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OUR APPROACH TO FUEL CELL VEHICLES

00 Iong recnarge time alt means a long/inaparioc

2. Inorderto introduce the FC technology in the markey (earket) our ways are:

a.

b.

Not TOTAL FUEL CELL CONFIGURATION but RANGE EXTENDERAUMN (FC as on
board batteries charge)

To use the FC technology in the fleet applications (fon@eain the city-bus, in car sharing
anc carl poolin¢ services. In these application the batterie: limits are more eviden with
respect to private vehicles

3. By using a small F@Gimed to the range increasing and not to the propulsiore e different
advantages:

a.

b
C.
d.
e

Lower costs for FC system

Lower hydrogen to store in the on board tanks and less tveigh

Increasing of range (in terms of km or hours) with respélaetsame electric vehicle
Lower recharge time because batteries are not totatlyadiged at the end of the journey
Competitive product in terms of costs for an easy inttamtumto the automotive market
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The Fuel Cell System:

THE PROJECT

RANGE EXTENDER CONFIGURAJ'ION

works as on board recharger of batteries ny fcdises:
» during vehicle stops

* when required load is lower than FC nominal power

supplies energy to the power train:
» during other phases of vehicle o

/uel cell and batterle
Powertrain layout

Auxiliary
Devices I

Regeneratlon
Recharge Bat when needed
Assist fuel cell when needed

Power vehicle at
high battery SOC

Fuel DC/DC
Cell Stack Conv I

s

— -

Cycle requirement

\

PROJECT TARGETS:

1. Increase range of 30%
2. Not change the bus total weight
3. Lowcosts

o Orlando, FL USA
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THE SELECTED CITY BUS

TECHNICAL CHARACTERISTICS

Total Weight kg 11.800
Length mm 7.720
Width mm 2.200

Height mm 3.050
Seats nr 9+33+1+1

: Asynchronousr
Electric Motor Type three-phase
Power kW 85/150
Inverter Type IGBT
Batteries Type N. 8 ZEBRA
Voltag: (inverter inpu |V 300/75
Maximum Speed Km/h 50/55
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ORIGINAL ELECTRIC DIAGRAM

SIEMENS Type AC Induction Motor

FZ SO|NICK

Cooling Media Water-Glycol
Green Energy | Green World Rated Voltage DC 650 V
Rated Power 85 KW

Rated Torque 220 Nm
Max. Torque 530 Nm @ 300A

Z5

Rated Current 142 A
Max. Speed 10,000 rpm
Weight 120 kg
Dim. (LxWxH) 510 x 245 x 245 mm
Z5-557-ML3X-38 Ambient Temperature | - 30 °Cto 70 °C
30x00131 Degree of Protection | IP 65/ 9k
Torque and Power vs. Speed of Motor 1PV51384WS24-W12 @ 300 A,/ 140A/ 685V DC
Capac i't'y 38 —— Mmax [Nm] - - - - Mcont [Nm] —— Prmax [kW] - - - -Pcont [kW] |
Rated Energy 21.2 o . o2
Open circuit voltage o o
pragei 120 kW
0 -15% DOD 557 350 Nm 105 KW
3 R 300 Nm . 90 KW
Max. regen. voltage 670 BNy 7S kW
200 Nm = oo 60 KW
Min. op. voltage 372 prodii o T —Io
Max. discharge current 112 o v
0 U/min 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Umn  Umn  Umn  Umn  Umn  Omn  Umn  Umn  Umn  Umn

SIEMENS SIEMENS

N . 8 Z E B RA Batte rI M DC-DC / IGBT MONO Inverter DICO Vehicle Interface

N. 2 INTERNAL BATTERIES
Pl LSS,

Type Inverter 3 Phases. & 1 Phase for Type ESXLT
Chopper or DC/DC convetar
;‘l i Power Supply 9-32V
b Reled Vollage DC B0V Qutputs 4x digital Output HS 2,5A
i ]l Operating Voltage DC WV-T0V 4x digital Output LS 1,5A
] o e Zu8 4% PWM Output HS 4A
— h\ Rated Power Inverter (480V AC) | 200 KVA.
-8 Ha—1 |- Max_ Current Inverter (10 5) 804 10V reference Output 400mA
o - | Max. Power (500V AC) T Inputs. 8x digital Input (HS or LS)
| | Switching Frequency inverter | 2.t Ktz 8x multiple Input (ANL, HS, LS)
] Ciet 1E1nia outrl Communication 2 xCANBus
N.2 REAR BATTERIES Chwppe o BCOC 15 DONG ke Interface
e R e 1644 x 173 x 52,5 (mm)
\ i Waight Wy Weight Tkg
Dim. (W) wihou Connectors| 411 x 454 x 183 mum Protecion Class o7
N.2 ROOF BATTERIES of Pratection 1P GKIK.
N.1 INTERNAL BATTERY L e [awent T
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NEW HYBRID ELECTRIC DIAGRAM

I Motor
FUEL CELL - 7
SYSTEM VEC 350V-650V - ( M
V Inverter
460Vac
ocll/ ac AC Motor
—® N

DICO VI

Number of
batteries ?

