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Short Abstract Summary

Over the last years, electric vehicles have grdglbalen introduced to roads around the world. Heawev
the initial feedback of end-consumers shows thatéimge of the traction battery (on average betv@én
and 180 km) is a serious handicap, and limitedaumgElack of flexibility seem to be the main obstair

the widespread market introduction of electric ehds.

For the above reason, new green energy sourceshearerolled out in the automotive sector to cover
drivers’ expectations, and new technologies sucfuekcell systems, supercaps and other clean power

sources are being used as range extender kitsdtrielvehicles and/or lifecycle traction battexyemders.

But what happens if an electric vehicle combinesentban one energy storage technology? This paper i
aimed at enhancing the understanding of new teobres related to sustainable mobility in only one
platform.

1 Introduction

In 2009, Applus IDIADA had the opportunity of elatting a Nissan Cabstar light-duty truck as shawn
Figure 1. The goal was to convert it to electriovelrwithout sacrificing any of the key specificat®
especially speed, hill-climbing and general comfort

Figure 1: Light truck electrified by Applus IDIADA
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A few years later, the high cost of batteries dmal limited vehicle range led to the consideratibrhe
integration of a new updated configuration of tlehicle to satisfy market demands. The availableepa
over the chassis enables this vehicle to be adadwyrplatform for new power and energy tractioarses.

The objective of this work is to develop a new cohsystems algorithm of an electric vehicle platidy
integrating two additional energy storage systeritkinvan electric vehicle, which will be a casedstuf
the wide range of possibilities of multi-energyrafge systems configuration. The fuel cell systeavipes
capacity of storage, i.e. energy; and the supemsagisin high power demands and prevent curreiispEa
battery.

The outcome of this work is an increment of thaltoAnge of the vehicle as well as an extensiothef
battery lifecycle.

2 Energy Management

An electric vehicle with three energy storage systeshows the complexity of commanding different
control systems in only one vehicle. Both new systean supply the required energy to propel thetrae
motor and the fuel cell system can also rechargéitjh-voltage battery.

The fuel cell system provides an additional ramgeroportion to the capacity of hydrogen storagikda
the tanks that supply energy to the fuel cell pomedule (FCM). This system converts the initialctie
vehicle into a fuel cell range extender vehicle.

A dynamic DC/DC converter adapts FCM voltage tohfgh-voltage battery voltage in order to act & th
same voltage rate. A second DC/DC converter, m¢hise bi-directional, does the same with the saper
system, which provides instantaneous high powsatisfy high demands. Consequently, this is nog anl
fuel cell range extender vehicle, but a multi-egestprage electric vehicle combining high power aigh
energy as illustrated in Figure 2.

Figure 2: Architecture of the multi-energy storatgetic vehicle

Based on this vehicle topology, the challenge eféhergy management algorithm is to make the nfost o
each energy source, i.e. high-voltage battery, deélland supercaps. Nowadays, freedom and comistrai
related lithium batteries are well-known and exiegly described in literature. Therefore, the fipatpose

is to take advantage of the strengths of one ersrgsce to cover the limitations of the others,chhill

lead to obtaining a multi-energy storage systerh ait extended capacity and an increased lifecycle.
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Based on energy storage systems and vehicle chaséics after electrification as illustrated irg&ie 3,
simulations were performed to evaluate the ovdrafiefits for the energy consumption, on the battery

lifecycle, etc.
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Figure 3: Vehicle characteristics

2.1 Basdinevehicle

The Nissan Cabstar was originally fitted with al2L80HP/270Nm diesel engine and the goal was to
convert it to electric drive without sacrificing yarof the key specifications, specifically speedl)- hi
climbing, comfort and acceptable range for a stehdlaet with minimal changes to the frame. As this
vehicle category is focused on urban and interudsauing, the main targets were reviewed in oraebé
more appropriate to the final use, as shown inreigubelow.
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Figure 4: Vehicle main targets considered in thetgfecation process
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The goal was to have a range close to 157 km usm@EDC as driving cycle. Therefore it was crititma
know the energy needed for this target to deterrthieebattery size. For this reason, a vehicle stran
was run with all the known parameters on the NEDC.

