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Abstract. Hybrid electric powertrains in automotive applications aim to improve emissions and fuel economy with respect
to conventional internal combustion engine vehicles. Variety of design scenarios need to be addressed in designing a hybrid
electric vehicle to achieve desired design objectives such as fuel consumption and exhaust gas emissions. The work in this
paper presents an analysis of the design objectives for an automobile powertrain with respect to different design scenarios,
i. e. target drive cycle and degree of hybridization. Toward these ends, four powertrain configuration models (i. e. internal
combustion engine, series, parallel and complex hybrid powertrain configurations) of a small vehicle (motorized three-
wheeler) are developed using Model Advisor software and simulated with varied drive cycles and degrees of hybridization.
Firstly, the impact of vehicle power control strategy and operational characteristics of the different powertrain configurations
are investigated with respect to exhaust gas emissions and fuel consumption. Secondly, the drive cycles are scaled according
to kinetic intensity and the relationship between fuel consumption and drive cycles is assessed. Thirdly, three fuel consump-
tion models are developed so that fuel consumption values for a real-world drive cycle may be predicted in regard to each
powertrain configuration. The results show that when compared with a conventional powertrain fuel consumption is lower
in hybrid vehicles. This work led to the surprisingly result showing higher CO emission levels with hybrid vehicles. Further-
more, fuel consumption of all four powertrains showed a strong correlation with kinetic intensity values of selected drive
cycles. It was found that with varied drive cycles the average fuel advantage for each was: series 23 %, parallel 21 %,
and complex hybrids 33 %, compared to an IC engine powertrain. The study reveals that performance of hybrid configurations
vary significantly with drive cycle and degree of hybridization. The paper also suggests future areas of study.
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pa3IuYHbIE BAPUAHTHI, YUUTHIBAs IIPH 3TOM PACXO0Jl TOILUTMBA U BHIOPOCH! BBIXJIOMHBIX ra3oB. B cTaThe mpeacTaBieH aHanu3
MPOEKTHPOBAHHS aBTOMOOMIBHON TPAaHCMHCCUH, PACCMOTPEHBI Pa3INUHbIe BAPUAHTHI M CUTYALMH, HAPUMED LEIEBOH LUKI
JBI)KCHHS M CTeleHb rubpuan3anuu. Paspaboransl 4eThipe MoAeIH KOHQUIYpalMH TPAHCMHUCCHH (IBUraTelb BHYTPEHHETO
CrOpaHusi, CepuiiHas, napamiesabHas U KOMIUICKCHAsE KOH(QUIypaluy rTHOPUAHOM TPAaHCMHUCCUM) U1l HEOOJIBILIOTO TPAHCIIOPT-
HOTO Cpe/ACTBA (MOTOPHM30BAHHBIM TPEXKOJECHBIH aBTOMOOWMIB) C HCIIOIB30BaHHEM IporpaMMHoro obecmeuenust Model
Advisor. IlepeuncieHnble KOHQUTYPAIMU TPAHCMUCCHH MOJIEIUPOBAINCH C PAa3IMYHBIMA [IUKIAMH JIBIDKCHHS U Pa3HOIl cTe-
NIeHbI0 THOpUAN3anuy. Bo-TepBEIX, BIUSHUE CTPATETHH YIPABICHAS MOIIHOCTHIO TPAHCIIOPTHOTO CPE/ICTBA M OKCILTyaTaI-
OHHBIX XapaKTePHCTHK BCEBO3MOXKHEIX KOHQUTYpanii TPAHCMICCHU HCCIIEAYETCSI Ha OCHOBE aHAJIN3a BEIOPOCOB BBHIXJIONHBIX
ra30B M PACXOJOB TOIUINBA. BO-BTOPBIX, IUKIIBI IBIDKCHHUS MacIITaOHPYIOTCS B COOTBETCTBHY ¢ KHHETHIECKOH HHTEHCHBHO-
CTBIO U OLICHHBAETCS B3aHMOCBS3b MEXIY PACXOIOM TOIUIMBA M IIMKJIAMH JBIDKCHUs. B-TpeThux, paspaboTaHsl Tpyu Moaenn
pacxojja TOIUTMBA, TaK YTO PAcXOJ TOIUIMBA JUII PEATBHOTO IMKJIA ABM)KEHUS MOXKET OBITh CIIPOTHO3MPOBAH B OTHOLICHHH
Ka)J01 KOHGUrypauuu TpaacMuccun. MceaeqoBanust mokasaiy, 4To 10 CPaBHEHUIO C 0OBIYHOM TpaHCMHCCHEN TOTpebaenne
TOIUTUBA MEHbIIIE y THOPUAHBIX TPAHCTIOPTHBIX CPeCTB. VICTIBITAHUS Jaay HEOXKHUIAHHBIN pe3ynbTaT: Gosee BEICOKHE YPOBHU
BbIOpocoB CO y rHOpUAHBIX TPAHCIOPTHHIX cpeAacTB. KpoMe TOro, pacxoa TOIUIMBA BCEX YETHIPEX TPAHCMUCCHUH YKa3bIBaeT
Ha CHUJIBHYIO KOPPENAIHIO CO 3HAYCHUSIMH KHHETUYECKOH MHTEHCHBHOCTH BBIODAHHBIX LHUKIIOB IBHXKEHHS. BBISBIEHO, 4TO
TP Pa3IMYHBIX HUKJIAX BOXKAEHHS B CPEJHEM IMPEANOYTEHHE M0 TOIUTHBY ISl KaKAOTO IMKNA cocTaBuio: 23 % — ans mo-
ClleIoBaTeNbHbIX, 21 % — ans napamnenbHsIX U 33 % — 11 KOMITJIEKCHBIX THOPUIOB B CPaBHEHHUH C TPAaHCMHCCHEH qBHUraTe-
TSI BHYTPEHHETO CTOpaHMs. DKCIIEPUMEHTHI MOKa3alli, YTO HPOU3BOAUTEIEHOCT THOPHIHBIX KOH(UIYpanuid BapbUpyeTcs
B 3aBHCHMOCTH OT IIMKJIa BOXKAEHHS M CTENEHU THOpHAn3anuy. B craTtbe ompeseneHbl NepCreKTHBHBIE HAPaBIeHHs HCCIe-
JIOBaHUU.

