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ABSTRACT- In this two-part paper, a topological analysispofvertrains for refuse-collecting vehicles (RCVs)
based on the simulation of different architectyieternal combustion engine, hybrid electric, agtirid hydraulic)
on real routes is proposed. In this first partharacterization of a standard route is performedlyaing the average
power consumption and the most frequent workingisadf an internal combustion engine (ICE) in reaites. This
information is used to define alternative powertrarchitectures. A hybrid hydraulic powertrain aretture is
proposed and modelled. The proposed powertrain him@secuted using two different control algorighmith and
without predictive strategies, with data obtainemhf real routes. A calculation engine (an algoritivtrich runs the
vehicle models on real routes), is presented aed & simulations. This calculation engine hasnbgeecifically
designed to analyze if the different alternativevedrain delivers the same performance of the 0algiCE. Finally,
the overall performance of the different architeetuand control strategies are summarized intoehand energy
consumption table, which will be used in the secpad of this paper to compare with the differerthiectures
based on hybrid electric powertrain. The overatfgrenance of the different architectures indicdtest the use of a
hybrid hydraulic powertrain with simple control lawan reduce the fuel consumption up to a 14%.

KEY WORDS: Engines, Hybrid power vehicle, Energy managemetitigation, Drive cycle prediction

1. INTRODUCTION

This technological option is particularly interesj
although complex, when combining vehicles with

The rising cost of oil production and the dependencsignificant weight, power, and drive cycles withagge

of the transportation sector on fossil fuels, cambli
with the need for a rapid response to the globamirzy
challenge, provide a strong impetus for the devakaut
of fuel-efficient vehicle propulsion
Hybridization is the only approach offering sigoéit
energy breakthroughs in the short and midterm.

* Corresponding author. e-mail: fsoriano@rosroca.com

number of starts and stops. This is the case adrurb
buses or refuse-collecting vehicles (RCV) (lvaetal.,
2012, Dembsket al., 2005, Ilvani 2007, Sorianet al.,

systems.2014).

Compared with electric hybridization, hydraulic
hybridization offers higher power density (more K/
and kw/ni) but lower energy density (less kW-h/kg and
KW-h/n?) (Baseley et al., 2007). Hydraulic
hybridization seems to be the technical option Wiits
better into vehicles with high power flows such as
heavy machinery. On the other hand, electric
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hybridization seems to be the technical option Wit 2. REFUSE-COLLECTING VEHICLES AND
better into smaller vehicles such as sedan andifampDATA ACQUISITION SYSTEM

cars. Refuse-collecting vehicles and urban busesire

on an intermediate situation.

The main scope of this research is not to |mprovg
knowledge on hybrid hydraulic systems, which havi
been studied by other authors (M. Esfaharétral.,
2013, Baselet al., 2012, Filipi and Kim 2010, Kim
and Filipi 2007, Wuet al., 2002, Wohlgemuttet al.,
2013, Surampudét al., 2009, Wuet al., 2004, Bender
et al., 2013) in the past, but to study the impact of the
use of this type of powertrains into RCVs. From an,
application point of view, commercial proposals ar
available in the market to hydraulically hybridize
powertrain in parallel (Bosch 2012), in series Kear
2013) or by using two powertrains applied on défar
vehicle wheels (Proclain 2015).

In a previous work (Sorianet al., 2014), fuel
consumption modelling of refuse-collecting vehicles
powered from an ICE have been proposed and their
accuracy estimated on real routes.

In another recent work (Soriambal., 2015), specific
algorithms have also been developed to identify the
driving mode in real time in which the vehicle is
running, which is closely related to the power
consumption mode.

In this work, these energetic models are used to
design powertrain architectures and estimate the

A refuse-collecting vehicle is a heavy vehicle that
ntains a mobile machine (a refuse container ldted
av§ refuse compactor, hereinafter referred to as Btbaty
ancillaries”). As they are energized from a singhgine,
the powertrain must deliver energy with two purmse
the first one is for the vehicle traction, and gezond
one is to power the body ancillaries.

