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Abstract

Investigations on alternative fuels and new hypogertrain
architectures have recently undergone significéotts in the
automotive industry, in attempt to reduce carborssions from
passenger cars. The use of these fuels preseaotsrgipl for re-
emerging the deployment of external combustion camventional
engines in automotive applications, such as théirétiengines,
especially under the current development contepbefertrain
electrification. This paper investigates the patdrdf fuel
consumption savings of a series-parallel hybridtekevehicle
(SPHEV) using a Stirling machine as fuel converéer exergo-
technological explicit analysis is conducted tanidfy the Stirling
system configuration presenting the best comprotréseeen high
efficiency and automotive implementation constifthe Stirling
engine with combustion chamber preheater is pizedt A SPHEV
model is developed based on the Prius power-sgbitith electric
architecture. Energy consumption simulations aréopmed on the
worldwide-harmonized light vehicles test cycle (WT)Tusing
dynamic programing as global optimal energy manamerstrategy.
Results show improved fuel consumption performasfdbe Stirling
machine compared to the ICE. In addition, the iBtrbffers other
intrinsic advantages such as low noise and vilbmagjmeration and
mainly multi-fuel use capability. Consequently, gtadied Stirling
presents a potential for implementation on SPHEVs

Introduction

Stirling machines for automotive applications in neentional

powertrains have been largely investigated oversyea the main
energy converter instead of conventional interoahlcustion engines
(ICE) [1, 2]. This multi-discipline machine used imany different
industries and applications [3-8] have attractedtomotive

constructers who developed many prototype in tf#’E3and 1980’s
[9, 10]. Among the developed Stirling engines, aa@ list the 4-98
and the 4-215 Ford engines [10, 11], the MODI [, the upgraded
MODI, the MODII [14, 15] and the GPU-3 GM engin&§ &nd others
machine such as P-40 engine produced by Unitetin§ti€ompany

[2].

Early Stirling vehicle models in the 70’s and 88owed better fuel
consumption and predicted better vehicle accetaratompared to
gasoline internal combustion engine vehicles (ICEiQe mainly to
their better thermal efficiency, and high torquéoat engine speed [1,
14]. In addition, Stirling-systems offered othetrimsic benefits for
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vehicle powertrains such as the silent operatimn,Mibration, engine
simplicity and the multi-fuel capability [16].

The review of the literature showed also interegirsights on Stirling
consumption and emissions reductions [17-20]. Arepublished by
the NASA on the MOD Il engine, shows better emissiof CO, NOx
and soot as compared to petrol ICE at that timetdike continuous
combustion system [1].

Despite the many technological advancements andowements
made on Stirling machines such as reducing weigtitsize, sealing
technology, material processes, regenerator ahdater efficiency [1,
15], many reasons hindered their deployment in entional
powertrains such as the leakage problematicsntresiment costs, the
technological taken-risks and particularly the dioity and the price
of the ICE at that time.

Today, technological advancement and the continueasarch on
biofuel and CO2 reduction renew interest in thieemxal combustion
machine. The development of magnetic coupling systean be useful
to seal completely the engine and to avoid workinig leakages. The
material advancement to reach higher temperatulepagssure can
offer better thermodynamic cycle efficiency and powdensity.
Moreover, the advancements in powertrain techneklgf hybrid
electric vehicles offer a quasi-steady operatiragesbf the engine,
which can reduce the engine control complexityofstimal efficiency.

Based on the aforementioned findings, Stirlingayst present a
forthcoming potential for improving modern vehiflel economy and
emissions, with the benefit of fuel-use flexibiliparticularly, in series
parallel hybrid electric vehicle technologies (SRHE SPHEVs

combine a thermal and an electric powertrain inedes parallel
energy-flow arrangement as illustrated in figur®me particularity of
SPHEV powertrains, known also as torque/speed euwygiybrid

drive trains, is that the engine toque and speednaechanically
independent from the vehicle load torque and sp€kdrefore, the
engine can be operated at high efficiency undadraling conditions.

