Aalto University
School of Engineering

Sampsdimo JohanneRanta

Electrical andnechanical integration of polymer electrolyte
membrane fuel celinto electric bus test platform

Thesis submitted for examination for the degree of Master of
Science in Technology.

Espool12.112018
Thesis supervisor: Professor Kari Tammi
Thesis instructor: D.Sc. (TecAntti Pohjoranta






Insinooritieteiden www.aalto.fi

A Aalto-yliopisto Aalto -yliopisto, PL 11000, 00076 AALTO
B korkeakoulu . e N
Diplomityon tiivistelméa

Tekija Sampsa TimoJohannes Ranta

Tyon nimi  Electrical and mechanical integration of polymer electrolyte membrane fuel
cell into electric bus test platform

Koulutusohjelma Mast er 6s Programme in Mechanica

Paa-/sivuaine Konetekniikka Koodi 3001

Tyon valvoja Professorn Kari Tammi

Tyon ohjaaja(t) D.Sc. (Tech) Antti Pohjoranta

Paivamaara 12112018 Sivumaara 110 Kieli Englanti

Tiivistelm& Ty6 kattaa taustaa ja kaytannon tyon esittelyn kaupallisen polttokennon
integroimiseksi osaks liikkuvaa laboratoriota, VTT Muuli-bussia. Integroitava kokonaisuus
siséltdd Hydrogenics Inc valmistaman polttokennon, sekd DCDC muuntimen Prisma
Ecotechiltd. Kaytannon tyon tavoitteena on rakentaa itsendinen siirrettdvissd oleva
modulaarinen polttokennopohjainen range extender bussiin. Range extenderin on
tarkoitus olla ohjattavissa bussin CAN-laitevaylan kautta. Integraatiota lahestytaan aluksi
teknologian kuvauksella, taman kattaen teknisid vaatimuksia sek& laitteen liitantoja.
Integroinnin  osalta kuvataan otettuja askeleita yksittdisten komponenttien
kayttdonottotestauksesta aina laitteen testaukseen Muuli-bussissa. Tyon tavoitteena on
dokumentoida rakennettu laitteisto, seka laitteistoratkaisun integrointiin liittyva tyd. Osana
integrointity6td, jokaiseen kehitysiteraation kuului funktionaalista testausta, jolla laitteen
toiminnallisuutta varmistettiin. Integroinnin ja testauksen tulokset esitelladn omassa
osuudessaan, tdssa osuudessa esitellaan myds kerattyd mittaustietoa. Mittaustietoa on
my0s jalostettu niin, ettd sen avulla tydssd pystytaan esittelemaan laitteen toimintaa
graafeina ja siten kayttamaan visualisoituja tuloksia polttokennon toiminnan esittelyssa.
Tybn viimeisessa yhteenveto osuudessa tyon tuloksia analysoidaan, sekad esitetaan
mahdollisuuksia laitteen yhteydessa tehtaville jatkotutkimusaiheille .

Avainsanat PEM polttokenno hybridi linja-auto DCDC muunnin vety CAN
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Abstract This thesis covers background and practical work on electrically and mechani-
cally integrating a commercial fuel cell power module into VTT EMule prototyping bus.
The integrated components include power module from Hydrogenics Inc and DCDC con-
verter from Prisma Ecotech. Target apparatus is a reasonably movable modular fuel cell
power module based range extender, controllable over the vehicle CAN bus. Literature
part of the work provides background on research with focus on defining the environment,
terminology and technology behind to understand the experiment. The integration exper-
iment begins with establishing understanding the technology, by its requirements and in-
terfaces. Integration steps are described from commissioning the relevant independent
components to integration testing the apparatus in the actual EMule vehicle. Goal of this
work is to document the apparatus and work done while integrating it. During the integra-
tion, each increment on implementing the range extender functionality was verified by test
runs. In results section of this work, the findings and data collected from experiments is
processed and visualized as basis of understanding the operations of the hydrogen pow-
ered range extender unit. Final discussion overviews and analyses the findings and path
towards further research with the apparatus.
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Forewor d

This master thesis is result of-operative work at VTT i@ project for deployment of
hydrogen powered PEM fuel cedinge extendeon the research bus platform.

The thesis topits following currenttrend on alternativepowertrain research witheavy
vehicles.Fuel cell lybridizing and peratinga heavy electrical vehiclen an emission
freealternative energgourceprovides alternative method extending the bus operating
range compared to increemy battery sizeTheenergy toweight factoras well as other
characteristics differ with the solution compared to fully electrical battery based vehicle.

This thesis focus is on working towards hybridizatioV®T multidimensional energy
test platformon wheelseMULEbus The eMULE bus is VTT ownguototypingbus,
which has the characteristics similar to typical public transportation ¥uig.is engaged
on fuel cell technology research and is continuoesigaged omevelopingesting and
demonstratin platforms Implementinga modular hydrogen fuepower module based
range extendeonboard the vehicleanenablepractical approach research dhe topics
relatedto energy conversigrcontrolstrategiesand economy related.

The solutiordemonstrated on this thesisfacusing orcommercialPEM fuel cell power
moduleand DCDC converter mechanical and electrical integratitogether forming a
range extaderinto the electrical busThs thus enablethe vehicleon havingthe hydro-
gen fuelcell hybridization demonstration capabilities. For fuel cell technology, PEM
technology based fuel cédlthe current ddactoearly commercializatiosolutionfor in-
vehicle operations.

The scope and focus on this master thesis is to document theagmpsowards the
solution, including the experimental results gained during the process. The\iliesis
also give additional literature backgrourmh theresearch field andechnology used,
while theprimary focusemains on the process towards integrat

I would like to thank you VTT, my supervisors, instructor and collegues for the guidance
and on the opportunity to join the research team during this wbrkould also like to
thank Hydrogen on providing support for the project, Czech Technical University of
Praque for hosting me as exchange student while \grttirs thesis, as well as &l the
people who contributed by supporting me on the work.

Espo0l12.11.2018
Sampsa Ranta

Samps Ranta
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Abbreviati ons

bps bits per second

CO carbon monoxide (molecule)

CC constant current (operating mode)

CVv constant voltage (operating mode)

Dl-water deionized water

DC direct current

FC fuel cell

FCPM fuel cell power module

FCREX fuel cell range extender

O hydrogen (gas)

ICE internal combustion engine

kbps kilobits per second (1000s of bits per second)
PEM proton exchange membrane (fuel ¢ethnology
PHEV A plug-in hybrid electric

SOC state of charge (for a battery)

Vac voltage, alternating current

Vdc voltage,dired current



1 ntroducti on

This thesis is a result of authors work at VTT towards fuel cell related researdbvaiopment
with-in context of heavy vehiclieiel cellhybridization. Fuel cell technology falls into category of
sustainale alternative energy solutiohe key benefit of the fuel cell hybridization discussed is
the fact it does not emit afmarmfulemission A PEM fuel celluses hydrogen and oxygen ascrea
tants and therocesexhaust is water.

Theresearctwascarried out at VTT fuel cell researtdcility at Otaniemi The practical works of
fuel cell hybridization oM TT on wheelsresearh platform, eMULE. Picture of eMule can be seen
in Figurel.Thework effort was put towards enablingeof commercialpolymeric electrolyte fuel
cell power module (PEM FCPMjsin thebusasrange extendetogethemwith the eledrical power
train. This will enableperatingeMule asseriesfuel cell hybridizedvehicleprototyping platform

Alternative energy solutions are part of ongoing resetowards more sustainable egyeeconomy
beyad fossil fuelsThe hybridized demonstration platformill enablefurtherresearch on the fun-
damental teamology, as well as working with the actual solutions, solution prosided customers
on the field requiring thexpertise.

Thisthesis willfirst covertheliterature to support asackgroundor the terminology used. And as
experimental paractualmechanicabnd electricabuild of range extender into reasonably
transporable frame that can be deployed into eMulanalysis part, thdata collected during inte-
gration is processed afartheranalyzel, thisalso provides illustration on the apparatus control and
behavior.
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Figure 1. eMULE test platform in the assembly hall for testing. The access ramp is providing a path to hydrogen
tanks on top of the vehicle.



1.1 Goal of the work

For ths master thesis, the topic walsoen per the practical research woifkkhe author to provide
added value for the work by means of scientifiting and documentation. The background and
mechanical and electrical solutions towards hybridization of eMule are covered in this master the-
sis.

In the next section, the background for the eMule, hybridization and related technologies are dis-
cussedvith goal ofintroducing the terminology and principles for the following wdrke actual

work towards hybridization and integrating the apparatus are explain in section 3, the experiment.
The experiment palével of detail goal both to preserve documentator the apparatus, as well to
duplicate the experimerection 4 discusses thesults andindings during the experimentand
thetools pipeline to process the results is also giv@mal conclusions and future work ideas are in
section 5.

In short the goal for this thesis is to provide a coherent package of understanding the background of
the work, together with how and why the eMule electrical and mechanical integration took place.

As for the results part, the control and behawigr discusseatunderstandperationf theresult-

ing range extender apparatus as mechatronic device.

Last but not least, the thesis goal isleanonstrate professional and safe engineering practice in the
field of mechatronicsvithin givenresearch environment

1.2 Scop e of the work

The scope of this work is to work towards fuel cell hybridization of eMule. This includes explaining
the background anithe actual implemention of the PEM fuel cell power module and DC/DC con-
verter together as fuel cell range extender. The fuel cell range extender is to be considered a subsys-
tem in the vehicle and thus needs to be interconnected with eMule v&hieletheestablishing
electricalinterconnectowards eMuleontrol and electrical powertrais also within the scope of

this work.

Per this work, the fuel cell power module and DC/DC converter used are considered as commer-
cially available mechatronics devicesh® integrated. Thus technologies behind are introduced
with level of detailgelevantto the readeim orderto understandie terminology used withiwork.
Theinternal details ointegrated technologies are not the focus of the work. The overall research
field related toelectricalpowertrain fuel cells, fuel cell hybridizatiorof avehicleand relevant tech-
nologiesis broad

The practical work focus is on the electrical and hybridized bus technology as experiment in the
specific case. The work does rawtempt to generalize the solution discussed, the focus on this the-
sis is on the sole specific solution.

