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ABSTRACT— In this two-part paper, a topological analysispofvertrains for refuse-collecting vehicles (RCVs)
based on simulation of different architecturesefinal combustion engine, hybrid electric, and h/rydraulic) on
real routes is proposed. In this second part, thi#erent hybrid electric powertrain architectui@® proposed and
modeled. These architectures are based on thefdsel @ells, ultracapacitors, and batteries. Acaddtion engine,
which is specifically designed to estimate energgsumption, respecting the original performancé¢hasoriginal
internal combustion engine (ICE), is presented asetd for simulations and component sizing. Findhg overall
performance of the different architectures (hytmgiraulic, taken from the first paper part, and rigjkelectric,
estimated in this second part) and control strategie summarized in a fuel and energy consumfzia. Based on
this table, an analysis of the different architeetperformance results is carried out. From thialysis, a
technological evolution of these vehicles in thelmm- and long terms is proposed.

KEY WORDS : Engines, Hybrid power systems, Energy managemeirhization, Drive cycle prediction, Refuse-
collecting vehicles, Powertrain

1. INTRODUCTION Considering these kinds of devices, several studies
can be found in the literature. Different altermes are
Different factors, such as decline of fossil fuedescribed, with electric hybridization (Ferolét al.
reserves, high oil prices, energy security congeansd 2009, Baumaret al. 2008, Khaligh et Zhihao 2010,
climatic change, indicate that a progressive rédndgh ~ Garciaet al. 2004, Araujeet al. 2014, Thoungtonet al.
the use of ICEs in the transport sector is necgssar 2009, Camarat al. 2008, Liet al. 2012, M. Esfahanian
One of the most interesting alternatives is thét al. 2013, D.Chindamcet al. 2013) and hydraulic
introduction of devices that could use energy imare hybridization (Baselegt al. 2007, Filipi and Kim 2010,
rational way by storing energy during regenerativ&im and Filipi 2007, Wet al. 2002, Wohlgemuth 2013,
braking or when the ICE is working at high effiajgn Surampudi 2009) being the most typical ones.
points. And assisting it when high power demands ar The main goal of this paper is to perform a
required or when the ICE is working at low effiaign comparative study of different electric-based pawaén
points. architectures in a refuse-collecting vehicle (RGM) a
real drive cycle. As the goal of the study is tatcast
the efficiency of these hardware topologies and toot
*Corresponding author. e-mail: fsoriano@rosroca.com  optimize the corresponding control strategies fache
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powertrain configuration, the implemented controthe previously presented routes, the proposed
strategy is quite simple and the same for all thpowertrain models and the calculus engine arezetlli
evaluated powertrains. and simulation tests are performed. The results are

Most of the reviewed studies are based on standad@écussed, and the conclusions are then presented.
cycle simulation (Federal USD, ECE, etc.) (Baurein

al. 2008, Liet al. 2012), or on simulations of a part Of2_ DATA LOGGING KIT, POST-PROCESSING

real cycles (Garciat al. 2004). As this paper is the METHOD. AND CHOSEN DRIVE CYCLES
basis for hardware topology selection of a realialeh ’

all the powertrains have been tested by simulatiora . . .
set of real drive cycles of an RCV. The data logging kit and the post-processing method

In this work, a hydraulic powertrain architectuse | &€ the same as those used in the first part sipeper.
compared to three electric architectures. Thi§dditional details about this technology can benfbin
comparison is based on energy flow simulation giSorianoet al. 2014). Thg chosgn drive cyclgs are also
simplified models of hardware elements, which aow!n€ same as those used in the first part of tpepa
analysis of the energy flows in the powertrain; boer,
this high-level simulation does not reflect theaileof 3. HYBRID ELECTRIC POWERTRAIN

the components or the control strategies. HARDWARE MODELS
This work is part of a more ambitious research

project whose fundamentals have already Dbeen p he powertrain architectures proposed in thisrhv
published (Sorianet al. 2014). As the final goal of the -nsist of four elements: an energy storage system

project is to build a prototype, the charactersst€ each ESS), an energy generation system (EGS), an energy
component are selected to be representative ofla r onsumption system (ECS), and the DC bus. Each
component and be suitable for a real vehicle. TR8SM 4jament interacting with the DC bus has its own @ow

and volume occupied by the necessary elements &&  erter to get the maximum possible control @ th
considered as constraints. energy flow.
The present work is organized as follows: _ Different works that enhance these topologies and
First, a reference to the data logging system, WISC oqyce the number of inverters needed are available
used to register the real routes and the driveesytl ¢ jiterature (Baumast al. 2008), but these kinds of
which the powertrains models will be tested, gy gies have been considered out of the scopeiof th
mentioned. As this information has already beeBaper.
prese_nted in the first part of this paper, it i$ deeply The first powertrain model (PWT1) object of this
explained here. study is composed of a fuel cell as the EGS, an