KitouyeBble ci10Ba: THOPHAHBIA 3JIEKTPOMOOMIb, paboTa TPAHCHOPTHOIO CPEJICTBA, BHIOPOCHI, IKOHOMHMS TOIUIMBA, IIHKII
BOXKICHUSI, CTEIICHb THOPUAN3ALIMH, MOICIMPOBAHUE TPAHCMHUCCHH, OOBIYHOE TPAHCIIOPTHOE CPE/ICTBO, TPEXKOJIECHOE TPaHC-
HOPTHOE CPEACTBO

Jas nurupoanusi: CpaBHEHHE Pacxo/ia TOIUIMBA M YPOBHS BEIOPOCOB MPH OOBIYHON U THOPUIHBIX KOHPHUTYPALUSIX TPaHC-
MHCCHH C y4eTOM IIMKJIOB IBIDKEHHA U cTeneHu rubpuauzanun / B. Y. Magnymare [u np.] // Hayka u mexuuxa. 2020. T. 19,
Ne 1. C. 20-33. https://doi.org/10.21122/2227-1031-2020-19-1-20-33

Introduction

Hybrid electric technology is of great interest
to users and manufacturers alike due to the tech-
nologies ability to reduce fleet fuel consumption
and emissions [1]. When designing a hybrid
powertrain system particular set of scenarios need
to be considered, and each of these scenarios di-
rectly affects the performance or design objectives
of the final vehicle design, e. g. fuel consumption,
emissions [2]. Solving the design problem of a hy-
brid vehicle implies, identifying the suitable design
parameters, that maximize the design objectives of
the vehicles for a given set of design scenarios.
Design parameters in a hybrid vehicle may be ca-
tegorized into three layers as topology, component
size and control strategy [3]. The present study
examines how the topology parameters in a hybrid
design affect the performance or design objectives
of a hybrid vehicle for varied design scenarios.

Design scenarios are the main set of decisions
considered by a design engineer or a researcher
when developing a hybrid powertrain, such as ve-
hicle type, vehicle application, drive cycle, degree
of hybridization and duty cycle. Design scenarios
set the roadmap for the development of the hybrid
vehicle.
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Present study examines design objectives under
three design scenarios: vehicle type, drive cycle
and degree of hybridization. Firstly, the vehicle
type, a motorized three-wheeler is used as the de-
veloping hybrid vehicle. Three-wheelers are a type
of vehicle that has three wheels in a Delta configu-
ration (1 front, 2 rear), powered by an internal
combustion engine. The current numbers of three-
wheelers globally are approximately 4.5 million.
According to WHO 2017 report, these vehicles
contribute to ground level ozone, particles in the
air and other types of pollution that impact human
health and welfare [4]. Secondly, the drive cycle,
range of drive cycles are used, representing high-
way, country and urban cycle characteristics.
Thirdly, degree of hybridization, three parallel
hybrid powertrains with varied hybridization
values are developed.

Design objectives for a hybrid vehicle design
are derived from the vehicle type (e. g. three-
wheeler, car, bus) and application (e. g. heavy-
duty, comfort, operation cost). In solving the de-
sign problem of a hybrid vehicle, the goal is to
maximize the design objectives by varying design
parameters [5]. This paper considers four design
objectives, i. e. fuel consumption, CO, HC and
NO, gas emissions.
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Nomenclature
Acronym
WHO World Health Organization
IC Internal Combustion
CG Center of Gravity
HWFET Highway Fuel Economy Test
CSHVC City Suburban Heavy Vehicle Cycle
CBD Central Business District
oCC Orange County Cycle
GPS Global Positioning System
SOC State Of Charge
DC Drive Cycle
Us United States
WLTP Worldwide harmonized Light vehicles Test

Procedure

Topology design parameters determine the
components and energy flow of the hybrid power-
train. The top layer of the topology parameters
is the powertrain configuration. Three types of hy-
brid powertrain configurations may be identified as
series, parallel and complex hybrid configurations.
Series hybrid configuration is an extension of the
electric powertrain by introducing an IC engine
in series to the vehicle powertrain. In the parallel
hybrid configuration, both engine and motor are
connected parallelly to the transmission. The com-
plex hybrid utilizes the best of both series and pa-
rallel configurations. By integrating an additional
linkage and a generator between the IC engine
and battery allows the complex hybrid to operate
as both a series and a parallel hybrid. All three
configurations harness from down-slope driving
and braking to recharge the battery [6].