On another hand, several Stirling-system optionsddcbe considered
for integration in SPHEVs, combining a basic Stglimachine to a
combustion chamber preheater or a heat recovery-stagje Stirling
in serial configuration for example [21]. The rewief literature
showed that different system configurations havenbstudied and
performance were analyzed in many applications sscindustrial



[22], heat recovery [8], cogeneration [23] and athfr, 24, 25].
However, it underlines the following gaps:

. The studies’ focus is on the performance investgat of
some pre-defined Stirling-systems, without any 8mec
methodology on selecting the best-suited Stirlipsgam for
automotive  application, taking into consideration
optimization requirement and technological constsi

. These studies did not provide a complete vehicleleho
integrating the investigated Stirling-systems int@

powertrain model, supervised by an energy managemen

strategy.

. None of the studies presented a comparative aseessin
fuel consumption between an ICE-SPHEV and a Sgxlin
SPHEV.

Driver performance request

v
Vehicle Controller soc
ol Powertrain
Il components controller

DC i DC

AC AC
T

v
Energy
Converter

Figure (1): Powertrain configuration of series flateHEV based on the
Toyota Hybrid System (THS). MG1 = first electric chine, MG2 = second
electric machine, PSD = power split device, SOQateSof-charge

Therefore, based on the above synthesis of thghitssand gaps in the
literature for re-adopting Stirling in automotiveg@ications, this study
proposes a comprehensive methodology to identify potential
Stirling-system options and select the optimaleaystonfiguration for
SPHEYV applications. A methodology for identificatiand assessment
of the different Stirling-system options applicatdeSPHEYV is carried
out in section 2, based on exergy analysis and naattee
technological constraints [26]. Observed resulésthen used for the
prioritization and the selection of the optimal ri8ig-system
configuration. The selection criterion is optimigithe Stirling system
efficiency which impacts directly the fuel consuropt Thereafter, a
Stirling machine based on the identified Stirlingtem is integrated
in an SPHEV model in section 3. The MODII Stirlimpgine is
selected. In addition, the Toyota Prius powertraichitecture is
selected as the modeled SPHEV in this study. AnSPHEV and a
MODII-SPHEV models are developed with a backwardielimg
approach. Finally, energy consumption simulatidrsoth models are
compared on the WLTC driving cycle. Note that DyimaRrograming
(DP) is adopted as Energy Management Strategy (EM®jder to
provide the global optimal strategy to split betwethe energy
converter and the electric machines power. Conselyu¢he analysis
considers only the impact of the thermal energyeder systems on
consumption and excludes the influence of rule-th&3dS [27, 28].
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Methodology for Stirling System Selection

This section presents the methodology adopted t@luate the
potential Stirling systems for SPHEVs. It consists two-steps
assessment plan, as described in figure 2. Thiedgsessment step
consists of an energy and exergy analysis appdi¢det basic Stirling
machine cycle, where the system overall efficienttye system
specific work and the exergy are calculated. Bamedhe resulting
exergy destructions in the system, modificationshef basic Stirling
cycle are presented explicitly, by considering someasures to reduce
exergy destruction in the system, such as seridin§t combined
machine and combustion chamber preheater Stirlingchine.
Accordingly, a list of potential Stirling-system rdggurations is
identified.

The energy and exergy calculations are then caotgdh the second
assessment step on all identified configuration@m@onents
technological constraints and automotive designsitamts are
considered, and the optimal-realistic Stirling-systconfiguration for
the SPHEYV application is selected.

Components technological constraints such as theinman

combustion chamber temperature, maximum head teyver
maximum pressure, regenerator efficiency, combanstitamber re-
heater efficiency are based on state-of-the-ad détavailable and
developed Stirling technologies for automotive agtlons, mainly
the MODI and MODII Stirling engines [1, 2, 12-14However,

automotive design constraints such as limitingrthmber of Stirling
machines in serial arrangement are consideredier @0 simplify the
system-integration complexity in vehicles.

