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Obijectives
B

0 Main objective :
O Achieve the most energy efficient Hybrid Fuel Cell Electrical Vehicle (HFCEV)

=> participation to Shell Eco Marathon race (https://www.makethefuture.shell)

0 Actions :
O Mechanical : Build a car with very low mass and very low frictions (aero. drag and rolling
resistance)
O Electrical / thermal / electrochemical :
m Design of a fuel cell stack with high efficiency (>60 % with accessories)
m Optimize the energy conversion / consumption / structure

O Control : Optimize driving strategy

0 Presented work :
O General information about Fuel Cell and benefits of hybrid structures for electrical
powertrain

O A Tank-to-wheel energetic model of the vehicle : Mechanical, Electrical and Thermal
models and Optimization of the driving strategy to minimize the fuel consumption



Fuel Cell

0 Comparison between Internal combustion Engine vehicle (ICEV), Fuel Cell Electrical
vehicle (FCEV) , Battery Electrical vehicle (BEV). Stage of maturity ¢

Characteristios
Keference vehicle
Fuel weight (kg)
Storage capaaty (KWh)

H2 best energy mass density (Wh/Kg)

Specitic encegy - fucd
(Wh promaey /g 3 m—
Stocage systemn weight (kg) = 93 3.0 Weight limitation of BEV / FCEV
Spociic energy - fuel + storage
(Wh prismaey/kg) 10,408 1669 20
Net power (AW) w0 LY LN
Power plant and sunilisry woight (kg) 23 22 100
Specific energy - total equipment
(Wh priznaeyfieg 1782 315 0
Average conversion efficiency 1% 0% 2% Higher efficiency FCEV / ICEV
Effective storage capacity
WD usabie) 1050 20 221
“ Range extension with FCEV / BEV

Specific usable energy - total

oguipenent (Wh usabdeig)
(200km vs 550km)

=> FCEV a promising solution for long range vehicle and lower impact on environment (drawback :

production of dihydrogen must be improved probably with renewable energies)

(*)Intelligent Hydrogen Fuel Cell Range Extender for Battery Electric Vehicles, May 2019, World Electric Vehicle Journal



Global structure of FCEV
=

DC Power bus
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Fuel Cell
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O Some history
o 1839 - William GROVE discover the principle of Fuel Cell
O 1960 — Space travels revive fuel cell developments
® Chemical storage
®m No emission of toxic gas
B Very long energy life

O Today — Production of renewable energy




Fuel Cell
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0 Fuel cell principle (Proton Exchange Membrane,
PEMFC, electrochemical converter) :

O Anode : Separation of dihydrogen Mty hown ) oy
T B g g
2H, = A4H' + 4e-
Ao O Mest 8 0

o Cathode : Recombination with dioxygen
4H* + 4e + O, = 2H,0 + AQ(heating)

O Main issues for large scale development :

o lifetime

Price

O
O Flooding
O

H2 storage and production



Fuel Cell

0 Fuel cell principle (Proton Exchange Membrane, PEMFC) :

Air removed

Hydrogen fed along
these vertical channels
over the anodes

Hydrogen removed g

Air supplied through  through here
here

Positive

connection \

Channel for
distributing air
over cathode

Channel for supplying
Air or oxygen fed Hydrogen supplied hydrogen to surface of

over the cathodes through here anode
through these channel

Example of stack of three cells showing how a bipolar plate connects the anode of one
cell to the cathode of the next cell



Fuel Cell
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0 Efficiency calculation of a Fuel Cell
O Efficiency evaluation :
m Entrance = Chemical energy (di-hydrogen)
m Output = Electrical energy
o 3 different working zone = 3 type of losses

MmlEﬂFaWVonoo

RT '
EMF =V, ———1n| —
200F iO i ey
Vohm = Req [ 3
V. . =m.exp(n.i) 05T
Operation Voltage, V, Curve

Curremt Dersily (mASem2)



Fuel Cell
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0 Efficiency is directly connected to the output voltage

0 Balance between power and efficiency
Pt a e wd Powes T WED-D0A % o Tot Wne

) Power

50 %

Lo - v

|
|

ol -
I /
|

’ ‘ . * : -’
| Tt A e camrim B 0
I N e e gvmen e (0 el

| ¢ . - b g ’ '
1 & g sae MY

.l o 'S s - Sew e b - : s 4
I" | . . J

- - - - - —— —— > —— —m - — — _— ——— - ———— - — !

' . b » “ . - i)

e mwe -~ T Y Ty .



