POLITECNICO di TORINO

| Facolta di Ingegneria
Dipartimento Energia

DISSERTATIOINOR THE
DEGREBFDOCTORFSCIENCE

A COMPREHENSIVE METHODOLOGY for the OPTIMIZATION of
the OPERATING STRATEGY of HYBRID ELECTRIC VEHICLES

Ing. Edoardo Pietro Morra

Tutors: Prof. Ezio Spessa (Politecnico di Torino)
PhD.Ing. Alberto Vassallo (GMPH)

April 2012






Tomy family, the support without which | couldaveneversucceeded






SUMMARY

The sustainable exploitation of energy and reduction ofollutant emissions are main
concerns in our society. Driven by more stringent international standards, automobile
manufacturers are developing new technologies such as the Hybrid Electric Vehicles (HEV$)ese
innovative systemscombine the main benefits of traditional Internal Combustion Engines (ICEs)
with those of Battery Electric Vehicles (BEVsyvhile overcomingtheir main drawbacks.

HEVs caroffer significant improvements in the efficiency of the propulsion system, but they
also lead to higher comfexities in the design and in the controlln order to exploit all the expected
advantages, a dedicated optimization of the Hybrid Operating Strategy (HOS) is requiréal.this
framework, simulation plays a key role in identifying the opimal HOS where the primary design
targets are the fuel economy, emission reduction and improvement in the vehicle performance
(including acceleration, drivingrange, operational flexibility and noise).

With such a perspectivea simulation study was performed involving the implementation, in
Matlab environment, of zero-dimensional modek of a Series Hybrid Electric Vehicle (SHEV) and a
Parallel Hybrid Electric Vehicle (PHEV)Asfar as the hybrid operating strategy is concerned, three
different approaches were investigated

U A novelBenchmarkOptimizer (BO), that determines the best possible operating strategy for the
selected targetmission profile and powertrain design. The single solution is characterized by a
vector, in which every scalarindependently defines the mechanical power of the electric
machine, for the PHEVpr the engine speed, for the SHE\at each time step of the selected
driving cycle

U A real-time optimizer based on theMinimization of the Total system Loss€ELM). It involves a
vector-approach, in order to select, at each time step the power split that guarantees the
minimum system losseslt requires a reduced number of calibration parametersand, therefore,
is computationally fast and adequate to work in realvorld applications. Based on this
technique, two different methodologies concerning the engine componentare considered the
Total engine losse€TLM TOT and the Recoverablgwith respect to the optimal operating poini)
engine losse€TLM RE(

U Areal-time optimizerbased onthe Total Load Switch Thresholddt switches the operating mode
depending on the load and speed signals. It involves a scakgsproach and requires a reduced



number of calibration parameters. Itis by far the methodthat requires the leastcomputational
effort

In all the three cases, the numerical optimizer is based daenetic Algorithm (GA)echniques GAs
are inspired by the mechanism of natural selection, in whicbetter individuals are likely to be the
winners in a competing environment. It is a statistical approach able to solve optimization
problems whose objective function is norcontinuous, nondifferentiable, stochastic and highly
non-linear.

The study analyses the optimization of the welto-wheel CQ emissions of a Parallel and a
Series Hyorid Electric Vehicles along the New European Driving Cycle (NEDCand the Artemis
Driving Cycleswithin the following case setup:

Hybrid Architecture Engine Plug-In Feature
with
Compression Ignition
without
Parallel
with
Spark Ignition
without
with
Compression Ignition
without
Series
with
Spark Ignition
without

In the case of the onlycompression ignition engine, also NQ emissions were considered as
optimization criteria alongthe NEDC

After a short introduction related to the automotive industry environmental impact (Chapter
1) and aoverview of the Hybrid Electric Vehicle technologyChapter 2, Chapter 31 deals with a
detailed description of the methodologyregarding the hybrid powertrain modelling in Matlab
environment (Chapter 3.). Afterwards, Chapter 32 shows a comprehensive overview of the
Cenetic Algorithm based methodsand three adopted Hybrid Operating Strategies.

Chapter 41 and Chapter 4.2oresent the main results achievedespectively with the parallel
and the series hybrid architectures First, the benchmark optimization resultsare shown in order to
define the potentiality of the considered powertrain. Both the time histories of the maircontrolled
parameters and the overall target performance ar@analyzed Afterwards, the study focuseson the
comparison betweenthe real time optimizers and the benchmark, analysing the potentialitieof the
Total Losses Minimization and the Total Loa®witch Threshold techniques, by means o Gystem
overviewd Once more both time histories and global parameters are provided as main indicatarof
the HOS performance.
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Chapter 43 shows a case study o paralleFhybrid diesel powertrain featuring a high-voltage
Belt Alternator Starter (BAS) that was realized within a research project in collaboration with
GMPTE (Torino). As a distinguish feature of this application, alsahe combustion noise of the
engine has been optimized with respect tdhe requirements of GMPTFE. This is a noteworthy
feature of the Mnimization of Total Losses algorithmthat shows its potentiality in optimizing not-
globaltargets.