An automotive data acquisition system (Soriahal .,
014) is installed on board to collect all the data are
?)otentially interesting to model the energy constiomp
of both the body ancillaries and the vehicle t@ttiTo
avoid interferences in the regular work of vehicle
drivers and operators, this system is installeglates
rarely reached by the workers. The on-board data-
logging kit is composed of:

CAN Data logger: CANalyzerCANCase XL
with two CAN ports (SN 007130-011289)
PLC: IFM CRO0505 (SN 024137). Analogue
channel resolution 12 bits, resolution +1.0% FS
* GPS: RM Michaelides CAN link 2105 (part no.
253004018), full scale 0.00001° L/, 0.1-m
height, CEP 3.5 m
e Inclinometer: STW YNGS1ST2 with CAN
Open port (part no. 080537682003). Range

efficiency of these topologies on a set of realtesu 69 resolution 0.2 mg.
The algorithms to identify the driving mode in ré¢iahe + Two pressure sensors IFM 9021 (SN 12911 A)
are also tested to measure its contribution to the Range 0.250 bar, +0.25 BFSL, +0.5LS.

powertrain efficiency.
The present work is organized as follows: first, €
data-logging system, that it is used to registerrtutes
in which the powertrain models are tested, is bhiized.
Second, a general investigation, to understand &ow *
ICE is working in regular cycles, is presented aimel
potential of powertrain hybridization is analyzédhird,
the drive cycles, in which the powertrain modell it
tested, are presented and some of their singekdtie
explained. Fourth, the ICE and the hybrid hydrauli
powertrain models are analyzed and their componen
are defined one by one. Fifth, the artificial itigdnce
system which estimates in which driving mode the
powertrain is operating is mentioned, despite thet f
that it is not developed in the present work butain
previous one (Sorianet al., 2015). Sixth, the calculus %) | ,
engine, which has been developed specially for thlagure 1. Detail of the data acqwsmon system: SGP
work, is disclosed and its estimation details ar&lodule (upper left), GPS Antenna (upper right), CAN
presented. Finally, the performance of the ICE-BaseCase XL (below left), and Inclinometer (center tjgh
powertrain and the hybrid hydraulic powertrain msde
is estimated on real routes using the proposedilcalc
engine. The results are discussed with relevant
conclusions.
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These routes were registered in a regular RCV &ervi
in Barcelona (in the areas: Bordeta, Spain Square,
Poble-Sec, Paral-lel), the experimental data shibers
maximum slope is lower than 7% and the maximum
CAN Open — vehicle acceleration value is 1.4 fi/s
Routes numbered from 1 to 14 represent routes
without abnormal situations. The route numbered 15
belongs to a route in which the vehicle had to afgeas
a rescue vehicle. This means that after finishitsg i
regular route, it had to substitute another vehialeich
suffered a breakdown and had to come back to the ba
with its route unfinished and the refuse not caédc

IFM 9021

IFM 9021 i

: 4. ANALYSIS OF THE INTERNAL
Figure 2. Detail of the data acquisition systeringr COMBUSTION ENGINE

The first port of the CAN data logger is connected  To understand the efficiency improvement potential
the J1939 CAN bus of the vehicle; no filters aref the powertrain hybridization, two algorithms kav
implemented on this port so all the informatiorbeen developed to analyze the operation of thenate
available is logged. combustion engine in a standard RCV powertrain. The

The second port is connected to a small CANOpeE studied with the first algorithm is a 200-k\Wtunal
network, consisting of a GPS device, a PLC with CANjas unit.
ports for mobile applications, and an inclinomefene The first algorithm registers the torque (J1939 SPN
two pressure sensors are plugged to the hydrautd3) and RPM (J1939 SPN 190) of the ICE, acquiring
circuits of the body ancillaries (compactor andelif data at 10 Hz during the whole working route. By
and wired to the analogue inputs of the PLC. THees plotting the logged data on a graphic (see Fig)re¢he
read are sent into the CANOpen network. density of samples at each RPM (abscissa) and dorqu

Using the data-logging kit, a significant quantdy (ordinate) can be observed. The coloured areasdn r
data was collected every day from a single RCV frormean a high density sample, while the colouredsairea
April 2013 to June 2013 in Barcelona. The data weligiue mean a low density sample.
afterwards post-processed using software based
Matlab (Sorianat al., 2014). el

3. CHOSEN DRIVE CYCLES

Table 1 shows the list of routes logged with t[ & =T
described data-logging kit and chosen for powartr] ..
simulations.