Many studies have been carried on fuel con-
sumption and emissions of hybrid vehicles with
varied design scenarios [7-9]. Y. Huang et al. [1]
study fuel consumption and emissions of a con-
ventional and hybrid vehicle under real driving.
A. Ahmed in [10] examine emissions and fuel
economy of a parallel hybrid and a conven-
tional vehicle for varied drive cycles. M. Karaoglan
in [11] investigated the effect gear ratios (design
scenario) on emission and fuel consumption for
a parallel hybrid. However, a comprehensive study
investigating the effect on design objectives of hy-
brid vehicles with varied design scenarios is yet
to be concluded. Hence, present work investi-
gates how different hybrid configurations performs
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Variable
t Time
h Height
g Gravity
HA Hybrid Advantage
FC Fuel Consumption
EL Emission Level
H Degree of Hybridization
Pey Power of electric motor
Picg Power of engine
KI Kinetic Intensity
% Speed
a Characteristic acceleration
viem Square of aerodynamic speed
D Distance

compared to its counterpart conventional power-
train configuration (IC engine powertrain) with
varied drive cycles and hybridization values.

Contribution of this paper can be elucidated as
follows. First, the fuel consumption and emission
values are examined for series and parallel con-
figurations. Relationship between these factors
is examined with hybridization and drive cycle.
Next, fuel consumption of series hybrid, paral-
lel hybrid, complex hybrid and conventional con-
figurations under various drive cycles are exa-
mined. Thereafter, three fuel consumption models
to predict fuel economy of the hybrid configura-
tions are proposed. Models are tested with a real-
life drive cycle and accuracy of the models are
examined. Finally, Hybrid advantage of the three
hybrid configurations under varied drive cycles is
discussed.

Methodology

Simulation of the four powertrains (i. e. series,
parallel, complex hybrid and conventional power-
trains) with different drive cycle and hybridiza-
tion values are done using the MatLab/Simulink
based ADVISOR software environment. Advance
Vehicle Simulator (ADVISOR) was first deve-
loped in September 1994 by the US department
of energy’s National Renewable Energy Labora-
tory (NREL) [12]. The software was created in
support of the hybrid vehicle subcontracts with
the auto industry and the Department of Ener-
gy [13]. The number of public users of the software
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tool has grown since, with academics and industry
users alike [14].

Software is open-source and used offline. A lot
of users have contributed to libraries of ADVISOR
through new components and data. The robustness
of the model and relevance of the model with other
simulators are crucial for determining the authen-
ticity of the software. NREL has been making
agreements with universities to encompass more
accurate data for models [15].

The model used in the simulation is backwards-
looking. The drive cycle speed is traced by control-
ling the wvehicle speed using a driver model.
Torque, speed and power are propagated back-
wards from the wheels to the engine and battery.
All four configurations share a common driveline
(final drive, wheels and chassis).

Vehicle model

Vehicle model for the simulation of the present
study is defined with the characteristics of a moto-
rized three-wheeler, based on the BAJAJ RE 205cc
three-wheeler (Fig. 1) [16].

Fig. 1. BAJAJ RE 205cc motorized three-wheeler [17]

The main assumptions in modelling the four
powertrain models are as follows, the road-load
equations considered are for the longitudinal
movement of the vehicle; it is assumed that the
vehicle model is always capable to meet the power
demands of the drive-cycles; tire model assumes
a constant rolling resistance coefficient and a con-
stant tire radius; and the system vibrations are neg-
lected.

Road-load acting on the vehicle is modelled as
a representation of the force balance at the tire
patch. The classical equations of longitudinal ve-
hicle dynamics are considered, i. e. force equals

Hayka
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mass into acceleration, where among the forces are
rolling resistance, aecrodynamic drag, and the force
of gravity [16].

A common set of powertrain components were
chosen and scaled to meet the vehicle require-
ments. Engine, Motor and Battery of the power-
trains were modelled as quasi-static models (Fig. 2).
Data of powertrain components such as efficiency
maps, torque maps and model specifications are from
the ADVISOR software libraries (Tab. 1) [18].