1.3 Motivation for work

Working at VTT fuel cells allowed rareopportunity to take parhiinterdisciplinary research on
fuel cell hybridization of aliss Regardless the approach and focus taken in this work does not high-
light the full extents of the technology factors involved, contribution of theaeeehnobgical
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trends ould be observedSuch trends include for example researchcamdmercial fuel cell tech-
nology, hydrogen economy, electrical and hybrid automotive powertrains.

For VTT,EMuleisaf ul | si ze el ect r i c aé&prdbotymng &nd etearche hi c | ¢
platform EMule incorporates technologies related to reseafelectric bus technologies. The

eMule provides testing capabilities for partners and customers as well as internal demand. The im-
plementation of fuel cell hybridization is driven by customer demand. The fuel cell hybridization

will further enable the @hicle to be used as case example on research in the technology trends men-
tioned beforeThe technology solutions follow the industry trends, PEM fuel cells are the industry
standard ddacto generation commercial solution on fuel cell of the day.

Motivation for thesis author towards the topic is to extend the understanding of power conversion
and control over hydrogen powered alternative energy system. Autthpribaexperience over

CAN communicationsas well as, fopower conversion and alternativeeegy solutions mainlyon

solar panels. Joining the research on hybridizing the eMule presents example of mechatronic envi-
ronment with inteesting but challenging aspedEor example,ttefuel cellcomponent selected for

fuel cell range extendés quite powerful and run with flammable gd#e fuel cellpower module
enableoutput power ratindpigh enougho drive4 average sauna se&x/ and the deviceasto be
operatedrom high pressure hydrogesupply Within the job descriptionhe givenexpermental
goalspresented unique opportunitywmrk oninteresting piece of hardwacenfigurationand gain
firsthandexperience o current state ahe hydrogen economy.
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2 Background

The background section providieehnologyintroduction anditerature research part this thesis.
Thesection introducgthe established conceiad terminology. Thexperimentakectionfollow-
ing this section bases dme background laid out

The work is towards electrical and fuel cell hybrid buses.eMde electrical bus is the platform
for integrationand this provides ground for some of the regmientsFor example, e power re-
guirements follona suburb last mile bus route providing feed tralfackbone route such as metro
Suchrequirements would @mge ifthe bus route characteristics were different.

Fuel cell and DC/DC converter technologies are in main focus of the experase¢hémechanical
and electrical integration mainly concerns these technoldgiether, he CAN busand VCU are
introduceds thecommunications bus and control paimthe automotive concept

This backgroundsection backs olterature references coverirtgetrelevantields and technologies
more in depth

2.1 Trend on electrification of automobile powertrains

The solutions based dheseelectrical automotive powertrains haezentlymade acommercial
breakthrough andre becomingnore popularTheelectricalpowetrainin vehiclealso enables im-
proving goals ommproving efficiency and thuseducingemission This iswhen compared to tradi-
tional powertrainsoperated directly by internal combustion engiBkectricalpowertraincan work
standalone on batteries, or it can be used as hybrid solution.

In the electrical powertrains, an electrical propulsion system is used to generate the torque needed to
drive wheels. The electrical motor can be used both to generate torque for daisinwgll asto

convert the kinetic energy back to electrical when braking. The process of converting kinetic energy
back to electrical is known as regenerative braking. The elglaniator can also provide good

torque over range of rotational speeds enabling realization of simplégdn asfor example
transmissiorwith gear shiftis not necessarily needdeéigure2 shows typical configuration of vehi-

cle withaseries hybrid electrical powertrain, the arrows present the energy flow directions. The fig-

ure highlightsange extender generator, whimhly supports energy flow ione directionElectri-

cal storage cafurthersupportbidirectional energy flows, and thus alloaf®@rementionedegener-

ated braking energy to be recovered.

EFuel Electrical
Stolrj:ge Storage
: (Battery,

(H2, Diesel, ..) Ultracapacitors)
Electrical

- =) Motor |t L\
Generator = DCDC ) v Power \,:'\ Controller v 1 Motor - Wheel
anagement

Figure 2. Typical main components in vehicle with series hybrid lectric powertrain
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With hybrid solutions, e electricapowetrain allows decoupling ajeneratofrom thetorque re-
quired bydrivetrain A serieshybrid solution usesnergy storage together in senath the genera-
tor. Decoupling of thgeneratomllows more flexibilityon the generator usagéhus allowoptimiz-
ing therequirements andperating conditins for improved efficiency. For example, the electrical
storage can compensate for transient power demands, while the geteandiedrivenat constant
operating poinatits optimal range. This can be useatprovesolution overalefficiency, thusre-
dudng emissionsand reducing operating cost

For terminology, plain hybrid powertrain solutiermtypically refesto configuration of electred
powertrain, battery anidternal combustioengine.Fuel cell hybrid solution refers &lectrical
powertrainsolutionwith configuration of fuel cell and batteryigure3 highlights theoperating
principles offuel cell, battery and internal combustion engine technologies.

Fuel Cell Internal Combustion Engine

Fuel to Recirculate Newds Re Fuel & Air Mixture

+ Heat [85°C) Water-cooled Electrolyte

l[':'.

Flow-Field Plates - Positive Plate

Separator i * Heat [125°C)
Water-cooled

Membrane and Electrodes

Negative Plate

Fuel (Hydrogen)

f Ballard Power Systems

Air

Courtesy o

Figure 3.Structure of FC, battery and ICE [1]

2.2 Alternative energy hydrogen -hybrid/FC -hybrid powertrains

Hydrogen based fuel cell solutions fall under sustainable alternative energy solutions and are such
solutions are also referenced together with hydrogen economy terminioldyglrogen economy,
hydrogen is used asdlu Hydrogen based fuel cells are used together with electrical powertrain and
this is called fuel cefpowertrain or hydrogen hybrid powertraMain advantage over fuel cell hy-

brid solution to internal combusti@nginebasedhybrid solution is the emigm free operations as
exhaust is plain watej2]
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Fuel Cell Powertrain
(Non hybrid)

; -
o
- ®

Load

Power
Electronics

Fuel Cell Stack

Hybrid Fuel Cell Powertrair
(Series Hybrid)

’

-0 ()

Load

Fuel Cell Stack

Power
Electronics

Battery
Table 1. Fuel cell and series hybrid fuel cell vehiclg3]

A fuel cell can be usealsstandaloneonfiguration to feed thpowertrain However, tiel cell sys-

tems have typical disadvantages on cost, slow response and no regenerative energy recovery option
during braking[4] Thus actualsolutions areftenrealized as fuel cell series hybrid powertrains
havinga configuation withenergy storage such as battgrgeriesas buffeing electrical energy

storage Thedifference orseries hybriduel cell powertrain solution versus fuel cell power trsia

lution is illustrated inTablel. The hydrogen hybrideriespowertrain solutiong literature areli-

vided to soft and hard hybrid solutioms the hard hybrid solution, the solution is designed so that

the energy storage, suchlzstery, is considered very small buffer andftred cellmostlymeets

the energy requirements of the vehicle. On soft hybrid solution, the energy storage is considered to
store more energy amndll manage the higher transient power demand, for exampieglacceler-

ation To generalize, wh serieshybrid solutiors, the vehicle power requiremertanbe decoupled

from the poweputputrequirements athefuel cell

Thefuel cellhybridization point of interest to using different modege@eherators anehergy stor-
agesis related to theconomical performance and operational feat\Besh ascharacteristics of
the energy storages, including costs, expected life oyelights and related emissiof&nge and
charging time are key features when operatiegtfof vehicles|[5]

Forhydrogen operated vehicles, tterageanktechnologies also contribute to ttetal vehicle
economicsgasoline used by ICE engineas liquidwell suitedfor traditional tankbut hydrogen
storage requires more careful consideratir hydrogeroperations, the hydrogeankincreases
weightand volumeof the solutionHydrogen tank solutianare illustrated per weigtd volume ra-
tio in Figure4. [2] In the experimentgdartof this work thesolution is highpressurdnydrogen gas
tankwith pressure isip to200bar, equivalent to 20MP
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Heavy ) Hydrogen-absorbing alloy
T Advanced hydrogen-absorbing alloy
)

= 9 Carbon nanomaterial

8

= S

2 O

o Organic Hydride

=

=

[=

[1]

. a

1 O

o Liquid High-pressure
. ICE hydrogen hydrogen
Light | gasoline

Small «—— Tank Volume (L) — Large
Figure 4. Hydrogen storagetank solutionsby weight and volumeratio [2]

This work focus is on fuel cell series hybrid solutionn8igs for the series hybrid solution come in
solutions with following conditiongg]

- the system load is cyclic

- the system load includes many transient conditions

- the system includes many auxiliary devices using power

The literature also uses term primary energy source, this refers to the actual source of energy. This
is important when the overall environmental effect is evaluated. For example, the battery can be
charged by wind energy, and the source of hydrogen asebecnatural gas. Hydrogen and elec-

tricity usedcan be consideradtermediate products used foower storage anansmission.

2.3 Electric and f uel cell hybrid electric bus es

Using latest advanced battery technologiesp#itery solutions as energy storage allows storing

and releasing the energy to the storage anddbdresponse to dynamic changes of the power re-
quiremerts are good in when driving. Yeddattery solutionsra still heavy by weight to stored en-
ergyratio. Also the charging speed is related to electrochemical reaction speed, and can be consid-
ered an limiting factor together with the weigatio.

For fuel cell based solution, the characteristics are diffeFem hydrogen based fuel cell solution,
the cylinder contains pressurized hydrogen and the ratio of weighiergy on the fuel issswhen
compared to weight/energy ratio of battery solutions available. The PEM fuel cell power module
used as base diis work does not allow Hirectionalenergy conversioprocess, and cannot for
example recover the braking energy.

