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Abstract: PUMA Mind is a co-funded project aimed at enhandimg understanding of the behavior of fuel celtsys in vehicles
taking advantage of the new freedoms in design ehexttric powertrains provide. Within this projetRIADA focused on the
integration of fuel cell systems in the automotseetor and the resulting fuel cell power demandilprowere used as base line to
develop the fuel cell technology within the scopéhe project. This paper presents a further sarthe PUMA Mind vehicles with
the simulation software for Simulink environmenm&m developed at IDIADA. The paper deals with $ieng of a pure fuel cell
vehicle, a hybrid fuel cell vehicle and a plug-igbhd fuel cell vehicle. For each case, a dynanebiele model and an energy
management algorithm were implemented in vemSirarder to calculate the required energy storageagichize the powertrain
efficiency and range in a variety of real drivingnditions. Finally, simulations results were usedevaluate the impact of the
hybridization degree on vehicle weight, componsizs, hydrogen and electric consumption and vditiabif the fuel cell and battery
load. Those results unveil that all typologies yffidization mentioned in the following paragrapéach the target of range and obtain
good performances according to different missiafil@s.
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1. Introduction widespread configuration is the hybrid electric icth
which uses an ICE as primary power source and
batteries as accumulators, but hydraulic and pngama
hybrids are also being sold as reasonable altgazti
However, in order to reduce emissions and the
dependency on fossil fuels, a transition in altévea
energy sources is expected in the next few ydauis, &
mix of biofuels, hydrogen and electricity is expetto
. be found in the future. The freedom in design that
The 19" century was the century of steam engine, ) ) ) ) )
electric drivesprovide permits developing new

the 20" was the century of the ICE, but in the 1990's, i . ) )
) ) ) ) powertrain architectures with other propulsion eys
hybrid and electricpowertrain architectures became .
i ) such as FC (fuel cell) [1]. The 2tentury is supposed
serious alternatives, although the concept was not

. . . to be the century of FC as a result of the largeuarn
entirely new. A hybrid vehicle uses two or more

) i of researches performed in the hydrogen techndlogy
different power sources for propulsion. The most .
the last years. Although hydrogen is not a renegvabl

resource, it is an abundant element and can beebta
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Contamination and its impact on health and climatic
change are some of the main priorities of socitay.
Increasingly more people are convinced that vesicle
with ICE (internal combustion engines) need to be
replaced by more efficient powertrain technologies
with the main objective of achieving “zero emission
or at least greener vehicles.
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2. Objective

The main goal of the study within the PUMA Mi
project [2] was to compare threeFC vehicle
configurations with differenhybridization levels i
terms of FC load profiles, weight and performange
maintaining the same range target of 500 km for ISE
(new Europeardriving cycle) and good performanc
in energy saving for 5 mission profiles. The res
used to compare eacehicle design ar

* weightand capacity of accumulats;

* FC and battery load profil;

» rangeand full electric rang;

* H, consumptio;

* electricconsumptio;

» averageFC efficiency during operatit.

The energy management algorithms were optim
in order to @erate close to the FC maximum efficiel
point and at reasonable battSOC 6tate of charg) in
a variety of driving scenarios represented by
mission profiles. The study concluded with three
load profiles to be used for automotive FC sys
emuldion on a single stack. In the followil
paragraphs, the conditions in which the simulat
were set are discuss

2.1 \ehicle Architectures

The target concept vehicles were set in the PL
Mind project [2] premises and consistec a pure FC
vehicle, ahybrid FC vehicle and a pl-in hybrid FC
vehicle with FC powers of 100 kW, 30 kW and 8,
respectively. The architecture selected was frdrael
drive with one motor and differential. The mi
differences in their propulsion systems are evidd
in Table 1.

2.1.1Pure FCConfiguratiol

In this architecture the hydrogen is the only ep
source for propulsion and there is just a -
accumulator to satisfy auxiliaries’ consumptic

Fig.1 shows the vehicle architecture implemente
Simulink environmer with the simulation softwar
vemsSim. In this configuration the FC must absoss

instantaneous cycle power profile and regener:
braking is not possible. For this configuration
DC-DC is not required as long as the inverter
absorb the voltageariations of the FC, and therefo
the energy loss in the [-DC is avoided.

2.1.2Hybrid FCConfiguratior

In this configuration there is a small tractiontbat
that allows the FC to follow a softened power pec
and the motors to perform regenere braking.
However, a Di-DC converter device is required
connect FC and traction battery. | 2 shows a deta
of the model implemented in vemS

2.1.3Plug-inHybrid FC Configuratiot

This configuration is similar to a hybrid FC vela
with the main difference that the battery can
externally charged to also provide a full electdoge
(Fig. 3).

