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ABSTRACT

The improvement of the energetic efficiency in weldar systems is a growing demand when
developing new technologies for the automotive@etiaws and regulatory standards that aim
at the reduction of fuel consumption, such as tteziBan INOVAR-AUTO, create constrains
in order to improve the overall efficiency and reduthe emissions of new produced
automobiles. Hybrid electric vehicles (HEVs) becanealternative to achieve these goals, by
adding electricity as an auxiliary propulsion sa@urSeveral surveys have revealed the
advantages of hybrid configurations, which demastt significant fuel savings resulting
from shifting the engine operation point to regiohsower consumption. This study evaluates
the impact of the conversion of a 1.0L vehicle iatolug-in electric vehicle (PHEV), by means
of coupling electric motors supplied by lead-acattéry to the vehicle rear wheels (Parallel
HEV Configuration). Thus, by means of simulatiotiss work aims to investigate the impact
that the auxiliary electric system can produce ha fuel consumption and emissions of
greenhouse gases when the vehicle is submittechdostandard Brazilian drive cycles
NBR 6601 and NBR 7024.

INTRODUTION

The number of people who are adept to the meaps\waite transportation has increased over
the last decades. This number is strongly correlatieéh the number of automobiles in use on
the roads around the world. If it is assumed thatautomakers will follow on producing the
majority of the cars equipped with conventional bwoistion engine, the fossil energy
consumption and greenhouse gas (GHG) emission&ed[ growing [1].

Plug-in hybrid vehicles (PHEVs) are gaining attentidue to their ability to reduce

gasoline/diesel consumption by using electricitgnir the grid as an alternative energy
source [2]. If this energy is produced in a cleaywnd transmitted efficiently to the PHEVS’
battery, it is possible to say that these vehiees more environmental friendly than the
conventional ones, considering all the resourcestgper kilometer.



The studies performed were based on virtual maofedsconventional car and a PHEV, both
implemented through co-simulation using MATLAB/Sitnk™ and ADAMS™, as well as
emission data from ADVISO®. These models are illustrated in Figure 1. Theptetb
conventional vehicle contains one Driver Interféta simulates the driver behavior based on
the Brazilian drive cycles NBR 6601 and NBR 702HisTinterface chooses which gear must
be engaged and also inform the Power ManagemerneByPMS) the expected throttle
position. Then, the PMS controls the engine whithes the front wheel by means of a clutch,
a gearbox and a differential.

The PHEV was built using the same platform of theventional vehicle but adding a battery
pack and two rear in-wheel motors. In this confggion, the PMS was expanded to include
these new components in its management algorithms.
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Figure 1 - Conventional and parallel hybrid vehscdelapted from [3]

The PHEV configuration chosen for analysis is kn@srithrough-the-road” (TtR) HEV. This

is a singular type of HEV because both sourcesagtion force are summed up “through the
road” instead of combing them into one driveline {fais done in the majority of the other
PHEV configurations studied in the literature)makes the complex torque coupling device
unnecessary; making the implementation of thislfgtdEVs simple and cheap. Furthermore,
the 4-wheel drive capability provides more stapiid the vehicle and exceptional acceleration.
Finally, this feature represents the prospectafdforming any conventional ICE vehicle into
a HEV. One disadvantage of this TtR HEV is the that the extra torque necessary to recharge
the battery supplied from the ICE through the contarface of the road is limited to the
moments when vehicle is in motion [4].

In the present paper, based on these virtual mottelsauthors analyze the results of the sum
of this extra electric drive system in a convergiorehicle, likewise the gear shifting strategy
influences the vehicle behavior. The engine fueiscmption and emission are compared
among four simulations models for each driving eycThe first one corresponds to a
conventional 1.0L Brazilian vehicle keeping thensli@rd gear shifting strategy, provided by its
manual. The second model also simulates the coovaht/ehicle, but with an improved gear
shifting algorithm focused on fuel saving. The dhand fourth models correspond to the PHEV
simulations with the standard and the improved ghdting strategies. Each model results in
a distinctive engine regime that changes the foasemption and tailpipe emission that are
strongly affected by the engine transient tempeegthase.



1. VEHICLE LONGITUDINAL DYNAMICS

In the present studies, the simulations are basgti@@model proposed by [5] for the vehicle
longitudinal dynamics. The Figure 2 shows the Mehgeometry parameters and the resistance
forces that determine the vehicle power demand vitqggrforms a given driving condition.

W W,
Figure 2 — Movement resistance forces and vehetergtry, adapted from [5]

The requested torque at the vehicle propelling VghiEBg, [Nm] is determined in function of
the vehicle mas#/ [kg] acceleration and the movement resistanceefrsuch as the tires
rolling resistanceRx) [N] and the aerodynamic draf,) [N].