Second, three electric powertrain models are agélyz acapacitor (UC) as the ESS, and two invertetemo
and their components are defined one by one. Third, systems as the ECS. The reason in having two iwvert

artificial intelligence system, which estimateswihich 1., systems is that one will be used to propel th
driving mode the powertrain is operating, is préSén yepicie and the other will be used to power the RCV
despite the fact that it is not developed in thespnt 1,4y ancillaries (compactor and refuse contairfear)i
work but in a previous one (Soriagpal. 2014). As the power demand for propulsion and ancillaries
Fourth, the control strategies for both fuel celfd 56 gifferent magnitude orders (200 kW peak power
battery are explained. Fifth, the calculus engiae ( o, the powertrain, 30 kw for the compactor andkVs
algorithm that runs the vehicle models on real s\t ¢,; the bin lifter), the inverter-motor groups habeen
specifically developed for this work is introducethd  gjzeq to match their high efficiency points witheth

its estimation details are discussed. _ working power demanded by the applications
The method for sizing fuel cells (FCs), batterisg (propulsion and ancillaries).

ultracapacitors (UCs) is then defined. And finaligjng
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Figure 1. Details of the powertrain 1 configuratPWT1.

The second proposed powertrain (PWT2) is in fact athe fuel cells sized to work at its maximum effioiy at
evolution of PWT1. As the average power valu¢he average power value of the ‘collecting mode’.
demanded by the powertrain is different in thens@ort Considering the realistic approach of this worle th
mode’ than in the ‘collecting mode’, two indepentdenproposed architecture is the same as in the case of
fuel cells sized to match with the power demandseha PWT1 but with cells that can be controlled
been chosen. independently (as in Palma 2009) in two sets. Care ¢

The constraints include having the sum of thée set to standby mode (consuming power to keep
maximum power of the two fuel cells equal to théhemselves prepared to deliver power), while thesiot
maximum power of the fuel cell of PWT1 and one otan be set to a certain power generation value.

Inverter Motor Aljlcmuriea

oil pump
DC bus +
REAAABARADAARAND
E [ | F Gearbox

Fuel Cell 1 Fuel Cell 2 Ultracap
Protective = -
Resistor Hidrogen— Hidrogen—s I ESR %_@ Cardan

il .  p—— Inverter Motor

Figure 2. Details of the powertrain 2 configuratPWT2.

The third proposed powertrain (PWT3) is also anlian of the PWT2. The EGS is the same as thahef
second powertrain, but the ESS has been modifiddam added battery.
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Figure 3. Details of the powertrain 3 configuratPWT3.

Several authors have proposed the use of €1 Eyel Cell Models
combination of batteries, fuel cells, and ultracatoas
for vehicular powertrains (Araujoet al. 2014,
Thoungtonget al. 2009, Camarat al. 2008, Liet al. o
2012). From a conceptual point of view, this isyver"Jlss.embfledI baﬁed okn |nd|\|/|dual cells that can ket
interesting because the physical principles of eac'qgrt;wnegel;fiecigicp?sass(ljoi T;f;zfggﬁ)c'e" stack are dase
element (ultracapacitors, battery, and fuel cefiaye he effici y fph individual fuel cell effim
different power dynamics. Additionally, the correctOn the efliciency of the individual fuel cell efkmcy
energy management system (EMS) can obtain tlzéaps (taken from Feroldt al. 2009). In this work, the

highest performance working with most adequat el cell power axes (ordinates In F!gure 4) m_s’dne .
elements for each energy flow. maps have been changed and maintain the sameispecif

consumption (g/kwh) and efficiency. This s
representative of a modular fuel cell system (Palma
2009) built with individual cells.

It is assumed that the fuel cells can be modularly

60y T T —

ar|

Efficiency [%]

20 | I‘S

300

|
(=)
o

Hidrogen Consumption g/kWh

|
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Figure 4. Efficiency and consumption map for a 80 kiel cell.

While the fuel cells are generating power, theiand compressor) to keep the fuel cell ready tovedeli
hydrogen consumption for a certain power is takemf power despite the fact that no power is demandeuh fr
the right abscises axis of Figure 4 (for an 80 kWl f the fuel cell by external load.

cell). While they are not generating power, itssamed

The power that can be demanded from the fuel sell i

that they are at standby mode, which means thectlel limited to the maximum slope for transients, which
ancillaries are consuming parasitic power (humadifi guarantees long lifecycle of the fuel cell. In thsrk,
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this slope is defined as 100% power transitory0s] As the efficiency of the UC is much higher than the

which is quite a conservative value. converter efficiency (over 99% according to Maxwell
2014), it has been neglected for the calculus.
3.2. Battery Models The characteristics of the ultracapacitor pack loan

estimated based on Na and Nr, and the equations are

. - equivalent to (1, 2, 3) as in the battery pack.
The batteries are based on commercial informatfon o The ultracapacitor pack equations for estimatiaes a

individual cell models (Valence 2014). These indual based on (Feroldet al. 2009), where the maximum

cells are characterized as: available power can be estimated from the available

Table 1. Individual battery cells. energy as follows:

