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Partnership

Objective 1. Improve FCS performance and durability
by implementing an advanced algorithm that
combines moniforing, diagnosis, prognosis, control
and mitigation actions for both SOFC and PEMFC

systems.

Objective 2. Design and engineer the hardware
required for MDPC algorithms application, with
aftention to sensors reduction issues and the specific
constraints imposed by stack technologies and
systems applications towards industrial scalability.

Objective 3. Perform dedicated experimental
campaigns for stacks and system characterization and
MDPC tool prototype validation embedded on FCSs
running in operational environment.

Objective 4: Develop an advanced FCS management
stfrafegy  (supervisory level), with functfionalities
integrated with remote monitoring, for future smart-grid
inferaction and predictive maintenance application.

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

\ Objective 1: MDPC algorithm )

SOFC system PEMFC system
Monitoring [,| Diagnosis s Modified Modified
s DC/DC DC/DC
\( \_( 3 converter converter
g
Prognosis Control & = I I
& ™ Mitigation E Micro- Micro-
S controller controller

Measurements

k Objective 2: MDPC hardware )

(| )

| Design of Experiment |

v v
Tests for SOFC W Tests for PEMFC )

stack and system stack and system
characterization characterization

N

1 year test campaign for MDPC tool

verification, with tool equipped on-
board of FCSs

k Objective 3: Experimental campaign )

HW constraints

Functionalities for:

Remote

——— ——— -y

monitoring

Predictive
maintenance

Smart grid
interface

Ob[ectlve 4: Managemerl’)
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& Key concept: onfieild EIS~

EIS on field has been conceptualized in previous projects and tested before by HEALTH-CODE
and INSIGHT consortia leading to a Monitoring & Diagnostic Tool.

RUBY continues the development of EIS Stack monitoring for Prognostics and Confrol (MDPC
tool) and includes mitigation functions as well as BoP diagnostics.

Ballard Backup System Sunfire u-CHP System
PEMFC Stack p DC/DC Load SOFCStack | | p| | DC/AC Grid
BoP []ECU| MDPC |EISF BoP [—|ECU| EISf | MDPC

Main schemes of Ballard Backup System (leff) and Sunfire y-CHP System (right) with the EIS
perturbation (p) and confrol functions (f).

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

Hydrogen Partnership) - H2020 Programme Grant Agreement Number 875047
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RUBY MDPC Tool main
concepts:

Clean Hydrogen
i, Partnership

FUEL CELL SYSTEM

' 1 OFFLINE DESIGN
> System —>
[ ] ONLINE APPLICATION

1. Advanced stack Monitoring
via Electrochemical

Impedance Spectroscopy.

2. Stack diagnostics via EIS.

. BoP component Condition

Monitoring.

. BoP Fault Detection and

Isolation.

. Prognostics of stack for

Remaining Useful Life.

. Real Time Optimization

control.

. Mitigation.

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

actions
CONTROL

Mitigation
strategies

Inferential o
tool

Degradation {8
models

Control
decision

> Lifetime
estimation

degradation

Features
extraction

PROGNOSIS

Hydrogen Partnership) - H2020 Programme Grant Agreement Number 875047

MONITORING

Data
Processing

Features <
extraction

features

- Inferential
algorithm

Features
analysis

raw data

Conventional
Voltage
Temperatures
Pressures
Power
etc.

treated data

Features
generators

DIAGNOSIS

Advanced
EIS
PRBS
THD
etc.
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Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

RUBY Activity workflow
Characterization Implementation and final testing
SOFC Stack tests [ ] [ ] o
. : -CHP 1-year validation of
Experiments Design of 3 System tests | | one system in
i Experiment [ ] 0 erationaflen ironment
O b] * 3 the()ry PEMEC Stack tests Common On-board p V
backup System tests FrrmnaaTk implementation
— —' definition and on SOFC
Monitoring MDPC tool Systems 1-year validation of
Knowledge characterization one system in '
Experiments Diagnosis on specific faults nominal and FCSs prototypes with
Electrochemistry : and degradation faulty conditions embeddeq MDPC tool
Algorithms EIS & PRBS theory Prognosis at stack and || . Vahda:.ed 1
. . . ot vl - in operationa
Obj' 2+ Obj' 4 Alzzﬁf{itﬁa Control g environment for
System dynamics Mitigation 1-year validation of PElf\;)[glCSOFhCn alnd ‘
Al/deep learning one system in tecinofogies
Remote manag. On-board operational environment
_ — implementation
power electronics on PEMFC
Systems specification SOFC , systems ! lidation of
Hardware Systems limitations H micro-controller -year va 1t ation o
Ob] | e vl ety [ ] power electroncis iléerniisalegl(lln
MDPC tool needs PEMEC i
micro-controller faulty conditions