Table 1. Parameters of the logged routes. -
RPM

Total collected

Route __Total Total e ners Figure 3. Densities of samples.
Distance (km) Time (min) (units)
1 739 460.8 183 In Figure 3, three areas containing a higher dgnsit
2 72.7 470.9 175 . . g
3 713 392.8 166 sample can be _cIearIy identified. Th_ese three dnase
4 69.0 422.3 163 been marked with red balloons on Figure 4:
5 67.6 406.5 144 :
s 206 4215 161 The first area, labelled as 1, belpngs to the sasnpl
7 69.9 4711 169 when the ICE has been idle (vehicle stopped due to
s o prse 1o traffic or waiting to collect refuse). This areashthe
10 67.8 4235 160 highest number of samples of all identified areas.
1 76.6 465.0 194 The second area, labelled as 2, belongs to thelsamp
12 67.2 428.1 166 L L
13 737 460.2 184 when the vehicle is stopped bpt the body ancikasiee
14 68.4 4716 169 working. No traction power is needed but power to




energize the body is consumed. This is the arda tivit
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second highest number of samples.

1000
RPM

The third area, labelled as 3, belongs to the vateyf
time when the vehicle is being driven from one siop
another. Usually this manoeuvre is performed at ful
throttle. This is the area with the third highesiiber of
samples.

In Figure 5, the efficiency map of the gas engiwe i
shown over Figure 3. The isoconsumption
trajectories/lines can be appreciated with the cased
fuel consumption values.

Comparing the areas with high density samples
(Figure 3) with an efficiency map (Brake SpecifioelF
Consumption/BSFC in g/kwWh) as in Figure 5, it must
therefore be concluded that the ICE of a stand@@¥ R
working on a regular refuse-collecting route tertds

Figure 4. Some identified areas with high density owork far from the high efficiency points.
samples.

BSCF (g/kWh)

Torque (Nm)

RPM

Figure 5. BSFC (g/kwh) of a 200-kW gas engine.
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Figure 6. Instantaneous power (in blue) and avepageer (in red) [kW] for an RCV drive cycle.
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The second developed algorithm to analyze the ICE HYDRAULIC VEHICLE MODEL
operation estimates the instantaneous engine pamkr
also its average value from the previously mentione The pbroposed powertrain architecture in this wark i
engine RPM and torque, during the whole COHeC“”Qomposed of three main elements: a hydraulic
cycle and plots bot.h versus time. The stgdied I€B I 5ccumulator as the energy storage system (ESSEEN
220-kwW diesel unit. In Figure 6, the instantaneougg the energy generation system (EGS), and a Hiadrau

power (in blue) and its average value (in red) ban moior/jpump as the energy consumption/generator
observed for a whole refuse-collecting drive cycle. system (ECS).

Despite the fact that maximum peak power values are |, Figure 7, the proposed topological design irs thi
over 200 kW, the average value of power is fromkM0 4k s introduced. The cardan of the vehicle igéid
to 70 kw for the complete set of analyzed routes. to the hydraulic motor of the vehicle through the
The main conclusions of this section are that ©€ | gearhox which remains the same as in the original
hardly ever works at high efficiency points ansvdrks  \apicle (with ICE).
far from the maximum power points most of the drive Depending on the position of the directional valve,

cycle. A series hybrid vehicle can maintain its engingne  “ariable Displacement 2-Way' element, the
working at high efficiency points independently thg hydraulic motor will act as motor or as pump,

totgl instantanequs power demanded by the po"‘,‘ertradonsuming power from the ‘High Pressure Line’ or
or its speed. This has demonstrated that a seylesdh 5 44ing power to the ‘High Pressure Line'. This sohe
vehicle is more efficient in similar drive cyclesch as  joes not intend to be an exhaustive design but a

urban buses (Zhengce 2009). For this reason, it &§nceptual proposal which will help to understahe t
decided in this paper that a series hybrid vehide hybrid powertrain architecture.

chosen as powertrain architecture.