E_SC() =5 C%c () (4)
Composition Lithium Iron Magnesium )
Phosphate (LiFeMgPp _ kscVsc” (1)
Voltage 3.2VDC Posch () = =~z oe—— %)
Useful energy 0.008 kWh K )
M ti hargi 6.25 A _| Xsc
e 19 Fosen (0= 1252 Fese ) ©)
Max continuous discharging 25 A " 5
current sc .
Weight 0iTa As the term [?ch is a constant of the
Volume 0.0218 |

ultracapacitors, the available discharge power @B)S
According to (Khanget al. 2012) the standard at a certain mstant_ (t). is proportional to the rgge
efficiency values for both charge and discharge ditored atthe same time:
LiFeMgPQ, batteries are compressed in the 0.90-1.00 (PDSCH (t)]: Esc(®) @)
range. In this work 0.95 is selected as efficienalye. Puwax Emax_s
The battery pack model is characterized by two The available charge power is equal to the maximum
architecture parameters (rows and columns), WhICFb’bwer minus the discharge power:
define how many cells are mounted in series and In R =Ruax -Poscr(® (8)
parallel. . :
The battery pack model (energy, charge power, arﬂ)de-gmi raﬁ\év(?; :r:lTaents of the ultracapacitors have no
discharge power) is defined from the row number),(Nr '
column number (Na), and individual cell parametess .
follows: 3.4.Electric Motor and Generator Models

E(kWh)= Nr-Na-0.08(kWh) Q)
Power_ch(kV) = Nr-Na-&:’Q) kw) (2)
10

The electric motor (which works also as a genejator
model is developed from commercial standard motors
B (&32) (the manu_facturer_ wants to remain _confiqlential)j an
Power_detkW) = Nr-Na- € 57) (W) (3)  based on its maximum torque and its efficiencyaathe
working point. It is an AC motor with permanent
. magnets, segmented laminations, three poles anl lig
3.3.Ultracapacitor Model cooled stator.
In Figure 5, two different types of lines can be
As in the battery models, the ultracapacitor packbserved. The wide red line identifies the limitdtich
model is based on individual cell characteristivith the motor can operate under steady-state condifidres
values taken from commercial UC (Maxwell 2014). narrower lines identify the iso-efficiency contoufey
are also coloured from blue (low efficiency ardashed

Table 2. Individual ultracapacitors. (high efficiency areas).
To integrate this map into the simulation softwaxe,
NSmig?I voltage 4‘?520\?\,3 function has been generated which estimates thepow
sable power
Dimensions 4163 %2108 x 178 mm _dema_n(_JIed from the c_urre_nt motor Torque, the RPM, an
ESR, DC 0.006% its efficiency (Eff), which is extracted from Figub.
C 165 F
Weight 13.64 kg _
Volume 15.751(0.179 x 0.418 x 0.211 ) Eff = f(Torque.RPM)

2

P(kw) = Eff- Torque RPM———
60-1000
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The efficiency map for the generator hasimilar
profile. However, its efficiency values are slighlibwer
(the map has not been included in this work becaf
it does not add significant value). The efficiemogp is
supposed to correspond to the motor working fro
VDC to 350 VDC.

3.5. Inverter and Convert&ftodels

The inverter and converter models used are
based on commercial IGBT based solutions. In tl
commercial equipment (Brusa 2014, Flexiva 20143,
inverters and converters efficiencies varies frd#og&o
98%, depending Isécally on voltage. In this work, a 6
power loss in the inverters and converters is takem
account each time power flows through it (so ¢
efficiency), which is a conservative value if cong
to (Brusa 2014), working from 300 VDC to 350 VI

4. DRIVING MODE IDENTIFICATION

Detailed information about the drive cyclen an
RCV can be found in (Soriangt al. 2014). Using an
artificial intelligencebased algorithm, it is possible
identify the driving mode in real time, that is, tlie
RCV is workirg in either ‘Collecting mode’ ¢
‘Transport mode’. In the present work, this infotina
is assumed to be available.

5. PROPOSED FUEL CELCONTROL
STRATEGY

As the main goal of this paper is to compare thee
different hardware architectures, the cor strategy
selected for each one of the proposed powertraitise
same. In this way, the impact of the control styptes
minimized, and the differences found in the siniala
results will be considered the result of the hamdy
differences.

The power generatl by the fuel cells, based on (K
and Filipi 2007) is a function of the state of energy
the ESS (SOkyg. The SOEgss indicates the relative
amount of energy in the ESS. Detailed informatior
how the SOEss of each powertrain is estimated be
found at the end of this section (16, .