In orderto refill the hydrogentsrage on busghehydrogen cylindeneeds to be refilled aeplace-
ment, and thiprocessan be relatechore as similar process to refilling fossil fuel gas tanlgen-
eral, the gas transferisore related to piping and mass transfer prottessaselectrochemical
processAs follows, the rate of refill can be ragh compared to battery solution, as wasdlthe hy-
drogen fuel tank can designed following similar principles as fossil fuel tanks.
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ThePEM FC hybrid solution in public transportation bus platform is ds#@aapproach on ena-

bling pilot cases for hydrogeenabled solutions.hiis allows the mass transport companieske

active role on addressirmgpncern ortheenvironmentnd driving the industrgroviding the solu-

tions The hydrogempoweredsolution alsaequireshydrogen distributiomnfrastructure tsupport
thefleet operationsPublic transport centralized depo@ndbe used to enable controlled test ground
for thehydrogen enablesgolutions. The infrastructure concerned would cover for example the solu-
tions required to refill the vehicle hydrogeorstge For typical public transport bus operations, the
internal combustion engine solutioan be operated sthe gasoline tanknly needs tdilled once

per daylf the fuel cell hybrid bus could similarly also drive the day on single charge / fuel cycl
this wouldsupport the current fleet operations model.

A typical end mile bus drivdiscussed in this thesis hadraszing cyclein suburban, consisting of
low aveage speed and mabyaking cycles. fius, the advantage of serigbrid solutionimproves
theenergy efficiency by being able teuse the kinetic energy recoveratregenerative braking
Also szing the fuel cell to full peak power requirement would also presenesignificant cost
factoronthe fuel cell technolog In series hybrid solution, the fuel cell solution can be optimized
for the average consumption while battery manages the transient ddrhanesearch and actual
datagatheredrom test vehicles allows further researchoptimizing thecombination of the bat-
tery and fuel celsolutions.

2.4 VTT eMule test and research platform

TheVTT eMuleg a test mule prototypinglatform discussed here is an establishedaedtresearch
prototyping platform with system configuratisimilar topublic transport vehicles. ThreMule can
be used to study multiple aspects on public transdricle configuration. Mule provides proto-
typing and testing services to meet internal, padnedcustomeidemands

The eMule is also used as part of larger concept of electric city bus and infrastructure demonstration
environment in Finland.7] For exampleto provide basic reference drivéaerealso exists a es-

tablished bus route thatised aseference route for comparison. City line 11 is typically used as
reference driving line for eMule when evaluating the performance, the route can belSgenen

5. Within the research community, similestablished routesan also be founith other major cities

that are used for reference compariasrthese provide characteristics distinct to the city and.route
Suchroutes provide grounaf understanding the feasibility anttidy on different environments.
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TheeMulebus has previously providede baselatform for other auxiliary devices uséat re-

search, such as internal combustion engine based range extender and padéxirefur rapid

charging the batterfyom grid The data collected from previous research also provides as reference
valuable data that can be compared when new soluire@nsvaluatedl he prototype bus is used for
both for VTT internal research as well as for customers and partners demand.

Thebaseplatform to befuel cellhybridized, isthusan electrical busvith electrical propulsion sys-
tem. The battery bank is ty@illy used the main energy soumawveing the locomotion. The fuel
cell technology hybridization is introduced to the bus aspeddent modular auxiliary testing de-
vice,that can be used to extend the enexggilability beyond the capacity of battery kamergy
storage and thus increase operating range of the vehicle.

2.4.1 eMule electrical power system

The eMule platform configuration on electrical power systems and powes trge visualized in
Figure6. eMule vehicle power systems considered are high voltage DC bus (HV DC BUS) and
auxiliary 24V battery system. For the range extender integration perspective, both power systems
are relevantas 24Vdc is used to provide system pofee range extender components Well as

the vehicle common ground is tied to 24Vdc negative potential.

The eMuleHV battery configuration is illustrateéd Table2. The battery is based on LTO lithium
battery technology. The eMule integrates two existing options for the battery charging, onboard 3
phase grid chargemnd pantograpmterfaceon roof used to iterface rapictcharging station. The

LTO batteries onboard can accept up to 5C charge cuthentranslates into charge curremtto

450A, with nominal voltage of 590V, this would translate to charging with power of
P=U*I=590V*450A=265,5kW. Actual volige and power might vary.
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Figure 6. eMule power systems&nd powertrain main components

with Battery
Battery Chargers J
Hydrogen Management Control "\ Driver
storage i (VCU) |
Unit
- L Ir J°r
) = =
FCPM ) DCDC [T} DCHVBUS || Inverter | Motor [} Whesl
4L
24\/dc
Inverter
4L
Motors »
Air e Power
Conditionin 24Vde j> Steerin
9 Battery g
L
Auxiliary
Systems

Battery technology | LTO

Energy store 53kWh / 90Ah
Nominal voltage 590V

Weight 1500kg

Battery configuration

32 water cooled modules ingeparateenclosures

Table 2. eMule HV battery

In Figure7 is picture of the eMule DC HV BUS, the high voltage interconnect rail, this consists of
copper plate power distribution plates that are interconnected with high voltage isolation relays.
Postive and negative potential both have separate power rails, and the rail consists of three separate
sections. Outermost sections are called DRIVEBUS, and these are used to connect the power invert-
ers to the bus. The middle section is BATTERYBUS, thisessttction connected to the battery ter-
minals through main switch. The center section is CHARGEBUS, this is used for connecting the
battery chargers. The actual devices are connected through fuses. The configuration seen in figure

configuration

already includes connectidowards FCPM range extender.
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Figure 7. DC interconnection bus bar, with contactors, fuses. Right side is for negative and left side is for posi-
tive bus voltage interconnect. Numbered items, 1. 50A fuse for connection toward€IDC converter 2.Postive
voltage cable towards FCPM range extender 3. Negative cable towarBEPM range extender 4. DRIVEBUS 5.
BATTERY BUS 7. CHARGEBUS

2.4.2 eMule power consumption

As for eMule previousestablishedesearcHiteraturealso provides undeimtding ofenergy re-
guirements on route. For the reference line 11, average vehicle speeesandde energy con-
sumption can be seenkigure8. Previougesearch also has characterized the power usage from
the point where the platforms batteries emarged from grido the actual consumption or l9s®

the energy usage and distrilon isalreadycharted and understood. The battery energy disioitou
is presented ifrigure9. As the average energy consumptiover time is estdished, it was also
used as design criteriarfthe components used in this wofthe average energy comsption of
eMule vehicleon line 11is shown inFigure9.

m Energy drawn from battery = Netenergy use = Regenerated energy Line 11 in Citv of ESDOD , average speed 24 kmlh

: - =

. . _so '

° =N \ f}H
\‘ | M’H /
., f\ I \M
:F!bbnmsbb!h..‘ gl:o ll 1 Lkmll l‘ WI)Wzoo}m

Figure 8. Average vehicle speed and in service electric energy consumption of test bus running on Line[Z]L.
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Battery energy distribution, 9.3 kWh Energy consumption per time
Braunschweig cycle, 12 400 kg on different driving cycles
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24V auxiliaries; . brakes; 4.5 % = e
18% . = 10400 kg
Battery losses y = W 12400 kg
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|Air compressor; a
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&
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motor and drive .
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losses; 25.0 % Air drag; 10.4 % Espoo Braunschweig  London Paris New York

Figure 9. eMule battery energydistribution and bus energy consumption over timg8]

2.5 Fuel Cell s

Fuel cell is an electrochemical device that transforms the energy contained by fuel directly into
electrical energithout intermediate step$his energy conversion procassnore direct than
compared to typical method of internal combusgogine, which ifieat engines where the energy
is first transformed into heat before mechanical energy

Fuel cell researcts interdisciplinary science, including fields of electrochemistry, thermodynamics,
engineering econoits and electrical engineeringuel cell solutions exists with different ap-
proachessometechnologiesnclude reconditioningtages enabling use of difent fuel sources

where the hydrogen is extracted from. In this thésespolymer electrolyte membrane (PEM) is

introduced asfuel cell power module introduced and integrated laténe workis based on this
technology.

2.5.1 PEM Fuel Cell (PEMFC)

A PEM fuel celloperatingprinciple is illustratedin Figure10. In the center iglectrolytemem-
brane. Theslectolyte membranseparates theectrodesthe anode and the cathodée fuel cell
inputs arenydrogen and oxygen, and the productsedeetricity, heat and wateffor electricity, the
output voltagen (voltage towards load)f single fuel celdepends of the actualembranesolu-
tion and naterial,as well as theperatingconditions Theoretical output voltage of single fuel cell
is 1.2, butunder load closer to 0.7Y9]

& Hydragen
£ % @ Praton
A Electron
J '; Oxygen
Eleciricity s
e B
1 Water
> L 4 e
0 8 ;
' ~= g5

Anode f Cathade

Electrolyte
Membrane

Figure 10. PEM fuel cell operating principle [9]
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The characteristics of this fuel cell technology are such, that it works in low temperature, provides
high efficiency and high performance in wide working conditions. PEM fuel cells utilize hydrogen
as fueland oxygerfrom airas oxidizer The reaction outlets are water, heat and electric enéygy.
erating temperature &fEM fuel cell is limited between freezing and boiling of waiace the elec-
trolyte membran@eedshumificaion for the processlypical operating teerature below 80°

Basic equations for hydrogen oxidation 4]
"o ¢0 cQ (1)

-0 c¢O ¢Q ©° 0/ (2)

Total overall reaction of actual PEM fuel cedaction realizes such that the reaction produces wa-
ter, electricity and heat:

. 3
?6 000/ 7 { )

As the proess primary product is watand the process does not generate other partibka® are

no harmful emissions generated. Lack of emissionpateularly important issue compared for
example internal combustion engin€éhe poton exchange membrane fuel cell power module
troduceds a commercially available technolggynd current de facto technology solution for porta-
ble applicationsThe fuel cell process is well suited for-irehicle applications.

In PEM FC operationghe excess byproducts, water and heat must be managed in such way the
isothermal conditions for optimal operations are maintained as well as the moisture rate of the elec-
trolyte is optimal. Due to this, the heat and water management are important key areas foletstable
cell operations[10]

2.5.2 PEM Fuel Cell stack (PEMFC stack)

For practicalpplications, the outpytower and voltage levets single fuel cell aréow. Scaling up
a single fuel cell is possible, beight not be feasible. Many of tlaetuallosses in fuel cell energy
eqguationare infunction of currentand & power is defined dsnction ofvoltage times current,
thusincreasing the poweavould require higher current or voltage. Increashecurrent would also
increase the lossesincreased current will also cause negative impact on voltage.