Table 1
Specifications of the vehicle model

Coefficient of drag [16] 0.44
Frontal area 1.86 m*
CG height from ground 0.4 m
Wheelbase 2m
Rear track 1.3m
Wheel radius 0.2m
Glider mass (without propulsion) 280 kg
Final drive ratio [16] 0.24
Primary ratio [16] 0.88
Rolling resistance coefficient [16] 0.015

a
Engine Generator

0
\Y j Wheels
s>

b
Engine

>| Gearbox Wheels
Battery |[€- - >| Motor

c

Planetary

Engine | < I >| Gear Set
,>| Motor d Wheels

Battery | €~ - -------- >| Motor

Fig. 2. Hybrid configurations: a — series; b — parallel,
¢ — complex configurations

Battery model used is based on the test data
of the 12 V/6 Ah Saft Lithium-Ion battery. Number
of batteries were varied to match necessary vehicle
characteristics in each powertrain.
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Main characteristics of the mechanical compo-

nents are summarized in Tab. 2.
Table 2
Motor and engine characteristics

Peak
Component efficiency, % Remark

Gasoline, spark-ignited,
Geo Metro 1.0 L SI engine

Permanent magnet,
94 top speed 7500 RPM,

Engine 30

Traction

motor max torque 112 Nm
Permanent magnet,
Generator 84 top speed 5500 RPM,

max torque 55 Nm

The transmission used in the conventio-
nal powertrain is a 4-speed manual with gear ratios
7.4, 4.1, 2.7 and 1.8 (final and primary ratio in-
cluded). The gearbox of the parallel transmission is
modelled as a 4-speed automatic with the same
gear ratios. In series and complex hybrids same
final drive ratio was considered, primary drive ra-
tio (between the engine and generator) is consi-
dered as two. The planetary gearbox of the
complex hybrid powertrain is modelled similar
to a Toyota Camry/Prius power split device
with 30 teeth in sun gear and 78 in ring gear [8].

Additional electric load of 300 W was consi-
dered in the four vehicle models for the load
exerted by the accessories.

Control strategies of the four powertrain con-
figurations were taken from ADVISOR libraries,
hybrid control strategies are optimized for a small
car considering a single objective, i. e. fuel con-
sumption. Control strategy for the parallel hybrid
was implemented using the basic power assist con-
trol strategy of the ADVISOR software, series hy-
brid using the power follower control strategy
and complex hybrid with the Toyota Prius hybrid
1999 control strategy.

Vehicle sizing

For the four vehicle models to be comparable,
a set of requirements are pre-defined. Powertrain
components of the four vehicles are sized to meet
the said requirements. The vehicle requirements
are chosen based on the characteristics of a typical
motorized three-wheeler [16, 17, 19]. Vehicle re-
quirements are as follows [8].

e Perform the real world Malabe drive cycle
derived for a three-wheeler indefinitely (indefini-
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tely here means using fuel as the energy source
and, if applicable, operating any electric machine
at or below its maximum continuous torque).

e Reach 0-20 km/h in 6 s and 2040 km/h
in 10s.

e Reach a top speed greater than 65 km/h.

e Sustain 5 % grade at 35 km/h indefinitely.

Powertrain components for each powertrain
configuration differ due to the different power
source combinations.

To calculate the component sizes of the four
hybrid power trains. a sizing routing is carried out
through the automated sizing option available
in the ADVISOR software. All the powertrain
components are sized, the characteristic maps
of the powertrain components are linearly scaled to
match required power levels to achieve the defined
vehicle requirements. Firstly, Battery and electric
motors are sized for the acceleration and ma-
ximum speed characteristics, i. e. 0-20 km/h
in 6 s/(20—40) km/h in 10 s and top speed greater
than 65 km/h. Then the engine is sized to meet
the grade requirements. Then the vehicle is tested
for the Malabe drive cycle. If the vehicle failed
to trace the drive cycle, engine size is increased.
This routine is done for several iterations until
results converge. The characteristics of the sized
vehicles are summarized in Tab. 3. Each power-
train is developed with the same glider mass (Ve-
hicle mass without the propulsion system). How-
ever, the overall weight of each configuration
varies in comparison to the conventional power-
train due to the different powertrain component
combinations equipped in different configurations.

Table 3
Specifications of the four vehicle models
Parallel Com-
anven- Series | configuration | plex
Component tional configu- (degree confi-
configu-1" iion |of hybridization)| gura-
ration .
0.2]03] 04| tion
Engine max
power, kW 8 4 7 6 5 5
Traction motor
max power, kW - 5 2 3 4 3
Generator max
power, kW - 4 - - - 2
Battery, No
of modules - 15 5 6 7 12
Total weight, kg| 438 465 | 452|448 | 448 | 458
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Hybrid advantage

The degree of hybridization explains how much
the electric machine is involved in vehicle pro-
pulsion and it is defined as the ratio of the electric
motor power over the total power of the IC engine
and the electric motor, as shown in the following
equation

H=—Ttou__ (1)

PEM +BCE

Two examples in the extreme are the con-
ventional vehicle with the hybridization value
of 0 and a full electric vehicle with a hybridization
value of 1.