FrueLceLL (kW) = f(SOEesg Q)
Power (kW) Fuel Cell Control Strategy

Pinax

Stand By

Power

P /PSLandBy

.. SOE (%)

SOEy00 SOEume 100

Figure6. Control strategy of the fuel ct

In Figure 6, the abscissa corresponds to SOE:sg
while the ordinate is the demaid power from the fuel
cell.

The fuel cell has two operating modes: enabled n
and standby mode. When tSOE:ss reaches 100%, it
is set to standby mode, and it will be set agail
enabled mode only if thBOEgssfalls below SOy,
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When the fuel cell is set to standby mode, the If the SOEssis below SOk the power demanded
consumption of the fuel cell is the standby povbert it from the fuel cell will proportionally increase the
does not deliver energy to the powertrain. Thisg@oiw distance from SOF, and will reach the maximum
necessary to keep the fuel cell ancillaries (hufieidi nominal power (Pmax) of the fuel cell when the SOE
compressors, membrane stack, etc.) in the operatizero.If the SOEss is over the SOE.,:, the power
conditions and to avoid the start and stop proses$e demanded from the fuel cell is proportionally desed

the fuel cell. to the distance from the SQE: and reaches the
When the fuel cell is set to the enabled mode, gtandby power of the fuel cell §Rq 1) when the
follows the following rules: SOE:ss is 100. When the SQEsis 100, the standby

If the SOEss is between two values (S@k and power is used to estimate the hydrogen consumption,
SOEmit), the power demanded from the fuel cell is théut no power is delivered by the fuel cell.
average power of the driving mode.(R). The following equations summarize the control
algorithm used in the control of the fuel cell:

if (Fuel _Cell = Enabled)
if (SOEEss < SOE100) , P(KW) = Pryean * (Pmax — Pean (SOE100~ SOE)/ SOE1 09 (10)
if (%Eloo < %EE$ < SDELimit) y P(kW) = Pmean (1 1)

SOE — SOE | jmit J (12)

if (g)ELim‘t < SOEgss 5100) » P(KW) = Rrean ~ (Pmean - PSaby{ 100- SOEy i
imit

if (SOEEss =100, P(KW) = Pgapy AND Fuel _Cell = Disabled (13)

elseif (Fuel _Cell = Disabled)

if (SOEgss < SOE o), P(kW) =0 AND Fuel _Cell = Enabled (14)
if(SOC>S0Cy00),  P(kW)=0 AND Fuel _Cell = Disabled (15)
In the PWT1 and PWT2, the ESS is an ultracapacitor SOE:g5= MIN(SOE|c+gaT SOEyC) (17)
pack, and theSOEgg is the state of energy of the SOE,Cs AT =
ultracapacitors $0Eyc ), which is defined as in (Feroldi SOEgaT (- Emax_sAT +SOEyUC (0-Emax_sc (18)
et al. 2009) and uses the notation introduced in (4) and Emax BAT * EMAX SC B
(7): where Eax sar is the maximum energy that can be

SOEess (1) =SOEyc (t):[ Esc(® ] (16) stored in the battery, and the SQHEt) is the
Emax_sc expression equivalent to (16), but using the bgptter
where ESC(t) is the energy stored in th@arameters gr(t) and Eyax sar, instead of the
ultracapacitor at an instant t, andusdg sc is the Ultracapacitor parameters.
maximum energy that can be stored in the ultradapac  SOBE.imt and SOBg, are control parameters of the
In the PWT3, the ESS is a combination ofuel cell. Their values are fixed in this work t6% and
ultracapacitors and batteries. To have availablepo 70%, respectively, for the three powertrains. TheaR
on both subsystems, the SQE is the minimum of the and Rreanvalues will be defined in chapter 8.
SOE,c (16) and an energy based weighted average of
the energy of both systems S@ksar (17, 18). 6. PROPOSED BATTERY CONTROL
The fuel cell control cannot be implemented by jus§TRATEGY
using SOEkc.gat because in the weighted average, the
battery is heavier than the UC and it could hapbern
with no energy available on the UC, the fuel cediud
not deliver power because of high S@Ear values.
Under these conditions all the transients would ®@%
supported by the battery.

The battery control strategy is characterized by tw
control parameters ‘Battery Low Control Point’ and
‘Battery High Control Point’.

When the SOEss, as defined in (17), is below the
‘Battery Low Control Point’, the energy demanded by
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the ESS is consumed from the battery. If the batteof the above-mentioned limitations, then it is st&sl by
cannot deliver this power because of the mentiondte ultracapacitors.
limitations, then, it is assisted by the ultracajmagack. When the SOEss is between the ‘High’ and ‘Low
The battery is never charged for these SOE valfifteeo Control Points’, the battery is not used, and &k t
ESS, and the excess power is always stored in thewer flows are managed from the ultracapacitokpac
ultracapacitors. In this work, the values for the ‘Low’ and ‘High @wol
When the SOEssis over the ‘Battery High Control Points’ are set to 35% and 50% respectively. These
Point’, the energy supplied to the ESS is storéd the values have been adjusted experimentally based on
battery. If the battery cannot receive this powecause simulations of the drive cycles 1 to 4.