Fuel Cell
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0 Efficiency with or without accessories and according to temperature

0.75,
| -+ Stack efficiency
| -+ Stack+auxiliaries efficiency (Ts=45°C)
0.7 -e-Stack+auxiliaries efficiency (Ts=35°C)
5 0.65
c
2
O
&
L

O
_
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Electric load power (W)



Fuel Cell
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0 Different technologies

Description Anode Cathode gas Power range Temperature Efficiency Maturity Applications
gas/liquid

AFC —Alcaline H, 0, <100 kW 60-200 °C 60 % Market ready Transportation

stack

PEMFC H, O,-Air <500 kW 60 — 200 °C 50 % Market ready Transportation,

Stationary
SOFC - Solid Hy, Methane, O,-Air <100 MW 800 °C 60 % development Stationary
Oxyde Gas synth.

PEMFC




Fuel Cell
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8.
. é
H2 Sectors # 1(@- + TQ-
0 Electricity produce by renewable energy @
o Solar
Wind energy
Tidal energy

Biomass

Biofuels

0 Production of di-hydrogen by hydrolyse

O Smoothing of energy production for
network

O Storage for transportation

http://www.hychico.com /hydrogen-and-renewable-energy-sources.php



Fuel Cell

0 Electrochemical Impedance Spectroscopy (EIS) is one of the best technique to do

diagnosis of FC (drying, flooding, platinum degradation)
Membrane 0.75

Wy

; 1
W c

1500 3500 5500 7500 9500 11500 13500 1550017500
Time (s)

= = [1] Schmittinger, W., & Vahidi, A. (2008). A review of the main parameters influencing long-term

ANODE CATHODE performance and durability of PEM fuel cells. Journal of Power Sources

voltage (V)
o
%

o
o
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Fuel Cell

0 Fuel cell test bench

w@ Supervision
Gas Test Station \ ; with Labview

Hydrogen Liquid mass

flow controller H. 20

AN

\ - O
A -
§ ! \\ N
Temperature \"/apour Pressure  Air Mass flow
controller generation controller controller FRA
"‘\Irln IIII]IIIII_P
Stack
* % % %= Airout p
Iy Ty 13Ty |-
Differential manometer

@ 2 Electronic Load (2*1.2kW), E.I.S. measurements (52 channels)
@ Gas conditioning (temperature, humidity, pressure, stoichiometry ...)
@ Temperature acquisition (16 channels)

(4) Regulation of stack temperature

@ Fuel Cell stack to be tested (up to 2kW)




Fuel Cell
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Fuel Cell

0 Advantage of hydrogen as an energy vector
O Mass energy density very high

Combustion without polluting exhaust

Renewable energy available in large quantities

Different way to be used (combustion, low or high temperature Fuel Cell)

Very good efficiency (between 50 et 70 %)

0 Some drawbacks
O Low volumic density = High pressure storage, liquid or solid
0 Explosive gaz = Security problems

O Cost of nowadays converters for production of H2 (Electrolysor, Fuel cell, reforming, ...)



Fuel Cell
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0 Comparison of producing and storage systems
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Fuel Cell
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Some economic comparison for a 50kW car (today)

0 Classical diesel ICE (lifetime: 4000 h) (Internal Combustion Engine)
o ICE : 3000 € - 110 kg
O Starter/generator: 300 € - 10 kg

O Accessories (catalytic converter, filters, ...): 1000 € - 50 kg

o tank: 100 € - 50 kg
m TOTAL: 4400 € - 220 kg

0 Fuel Cell car (lifetime: 2000 h)
O Fuel Cell(~ 2000 €/kW) : 100 k€ - 100 kg
O Electric drive (~ 20 €/kW): 1000 € - 100 kg
O Power converter r (~50 €/kW): 2500 € - 50 kg
o tank (~500 €/kgH2): 2000 € - 70 kg
m TOTAL: 105 500 € - 320 kg



Fuel Cell
N

Some economic comparison for a 50kW car (reasonable perspective)

0 Classical diesel ICE (lifetime: 4000 h)
o ICE : 3000 € - 110 kg
O Starter/generator: 300 € - 10 kg

O Accessories (catalytic coverter, filters, ...): 1000 € - 50 kg

o tank: 100 € - 50 kg
m TOTAL: 4400 € - 220 kg

0 Fuel Cell car (lifetime: 2000-h 4000 h)
O Fuel Cell(=2000-€ /W, 50 €/kW) : 2500€ - 100 kg
O Electric drive (=20-€/4¢W, 10 €/kW): 500 € - 100 kg
O Power converter r (=50-€/4cW, 20 €/kW): 1000 € - 50 kg
o tank (~500 €/kgH2): 2000 € - 70 kg
m TOTAL: +05-500-€-6000€ - 320 kg



Benefits of hybrid structure
m

0 Classical power conversion structure (FCEV)

o0 Fuel Cell : Non perfect voltage generator = Current regulation

O Number of cell in series limited (thermal and leakage problems), voltage of one cell between
0.5 and 0.7 V (1-1.5A/cm?; 0.5-1W /cm?)=» Boost voltage