In this configuration the FC acts as a range exe
and the battery is the main energy accumt allowing

Table 1 Vehicles’ main traction component:.

FC

Plug-in
hybrid FC

Fuel cell stac

H2 tank

High voltage battel
Charger syster

OO\ @@ Pure FC
O 4| @)@ Hybrid

m j o000
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Fig. 2 VemsSimr detail for a hybrid FC vehicle.

Fig. 3 VemsSimr detail for a plug-in hybrid FC vehicle.

regenerative braking. As in the hybrid FC vehia
DC-DC converter connects the FC and the trac
battery.

2.2 \ehicle Characteristics

In order to simulate the impact of the integratidia
FC system on a real traction system [3], stan
market's ‘ehicle characteristics were used
simulation as shown in Table

The basis vehicle weight was calculated exclu
FC system, hydrogen tank and traction battery visi
To obtain this weight it was considered tha
conventional -Segment car weighround 2,200 kg to
1,300kg. For a FC vehicle the ICE system weit

Table z Vehicle characteristics used for simulatio.

Vehicle characteristic

Vehicle Clas C-Segmer

Vehicle basis weight (ki 1100
Vehicle resistance to movem

Aerodynamic drag coefficient (C 0.3

Frontal area (A) (m: 1.91

Tire drag coefficient (t/ 0.0085

Powertrain paramete

Architecture 1 Motor, fronta
Tire 205/55R1i

Motor average efficienc 80%
Motor power (KW 70
Reducer efficienc 97%)
Differential efficiency 98%
Equivalent inertia of rotating pa |5% of total weiglr
Auxiliaries' consumption (W 400

(engine + fuel tank + auxiliaries) is removed and
gearbox is substituted with a fixed gear, whict
lighter. However, motorinverter and EV electric
vehicle) auxiliaries are included, and their weight
be approximately 1(-150 kg. Therefore, this weigl
of 1,100kg was set as vehicle basis for-Segment.

Regarding resistance to movement parameters
aim was to be in icordance with the coefficients a
size of a standard-Segment vehicle and therefore
market study was performed to obtain these va
The tire drag coefficient corresponds to a 205/5%
with efficiency label C (as per regulation 1222/Q1
C1) [4].

The powertrain parameters present a relevant in
on the vehicle performance. Motors of electric ettt
on the market were evaluated to size the motor p¢
with the result of 70 kW as a representative valoe
an estimated average efficiency of 8 The
permanent 1 V consumption for vehicle electroni
was considered as 4 W (without FC specific coolin
devices).

In short, the parameters previously set aim to ra
real C-Segment vehicle design, configuration
performance

2.2.1RegenerativiBraking

Regarding regenerative braking, simulations shc
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that for the vehicle characteristics and the cytdelse  Table 3 Vehicles’ power units specification.

followed, under a good brake control, it is possitd O 0 )
perform all the decelerations NEDC cycle with > T | o=
regenerative brake only. This premise was used to E_’ ‘Ii E i_;
simulate the different cycles on the hybrid FC and Motor Power (KW) 70 70 70
plug-in hybrid FC vehicle, and thus, it is an asption Battery Power (KW) ) 20 108
that no hydraulic brake is used and that the brake [Fc power (kw) 100 30 )

energy is recovered taking into account the powairtr ] ]
Ve Table 4 Accumulation [5] and traction systems’
components’ efficiency. characteristics
2.2.2 Propulsion System Characteristics Power | Energy
The FC power for each vehicle was a requirement density | density
from the PUMA Mind project [2] scope, while the (kWikg) | (kWhikg)

. . Fuel cell t
battery or the hybrid cases was set to satisfetieegy Fuol ool Sl Ll 0.65 -
and power demand of the drive cycles. The power [ryqrogen tank _ 18
stablished in the PUMA Mind project [2] for the F@fs Traction HV battery
the pure FC, hybrid FC and plug-in hybrid FC [LiNiCo chemistry (Hybrid FC) 1.905|  0.094
configurations is 100 kW, 30 kW and 8 KW, LiFePO4 chemistry (Plug-in H. F€)  0.481 0.13p