Trw = (Mayeq + Ry + Dy)r ) (1

In this paper, the vehicle target speed is defimedtandard driving cycles. Due to this, the
required accelerationaf,) [m/s]] is given as the difference between the currertiole
speed ) [m/s] and the driving cycle target speéfl) (m/s] divided by the simulation step
sizedt) [s], as the Equation (2) shows.

V.-V
Areqg = Cdt (2)

The aerodynamic dragdf) [N] originates from the air resistance imposedtbg vehicle
passage through it. This resistance force is therfactor of the power demand at high speeds,
and it is estimated by the Equation (3) as a femctf the vehicle frontal are4 [m?], air
densityp [kg/m’], and an empirical constant known as drag coefficiC,), which varies
according to the vehicle shape.

1
DA = EIDVZCdA (3)

On the other hand, at low speeds, the rolling t&asce R,) [N] becomes the primary resistance
load. This load corresponds to the tire energy thesto the ground adhesion, and the contact
area deformation, depending on the rubber dampnogepties. The rolling resistance is
calculated by the Equation (4), as a function efitehicle weightl{’) [N].

2.24V

R, =0.01(1+2)w (4)




The climbing resistance is also responsible foaregd in the vehicle power demand. The road
angle changes the weight force component paralléig ground, resulting in a force against
the movement when the vehicle is going uphill, dorae that acts in favor of the movement
when the vehicle is driving downhill [5]. Howeven, this work, the simulations follow the
standard driving cycles NBR 6601 and NBR 7024, widoes not provide information about
the road grade during the cycles and, therefoeeclimbing resistance is considered to be null
during the driving cycles.

Once the required torque is defined, the vehictlable power sources will fulfill the demand
by means of its propelling systems. In this papsrmentioned before, two different vehicles
are studied: the conventional one that is propdbedhe ICE associated with a powertrain
system with 5 available transition ratios and thdEN model that presents similar
ICE/powertrain system as the conventional vehlmlg with an extra electric propelling system
coupled directly at the vehicle’s rear wheels. ther conventional vehicle, the engine required
torque ([..) [Nm] is defined by the Equation (5) as a functiohthe gearbox N;) and
differential (V;) gear ratios, the powertrain overall efficiengy,) and the moment of inertias
of each rotating component.

are
 Trwt(UeA D NN )2+ aN g+ 1y )=

Tre = NeNatlea ®)
* r =Tire effective radius [m]
+ I, = Engine inertia [kgrd]
» I, = Gearbox inertia [kgmi]
» I, = Differential inertia [kgnd]
* [, =Wheels and Tires inertia [kgn?]

However, during the gear shifting process, themag not allowed to transfer all the required
torqueT,.. to the gearbox, due to the clutch decoupling ftberest of the powertrain [6]. This
short period when the clutch disks are decouplixvalthe gearbox to synchronize the next
gear with the current power train speed. During sheulations, the gear shifting time of
1 second was adopted, as proposed by [7]. Thesgpgting process is defined by [8] that set
0.3 s to complete engine decouple from the gearfodiewed by 0.2 s to change the gearbox
transmission ratio, and 0.5 s to gradually recawgplihe clutch discs, increasing the
transmittable torque until it reaches the enginguaiutorque. The clutch transmissible torque
during the gear shifting procesg:() [Nm] is defined by the Equation (6), as given[8}y

3 3
Ty = g.uchnn% (6)
Us = Clutch friction coefficient
- E, =force applied between the discs [N]
n = Clutch number of faces
R, = Clutch external disk radius [m]
« R; = Clutch inner disk radius [m]

The vehicle acceleration performance is limitediwy factors: restricted traction at start-up
condition and low speed, as well as, available paweropel the vehicle [5] and [10]. The
power limitation is given by the 100% throttle emgitorque curve. The transmissible torque at



the tire/ground contact limits the vehicle accdierato prevent the tires from slipping. To
avoid performance losses caused by the tire/gralipging, the simulation will use the
maximum transmissible tire torque as a limit in tledinition of the required torqug.,. The
vehicle traction limit is modeled as proposed ifi][Jas a function of the weight force acting
on the vehicle axes, which may vary with the loahsfers when the vehicle accelerates or
brakes. Equations (7) and (8) show the maximunstrassible torque at the frofit(;,q,) [NM]

and reafT, ;nqx) [NM] wheels, according to the tire-ground peakficient of friction (u) and

to the parameters related to the vehicle geometry.