Typical approacho scale upthe powelis to stack more cells into sesieand in this configuration

the stack voltage is sum of the cells in stagkpical fuel cell stack consists of multiple layers of

fuel cells, together with channdts fluids and gasses, as well with the electrical series connections
of the membrane§.ypical stack also has end plates that include the connection ports into the sys-
tem.Principal of the stk is illustrated irfFigure11.

(4)
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Stack of Cells
Figure 11. Stack of fuel cell§1]

2.5.3 Hydrogenics PEM Fuel Cell Power Module (PEM FCPM)

The PEM Fuel Cell Power Module (FCPRHnceptintroduced here is a commatfuel cellsolu-
tion from Hydronics IncThe conceptonsiss of fuel cellstacksolution withintegralbalance of
plant solutionThe FCPM solution provides fuel cell technologypasven integration ready bun-
dle. Suchsoluion is focusedisaneasy approacimto PEM fuel cell technologior partiesinter-
estedenabling fuel cell solution powered solutipgsch as integrators, fleet owners and OEMs

The FCPM concept is.part ofHydrogenics Incommercialfuel cell value clain productsFigure

12 illustrates the vendgsroducts portfolio on fuel cell technologies. The figure also highlights the
featuresof the solutionThe figure illustrates a single PENMel cell is the basic building block of
which the FCPM consists of, integrated wiglguired auxiliary components andntrol The port-

folio also includesuther refined solution that includes energy storage such as hydrogen tank and
cooling solutions as a kit.
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. “ . Integrators, OEMs,
Fuel Cell Value Chain “2.0”: OEMs Floet Owners

Hybrid forklift
Power Pack

Hybrid Fuel
Cell System
on Transit Bus

Stack with integral Balance of Plant

Single cell Multiple cells layered into Stack and Balance Power Module with:
;roto: Exchange a stack, including: Of Plant, includes: Power conditioning
bl dnd Fuel management

End plates Hybrid energy storage

f ;MEA Membrane

Figure 12. Hydrogenics Fuel Cell Power Module 2.0 solutiorf11]

The fuel cell power module used in this thesis presents the latest generatioR BMkyPM
power module productzrovided by Hydronics Induring the development cycle of tREPM
product,number of major componentgs reduced. Alsother functionalmprovements have been
made toenable more straightforward integratidar examplehe fuel cell operationso more re-
guireexternal water supply fdrumidification. Recent in houskevelopmenhistory of the HyPM
power modules illustrated inFigure13.

The features of FCPM used in this thesis include liquid cooled, system has onboard controls and di-
agnostics, the system has rapid stgrand dynamic response, unlimited s&tdp cycling, the sys-

tem is robust, rugged and reliabd@dno water is requéd for humidification. Aso according to
thematerial provided bylydrogenicdnc, the FCPMmanufacturer can provide basis fystem

safety certification related matte&uch safety certifications would be requireghowthe final

product to confirms the requirements meeting the criteria fir and CE producapprovals and
safetycertifications
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Hydrogenics It S ? < AL ﬁ

HyPM P g s~ -' .
y ower . \ ¥ 3 [ s = § Commercial

Modules (mobility) 3 Product Launch

2001 2002 2003 2009 2011
Stack Pressure High High Low Low Low
Power 25 kW 25 kw 20 kw 16.5 kW 33 kW
System Mass 290 kg 200 kg 170 kg 92 kg ) 75 kg
Power Density 86 W/kg 125 W/kg 117 W/kg 180 W/kg il{)' 440 W/kg
System Volume 365L 340 L 180 L 133L - 125L
Power Density 68 W/L 73 W/L 111 W/L 124 W/L 264 W/L
System Efficiency 45..38% 45..38% 54...40% 54...48% 55...48%
Major Components 25 19 8 6 6

Not required. . .
Onboard water Required Required With Ca and An Not required Not required
No saturators No saturators

saturators.

Figure 13. Hydrogenics fuel cell development history regarding the FCPM12]

2.6 DC/DC converter

A DC/DC convertehere is introduced a concept, ai$ is used to match the electrical output of
FCPM into the voltage and current levedguired by the bugn addition, it provides aontrol

method ovethe power transfeln other wordsaDCDC converteprovidesas power electronics to
boost the voltage from the FCPM power output into level required to feed the vehicle HV DC bus
bar. The voltagdevel on the HV DC bus varies when the bus is operatediell as the power re-
qguirement is not constant.he output voltage level of FCPM directly tied to the fuel cell stack
output ancconfirms tothe electrechemical process within tHeEM FCPM.The DC/DC converter
discussed provides means to control the characteristics of the electrical power coupling.

In this work, the focus is given to the DC/DC converter technoésgectselated to the applica-

tion in hand Following the solutiomomponents, aisolated full bridge switching boost circuit is
introducedas high level conceplsolated circuit means galvanic isolation of the voltage rails, there
is no common ground betee the input and load of the T voltage railsFollowing the sola-

tion nature, a single wire would between input and output rails, would not cause currem¢flow
tween, as the potentials are isolated.

The DCDC converter topology is discussdsh as the FCPM requirements state there should be
reversecurrent protetion diode in case theel cellloadcanfeed current back to FCPM needed,
reverse protection diode should be installed as can be seEigperl4. The topology operating
principle of the the DCDC type used is described in next section.



24

»J1-8

12/24Vdc, <1A
) M J1-9
“~ coll
CONTACTOR FCPM
- +
} } K " + Bus Bar
+ Contact Diode (optional
reverse=current
Application protection)
Load

» - Bus Bar

Figure 14. FCPM application load installation per FCPM operations manual[13]

2.6.1 lIsolated full bridge DC -DC converter

Isolated full bridge DEDC converter explained consists of input side and output side, isolated by
transformer. The transformer provides galvanic isolation between the two siddbgetinsut side
and output side do not share common ground and are flofi#jg.

The components of full bridge DOC canverter are shown iRigurel15. The transistors, FI4

provide means to alternate the current towards the transformer, as alternating current is used to en-
ergize the transformer. The transformer can also provide gairifesedt winding ratios on pri-

mary and secondary side. On the secondary side, there is a diode bridge rectifier, choke and capaci-
tor that rectify the alternating current back to direct currdi}

The DGDC internally drivestie switches in full bridge in phase shifted mode, driving the full

bridge in four steps. Two switches on left or right side cannot be forwarding current same time as
this would short circuit the input power rails, thus there must be a gap between tbhenaraling

states. The frequency of switching can be variable or fixed, depending on the aciD&l &D-

verter implementation. Duty cycle between the current forwarding and not forwarding states depend
on how much energy is to be transferred during théecyc

L 71“' SI0LS ‘f-:'wf
.[ Tll/ TSl/ 2 E * i 1
i Cm + 3|z T LlD 133 Cour +
Vin %r:% z Feece —— Vot
T SN Y N T
T T2 1471 7 3 Ip3 DI I

Pl
Lp?‘f L S&

Figure 15. Full bridge DC-DC conwerter component layout[14]
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2.7 CAN bus

A Control AreaNetwork bus (CAN) is anessage basedmmunicatiorprotocol commonlyused
in automotive communication purposésie CANdevelopment started during 1983, asdcurrent
the CAN bus specificatiomas been standardizadd widely adopted into automotive industfje
specifications separatetivo to parts, one defining the communications protocoData Link
Layer, this is standardized into ISO 118B8Jnderneathhis, the Data Link Layedefinesthe
physical media layer, this is standardizet 1ISO 11898,3.[15]

CAN Node i

Microcontroller !

("uﬁf:tl::ler i Data Link Layer
1 VIS0 T189R-1
P IS0 1189801
CAN Medium Access Unii

Transceiver

{Electrical Levels)
-3 15Q 11898-2, 3

Bus

Figure 17. CAN Data Link Layer and Medium Access Unit[15]
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While the CAN bus standarasver different solutions and realizations of the communications bus,
the focudn this thesigs given to the communications methods relevant to this VAR busdis-
cussed in thisvork focuses ISO 11898 high-speed CAN, wh CAN 2.0A standard 11 bit identi-

fier implementation, as theolutiondiscussed use this for communications.

In practice, CANhigh speedbus is based on two wires providing differential communication chan-
nel. The wires are typically named, CANL and CANL. The bus is per defiratioear bus, but in
practice, a typical realization has stubs and the networkepmasent more star than linear bus. The
bus is terminated by 120 HYghspeedANsbusdsrillsstratediin b ot h

Figurel8.

j} l{(cnn$
CAN Node CAN Node (( Stub Length CAN Node

Not Terminated Not Terminated Not Terminated

Stub Length

Stub Length

At Node At Node At Node

ISO 11898-2 Network

Figure 18. High speedCAN network bus topology[15]

The CAN bus is multimaster serial bus, that connects the the nodes on the communication bus.

Two or more nodes are required to operate the bu AN bus, each node can send and receive,
butonly one node can send message at time. In case more than one node are trying to send at same
time, thearbitration proceskappens during the transmissiordasined by the protocol.

2.7.1 CAN bus standard frame with 11 bit identifier

e
pe—Arhitration Field —— pe——CRC Figld ——™ [“Cno ot Frame &
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Figure 19. CAN base frame format[15]
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For CAN bus communications, messages are sent to bus by nodes. The communications protocol
uses message frame to encapsulaténfoemation. The standard frame consists of start of frame

bit, arbitration field, control, data, CRC Field, Acknowledge slot, Acknowledge delimiter and End
of Frame as seen Figurel19. The figure shows messagelobytelength,the actual dateength

canvary fromO to 8 bytes.
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The CAN bus arbitration field contains the message identifier and remote transmission request. Af-
ter the arbitration field, control fielebflows. The remote frames are not used in this warlddue

not discussed-or standard message, the identifier extension bit is logical 0. This is used for ex-
tended frame format, which is another frame typeof the scope of this thesNext in the frame

is data length code (DLC) that indicate8 Of databytesto be transntied. For the data fields, the

actual data signals can be sent packed in the avail&@led@ta bits (padded te®bytes).The

CRC fieldusescyclic redundantheck algorithm to provide checksumpimvide means to validate

the integrity of transmissioil€RC delimiter must be recessive bit (1)®%&N specification The
acknowledge slot (ACK) is used by receiver nodes to indicate successfully received message. The
sender sends recessive bit and any node receiving valid frame will send dominant bierltisend

tects no dominant bit, the message must be resent.a&ftaowledge bitacknowledge delimiter

follows, this is always recessive bit (1). After this is sent end of fisigrealing which indicates the
transmissions completeand the CAN media isde for next transmission.