respectively. The power characteristics of the ghre other key point to be considered is the efficiency,
simulated vehicles are summarized in Table 3.t  which depends on the power load.
observed that the plug-in hybrid FC battery progide  For simulation, the average motor efficiency was
more power than the minimum required because itsused as specified in Table 2. This assumption is
size is suited to high energy storage. acceptable because the three vehicles perfornathe s
The main characteristics of the accumulation [%] an cycles, and, as the mechanical part is the sans!fof
traction systems used for simulation are showrseinld  them, the motor operative points are similar and an
4. As mentioned above, the pure FC vehicle has na@verage efficiency can be assumed. However, the
traction battery. Due to the different performance operative points of the FC of each vehicle are
requirements between a hybrid and plug-in hybridsubstantially different because of their differér@
vehicle two different battery technologies were sizes and energy management strategies. Thusakpeci
considered in the simulation to choose the option@  care must be taken to simulate the FC instantaneous
for each hybrid vehicle configuration. For the hgibr  behaviour.
FC vehicle architecture, the battery must provitle a Normally FC stacks are systems with efficiency up
least 40 kW and thus, LiFeR@as the chemistry used to 50-60% as shown hereinafter in Fig. 4. The FC
because of its high power performance with reduceckfficiency curves were considered to be scalabtbdo
battery size. On the contrary, the plug-in hybrid F FC size with a local maximum of 60% efficiency at
vehicle must fulfil not only power requirements,tbu 40% load point [3] as shown in Fig. 1.
malnly. energy. storage ones, to accumulate enerty wi 23 Mission Profiles
the minor weight and volume. For these reason the

chemistry in this case was LiNiCo which is moreehi Five cycles were selected to evaluate the vehicle
for power storage. consumption and range under a wide variety of
2.2.3 FC System Efficiency situations. NEDC cycle was used to dimension the

Regarding motor and FC system, apart from power, energy storage systemgor each vehicle to reach the
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60% |

40% |

20%

Efficiency (%)
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Full FC PHEV ———HEV
Fig. 4 FC efficiency curves for a 8 kW FC (green), a 3

kW FC (blue) and a 100 kW FC (red) [3.

target 500 km range, and the other cycles were i
develop the control strategy to provide gt
performance in different situatio

The NEDC [6 was selecteco dimension the vehic|
because is supposed to represent the typical uxfe
passengecar in Europe and is currently used in Eur
to assess fuel econom

The WLTP (worldwide harmonized light vehicle
test procedur) cycle [7] and the Supplement
Feceral Test Procedure cycle (US06) [8] were
selected as mission profiles to adapt the oper
strategy to more dynamic and aggressive cy

Furthermore, another two customized profiles v
defined. The first one is a simplified represetatbf
highway driving at nearly constant speed of 120 k
as it would happen with cruise control with sc
decelerations to 100 km/h as shown in Fig. 8.
aimed to test the vehicle range performance urte
situation that is very demanding for the vehwith the
low-powered FC

The second customized cycle is meant to reprt
the real European urban and e-urban driving profile
based on a long measurement performed
IDIADA (Fig. 9).

As a summary, Table 5 compares some of the
characteristicof the five cycles to be simulated. It ¢
be observed that steady 120 has the most dema
average speed while US06 combines the hi
average acceleration with a high average speed.R/
and real record cycles present similar acceler:
levels to U6 but with significantly lower averag

speed, and thus they are less demanding. To el
with, NEDC requires very smooth accelerations
low average speed, being one of the less dema
cycles of the tabl

3. Concepts Developmer

The three abovementioned vehicle architectu
were studied i-depth during simulation with tr
purpose of optimizing the operating strategy tcche
500 km of range in NEDC with the minimum ene
storage as possible. In this section, the t
simulations are fiit explained in detail and at the €
the results re summarized and discussedSection
3.4

The models were developed in the 1D simula
software vemSim that runs in Matlab/Simuli
environment, and the controller was implemente
Simulink. Fi¢s. 1-3 show the block diagrams
vemSim

[
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Fig. 8 Conceptual highway driving profile.
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Fig. 9 Measured urban and extre-urban driving profile .

Table 5 Driving cycles main characteristic..

Vmax| Vavg | Time | aavg

(km/h) [ (km/h) | stopped (m/s2)
NEDC 120 34 23% | 0.26
WLTP 131 47 12% | 0.45
USO¢ 129 77 7% | 0.48
Steady 12 120 11€ 0% | 0.10
Real Recor| 88 30 15% | 0.46
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For the development of the three concepts, arali
energymanagement strategy was defined. Then
software performed iterations to obtain a batterg
hydrogen storage that fitted th the 500 km NED(
range targef9]. It was an iterative process because
battery and Hydrogen tank sizes affected the ve
weight which affects consumption and thus ra
Afterwards, the performance on the different mis:
profiles was tested. The operating strategy
improved to permit a soft FC power profile opergi
close to the best efficiency point while maintag an
adequate SOC of the battery and a reasonablt
electric range for theplug-in case. Then the ener
storage size was modified in the cases that the
strategy affected the NEDC range and the mis
profiles were tested again. Fig. 10 shows tlow
diagram of the design proce