Drive cycles

Several standard drive cycles are chosen for the
simulation with a range of kinetic intensity values,
representing urban, country and highway driving
characteristics. Due to the low-performance cha-
racteristics of the motorized three-wheeler, stan-
dard drive cycles are modified by linearly sca-
ling down. Five standard drive cycles are used, i. e.
Cons (Constant drive cycle), HWFET (EPA High-
way Fuel Economy Test), CSHVC (City Suburban
Heavy Vehicle Cycle), CBD (Central Business
District Segment) and OCC (Orange County
Transit Bus Cycle) [20]. Cons, HWFET to repre-
sent highway conditions, CSHVC to represent
suburban country conditions and OBD, OCC to
represent urban driving conditions.

The real-world “Malabe” drive cycle represents
an unknown drive cycle. Drive cycle data was
found by driving a real-world motorized three-
wheeler in local roads. The exact route followed
is represented in Fig. 3. The speed and time data

represented in Fig. 4 were recorded using the
GPS Module NEO-6M. It should be noted that this
drive cycle only represents the driving characteris-
tics of the route represented. Tab. 4 summaries
the characteristics of the used drive cycles.

Chandrika Blan I\START

Kumarathunga Mawatha

3a Wemd

164 New Kandy Road
WIJAYABA

Fig. 3. Malabe drive cycle route (New Kandy road —
Waliwita road — Chandrika Kumaratunga road)

L e
th & th

Speed, km/h
[ e S I S LT
th O bh O Lh O

]

0 200 400 600 800
Time, s

Fig. 4. Malabe drive cycle speed profile
(from a real-world driven motorized three-wheeler)

Table 4
Characteristics of the drive cycles
Cons HWFET Malabe CSHVC CBD OCC
(modified) (modified) (real world) (modified) (modified) (modified)
Kinetic intensity, 1/km 0.065 0.275 1.33 1.8 2.52 4.45
Duration, s 360 765 800 1700 850 1900
Distance, km 4 8 5.13 6.5 4 5
Max speed, km/h 40 50 40 40 30 30
Average speed, km/h 40 39 25 14 15 10
Max acceleration, my/s> 0 0.71 0.51 0.7 0.36 0.91
Max deceleration, m/s’ 0 -0.73 -1.4 -1.06 -0.63 -1.15
Average acceleration, m/s’ 0 0.1 0.07 0.24 0.29 0.23
Average deceleration, m/s> 0 —0.11 -0.09 -0.29 -0.56 —0.32
Idle time, s 0 6 1 397 159 407
Hayka 25
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Kinetic intensity

Kinetic intensity metrics introduced by
O’Keefe et al. is used to analytically characterize
drive cycles [7]. Kinetic intensity relates well with
the inherent qualities of a hybrid vehicle such as
energy harvesting from brake energy. An apparent
relationship between fuel usage of a hybrid as well
as a conventional vehicle exists for cases where
idle fuel usage and vocational loads are small
compared to the fuel usage consumed to meet the
road load. Kinetic intensity is derived from charac-
teristic acceleration and aerodynamic speed, based
on basic road load equations [21]

KI

_ Characteristic acceleration )

Aerodynamic speed?

Characteristic acceleration (&) and the square of
aerodynamic speed (v2 ) can be calculated for an

aero

entire drive cycle as follows:

N-1
L. (1
z:posztlve(z(vf+1 - vjz.)+g(hj+1 —h, )j
= _ =l - (3
a= >
5 3)
N-1
3
Vi AL
2 _J=l . 4
v, =—
aero D ( )

g‘jpositive(;(vf+1 - vf ) + g(hj+1 —h, )j

KI =22 .(5)

N-1

3
DV A

Jj=1

Present study uses the kinetic intensity metrics
to characterize the drive cycles assuming that idle
and vocational load fuel consumption is negligible
compared to the fuel consumed for the road load.

Simulation results and discussion

A two-fold approach is followed to assess the
effect of design scenarios on traditional hybrid
configurations in terms of design objectives. Firstly,
the impact of drive cycles and hybridization is as-
sessed in regard to fuel consumption and vehicle
emissions for three different powertrain configura-
tions. Secondly, the fuel consumption of four dif-
ferent powertrain configurations is investigated
with five drive cycles.

Powertrain models are developed with simi-
lar characteristics, thus operational behaviour may
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be compared. Four powertrain configurations
(i. e. series, parallel, complex and conventional)
are modelled with the same vehicle characteristics,
powertrain components and drive cycle, elimina-
ting the effect of vehicle configuration, driving
behaviour and initial conditions from the perfor-
mance comparison. In general, motorized three-
wheelers in the consumer market are not equipped
with any emission control technology. Hence,
powertrains were modelled without an emission
control technology such as a catalytic converter
to represent the actual characteristics of a moto-
rized three-wheeler.

Vehicle emissions and fuel consumption

Generally, a hybrid vehicle is designed with the
design objective as either fuel consumption or ve-
hicle emission levels. In some cases, both factors
are considered, approaching the design problem
with multiple objectives. Solving the design of
a hybrid is complex, with two objectives. Under-
standing the behaviour of emissions and fuel rate
with operational characteristics of the engine
simplifies the design problem. In general, literature
considers the fuel consumption as the sole design
objective, assuming fuel consumption level as an
adequate comparator for emission levels.