Basic machine cycle
configuration
Energetic &

Exergetic analysis

List of cycle
configurations

Studied
cycle

Ist step

Modification of the
cyele configuration

Exergy destruction
in the system

2nd gtep

Energetic &
Exergetic Analysis
Efficiency, Specific
Work, Exergy losses

Limitations
Technological C
Design
L (o G
Potential Stirling system
for automotive

Figure 2. Methodology for selection of the besteniStirling system for
SPHEV application.

Energy and exergy analysis of simple Stirling machine
system

In this section, the modeling of the basic Stirlimgchine system,
illustrated in figure 3, is presented. It consisits: Stirling stage, a hot
head, a heating heat exchanger (HEX), a cooling HEXombustion
chamber and a combustion chamber blower (CCB). thatea Stirling

stage includes a compression piston, an expandsgionpand the
internal Stirling regenerator.



Combustion
Chamber

Heating HEX

Hot
Head

Stirling
stage

Cooling HEX

Figure 3. Simple Stirling machine

Many models are found in the literature to mod@&tiaing machine
[29-31]. In this study, equations from [32, 33] arged in order to
compute the cycle thermal efficiency and power dgnshich are
also used to perform the exergy analysis needead.eXergy analysis
is carried out for tracing the work losses in thgtem, their types and
guantities, and for informing then on the possdgéons to reduce the
inefficiencies according to the following equati@4]:

Ey = [WCV]iOT‘lLM + (Egur - EIQN) +IR + Eout (1)

Where

Ein : Exergy of the entering flow

Eout . Exergy of the leaving flow
[Wey %% @ Net Work output

EgUT : Work potential of the heat rejected

Eﬁv : Work potential of the heat added

IR : Work lost due to internal irreversibility

Exergy destruction results of the investigated li8tir system are
illustrated in figure 4. The figure points out ttveo highest shares of
exergy losses, occurring in the combustion charaberthe exhaust
gas at the outlet of the machine. Note that, in ¢tewveloped

thermodynamic model, the exergy destructions inidemachine are
mainly related to the internal regenerator efficigrinternal losses and
the deviation from isothermal compression and egipemprocesses.

It was demonstrated in several studiest the exergy destruction in
the combustion chamber decreases as the averageertdore

increases [35, 36]. Accordingly, two ways can basubered to

decrease these exergy losses: (1) increasing tla@ m@mbustion

temperature while respecting metallurgic constsainand (2)

increasing the average combustion temperature ghreupreheater
upstream of the combustion chamber. As for thermtooajor source
of exergy destruction, losses from the exhaustgjasehe machine
outlet to the ambient air can be recovered by adgpwaste heat
recovery systems. Therefore, adding two or threér§t machines in

serial configuration to recover heat at lower terapge is considered
[21, 37].
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Cold HEX
Hot %
3%

Stirling stage
15.9%

Heat rejected

Figure 4. Distribution of exergy destruction in tieple Stirling machine
system with maximum heat temperature of 800°C amdspre of 15 Mpa

Regarding the hot HEX, the compressor, and thérigtimachine, the
exergy destruction can be reduced by improvingffieiency of these
components, such as reducing the heat exchanggr, fiicreasing the
compressor isentropic efficiency and the internagenerator
efficiency respectively.

Based on these findings, the list of the diffe@inting-system options
is identified and presented below, based on thebgmation of the
suggested techniques for exergy losses reductibe. donsidered
Stirling-system options are as follow and illustcin figure A.1 of
Appendix A:

Simple Stirling (S-Stirling)

Two stages serial Stirling (n2-Stirling)

Three stages serial Stirling (n3-Stirling)
Regenerative Stirling (R-Stirling)

Regenerative two stages serial Stirling (R-n2-aal
Regenerative three stages serial Stirling (R-nBxg1)

oahwNpE

Note that regenerative configurations consist dfiregl a pre-heater
recovering exhaust thermal waste heat, at the egostrof the
combustion chamber. Note also that the n3-Stirtigl the R-n3-
Stirling systems are considered in this study fomparison purposes,
and to emphasize the additional benefits of mueltiad stages.
However, theses system configurations, present lngbgration

complexity for automotive applications since thegquire the

implementation of three Stirling stages.