3.1 Pure FC \khicle

3.1.1StartingCondition:

The initial condition for the range simulation w
vehicle stopped and, tank completely ful

3.1.2 Vehicle Developmentas per the Mission
Profiles

Due to the lack canother traction source apart frc
a FC, the power distribution required by the NE
cycle corresponds to the FC’s power distributior
shown in the histograms in Fig. 16. This meansdhi
the electric power is supplied to the traction sgsby
the FCas shown in Fi. 10. Thus, the 5 tank itself has
to store enough , to cover the target NEDC ran

It can be observed that the FC is continuo
working in traction situation, and is off when 1
vehicle is decelerating or stopped. Then, the &uyi
accumulator that is charged during traction proy
enough energy to supply the : W auxiliaries’
consumption, and allows the FC to be switched
This accumulator prevents the FC from working &
W and very low efficiency when no traction is rened.
Simulations showed that connecting the auxili
directly to the FC would increase the total,

consumption by 9.5%, which means 14.6 kg mor
H, tank. This accumulator is just used to supply en
to the auxiliaries and it is not suited for reerative
braking

As per the power demand required for NEDC, it
be observed that the FC power profile is very \de
(Fig. 11) and it operates at low load and low efficie
points. The maximum power provided by the FC i
kW which means that it rches its maximur
efficiency point just once in a complete cy(
According to that, the , tank is not only dimensione
to cover the cycle requirements, but also the
efficiency reduction

The detailed weight and energy consumption re
obtained forthe pwe FC vehicle are presented
Section 3.4.

3.2 Hybrid FC vehicle

3.2.1 StartingConditions
As the battery cannot be recharged to its maxi

First operating strategy

N/

Vehicle design for range target

N/

Simulation

N/

Strategy optimization for mission
profiles

N/

Simulation

\

W/

Fi

g. 10 Flow diagram of the design proce.

00 F e ......

whabubuh,

Speed (krn/h)

Fower (ki)

.
1000

——Fuel cell power

200 400 0

Time (s
—— Cycle speed profile
Fig. 11 Pure FC vehicle power profile on NEDC.
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capacity, the initial SOC (state of charge) wasthe compared with FC power. As the cycle power
range simulation was set following the Europeanrequirements are strongly variable, in order tontzan
Regulation No. 101 [6] for hybrid electric vehiclest a soft operating strategy and not to demand alwapt
externally chargeable: before testing, a previouspeaks to the FC, an exponential moving averagheof t
preconditioning test must be performed in which atcycle power demand with 4 m time constant was used
least two consecutive complete driving cycles areinstead of the instantaneous power demand. The
carried out without soak. Independently of theiahit exponential moving average weights the power loads
battery SOC, at the end of driving a preconditignin exponentially giving more relevance to the lasueal
cycle, the final SOC is within 60%-80%. Therefdtes ~ This method is fast to compute and does not reguire
initial condition for the range simulation was velei  record of all the previous power values. Furtheemor
stopped Htank completely full and traction battery at the variation of the FC power requirement comirgrfr

70% of initial SOC. the strategy is limited to a maximum raise of O/&/&
3.2.2 Energy Management as per the Missionwhen the power request increases and -0.9 kW/s when
Profiles it decreases.

The strategy followed is depicted in Table 6. Under The black line marks in Table 6 represent the limit
this strategy, the FC of 30 kW will always operaités SOC at which the FC is switched on. The offset when
maximum efficiency power or at higher loads in whic switching the FC on and off at low power demand
the efficiency is also very favourable to mainttie avoids the occurrence of fast and short on/off eycl
battery SOC within 40%-80%. This strategy wasaet t that would imply many transitions from 0 to 12 kW
reach the minimum consumption on the five load and low efficiency of the FC.
abovementioned cycles by iterating with different Thus, the strategy consists on trying to keep th€ S
operating strategy charts. level within 40% and 80% and minimize hydrogen

The colour scales in Table 6 show the strategy toconsumption by working as much time as possible at
follow at each moment depending on the tractionthe maximum efficiency point of the FC. Therefdre
battery SOC and power demanded by the vehicleFC is aimed at being switched off and work at its
maximum  efficiency  consecutively. However,
although this behavior is the optimal in terms of H
consumption, there must be some exceptions to

Table 6 Hybrid FC consumption strategy.