Wce Whay
Trmen = (5 =) ")
Wb . Whay
Trmaxy = M (Z + ZLZ ) (8)
« L =Wheelbase [m]
* h = Height of the vehicle’s center of gravity [m]
« g = Gravity [mA

* b = Longitudinal distance between the vehicle’sifraxle and its gravity center  [m]
* ¢ = Longitudinal distance between the vehicle’s @de and its gravity center [m]

The vehicle real acceleration,) [m/s’] used in the Equations (7) and (8) may be belosv th
acceleration demand provided by the Equation {2he vehicle is limited by the tire traction
limit or by the absence of torque, during the geafting process. For the conventional vehicle,
the accelerationaf) is given by the Equation (9) as a function of thenimum torque
value ([,,;») [NmM], that is defined among the engine and tiretk. The first limit is the engine
torqueT, [Nm] that could not fulfill the requested torqgiie, defined by the Equation (5), and
become limited by the maximum torque curve of thgire; the available torque at the vehicle
wheels T,, [Nm] is defined by the Equation (10) in functiorf the gearbox input
torqueT, [Nm], that is also limited by the clutch transnids torque during the shifting

time T¢,, (Equation (6)). The third limit is the tire transsible torquely ,qy (for the frontal
propelling system) that must be compared with trelable wheel torqué,, .

T .
ﬁln_Rx_DA

a = o )
Are
Ty = TeuNeNanea — (e + 1) (NeNg)? + IgNg® + 1,, ) 2222 oj1

If the vehicle acceleratiom, resulting from Equation (10) is limited by the deax input torque
or by the tire traction limit, presenting value @&l the required acceleration,,, the
simulation starts an interactive process amongeipgations (5), (7) and (9) to establish the
maximum possible acceleration value. After the esgence, the engine output torqugNm]

is defined by the Equation (11), replacing the galwf the required torqu&., and
acceleratioru,., from the Equation (5), by the current values ofqte T, and
acceleratior,, defined in the interactive procedure.

a
T = Tmin+((1e+Ir)(NtNd)2+1de2+1w)7x
=

(11)

N¢Ngnta



For the PHEV configuration, the required tordijg defined by the Equation (1) is divided
between the available propelling systems by a pamaragement control (PMC). In this work,
a simplified PMC algorithm is proposed, for whitte telectric propelling system is used as the
primary drive system. In other words, if the regditorquef,.,, is bellow of the available EMs
torque Tgy(max) @nd the battery responsible to provide power & EMs is not below the
discharge limit, the vehicle will be propelled ordy the electric system. In this case, the
required torqud’,., is divided equally between the two EMs as showsHuation (12).

Trw
Trgm = > (12)

When the required torqu®,, overcomes the EMs capacifif.( = Tgummax) ) the combustion
engine fulfills the remaining torque demand.

T max
Trgm = %) (13)

are
T = Trw_TEM(max)‘l'((Ie‘l'lt)(NtNd)Z+Ide2+IW) rq (14)
re NeNgneq

If the battery reaches the maximum allowed disahdirgit, the PHEV will be propelled only
by the ICE. The PHEV model also respects the taretibn, the clutch transmissible torque and
the torque constraints of the propelling systenos.tke PHEV, the calculation is similar to the
one presented for the conventional vehicle, but Huuation (5) is replaced by the
Equation (14), and the acceleration is then caledldy the Equation (15), instead of the
Equation (9).

TointT i
min Emm_Rx_DA

Ay = = Y (15)

WhereTgi [NM] is the lowest torque value between the EMgineed torqueZT,.sy,) defined

by the Equation (12) or (13) and the maximum trassiile torque at the vehicle rear wheels
calculated by the Equation (8). In this case, thieractive algorithm that defines the vehicle
acceleratioru,, uses the Equations (7), (8), (12), (13), (14)) @ (16). If the EMs required
torque T,gy overcomes the traction limit of the rear tir@d, )y > Trmax)), the value of

Ty (max) Will replaceT,.,, in the Equation (12) or repladgy may) in the Equation (13) and the
remaining torque will be fulfilled by the ICE drisystem.

2. SSIMULATION PARAMETERS

The simulations were performed lay integration between the multibody dynamic anslys
program Adam®' and the Simulink/Matlad™ which provides an interface to miwol the
multibody vehicle model by means of the Adathglugin Adams/Controld' as proposed
in [3]. The set of equations described previoustyavimplemented iSimulink™ to estimate
the vehicle power demand, the gear shifting styatagd the power split between the ICE and
electric systems for the PHEV simulations.

The simulated vehicle is based on a 1.0L Brazilirehicle and the standard gear shifting
strategy is the one proposed by [12] that defihesstandard vehicle speeds when the gear
shifting should occur. The vehicle parameters usdthe simulations are shown in Table 1.



Some modifications on these parameters relatetet® HEV model are properly described in
the analysis of the electric drive system.