0 AC loads = Using of an inverter

O Reversible system =®Hydrogen production Il =  Must be non reversible

Boost inverter
>0 Load
High E
Voltage |
us Low Bus
Voltage
Fuel _l_ Side . 4 J
Cell T High Load
Voltage
Side

de-de converter dc-ac inverter



Benefits of hybrid structure
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0 Benefits of hybrid structures
o Stationary working of the fuel Cell (furniture of mean value of power)
O Adding of one or more storage system for transient power demand
o Reducing cost and weight of global system
O Reducing warm up time
o  Disadvantages

o Greater complexity of vehicle and control system

Power |pu]
e
-
I

o
b
| ]

S
(=]

Pararure | PUPS IR BN BN | B PP BN "

0 10 20 30 40 50 60 70 80 o
Time [s]

- Separation of roles (FC : mean value, Storage : fast variations)

| ) { i ) :
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Benefits of hybrid structure
e [

0 Hybrid Fuel Cell Electric Vehicle structure with separation of roles
O Fuel Cell : Furniture of average power

O Energy Storage System (SC, batteries): transient power

t" ...I
Diwrect Fued Colk energy ; |
Electrc Load

TN RERRTR RS S - - -y
o Gt : -
Fuol Coll g | Vokage '
P Pudt) DCbus P’ ;
System i P Mvertes M :
— " r :
I e e e Ao e eaki

1 454 =008 Boostng SRS

energy ! ) l

\‘ ........ '

Posll)
Charging m&lwll & Regeneraned
energy A onergy
% pex =00

Diego Feroldi, Maria Serra, and Jordi Riera. Design and Analysis of Fuel-Cell Hybrid Systems Oriented to Automotive Applications, IEEE
TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 9, NOVEMBER 2009



Benefits of hybrid structure
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Diego Feroldi, Maria Serra, and Jordi Riera. Designh and Analysis of Fuel-Cell Hybrid Systems Oriented to Automotive Applications, IEEE
TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 9, NOVEMBER 2009



Benefits of hybrid structure

0 Benefits of hybrid structures

O Dynamic repartition between the different sources
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Benefits of hybrid structure

0 Benefits of hybrid structures

O Dynamic repartition between the different sources
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Benefits of hybrid structure

0 Benefits of hybrid structures
O Dynamic repartition between the different sources
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Benefits of hybrid structure

0 Benefits of hybrid structures

O Dynamic repartition between the different sources
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Benefits of hybrid structure

0 Benefits of hybrid structures
O Dynamic repartition between the different sources
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Benefits of hybrid structure

0 Benefits of hybrid structures

O Dynamic repartition between the different sources
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Benefits of hybrid structure
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0 Benefits of hybrid structures

O Dynamic repartition between the different sources

100 F
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of the storage system
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Benefits of hybrid structure
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0 Benefits of hybrid structures

O Dynamic repartition between the different sources.

m Choice of constant time.

60

Cost reduction of the powertrain
2

10+

30F

101 1000.0 sec

Maximum power of Fuel Cell (kW)

() 'l A s ' )
0 100 200 300 100 500

Size of storage system (Wh)



Benefits of hybrid structure
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Supercapacitor / FC :

No constraint on life duration, cost
always higher
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Battery Li-ion / FC :

No constraint on life duration, cost always
smaller = Benefit of hybrid structure for
urban cycle
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Benefits of hybrid structure
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Battery Li-ion / Super capacitor :
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Benefits of hybrid structure
B

0 Hybrid strategy could be generalized to several storage systems

0 Dynamic according to the nature of the system

100 100 Fuel Cell
FC i
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Benefits of hybrid structure
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0 Example of hybrid vehicle

Fuel Cell only Fuel Cell + Fuel Cell + SC +
supercapacitors batteries

Fuel Cell mass 111.4 kg 34.3 kg 21.2 kg
SC mass - 43.3 kg 43.3 kg
Battery mass - - 4.6 kg
Total mass 111.4 kg 77.6 kg 69 kg

Cost 6000 € 5500 € 5000 €



Benefits of hybrid structure

Electrical vehicle of the future 2

Rectifier
AC-DC

Network

Batteries
DC-DC Converter
48 V
[ DC-DC Converter ] [ DC-DC Converter ] [ DC-DC Converter ]

Bus DC 300 V

FC
(Fuel Cell)

48 V

[ DC-AC Converter Powertrain




Power converter
=
0 Performance diagram :

0 Choice is a
balance between :

—lG Power by application (W)
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y SMPS LOW POWER 0 Medium power :
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~Degree of adoption depends strongly on Cost Frequency (“‘_) MOSFET /GAN



Power converter
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0 Application for electrical car (or renewable energy) :

O Medium power from some kW to some MV,
O Diode and transistor (IGBT or MOSFET or GAN)