Required Power / FC Power

Sl lelelelelelelelelelg] . .

§ S § % % E\? % % ,% § § § % maintain the battery SOC level. When the traction
0% '_ _ ‘ T _ : battery SOC is very low (< 40%) or the vehicle
1094 : : - . : exponential moving average power demand is high
2004 o : - compared to the FC power, the FC either follows the

0, . . .
ig; load demand point or works at its maximum power to
(

509 : feed the battery. Furthermore, when the instantaseo
609 |_I o (not averaged) cycle power load exceeds 40 kW, lwhic
70% is the maximum battery power, the FC must provide a
2822 least all the exceeding power to fulfil the reqoient
100% regardless of the strategy in Table 6. NEDC sinmat
description, as mentioned in Section 3.2.1, at the
(| FC off FC = max eff. beginning of the NEDC cycle the traction battenpis
FC =cycle load . FC= max power 70% of SOC. Fig. 12 shows how the stored energy

SOC (%)
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evolves in time. When the most demanding part ef th allows regeneration and operation at the maximum
NEDC cycle is reached and thus the power requiremenefficiency points.
is higher, the FC is switched on at its maximum The detailed weight and energy consumption results
efficiency point. The NEDC power demand allows the obtained for the hybrid FC vehicle are presented in
FC to either work at its maximum efficiency poii2(  Section 3.4. The performance of this concept vehicl
kW) or to be stopped. This FC on/off behaviour is other cycles can be observed in Annex A.
repeated maintaining the SOC level within 50% and
80% until the H tank is empty. At that moment the
battery provides all the power until it is complgte 3.3.1 Starting Conditions
depleted at 500 km range. More demanding cycles in For this simulation, the initial condition is veldc
which the FC needs to provide higher power leveds a stopped, Htank full and battery charged at 100%.

3.3 Plug-in Hybrid FC \ehicle

shown in Annex A. 3.3.2 Energy Management as per the Mission
Fig. 13 shows a representative NEDC cycle, inProfiles
which it can be observed that the FC only operatés In this concept vehicle the traction battery admits

maximum efficiency point (12 kW) in the most external charge and the FC iss used as a rangedexte
demanding part and that then it is switched ofe Td#st ~ The strategy followed (Table 7) is designed to heac
of the energy demanded by the cycle is provided bypure electric range of more than 80 km in NEDC eycl
traction battery that absorbs all the power peakistlhe ~ This requirement is aimed at covering the dailyeanije
regenerated energy. Thus, thanks to the tractitiarga  with electric energy only of 90% of the users adouy
and the energy management strategy, consumption i® Ref. [10], and thus, making use of the jdist for
reduced in contrast to the pure FC vehicle bec#duse long trips. Under this strategy first a battery lééipg
100 . ‘ : ‘ occurs to allow electric range and then the FC k\8

R operates in high efficiency points to maintain the
g\é “ !"1“‘!‘““\ m“ g battery SOC within 30%-50%. This strategy was et t
5 50 § reach the minimum consumption and maximize the
:§ \ § electric range for the five abovementioned cycles
£ i . o . . .
g 20 within the FC power limitations by iterating with
10
0 MHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH 0 Table 7 Plug-in hybrid FC consumption strategy.
0 100 200 300 400 500
Distance (km) Required Power / FC Power
Fig. 12 Hybrid FC vehicle in NEDC: FC power and < RS
< <) o o |w <) o |we o |2 =) o
remaining H, and SOC during a range simulation. § <lsisislsis|sls|s|slglgl
T | O|lA | N[ | [O]|]O|N~]|O0[O0 | [N ]|
40 0%
10
200 20%
30%
g . 409
2 0| 5094
5 o
o | 60%
-20F 70%
80% .
‘ s | ; s . ‘ ‘ ‘ 9094 .
434 436 438 440 442 444 446 448 450 1009
Time (min)
— Cycle power profile = Fuel cell power Battery power
Fig. 13 Hybrid FC vehicle in NEDC: Power distribution |FC off FC = max eff.

in one cycle. FC =cycle loa FC= max powe
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different operating strategy charts. 119.5 km and the SOC level is then maintained withi

The colour scales and the black lines have the samé0% and 45%. When all the hydrogen in the tank is
function as in the hybrid strategy described inti®ac  consumed, the battery provides all the power sl
3.2.2. The strategy to follow depends on the toacti completely depleted for a range of 500 km.
battery SOC and the exponential moving average The NEDC range could have also been achieved by
power demanded by the vehicle compared to the F®nly operating the FC at its maximum efficiencynioi
power. The variation of the FC power requirement isbut under this situation there would not be a full
also limited to 0.6 kW/s and -0.9 kW/s to smooth th electric range which is the main advantage of ptug-
FC load profile. vehicles.