Finally, Chapter 4 draws the main conclusions of this study, showing thenovelties of the
proposedmethodology and suggesing further improvements.
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1. Introduction

1. INTRODUCTION

The development ofroad transportation vehicles, featured by Internal Combustion Engines
(ICEs), represents one of thggreatest success othe modern engineering A present, there are over
600 million passenger cars worldwideand their number is continuing to grow (Fig.1.1) ([1,2]).
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Figure 1.1 - Passenger light-duty vehicle sales by type ([1])

However, the deterioration of the air quality, global warming and depletion of petroleum
resources are becomingsevere threats for the road transportation. In the meanwhile, more
rigorous emissions standardsand higher oil prices are stimulating the development ofcleanerand
more efficient vehicles.

Hybrid Electric Vehicles (HEV) and Ectric Vehicles (EV - that do not directly consume oi),
represent most solutions for the foreseeable future In the so called New Policies Scenario
prospected by the International Energy Agency[l]), electrified vehicles (i.e. HEVs and EVs)
collectively account for 6% of new passeger vehicle sales by 2020 and 19% by 20353-(g.1.1).
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1.1 The environmental impact of the transportation sector

1.1 The environmental impact of the transportation sector

In the last decades, research and development activities hawdriven the transportation
sector to highefficiency and clean technologies Three are the main environment concens
associatedto the traditional road transportation:

1. exploitation of not renewable energies
2. production and releaseof greenhouse gases
3. production and release ofemissions

Petroleum and its derivatesrepresent the major energy sourceof today society. They result
from the long-term decomposition of living matters imprisoned in geologically stable layers
therefore they are not-renewable. Their availability depends on the discovery ofnew reserves and
the cumulative consumption: maintaining current trends, the world oil reserve will be exhaustedby
2040 ([3]). Regarding the transportation sector, it is the primary sector in the petroleum
consumption and in the next future, it will continue to drive the growth in globaloil demand.

20

|| Il Transportation
B Power generation
AN Industry

| B8 Buildings l

=
(o]
|

=
N

Energy demand [Gtoe€]
(e}

IS

| =

1990 2008 2015 2020 2025 2030 2035
Time[y]

Figure 1.2 z Global energy demand by sector ([2])

Primary oil consumption share of the automobile sectomwill rise from the current 54 % up to
about 60% in 2035 ([2]), increasing of 1.3 % per year in2008-2035 (Fig. 1.2) ([1]). This trend is a
sharp decline in the rate of growth and is consequence of thadopted measuredor the improving
the vehicle fuel economyThe growth in the oil consumption will come from the non-OECD regions
and inter-regional bunkers, while transport energy demandwill decline slightly in the OECDIt
should be underlined that, gven the limitations on further improving the efficiency of conventional
vehicles, the rate by which new vehicle technologies penetrate the car matkwill have a major
impact on the oil demand. The main factor that will affect this change arehte pump price of oil
based fuels and technological advances in alternative vehicle technologies to lower their cost and
improve their operational performance.
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1. Introduction

Concerningglobal warming,it EO A OAOOI O 1T £ OEA OCOAAT EIT OOA |
of carbon dioxide and othergreenhousegases in the atmosphere. An increaseshrth temperature
results in major ecological damages to its ecosystemshe International Energy Agencyestimates
that 22 % of all CQ emissions stem from the transport sectorand, in particular, 16 % from the
road transport ([1]). Figure 1.3showsthe likely increaseofthe OOAT OBPT OO0 GBMAA 08 O O
to 24 % in 1990-2035. The main reasorfor this increaseis the higher cost ofreducing green-house
gasemissions than in most other sectors.
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Figure 1.3 7 CQ emissions share of the transport sector ([ 2])

In addition to carbon dioxide, other emissions (CO, CH NQ, N.O, heavy metals, particulate
matter, etc) of the transport sector affects air, water and soil quality At present, the majority of the
vehicles relies on the combustion of hydrocarbon fuels.Their ideal combustion vyields only to
carbon dioxide and water,not directly dangerous to theenvironment. However, in a real reaction,
the gaseousproducts also consistof nitrogen oxides (NQ), carbon monoxides (CO), unburned HCs
and particulate matter, all of whichare toxic tothe human health ([4,5]).
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1.2 The EU legislation framework for passenger cars

1.2 The EUlegislation framework for passenger cars

In almost all countries with high motorization levels, themotor vehicle pollutant emissionare
restricted by legislation limits. Starting in 1992 the New European Driving Cycle(NEDC)was
adopted in the European Unionregulation to capture the transient operation of motor vehicles
during the testing of exhaust gas emissio({6]). The New European Driving Cycle (NEDC) is applied
in laboratory chassis dynamometes, is based on traffic data from European capitals (Paris and
Rome) and tries to characterize typical driving conditions that consist of complex series of
accelerations, decelerations andehicle stops.It is characterizedby a cold-start procedure: before
the test, the vehicleis soak for at least 6 hours at a test temperature of 280°C. Then, test
procedureis started and the emissionevaluation begins at the same time.