Blodder Accumulators Pock

Refuse Collector A
# Hydroulic Circuit

Gearbox
High Pressure Line

Variable —_— - Card
Vi bl ardan
1—Way 1= mﬁm Displacement
ICE ‘ Relisf ‘ 2—Way

Low Pressure Line | |
Pressurized Reservoir m

Figure 7. Series architecture of the proposed biytydraulic powertrain.

LIP B.LP

RPM range compared with the traditional concept of
5.1. Hydraulic Motor and Pump Model variable displac_ement pumps (Wad_sl_ey 2011).

In the associated model, the efficiency of the moto
and motor/pump is taken directly from théficiency
rr‘?‘lapsproposed in(Wadsley 2011)or interpolated for
Mntermediate displacement values.

The motor/pump model proposed (referred on Figu
7 as ‘Variable Displacement 1- or 2-Way) is a
electronically controlled variable displacement anet
pump with fixed stroke pistons and electronically- .
controlled digital valves (no swash plate or bexisa  9-2- Hydraulic Accumulators
(Wadsley 2011). The main reason for working witts th
technologic concept is that the hydraulic motor can The model of the hydraulic accumulator is inspiired
match any pressure at the high pressure rail with athe work published in (Baselegt al., 2007). More
torque needed at the input axe of the gearbox, jusbmplex and accurate models (Y. L. Chetrml., 2012 ,
modifying the displacement of the pump (of courseKim and Filipi 2007) have not been considered bseau
there will always be limits on the pump displacethen as mentioned previously, the main goal of this wisrk
At the same time, its efficiency is higher at a evid not to have an exhaustive hydraulic model but to
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estimate the impact of a hydraulpowertrain on an

RCV.

The size of the accumulators has been estin
fulfilling the manufacturer requirements (Hydac 2(.
The whole proposed system is a bladder accumu
whose behaviour is supposed to be adiabatic, fillid
nitrogen. The expreon used to calculate tl
accumulator sizing is:

- @)

0.714 0.714
Big0
R P,
Where:

Po: Gas pre-charge pressuter).

P:: Lower working pressurghar).

P,: Higher working pressurgar).

AV: Volume at P2 — volume at Rin).
V,: Effective gas volumém®).

Vo =

The expression used to estimate the inner pre
from the accumulated volume is:

Py =P v
X =k
V4

andthe expression used to estimate the energy stor
a compression between any two states 1 ant

4 -y _y Ly
Ehy=—i Y2 T T
1000 1-y

(2)

®3)

P:: Lower working pressurgar).
V,: Effective gas volume at status(m”).

The efficiency of this system ialways difficult to
estimate because it depends on the heat excharly
the environment. As the vehicle speed and the amh
temperature change, the convection coefficien
difficult to estimate. In this work, the efficienaf the
hydraulic accumulatr used for calculations is O
(Baseleyet al., 2007).This is implemented in the moc
applying the corresponding pressure loss on
discharge phase of the accumul (Baseleyet al.,
2007), as represented in Figure 8.

5.3. Body Hydraulic System

The model of the body of the RCV used
estimations is a Ros Roca Cross Body with a Rosl
UPC lifter (both hydraulically powered). In this ko
the body ancillaries’ energetic consumption
simplified to its pressure and flow consumption.e’
pressue is taken from a pressure sensor installed ol
hydraulic line at the outpuof the oil pumps as i
(Soriano et al.,, 2014) The flow 4) is estimated
considering the RPM of the engine (J1939 SPN 1
the displacement of the pur(D, cc/rey) and its leakage.
The leakage is estimated as in (Soriet al., 2014)
using the maps provided by the pump manufact

Q = (RPM-60-D)- Leakag

(4)

420 A —Load Curve

370

—Unload Curve
320 -

270 -

P {bar)

220 +

170

120

T T T T T T T )
300 350 400 450 500 550 600 650 700
Volume (dm?3)

Figure 8.Graphic representation of the load and unl
curve of the bladder accumulator (adiabatic wit§o¢
efficiency).