The black line marks that represent the limit S@C a  As per the power demand required in NEDC, Fig. 15
which the FC is switched on present a big offsehwi shows a representative NEDC in which the FC opgrate
respect to the FC off SOC level for average load&l  only in its maximum efficiency point (3.2 kW) and
than 16 kW to provide a high full electric range. partially at higher loads. The rest of the energy i
However, when the demand is higher, the FC isprovided by traction battery that absorbs all thevgr
switched on to its maximum power (8 kW) even thoughpeaks and the regenerated energy. The consumption i
the SOC is high to avoid the battery discharginy to reduced compared to the pure FC vehicle because
fast. Even so, there are cases such as when divimg traction battery is capable of regenerating amdiotvs
highway at 120 km/h, in which the FC power is not the FC to work at high-efficiency operative points.
enough to maintain the battery level and the vehiel However, it is less efficient than the hybrid vedic
stopped (SOC = 0) when there is still remainingitd  because it works less time at its maximum efficjenc
the tank (view Annex A). To avoid this phenomenan, point.

15 kW FC or a speed limitation could be used as an 10
alternative, and were proposed within the PUMA Mind
project [2].

Under  this strategy, for low- and
medium-demanding cycles the FC will always operate
at its maximum efficiency power or at higher loaads
which the efficiency is also very favourable to ntain
the battery SOC. As the FC maximum power is very 100 Zoé’istance (kms)oo 400 %
low, it usually does not switch off after the falectric ~ Fi9- 14 Plug-in hybrid FC vehicle in NEDC: FC powe
range, as it is demonstrated on Fig. 14 and on Figs and remaining H, and SOC during a range simulation.
and A.9 of Annex A.

As mentioned in Section 3.3.1, in the beginning of 40r
NEDC cycle traction battery is at 100% of SOC and
therefore the vehicle starts up in pure electricdeno
with the FC switched off. Fig. 14 shows how the
energy stored evolves over time in the tractiornengat o0k
and the H tank. When the SOC decreases to 40% the

501

Remaining energy (%)
FC Power (kW)

. !Iﬂﬂﬂﬂﬂﬂ@ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ |<ﬂ1

110
15
0
0

0

60

N
o
T

Power (kW)
o

. . . -40 L I L L L I L L
FC starts working alternatively following the cycle 434 436 438 440 442 444 446 448 450

Time (min)

load and at its maximum efficiency point (3.2 kW). Fig. 15 Plug-in hybrid FC vehicle in NEDC: Power
With this strategy the pure electric range achiei¢ed distribution in one cycle.
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The detailed weight and energy consumption resultseach higher loads to maintain the SOC level, aod t
obtained for the hybrid FC vehicle are presentedits average FC efficiency is lower than in the fgbr
hereinafter. The performance of this concept vetiitl case. The results obtained by simulation that are
other cycles can be observed in Annex A. described in the following paragraphs can be also
derived from these power histograms.

The weight of the base vehicle, FC stack, batteries

The results in terms of weight, energy storage andand hydrogen tank presented on Table 8 and Fig. 17
consumption for the three concepts that are destrib were calculated according to the densities that are
in this section were obtained by iteration becaaise specified in Section 2.2. It can be observed that t
weight increase implies consumption and energypure FC vehicle is the heavier because it reqairs30
storage increase. For better understanding of th&W FC and a big K tank due to the absence of
results, Fig. 16 shows the histogram of the powerregeneration and its reduced average efficience Th
distribution demanded by the NEDC cycle and thesone plug-in case is also heavy compared to the hyb@d F
followed by the three concepts. For better comparis due to the weight of the battery.
all graphs have the same axis limits and columrihwid

3.4 Concepts Comparisonin NEDC

NEDC. Power Histogram — NEDG.FUlEFC.