The battery pack was chosen through a benchmadiéfefent suppliers with emphasis on energy density
power density, safety and cost. The final choice wgpack supplied by an external pack manufacturer
specialized in large packs for use in public tramkgiion vehicles. The pack is composed of 112 ABO
Lithium Iron Phosphate cells with a nominal voltage3.2 V each. The cells are all connected inesesind
split in two enclosures, two packs, with four slaaantrol modules in each and a master in one of the
enclosures. The nominal voltage of the pack is 858.and the energy content is 46.6 kWh. The total
battery weighs approximatively 550 kg. Cells witbtter energy density were available in 2009 on the
market, but they were not as safe and proven aHGR — Lithium Iron Phosphate cells.

The motor technology was a state-of-the-art bresh2C with permanent magnets powered by a three-
phase inverter. The motor weight is 50 kg and #ekgpower is 145 kW, which gives a power density of
2,90 kW/kg adapted and relevant for the currentiegion. The motor can produce the peak powemduri
30-90 s, sufficient if the driving environment is arban area. The motor and inverter package was
purchased before the battery pack and extensivehchmarked on a motor dynamometer. It allowed
plotting of the efficiency map for different powand velocity levels, which was the basis for thehier
energy consumption simulation.

2.2 Fue cel system

221 Impact on the vehiclerange

The objective is to improve the capabilities andgrenance of the electrified vehicle. The fuel iktem
can be considered as a hybrid system; or in otloedsva range extender. It gives flexibility in catiing
the energy balances and therefore in energy saving.

One of the key points is to increase total rangth wuch technology. As mentioned previously the
electrified vehicle range target was 157 km ushgNEDC as driving cycle (and around 130 km in real
cycle, urban cycle). With this new system fittedtba vehicle, the first step was to identify whatuld be
the most adapted range increase.

As a consequence user expectations and needs lass#ied according to the power requirements ef th
vehicle in full EV mode and the proximity to a hgden refueling station as illustrated in Figure 5.
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Figure 5: Vehicle range in electric drive accordiogiser expectations
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Based on this study, it was decided to double #fgcle range to cope with all the possible confidjons
and user needs. The gross vehicle weight is a aoihshat cannot be modified without structural
modifications of the chassis and should remairstdme, i.e. 3500 kg. In that case the payload wasesl

to install fuel cell, tanks and piping. This allow®e energy capacity stored in the vehicle to bebbkal
without considering any additional loss:

- Original capacity from the traction battery: 46 kwWh
- Capacity stored in the hydrogen tanks: 46 kWh
- Final capacity to double the range: 92 kWh

2.2.2 System characteristics

One kilogram of hydrogen is equivalent to 15-18 k\WWhenergy capacity and represents 35,38 |
considering the fuel cell efficiency of 60 %. Thiere, 3 kg would be necessary to obtain the 46 lafh
double the vehicle range. According to these reshé hydrogen tanks with a total capacity to séwoeind
110 | will be required in this vehicle as showrFigure 6.

Figure 6: Characteristics of hydrogen tanks fot & system

With respect to the rest of the performances regampower, speed and slope, the targets were niaécka
in order to reach values as the original electtifieehicle: 80 kW as maximum power and 80 km/h as
maximum speed. Therefore, the fuel cell stack vessgthed to have a maximum power of 20 kW.

Further to the modifications in the vehicle, thglpad was affected by the fuel cell. This systemststs

not only of the fuel cell stack and the hydrogeorage element (H2 tanks), but also of auxiliary
components to complete the whole system such aBOCenverter, piping, valves, compressor, etc. As a
consequence the new payload was calculated acgalihe weight of each element as presented iteTab
1.

