter, PCA, NN, i A H .
relations observers Kernel  Fuzzy / \ N AVL aC.CeSS|b|||ty.
| | | ECM/DRT DRT « Testing raw data
y [
FE FE FE FE
‘ ‘ ‘.' vy !
Change detection
¥ Compared to EIS, THD requires
i<olati sinusoidal perturbation
ECM... equivalent circuit model Faultisolation P

DRT... distribution of relaxation times ‘v

PCA... principle component analysis )
Locaction of fault
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otal Harmonic Distortion ( ): technical description

‘ Time Minutes 0.60% MIN MAX AVG

0s ooo M mAx  AYS | Excitation signals
= THD is used to analyze non-linearities/degradation in the e
system by sending a small excitation sinus signal into the s
system (e.g., X-Ion Device) _rasl | |
= Depending on the existing non-linearities in the stack S o dm LU
polarization curve, harmonics of the excitation signal can be | N
created, which distort the system response. ool AN
» Level of presence of these harmonics is calculated with THD el B .
index: L e S T
/ n_z YLZ 20220506 THD comparison before and after H2 drop Minutes
THDindex = ly;loo [%] g 00 ® 02 o 04
= System response to the excitation needs to be analyzed in
frequency domain in order to extract amplitudes of the = ol i i i T !
harmonics.
= THD indices higher then 5% indicate presence of signal . 06 08 ; 10
distortion which could reveal the presence of stack R I S
degradation or a harmful stack operation. e : = : N
i D‘%l.O: 1 100 10k 0‘%1.01 1 100 10k 0‘%1.01 1 100 10k

Frequencies

calculated THD indices for ex. signals with 22 different frequencies (H2 starvation test)
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THD: Technical description

= THD analyze harmonic frequencies of a known base frequency.
Harmonic frequencies are multiple integers of base frequency.
THD index represents proportion of the combined intensity of the
harmonics compered to the intensity of the base frequency.

= The intensities of harmonics and base frequencies are calculated
with Discrete Fourier analysis, where each number in analysis
result represent intensity of certain frequency in the signal.

= The occurrence of the harmonic frequency components in a signal
are related to the non-linear distortion of the signal which in our
case can be connected to nonlinearities in the fuel cell I-V
relationship.

= Invasive excitation current and resulting voltage read out could
be distorted by the nonlinearities in I-V relationship (fuel cell
polarization).

= Determination of excitation frequency and amplitude is
crucial for well implemented and calculated THD analysis for

specific operational condition monitoring or degradation/fault
isolation.
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THD: Technical description

» The selection of the excitation signal characteristics, f, and A is based on the physical system and the phenomena, for
which monitoring the algorithm is intended for

= Necessity for stack operation data in faulty and fault free operating modes for detection of:
1. Frequency range where THD index is most visible
2. Reasonable AC excitation percentage for detection of specific degradation:

o iac amplitude should not be bigger then 10% of Iy current to avoid creation of additional non linearities e.g.,
anode reoxidation.

o Smaller current percentage usage has small chance of second and higher harmonics detection in output voltage
signal

= Qut of experiments on cell level a suitable values for f, and A should be determined, which will be then used for the
system level experiments and monitoring

= Sampling frequency should always be: f, > 2 - n,-f, where nyis number of observed harmonics
= Challenge: often the measured signal is not an integer number of periods which causes the spectral leakage effect
= Main drawbacks are the requirement for an invasive excitation signal and steady state operation of the system.
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General testing approach

= Planned testing protocols:

1.3V 131V 13V LSV 1.3V
90/10 99/1 90/10 100/0 90/10

1. Inlet H, starvation

)
Umean=1.3 V, Unean=1:3V;
H;0+H,=5 »|  H,0+H,=4
[ i Nml/min/cm? Nml/min/cm?
2. High steam conversion mi/min/cm mi/min/cm