70

The columns’ size was chosen to be so small tdlee a |
to represent in detail the plug-in FC of only 8 kW 50 [ s
power profile. '

This graph summarizes a lot of information. The 20l
green columns represent either the cycle potential JL 1

energy recovery or the recovered energy that comes * = ¢ = "« Wow oo m T w
back to the battery on each vehicle. It can be rwbse
that the vehicles that include a battery are able t

Distribution (%)
a
3
Distribution (%)

w
S

N
S

NEDC. FC Hybrid i NEDC. Plug—lﬂl FC Hv?rld

70

60+ 60

50+ 50

recover all this energy while the pure FC cannat an
thus has higher electric consumption (Table 10k Th
blue columns represent either the time that thegpow & | 2
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is stopped. It can be observed that for the pure FC

vehicle the FC is only off during decelerations or
vehicle stopped while for the hybrid vehicle it is
stopped almost 70% of the time. For the plug-inridyb
the total time that the FC is off taking into acabthe
initial electric range and the final part is 40%h€eTred

columns represent either the required cycle power o O Q c Q
the cycle profile followed by the FC. The pure FC I?.l} g é-g
vehicle follows the cycle power distribution andedo T ';;\ o 2\
not work at its maximum efficiency point of 40 k@n Base weight (kg) 1100 1100 110b
the other hand, the hybrid vehicle is optimizeavtrk Fuel Cell (kg) 154 46 12
always at its maximum efficiency point of 12 kW. To  [H2 tank (kg) 87 50 33
end up with, the plug-in vehicle works most of timee Battery (kg) - 21 167
at its maximum efficiency load of 3.2 kW but has to |Total mass (kg) 1341 | 1217 1312

Required cycle out /
Fuel cell power out

Mo requirement /
Fuel cell off

Power (kW)
Cycle recovery /
Battery in

Fig. 16 Vehicle power distribution histogram for NEDC
cycle: (a) cycle requirements; (b) pure FC vehicle;(c)
hybrid FC vehicle; (d) plug-in hybrid FC vehicle.

Table 8 Resulting components’ and total weight forthe

three concepts.
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Fig. 17 Weight comparison for the three concept.

Table 9 Stored energy in H, tank and battery and
equivalent H, energy.

Q P | ek

o | 2|2

H2 tank energy (kWh) 156.5| 90.4 | 59.¢

H2 elec. potential (kwWh)| 89.2 | 51.5 | 34.1

Battery energy (kWh) - 2.0 22.C
100.00 892

75.00
53.5 56.1
50.00 +— ! )
0.00 T )
Fuel Cell Hybrid Plug In
B H2 tank potential electric energy M Battery energy

Fig. 18 Energy storage comparison for the three concey.

Table9 shows the energy stored in th, tank ant
the battery for each vehicle. In order to compée
energy stored in the same units, th, energy wa:
translated into the equivalent electric energy toatd
be obtained the maximum FC efficiency of 60%, wt
is the case presented in Fig. 18. It can be obdehz
even after translation the pure FC vehicle reqt
much more energy for t same rang

Finally, Table 10 summarizes the average
efficiency, the electric consumption calculatedthie
motor, the k consumption and the equivalent,
consumption taking into account the energy prov
by the battery as generated by a FC at iaximum
efficiency point. It states that the average edficiy of
the FC is much lower in the pure FC case

abovementioned. Thus, the equivale, consumptior
is also much highe

4. ConceptsEvaluation

Due to the scalability of the project, these t
vehicles were designed to achieve high efficienoy
range in other drive cycles. Thus, more simulat
were performed with the weight and energorage
values that resulted iSection 3.4 for the WLTF
USO06, steady 120 d real record cycle defined
Section 2.3. The detailed simulation results (po
distribution, cycle profile, discharge profile, gtare
represented in Fig. 19. The main results of thgskes
are compared in the next paragraphs for the 1
vehicle configuration

Fig. 1¢ showsthe average efficiency of the F
during the cycles. It can be observed that forpiie
FC vehicle the average efficiency is lower but thoe
cases of hig-powerdemanding cycles because
cannot follow an energy management strat
Furthermore, the tbrid FC vehicle has higher avere
efficiency than the plt-in because its 30 kW Fallows

Table 1C Average FC efficiency and specific consumptio
on NEDC cycle for the three concep.

Q | & |=&
[0} B g'> i)
5 S =5
o
a | 7 2
Avg. Fuel cell Eff. (% 44% | 60% | 58%

Comb. Electr. Cons. (Wh/kr|] 148 | 10t 110
H2 consumption (Wh/kn 334 | 181 120
Equivalent H2 cons. (Wh/kr| 334 | 18t 193

06 +
04 +
02 -
R

Av. Efficiency

N

o

@
Q
SR

Fuel Cell ®mHybrid ™ Plugin
Fig. 19 FC average efficiency comparisa.
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a greater part of the cycle to work at maxim
efficiency.