Table 1: Weight study

Element Weight (kg)
Total weight before fuel cell integration 2350
Payload before fuel cell integration 1150
Max weight 3500
DC/DC weight 25
FC box 50
H2 tanks 103
Additional weight (piping, valves and o5
boundaries)
Total payload after fuel cell integration 947

2.2.3 Control strategy

When hybridizing a vehicle it is possible to cohtiro charge-depleting or charge-sustaining modes Th
decision depends on many factors, such as baigacdy, electric motor power, ambient temperatete,
As the original traction battery was maintained #nergy capacity was significant and thereforgais
decided to use a charge-depleting strategy.
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The control of the fuel cell was designed usingadesmachine as a basis to set the fuel cell cordraan
any moment. Four states have been considered as shd-igure 7:

- Vehicle OFF: the traction system is shut down

- Vehicle checks: the vehicle is switched on, basiecks are in progress and it is impossible to
drive.

- Electric vehicle: the vehicle can be driven andghergy comes only from the traction battery.

- Hybrid vehicle: the vehicle can be driven and thergy comes from the traction battery or the
fuel cell system.

The hybrid vehiclestate is divided into several sub-states to defieemost adequate power needed from
the fuel cell. This depends mainly on the battéayesof charge, the battery temperature, the hyrdeyel
and the fuel cell temperature.

VONICle | ey VENiCle CECKS | ! EllectricC vehicle

OFF

Hybrid vehicle

Fuel cell checks
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Maximum ¢ . M aximum
power efficiency

Figure 7: Fuel cell control

2.3 Supercap system

2.3.1 Impact on the battery lifecycle

The supercap technology allows the battery lifezytol be improved. Their energy capacity is smait, b
they can recover/provide high power. Therefore thigyreduce the power during regenerative bralang
accelerations, which will avoid high discharge/gjgacurrent flowing through the battery.

The goal with respect to the vehicle lifetime i9@00 km, which implies driving 2931 NEDC cycles. &s
consequence, the purpose is to reduce the eneegieddrom the battery to reduce the energy throuighp
of the traction battery and to limit the currenake

2.3.2 System characteristics

The supercap system is defined by several paraspnesiech as capacitance (F), voltage (V), power (W),
etc. The most important ones within the framewofktlos study were the energy capacity and the
maximum power, which are the key factors to evaldla¢ benefits for the battery.
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Based on the vehicle characteristics, the energgaity was calculated by evaluating the kineticrgne
available while braking from 80 km/h to 0 km/h. T¥ehicle weight is 3500 kg and the initial spee@0s
km/h, therefore the kinetic energy is 864197.5 applying the equation (1),

E.= % -m - v? (1)

As 1 Wh is equivalent to 3600 J, the kinetic endrgya braking from 80 km/h to 0 km/h would be 240
Wh. However, the complete energy cannot be recdwslale braking. As a consequence it was considered

that more than half of the kinetic energy can bmvered with an efficient regenerative system, whic
implies a supercap capacity of 150 Wh.

The supercaps are not connected directly to thetidra battery. A bi-directional DC/DC converter is
located between both to control and monitor thisagfe system. As a consequence, the supercap power
limited by the DC/DC converter and the related powlectronics. The required power from the supercap
system was calculated from the regenerative bragysgem installed in the vehicle. As shown in Feg8r

the maximum electrical power while braking is 27 kvithin a NEDC drive cycle, therefore the DC/DC
converter was selected to have a maximum powe0 GV2.
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Figure 8: Power during regenerative braking

2.3.3 Control strategy

The basis of the supercap system control is a poaamand sent to the DC/DC converter, which implies
calculating the most appropriate one at any moment.

Whereas the fuel cell system can be consideredasga extender of the traction battery, the s\gperare
used dynamically to support the traction batterys #hey can deliver/recover up to 20 kW while
accelerating/braking, the control algorithm hasrbaéefined in the following way as illustrated irg&re 9:

- The required vehicle powek,®s calculated according to the driver demand

- The needed fuel cell powegdis calculated

- The power needed from the battery and supercgpis IR, minusPrc

- The supercap powersRs calculated according to a set of conditionghsas Bs, acceleration
during the last milliseconds, etc.