Present work assesses the fuel consumption rate
and emission gases: CO, NO, and HC rates with
series hybrid, parallel hybrid and conventional
powertrains. Moreover, Parallel configuration
is further investigated with three different degrees
of hybridization. The effect of drive cycle and hy-
bridization on fuel consumption and emissions un-
der different powertrain configurations is examined.

Fig. 5, 6 compare the fuel consumption values
and emission values of series and parallel confi-
gurations against a conventional powertrain.
The three powertrain configurations are simulated
on the modified HWFET drive cycle.

Fig. 5 compares the fuel consumption, CO, HC
and NO, emissions for the three vehicle configura-
tions. Fig. 6 compares the hybrid advantage in each
hybrid vehicle design compared to the conven-
tional powertrain using the following relationship

A:FC or EL.pp.,, —FC or EL

o100 %. (6)
FC or EL.

Conv
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Fig. 5, 6 indicate even though a reduction in
fuel consumption may be expected in a hybrid ve-
hicle, a reduction of emissions cannot be expected
conclusively. Series and parallel configurations
show a clear advantage in fuel consumption com-
pared to conventional powertrain with 24 % fuel
saving with series and 18 % fuel saving with the
parallel configurations. Though, in terms of emis-
sion levels only HC and NO, levels has a hybrid
advantage. Both configurations show surprisingly
higher CO emission levels with a 175 % increase
with series configuration and a 183 % increase
with parallel configuration compared to the con-
ventional powertrain. However, results reinforce
the findings from [1], Yuhan Huang et al. investi-
gates the emission levels with a real-world hybrid
car and a conventional car using a portable emis-
sions measurement system. Similar to the present
study, consistently higher CO emissions were ob-
served with the hybrid vehicle.
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Higher emission levels may be caused by the
following two reasons. Firstly, the engine opera-
ting conditions. Engine operation conditions are
different with a hybrid vehicle compared to a con-
ventional vehicle. The higher amount of engine on
and off frequency and higher engine power fluc-
tuations may be a contribution for the increased
emissions. Secondly, more power is required of
a hybrid configuration due to the higher weight
of the vehicle from the relatively smaller IC en-
gine, with the engine of series 50 % and paral-
lel 25 % smaller than the size of the convention
vehicle. In order to understand the effect of engine
operation and power requirement with the drive
cycle and the effect on fuel consumption and emis-
sion levels, through Fig. 5—7 fuel rate and emission
rate is investigated.

Fig. 7 compares the fuel consumption rate
of the IC engine against CO emission rates, Fig. 8
against HC and Fig. 9 against NO, emission rates
for series, parallel and conventional powertrains
under 100-425 s of the modified HWFET drive
cycle. To understand the effect of engine operation
in response to the drive cycle, the fuel rate and
emission rates are plotted against the drive cycle
(as km/h) after scaling, so that drive cycle charac-
teristics can be shown against other parameters.
Energy management strategy dictates the operation
characteristics of the engine. Battery State of Charge
minimum (SOC min.) point indicated is the mini-
mum SOC level allowed. After this point, the power
management strategy increases the power of IC en-
gine to accelerate recharging of the battery.

Results from Fig. 7 indicate the fuel rate of se-
ries and parallel powertrains are relatively low
compared to a conventional powertrain. With the
series configuration, before SOC min. point indi-
cated CO levels are lower, however after the SOC
min. point power of the engine will be increased
considerably by the power management strategy.
Thus, increasing the CO emission rate. With the
parallel configuration, the fuel rate indicates
a higher fluctuation of the engine operation points
than the conventional powertrain and a resulting
increase in CO emissions. Similar to the series
powertrain, after the SOC min point engine power
is increased in the parallel hybrid resulting an in-
crease in CO emission levels.

27



Mamepuanot 16-20 Egponeiickozo agmomoduibHozo Konzpecca

gfs
o O
[ =N

Fuel rate /

CO emissions

""-P\"-n..-n-p "‘-'“‘"\..I-"

0 [)
100 200 300 400
Time, s

b

R
[T RPN
*e

B
ey

Fuel rate /
CO emissions, g/s

e
_

Battery SOC min

o'=
100 200 300 400
Time, s
c
0.6
0.5 -
s £ 04, : SO
® .8 S .
Fg] .. o e, P
= 0.3 kS ; o
2 g
“‘S 0.2 7
© 01 I Battery SOijn\
()...__! __________________ \_‘ i
100 200 300 400

Time, s
«sssese —km/h, scaled

——— — fuel rate, g/s

Fig. 7. Fuel rate against CO emissions:
a — conventional; b — parallel; ¢ — series