FC Size/Power?

ENERGY ANALYSIS IS NEEDED

AIMS:
1. To selectthe suitable size of FC System (and Hydrogeto) determine the needed number of batteries
2. Toinstall the FC System and Hydrogen Storage Systeraimamthe bus total weight
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ENERGY ANALYSIS

The target must be achieved introducing energyhfydnogen and reducing number of batteries

Energbg BATTY 135,68 kWh

2. 30% more > EnergyARGEﬁ 41 kWh Energ(yfARGEﬁ 176,38 kWh TARGET

| I Thermal Management |

| Electronics Box |

3. Inthe power ranges from 5 to 10kW two size
of Nuvera FC Systems have been analyzetd: >
5kWanc 8 kW

| Fuel Cell Stack Assembly |

Using a small FC system (size 5-10 kW) it is useful to usedhgyeroduced by FC not only during the |
stops but also during all period of bus operation.
The FC power contributes to vehicle traction and, when dadoaquired, recharges batteries.

v

« The FC System works at constant pgwer
* Less stress conditions occur
* Alonger lifetime for FC stack
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ENERGY ANALYSIS

Series ‘ Intemal Volume ‘ Outer Diameter ‘ Length Weight ‘Capacity‘ Port

‘Iitresw.c.‘ cubic inches ‘ mm‘ inches ‘ mm ‘inches kg‘ b ‘ Ko H2 ‘

7,7 kg (85,8n@350 bar] 128,6 kW

*(A 50% of FC System electric efficiency is considered )

5. The battery technology selected for the hybwe pinain is
the same used in the original electric city-buBRAE

N. of ZEBRA Stored Energy in BattefiesErndrgy + Zebra Ener

147,8 kWh (@200 bar)

4 67,8 KWh*
196,4 kWh (@350 bar)
164,4 KWh (@200 bar)
5 84,8 KWh*
213 kWh (@350 bar)
181,7 kWh (@200 bar)
6 101,7 KWh*

230,2 kWh (@350 bar)

*(A minimum SOC of 20% is considered )

4,8 kg (53,3n@200 bar| 80 kWh* Both these two values satisfy the TARGET, but Italian
z regulation is not clear about hydrogen stos@iipaiat 3
h
e

Just storage at 200bar is considered in this work.

Z5-557-ML3X-38
30x00131

NO! It doesn’t satisfy the target
Not considered storage @ 350 bar
POSSIBLE

Not considered storage @ 350 bar

POSSIBLE
Not considered storage @ 350 bar
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SELECTED DEVICES

« The Power Flow is a plug in system composed recyclable

by all needed auxiliary subsystems:
inlet air blower
water pump
fan for water cooling

e Operation temperature (270°C), that from
the energy point of view is considered a
disadvantage, makes Zebra insensitive to
external temperature variations

 The stack works in “dead end” modality (anode
Is closed by an electric valve that allows the
water purging)

Energy density is about 120 Wh/kg (10-20%
more than lithium batteries)

Costs (600 €/kwh) are about 20-25% less

» Atailored recycling system allows the re use of than lithium batteries (600-1.200 €/kWh)

purging hydrogen increasing the hydrogen

utilization factor .
« Zebra batteries don't feel the effect of

overheating (that is a serious problem for

« Adirect water injection (DWI) is integrated in the :
other batteries)

system for thermal and humidification
management
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POWER TRAIN OPERATING MODES

Urban Cycle Profile

— ]

B — If B oar> Rec the required
load is satisfied by I
devices (Batteries+FCS

Urban Cycle Prpfile

. ﬁ — ] =@

If R oac< Rc the surplus
— of energy allows the
charge of the batteries

N
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STARTING POINT FOR MODELING

Original Siemens Devices (Drive Motor, DC/DC; DC/,

A) Nuvera FCS of 5 kW (PowerFlow PFV5

Fuel Cell System——

B) Nuvera FCS of 8 kW (PowerFlow PFV8)

Hydrogen Storage Syst —

A’ 2 Tanks 150 lit @ 200bar (+:)

A) 5 Zebra Z5 Batteries

Battery Pack ——

B) 6 Zebra Z5 Batteries

Urban Cycle Profite——>

A real load profile was analyzed (Rome)
Its time is 12 hr and 45 min
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FC STACK and BATTERIES MODELS

8kW PEM FC stack model. Polarization cur

VES

5kW PEM FC stack model. Polarization curves

15
Ampere-hour (Ah)

Z5 Zebra Batteries models discharge curves
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utilizing the SimPowerSystems tool.