SOE < BATTERY _LOW _CONTROL _POINT

if P>0 if (P<Pwax_gaT ):PeaT =PPsc =0 (19)
else Pgat =PRuax_BaT :Psc =P-Ruax_BaT (20)
if P<O PSC =P; PBAT =0 (21)

SOE > BATTERY _HIGH _ CONTROL _ POINT

if P>0 PBAT :O;PSC =P (22)
if P<O if (P<PMAX_BAT ); PBAT :P;PSC =0 (23)
else Psat =Rvax_BAT ;Psc =P-Pvax_BaT (24)

if BATTERY_LOW_CONTROL _POINT <SOE< BATTERY_HIGH_CONTROL POINT

Psc =P;PgaT =0

where P is the power consumed from the ESS (if P>Motors (propulsion or ancillaries) based on thegémh
the ESS is delivering power; if P<0, the SOE igistp data.
power), Rar is the power consumed from the battery, The instantaneous power generated by the fuel cell
Puax sar is the maximum power the battery carpack is based on the S@sof the previous instant.
charge/discharge, anddis the power consumed from If the addition of the two previous values is négat

the ultracapacitors. the power consumption is supplied by the ESS. i$ it
positive, the power excess is stored on the ESS.
7. CALCULATION ENGINE Using this method, a total of 15 routes are sinealat

and the instantaneous SOE of the system is evdluate
during all simulations. If at any moment the SQ&s
®Bwer than zero, it is understood as the powertrain
being able to supply the demanded power. As atresul
e hardware combination is not viable. This metizod
useful in estimating if the proposed powertrain can

and using the techniques proposed in (Sorienal. :
. provide exactly the same performance as that of the
2014), the useful power has been estimated. Asuitye original powertrain in which the routes were regiist.

two vectors (RPM and Power) containing samples at | - ;
. / n the flow chart shown in Figure 7, the input data
0.1Hz during the whole collecting work (from abadut in square boxes, while the output data are in bao

to |8 htcr)]urs) rllavletpeen ge_nera:ﬁd daﬂy In 1R5Pdl\7ys'l .The SOC and fuel cell status, which are outputsafor
n the caiculation enging, the engine ValU€ 13e tain instant ‘', are used as inputs for thetrniestant

gxtrac_:ted from the logged d{;\ta, and the power ddmaq+l,_ The consumed hydrogen will be useful in

is estimated by post-processing the logged data. .., _estimating the fuel consumption of the powertrai a
At each sample time (at 0.1Hz), the algorith he route combination

estimates the instantaneous power consumption eof t '

The calculation engine for this paper has be
developed in Matlab.

With the data logging kit mentioned in chapter 2,
significant number of real drive cycles have bemyged,
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8. COMPONENT SIZING

As this work is the basis before detail engineei
performed to assemble a real vehiclall the
components have to be sized with respect to ris
values, and all components have to be integratezh
RCV without losing an excessive payload or |
volume of the RCV.

As in this application the peak power demandec
the ECS is much highethan its average values, t
concept of EGS downsizing is considered. The tag
to find a suitable ESS that can supply the endrgythe
EGS cannot provide in all the transients of
considered drive cycles.

The method for sizing the different ments is based
on the concept that an RCV rept similar drive cycles
daily (Sorianoet al. 2014) According to this principle
the first four drive cycles (1 to 4) will be usexidize the
elements, while drive cycles 5 to 15 will be usec
validate the component sizing.

This method could also be extrapolated to otheeg
of vehicles, such as buses and delivery truckscim
repeat usually the same drive cycles. In fact, rob#te
private vehicles perform most of their kilometres
repetitive cycles (Froehlich 2008).

The sizing process begins at the motor. The prat
motor is designed to work between 300 VDC and
VDC. All the elements will be defined to work atgl
voltage range.

Based on the experience in RCV drive cycle anal
the following values have been found to
representative:

The average power consumption in the ‘rel
collecting’ mode is between 17 kW and 25 kW. -

average power consumption while the vehicle is inom
during the ‘refuse transport’ mode is between 90
and 120kW. The average power of the whole routt
between 40 kW and 70 kW.

Based on these considerations, the fuel cell ol
PWT1 has been sized. Considering the fuel cell
sizing concept defined in secti3.1, a 150 kW fuel cell
has been selected (withstandby power of 4kW), wit
a maximum efficiency power generation between
kW and 70 kW, which is the average value of the levl
drive cycle.