8 ls s
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o) X

Non-Commandable Commandable
i Is
>
o




Power converter

Study of a structure
o DC/DC conversion

O Source : Fuel cell (battery)
O Load : DC motor
0 Obijective
O Reduce voltage from 25V to 10V

O Minimum losses

Smooth

/ inductance
L )

Im




Power converter
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Study of a structure 10V

0 Signals analysis

<
o
-
|||
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Power converter

41
'
Study of a structure 10V
0 Signals analysis : ot
Im
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Power converter
N

Study of a structure

0 Signals analysis :

Vbat
25V

10V
30 A

o Switch Kg :
0 Move from [OA, 25V] to [30 A, 0V]

o Controlled switch

‘V
d
vk - - b oo - | _L_____ i
ot
20% 7T 60% Ta0% T 60%
A Vv
.
25V
ot
0% T 60% T a0% T 60%
Ai;
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1 ’t
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Power converter
N

Study of a structure 0 Switch Kd :
m Signals Gnqusis . o Move from [OA, 25\/] to ['3OA, OV]
o Controlled switch
Ay
25 \/ = —
0Vf - --F----- R
Viat | —— -t
25V ‘40% e 60% *40% e 60% .
1 ’t
0% T 60% T a0% T 60%
A i
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Power converter
Ca

Study of a structure
o Converter DC/DC : voltage reduction (BUCK)

0 Flux of power : from Fuel Cell (battery) to motor

Ibat

What about energy recovery during braking phases 2



Power converter
K

Possible structure :

Bi-directional : BUCK-BOOT



Benefits of hybrid structure

To optimize, a global energetic model is needed...
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« Design and Analysis of Fuel-Cell Hybrid Systems Oriented to Automotive Applications », Diego Feroldi, Maria Serra, and Jordi Riera,
IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 58, NO. 9, NOVEMBER 2009



Obijectives
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0 Shell Eco Marathon (www.shell.com) :

o « To design, build and drive energy efficient vehicles. The winners are the
teams that go the farthest distance using the least amount of energy »

0 European edition :
O 240 teams, 30 countries

!

O 2 categories : Prototype, Urban-Concept
O Distance : 16.3 km (10 rounds in city)
O Speed > 25km/h (average)

0 Energies :

O ICE : Gasoline, diesel, ethanol, CNG
O Electric mobility : H2, solar, batteries

Fig1 : Cityjoule at London track 2018



Global energetic model
s

O Before model optimization of vehicle is required :

m High performances electric car

. ,//-‘-!/:/".,
dv(t
( ) :Fw _Frr_Fslope_Faero_Fbrake

£

R
Urban-Concept « Cityjoule »
Fow = migf.cosiarctan (Filops))
N r ' m r :
eed to reduce : mass, drag Fyope = mg sin(arctan (rsiope))

coefficient, tires friction, ...

1

Faero — §Pair5 C;r (U(t) + Uwind)z



Global energetic model
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0 Mechanical part

Weight : 100 kg + Pilot (70 kg)

Drag coefficient (Cx) : 0.09 (0.3 Tesla EV)
Frontal area : 0.88 m2

Tires friction coefficient : 0.0035 (0.2 Tesla EV)
Wheel diameter = 0.535 m

Max. speed : 100 km/h

M kinetic energy

® Aerodynamic drag

m rolling friction




Global energetic model

Strategy + supervision ]

leas Coaling
lation

enfoff
E @l./m
A |
Air
. feedi
0 Architecture o

o Power train:

i

L] H; tank

Alr
feeding
svslem

®m Simplest structure, without auxiliary energy storage

m DC/DC power converter (Buck)

m High efficiency DC ironless motor

O Supervision/Security:

B H2 detector

m Controller for speed /torque /fan control and for power saving management (unused

systems can be turned off)

DC/DC

convertey

m Real-time Data acquisition Workstation (UEl) for post-processing data




Global energetic model
T

0 Tank-to-wheel

O Inputs : O Outputs :

®m Power/energy consumption and

® Motor current (for torque control,
efficiency, for each stage

acceleration)
® Velocity cycle (Min/Max speeds) ®m Thermal behavior of Fuel Cell

m External constraints (Wind, slop of the B Global Efficiency of the vehicle, from the

track, ambient temperature, ...) tank to the wheel

0 Model to be implemented

o PEMFC : Electrical + thermal +auxiliaries
consumption

O Powertrain : electrical losses + consumption
of electronic devices

O Mechanical : mechanical losses + dynamic
behavior



Global energetic model
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0 Multi-physics tank to wheel model

T'slope vl Um = Touch
Vwind DC/DC - Pyuck
: X F—>
! Vehicle Motor S
I. [—’ ‘Ust
g — v Tamb
& T, = P PEMFC