The simulation models have been developed in tHe Qfatlibk environmet

System Architecture

The battery pack is
connected in parallel with the
DC Bus.

/

The FC system operaltes
at constant power

( 5KW — 8kW)

The current limit of the

DC/DC converter has been
set to 170A, corresponding
to 29.85Vdc and 47.8Vdc fg

the FC system of 5kW and_
8kW respectively

Nt

-
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~

A number of power train models with differeftPiddd-C and Batteries hav
been developed.

e

...but the more significant results regard tin@fmﬂnﬁgurationsis:

FCS of 8kW + 5 Z5 Zebra Batteries + 2 Tanks i@ 20(

\ 4

\ 4

FCS of 5kW + 6 Z5 Zebra Batteries + 2 Tanks i@ 20(

‘| The model acquires all the
1| system parameters

1| shows the SoC (%) statu
1| and hydrogen consumptipn

72

S | (iiters)

E P

; ! 1

@) : -

o i i

0 Data have been measured ¢n
B 12h 45mi the CAN-bus of the same ily

bus equipped with 8 ZEBRA

. : . . . batteries and implemented-i
The simulation time is 45900 sec. equivalengiaioBWeous route | the model
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by FCS -

Power Analysis (Motor/Batteries/FCS)
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FC Analysis (Voltage/Current/Efficiency/Cong\intistom)/Consumption-A{fpn)
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SoC (%)
100 T T T T T T T

72,4% of SOC is a too hjgh
value. It is a nonsense t¢

go_.......................................................... . . —{

use hydrogen in order tg
preserve batteries!

70

65 | 1 | 1 | | 1
0 05 1 15 2 25 3 35

Time (sec.) x10°

SoC Analysis
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7 N

Discharg

by FCS

Power Analysis (Motor/Batteries/FCS)
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FC Analysis (Voltage/Current/Efficiency/Conguint{shom)/Consumption-A(kgn)
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This SOC (44,3
is a good value!

211, 3/, -

SoC Analysis
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The power train vitAEBRAbatteriesconnected wiihkW FC systeappears as the
best solution.

SoC (%)
100 - I I I

|
. . e 6 Batoric ZEBRA - 75-557-ML3X-38 212 kw+ FC NUVERA PowerFlow 5Kw
With the same final OCO: e 8 Battric ZEBRA - Z5-557-ML2X-38 21.2 kw

value (20%) the HEY] T Al
configuration allows oz} N

increase the range o
abou#0%with respec

10 P T InCreaSe Of4o%

0 I ! | |
0 1 2 3 4

Time (sec) x 10* 4

Power Train Configuration Final SoC (%) 5> (IHH Hours

8 ZEBRABatteries

6 ZEBRABatteries + 5 kW FCS 52211
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HEV -5 kW FCS + 6 ZEBRA BATTER@&3(bbar) * EV CONFIGURATION -8 ZEBRA BATTERIES

N° Weight/each Total Weigh N° Weight/eaclh  Total Weigit
- kg kg - kg kg
Zebra Batteries 6 182,0 1.092,(q | Zebra Batteries 8 182,0 1.456,(
FC System 1 140,0 140,0 1.456,(
H, Tanks 2 65,6 131,2
H (@200 bar) 2 2,44 4.8{ | Total Weight 202,00 kg
DC/DC 1 50,0 50,0
SHLENE INIUEIE L 220,0 2209 | This weight is not considered important.
Piping, wiring, ...| 1 20,0 20,0 . .
1.658,0 It is compared with 2 or 3 passengers more.

*(The bus tare weight of 11.800 kg is not abbsickmee it is the same in both configurations)

COSTS EVALUATIC
HEV: FCS da 5 kW + 6 BATTERIE ZER®2QBbar) *

N° Cost/each Total Cos N° Cost/each Total Cost

- €/each € - €/each €
Zebra Batteries 6 16.209,60 97R57760ra Batteries 8 16.2(09,60 129.676,4
FC System 1 35.940,00 35.940Pping, wiring,|.. 1 4.000,00
H, Tanks 2 12.000,00 24.000[,00 133676,¢
H, (@200 bar) 4,8 kg 50,00 240,00
DC/DC 1 10.000,00 10.000;66
Hb tanks housing 1 4.000,00 4.qon.ofToT 41.760,80 €
Piping, wiring, ...\ 1 4.000,00 4.000,00

175.437 ,f
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Obtained results will be compared and validated wit
experimental data in the next months
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