60 —

=
=3

Efficiency [%]

[
S

L .
50 100
Power (kW)

Figure8. Efficiency map for a 150 kW fuel ce

Based on the same concept, the first FC of PWTZ
PWT3 hasbeen sized. A 50 kW fuel cell has be
selected, with a maximum efficiency power genera
between 17 kW and 25 kW, which is the average v
of the collecting mode.

Hidrogen Consumption g/&Wh
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The chosen option is the number 1 in Table 3 (IXUC
22 batteries) because of its lower volume and weigh
As suggested by other authors (Khaligh et ZhihatO20
the current cost of ultracapacitors is currentlychu
higher than the cost of batteries at equivalentsnaas
volume, which would give the first combination a
higher potential degree of industrialization. Hoeev
avoiding this type of arguments is preferred beedhs
costing question is usually circumstantial rathieant

. . | structural, and a potential mass production of d@sd
iy °® %% % change this situation.
Figure 9. Efficiency map for a 50 kW fuel cell. A summary of the ESSes of the different powertrains
is presented in Table 4. The resulting architestdo
To have the same available power as in PWT1 (&8¢ ESS of PWT1 and PWT2 are shown in the second

mentioned in chapter 3), the second fuel cell offig  @nd third columns of Table 4, respectively. The
a 100 kw fuel cell. This is not considered as twdesulting architecture of the ESS of PWT3 (basethen

different fuel cells but a single fuel cell whosslcows ~first combination of Table 3) can be found on therth
can be enabled or set to standby, separating théas (PWT3 (UC)) and fifth columns (PWT3 (BAT)) of the

fuel cell in two independently controlled sectofs5@ ~Same table. It can be seen that the impact of 8 &
kW and 100 kW (Palma 2009). PWT3 in the needed volume and payload reductioh wil

For the ESS sizing, the first four routes will beed be lower on PWT3 than in any other architectures.
in a trial-and-error method. The ultracapacitor kpat )
PWT1 is dimensioned to 7 rows because the ideadmot! able 4. Summary of the Diferent ESSes.
voltage is between 300 VDC to 350 VDC, and each UC

60 ! i ————————— - i . 300

FS
S
T

200

Efficiency [%]

o
=]
8

| | L
5 10 15 20

has a nominal voltage of 48.6 VDC. Routes 1 toet ar P(L\jch)l TLVJVCT)z '?UWCTf &ﬂf
sequentially simulated, and the number of ultracépa Discharge Power (kW)|  2520] 3463 630 12
columns is increased one by one to reach a minimum ScthafgeEPOWer f(';‘\’l"g 23552 3416: 533;2 fg
value at which the SOE is always higher than zerbhé %eta, Vr;‘fﬂe(ﬂ) : 384 215 —158

four routes (negative SOE at any point means the Total Mass (kg) 763 1050 183
powertrain could not deliver enough power). The

resulting number of columns is 8. 9. SIMULATION RESULTS, ANALYSIS, AND

Usjng the same criterion_for PWT2, the minimumcoNCLUSIONS
required number of columns is 11.

The battery pack of PWT3 is dimensioned to 100
rows, and the ultracapacitor pack of the powertigin
dimensioned to 7 rows, both due to the motor veltag

At this point, PWT3 battery and ultracapacitor sigi
becomes an optimization problem with two degrees
freedom (number of columns for ultracapacitors an
batteries), and one target is to be able to worgutth .
the whole driving cycle always delivering the neszey reflect a dles_el start/stop ICE. .
power and minimizing ESS volume and weight. To The resulting fuel consumption values are used to

estimate the basic possibilities, the required remds compare - a Start_/Stop diesel_ engine_z, two hybrid
battery columns as a function of the number 0tFydrauhc powertrains proposed in the first partthif

ultracapacitor columns has been estimated, as simwngaper’ and the three powertrains proposed in éusrsl

The performed simulations reflect only the power
demanded by the powertrain and the body ancillasies
no power consumption happens when the vehicle is
§opped because of traffic. To compare the ICE in
quity with the other powertrains, the idling pelso
ave been excluded in the simulation so it woulldlye

Table 3. art. .
In Table 5, the first three columns reflect the
Table 3. ESS Combinations for PWT3 equivalent mass of dl|esel consumed py the pure ICE
Battery and UC 1 5 3 7 (P_ICE), the hybrid hydraulic without mode
combination identification (HH_NZI), and the hybrid hydraulicitiv
UC columns L 2 3 4 mode identification (HH_W?ZI). Columns 5, 6, and 7
Battery columns 22 15 10 9 .
Weight (kg) 1834 2500 3264 217, show the equivalent mass of hydrogen consumeddy th
Volume (1) 158.6 253.8 353 4 461.7 fuel cells in its PWT1, 2, and 3 configurations. #he
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mode identification demonstrated to improve vehicleontrols are based on this

efficiency in part | of this paper, all the hybrdectric

Table 5. Summary of fuel consumptions for each ptra@ and route.