Table 1 - Vehicle parameters [8].

Components Units 1= |2nd8‘p$d| 47 5" Vehicle Geometry

Engine inertia Kgrfi 0.1367 Vehicle frontal area 1.8m
Gearbox inertiax10?) |Kgm?| 17 | 22| 29| 39 54Drag coefficient 0.33
Gearbox ratios - | 4.22.391.481.050.8Wheelbase 2.44m
Differential inertia Kgnd 9.22E-04 Gravity center height 0.53m
Differential ratio - 4.87 Rear axle to gravity cent |1.46 m
Wheels + tires inertia Kgfn 2 Front axle to gravity centef 0.98 m
Conv. vehicle mass kg 980 Tire peak friction caédint| 0.9
Tires - 175/70R13 Tire radius [m] 0.2876
Clutch external radius mm 95 Clutch friction coefficient 0.27
Clutch internal radius mm 67 Clutch faces#) 2

3. PHEV ELETRIC DRIVE SYSTEM

The PHEV analyzed is based on a conventional 1r@@jine vehicle with two 5 kW electric
motors coupled to the vehicle’s rear wheels (par&EV), as proposed by [13]. The electric
motors were modeled as from [14] with voltage oMBetween their terminals but as in-wheel
motors, i.e., without any reduction coupling thetando the wheel. Therefore, the simulations
consider the EMs torque characteristics equivalernhe resultant torque and speeds in the
vehicle wheels as from the assembly proposed bl Ti® EMs efficiency map is estimated
based on the EM described in [15]. The Figure 3nvshite original and equivalent in-wheel
EMs torque curves and the efficiency map for theviveel EM used during the simulations.
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Figure 3 — Electric motors torque curve and efficiemap.

The electric system curreh{A] is calculated by Equation (17), as a functafrthe torque at
the electric motorg’, 5, defined by the Equation (12) or (13), the instaataus EM speed
wgy [rad/s], the battery output voltage[V], the EM @,;) and inverter #;,,) efficiencies

provided by Figure 3 and Table 2.



2T w
— rEMWEM (17)
VelMiny

Table 2 - Inverter efficiency;,,, adapted from [16]
wgy [rad/s
Tewm INMI 105 T 314 M5[24 7]33 942
0 0.65| 0.84| 0.90| 0.84| 0.83
011T,,,, | 0.74]/0.89| 0.94| 0.91| 0.91
0.33T,,,4x | 0.82] 0.93| 0.96| 0.96| 0.96
056 T,,,, | 0.83|0.94| 0.97| 0.97| 0.97
Tax 0.83| 0.94| 0.97| 0.97| 0.97

The currentl defined by the Equation (17) discharges the fadEY batteries, which are
similar to the 12 V lead-acid battery proposedLiB][and they are connected in series to provide
the 48 V required by the EMs. This battery packvmles 100 Ah of charge and increases the
mass of the vehicle in 120 kg. The battery simafaiis based on the Simuliltk database
lead-acid battery, using the equations describg@iihand keeping the same parameters used
in the previously described battery pack.

Since the modeled hybrid vehicle is a PHEV, thedpgtstarts the simulation fully charged by
the electrical grid. The battery may also be regbdduring the driving cycles by regenerative
braking, i.e., when the electric motors act as gaEpes, converting the kinetic energy of the
vehicle into electricity [18], allowing the vehicte recover part of the energy that would be
wasted during decelerations and storing it in tgdies [19]. During the simulations, the EMs
regeneration capacity will be considered as 5%hef EM maximum torque curve. The
remaining braking torque demanded is supplied byrihtion brake system that guarantees the
vehicle deceleration performance requirements [20].

To avoid premature damage in the batteries that lmancaused by theirs complete

discharge [21], the battery state of charge SoG havbe limited. Thus, the vehicle must

discharge the battery until it reaches a minimur@ $630%-45% depending on battery type
and on the powertrain configuration [2], [22]. mg paper the battery SoC is limited to 40% as
in [3].

To define the PHEV total mass for the simulatianss iconsidered the conventional vehicle
mass (980kg) plus the 120 kg from the battery auk the addition of 30 kg relative to the
EMs and inverters. Then, the PHEV total mass beesdtti80 kg.

4. ENGINE SIMULATION

The ICE (Internal Combustion Engine) is modeledhgsihe maps and simulation model
provided by ADVISORM (Advanced Vehicle Simulator) [23]. Several papass[2], [22]
and [24] use the ADVISOR! models as reference to compare fuel consumptidrearssion
simulations results. The engine specific fuel comgtion map and the CO, NGand HC
emission maps of the ADVISOR conventional default vehicle are shown in Figur@Hese
are emissions maps after treatment of catalysinpetexs for a hypothetical gasoline-powered
engine in transient regime obtained from testsqoeréd according to FTP standards and,
therefore, they are only appropriate to simulatioodels that consider the engine transient-
operation [23].