For the data transmission, all CAN nod®golved to communication in progresaistbe able to
operate irsame nominal bit rater ratesDue to hardware implantatisarenonidealand condi-
tions may vary, the actual bit rate yndeviatesome CAN nodes synchronize theansceives dur-
ing thearbitration Thus,CAN bus has builtn mechanim to enable the nodes to maintaynchro-
nization

The fields in CAN message also serve different purposes. The arbifratibis used for synchro-
nization and arbitration on the shared mebBiaring thearbitration part, dominant sender is se-
lected.The dominant busendelis thenodea b | e t omessagghtbugh thedshared medige-
lectionof dominant senddrappens during the arbitraticas only onanessage can be sent at a
time. The CAN nodes trying to seadnessagtakeactivelypart on thearbitrationprocesdo select
dominant sender

S . R
o) \dentifier T|  Other Fields
Fliola[s]7]6[5]4[3]2]1]0|R
ECU 1 R ECU 1 stops arbitration
| | |
ECU 2 R Ecu 2 stops arbitration
I
ECU3 |
Bus
! |
« Arbitration Phase _‘

Figure 20. CAN arbitration process[16]
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For the arbitration process, this is illustratedrigure20. Nodes with message in send queue start
sending the message and the dominantsendent i nues sending itobés whol
ECU 3continuesd send as it has dominant bit over EC in identifier bit 2. ECU2 loses the arbi-
trationwith collisiononbit 5. For the CAN terminology he logical Obit is considered dominant

bit, logical 1 is considered recessive Hfitanother node is sending dominant bit over node having
recessive bit, collision happefw the recessive sendand dominant sender continues sending.
The node sending message with dominant identifier has thus higher priotfity sinared media
and the recessive sender maisémpt to reransmit after théus is free againThe message identi-
fier defines a messadgpe andmust beanuniqueidentifieron each CAN budf this is not met, the
arbitrationcould happerafter arbitration fieldduring rest of the messagend this would violate the
CAN specificaion.

2.8 Vehicle Control Unit

The systems of eMule platform presented in this thesis are controlled by a vehicle control unit,
VCU. The VCUIin eMulerunsVTT in-house vehicle control codiat controls thén vehiclesys-
tems. For example throttle is contolled by wire the actual electrical motor is driven by inverter
Tho, the vehicle is not fully drivby-wire, for exampleteering in the eMule at time of writing is
implemented by mechanical linkadewever augmentealith power steering.

The control algorithms for VCU are designed on Md&amulink environment and the model is
code generated and made to rurread timeembedded computefhe model running on computer
thusimplements the control functionality oreteMule. The VCU implements control for the sys-
tems ovetwo high-speedCAN bussesndvia additionaldigital input and output channelBhe
CAN busses in eMule run at different speeds, one at 500kbps, other at 290kbps due not all
equipment implerant the CAN with same speed.

TheactualeMule VCU is Electrobit EB 6120 vehicle control ufiihe Electrobit EB61x0 series
technical data are shownkigure21. The EB6120 has additional 4 GB Flash memory and addi-
tional connector for debugger and more input/output functionfli@y.

Technical Data
» High-performance Freescale Microcontroller MPC52008 with 400MHz
» 2 x 10 Mbit/s FlexRay (TJA1080 or R5485)
» 2 x high-speed CAN (ISO 11898-2)
P 1 x fault-tolerant CAN (IS0 1189-3)
»1xLIN
» 4 x analog input channels: 10 kHz sample rate, 12 Bit resolution, 0 to 20 V
P 16 configurable digital input or output channels
» PC connections via Ethernet, USB 2.0 or RS232
» Altera FPGA Cyclone EP2C70 with 256KB SRAM
» Supply voltage: 6,5V to 30V
» Robust automotive housing
* Measurements 150 x 100 x 25 mm
- Protection category IP65
- Guaranteed ambient temperature range: -30° C to +70° C
» Reliable high-quality ODU connectors

» Low power consumption (~5 W)

Figure 21. eMule VCU, EB 61)0 seriestechnical data[17]
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3 The expe-rPIEfMe FtCPM i ntegrati on

This experimental part will describe the work committed towards eMelecell range extender
mechanical and electrical integration work mddeng summer 2014s part of the authocon-
tract with VTT as master thesis worker.

The project initial condition was such that the Prima EcoB¢h12A2 DCDC converter was
available, previous generation Hydrogeribd®M 16kW FCPM modul¢hatwas mounted to bus

but not operational. The DCDC converter and previous generation Hydrogenics FCPM had been
previously used in research. For the VTT projecttiesis is based ¢a rext generation Hydro-
genics HyPM HD16 module had been ordered from verahat was latenaailable for thisexperi-
mentwhen arrived.

The FCPM relategower requirementwere determined before the author started, based on the av-
erage consumption of the eMule on bus routeThe. range extender component power ratings fol-
low the average consurtipn. The components, DCDC converter and FCeNbe usedtompo-
nentswereoutlinedby the project description for the author.

The project plan was to integrateetFCPM and DC/DC convertasmodular range extender in-
strument subsystem for the eMule. Thechanical solution neededeasonable transportable

frame. For the total integrated solution, the mechanical and electrical functionality had to be tested
and verified. Cooling andydrogenfuel sypply systems had to be arranged with a way or another to
support the testing.

Thework towards hybridization of the VTT eMule bus platform was dividéoland executed in
severakmaller increments as milestones. Each milestone is to establish and verify a step forward
but with small step introducing only a athnumber of new variables per teBhe projecimajor
testmilestones are highlighted Trable3, the following sections willlescrile the experiment setup

and later work coversesultssection analyzing theutcomes ofelevant experimest

Main components to integrate within the scope of this work were PEM technology based Hydrogics
second generatiodyPM HD16 fuel cell module andesttrical Prisma Ecotech DCI 12A2 DC/DC

boost converter. The fuel cell module provides the energy conversioryanmgengas forminto

electric. While the DC/DC converter boothg 40-80Vdc voltage level from fuel cell module to up

to 700Vdc voltage levaised byin HV BUS BAR, and thusheeMule powetrain.

ProjectTest Mlestone

DC/DC converter recommissioning test

PEM FCPM CAN electrical interface test

PEM FCPM commissioning test

PEM FCPM integration test with DC/DC converter

Rangeextender integration test in bus
Table 3. Project major test milestones
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3.1 Hydrogenics HyPM HD16 fuel cell power module

Hydrogenics HyPM HD1&CPM used in this thesis al6kW PEM fuel cellpowermodule from
commercial fuel cell vendor, Hydrogeniddie fuel cell used in this work prese@tsd generation
module of the HyPM HD16 series.

Previous generation device was also tested and evajuaeadusly at VTT and the devieeas
available for thewuthor to asnreferencamplementationThe previous generation platform was
previouslyevaluated irpasttogether between VTT and Aalto Topdrive projddte previous gener-
ationsystem was not operational durithgg work related to this thesis.

As conparison, he 29 generation HyPM HD16 module upgrades are sucmage integrated con-
trol logic and more clear separation between logic and power distribbtgare22 shows the
FCPM subsystem controlled devicg&se HyPM HD16 fuel celpowermoduleconcept includes
the components within HyPM boundawile the inputs and outpushown outside the boundary
need to managed externalljhe fuel cell modle componentsreshownFigure23, and main inte-
grated components of the fuel cell module can be seen, such as aticincoplimp, integrated pres-
sure vessel, control valves and regulators. Tutianal systemcomponentsequiredareforced air
blowerassembly including air filtesindair flow meter as well azoolantcirculationwith water
pump On top of thisthere isload contactorsTheintegratedcomponentstructure is further ex-
plainedin Figure24.

CAN (Controller Area Network) Bus

Overall System/
. Vehicle Controller |
[

| Notebook PC, with PC-CAN !
Bus interface and :
“HyPMView" software i

L]
HyPM™ Boundary S¢EU
_..“..“.."'\. RV r________‘r,“‘
! 5 FCVM +H,0 >
N e ._________‘””;
FLT BLR — Exhaust
STACK Pt Air+H,0

—

B PMP
{ coolant ;>

Electrical DC Power Out

— T
| Power Converter, User |
Load or Load Box

coolant »

L 4

T T
+ el |
I

Figure 22. HyPM FCPM as subsystenj18]
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Figure 23. Hydrogenics HyPM HD16 fuell cell module components and connectiofik3]

¢ #2846

- Air - Blower Air Filter
End Plate Controls Filter Motor
GDL \ | l |
(Gas Diffusion Layer) ~
MEA (Membrane Blower/meter/filter
Electrolyte Assembly)

Tus
H2 Recirc pum Full delive
Flowfield Plate Coolant Pump oy 7

assembly
Figure 24. Subcomponents of Hydrogenics HyPM FCPM19]
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3.1.1 Instrumenting FCPM

Hydrogenics HyPM HD16 mechanicaterface seen inFigure25, definesthegaseous and liquid
inputs and outputs for the FC module. Inputs are for lgehr@and air gas arwbolantfluid. The

figure also introducetherelatedcharacteristicshese Outputsare cathode and anode exhadisis
the module as well as the coolélntid. Meeting the characteristics defined is considered as an re-
quirement for the integration.