Hybrid Hydraulic Hybrid Hydraulic
Pure ICE | Without Zone Identificatior] With Zone Identification, PWT1 PWT2 PWT3
Route | (kg of diesel) (kJ Diesel) (kJ Diesel) (kg of H2) | (kg of H2) | (kg of H2)

1 34.51 30.86 29.59 9.40 8.07 8,49
2 33.05 29.93 28.76 9.46 8.05 8,40
3 33.08 31.37 30.40 9.37 8.46 8,89
4 29.49 26.16 25.06 8.63 7.32 7,79
5 29.53 27.13 25.85 8.58 7.38 7,69
6 31.25 28.45 27.30 9.21 7.99 8,16
7 30.98 25.80 25.15 9.21 7.58 8,06
8 31.67 26.59 25.52 9.44 7.95 8,82
9 30.76 27.38 26.37 9.03 7.71 8,01
10 30.81 27.62 26.54 9.01 7.72 7,03
11 34.76 32.21 30.99 10.38 9.35 9/42
12 31.13 28.00 26.96 9.58 8.56 8,68
13 33.15 31.05 29.71 10.23 8.99 9/19
14 32.1 28.20 27.18 10.26 8.97 8,80
15 39.24 32.39 31.10 11.83 10.79 10|98

concept.

As the values of Table 5 are expressed in two rdiffemagnitudes (kg of diesel and kg of hydrogéri¥ quite
difficult to compare them. To establish a direcinparison, the values in Table 5 have been reduzeldet same
physical magnitude (kJ) based on the lower heatmges (LHV) found in (Guibet J.C. 2000). The r¢swre

presented in Table 6.

Table 6. Summary of energy consumptions in (kJefwh powertrain and route.

P_ICE HH_NZI | HH_WzZI PWT1 PWT2 PWT3

Route | (kg Diesel)| (kJ Diesel)| (kJ Diesel)| (kJ H2) (kJ H2) (kJ H2)
1 1,470,126 1,314,63 1,260,534 1,136,88976,357 | 1,027,044
2 1,407,930 1,275,01 1,225,176 1,144,02973,333 | 1,016,15
3 1,409,208 1,336,362 1,295,040 1,133,877023,173| 1,014,947
4 1,256,274 1,114,411 1,067,513 1,043,85884,903 942,364
5 1,257,978 1,155,73 1,101,210 1,038,17892,524 930,267
6 1,331,250 1,211,97 1,162,980 1,113,90966,195 987,123
7 1,319,748 1,099,080 1,071,518 1,114,26@16,960 | 975,026
8 1,349,142| 1,132,734 1,087,152 1,142,20861,961 | 1,006,479
9 1,310,376] 1,166,388 1,123,362 1,092,86833,049 968,978
10 1,312,506 1,176,612 1,130,604 1,090,4#3333,291 959,300
11 1,480,776] 1,372,146 1,320,174 1,255,679131,079| 1,139,547
12 1,326,138| 1,192,80 1,148,496 1,158,902035,512| 1,050,028
13 1,412,190| 1,322,73 1,265,646 1,237,533087,529 1,111,723
14 1,367,460 1,201,320 1,157,868 1,241,162085,110] 1,064,545
15 1,671,624] 1,379,814 1,324,860 1,431,087305,277| 1,328,262
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There is part of the consumed energy in the rchiet To get an easier comparison, Table 7 is presented,
is not included in the fuel consumption presented iwhere the diesel consumption in kJ of pure ICE (&)l
Table 6, as the ES§: is at 100% at the beginning of has been considered to be the reference valuéA(d).
the route and it is not necessarily 100% at theafridle the rest of the columns indicate the fuel consuompti
route. After estimations these values have dematestr referred to this base value (from 0 to 1). The fast of
to be clearly three to five orders of magnitude dow this table indicates the average values of each
than the values of Table 6, these energies hava bgwertrain result over the whole set of routes.
considered negligible.

Table 7. Summary of energy consumptions comparéuetéCE for each powertrain and route.

P_ICE| HH_NZI | HH_WZI | PWT1 | PWT2 | PWT3

Route (%) (%) ) | (%) | (%)
1 1.000 0.894 0.857 0.778 0.664 0,6P9
2 1.000 0.906 0.870 0.813 0.691 0,72
3 1.000 0.948 0.919 0.804 0.726 0,70
4 1.000 0.887 0.850 0.831L 0.704 0,7p0
5 1.000 0.919 0.875 0.826  0.709 0,789
6 1.000 0.910 0.874 0.837 0.726 0,742
7 1.000 0.833 0.812 0.844 0.695 0,789
8 1.000 0.840 0.806 0.847 0.713 0,746
9 1.000 0.890 0.857 0.83¢4  0.712 0,789
10 1.000 0.896 0.861 0.831 0.711 0,781
11 1.000 0.927 0.892 0.848 0.764 0,770
12 1.000 0.899 0.866 0.874 0.781 0,792
13 1.000 0.937 0.896 0.876 0.770 0,787
14 1.000 0.879 0.847 0.908 0.794 0,778
15 1.000 0.825 0.793 0.856 0.781 0,795
Average Valug 1.000 0.893 0.858 0.840 0.739 0,70

and weight constraints (Table 4) and the excessiat

Several conclusions can be drawn from the resulis the current ultracapacitor prices (Khaligh etihdo
shown in Table 7. 2010).