5.4. Internal CombustioBngine

In this paper, the engine element is reduced tc
optimal consumption curve of the BSFC map (the
engine in Figure5) which will estimate the fue
consumption, the torque, and RPM in the functiothe
demanded power (see Tab).

The fuel necessary to restart the engine whenaifi
has been parameterized and introduced in the o
of the powertrai. As no specific literature for hea
duty engines has been found, this parameter has
taken from a smaller engir{atsuuraet al., 2004) and
its value corrected based on the displacementst
(estimated to be 10.5 g for this stu

Table 2.Parameters of the optimal consumption curve of@i.

Power (kW) 33.72 46 56.5 97.9 113

127 144 162 184 19¢ 207 219 220

Speed (RPM) 700 800 900| 1000 1100 1200

1300 1400 150 1600 170C 1800 1900 2000

BSFC (g/kw-h)| 213 209 205 202 198 198

201 203 205 207] 211 213 217 222

460 550 600 | 700 850 900

Torgue Nm

930 980 1039 1100 110C 1100 1100 1050
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6. ROUTE PREDICTION SYSTEI

RCV routes are characterized by two main wor}
modes.

The first mode is the vehicle transport mode, inchl
the drive cycle is characterized by higher speats
slower power transitions; thimode corresponds to tl
travel from the base to the urban zone and-versa, or
from the urban zone to the landfill/transfer statand
vice-versa. In this mode, the engine is usually worl
in the area marked as ‘3’ in Figute

The second mode is dahrefus-collecting mode
(performed in the urban zone). In this mode, thgicle
is accelerated and slowed aggressively from one
collection to the next one. When the vehicle ippta,
the ancillaries are actuated. In this mode, thekimgr
points ofthe engine change constantlyong the areas
‘1’, ‘2", and ‘3’ of Figure4.

Due to the fact that different RCV route segme
have different power demand characteristics,
capacity to know in which RCV route segment
vehicle is working is an advantagdor the manageme
algorithms in case of hybrid power trains. The $gaort
mode has typical power consumption values of 9
120 kW with no transients; the collecting mode
typical power consumption values of 17 to 25kW v
significant number of transients.

In a previous work (Sorianet al., 2015, detailed
information about the drive cycles in an RCV can
found. An algorithm based on artificial intelligen€Al)
is also proposed to identify if the vehicle is wiog in
‘collecting mode’ or ‘trasport mode’. In the prese
work, this information is assumed availa

7. ICE CONTROL STRATEGY

Based on the state of charge (SOC) of
accumulators and the ‘Engine Status’, the ICE ab!
strategy (Figure 9 and Equation$db8) is defined by .
deterministic algorithm. The ICEontrol is inspired ir
(Kim and Filipi 2007)but parameterized, meaning tl

the parameters (SQfit, SOGoos Fmeay Can be changed

during the drive cycle depending on a higher I
control strategy.

if (Engi ne_ Status = ON)

if (&)C < gjo100) » P(KW) = Pmean + (Pmax' Pmean)(mcloo - &)C)/ SOCi00

if (SOC1.00 < SOC < SOCy it ) » P(KW) = Prean

Engine Control Strate
Power (kW) & &Y

p

max

P

mean

SOCy00 ole SOC (%)

Limit

Figure 9 Control Strategy for the Internal Combust
Engine.

At the abscissa axis, the state of charge (SOCf?
the ESS is shown; at the ordinate axis, the p¢
demanded to the engine is sha

The ICE has two operating modes: running
stopped. When the SOC of the ESS reaches jmi
(limit SOC value at which the engine can gene
energy), the engine mode becomes stopped andli
be switched again to running mode only if the S@QIG
below SOGy, (value below which the power demanc
to the engine is increased proportionally reacHifg%
power at SOC zero). When the ICE is stopped, itriae
consumption and each time the ICE is startec
consumes the fuel amount specified in the ee model.