CATHODE IN ANODE IN COOLANTIN
(AIR) (H2) Q > 40 Limin
Q <1700 L/min Q <250 L/min T=50-65°C
P = Atmospheric P =585-790 kPa Resistivity > 200 kQ-cm
T=-5-46°C T=-5-46°C Fluid = DI H,0 or EG/DI H,O
Hocone 2 99.99 %

i

FUEL CELL POWER MODULE

|

CATHODE OUT ANODE OUT COOLANT OUT
(OZr NZ; HZr HZO) (HZrHZO) Q > 40 L/min
Qoo < 32 mL/min Qpoo < 24 mL/min T=150-65°C
P = Atmospheric P = Atmospheric Heat Rejection < 26 kW
T<65°C T <65°C Fluid = DI H,0 or EG/DI H,0

Figure 25. Hydrogenics HyPM HD16 mechanical interfacd13]

In addition to mechanical interface, the eleetri@quirements for the modudee definedn Figure

26. Thefuel cell powemodule implements control logic board that controls the process devices re-
lated to the fuel cell operations. The fuel gaivermodule does not implement user interfaee

yond the CAN control bus interface that is used to control and observe the operations of the fuel cell
module The fuel cell manufacturer providadditional[HyPMview software as reference control
implementation, this softwaanbe used to manually ctol and monitor the operation§he

module logic board interfaces implement control over the prabhessghdevicescontrolledwith

low current signalsThe powemutput of the second generation FCPM is completely separated from
the 24V auxiliary powerinputused to run the logic board
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ELECTRICAL INPUT
12/ 24 Vg, 30W

DIGITAL INPUT
r—-——f - — —— - 5

12124 le: <1A | I

Vg (signal) I |

FCPM Enable | FUEL CELL POWER |

ID Select | MODULE | CAN Communication
| 16.5 kW <—p| 1o Overall System
I 40— 80V, | Controller

Cooling Control/ | 0- 380 A, |

Signal (PWM) | |

Coolant Pump | 1

Enable L _ _FCP_M B_o“ld']g |

User Supplied Load
Contactor

'

User Load

Figure 26. Hydrogenics HyPM HD16 electrical system signals and power interface diagrafh3]

The Hydrogenics HyPM HD16 module can acaapitrol power input with voltage of 12V or 24V
Also FCPMaccessory device, coolant pump, needs external power inpugimblower for FCPM
is connected to the fuel cell prima4®-80V power ouputrail. The application devices should also
match the vdhge level chosen for the Hydrogenics operating voltage.

In the eMule bus, there is an auxiliary battery with nominal bus wl&agelof 24Vdc, typical to
heavyduty vehicles.As the components delivered accept this voltage levelatcessory devices
and voltage level usefor integration is 24Vdc. feeMule auxiliary battery is connected to many
peripherals within bus and i®t to be considered stabilizechdintegration uses additional 24Vdc
to 24Vdc DC/DC converters to provide stabilized powentfar the logic lmards. The high current
device like coolant pumgraw power directlyrom the battery 24Vdc budpe to theifferent cur-
rent requirements.

3.1.2 FCPM control

Hydrogenics HyPM HD16 fuel cell power module has no direct user interface, rather the fuel cell is
controlled via the CAN interface. TH&CPM operatig manualshaveinstructionsincluding astate
diagramchartfor operating modes arglatetransitions Thestate diagram ishown inFigure?27.

The fuel cell operations are initiated and controlled by sending the FC module FCPM command,
and fuel cell module sends FCPMtstdescribing the current operational state of the fuel cell, both
of these are sent as with 200ms intervals (5Hz).
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The fuel cell vendordydrogenics Incalsoprovidereferencesoftware that incorporates functional-
ity necessary to control amdonitorthe fuel cell power module operatis as standalone hardware.
Example views from theoftware, HyPMview usdnterface, are later shown iasults parof this
work.

For the actual power generation, the FCPM Command is Run. For the power generatiah, the fu
cell module implements two different modes, Current Ramp Mode (CRM) and Current Draw Re-
guest (CDR) mode. In both operation modes, the fuel cell will send out Current Draw Allowed
(CDA) signal stating how much current is allowed to be drawn from thedélieln current ramp
mode, the FCPM operations monitors the current output andrtaegain CDA abve the actual
current drawn. e application can then ramp up the power consumppado the CDA level given

by FCPM In Current Draw Request (CDR) mode, the FC&M be useth closed loop moden
current demandnd match the current request given through CAN command.

The other states apart from the Rhaye specific functionkke verifying the fuel cell integrity
(Leak Check)purging the fuel celpaseswith nonreacting gagAnode Purge), preparing the fuel
cell for sub zero storage (Freeze), priming the coolant citaugmove air bubbles (Prime



35

Standby [ Fault ]

System Fault
v ™\
3 r
i 3
Anode Purge Cool Down
Anode Purge Cool Down
Standby———» le——Standby—
Process Done Process Done
[ Anode Purge Complete } Standby——w e Standby— [ Cool Down Complete )
Freeze Prime
Freeze Prime
Standby * 4 Standby
Standby .
Process Done Process Done
¥ ¥
[ Freeze Complete } Standby ~ = Standby [ Prime Complete }
Leak Check—
Leak Check
Standby—»
Process Done
L
[ Leak Check Passed J—G'.Hndhy—b
\. v

e [ Shutdown ]

r 3
Startup
l tandby
ﬂ
—Command—s Run
| ;
N wy

Figure 27. Fuel cell powermodule state transition diagram[13]

3.1.3 FCPM CAN interface test

As for the FCPM firstcommisioningtest, the electrical interface wiring was prepared sl
controlconnection towards FCPM could berified. For this, the FCPM was setup standing in VTT
laboratory, and necessaglectrical setup was built

Enabling the software interface requires the wiring to be set up for FCPM CUSTOMER INTER-
FACE connectors J1 an@.JTo control the device, the control wiring and power interface was con-
structed into a control box. The control box wiring is described in Appendix 3. For the testing, rele-
vant signals are FCPM enable, 24V power for the control logic and CAN inteflaeeontrol box
shown inFigure28 consists of Phoenix contact connectors to breakout the wiring hardness from
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FCPM connectors J1 and J2, banana type power termim&ldV¥alc poweifrom lab power supply
to the FCPM control logic and DB9 connector towards the PEAK CAN adapter.

The FCPMwasshipped with hardware and software necessary to atteeG#\N control bus The
software is HyPMView and for CAN buandthe shipment included USBCAN adapteifrom Peak.
These allow laptop to be used to operate the FCPM as standalone.

The planned purpose of thisst was to verify the electrical interface functionality as milestone step
towards the integration, as wellget some experience how the overall control interface works.

Figure 28. FCPM control box and PEAK CAN USB adapter. (onleft) FCPM on table on right, control board
with connections is on top, customed metal barswere used as handles so the FCPM could be movéghoto by
Antti Pohjoranta)

3.1.4 Commissioning test with FCPM on hydrogen

As the FCPM CAN control test was completed and aluminum structure parts had arrived, the struc-
turewas built and components integration stari2aring the build, all the gas and coolant circuits
needed to be implemented antegrated to theystem In therack structurethe coolant circuit is

in lower deck, and the FCPM and DCDC converter are integrated in the niiddleack has some
spacdeft belowfor the structureo resemblea shippingpallet, so the structure could be lifted with

fork lift on demanl. Thetest setup complete for commissioning test, together with the DC electrical
load testecan be seen iRigure29.

Commissioning testing proceed with steps toward actual hydrogen testing. Prior to connecting the
primary coolant circuit piping to actual FCPM, the coolant circuit was flushed first using DI water
and the primary coolant pump. The pumasbe operateavith 24VVdc power and enable sig.

The coolant pump current draw was noted to be high, up to 15A. Due to this, for the actual commis-
sioning test setup, the coolant pump was powered by separate DC power supply, and the 24Vdc
used by the instruments for control was from another DC pswaply.

After the coolant pump was operated manyddy flushing the coolant circuit, the coolant circuit
was emptied. Next step was priming the coolant circuit per the FCPM instrudti@soolantir-
cuitwas connected to FCPM and refilled with-@ater. Rirpose for pming the coolant circuit was
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to removing air bubblesrom flow, and this waslone again after refillThe FCPM ha®rimecom-
mand for engaging the pump via contrdlee command was sent via HyPMview, and it aiz®
used to verify thectuator was operational.

As the coolant circuit wagerified, next step was to verify the hydrogen circuit. For this operation,
the hydrogen tank was installed and FCPM command Leak check was used. Leak check pressurized
the FCPM with hydrogen.

The air blower circuit did not have separate test circus, s also to be powered from the FCPM
DC output directly, and the FCPM DC output was engaged only when the fuel cell was operating.

For testing and operating the fuel cell, a load was necessary. The fuel cell should not be engaged
without load for too lag per instruction manual. Chroma DC Electric Load was used to provide
load for the fuel cell in the commissioning test. The setup connections are shiéiyareB0.

Figure 29. Chroma DC Electric Load and FPM assembled. Orange cables are from FCPM power output, and
the DC electronic load is connected via black REMA MRC 320 connectors
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Figure 30. FCPM Range Extender module hydrogen commissioning test setup

3.1.5 FCPM efficiency and heat management

The FCPM efficiency is shown frigure31, and per this, the FCPM efficiency to electricity output
is around 50%while rest of the powas eitherconsumed by the auxiliary devices such as air

blower and coolant pump, or it is exhaust as higeFCPM operation manual instructions indi-

cate, bat as part of the integration, the cooling should be implemented so that the coolant tempera-

ture followsset pointgiven by tte fuel cell logic.
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As seen irFigure32, the fuel cell has gaseous exhausts as well as cooling defined in mechanical
interface. However, the operations manual does not indicate the heat dissipation towards the cool-
ant. As the fuetell exhaust gas is heated oxygen depleted moisturized air, part oathdidsgpa-

tion istransferredogether with the airflow.

As the primary coolant for FCPM is defined as DI water or glycol mixture, the FCPM coolant pri-
mary circuit was chosen to keennected through heat exchanger (HEX) within the eMule bus. As
reference, also the previous generation installation from Topdrive was reviewed.

The heat coolant management was foonadtrivial due to very limited power and pressure drop
parameters giveand wide possible operating environment. The FCPM module provides PID con-
trol process with PWM modulated output for a control valve, but the coolant pipe and flow configu-
ration should be such that the valve is able to operate the system within theayaraeters.

—=-Stack Voltage [VDC] —+—NetPower [kW] -=Efficiency [%] |
80 60

70

60

50

Voltage [VDC]

40 i i - 20

30 / .