Supervision [¢—— Thermal % polarization
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R e
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Global energetic model

Rear side of vehicle



Global energetic model

0 Mechanical model

O Input : Motor current

o Output : Speed and
Torque profiles

O Parameters : Slope

and Wind in any
position on the track,
gear ratio
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Global energetic model
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0 Thermal model of the PEMFC éé ééénam. convection

O 1st order model: Homogeneous ’“'
temperature /¥
Air feeding blower
mC d—T—P -Py, ., - P -P -P .ll
p dt — Tth src ~ “th ab ™ “th evap ~ *th nat ~ “th cb o :..l 1
éﬂ"ﬁ'l “forced” convection
0 Thermal power source Hydrogen NN “f"”’a“"
®  Given according polarization curve YYYYYO . l—.’.
orc convection
o Thermal power evacuated by evaporation i 5
]
B Water produced during reaction in liquid form 3 >
® Water completely drained in vapor form Cooling blower
O Thermal power evacuated by air blower o

B Forced convection by air flow in air channel ' '
. Cooling | P
O Thermal power evacuated by cooling Ve [omion blower
b I oWe r Pigad Pua(h PEMFC N (Us ) forced comcion
e b e T T T, To
m Forced convection by air flow Paccs [ |Puecas T | t 44 ‘4
B Perfect exchange with fuel cell | Air blower f= gt
Stoechig, )| wlec ab convection
0 Thermal power evacuated by natural o e
convection




Multi-physics model

0 Auxiliaries control laws and electrical consumptions

O Air flow controlled through the blower voltage, depending on the stack’s current and Air

stoichiometric ratio Sc: 5R. (273,15 + Ty;)

4P, F

Q’U ab — 60000 Ist Neells Sc

O Cooling blower: Air flow drive by cooling regulation (Hysteresis controller)

> J 14+ /
: Heasrry {
’
40 ol ’ 124 ‘
’ > /
’ 14
) ) v

}’- > Cocding ose s e \ ’, 2
i' Qua=07 =
W OB
~ ’
3
Air ey
-~

ey o (WY

o Bow mn ™!

Ny
-
LY
S
-
S

. ” ,t Air bower
LI i i . . [ B ® | ':‘- a2 2 t ,} ‘0 P W it
b - .. 7 e c_ - - " & :% -} -
1) S - --’-' P —A M. - TR .—&‘ .‘ = 4 .
0 2 : 0 5 1 12 L : i 6 b i i
bdomwy vodtage | V) blower voltage |V

AIR FLOW FOR EACH BLOWER ELECTRICAL POWER CONSUMPTION



Global energetic model
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0 Studied power converter

I.s'hu'k
O -
A
ir:] Hvs 2L
O—» vsteresis <
modulator
" ; DC/DC
(A’.-du(-k- onfoff regulated ﬂ lf’“'.\l
converter
(£12 V) § i'rrn([)
\ J . R
stosrer| telt) e | A
Driver -
Uy
O I I
MOSFET diode
1 L >/
ol (1 —-a)T

0 Losses in power converter :
O Diode + MOSFET : commutation (transient behavior), conduction, open)
O Smoothing inductance
o Command (sensor, regulator, wiring, drivers, electronics, ...)
O

Wiring + contact



Global energetic model
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0 Diode model during conduction 0 ——
< 100 /
0 im(t) E e S
N : 277
Udo Im + DN g @ 175‘(:'” 25°C
v = Ly - i =
— Al 1.1. [
Rd Im - 3 , I & llll /
MOSFET diode 117
fo) ! l > | Y 1 2 3 4
_ T 1 —C T Vi, FORWARD VOLTAGE (V)
U,(I)=U, +R,1 ol (1-a)
RHRP3060

Constant threshold voltage Motor current with ripple

. . . . 30A, 600V Hyperfast diode
in series with resistance

0 Losses by conduction

(1 —a)T

P =% [ W+ R ()i () = (1-c2

0

2
A]2 +R, I +U 1




Global energetic model
B

0 MOSFET model s P /

Vee =15V

Te= 25°C — ,-"
Te=125°C--- /r'

g

8 2

|
Collector Current, Ic [A]
8

;
B
5
alt?

0 1 2 3 4 5 6
Qa T ( 1 - Q )T Collector-Emitter Voltage, Vce [V]

8

I |
Rdson MOSFET l(liodo:

\
o

Constant threshold voltage Approximation of motor FGA20N120FTD
in series with resistance current with ripple 1200V, 20A Trench IGBT

O Losses by conduction

F.

I
=
&
S
=
S
o~
3
~~
o~
—
o
S3
I
S
=
S
<
S

mosfet ?