Hydrogen Partnership) - H2020 Programme Grant Agreement Number 875047
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WP1
WP Related workflow activity
Experiments
. o PEMEFC stacks and systems SOFC stacks and systems
experimental characterization in experimental characterization in . .
Feedback from nominal and faulty conditions. nominal and faulty conditions. Ch aracterization
algorithms Experimental
e y Experiments
. . o . . Design of Supervisory control and </ Characterization
- Design of Monitoring, Diagnostic and mitigation strategies for SOFC and
o Prognostic algorithms for SOFC and PEMEFC stack and systems;
Feedback from PEMFC stack and systems. Integration o.f the ,MDPC tool Al go rlt h ms
implementation functionalities.
MDPC tool
proce?‘s algorithms i 1
-, Sl
- Design and modification of power electronics and micro-controller for SOFC and PEMFC /
) systems; Algorlthms
T Implementation of MDPC tool functionalities (i.e., hardware and software) on both SOFC
. and PEMFC systems;
i Certification of SOFC system with embedded MDPC tool. \ Ch aracte riz at| on
Feedback from WPT FCS with
validation tests embedded
MDPC tool Hardware
1-year extensive experimental campaign of two SOFC and two PEMFC systems with

i embedded MDPC tool in operational environment, under real working profiles and in
nominal and faulty conditions;
One of the two SOFC systems certified and located at customer site;

7 Final testing

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

A

Implementation
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Gas supply lines DC Eload for
RUBY BOX HW E (H2, N2, CO & S0O2) power modulation
E System = Z / Electrical
€>l_" airinlet & cabinet
17,) outlet ducts for system
oJ sensors &
w BPSE actors
o PEM stack
AFE Board ﬁ system Testbench
\ (%] Injector for control &
E air conta- monitoring
E minations computer
[FN]
Raspberry Board a.  ASVipower EIS control
w supply for \
7,) el PC, Eload &
g 2 i FRA system
contro

*
%

| Flue gas out "Wy,

Ethertnet Switch
Board

SUNFIRE SOFC STACK & SYSTEM
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BPSE PEMFC stack fully characterized during >100 h of operation and >3700 h during drying in stand-
by mode.

. More than 100 EIS spectra of PEMFC stack measured in nominal and faulty operations.

BPSE PEMFC backup system fully characterized during >1000 hours of operation, self test and stand-by
modes

. SOFC stack module for SUN py-CHP system under testing for EIS characterization in faulty operations.
. SOFC system installed and tested under nominal and faulty operations.

EIS spectra available for the SOFC stack in nominal and fuel starvation operation .
Database of features for monitoring and diagnosis extracted from EIS spectra achieved.

. SOFC stack monitoring algorithms based on Machine Learning ready.
Q.

Algorithms for stack and BoP diagnosis ready and under finalization.

10.Real Time Optimization (RTO) algorithm developed and tested in simulafion environment.
11.Fully Ethernet based interaction between MDPC board and DC/DC converter

12.Firmware ready for MDPC board algorithms hosting.

13.MDPC board (RUBY Box) fully developed and ready for installafion.

14.Specifications of converter for on-board EIS implementation ready for third party contracting.

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

Hydrogen Partnership) - H2020 Programme Grant Agreement Number 875047
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Home Objecti: Results  Di ination v Partners Contact Q

1. Website
www.rubyproject.eu

Robust and reliable general management tool for
performance and dUraBility improvement of fuel cell
stationarY unit

Robust and reliable general management tool for
performance and dUraBility improvement of fuel cell
stationarY unit.

2. Newsletter (audience of E— © a2 o)
about 700 people) oo ro S e SR RESULTS S

Join the Project Workshop

. FROM BASIC TO APPLIED RESEARCH TOWARDS DURABLE AND RELIABLE FUEL CELLS
' N v 05 July 2022 - Lucerne (CH)

info@rubyproject.eu —
A, TWITTER: @RUBYprojectEU

5. LINKEDIN:
company/RUBYprojectEU

FOCUS on SOC & PEMFC charn & RUBY Project

Following
10 Tweet

RUBY Project @RUBYprojectEU - 26 mag
#hydrogen #fuelcells #diagnostics #control #workshop

o
4

RUBY project [@ sent over the 1st Newsletter ;*
see more: bit.ly/RUBYNWSL1

Register to the Project Workshop - 05/07/22, Lucerne (CH) @EFCForum
15 talks from 10 research institutions!

Link: rubyproject.eu/dissemination/...