Energy and exergy analysis of identified potential
Stirling systems

The identified Stirling-system options are assedsa@ in order to
prioritize these options based on their respedtfieiency and system
net specific work, and to select the most suitataefiguration for
SPHEV. The assessment methodology for each oidlustrated in
figure 2. Energy and exergy calculations are peréat first with
thermodynamic models developed on Excel with Refoftware,
using the set of physical parameters such as tmbustion chamber
temperature, the Stirling head temperature, thdecgcessure, the
internal regenerator and compressor componentsezfliies, among



others; as summarized in table 1. These paramztersspond to the
Stirling technology state-of-the-art.

The energy and exergy calculations are made agidanof two
parametric design criteria: the maximum head teatpee (T) and the
maximum cycle pressure ). Therefore, in the second calculation
step, the optimal efficiency and system net spewifirk are calculated
for the optimal () and (Rex). For the rest of the study, the comparison
between the different Stirling-systems will be lhsmn the best
efficiency points presented in figure 5. Therefdhe selection of the
best-suited Stirling-system for SPHEV will be magligh respect to
the efficiency and the complexity among the comparsstems.

Table 1. Simulation parameters based on stateesétthcomponent
specifications and automotive design constraints

Stirling machine working fluid Hydrogen
Static pressure 2000 kPa
Combustion chamber outlet temperature 1250°C
Maximum cycle pressure 15000 kPa
Cold source temperature 60°C
Preheater efficiency 85%
Internal regenerator efficiency 65%
Blower efficiency 80%
Combustion chambers pressure losses 5 kPa
Exhaust line outlet pressure losses 5 kPa
Preheater cold side pressure losses 5 kPa
Preheater hot side pressure losses 5 kPa

Figures 5 and 6 illustrate the efficiency and rpecific work of the

investigated Stirling-systems. The regenerative amd three serial
stages Stirling machines present the highest effayi; however, as
discussed in the previous section, these systermssept high

complexity for implementation in SPHEV since theguire two or

three additional Stirling stages, operating atedéht temperature, in
addition to the additional weight and size. Consedly, the

regenerative Stirling (R-Stirling) is the optima&atistic Stirling-

system, as it offers the highest efficiency comgdoethe remaining
investigated Stirling systems. Therefore, a Reggiver Stirling

system (R-Stirling) will be considered for the resthis study.

45%

38.9% 39.3%
40%

35.3%
0,
35% 31.3% 32.8%
30%
25.2%

25%
20%
15%
10%

5%

0%

S-Stirling  n2-Stirling  n3-Stirling  R-Stirling  R-n2-Sting R-n3-Stirling

Optimal efficiency (%)

Figure 5. Optimum efficiency comparison of the istigated Stirling-
system options.
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Figure 6. Net specific work of the investigatedIBty-system options at
optimal efficiency

Toyota Prius SPHEV model
Powertrain modeling setup

In order to evaluate the benefits of the R-Stirlgygtem in terms of
fuel savings compared to the ICE, two medium-claR$iEVs are
modelled, the first with the R-Stirling as main emeconverter and
the second with an ICE. The R-Stirling machine el in this study
is the MODII Stirling engine presented in [1, 1Bpth vehicles are
considered to be identical in term of weight andigrenance since
huge works were made on Stirling engines to achisight and even
size comparable to ICEs.