Even though CO emissions are increased, NO,
and HC emissions are lower compared to the con-
ventional powertrain. HC and NO, levels for the
drive cycle are respectively 32 % and 61 % lower
with series hybrid and 13 % and 59 % lower with
the parallel hybrid. Both hybrids significantly re-
duced NO, emission levels. With HC emissions,
the series hybrid has the highest advantage, which
may be caused due to the stable operation of the
series IC engine compared to the parallel hybrid.
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Fuel rate of the parallel hybrid indicates that with
fluctuating engine operation, higher HC emissions
are resulted compared to a series hybrid.
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Similar to powertrain configuration, hybridiza-
tion affects the fuel consumption and emission le-
vels for a hybrid vehicle. Fig. 10 indicate the fuel
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consumption and emission levels of CO, NO, and
HC for three parallel hybrid powertrains with
varying degrees of hybridization against a conven-
tional powertrain. Four powertrains, i. e. conven-
tional, parallel (0.2), parallel (0.3) and parallel (0.4)
are simulated on the modified HWFET drive cycle.
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Results indicate, although fuel consumption is
decreased with hybridization, CO emissions have
increased significantly. Note that a catalytic con-
verter is not modelled in the simulation. All three
parallel configurations showed a significant hybrid
advantage in fuel consumption with P (0.4)
with 32 %, P (0.3) with 18 % and P (0.2) with
12 %. However, CO emissions increased by 88,
183 and 479 % in P (0.2), P (0.3) and P (0.4) re-
spectively. This may be due to the power demand
from the engine. Higher the hybridization, smaller
the IC engine in a parallel hybrid. The power de-
mand of the vehicle is approximately constant
while the IC engine is sized smaller. Thus, increa-
sing the power demand from the engine. Results
reinforce the previous hypothesis; CO emissions
increase may be caused by the higher power de-
mand requested from a relative smaller engine.

Effect of drive cycle, hybridization and power-
train configuration on fuel consumption and emis-
sion levels is a complex relationship. Amount
of data is inadequate to conclusively state that, CO
emissions increases in a hybrid vehicle compared
to its counterpart conventional vehicle due to the
engine operation strategy and power demand.
However, present study clearly shows that a reduc-
tion in fuel rate cannot be taken as an indicator for
a reduction in emission levels for a hybrid vehicle.

Fuel consumption and drive cycle

A drive cycle provides a concise, repeatable
sequence of vehicle operation over a time pe-
riod [7]. A general drive cycle consists of second
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by second values of speed, some literature includes
elevation and time-based information of the ve-
hicle as well [7]. Drive cycles are valuable for
the design process, as cycle data may be used to
understand the vehicle behaviour in a target appli-
cation. Depending on the target application (drive
conditions) fuel characteristics of different hybrid
powertrain configurations may vary conside-
rably [3]. Present study examines the effect of
drive cycle characteristics on the fuel consumption
for different hybrids (i. e. series, parallel and com-
plex hybrids) against its conventional counterpart.

The wide range of drive cycles makes the ana-
lysis a challenge. Most well-known characteriza-
tion of drive cycle is by urban, country and high-
way. However, this assessment is highly objective
as the route and the drive conditions are highly
varying with vehicle uses and their lifestyle. Hence
in order to understand the effect of the drive cycle
on the energy usage of a hybrid, an analytical cha-
racterization of drive cycle is necessary. To better
assess the drive cycles, the kinetic intensity may be
defined using two-cycle metrics based on the road
load equation: aerodynamic speed and characteris-
tic acceleration [7]. Present study uses kinetic in-
tensity to characterize drive cycles, and the fuel
consumption is assessed against the kinetic inten-
sity of the drive cycles.

Fig. 11 represent fuel consumption against ki-
netic intensity for the developed four powertrains,
1. e. series, parallel, complex hybrid and conven-
tional powertrains. Five standard drive cycled are
analyzed for kinetic intensity. Fuel consumption
values for the five drive cycles are plotted against
kinetic intensity values of the drive cycles. Results
show that with varied drive cycles; series, paral-
lel and complex hybrids have an average fuel
advantage of 23, 21 and 33 % compared to an IC
engine powertrain. Moreover, the trendline for
the five drive cycles are plotted, and linear regres-
sion value is calculated for the trendlines.

Strong linearity is present with all four power-
trains in terms of fuel consumption and kinetic in-
tensity values of the drive cycle. Thus, linear trend-
line may be used to analyze overall fuel consump-
tion behaviour in different hybrid configurations
and predict fuel consumption values for unknown
drive cycles. A uniformly strong linear correla-
tion (R* values <0.9) is evident between cycle ki-
netic intensity values and the simulated fuel con-
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sumption values. However, it must be noted that
data is insufficient to accurately examine and pre-
dict fuel consumption in hybrid vehicles.
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Fig. 11. Fuel consumption against drive cycles
(scaled by KI factor) for conventional and hybrid powertrains

A methodology to predict hybrid fuel saving
in an application is highly informative. However,
finding fuel consumption values through simula-
tion or by experimentation is a complex and te-
dious task that requires expert knowledge. The pre-
sent study proposes the best fit linear curves of the
three hybrids be adopted as fuel consumption
models to approximately predict fuel consumption
for an unknown drive cycle.