The purpose is to use the supercaps only durimgnéisant acceleration and when the power needguth f
the traction battery is relevant. Therefore, they ased only when g2 is higher than 26 kW and the
acceleration is bigger than 1 fdhuring 0.5 s for instance.
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Figure 9: Fuel cell + Supercaps control

2.4 Energy consumption simulation

The energy consumption simulation is the resuthefcontrol strategies of different multi-storagstems,
taking into account initial and final conditionsdaspecific and /or restrictive premises of eachagje
system. While new energy storage systems are ategjion the baseline vehicle, the main outcome is t
evaluate the impact on the vehicle range, the ya¢teergy throughput and the battery cycles reduioe
fulfill the vehicle lifetime targets.

The addition of the fuel cell system to the baseétectric vehicle (EV) converts the platform iattybrid
vehicle (HEV) or in other words, an EV with ranga@ender system based on fuel cell technology.

From the HEV (fuel cell system), the integrationsofpercaps renames the platform as HEV (fuel cell
system + supercaps).

All these configurations, EV, HEV (fuel cell systeand HEV (fuel cell system + supercaps) are evatlia
during NEDC taking the baseline EV as point of refiee in terms of autonomy, energy consumption and
high-voltage battery power profile.

24.1 Basdlinevehicle (EV)

For the baseline EV, the starting point of the dation is based on the premise of full capacityhigh-
voltage battery, 100% of state of charge.
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Figure 10 describes the power profile of the baseliehicle according to the speed profile for cohe
NEDC. This power profile is repeated as many tiaesllowed by the high-voltage battery capacity.
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Figure 10: Power demand vs State of charge duriadjrist cycle of NEDC

The right axis shows the evolution of state of geaof the high-voltage battery during this firstiey The
energy consumption every NEDC run represents 6 f¥ecstate of charge as illustrated.

The evolution of driven kilometers up to dischargiihe high-voltage battery is another parametdreto
compared between the three different types of Wehidn this case, the average of consumption per
kilometer is 296.5 Wh/km and the total number dbikieters is 157.1 km. These data are the set vadues
compare the enhancement of the new energy systeegsation.

24.2 Basdinevehiclewith fuel cell system (HEV, fud cell system)

The starting point of this second part of the satioh is based on the premise of full capacity aitdry
(100% of state of charge) and 100% of hydrogen taplacity.

The evaluation of driven kilometers during the koten of the HEV (fuel cell system) presents anrage
of consumption per kilometer of 150.8 Wh/km andtthtal number of driven kilometers is 308.9 km.
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Figure 11: State of charge of battery vs Power |[grafi fuel cell stack up to the end of range
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Figure 11 describes the discharge curve of thetyastate of charge and the power profile of thed Gell
stack. The fuel cell is activated when the statehafrge reaches a given threshold and runs uwiihépdhe
hydrogen tanks empty. When the battery reachesfli#$ total capacity, it disconnects itself by o
the high-voltage relays as a protection measuayaa over-discharges and thus, permanent damage.

The range was nearly doubled, with a 98.3 % inereampared to the baseline vehicle. This is dufdo
fact that 5% of the hydrogen must always remaithentank, which implies not using 100 % of hydrogen
tank capacity.

On the other hand, the fuel cell stack only worksnaximum efficiency point during NEDC. Therefore,
considering the control strategy previously mergahnit is not necessary to use the fuel cell systitm
maximum power. This operating point is more inédfit, and consequently, it consumes much more
instantaneous quantity of hydrogen.

24.3 Basdinevehiclewith fuel cell and supercap system (HEV, fuel cell system + supercaps)

The starting point of the simulation is based anphemise of full capacity of battery, 100% of hygken
tank capacity and full capacity of supercaps (1@d%tate of charge).

The consumption is slightly reduced to 150.7 Whiampared to the vehicle equipped with fuel cell and
the driven kilometers covered are 309.2 km.