The SPHEV considered in this study, is the Elec@imntinuous
Variable Transmission (eCVT) concept of the ToyBtaus Hybrid
vehicle car. This power train is largely described[27, 38] and
presented in figure 1. It consists of:

¢« An energy converter prime mover, which is consideire this
study an ICE or the MODII Stirling machine

*  Anelectric Motor/Generator 1 (MG1) serving mostf/generator
for engine power split, and as motor to start thgiree

¢ An electric Motor/Generator 2 (MG2), serving mosibytraction
motor to drive the vehicle, and as generator tovecthe braking
energy

¢« A Power Split Device (PSD) that consists of a plane gear
train, and coupling the different motors: the eyecgnverter is
mechanically coupled to the planet carrier, MG1h® sun gear
and MG2 to the ring gear.

¢ A battery, the power train second energy source.

In this configuration, both the energy converted #me electric motor
MG2 contributes to the propulsion of the vehicl&eTICE is a 1.2
liters spark ignition gasoline turbocharged engwiéh maximum

efficiency of 36%. It is allowed to operate betwel260 and 4500
RPM and up to 75% of its full load. In this openatizone, it can
deliver up to 72kW of mechanical power. The lowegiee speed is
limited for technical reasons in order to avoidrhigad at low engine
speed which can result in high stress on the chafksand high
vibration and acyclic rotation, while the higheradbis fixed to limit



thermal stress and fatigue on engine components Stirling engine
considered is the MOD Il combustion chamber preére&tirling
machine which develops 62.3 kW at 4000 RPM andeaelsi a
maximum efficiency of 38.5% at 1200 RPM full lodd]. The Stirling
machine is allowed to operate between 500 and 4BRDEBNd up to
75% of its full load for the same reasons as f@& IBE. In this
operating zone, it can deliver up to 46kW of medtarpower.

MG1 and MG2 are the same components adopted framZth
generation Toyota Prius, with maximum power of 3@ &nd 50 kW
respectively. The energy converter and MG2 are grtgpsized to
achieve the vehicle performance requirements imgesf maximum
speed, acceleration and gradability. Moreover 50N MG2 allows
reaching the maximum speed on WLTC without the néed
additional mechanical power from the energy corerert

As for sizing the battery, the power and the capamie considered.
The battery must provide sufficient traction povi@ran all-electric-
range on the WLTC. Consequently, a 50 kW batteryvgrois
considered with respect to MG2 maximum power. Aglie capacity,
two different values of 2 and 10 kWh are considénetthe analysis in
order to assess the impact of the battery sizengpraving fuel
consumption. The additional battery mass with tieegased capacity
is taken into account. Values were retrieved froommercialized
battery specifications [26]. Note that the modelludes the torque-
speed efficiency map for both MG1 and MG2 as welhe efficiency
map of the battery

Based on the above, table 2 summarizes the vgiactaneters needed
for modelling the SPHEV. Note that longitudinal dynics of the
chassis are only considered and on flat roads.dtso noteworthy to
mention that the mass of the MODII-system and dseasories is
considered equal to the mass of the ICE and itssaceies.

Table 2. Vehicle and components specifications

Vehicle mass (including driver) (Mv) 1210 kg
Frontal area 217 m?
Drag coefficient 0.29
Wheel friction coefficient 0.0106

Air density 1.205 kg/rh
Wheel radius 0.307 m
Aucxiliaries consumption 750 W
Battery maximum power 50 kW
Battery capacity 2, 10 kWh
Battery mass (Mb) 86, 259 kg

Battery state of charge

[02,04, 06,08, 1]

Battery open circuit voltage

[220, 224, 227, 2ZRI

Battery internal resistance

[0.315, 0.31, 0.3135,9.385]

Stirling-system max power

46 @ 4000 RPM

Stirling max efficiency

38%

ICE max power

72 kW @ 4500 RPM

ICE max efficiency

36.2%

MG1 maximum power 30 kW
MG2 maximum power 50 kw
Vehicle total mass Mv + Mb
Fuel heating value 42.5 MJ/kg
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Control strategy

Two controllers are considered in the model astithted in figure 1:

the vehicle controller and the powertrain compos@antroller. The

vehicle controller is in charge of meeting the drivequest in terms of
performance. The powertrain components controlis two main

objectives: the first one is to control the powerorder to meet the
traction and brake energy recovery demand, andebend one is to
optimally split the energy between the energy comeveand the

battery. Thus, it controls the power flow withiretbowertrain while

maintaining the battery state of char§8¢) in the desired range.