A“X\\ Robust and reliable general management tool

R U B for performance and durability improvement
of fuel cell stationary units

Qoraodso «

WORKSHOP

FROM BASIC TO APPLIED RESEARCH TOWARDS DURABLE AND
RELIABLE FUEL CELLS

JOIN US | 5™ JULY 2022 | LUCERNE @EFCFORUM

" A——— Cosunded by <
. Partnership the European Union

EUROPEAN
FUEL CELL FORUM

Copyrigt () 2022 AUBY Al

Want

Grow your business with (€% mallchimp

o

Funded by the EU Fuel Cell and Hydrogen 2 Joint Undertaking (now Clean

Hydrogen Partnership) - H2020 Programme Grant Agreement Number 875047
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This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now
A‘A\\ Clean Hydrogen Partnership) under Grant Agreement No 875047. This Joint Undertaking
receives support from the European Union’s Horizon 2020 Research and Innovation

R U BY programme, Hydrogen Europe and Hydrogen Europe Research.
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(e Project in a nutshell reac(it)
Project number 101007175
Acronym REACTT
Project title REliable Advanced Diagnostics and Control Tools for increased
lifetime of solid oxide cell Technology
Start 1-JAN-2021
End 31-DEC-2023
Budget 2.712.322,50 €
Duration 36 months
Call identifier H2020-JTI-FCH-2020-1
Topic FCH-02-3-2020

Diagnostics and Control of SOE

el Co-funded by
M the European Union

Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy
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a Co-funded by
. the European Union

Institute Jozef Stefan
(Coordinator)

Commissariat a I'énergie atomique et

aux énergies alternatives

Universita degli Studi di Salerno
(Coordinator)

Ecole Polytechnique Fédérale de
Lausanne

Bitron S.p.A.

SOLIDpower S.p.A.

Teknologian tutkimuskeskus VTT Oy
AVL LIST GMBH

AGENZIA NAZIONALE PER LE NUOVE
TECNOLOGIE, L'ENERGIA E LO SVILUPPO
ECONOMICO SOSTENIBILE

Haute Ecole Spécialisée de Suisse

occidentale

Short name
1JS

CEA
UNISA
EPFL
BITRON
SP

VTT

AVL
ENEA

HES-SO

Country
Slovenia

France

Italy
Switzerland
Italy

Italy
Finland

Austria
Italy

Switzerland
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(- Rationale, aims, objectives reac(tt)

* Rationale:
— need for improved reliability, durability, operational performance, economized maintenance
* Aims:
— to design a platform that integrates monitoring, diagnostics, prognostics and control (MDPC) for the

emerging generation of solid oxide electrolysis systems for massive production of hydrogen at low
cost from renewable energy sources

— target TRL 5-6
* Objectives

— Improved durability, reliability and maintainability of SOE and rSOC stacks by developing innovative
algorithms for diagnostics and prognostics of their remaining useful life.

— Advanced control strategy with self-optimizing and fault-tolerant features
— Hardware module for implementation of the monitoring, diagnostics, prognostics and control

— Characterization of stacks and systems in SOE and rSOC nominal and faulty conditions and validation
of the product prototype

3 Co-funded by
M the European Union

Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy a
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Partnership
REACTT (R (e s
ower to H
Grid balancing
Objective 1: Improve durability and Objective 2: Advanced control strategy

. Tests on short stacks and stackboxes T -'\ i\
‘
v)ata for design H,
storage

A H, mobility

reliability of SOE and rSOC ‘/ \' K /
upervisor -
Eontrol Y R rSOC system:
N
) £ power to H, to power

\ | |

=

Mitigation Power and heat I n 'fl e I d
decision for buildings appl ications
support -

implementation

MDPC tool for
lab validation

Objective 3: HW&SW modules for implementation

Control board Stack excitation module
Algorithms codes
MDPC tool for integration

into system and proof-of-concept '

A g

Operator

AFD — active fault
detection
Demonstration on PFD - passive fault
real SOE detection
and rSOC systems Erogn(ilzigsnosw and
Mitigation

module

- | Temporary \¢ g el G
| database

Objective 4: Experimental testing campaigns

g,rg‘:,:‘:,i:x Giniion Workshop jointly organized by H2020 projec
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WP1
Project management and decision making

WT1.1 Strategic Decision Making WT1.2 Operational Management WT1.3 Innovation Management and Impact Assessment