When the engine is running, it follows the followi
rules:

If the SOC of the ESS is between two values (1qo
and SOG), the power demanded from the ICE is
average value of a drive cycle, or part of a didyele
(Pmear)-

In a previous wrk authors (Soriancet al., 2015)
identified RCVs have two main driving modes their
drive cycles: the refuseollection and the transport. T
average power demand &) in the refuse collection
mode was about 17 kW to 25 kW, the average pt
demand in the transport mode is about 90 kW to
kW, the average power demand of the whole sel
(including both modes) is between 40 kW to 70 kW
this previous work authors 0 demonstrated that the
driving mode can be identified by the use of ne
networks.

If the SOC of the ESS is below Sy, the power
demanded from the ICE will increase proportionad
the distance to SQg, reaching the maximum nomir
power (R of the ICE when the SOC is ze

The following equations summarize the con
algorithm used for the engine cont

(5)
(6)
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if (SOC = SOCmit ), P(kW)=0 and Engine Status = OFF (7
elseif (Engine_ Status = OFF)
if (SOC < S0Cy ), P(KW)=0 and Engine Status = ON (8)

if (SOC > S0Cy o), P(KW)=0 and Engine Status = OFF 9)

studied in this paper (maximum torque 1200 Nm and
8. COMPONENT SIZING AND PARAMETER maximum speed 2450 RPM), which are the standard

TUNING values for this type of technology. Commercial
proposals with similar figures can be found in the

) market.
In this work, the parameters SQgand SOGmi As the energy stored in hydraulic bladders is madim

have been set to 30% and 70%, respectively. Th& P (7760 kJ considering the previously mentioned vaam
parameter W!|| be controlled in two different ways,;q pressures), a downsizing criteria cannot béieahp
which will define two control strategies. to the internal combustion engine, and it has tiveie

In the first powertrain control strategy, it is g@sed 1o same amount of power of the original ICE. As a
that the Al system, which identifies the currentvithg  oguit the original ICE remains the same
mode (vehicle transport and refuse-collecting drive ' '

cycle), is unavailableThe neural network algorithms to
do that identification were presented in a pgrevivmmk 9. CALCULATION ENGINE
(Sorianoet al., 2015) As the average powéP,.,) of
the whole drive cycle is between 40 kW and 70 kW in The calculation engine of this paper has been
the previously analyzed cycles, and in this specttine  developed in Matlab.
highest efficiency is found at 70 kW, this value is Using data from the routes introduced in Tablenb, t
chosen as Ran vectors (RPM and power) containing samples at @1 H
In the second powertrain control strategy, the Adluring the whole collecting work (about 7 to 8 re)ur
system is available. The average power..) during have been generated daily for 15 days.
the refuse-collecting mode is about 17 kW to 25 &ivd In the calculation engine, the ICE RPM and torque
the average value during the vehicle transport mede values were extracted from the logged and post-
about 90 kW to 120 kW. Using the same criterirocessed data.
previously mentioned, the,Biis set to 25 kW during  Two different hardware architectures have been
the refuse-collecting mode and to 100 kW during theimulated, a standard ICE and a hybrid series
transport mode. powertrain.
As the bladder accumulators (ESS) are cheap For the standard ICE, at each time sample (at)).1 s
components compared with the cost of an ICE or dhe algorithm estimates:
RCV body, its cost has not been considered for the The instantaneous power generated by the ICE, based
powertrain dimensioning, knowing that the mairon the logged data.
limitation of an RCV is its volume (the volume Based on the power and RPM, it searches the BSFC.
occupied by these components cannot be used toMultiplying the two previous values (power (kW) and
transport refuse which affects machine productjvity =~ BSFC (g/kwh)), it estimates the instantaneous
Given that the bladder pack would be placed betwe@®nsumption, which is integrated on the whole rdaote
the chassis cabin and the body, and the refuse witidy get the total fuel consumption.
have to be moved backwards, all this room will iled To estimate both powertrains in the maximum
with bladders, resulting to a final volume of 7@@rs (7 possible equity conditions, the intervals of timbem
bladders multiplied by 100 I/bladder). Pressuresf) the powertrain is not generating useful energyefidl
and P2 would be 153, 170, and 450 bar, respectivelyjave been set to zero consumption. This is
which are the usual values for hydraulic circuitsl @are representative of a start/stop vehicle.
useful for the selected motor. For the hybrid hydraulic powertrain, at each time
The hydraulic motor and pump have been sizegample (at 0.1 s), the algorithm estimates:
according to the needs of an RCV powertrain aotie
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Tengme