Dynamic programming (DP) is considered in this gtird order to
provide the global optimal strategy to control tlp@wertrain
operations. It decides on the optimal strategy Uy, =
{u(1), ...,u(N)},p for the scheduled route at each instawhile
minimizing the fuel cost functiory presented in equation (2).
Consequently, DP computes backward in time fromfitied desired
battery state of charg§0(; to the initial stateSOC; the optimal fuel
mass flow ratehf(SOC(t), u(t)) in the discretized state time space as
per equations (3) to (8). The DP function presented?28] is
considered in this study, with the batteS§C as state variable(t)
and the battery poweP{,.;) as control variabla(t).

N
J =min {Z e (SOC(6),u(t)) x dt; 2)
t=1
with
discrete step time: dt; =1 3)
number of time N = % (with n the time (4)
instances: length of the driving cycle)
state variable SOC(t+1) 5)
equation: = f(soc(®),u(®)) + soc(1)
initial SOC: 50C(1) = So¢; (6)
final SOC: SOC(N) = SOC; (7
SOC constraint: SO0C(t) €10.2,0.9] 8)

The powertrain model is provided in equations ((26).

Pgc = Pg + Pyare

9)

1
Py(t) = <EpSva(t)2 + M gf,(v(©) + M——=

X v(t)

dv(t)
> (10)

P is the energy converter powé,,,; is the battery power
(assumed positive when charging the battery andtivegwhen
discharging), an® is the vehicle power demand.

ForP; > 0:



wge = fetine (Prc) (11)
Pgc
Cpe = — (12)
EC wre

Kp
Wye2 = R_Vvehicle (13)

w

K,—1 1
WMe1 = K, WEC +K_waaz (14)
Ky ) .
Cue1 = K —1 (Cec — awyer — POue2) (15)
b
Prechmcr = Cme1®me1 (16)
Petec mc1 = Pmech Mc1-MMé1 (17)
Perec M2 = —Ppatt + Petec Mc1 (18)
Petec Mc2 = Pmech Mc2- MGz (19)
P
CMGZ — mech MG2 (20)
WymG2
ForP; > 0:

Pmech MG2 = min(crecuperation * Pd; Pmin MGZ) (21)
Petec m62 = Pmech Mc2 * MMc2 (22)

Kp
WpG2 = R_Vvehicle (23)

w

P
CMGZ — mech MG2 (24)
WyMG2
1

MG1 Off PMGI = 0; CMGI = 0; Wye1r = K—b(UMGZ (25)
Ppatt = —Petec mc2 (26)

Note that the resulting optimal stratedy,,; must not cause the
components to violate their relevant physical b@amdonstraints in
terms of speed, power or SOC, in order to ensueir throper
functioning within the normal operation range. Tdesnstraints are
included in the DP model and summarized in equat{@) to (31). It
is also noteworthy to mention that using DP as gnenanagement
strategy excludes the impact of rule-based energnagement
strategy currently used on hybrid vehicles on tleasamption.
Consequently, the obtained fuel consumption resuitts DP are only
dependant on the investigated energy converteitauedficiency.

battery power
constraint: Pppin < Po() < Pp,p, (27)

motor torque

, Py (0m () < Py (2)
constraint:

= Pmmax ((Um (t)) (28)
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motor speed
constraint 0 < (1) < Wy, (1) (29)

generator power Py (a)m (t)) < FB@®)

int: 30
constraint: <P, () (30)
generator speed
constraint: 0 < wy(®) < wg,,,, (1) (31)

Results and discussion

Two different SPHEV configurations are comparethis section: the
suggested MODII-SPHEV and the reference ICE-SPHEWh w
operation characteristics described before. Fdn bmdels, gasoline
is the fuel used, and the simulations are perforored sequence of
one to five-repeated WLTC driving cycles (23 km Baacovering
driving distances up to 115 km. During operatiomthb energy
converters are allowed to operate at any poinheif defined torque-
speed map.