WP2 WT2.1 Analysis of degradation & faults in SOC stacks/systems

ICHTE I R e [l | WT2.2 Design of test protocols
stacks and
modules

- Duagnosuc and prognostic algorithms

WT4.1 Feature extractlon based on active perturbation data

s

WT2.3 Tests on short stacks and their characterization

W1 2.4 Full stack box module testsin nominal & faulty modes

w3 \ Eprry wes A
- Supervisory and self-optimizing control

HW design and SW
WTS5.1 Design of tracking control

implementation

WT3.1 MDPC board design and system interface

WTS.2 Real-time optimization of SOE stack and system
WT3.2 Hardware for EIS oriented stimuliinjection

WT4.2 Diagnostic algorithms
WT4.3 Physically-based modelling of SOEC/rSOC degradation
WT4.4 Algorithms for the prognosis of the remaining useful life

~

WTS.3 Design of mitigation strategies

WT3.3 Software implementation
WT3.4 Lab testing of MDPC board functionalities

.

WP6 WT6.1 Design of the validation campaign and test system delivery
23] Systen

testing and WT6.3 Laboratory validation of developed MDPC tool in SOE mode

validation WT6.4 Field validation of developed MDPC tool in SOE and rSOC

WT5.4 Coordination control level

WT6.2 Preparation of test benches and systems

ENEA WP?
Dissemination, communication, standardisation and exploitation

WT7.1IP monitoring and data management i WT7.2 Effective exploitation of results [l WT7.3 Fostering the exploitation of results by 3" parties
WT7.4 Dissemination and communication WT7.5 Pathway to standardisation

R Co-f . . . .
thc; E::,ii:x Usiisn Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy
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Csmume WP2: Testing of SOC stacks and modules reac(tt)

Objectives:

* Analyse degradation and fault |© = I el 18 _ \
modes in SOC stacks and . § i N

systems; B e [T T S1G
e Define the faults/failures to be ; '
considered and tested; A

* Define the test plan and protocol
to meet the algorithm design
requirements in WP4 and WP5;

e Use sinusoidal and PRBS stimuli
for EIS measurements

Accomplishments:
* Tests performed @ CEA and
EPFL:

— SP 20-segments cell in a 4-cells
short-stack

— 4 SP 6-cells Short Stack
— 2 SP full stack (70 cells)

) g o m
Temperatures: Stack 1803, 13-17.03.2023

t(h)

ﬁ,‘;'fé‘ﬂf’o‘;"e:,’,’ Uidion Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy




L e e S e o
s WP3: HW design and SW implementation reac@

Objectives:

* Design and interface the HW and the SW
for EIS measurements, with sinusoidal and
PRBS stimuli;

* Design of the HW module for external
excitation of the stack;

e Design the SW for the Analog Front-End
(AFE) control and for the hardware used for
EIS oriented control.

* Engineer the MDPC board with all
functionalities embedded.

e Algorithms implementation MDPC board
Accom IiShments: SYNCH EXCITATION MODULE
p . Dﬁ Reactt HAT
*  prototype versions of the low-cost, S ’: [
computationally versatile HW platform —
* reachable target: < 3% of the overall e —
manufacturing costs s <§ @mm |
— o
* realization of the excitation HW module and R
integration with the MDPC tool v
* firstintegration of the MDPC SW modules ¥ - %S 7

Schottky diode

e The Excitation Module

Co-funded by
the European Union

Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy




wnes \WWP4: Diagnostic and prognostic algorithms reac (++

implementation of diagnostic and prognostic functionalities
on the EIS board towards system on-board integration;

. . 6 5 % Noise Fas0f e ]
Objectives: B £ —\_V\.\f ! )
= z &0 P
ienifi i i i = A Process . ¢ z v
. Extract significant features for active diagnosis by stack H T 1 P
. P . . . £ § 40 2
perturbation via sine and PRBS stimuli and EIS evaluation; e . % S &i‘% %
. . X . : | i H —_— Theore(‘iczl PSD 20 " 1&
. Derive features for passive diagnosis from the records taken i 0 e o LRl o *w:’:., ! L o
from previous system operation data; : - > A
' 6 - T -20 A
. Develop diagnostic algorithms with the highest possible i ,‘}‘»ﬁ
. . e - i g DR
degree of diagnostic sensitivity, stability and robustness, as : £ 0 ";..;g,\-.y
well as capability to discriminate among different fault i ' . S ——
: -80 -60 -40 -20 0 20 40 60 80
modes; ' ok 4 = Nominal mEm RS e Rl N RSGRI|
' ’ R@mA] ‘
| I
1
1
1
1
1
1
1
1

i n
. Prepare computationally tractable code for the i

NO FAULT 0015
. Derive simplified semi-empirical models for SOE and rSOC
cells operating under selected degradation modes; oo
. Design the algorithms for on-line prediction of stack D o d_ef_i’;'.‘gm E N

remaining useful life (RUL)