Global energetic model

o Commutation losses for MOSFET and Schottky diode

Before v, A
commutation : h
i (1 gs(Miller
'il( ) I,=1_-Al/2 ;
1"? _l_ ‘3‘_’[ ______ B gsl{th)
- Ids=0
Im -
Al
Im Bl IL - A .
MOSFET diode: Uitackb == =2 \
| | >
— >
al (1-a)T , Al
™m .-) S
® Transient divided in three steps :
® Vgs>Vgs(th) :

Start of current |y rising

® Reverse-recovery current has to be
absorbed by the MOSFET (extra losses)
®  When the diode is switched off,
The voltage of the MOSFET can reach

i f)

Eopy

the supply voltage Eon




Global energetic model

o Commutation power evaluation

V4 and |, can be easily calculated:

1
— D
Vgs( Millery — Vgs( th) +
8 fs
i Vdr - Vgs( Miller)
g(Miller) =
Rg

Qo 1 Qua=0Q2—Q _/ § )
o - . dr
Il;,w(,\ll“r r) E :
: N |

0 Qi Qs

Gate Charge (nC)

Gate-Source Voltage (V)

Rise and fall time can be deduced and power calculated :

¢ = di _ gstngg t gfngng

fu = = -
1 g( Miller) 8 fs (Vdr - Vgs(lh))_ 1 D . g _fsvgs( th)y — ID
t, +1 L+ 1y

Eon = (Im + AI)USm(_-k Tn + erUstack ngf = (Im - AI) stack T Psw = (Eon + Eoﬁ )fS




Global energetic model
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0 Losses in the smoothing inductance

0 Geometric and physical description (1mHenry /20A)

I I
MOSFET diode
1 1

ol (1—-a)T

Approximation of motor current with ripple

Paranwter | Value
cliective volume V. | 71890 mm”
effective length L. 172 mm

cdfective area | A, 118 mn®
ar gaop | 0.5 mm

relative permeability | g, 10000
number of tums n | +




Global energetic model
I

O Core losses (hysteresis and eddy current losses)

Typically Steinmetz formula used :

_ & £ ARB Where AB is peak induction, f f in kHz,
Pmag = kf m AB ere is peak induction, f frequency in kHz

P.naq Magnetic loss density (mW /ecm3).

mag

Experiment rather than Epstein test bench

+5, noy
" . T d¢ T : d‘B Enoy = -i
Bor = | H-dB 3 VO=N S =tad i o or———— 7
-B g N2 % A g
' e S -
N (f) Sk B “ P A
H(t)="1122 . = o
O==7 o — v
. (l‘) n (t) dt Principle of core losses
Py mag = f Ly \l)—U, measurement
VcoreT T n2



Global energetic model
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O Comparison between measure and model

10° Yy - S . Q¥

10!
Comparison measure /Steinmetz formula

" with k=100.05, p=1.96 and a, =1.0+ f 9.10°°
[ )

1!

0 measure

Core loss P, 0 (mW /em?)

model

102

>

10 “

10! 109
Flux density A8 (T)

O Expression of peak induction according to current ripple

To be included in the un Y
AB = 0 P = |%
model, must be expressed - = Al L then mag Py mag - core
€
in term of current ripple +é

M,



Global energetic model
i

0 Losses involved by command

Il Due to the very high efficiency, the small signal electronic has to be taken into account !l

o Power to stabilize fuel cell voltage

P =P L—1 +1,U

supply — * eon 0™ stack
n

Where |y no load consumption, P, the total consumption of small

signal electronics and n, the efficiency of source stabilization
TMR 3-2423WI from

TRACOPOWER®

o Current probe

_ | Vig + 1iono(Vag = Vi)
LEM — 1000 dd LEMO\ "dd —

O Final consumption (with small electronics)

Psupply = l|0’(;|0 Via +1 LEMO(Vdd )'*' c‘trl) (77

n

LA25 from LEM®

stack

—1]+10U



Global energetic model
T

0 Losses wiring and contacts

Connecting cables between the electronic board, the smoothing inductor and the propulsion motor

| |
MOSFET diode
L 1

ol (1—-a)T ] AIZ
P. . = + 17

wiring — “‘e¢ m

Approximation of motor current with ripple

Il Evaluation of contact resistance remains a big issue I!!

Il Temperature evolution not taken into account !