Comparing columns 2 (P_ICE) and 3 (HH_NZI), it Comparing the values in columns 5 (PWT1), 6
can be concluded that the fact of keeping the ICEPWT2), and 7 (PWT3), it can be appreciated that a
working at high efficiency points and recuperatthg combination of ultracapacitors and batteries and a
braking energy by hydraulic devices can decreasaitable control strategy, which can take advantafge
energy consumption by about 11%. the properties of each one, can provide an efficien

Comparing columns 3 (HH_NZI) and 4 (HH_W?ZlI), it solution with a significant reduction in the recpdr
can be seen that the adaptive control strategy zuitte  hardware and can also get very good efficiencyltesu
identification adds a substantial value (about 3.%% that are very close to the optimal powertrain (PWT2
savings because the number of ICE start/stops land despite the fact of not being optimalihe fuel
ESS load/unload cycles are reduced. consumption difference between PWT2 and PWT3 is

Analyzing the values in columns 6 (PWT2) and 2.5%.

(PWT3), it can be seen that from energy point efwi Comparing the PWT2 and 3 it can be observed that
both PWT2 and PWT3 are the best candidateander certain conditions when the SOC of the Uhef
especially PWT2 that shows the lowest consumption ®WT3 is high, the battery cannot absorb all the grow
all. Nevertheless, from industrialization point viéw, flow of the vehicle braking/deceleration and thiekgy
PWT2 represents an option that would be difficolt tflow is sent to the resistors. This also happensh@n
implement in a real vehicle nowadays because & siz
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PWT2 but as its available power flow is higher, the http://www.brusa.eu/fileadmin/Diverses/Download/D
situation is less frequent. atenblaetter/BRUSA DB_EN_BDC546.pdf.

This effect is not usual in PWTS3, but enough oftien Camara, M.B., Gualous, H., Gustin, F., Berthon. A.
as to make a difference with PWT2 which can be (2008). Design and New Control of DC/DC
observed in the results of table 8. Converters to Share Energy Between Supercapacitors

Comparing the best hybrid hydraulic architecture and Batteries in Hybrid Vehicles. iVehicular
(HH_WZI) to the best hybrid electric architecture Technology, IEEE Transactionson, 57, 5, 2721-2735.
(PWT2), it can be concluded that the electricChindamo, D., Gadola, M. and Romano M. (2103).
architecture has greater potential for savings. Simulation tool for optimization and performance

Nevertheless, we consider that this straight prediction of a generic hybrid electric series
comparison is unfair in some point because a lot of powertrain, IntJ. Automotive Technology 15, 1, 135-
important information is missing. The industry of 144
mobile hydraulics is a very mature one and is dlyea Esfahanian, M., Safaei, A. , Nehzati, H., Esfahani4,
installed in mass production systems, which oftetst Tehrani, M. M. (2014). Matlab-based modeling,
of advantages. Due to a higher production volumis, t  simulation and design package for Eletric, Hydm@auli
industry offers lower prices, better availabilitand and Flywheel hybrid powertrains of a city bus, lht.
higher reliability. Automotive Technology 15, 6, 1001-1013.

Skilled technicians are also easier to find, andraf Feroldi D., Serra M. and Riera J. (2009). Energy
sales services are widely available. Hydraulic management strategies based on efficiency map for
powertrains do not need to prepare facilities, sash  fuel cell hybrid vehiclesJournal of Power Sources,
battery chargers, which usually require modifyitng t 190, 2, 387-401.
electrical installations of the facilities. Feroldi, D., Serra, M. and Riera, J. (2009). Desigd

On the other hand, by its physical nature, electric Analysis of Fuel-Cell Hybrid Systems Oriented to
systems will always be more efficient. Therefore, Automotive Applications. Vehicular Technology,
electric powertrains are considered the best lengxt IEEE Transactionson , 58, 9, 4720-4729.
solution. Filipi Z. and Kim, Y. J. (2010). Hydraulic Hybrid

From our point of view, we can conclude that Propulsion for Heavy Vehicles: Combining the
hydraulic powertrain can be considered a very good Simulation and Engine-In-the-Loop Techniques to
option in the short and medium term, and the atectr Maximize the Fuel Economy and Emission Benefits.

powertrain will be the best option in the long term Qil & Gas Science and Technology - Rev. IFP, 65, 1,
155-178.
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