® Mass of Gas Consumed

RPM

engine

Figure 10. Detail of the ICE fuel estimation flow.

Praw\(t'l)

|

Motor Displacement

Qil Flow Consumed

Engine Status
(t-1)

| . Tengnﬁ%PuE Displacement

RPMepgine o - Oil Flow Generated T

@—¢

FollowingEngine Status )( Following Prail X( Following SOC
Diesel Consumed

Figure 11. Diagram of the calculation engine.

SOC (t-1)

The instantaneous power generated by the ICE, basedrhe pressure at the high pressure line ‘Prail’ toed
on the SOC of the ESS in the previous instant. 8ase motor torqueTmotor’ define the displacement of the
the motor torque and the rail pressure, the digpient hydraulic motor:
of the pump and the oil flow are estimated.

The instantaneous power consumption of the motor, D(em® / rev) = Mmgtor (NM) / Prai) (Pa) (10)
based on the logged data. Using the instantaneote m

torque, the hydraulic rail pressure and the vaeiabl g gisplacement and the RPM of the motor define

displacement of the pump, the pump displacement aggl, «oj| Flow Consumed’ from the high pressure line
the oil flow are estimated.

If the addition of the two previous values is négat

3
it means that there is lack of power that is sgabby Q(m3/s): RPM ,mtorD(cm—/geV) (11)
the ESS. If it is positive, the power excess isestoon . 600
the ESS. The pump displacement and the pump flow are

Figure 11 summarizes how the simulation process §ftimated in the same way. . o
the powertrain is implemented. Logged files AS mentioned previously, the simulation is executed
corresponding to real routes are used to feed tie quasistatic mode so no transients on the engine,
algorithm which is executed in quasistatic modethes PUMPS or motor are considered. No models for the
acquisition frequency was adjusted to 10 Hz, the fi losses on the hydraulic lines have been considered.
contains one register for each 0.1 s of the route. The body ancillaries are designed to work at consta

The input parameters of the algorithm are displaye#PW SO they cannot be fed from the bladders, which
in boxes. The output parameters are showed indoalo would feed the ancillaries following an adiabatic
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discharge curve which determines pressures ingtéad Table 3 summarizes the results of the simulations
flows. When the vehicle is stopped and the anédar with different powertrains. In the first column gthoute
need power, they will be fed from the engine antchpu number according to Table 1 is displayed. In theosd
at the nominal flow. column, the result of the ICE consumption in kg for
Based on the power generated by the engine and éach route is shown at the bar’s left. In the thistimn,
BSFC map, the instantaneous fuel consumption the result of the Hybrid Hydraulic powertrain witto
estimated. Al adaptation to the different driving modes can be
The whole route consumption is approximated bfound. In the fourth and last column, the resulttiod
integration, considering the initial SOC of the heulic  Hybrid Hydraulic powertrain with Al adaptation is

ESS is 100%. presented.
To get an easier reading of Table 3, all their @alu
10. SIMULATION RESULTS have been reduced to the equivalent fraction ol@te

consumption, at the bar’s right. In addition, tHebal
average value for the 15 routes has been estinzated
presented in Table 3.

Table 3. Fuel consumption (kg) of the differentratiectures.