Accomplishments:

. a framework for combined active and passive feature
extraction

Real axis

"™ Global
measurements

. fast EIS for SOECs based on switching perturbation

. partly tested set of diagnostic algorithms & limited i
diagnostic resolution under existing instrumentation Gasieins . l/ g\
. feature extraction under nonstationary operating . /(? R o
conditions B il %ﬁ g 313
. X - LSCF ?v‘es*‘“ :
. a framework for SOEC data-driven prognosis = phase P Sunthetic microstructural model | Link between  cummoemyaeny
provides the morphological models Local
parameters established measurements

R Full elementary electrode model
provides the parameters for nyt

Co-f . . . .
th‘; E::,ii:: Usiisn Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy °




Clean Hydrogen
Partnership

Objectives:

* |low-level controller with fast tracking and
efficient operating performance;

* Design a real-time optimization (RTO)
approach for SOEC systems (obtaining a
compromise between high efficiency of
electrolysis and low degradation);

* Identify and propose mitigation strategies
to recover the stack and system in case of
reversible degradation;

e Design the coordination control level that
orchestrates the MDPC aiming at fruitfully
integrating the proposed RTO approach anc
degradation models developed in WP4;

* Validation of the control structure on the
simulation level, as well as the actual SOE
system

Accomplishments:

e first algorithms and results in real-time
optimization of SOECs

* realization of the supervision module

Co-funded by
the European Union

WP5: Supervisory and self-optimizing control

AFD —active fault detection

PFD - passive fault detection
qH2 L V HH2 p DP - diagnosis and prognosis
U = argmax 1)e = 2 + 9y,
u el ;
st qu, = q5, + Uy, NL.min ' .
2 2 R ad i
( (o] ks §
720 S To-ut,ai-,' + l)To“ t.air S 780 C 5 —
1.3 < Uceni + l)(_;(c“ <16V -
— =4
SU = 0.85
100 Electric efficiency 09 Hydrogen flow rate Flow rate of steam
e 'c
= € 08 E 1
S o5 ; 3
- £ 09
: < 07 °
T —L ™~ _,7
2 S s g 08
0 100 200 300 0 100 200 300 0 100 200 300
738 Stack temperature Electric power 10 Flow rate of air
= 160 -
O £
£, 730 2 140 E
S s 3 9
a 725 o 120 _"_—\_ =
- o
o
720 100 8
100 200 300 0 100 200 300 0 100 200 300
Cell potential Steam utilization Electric current
1.4 0.85 —— 26 —
S 1.35 — 08 — 24
- = <
3 8 =22
o° 1.3 0.75 20
1.25 0.7 18
0 100 200 300 0 100 200 300 0 100 200 300
Time [min] Time [min] Time [min]

Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy
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(s Final steps reac(tt)

e Laboratory and in-field experimental campaigns with SP stack boxes and a
CEA stavk

* Arrangement of the HW and SW components of MDPC (performed in
major part successfully) and integration with the 3 different local control
systems

* Functionality testing, performance mapping

e Validation diagnostic algorithms for different fault scenarios (e.g. mass
transport related issues)

* Validation of prognostic algorithms, under non-steady-state conditions

@Sl Co-funded by
M the European Union

Workshop jointly organized by H2020 projects RUBY and REACTT, September 15, 2023, Capri, Italy




e DiSS@MiNation and communication reac (++

r e a C ‘ t t , RELIABLE ADVANCED DIAGNOSTICS AND CONTROL TOOLS FOR INCREASED LIFETIME OF SOLID OXIDE CELL = -

TECHNOLOGY

‘ REliable Advanced Diagnostics and Control Tools for Increased Lifetime
of Solid Oxide Cell Technology

Title
Authors I ea C tt ,
WHY HOW WHO WHEN
REACTT, with an establshed expert team, will realize a Monitoring, Diagnostic, By means of a plat The These ambitious targets will be pursued in close collaboration between 6 R&D: institut JOZEF STEFAN(SI), REACTT is & 36 months project, from January the 1%
Prognostic and Control Tool (MDPC) for SOE and rSOC stacks and systems to jpervise and analy; ystem, incroase its Unversiti Degh Studi Di SalernolITA), Commissariat A €nergio Atomique ot aux énergies alternatves (FRA), 2021 to the 31th of Dacember 2023,
mitigate rellability and extend its stack lifetime. Teknologhan Tutidmuskeskus VTT OYIFIN), ECOLE POLYTECHNIQUE FEDERALE DE LAUSANNE(CH), AGENZIA
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