1.3V
90/10
OE + 10% H20

3. Humidity in O, electrode

4. Effect of silicon poisoning
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HYDROGEN STARVATION AT DIFFERENT OPERATING TEMPERATURES AND FLOWRATES
first part of the meas. file second part of meas. file first part of the meas. file second part of meas. file
< E A H 2 Sta rva tl O n te St Date Day [IL 2|7I11] ':;?/?‘:; [:T/‘:] I-[I:I(I)/?\? Time when shift took place | H2_ratio_1| H20_ratio_1 | H2_ratio_2 | H20_ratio_2
02.05.2022| 20 17,3 135,1 8,2 135 11 0,13 0,87 0,06 0,94
03.05.2022| 21 8,2 135 17,3 135 11 0,06 0,94 0,13 0,87
04.05.2022| 22 17,4 135 0 135 12 0,13 0,87 0,00 1,00
: 05.05.2022| 23 0 135 17,3 135,1 16 0,00 1,00 0,13 0,87
- i 7 7 7 i 7
CEA Pa rtly executed Inlet H2 06.05.2022| 24 17,2 135,1 0 135,1 11 0,13 0,87 0,00 1,00
starvation Wlth 0n|y 95/5 and 07.05.2022] 25 0 135,1 0 135,1 - 0,00 1,00 0,00 1,00
. 08.05.2022| 26 0 135,1 0 135,1 - 0,00 1,00 0,00 1,00
100/0 wate r—hyd rogen inlet 09.05.2022| 27 0 135,1 17,3 135,1 11 0,00 1,00 0,13 0,87
. 10.05.2022| 28 17,3 135,1 0 135,1 11 0,13 0,87 0,00 1,00
ratio d rops 11.05.2022| 29 0 135 17,3 135 13 0,00 1,00 0,13 0,87
12.05.2022| 30 17,3 135,1 17,3 135,1 - 0,13 0,87 0,13 0,87
. . 13.05.2022| 31 17,3 135,1 17,3 135,1 - 0,13 0,87 0,13 0,87
= Eve ry 2 hours excitation event 14.05.2022 32 17,3 135,1 17,3 135,1 - 0,13 0,87 0,13 0,87
. . 15.05.2022| 33 17,3 135,1 17,3 135,1 - 0,13 0,87 0,13 0,87
was executed including 22
H H H Fr ncy [Hz] Duration of the excitation
different excitation Y X
: . s 0.1 50.0
frequencies in rising order = s
Time Minutes 0.60% MIN MAX AVG
: : . 8% MINMAX  AVG 0.5 10.0
with same excitation B Il I I o5 100 _
. 1.355 |} Frmeeeeees ; seemeeend deeesnenes feeeenees :
0.9 5.5552
1360 of------emmee g
amplitude 1 50
el R | R | R | S | A S 1 3 1.66656
o T 1 Y O e T 5 1.0
b I | L O 8 0 1 O O T | [RIHIN 7 0.71424
g e ‘ ‘ 9 0.55552
s e R 10 0.5
> 105 ‘ 3 30 0.16664 |
1300 [ A 50 0.4
ool : LN ' . 70 0.28568
te | 90 0.2222
1.280 4 100 0.2
s . 300 0.06666
1.265 - . . H : : 0 500 0.04
232‘10 232‘25 232‘40 232‘55 232‘70 ) 232‘85 233‘00 Z33I15 233:30 233:45 700 0.02856
Minutes 900 0.02222
1000 0.02
3000 0.006665
5000 0.004
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CEA High steam conversion
of ATy

120
= CEA executed High steam conversion fully 100 Q2
Q H20

Q[slph]
@xn
S

== () H2 Outlet

2

= Every 2 hours excitation event was executed
including 22 different excitation frequencies in 0

ising order with same excitation amplitude »
0 5 10 15 20 25
t[hl]
Cell current
20220516: THD comparison before and after fuel flow decrease: Q_H20 = 130slph 524 1
i 00 i, 02 i, 04 501
— TEU S B ----- part_1 000004
2 I part_1 020003
2 2 2 R B part_1 040003 484
g ! ! & ! I e part_1 060003
= s s "4 s S E oy e SE e part_1 080003 -_—
8 2 2 J 2 | part_2 120003 ::_%
T o1 0.1 0.1 <=+ part_2 140003 —
S : E 5 part_2 160008 44
I part_2 180003
- N - part_2 200005
0'%1.01 1 100 10k 0'%1,01 1 100 10k 0'%1,01 1 100 10k =eeee part_2 220004 42 1
401
38 .
10 06 10 X 08 10 10 0 b 10 15 20 25
v : : T tIhl
3 2 .
o i e 1 e —- 1
S s 3
= | ° T N
8 & A R .
2 o1 0.1 01
fa)
=
Qo1 1 100 10k 0o 1 100 10k o1 1 100 10k

Frequencies
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EPFL H, starvation test

Stack voltage 90%H20-10%H2

» CAE partly executed inlet H,
starvation with only 97/3 and ;
100/0 water-hydrogen inlet
ratio drops

= Excitation amplitudes wereat ¢
8% of the bias (bigger then
what CAE applied) and
multiple more excitation
frequencies were applied in y

0.01 2 s 0.1 2 5 1 2 5 10 2 5 100 2 5 1000 2 5 10k

the frequencies range Fedunces nogscle

THD indices in logarithmic scale

= Large percentage of recorded
corrupted (ripples, constant
parts, not long enough) >
high effort for postprocessing
needed
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CEA H, starvation testing — Results

Low dependency of THD indices on H2
starvation events. Assumption: longer runtime
in damaging conditions required.
20 —a—HighSU Ref. Point (avg.) Start Q_H20 [slph]=135 | I bias[A]=51
—4—H2 Starv Failure Mode 1 (avg) H20/H2=100/0 | I bias[A]=51.1
15 —a—H2 Starv Ref. Point 1 (avg.) H20/H2=87/13 | I bias[A]=51.1
— —4—H?2 Starv Failure Mode 1 (avg) H20/H2=100/0 | I bias[A]=51.1
X
X
g —a&—H2 Starv Ref. Point (avg.) End H20/H2=87/13 | I bias[A]=51.1
£ 10
a)
lﬂ_Z Very similar THD indices in all test points
—¥| (reference points and failure points)
- no degradation based on THDA
5
no useful values at THD indices above 1 Hz
0
0,01 0,1 1 10 100 1000