The potential of fuel savings of MODII-SPHEV comedito the ICE-

SPHEV is carried out under two sets of simulatiofise first set

emulates the behavior of plug-in hybrids and ex¢éelinge electric
vehicles, with the option of battery charging frtme grid. Simulations
are performed at an initial SOC of 80% and a fB@IC by the end of
the trip at 30%. The second set of simulations ateslthe behavior
of self-sustaining hybrids with a zero use of eleatnergy from the

battery at the end of the cycle. Hence, the ingtrad final battery SOCs
are set at 60%. Two battery capacities are coreidd@kWh battery

for the self-sustaining vehicle configuration ar@® KWh battery for

the plug-in hybrid configuration.

The powertrain operation and battery SOC resultsétf-sustaining
and plug-in SPHEVs are illustrated in figures 7 8rahd highlight the
following conclusions:

The operation time of MODII is 36% and 71% lesathize ICE for
the plug-in and the self-sustaining configuratioirs.fact, MODII

operation time is 22% on plug-in and 27.5% on seHtaining
compared to 30% and 47% for the ICE, respectividhgrefore, for the
given same battery SOC constraints at the endeofrip for the two
models, MODII operates at a higher relative powe2® kW and a
higher average efficiency of 32.4%, compared t&\Wand 30.6% for
the ICE.

As a direct consequence of running MODII less tinenlCE, MODII-

SPHEV ensures an all-electric drive mode of theioleHor longer
portion of the WLTC, which therefore leads to imyirg further the
air quality, an advantage that manufacturers arekihg for,

particularly in urban areas. Thus, the extendedtmtedrive range
helps the MODII-SPHEV to operate at an overall pdra

efficiency of 36% compared to 34.5% for the ICE-&RHon self-

sustained as shown on figure 9. On plug-in conétan, the
powertrain efficiency is function of the travellatistance and it
decreases as the travelled distance increasesdamzdo equation
(32).
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WhereE;action 10ad 1S the mechanical power required to propel the

vehicle, Ey,., the vehicle load energy recovered through regéinera
braking,Ef.; the energy of the consumed fuel dfg;, the consumed
electric energy from the grid to recharge the battem 30% to 80%
SOC for plug-in configuration. It is worthy to mésnt that Eg,;; is
equal to zero on self-sustained configuration,esingial battery SOC
is equal to the end trip battery SOC.
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Figure 9. Powertrain efficiency results between MEEPHEV and ICE-
SPHEV for both plug-in and self-sustained configiores, on one to five
repeated WLTC

The maximum traction power demand in self-sustap@dertrain is
about 37.7 kW, compared to 41.5 kW in the plugenfiguration. This
higher value is explained by the higher vehicle srdise to 10 kWh
battery additional weight. Note that the maximurnwpbis required in
the acceleration phase toward high speed in thetigs of the WLTC.

Comparing the fuel consumption results betweerMB@®II-SPHEV
and the ICE-SPHEV illustrated in figures 10 and4.3% fuel savings
are observed under the self-sustaining configuratimulations while
3% to 4% fuel savings are observed under the plugpnfigurations
simulation depending on the traveled distance.