20 - 0
0 50 100 150 200 250 300 350

Net Current [A]

Figure 31. Fuel cell }V chart, together with net power and efficiency (as given by the vendor in egrations man-
ual)

FCPM Efficiency [% LHV] / Net Power [kW]




40

DC/DCE! : DC/DCR! :
DG/ converter, Prisma DC/DC converter, Prisma
Az -+ Ecatech BET2 A2 -

Primary snglant

Sum, 34VDE sump 240G

Three-uea valve

FEPM coglant out FCPM coalant out

Progartianal

Dl filter (sl am| £
terldesteml  cheling vl

D filtes {sliprstream|

-

-
-

Parice ke, e Farii ke, Vedesign

FC RACK FC RACK

FCPM Radiator :
{radiator cap must be the Expansion
highest point in the system}

Pump Thermaostatic Valve tank Heat
exchanger

Secondary
loop
Fan Matar FCPM DI (tap water)
filter

Propo
valve

DI Palishy
i PWM signal from FCPM

Particulate Filter
(supplied by integratar)

Figure 32. Different approachesconsideredfor cooling. On top, solution proposals for this project from instructor,
below are reference solution from FCPM instruction manual (right) and solution from previous generation FCPM
commissioning manual
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3.2 Prisma Ecotech DCI 12A2 DC/DC converter

Prisma Ecotdt 12A2 DC/DC converter ia galvanically isolating6kW DC/DC converter used as
boost configuration in the hybridization of eMule platfoiffhe DC/DC convedr can handle input
voltage betwee@0-80Vdc and output side voltage between-ZBOVdc. Input curnet maximum is

370A and output current maximal is 40A. Datasheet lists efficiency to be more than 91% when the
power transfer is more than 2kW.

Figure 33 showsDC/DC converter block diagram.

ThespecificDC/DC converteused in this work wagreviously commissioned in Aalto TopDrive
project. Within the TopDrive project, the DC/DC electricaaracteristics were charted and thus,
the device was found to have prominent electrical characteristic features, snwelgaeseratedhar-
monics, to be used together with the fuel cell as well as the eMule bus DC power train.

Some ofthe DC/DC cabling ashcontactors used in this project are inherited from previous project.
However for examplehe control cable was found missing, and not all the software and instructions
of the DC/DC converter were presefitcautious approacivas taken to revaluate thee-commis-
sioning of the device.
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Figure 33. Prisma Ecotech DCI 12A2 power side block diagram and front panel connectioifi20]

3.2.1 Instrumenting DC/DC converter

The DC/DC converter has connections for both low and high voltage sideRistegermade con-
nectors, two 1 pole connectors for low side + apdles and 6 pole connector for high voltage side.
The control plug is 18pin connector manufactured by Lema paovides the device control volt-
age, control signals such as enable and run signal, CAN bus and RS232 bus.

The DC/DC converter uses water for cooling, butgpecifics of the coolant araperatingenviron-
ment are less strict than for the fuel cell./DC operating temperature is specified betwe&¥nto
8C°C.

When operating, the DC/DC converter is controlled through CAN bus. The DC/DC controller is
controlled with five settings, defining the maximum duty cycle, maximum input current, run status,
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Figure 34. CAN message definition for Prisma Ecotech DCI 12A2 control message, as seen in Kvddatabase

Editor
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3.2.2 Re-commissioning testing the DC/DC converter

The initial condition of the DC/DC converter wesmewhatinknown as the DC/DC converter was
previously used in other project but the final condition was not docum@itechew Hydrogenics

FCPM module was not yet available. It was chosen as first tasks on this project was to verify the
DC/DC converter operations and configuration. As the converter is rated for high voltage and is
able to drive high current as well, a test scenario with iskg was constructed as recommisgign

test environment. The test scenario was constructed to verify the operations and configuration of the
DC/DC converter, but also to demonstrate electrical safety and good engineering practice as high
voltage levels wee to involved.The test setup principal diagram is showiigure 35.

LAB
PSU | + SAFETY CO’“;,TCROL
24V —— -\ SWITCH
0.3A ' - CANTRACE

—
L
INSTRUMENT ENABLE CAN
BUS
PRISMA ECOTECH o
DClzaz )
LAB DC 99000
PSU + SUPPLY LOAD 2 ufﬂ\ﬁ'ﬂgﬁf’m
0-150v —— | 60-80vdc 0-700Vdc > ]
i DUMMY
0-15A LOAD
DC
COOLANT COOLANT
INPUT OUTPUT
(TAP WATER) (DRAIN)

Figure 35. Prisma Ecotech DCI 12A2 DCDC convertere-commissioning test setup

A control cable with Lemo connector was not available to use from previous pRjecto miss-

ing control cable for DOC convertela connector was needed. A new connector was provided by
the vendor as result on inquiry on cewtor type During the preparation to recommission testing

the DCDC converter, aew interface cable and control box waeparedor the testingTheLemo
connectomwas installed into amstrumentation cable, and other end was mounted to eotasol
distribution box.Safety stop button was used to control the DC/DC converter operations. Details of
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the corrol box connection towards DCDC converter are described in AppenBikt@re of the
control box used isr®wn inFigure 36.

Figure 36. Control box for DC/DC converter, brakout for RS232, CAN and 24Vdc. Safety cauit with ESTOP
safety button.

For the test setup, two DC power laboratory supplies were usedOladoratorypower supply
was used to provide 24Vdc operating voltage to the DC/DC controller controlAogither DC
laboratory power supply was used to provide input voltage for @i@@conversion, the laboratory
power supply chosen was able to cover th&®ddc range with 15A maximum current output.

As the configuration of the DCDC converter was unknown, it was not known for certain that the
DC/DC converter CAN interface was asthe original manufacturer documentation. The documen-
tation indicated the configuration was configuration was customiziabbeder to evaluate the

DC/DC conversion control, a lightweight load to draw 50W was construtkedequations 5 and 6
below arefor determining suitable resistance value matching the voltage and power rating of 50W
at 700V, For practical resistor availability, 3x33000hn®8000hm resistor set was selecfEllis

was considered as cautious dummy load, that would allow the DC/DCrtameesink small cur-

rents with low probability of causing any damage to the test setup.

The lightweight 50W dummy load for the test was made using standard power resistdight-

weight load was constructéato a box to comply with electrical sajetA coolingfan was in-

cluded to setup to make sure the heat generated in resistors is vented out pnojerisetup,

power resistors are mounted on a heat sink, the heat sink has a custom 3D printed adapter towards
the mounting holes in case. The sgradoubles as riser to leave small air allowance between power
and bottom of the case and heat sink. The chassis has mounting hole, threads were made to these
holes and later machine screws were used to secure components together.

0 "Ydu e G0 22 fo e %)
X XTI XP

0 YO Yz mdrxgp AY — w Y mrt (©)
XP B XD m)

Equations 5 and 6 Coupling 50W power with resgtive load, determining proper valuerange
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Figure 37. Lightweight load setup for testing, 3x33000hm

Together with the load, a electrically safe control environment was constructed to test the DC/DC
converter. The testetup is shown ifigure38. The test setup includes following items,
- A computer with CANtrace software from TKE with Kvaser CAN adapter (1)
- Control box for DC/DC converter (24Vdc input, safety button, CAN, serial) (2)
- Lab PSU B30V /3A(3)
- 1 x12x2.5mm”2 cable and breakout box (700Vdc output) (4)
- Dummy load 99000hm / 700V with 24Vdc fan (5)
- Ecotech DCI 12A2 DC/DC converter (6)
- 2 X 75mm”2 cablewith heavy duty connect@gB0Vdc input)(7)
- 2 x safety cover box for 50mmdanana connectors, for electrical safety (8)
- Lab PSU @350V / 15A(9)

Also following items were used but not highlighted in the picture,

- 2 x Safety banana cables 0.5ated1000V (black and red)
- Fluke multimeter (1000V rated)

- 2 x Safety bananeonnector cables 0.75mm”2 (80Vdc)

- 4 x Banana connector cables (24Vdc)

- 2 x black 10mm water pipe (cooling)

Figure 38. DC/DC converter recommissioning test setup
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As the Prisma Ecotech vendor provided KvaseNGhatabase fahe CAN messages. Due to this
Kvaser CAN withTKE Cantrace software was chosen véttapter to control the DC/DC con-
verter.The TKE Cantrace supports Kvaser CAN database dir@dily setup together can convert
the encoded signals from CAN bus into Sltsinvhen operating the device.

3.3 PEM FCPM Range extender

The target of the work at VTT was to constrieasonably movable modular fuel cell power mod-

ule based range extenden f&cilitate the project requirementiseintegrationrequired structure

that ould facilitate installation of the devices with auxilimymponents. Previous work used in-
dustrial table on wheels as base for construction. For this work, aluminum profile based custom de-
sign was selected as target solutibhe requirements for the gtture were refined based on avail-
ablespace within eMule and worked towards constructing range extender construseléidted

also left some margito during assembly modificationSheinitial designwas considered high

level, enoughto support materlasourcingfor the structure

The range extender structure was desigmetiordered while the FCPM was still pending for deliv-
ery. Therange extender structure allowed the components to be tested in laboratory conditions prior
to moving into eMule for integration testing.

This section covers the experimental work from range extender design and into integration testing
into eMule.The setion highlights, requirements, solutions, functionaskn decisions as well as
safety aspects during the work.

3.3.1 Structure design

For the FCM and DC/DC converter mounting, a Maytech 60x60 light profile structure was chosen
as platform solution. The sdlan was considered to have good customized mounting of all neces-
sary equipment, yet the configuration is flexible and allows fine tuning the details when assembled.
The size of the structure was based on the space used by previous deployment, witldisioma ad
constraints, such as structure fitting below windows of the bus. Additional driving requirement was
so that the structure could be lifted by below as pallet or rised from hooks ab@gporfor ex-
amplelifting with forklift. Pictures of tke structure shown ifrigure39, CAD model, profile quota-

tion and assembled parts.

The structure was drawn with PTC Creo in 3D, using the 3D model of fuel cell aridestimga-

tion of DCDC converter. After which, 2D drawing was made. The 2D drawing was used to drive
the order of the custom parts from SKS Mekaniikka. Additiacakssoryarts were also used,

such as mounting hooks, joints, fasteninguks for M6 and M8as well aslampeners to be
mounted below the fuel cell and adjustable machine feet. Joints &eiasare shown Figure

40, these come in different configurations, some can be inserteglai dnly prior to assembly and
others can be plugged to assembled structure. 2D drawing of the model is in appendix 1.
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Standard T-Nuts T-Nuts
= 145 for subs. insertion
e 146-148

Figure 40. Accessories for the structure, joints (left), fastening elements (ddle) and support L-fastener (right)

3.3.2 Components placing s

Integration of the FCPM and DCDC included several components, the structure was made to fit into
the bus, and to house all the components. Some of the components have additional requirements for
locations and this section explains some. Other sectiongiwgllmore specific details on some
components, this section is to give overview on compomatementvithin structure as well as
functional requirement§.he pictures seen in this section &ken during integratiomot from fi-

nal assemblyas thecomponents can be seen more clear.