Frequency [Hz]
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CEA high steam conversion testing — Results

20 —o—HighSU Ref. Point (avg.) Start Q_H20 [slph]=135 | I bias[A]=51
—&—HighSU Failure Mode 1 (avg) Q_H20 [slph]=130 | I bias[A]=49.4
—e—HighSU Failure Mode 2 (avg) Q_H20 [slph]=110 | I bias[A]=45
15 . . )
—e—HighSU Failure Mode 3(avg) Q_H20 [slph]=90 | I bias[A]=37.5
'o\? —e—HighSU Failure Mode 4 (avg) Q_H20 [slph]=70 | I bias[A]=28.8
X
g 0 —e—HighSU Ref. Point (avg.) End Q _H20O [slph]=135 | I bias[A]=50.03
[
[a)
T Similar results in reference testing - BUT:
not 100 fair comparison due to slightly
different bias (Start: 51A vs. End 50A
5 ( —\
) ]
— no useful values at THD indices above 1 Hz
0 A— —
0,01 10 100 1000

Frequency [Hz]
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Comparison of reference points — start and end of test

20

15

THD Index [%]
=)

0,01

Confidential

/ 13

Very similar reference values for both failure
modes, H, starvation and high SU, indicates
representative measurement and low
degradation

—#—HighSU Ref. Point (avg.) Start Q_H20 [slph]=135 | I bias[A]=51

=4=H2 Starv Ref. Point (avg.) End H20/H2=87/13 | I bias[A]=51.1

—o—HighSU Ref. Point (avg.) Start Q_H20 [slph]=135 | I bias[A]=51

—e—HighSU Ref. Point (avg.) End Q _H20O [slph]=135 | I bias[A]=50.03

Potential to improve diagnosis range when increasing
amplitude (currently: 2-3% of bias; proposal: run high-
frequency and low bias points w/ higher amplitudes

0,1

no useful values at THD indices above 1 Hz

+1§n=n=g"_"/

Frequency [Hz]

10

100 1000
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Comparison of references (avg.) w/ individual measurements

High scatter especially at low frequencies:
- improvement potential to increase number
of amplitudes / duration of excitation —o—HighSU Ref. Point (avg.) End Q_H20 [slph]=135 | I bias[A]=50.03
HighSU Single Point ID1 | Q_H20 [slph]=135 | I bias[A]=49.2
HighSU Single Point ID2 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID3 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID4 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID5 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID6 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID7 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID8 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID9 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID10 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID11 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID12 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID13 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID14 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID15 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID16 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID17 | Q_H20 [slph]=135 | I bias[A]=50.2
HighSU Single Point ID18 | Q_H20 [slph]=135 | I bias[A]=50.2

. e e o ¢ oq o+

0,01 0,1 1 10 100 1000
Frequency [Hz]

20

15

THD Index [%]
o
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Frequency [Hz] Duration of the excitation [s] Range cu rrently tested
0.05 100.0
0.1 50.0
C I - g§ 13-36624 Most representative range
5 10. .
O N Clusl O N o =50 but high scatter >
0.9 5.5552 increase of duration (?)
1 5.0
: T Potential range w/
= THD analysis algorithm available and applicable : e increased amplitudes
10 05
= Due to lack of data, a clear diagnosis strategy s 016664 ]
cannot be verified yet i G
. . . . 0.2
= Involvement in further testing highly appreciated 300 06
500 0.04
— clarification from AVL side how X-ion can be 5 T
used within full stack testing o0 e
5000 0.004

— updated sinusoidal perturbation sequence to
be applied in further testing

— longer duration at lower frequencies (to decrease
variance of single test points)

Reference H2 Starvation Reference H2 Starvation Reference
90% H,0 / 10% H, 95% H20 / 5% H2 90% H,0 / 10% H, 95% H20 / 5% H2 90% H,0 / 10% H,

Excitation events Q

— increase of amplitudes especially at low bias (and
high frequencies)

- d ecrease Of freq ue ncy b rea kl n g pOI nts at h I g h Reference H2 Starvation Reference H2 Starvation Reference
frequency Ievels (IOW Informatlon Content eXpeCted) 90% H,0 / 10% H; § 100% H20 / 0% H2 § 90% H>,0 / 10% H, f| 100% H20 / 0% H2 § 90% H50 / 10% H,

Excitation events Q

Most important: More test data required!

FU=const. FU=const. FU=const. FU=const. FU=const.
iac=5% ipc iac=10% ipc iac=3% ipc iac=5% ipc iac=10% ipc
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