As detailed above, these savings are explainebékigher operating
efficiency of the MODII with maximum efficiency &8% compared
to 36% for the ICE. The fuel consumption is shawbe independent
from the travelled distance for the self-sustairgngfiguration, since
the powertrain was constrained to return to inligtery SOC of 60%,
therefore no energy is consumed from the batterpweéver,
simulations on plug-in show an impact of the distatravelled on
energy converter fuel consumption. The 10kWh bwttehich can
achieve full electric drive on 1 WLTC for both IGEd MODII energy
converters, shows an increase in fuel consumpsdhetrip distance
increases. This value tends toward a limit of saBtaining fuel
consumption if travelled distance tends towardimite. Note also that
the fuel consumption difference between ICE-SPHEd MODII-
SPHEV on plug-in configuration increase toward #edf-sustained
value. Note also that compared to self-sustainefiguration where
the fuel consumption is independent of the tradetlstance, the fuel
consumption difference between ICE-SPHEV and MCERHEYV on
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plug-in configuration increase when traveled dis&amcrease, since
the powertrain relies less on electric energy flattery.
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Figure 10. Fuel consumption results between MOBHEYV and ICE-
SPHEV for self-sustaining configuration, on onéive repeated WLTC
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Figure 11. Fuel consumption results between MOBPIHEYV and ICE-
SPHEV for plug-in configuration, on one to five egped WLTC

Although both energy converters were not constchitoeoperate at
one operating point, results presented in figureahd figure 13
showed that operation was mostly in the maximuritieficy region
and on the optimal operating line (OOL).
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Figure 12. MODII operating points in the torque-apenap
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Summary/Conclusions

A combustion chamber pre-heater Stirling machinestesy is

prioritized through an exergo-technological explgglection method,
considering energy and exergy analysis, as wetloasponents and
automotive technological constraints. This systeiffiers high

efficiency compared to the investigated realistidi8g-systems. The
MODII combustion chamber pre-heater Stirling engivess selected
for investigation as energy converter substitute tie internal
combustion engine.

A series parallel hybrid vehicle based on the TayRitius powertrain
was modeled. The MODII and the ICE energy conveidee simulated
and compared in terms of fuel consumption, usinghadyic
programming for optimal control. A parametric stugbas also
conducted in order to evaluate the impact of battapacity and mass
on fuel consumption.

Simulation results showed that the MODII-systemiesemparallel
hybrid configuration offers 3.5% to 5.5% fuel comtion savings
compared to similar ICE configuration. Results atsghlighted the
interest of considering large battery capacitias faximizing fuel
savings in SPHEV under plug-in configuration. 74#4uel savings
were observed between plug-in MODII-SPHEYV with Mtkbattery
and a self-sustaining ICE-SPHEV with a 2 kWh batieapacity on
three repeated WLTC. However, this advantage cdrtigeaexpense
of an increased vehicle cost, which was not disligs this study.

In addition to the fuel savings, the Stirling-systeffered other
intrinsic automotive advantages such as low opwgatioise and
vibration, high durability, low complexity and muftiel capability
compared to ICE which makes it a potential enexyverter option
for implementation on series parallel hybrid elegbowertrains in the
future.

The methodology presented in this study will betfer elaborated in
order to evaluate the fuel consumption saving totiigy-systems on

different vehicle applications ranging from smaillarge and SUV

vehicles. Simulations will include Real Driving Ggs (RDE) and

other vehicle energetic criteria such as the cahgrmal needs.
Moreover, the selected MODII Stirling engine wid bsed to compare
with ICE on other hybrid electric vehicles suctsages hybrid electric
vehicles.
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Definitions/Abbreviations

CCB Combustion chamber blower
EC Energy converter

EMS Energy management strategy
HEX Heat exchanger

ICE Internal combustion engine
PSD Power Split Device

RDE Real Driving Cycle

SOC State Of Charge (Battery)
SHEV Series hybrid electric vehicles
SPHEV Series parallel hybrid electric vehicles
SuUv Sport utility vehicles

THS Toyota Hybrid System
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Figure A.1. Considered Stirling-system options):Tao stages serial Stirling, (b) Three stagesa&tirling, (c) Regenerative Stirling, (d) Regeatare two stages
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