The Adams/Simulink! co-simulation stores the engine operation poittsjge and speed)
synchronized with the time vector. These resuksused as an input to the engine simulation
of ADVISOR™, which defines the fuel consumption and emiss@atsording to the set of
parameters defined by the its algorithm. Among eéhggsrameters, the most important is the
engine temperature, that strongly influences thisgions degree. The engine simulation starts
at ambient temperature set to 20 °C and it is kielayethe combustion model until it reaches
the operation temperature @6*5 °C, which is controlled by the engine coolant egst
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Figure 4 — Engine fuel consumption and emissionanjiap).
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The engine thermal model divides the engine asseimiol four temperatures: cylinders, engine
block, exterior engine accessories, and the vehided [23]. The heat, generated by
combustion, is conducted to the engine block amdoxed through forced liquid cooling,
conduction, natural convection, and radiation [23].

The final tailpipe emissions are the result of ergoutput emissions multiplied by the total
effective catalyst efficiency. The catalyst tempera is calculated based on the correlation
coefficients that estimate the heat transferred¢dswection from the gas to the components,
and from the components to the environment [23].

5. DRIVING CYCLESAND EMISSION STANDARDS

The vehicle required acceleration determined byBtpeation (2) is defined by comparing the
current vehicle speed with standard velocities ij@®fdefined by the driving cycles. The
simulations are performed considering the NBR 6B€dzilian urban driving cycle [25] and

the NBR 7024 Brazilian highway driving cycle [2@]hich are shown in Figure 6.
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Figure 6 —Standard driving cycles NBR 6601 [25] &RR 7024 [26].

The emission standard NBR 6601 is defined by colti flzot start experiments. The cold start
is divided into two phases: the first one starthatbeginning of the cycle and goes until 505 s;
the second corresponds to the stabilized enginmesgoing from 505 s to 1371 s. The hot start
experiment is performed after the end of the ctddt ®ne and also after a period in which the
engine is turned off. The hot start stabilized ghiassimilar to the cold start stabilized phase
and therefore it does not need to be completel\cigrd: because the major part of the
pollutants are emitted during the transient regiespecially at cold start part. The emission



limits for passenger vehicles are shown in Tabl@n8l, they are according to the rules defined
in 2003 and 2014.

Table 3 — Brazilian emission limits for light velas [27]
Maximum emission limits
POLLUTANTS 2003 2007 2009 2014
Carbon monoxide CO 2.0 [g/km] 2.0 [g/km] 2.0 [gkm| 1.3 [g/km]
Nitrogen oxides NOXx 0.6 [g/km] 0.16 [g/km] | 0.12 [g/km] | 0.08 [g/km]
Hydrocarbons HC 0.25 [g/km] 0.05 [g/km] 0.[akm]

6. GEAR SHIFTING STRATEGY

The gear shifting strategy influences the vehiateeteration performance and also fuel
consumption because it changes the powertrainianentd the engine speed [8]. During the
simulations, a standard gear shifting strategy gsed by [12] defines the vehicle speeds for
which the changes of each gear must happen. Taiegy presents satisfactory results when
performed in the NBR 6601 driving cycle as showf2i8], but it can be further improved by
anticipating the upshift and putting the engineofmerate in a more efficient region of its
consumption map.

Experimental results from [13] demonstrated thatektra electric power added to the vehicle
by the EMs reduces the engine required torqueyalpthe PHEV to perform an earlier upshift

as compared with the conventional vehicle. The ktrans for the conventional vehicle and

the PHEV are performed using the standard geatirghi$trategy and also the gear shifting
algorithm developed by [29], that analyses the t€dlired torque and performs an upshift, if
it is possible, to fulfill the power demand usiing thext available gear.

To avoid performance losses generated by the ugion of the engine torque supply caused
by the clutch decoupling/recoupling process, a ttwak between two subsequent gear shifts
is implemented in the algorithm as suggested b}, jB0order to prevent several consecutive
gear shifts.

7. RESULTS

As commented previously, two simulations were pented for each vehicle, the first adopting
the standard gear shifting strategy and the sewotidthe modified gear shifting algorithm.
The fuel consumption and emissions for the NBR 6&fidding cycle are shown in Table 4.

Table 4 - Simulation results for the NBR 6601 diyicycle.