ICE Hybrid Hydraulic Powertrain without | Hybrid Hydraulic Powertrain with zone
Route (Fuel kg / Ratio) zone identification (Fuel kg / Ratio) identification (Fuel kg / Ratio)
1 3451/1 30.86 /0.89 29.59/0.86
2 33.05/1 29.93/0.91 28.76/0.87
3 33.08/1 31.37/0.95 30.40/0.92
4 29.49/1 26.16/0.89 25.06/0.85
5 29.53/1 27.13/0.92 25.85/0.88
6 31.25/1 28.45/0.91 27.30/0.87
7 30.98/1 25.80/0.83 25.15/0.81
8 31.67/1 26.59/0.84 25.52/0.81
9 30.76 /1 27.38/0.89 26.37/0.86
10 30.81/1 27.62/0.90 26.54/0.86
11 3476 /1 32.21/0.93 30.99/0.89
12 31.13/1 28.00/0.90 26.96 /0.87
13 33.15/1 31.05/0.94 29.71/0.90
14 32.10/1 28.20/0.88 27.18/0.85
15 39.24/1 32.39/0.83 31.10/0.79
Average 1 0.89 0.86

The energy supplied to the system from the ESfowertrain improvements but as an asymptotic value,
(estimated as SOC change between the start andfend.e., the better the powertrain components’ control
the route), which is in fact replacing part of theel strategy is, the closer the consumption resultsheilto
consumed, is not included in Table 3. After estingat these values.
these ESS energy consumption values they have beeft can be appreciated that the Hybrid Hydraulic
found to be clearly two orders of magnitude lowsart powertrains, both with and without zone recognition
the values of fuel energy consumption. Therefdres¢ show relevant fuel efficiency improvements if comgzh
terms have been neglected. when conventional powertrains.

As mentioned previously, simulation has been
executed in quasistatic mode, which means that thg ANALYSIS AND CONCLUSIONS
transients have not been modelled and some of the
losses, such as intermediate positions on thetatired . . .
valve, unfinished displacergents of the variable When comparing the ICE and the Hybrid Hydraulic

displacement pumps, or pressure drops in the hiage yvithout neurgl adaptation, the average efficien_cy
been ignored because of representing a lower @tier MProvement is about 10% to 11%. When comparing

magnitude. Therefore, the results of the simulatiorf"® Hybrid Hydraulic with neural adaptation, the

should not be understood as a final value of th@/¢'ad€ efficiency improvement is about 13% to 14%.
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That means that most of the improvement is due to Real-World Duty Cycle SAE Int. J. Commer. Veh.
hardware modification. However, the implementattébn  5(1):364-370.
the neural recognition system remains interestinyani¢, Z. (2007). Data Collection and Development of
because its implementation in an industrializedesys New York City Refuse Truck Duty CycleSAE
has a very low cost (just software development and Technical Paper 2007-01-4118.
maintenance) and the impact is still meaningfueims Kim, Y. and Filipi, Z. (2007). Simulation Study af
of fuel consumption. Series Hydraulic Hybrid Propulsion System for a
With regard to its potential industrialization, the Light Truck.SAE Technical Paper 01-4151, 2007.
implementation of hybrid hydraulics is a veryMatsuura, M., Korematsu, K., and Tanaka, J. (2004)
interesting option. On the one hand, there is & deep Fuel Consumption Improvement of Vehicles by
experience in the implementation of these companent Idling Stop.SAE Technical Paper 01-1896.
in commercial vehicles and mobile machines. On thearker Runwise. Advanced Series Hybrid Drive (2013)
other hand, the fact of being series production HY34-1000, 03
components means that they will have low cost aghl h Proclain Hydraulics. Addidrive Assist (2012), A31TQ3
reliability, compared to components that are cutyen  08.
produced in smaller series such as supercapaatorsSoriano, F., Alvarez-Florez, J., and Moreno-Eguilaz
batteries (when batteries are not related to biiese (2014), M. Experimentally Compared Fuel
automotive applications). Consumption Modelling of Refuse Collecting
Finally, the hybrid electric powertrain remains an Vehicles for Energy Optimization Purpos&AE Int.
interesting area to be studied, and the developmént J. Commer. Veh. 7(1):324-336.

this study is the goal of the second part of thiskw Soriano, F., Moreno Eguilaz, M. and Alvarez-Floréz,
(2015). Drive cycle identification and energy dewhan
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