Global energetic model
I

LTS 1

o0 MAXON RE5O0 Ironless DC motor S RRERRA (320

370055 | ITONSE | 3N0aT

LT AMNT R -~ 00090 | 29001 | Je90i2
ABRERNOYF -2
1 ansE v % » 48 70
2 mAasEan mm 950 (3% 4000 260
1 MARSX mA 9 “y s 274
4d BXARMAOHOEKEN pn 5580 5420 W20 2410
5 Rxamr-AYy mNm 408 48 420 52
4 Ax3REr A 10N 707 4% L%
T IBAS mNm B0 900 R ) A0
3 LeRa A I (7Y M9 179
9 Hxaw - G 2 «©
St d L3
10 T RER a 13 Q24 0808 a9
A 54 Bt B b B | =M 0072 o 0423 283
12 bASoER mNwA WS 804 wua 242
1) HunEn vy 2 158 we s
4 RERPAZAR prdmiNm 0558 0838 0LSs O
5 mMENRIN ms A 3N irns . %/ ]
16 O-FBRNE-S 2+ oo 26 580 “e 50
RE 50 @50mm, /2774 b7 >, 200 Watt
Mirh tiet rgem —

|
. »
a e
v 1 -
3 — {
-—
1
2
P, —— - e e
- L e
x A
- -— -
0 ey %a

M1:2



Global energetic model
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0 Motor losses

O Brush losses o—p

Voltage threshold
in brush

Dbalai = Ep.1
[)u'

O Windings losses (Joule’s losses)

Dry and viscous

2 friction
Ploule = r.J °
O Dry and viscous friction losses
It = kyQ + K,
O Efficiency calculation connected , B
to circuit equation ’ MOSFET diode
1 1 >/
E = U—TI—Eb ol (1-a)T
I, = I- If Approximation of motor current with ripple

k(I — (ko + k)
ko + 112 + Byl




Losses in DC motor
Ce

0 Identification of parameters oo f{x) = 3,63x + 201,5 e

R« 096 —
O Friction parameter with no load test - »

e
X0 "-‘
I;(E) = Y,E + I,
“0
With E no load voltage, I; current source and | 00
starting current &
O Brush voltage drop and windings losses with Q=0
0
U(I) — 7'.[ + Eb ¢ % w % 20 e »
3
25 o
“.QE"““‘
: ol
\““‘
1.5 -
-“"'
! -'.0"'0“‘
-
0S5 Waseae




Losses in DC motor

0 Example of cartography working point and efficiency for RE50 motor

Rendement du moteur MAXON RESO, E o025V, Fl«011302, La34 € + 200mA. K «241 miwinV
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Global energetic model

0 Result

Motor current (A)

O Each sub-system is described according to

&= =~ @

C
;

e

..

. »
.- -
v v

efficiency, speed of car and

The tank to wheel efficiency is the
superposition of all curves

Motor drive

-

(.85
0.8 - eommm—

0

.88  e—

——————

R 0.5

10 15 20 25 J0 35
Car speed (km/h)

-
' s

Motor current (A)

(SR

Motor current (A)

T;_“'_;_.'.' =
( Q0

2 rS

¥ 7

Stack + accessories

0.65.

.

7, —

- =it

2 10 15 20 25 J0 39
Car speed (km/h)

DC/DC converter

1

«

OF

.o
&
v

5 10 15 20 25 30 35
Car speed (km/h)




Global energetic model

0 Tank to Wheel efficiency

Motor current (A)

O
5.9 H
5 -
15 =
4H
3.5/
3H 0.52
I ) S
2.9 —).51=
2} )5
Lr o‘{\ u‘
e L 0.3 0.3
0.5 b ), | -
5 10 15 20 29 J0 35

Car speed Vi, 5 (kim/h)




Global energetic model

0 Working point of car with no wind and no slope

G -
5.9 H
5 -1
15 =
PR |
< p—
= 35P
=
£ S H
£
2 25H
-
2».
1.5 F .
l?— ’ '\__-!“-_-ll"v ;-_ . .l):
h . uuu"luuuudim (]‘:1
0.5+ 0.3 0.3
0.1 —).] =
10 15 20 25 30 35

Car s])('(‘(l Vkm,"h (kl"!'.h)



Global energetic model

0 To have a speed of 30km/h, 1.7A is required (49% efficiency which is not the best)

O f
— !
.0 H /
-
L =)
2 1 {
sH < |
: (
——— .'-
-
- JOHF
&
= SH
o
I~
-
5 29
—_—
-

‘_)_ ’
ol o
14
T T L
0.5 0.3

0).1

5 10 15 20 30 km/h

Car ‘\]N“{l "’km_"h (k"lf{h)




Global energetic model

0 Evolution of driving strategy to improve efficiency to 52.3%
G -

Motor current (A)

— “
o1 \ “dn ' :
l I \\\j < ans v_-l!!"- A : ':
" . l!l!!!"l""""d{ ~ . ——-ﬂ‘..-'l
0.5 F 0.3 0.3

0.1 —0.1=
5 10 15 ) 25 30 35

Car speed Vi, 1 (km/h)



Global energetic model

0 Acceleration (52.3% efficiency), then deceleration with motor off (efficiency=0%)
but consumption =0.8W
6 -

5.9 H
5H
15 =
~ 41
-
et —
= JO5F
E
5 JH
-
=2
§ 25 \
-
24
- :
| /" » .|u_____-l,>. :
il S P — fre=
T T T L L L L L b —
"1 i 0.3
‘ — ) | -
.1
1 A 4 F ” : :
5 10 15 2 25 J0 35