Simulated Vehicles
Results Units , Conventional+ PHEV+
CenEnio Gear shifting PHEV Gear shifting
Traveled Distance km 17.43 17.28 17.79 17.75
Fuel Consumption I 1.4451 1.3292 0.8435 0.6634
Consumption Average km/I 12.06 12.99 21.09 26.76
CO g/km 2.9191 3.1276 1.0307 0.9365
NOX g/km 0.1815 0.1995 0.0803 0.0992
HC g/km 0.2848 0.2910 0.1880 0.1956
SoC T 55.57 55.71




Analyzing the results obtained for the conventiongthicle, it is possible to observe that the
vehicle travelled was 17.43 km, which represent® 860f distance less than the cycle total
length of 17.79 km. This difference is caused by $peed decrease that occurs during the
gearshifts. About the engine fuel consumption lier ¢onventional vehicle, it will be set as the
reference value for the comparative amongst allkited cases. With respect to the emissions,
the conventional vehicle presented results closkeadimits established by [27] for the year of
2007, but the carbon monoxide CO values are abwwdirnits already proposed in 2003. It
happens basically because the engine fuel consomatid emission maps simulated in this
papers are based on a 2002 engine data, as doadmef23].

The PHEV simulations presented improvements inaletperformance, by reaching a final
travel distance close to the total length of theleylue to the extra electric in-wheel motors
that continued to propel the vehicle during thergleifts, reducing or even eliminating the speed
decrease caused by the clutch decoupling. Thisdmsppecause the proposed PHEYV electric
drive system acts independently of the engine/ptraiar system. Considering now the
application of the modified gear shifting strateigyproved the fuel consumption in both
models. However, the final travelled distance daseed as compared with the respective vehicle
when using the standard gear shifting strategyaulmsz more frequent gearshifts decrease the
vehicle performance.

To better analyze the differences between the sitadivehicles, their engine operation points
are shown in the Figure 7. It is possible to obsdahat the PHEV simulation resulted in
expressive decrease in the engine required topgesenting only few points close to the engine
maximum output torque (100% throttle). The secdoskoved behavior is in respect of the gear
shifting strategy: the modified gear shifting aligfom that anticipates the upshift process moves
the operation points for the engine lower speedkaso higher torque as compared to the
respective vehicle using the standard gear shiftintjc.
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Figure 7 - Engine operation points given the sirradasehicle and gear shifting strategy

The results shown in Figure 7 represent the erigghavior during the NBR 6601 driving cycle,

however, it is difficult to analyze the simulatiomtcomes over the engine fuel consumption
and emissions maps, because there are severapsspdpoints that could generate incorrect
interpretation of the engine behavior. To faciétéihe analyses of the engine operation point
the tactic used previously in [29] is adopted. Thethod consists in locating the smallest



rectangular region that concentrates 75% of thenergperation points. This rectangular region
is defined by an interactive algorithm, which stantith the whole set of engine torque and
speed values. They must be compensated to repseseiar weights in the minimum rectangle
area definition. The vertices of the rectangle galare changed randomly, and the resulting
area is compared to the previous results, anceifelstangle does not contain at least 75% of
the engine point this result is discarded. The @ssecis repeated several times until the
convergence of the minimum rectangle that keeps @Gb#te operation points.

The fuel consumption and emission maps are analyzédo different modes in this paper.
The first one is the original format that shows #mount of consumed fuel (or generated
emission gas) by operation time and output powat tharacterize the specific maps. The
second way to analyze the engine maps is giverebgupling the engine power from the map
output, once the power is represented in the pdeftnition (torque [Nm]Xx engine
speed [rad/s]). Each point of the specific map idtiplied by its respective power in kW,
generating maps that show the fuel/emission by aaittime [g/h] according to the operation
point. For the fuel consumption the fuel mass isvented into volume [l] by dividing the
mass [g] by the fuel density [g/l]. The Figure &wls the engine specific and volumetric fuel
consumption maps, and also the rectangles defipedebfour simulated cases that represent
the location of the majority of operation points.
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Figure 8 - Engine fuel consumption maps

As observed in Table 4, by changing the conventiealicle gear shifting strategy the engine
fuel consumption decreased 115.9 ml (8.02%). Olhsghe specific fuel consumption map
from Figure 8 is possible to conclude that the riiedigear shifting strategy moves the
operation point to a lower engine speed regionréfaiesents an efficiency decrease in relation
to the output power by amount of fuel consumed. elaay, if the same effect is analyzed in the
volumetric fuel consumption map, the modified gehifting strategy moves the engine
operation points to a lower volumetric fuel constimp region that represents the fuel saving
using this gear shifting strategy.