Fig. 20shows the |, consumption increase for ez
case with respect to the optimal case of ha
regenerative brake and operation at the maxir
efficiency point of the FC. It is evidenced thae
hybrid concept operates very close to the opt
situation as well as thelug-in one while the pure F
undergoes an increase in consumption of up to

Fig. 21shows the electric consumption calculate
the motor, which is the result of the addition bé
energy supplied by the battery and the FC, and tha
average efciency has no direct influence on t
figure. It can be observed that the pure FC consiom
is always higher due to the higher vehicle weigid
the absence of regeneration, and that the differés
minimal for the steady 120 cycle that has -
decekrations. In the same way, it can be observec
the plugin vehicle always consumes more than
hybrid vehicle because it is heavi

Regarding vehicle range, Fig. shows that the pui
FC vehicle maintains a similar range level forthk
cycles lecause it has a big, storage and a high
average efficiency for the other cycles. On theec
hand, the hybrid concept lowers the range for theel
demanding cycles (WLTP, US06 and steady
because although it keeps working at maxin
efficiency tte power demand is higher. The -in
hybrid presents a considerable full electric rafiogéhe
urban and ext-urban cycles (119 km for NEDC, 1i
km for WLTP, and 124 km for real
overcoming the initial target of 80 km due to thg
traction batery necessary to complement the sme
kW FC.

On the other hand, under this vehicle configural
the vehicle range at cycles US06 and steady 1.
diminished due not to lack of battery capacitytouhe
lack of FC power. In these cycles, thereemaining I,
in the tank when the vehicle is stopped that is
supplied because FC power is too low to mainte
constant SOC of the traction battery. This phenam

recorn

,100%

§ 80%

£ 60%

S 40%

2 0% -

£

S @ Q o o >

o S o S Vv i
&P ’b8i\’ <«

o

Fuel Cell mHybrid mPlugin
Fig. 20 H, consumption increase compared to optimal F(

efficiency and regenerative brak.

3
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Fuel Cell mHybrid mPlugin
Fig. 21 Equivalent electric consumptior.
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Range (km)
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—

< Q ) Q N
Q A o v ®
¢
Fuel Cell B Hybrid
B Plugin Plug-in electric range

Fig. 22 Total range comparisor.

can be observed in fs. A.6 and A.9 of Annex A. A
the FC is undersized for the US06 and steady
cycles, a powerful FC of 15 kW for the p-in vehicle
was also simulated by IDIADA in the PUMA Mir
project [2] and proved to avercome this limitatiduoit
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at the end the 8 kW option was selected as edtablis simulated in other driving situations with diffeten

in the premises of the project.

5. Conclusions

demand levels to evaluate the overall powertrain
behaviour. According to the initial premises thatrev

aimed at a C-segment vehicle, the results in terins
Range anxiety is one of the most important vehicle capabilities were reached successfully.

drawbacks when buying an alternative powertrain
electric vehicle. Therefore, in this study, a ran§s00

km in the NEDC driving cycle was set as a target of[1]
three fuel cell-powered vehicles to reduce any
inconvenience and deal with the introduction of new[z]
alternative power sources such as FCs. [3]

Three concept vehicles where developed through
simulation in vemSim software, namely a pure FC, a
hybrid FC and a plug-in hybrid FC. Depending on the[:]
vehicle’s architecture, relevant information innterof Bl
energy consumption was obtained. The results of the
simulation showed that the addition of a traction
battery to hybridize the vehicle reduces the energ)IG]
consumption because it allows regeneration and th(ten
implementation of energy management strategies tqg)
operate the FC at its more efficient loads.

The energy management strategy developed for thé’]
hybrid cases was implemented in Simulink within
vemSim environment and was optimized through an
iterative process. The strategies are describedhremd  [10]
benefits are demonstrated through higher average
operating efficiency of the FC for these two caises
comparison to the pure FC vehicle.

Finally, the resulting vehicle concepts were

Annex A—Performances in Other Cycles
A.1 WLTP

WLTP. Power Histogram WWLTP. Full FC

60 60
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Fig. A.6 FC power and remaining H and SOC during a US06 range simulation: (a) hybrid=C vehicle; (b) plug-in hybrid FC

vehicle.
A.3 Steady 120
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Fig. A.7 Vehicle power distribution histogram for steady 120 cycle: (a) cycle requirements;
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Fig. A.8 Power distribution in steady 120: (a) hyldd FC vehicle; (b) plug-in hybrid FC vehicle.
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A.4 Real Record
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Fig. A.10 Vehicle power distribution histogram forreal record cycle: (a) cycle requirements; (b) pue FC vehicle; (c) hybrid
FC vehicle; (d) plug-in hybrid FC vehicle.
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