==l

Figure 41. 1. Contactr between FCPM and DCDC bus 2. 24V voltage instrumentation and interconnect 3. Heat
exchanger with cover 4Manual control valves for coolant
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In Figure4lis shown locations of electrical boxes fitted on side of the structure, so the electrical
boxes are easily accessible, for the installation, these weulain accessiblesd when the range

extender rack is deployed into eMLildhe heat exchanger anthinwater piping are assembled be-

low the main system components so in case of water leakage, the leakage does not cause the instru-
ments to flood.

Figuré 42. 1. Small air valve 2. D¥filter 3. Fill/drain valve and connectorfor coolant

In Figure4?2, DlI-filter installed to primary coolant circuit is shown. The flow direction in filter on

the installation orientation is upwards, installing thefildéér on other orientation, theaterflow

routecould become more channeled witkie filterand the lifecycle predictions would not apply.

On top of this circuit, small valve can be seen that is used to purge air out of the pipeline. Also the
pipeline includes fill/purge valve for the primargolant circuit. Per the FCPM instructions, care

should be taken not to exceed 200kPa pressure towards the FCPM, so for example no forced air ex-
ceeding the limit should be used when removing the coolant.

HOGES NOT INCLUDED,
FOR REFERENCE DHLY

AR FLOW BENSOR

F'igure 43. Component positions seen during assemblx\ir pump (3) flow sensor (2) and filter (1) follow the ref-
erence picture (on right)Left is the reference picture from manual[13]. Also are shown in picture4. Shock ab-
sorbersbelow FCPM 5. Coolant pump.
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Figure43illustratesboth confirming to manufacturer reference picture from maiaualir blower
andcoolant pumpnstallation, as welkhows black shoc&bsorbersnstalled belowFCPM.Figure
44illustratecoolant circuit expansion tank location abov&t i the coolant circulatiofExpansion
tank is acar coolant circuispare parcomponent

Figure 44. Expansion tank is installed as highest point of the primary coolant circuit

3.3.3 CAN identifiers in system

The PEM FCPM range extender is designed to be used in ellole the demand range extender
and the design idea is the range extender could also be controlled by the vehicle corfirQunit
The devices are to be integrated into eMU&J CAN bus commuitating on 250kbpas they are

set up for this communication speé&ar this, it was necessary to verify the ICAlentifiers not
conflicting between the range extender devices and etMiale CAN devices The Table4 shows

CAN identifiers from Prisma Ecotech 12A2 Kvaser database and Hydrogenics HyPM HD16 com-
bined into single list.

Only on identifiers was found between Hydrogenics HyPM HD16 and Prisma Ecotech 12A2 CAN
database definitions atyPM reserved identifiers definitions. As tRAN identifiers need to be

unique as described in part 2, the conflict situation needed to be restheeidentifier 0x580 is
command message used to control the DCDC controller, while FCPM documentation lists this as
reserved. The message identifier was not observed dDAhgcommissioning of the FCPM. In

fact, the documentation defines the FCPM reladentifiers to be base identifier + FCPM ID, the
FCPM ID is a identifier that can be configured via the FCPM connector J2. The identifier is used to
identify individual fuel cell power modules, in case the system consists of more than one fuel cell
powermodule. All the message identifiers seen on the system had least significant number of the
identifier as 1

The CAN bus tools daot provide tools to identify if the identifier was actually used by the FCPM,
sothe FCPMmanufacturewas contacted andgeested foadvice. The Hydrogenics Inc repre-
sentative response was that the specific identifier was not used for the FCPM configuration to be
integrated. The conflict wabusresolved byesponse ofmanufacturesrepresentative

The eMule VCU has alsolmr devices on the 250kbps bus, peitthe CAN messagé@lentifiers
documentation, nother devicefiad conflicting CAN identifiersDue, the fuel cell range extender
couldbe integrateclsointo theeMule VCU 250kbps CAN bus



ID Offse|Lengtl Type |Device |Description (+var name)
0x1C0-0x200 HyPM16|Reserved per Documentation C.2
0x1CO+fcpmid O 8|uint8 Command / Heartbeat
0x1DO+fcpmid O 16|uint16 Current Draw Request (0.1A/bit)
Ox1EO+fcpmigd O 8|unint8 Undocumented (Presumed: request cell voltages)
0x240-0x280 HyPM16|Reserved per Documentation C.2
0x240+fcpmid O 8|uint8 FCPM state
8 8|uint8 Reserved
16 16|uint16 Current Draw Allowed (0.1A/bit)
32 16|uint16 Fuel Cell Current
48 16/uint16 Fuel Cell Stack Voltage (0.1V/bit)
0x2C0-0x300Q HyPM16|Reserved per Documentation C.2
0x240+fcpmigd O 64| bitmask Faults & Alarms: See manual for bit definition
0x340-0x380 HyPM16|Reserved per Documentation C.2
0x340+fcpmigd O 16|uint16 Coolant Temp (0.1C/bit)
16 16|uint16 Coolent Temp Setpoint (0.1C/bit)
32 32|uint32 Reserved
0x3C0-0x400 HyPM16|Reserved per Documentation C.2
0x440-0x480 HyPM16|Reserved per Documentation C.2
0x4C0-0x500 HyPM16|Reserved per Documentation C.2
0x540-0x580 HyPM16|Reserved per Documentation C.2
0x580 0 1|boolea|DCI12AZ4Soll / s Run
16| 10fuint10 Soll / s_U_in (minimum input voltage, 0.2V/bit)
26|  10[uint10 Soll /' s_U_out (maximum output voltage, 1V/bit)
36 9[uint9 Soll / s_|_in (maximum output voltage, 1A/bit)
45 9[uint9 Soll / s_1_out (maximum output voltage, 0.8A/bit)
54 10|uint10 Soll / s_Duty (maximum output voltage, 0.0977%/bit)
0x582 0 1|boolea|DCI12AZIst / i_Runs (Mode Signal)
1 1|boolean Ist/i_Fault
2 6|uint6 Ist/i_Code Mode:0 Fehlercode
4 4|uint4 Ist/i_Moduos Mode:1 (Regelmodus)
8 11juint11 Ist/i_U_In (0.1V/bit)
19| 11fuintll Ist/i_U_out (0.5V/bit)
30| 11funit1l Ist/i_|_in (0.5A/bit)
41 11|unitll Ist/i_|_out (0.2A/bit)
52|  12|unitl12 Ist /i_Duty (0.024414%/bit)
0x586 0 8[uint8 |DCI12A2Temp / Temp_Au (1C/bit Kihler untere Schalter vorne)
8 8|uint8 Temp / Temp_Ao (1C/bit Kihler obere Schalter vorne)
16 8|uint8 Temp / Temp_Bu (1C/bit Kihler untere Schalter hinten)
24 8|uint8 Temp / Temp_Bo (1C/bit Kiihler obere Schalter hinten)
32 8|uint8 Temp / Temp_Trafo (1C/bit Temperatur Trafo)
40 8|uint8 Temp / Temp_Folien_C (1C/bit Temp Folien-C )
48 8|uint8 Temp / Temp_Filter_L (1C/bit Temperatur Filterdrossel)
56 8|uint8 Temp / Temp_Int (1C/bit Temperatur Innenraum)

Table 4. Range extender device CAN identifiers and signal€onflicting ID range highlighted.
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3.3.4 Integration testing the DC/DC converter
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together with FCPM

To verify the range extender operations, a integration test was conducted with target power approxi-
matedly 7kW with target output voltage 700Vdc. The devices used in test set up areFsgerein

46, the fuel cell is powered from hydrogen tafike system wasperatedrom thelaptop andhe

stove was used as load for the setup.

3pcs of stove heat elements were set up as load for the DC/DC converter, with apprp@énatel

Y

resi

stive

oad on each heat el ement , t he el

each element was one third of the total voltage applied. The voltage division was also considered as
electrical safety issue as the electrical ssomee rated for 400Vac. The calculus with estimated 79.5

Y

26.3Y

heat

resi sti ve Thbtea destiplan pewercalculationrfor 700V, assuming using 3pcs of
stove

el eme nt £xpeackedalageurent calcudateck | y 7 9

below, and shows estimated load of 6.2kW.

The test setup followed the FCPM ramp mode configuration, the load was gradually increased as
the FCPM indicatethcreasing allowed current signal. The first test was interrupted for further ob-
servation due to observed odor within laboratory air. It was not possible to pinpoint the exact
source, but the stoves that had been in storage was main suspect, and nbeastpdriment de-

vice was showing symptoms of issues preventing further testing. After this, the experiment was re-
started and the configuration was tested up to 700Vdc on stove configuration, this being the planned
target of the experiment. The test waseh using the DC/DC converter input current the main lim-

iting factor while the rest of the operating parameters were considered as constants.

For the actual test, all CAN communication with DC/DC converter and FCPMowrdogged on
the control software for further analysis.

P 7000 W 6163,522 U*|

U 700 \Y 700

| 10 A 8,805031 U/R

R 70 Ohm 79,5 26,3*3
Voltage |Current |Power

300 3,773585 1132,075

350 4,402516 1540,881

400 5,0314472012,579

500 6,289308 3144,654

600 7,54717 |4528,302

700 8,805031 6163,522
Table5. Test plan power calculation for 700V, assuming us

mately 79.5 ohm loadExpected voltagecurrent calculated.
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Figure 45. Integration test setup for FCPM with DCDC converter and stoes



Figure 46. Integration test setup, range extender assembly, hydrogen tank and electrical stoves-digured as
dummy loads for 700V setup
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ﬁg_ure 47. HyPMview for FCPM operations on left and CANtrace for DC/DC operations on right.CANtrace























































