Similar analyses could be made for the PHEV as ewatpwith the conventional vehicle. The
result from Table 4 shows a 41.63% fuel savingaspared with the conventional and the
PHEV using the standard gearshift strategy, an€188.fuel saving comparing both models
using the modified gear shifting algorithm. Nowsebving only the PHEV simulation output



without the modified gear shifting effect (greemtemngle) the engine operation points were
moved to the low torque regime, because one pafdke required torque is now provided by
the EMs propelling system. Similar to the analydighe gear shifting effect, the operation

points for the PHEV engine represent an efficiedegrease in the specific fuel consumption
map, but also moved to a lower fuel consumptioioreg the volumetric map, which explains

the fuel saving results depicted in Table 4. Finalhe PHEV that uses the modified gear
shifting strategy presents the minimum fuel constimngbecause it combines the effect of the
electric drivetrain, which reduces the engine tergand simultaneously anticipates upshift,
which moves the operation point for a lower volumeeiuel consumption region.

CO emissions
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Figure 9 - Engine emissions maps



It is important to emphasize that the PHEV fuelstonption savings must be compensated,
because the electric energy used to charge therpathck represents a cost that must be
converted in equivalent fuel consumption and addele final PHEV engine consumption to
determine the real gain offered by the PHEV as @eg with the conventional vehicle [2].
However, this kind of analysis is not the focugho$ paper and, due to this, the comparatives
are based on the results from Table 4 without amgection coefficient.

Analyzing the engine emissions for the conventimedicle, it is observable that the alternative
gear shifting strategy moves the engine operatom®to a region that outputs more pollutants,
as shown in the g/h maps in Figure 9. In some chgedsual analyses, the shift in the engine
operation point seems not to change the emissginmresalues, especially in the g/h maps.
However, Table 4 shows that the emissions increésesll the analyzed tailpipe gases
(+7.14% CO +9.92% NOx and +2.18% HC) from the coiemal vehicle with modified gear
shifts, as compared to the standard strategy.

This effect is explained by the reduction of thgiae speed with the anticipation of the upshift,
which reduces the combustions in the engine cylirated consequently the generated heat. In
the PHEV simulation, the decrease in the requestegie also reduces the generated engine
heat, and therefore, increases the time needetlatdhe engine reaches its ideal working
temperature. The engine temperature during the B8R cycle is shown in Figure 10. It is
possible to observe that the combination betweenethctric motor and the modified gear
shifting strategy delays the warming-up of the angi
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Figure 10 — Engine warm-up for the four simulations

As described previously, the engine emissions magre obtained from transient regime data,
and corrected as function of the engine temperafiures effect can be noticed from Table 5
which shows the emission in the cold starts ph@de B05 s) presenting much higher values,
as compared with the remaining cycle excerpts. Ouébis effect, the modified gear shifting
strategy increases the emission in the conventieelaicle, because it increases the engine
warming-up interval, increasing the pollutant enaiss while the engine does not reach the
temperature of stabilization, as shown in Figure 10

On the other hand, the PHEV needs even more timeaith the engine stabilized regime, but
presents lower emissions values compared to theeational vehicle, and differently of the
conventional vehicle, the PHEV presents the bestlt® using the modified gear shifting
strategy analyzing the final result from Tabletdhdppens because the emission reduction by
the change of engine operation point (Figure 9)rawaes the effect of the low engine
temperature that increases the emissions, unteénlee reaches the appropriate temperature.
At the same time, the gain of the modified geattisigi strategy applied to the PEHV must be
evaluated according to analyzed tailpipe gas antt@hase, because in some cases the use of
the standard gear shifting strategy presents hetelts as could be observed in the Table 5.



The employed gear shifting strategies are showigare 11. One may see that the modified
shift tactic anticipate the upshift, increasing tisage of the 4 gear during the cycle. The

results for the hot start phase are similar tocthld start simulation in the cycle beginning. In
the PHEV simulation the vehicle does not need ®the ' gear because the addition of the
extra electric power enables the PEH to fulfill tequired startup torque by engaging directly

the 29 gear.