Proposed fuel consumption models are tested
with a real-world drive cycle in Fig. 12. Three power-
trains are simulated with the “Malabe” drive cycle.
The “Malabe DC” points represent fuel consumption
values from the simulation for the three hybrids.
These points are compared with the predicted fuel
consumption from the three hybrid fuel consump-
tion models. Models predicted the fuel consumption
values for the series, parallel and complex hybrids
with 7, 12 and 7 % error percentages respectively.
Tab. 5 summaries the predicted fuel consumption
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values by the best fit curve of Fig. 10 and actual
fuel consumption values from the developed power-
train models in MatLab/Simulink ADVISOR.
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Fig. 12. Actual (simulation results from ADVISOR)
and predicted (linear best fit curves) fuel consumption (FC)
for the Malabe drive cycle of the three hybrid configurations

Table 5
Predicted and actual fuel consumption
for the Malabe drive cycle
Predicted FC | Actual FC Error
(17100 km) | (/100 km) | percentage, %
Series hybrid 3.0 3.3 7
Parallel hybrid 3.1 3.6 12
Complex hybrid 2.6 2.9 7

Results from Fig. 12 indicate that the appro-
ximate fuel consumption values can be pre-
dicted with reasonable accuracy (error percen-
tages <12 %) using the proposed models. Only
the parallel hybrid fuel consumption model shows
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a higher percentage level than 10 %. Both series
and parallel hybrid models are able to predict wi-
thin a 7 % error percentage.

The study proposes that fuel consumption le-
vels with kinetic intensity metric can be used to
predict approximately how a series, parallel and
complex hybrid perform in an unknown drive
cycle in terms of fuel consumption. However, fur-
ther real-world drive cycle data is necessary to
conclusively state hybrid models are capable of pre-
dicting fuel consumption values for any unknown
drive cycle.

Fig. 13 represent the hybrid advantage of the
three hybrid configurations against kinetic inten-
sity. The hybrid advantage is the percentage reduc-
tion in fuel consumption of a hybrid vehicle over
a conventional vehicle, calculated by equation (6).
Hybrid advantage of each hybrid for different drive
cycles are a good metrics to determine the perfor-
mance characteristics of each vehicle. Hybrid ad-
vantage and kinetic intensity values were found for
the same five standard drive cycles. The best fit
line for the three data sets are plotted and linear
regression values are calculated for each data set.
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Fig. 13. Hybrid advantage of hybrid configurations
against the kinetic intensity
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While the linear correlation between the hybrid
advantage and kinetic intensity of the drive cycles
are weaker compared to fuel consumption and ki-
netic intensity, a linear correlation exists with R
values less than 0.65. Both complex and paral-
lel hybrid has a linear regression value higher
than 0.7. Trendline of all three hybrids is with
a positive gradient as expected. Parallel hybrid
has the highest gradient with a value of 0.054.
Both series and complex have a gradient of 0.0254
and 0.0365. The kinetic intensity is a good repre-
sentation of brake energy in a drive cycle, the
study proposes that gradients of the three graphs
may be used as an indication of the ratio between
the brake energy harnessed out of the available
energy of a hybrid.

CONCLUSIONS

1. Simulation of four powertrains (i. e. series,
parallel, complex hybrid and conventional power-
train configurations) was carried out in MatLab/
Simulink ADVISOR environment. This paper
assesses the emissions and fuel consumption of
hybrid configurations under varied hybridization
values and drive cycles.

2. The analysis of emissions independent of the
fuel consumption showed that even though both
series and parallel hybrids showed a decrease
of fuel consumption by 24 and 18 % respectively,
CO emissions increased significantly in both hy-
brid vehicles (series 175 % and parallel 183 %).
Similarly, with higher hybridization values fuel
consumption have decreased and CO emission
has increased. Note that a catalytic converter is not
modelled in the simulation. Results of the study
elucidate that a decrease in fuel economy is not an
accurate comparator to predict the emission levels.
In some instances, while fuel consumption is de-
creased, emission levels can be higher than a con-
ventional powertrain.

3. When fuel consumption is assessed with ki-
netic intensity, a strong correlation was seen for
both hybrid and conventional powertrains. More-
over, the proposed fuel consumption models were
able to predict the fuel economy of an unknown
drive cycle within an error percentage of 12 %.
Results show that models can be used to predict
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the fuel consumption of an unknown drive cycle to
an approximate value.

4. Present work reveals, for a particular light
vehicle, the fuel and emission performance of hy-
brid configurations significantly vary with dif-
ferent drive cycles and degrees of hybridization.
The study considered many variables and the fol-
lowing points were not included, but could be ad-
dressed in future research papers. First, the control
strategy used for the complex hybrid powertrain
was taken from the Toyota Prius 1999 and efforts
to obtain a later version need to be investigated to
assess any improvements. Secondly, the con-
trol strategies of the three hybrid configurations
are optimized for a small car considering a single
objective, i. e. fuel consumption. Other objectives
or vehicle types could be considered to assess their
impact. Thirdly, the study focusses on CO, HC,
and NO, emissions. The globally important CO,
emission levels should be planned for the next
evaluation. Finally, the WLTP (Worldwide harmo-
nized Light vehicles Test Procedure) could be rea-
lized in a future drive cycle assessment.
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