Figure 12 below defines explicitly what the reapist of supercap integration is. This figure depttie
battery power behavior along the first NEDC.
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Figure 12: Battery power without supercap energyatteby power with supercap energy

The blue line shows the battery power requiredrduthe first NEDC cycle without the contribution of
supercaps. The green line shows the battery povtartie help of supercaps. These help to reduce the
high-voltage battery peaks while accelerating arakibhg, and consequently, prolong the lifecycletaf
main energy storage.

24.4 Simulation comparison

Table 2 below presents the scenario of the baseéhe&le considering different energy storage syste
The following values show how the fuel cell systeas a remarkable impact on the vehicle range amnd ho
the supercap system softens the battery power peaks
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Table 2: Simulation comparison

HEV (fuel cell system +

EV HEV (fuel cell system) supercaps)
Total range 157.1 km 308.9 km 309.2 km
Battery ener gy 296.5 Whikm 150.8 Whikm 150.7 Wh/km
Consumptlon
Maximum battery 64 kW 64 KW A4 KW
power
Minimum battery 119.8 kW 119.8 KW 115 kW
power
Energy throughput 53.7 KWh 82.7 KWh 73.3 kWh
until battery empty
Battery cycles
required for the 2931 2296 2035
vehicle lifetime

As mentioned previously, the expected vehicleitifetis 400000 km. Therefore, the last point of Htisly
was to analyze the impacts of each technology erettergy throughput and the battery cycles requaoed
fulfill the vehicle lifetime target. The first stewas to calculate the number of discharge/chargtesy
necessary until having the high-voltage batterytgnipdeed, even if the battery capacity is 46 k\Wioye
than this quantity can be consumed as the regéreefataking strategy allows energy to be recovered
while driving.

As shown in Table 2, the energy throughput with ftred cell vehicle is higher than the baseline gkhi
This phenomenon is explained by the fact that reaexgy is recovered while braking, which rechatges
high-voltage battery more. The energy throughputtfie vehicle equipped with fuel cell and supercap
systems is lower, as part of the energy comes fhensupercaps, which allows the required battecjesy

to be reduced to 2035.

Reducing the required battery cycles allows theascts be decreased, which is beneficial for thalfin
customer and the manufacturer. The vehicle lifetiiaue exceed more than 400000 km with the same high-
voltage battery. In addition, other chemistries aattery solutions with less demanding top requéaets

are possible during the development with less battgcles needed.

3 Conclusions

The reduced range, or rather, the lack of energgaaity of electric vehicles together with limitaétktycle
of lithium ion batteries were the key targets a$ study.

One of the premises for the integration of the &gl system was to double the initial range oftiheeline
vehicle, 157.1 km. This target was fulfilled as thehicle range of the HEV (fuel cell system) was
satisfactorily increased up to 308.9 km.

The impact expected for the supercap system walangation of battery lifecycle by reducing the
battery energy throughput and absorbing the peakswer and thus, avoiding battery over-heatinge Th
task of the supercap system was to supply energpgipeaks of power demand and reduce the power
provided by the battery. This target was also lfalli as the maximum and minimum battery powers
required during a driving cycle were reduced tok¥ and -11.5 kW. In addition, the energy throughput
required to reach the vehicle lifetime was sigaifitty reduced from 2931 for the baseline vehicl2@85
cycles for the HEV (fuel cell + supercaps).

This study has successfully demonstrated the fdéisibf different energy sources combined withudl f
electric traction platform. The integration of fumll technology based on fuel cell stacks and dxyen
tanks has led to an increment of total vehicle eanthe implementation of supercap technology has
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presented the prolongation of the lifespan of higliage battery by reducing the needed battery pewe
the total number of cycles required for the sanmalmer of kilometers driven.

Within the framework of this study, the baselindiete was an existing electric vehicle. Therefameother
scenario would be an approach of investigatiortistafrom scratch. A virtual vehicle would be deyeéd
from the beginning and the study would be focusedelection and definition of three energy sources,
high-voltage battery, fuel cell system and supesyapem, in terms of capacity and power.
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