Table 5 - Emission according to the cycle phase

Simulated Vehicles
Cycle phases Emissions Conventional Conventipna|+ PHEV PHEV.+.
Gear shifting Gear shifting
Cold start CO [0] 40.2409 42.3874 14,9194 13.7061
010505 S NOXx [g] 1.8041 2.0859 0.9541 1.2938
HC [g] 3.5247 3.6546 2.5303 2.6944
Stabilized CO [g] 4.7587 5.1665 1.6432 1.3156
engine NOXx [g] 0.7069 0.7284 0.2388 0.2288
505t01371 s HC [g] 0.7758 0.7317 0.4339 0.4008
Hot start CO [g] 5.8708 6.4780 1.9563 1.7867
2000 t0 2486 S NOXx [g] 0.6518 0.6326 0.2501 0.2583
HC [g] 0.6632 0.6418 0.4141 0.4154
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Finally, the resulting emission from all the sintelh vehicles are compared to the standard
emissions limits shown in Table 3. As describedoleefthe conventional vehicle presents
higher emission levels than the limits imposed @02, because the simulate engine data is
based on a model of a 2002 engine. Considerin@HteV model, the emissions presented an
expressive reduction. The CO emissions are 20.7dl@wbthe limit when using the standard
gear shifting strategy and 27.96% below when thdifiea strategy is employed. Analyzing
the NOx emissions, the PHEV outputted an outconmg ele@ser to the 2014 NOx maximum
limit when using the standard gear shifting stratdmit when the modified strategy is used the
result is 24% above the same limit. The worst oigtpuesented by the simulated vehicles are
related to the HC emission that oversteps the 2@ximum tolerances; the best obtained result
(PEH+ standard gearshift) is still 2.7 times higtiemn the 2014 restrictions. On the other hand,
the HC emission decreases 33.99% as compared tontientional vehicle results.

The same simulations were performed for the NBRA7T@2ving cycle that characterizes the
vehicle highway driving behavior. The results obéal for this cycle can be seen in Table 6. It
Is noticeable that the PHEV model presented anesspre reduction in the fuel consumption
(43.07%) and also a reduction in the engine emissiBince the NBR 7024 is no more adopted
as a standard to evaluate vehicle emissions, thdtsefor this cycle are only to perform
comparisons amongst the simulated vehicles andotdaarbe compared with the restrictions
established in Table 3.

Table 6 - Simulation results for the NBR 7024 diycycle.

Simulated Vehicles
Results Units . ConventionalH PHEV+
S Gear shifting = Gear shifting
Traveled Distance km 16.4616 16.4554 16.5225 16.5226
Fuel Consumption I 0.9138 0.9094 0.5188 0.5093
Consumption average | km/| 18.0154 18.0941 31.8470 32.4408
CO g/km 3.2275 3.2604 1.0142 0.9678
NOx g/km 0.1782 0.1928 0.055)D 0.0588
HC g/km 0.2659 0.2709 0.1561 0.1583
SoC T 63.67 63.69

Comparing the data from Table 4 with the outcomesfTable 6, it is possible to observe that
the same tendencies related to the engine fueluogutson and pollutant emissions are still
present for the cycle given by the NBR 7024. Thiy emception relies on the NOx emissions,
which increased by the selection of the modifiedrgghifting strategy, in opposition to what
happened for the NBR 6061.
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Figure 12 - Gear shifting strategies in the NBR4@#8ving cycle



Despite of that, the modified gear shifting strgtegows less influence in the NBR 7024 cycle
when compared to the results for the NBR 6601 cytles might be due to the fact that
highway driving cycles has a long path of high spe&h only a few gear shifts between the
top and the % gear transmission ratios, as could be observédgire 12. The effect of the
reduced number of gearshifts during the cycle dan be observed by the closer overall
travelled distance resulted from all simulations.

CONCLUSION

In this paper, it was studied the influence ofdhextric hybrid vehicle technology in the engine
fuel consumption and emissions. The effects ohgroved gear-shifting algorithm were also
evaluated. The engine operation regime (torquesageéd) is acquired from the simulation of
the vehicle longitudinal dynamics, and it provitles input data for the engine simulation based
on the ADVISORM engine model and its maps, which made possibledlailation of the
fuel consumption and emissions for a 1.0L engine.

The simulations were based on the Brazilian stahdaving cycles NBR 6601 and NBR 7024

and the results are compared with the regulatedssom standards. The PHEV simulation
shows an expressive improvement of the vehicle daesumption and also reductions in the
tailpipe emission. The use of an improved geartisgifalgorithm that reduces the fuel

consumption by anticipating the upshift, only présd improvements for some pollutant
emissions, depending on the simulated vehicle sold @xcerpt.

The PHEV fuel consumption improvement must be comated by estimating an equivalent
fuel consumption that compensates the cost of lderie energy used to charge the PHEV
battery. This equivalent fuel consumption must tdeal to the final engine consumption to
define the real gain of the PHEV as compared vinéhdonventional vehicle.

Finally, it is concluded that the employment ofctlie motors as an auxiliary propelling system
in the vehicle allowed the engine to spare fuelrdrucing its torque demand and, therefore,
allowing an anticipated upshift which moved theragien point to a lower consumption region.
By operating the engine at lower torque regime,RREV tailpipe emission are also reduced
even with the engine slower warming-up period. Dwuehis fact, the next step will be to
optimize the PHEV system and its gear shiftingtstia to find out the most adequate power
split between the combustion and electric powercas) which can minimize not only fuel
consumption, but also pollutant emissions and ganebusly the battery discharges.
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