Car 3‘]”‘“' ""kul,"h (kl",v"‘h)



Results and exploitation
2

0 Using of multi-physics model to optimize V., V

min/

max

050 ¢

000

-

AV = 8.0 km/h
4950 AV = 4.0 kmn/h

AV = 2.0 km/h

AV = 0.5 km/h
= 4900

Energy consumption per km (J/km)

4800

4750 . : - :
2 3 1 5 6

Motor current (A)

Efficiency is reduced for AV=2km/h => optimization required



Optimization
I
O

O Driving strategy ROTTERDAM TRACK 2014
o 3 phases per lap :
O Phase 1: Acceleration from O to Vmin

O Phase 2: “Constant” speed (series of
acceleration and free wheel)

o Phase 3: Braking (energy recovery in 2016)

velocity (km/h)

| I I
::nmr'- ----- b - - - ] ol v
NI P & g s ST 5 05 W, GENTTTIR Wy O SIS S e e oN L. re
| J I
| ' I
: BN 0 Control strategy
I ' I
| T T O Torque/Current control with velocity
1 L
0 | ] thresholds
Current (A)1 ' 1
Litare —i Voo O Hysteresis law for stack temperature
facel = mimms : L2 [l S T regulation
... o Stack cooling during freewheel phases
7;"'” t
L) 1 lJ T »

cooling cooling
ON ON




Optimization
e [

0 Problem formulation

O Obijective function: The minimization of the fuel consumption on a full race (10 laps), under
constraint of a minimum average speed of 25 km/h

0 Tank-to-Wheel 4" order Runge-Kutta ODE model implemented in Matlab:

((11_)’[( =1(t,x), X = [Tst (t)’V(t)’X(t)]T

Simulation over one lap, in steady state for the Temperature Tend=TO
Particle Swarm Optimization: 50 particles and 200 maximum iterations

Input parameters: Istart, lacc, Vmax, Vmin and gear ratio

Constraints: Average speed >25km/h



Optimization
B

0 Optimization result

Istart lacc Vmax Vmin Gear ratio Avg speed

10.8A 3.1A 27.8km/h 26.2km/h 200/14 25.0km/h
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Optimization
I

0 Optimization result for power converter

B Cormand
B Oioce
BlWing

[Tl comentation
|___lconduction

INCUCANSS




Optimization
e

0 Measures-Model for one
race

O May 2015, Rotterdam,
Netherlands

=

o 10 laps

peed (km/h)

O Ambient temperature: 27°C .

S

(| MCIX. Wind: 30km/h ( 1000 1500 2000 0n 500 1000 1500 2000
Time (s) Tine (s)
0 Performance: 71" R b T T - o - AWOW
; 200 200
o 800Wh/100km :
g , z e
(] 1 14km/LSP95) _i' 10 F 1 ke 100 1 Hosw
-
T o
B 0
Lpod-steam 5 1000 1500 2000 ( 5 1000 1500 2000
TAW 50 ﬂ Time (s)
'::i - L0 C 7 - - - H°C
0 F.|.n| ll,;l.l l.’;lu '_N:,m 0 -"l‘m 1000 1500 2!:00

Thne (8) Time (8)



Result and exploitation
B

0 Optimization result

B Command

-OOQG 25%
[Iwing

[ leommsation

Bl conduction
Bl rcucsancs




Result and exploitation
i

. . . Tank
0 Optimization result 7.96 [Wh/lap)
Parameter Value
Ist.art. 10.8 A
I(ICC 3.1 A
Umaz 27.8 km/h
Ymin 26.2 km/h
Tgear 200/14
Average velocity 25.0 km/h Stack .losses
Fuel cell Tosses 3.04 Whilap 38.2 %)
Motor losses 0.39 Wh/lap
DC-DC converter losses 0.23 Wh/lap Motor: 6.3 [%)
Mechanical transmission losses 0.11 Wh/lap
Supervision system consumption  0.37 Wh/lap Stack aux.: 4.6 [%]
Mechanical energy 3.7 Wh/lap Power converter: 2.8 [%)]
Hydrogen consumption 7.96 Wh/lap Transmission: 1.4 [%]
Tank-to-wheel efficiency 46.20 % Supervision: 0.4 [%)
Performance 4.94 Wh/km

1855.75 km/Ls pgs

Wheel
3.68 [Wh/lap| 46.2 [%)]



Results and exploitation
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0 Validation of the proposed approach

l'{’./ m Fuel-cell stack

Model
m DC/DC converter
® Mechanical /motor
m Stack auxiliaries
Measure

-

0 20 40 60 80 100 120 140 160

Energy (kJ)

Error less than 4%
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