Beginning with the cold start, the first urban part (ECEz European Test Cycle) is run four
times; afterwards, an extra-urban section (EUDCz Extra Urban Driving Cycle) is caried out once
(Fig. 1.4). Duringthe NEDCthe exhaust gases of the vehicle are diluted armdsample is collected in
a bag (7]).
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Figure 1.4 z New European Driving Cycle (NEDC)

Regarding the greenhouse gass (GHG), the European Commission has signed voluntary
agreements (1998-1999) with the automotive industry for their reduction. These agreements
define the fleet-average C®@ emission targets for new cars sold in the European Union, to be
reached collectivelyby the associationmembers.In particular, the new legislation will set binding
emissions targets to ensure an avege of 130 [goZkm ] from the new passenger car fleetA further
emission reduction of 10 [gcoZkm], will be provided by complimentary measures, such aliofuels,
tire pressure monitoring, gear shift indication and activeactions that enable the driverto optimize
the fuel economy. Manufacturers who miss the average gtargets will be subject to fines.

Concerning the control ofpollutant emissions, the European Unionhas introduced common
requirements for motor vehicles (the scAAT 1 AA O%OOT 6 OOAT limksthAv®ieen 4 EAOA
defined through a seriesof directives staging increasingly stringent requirements. Currently,
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1. Introduction

emissions ofnitrogen oxides (NQ,), total hydrocarbon (THC),non-methane hydrocarbons(NMHC),
carbon monoxide (CO) andparticulate matter (PM) are regulated for mostvehicle types Their
compliance is determined by running theengine along the New European Driving Cycleand is a
necessary conditionfor the EU market. The emissions standards for the only M1 categorare
briefly summarizedin Tab. 1.1 (i.e. vehicles for the carriage of passengers andith no more than
eight seatsin addition to the driver).

Table 1.1 z EU emission standards for passenger cars (category M1) [g/km]

Date (6{0) HC HC+NO, NO PM
Diesel
Euro 1 1992.07 2.72 - 0.97 - 0.14
Euro 2, IDI 1996.01 1 - 0.7 - 0.08
Euro 2 DI 1996.01 130 - 0.9 - 0.1
Euro 3 2000.01 0.64 - 0.56 0.5 0.05
Euro 4 2005.01 0.5 - 0.3 0.25 0.025
Euro 5 2009.09 0.5 - 0.23 0.18 0.05
Euro 6 2014.09 0.5 - 0.17 0.08 0.005
Gasoline

Euro 1 1992.07 2.72 - 0.97 - -
Euro 2 1996.01 2.2 - 0.5 - -
Euro 3 2000.01 2.3 0.2 - 0.15 -
Euro 4 2005.01 1 0.1 - 0.08 -
Euro 5 2009.09 1 0.1 - 0.06 0.005
Euro 6 2014.09 1 0.1 - 0.06 0.005
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1.2 The EU legislation framework for passenger cars
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2. Technological background

2. TECHNOLOGICAL BACKGROND

The concept ofHybrid Electric Vehicles dates back téhe last years of the XIX centuryAt that
time, the engineering ofInternal Combustion Ehgines was less advanced tharthat of electric
motors. Therefore, electric componentswere required in order to assist the ICE ando provide the
vehicles acceptable performancg][8]).

Today, conventional vehicles (featured by ICE9 provide good perfamance and long
operating range. The energy source ipetroleum fuel, characterized byhigh energy density. Their
drawbacksare the environmental pollution and poor fuel economyThis lastis mainly due to([8]):

U the mismatch of engine efficiency characteristics with the redife operating requirements
U the dissipation of vehicle kinetic enegy during braking
U theinadequacy instop-and-go driving patterns

Battery Electric Vehicles(BEVs) are characterized byhigher powertrain efficiency and zero
local environmental pollution. As drawback their operating range is far less competitivethen
traditional vehicle one, due to thelow energy densityof the electro-energy storage systems

Hybrid Electric Vehicles (HEVS) combine the advantages of bothtraditional and electric
vehicles. They usually couple an ICE with one or more Electric Machines. The resulting overall
efficiencyis improved with respect to conventional vehicledy some main featureq[9]):

1. enginedownsizing and downspeeding

2. recuperation of the kinetic and potential energy during braking phases(regenerative
braking)

3. ICEswitch-off during standstill, to avoid idling fuel consumption (Stop & Start strategy)

4. load point shift of the ICE operationto higher torques or shut-off of the engine andonly
electric modedriving, to avoidthe enginepart-load operation

Due to the presence of amultiple power source, many are thepossible working
configurations (Fig. 2.1) ([8]):

1. ICE alone propelling(conventional vehicle mode, red arrow)
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2. Technological background

2. EM alone propelling(only electric mode, blue arrow)
3. ICE and EM propellingelectric boost, violet arrow)
4. regenerative braking(green arrow)
5. ICE (positive or negative) load point shif{yellow arrow)
Internal —
Combustion —
Engine
k=)
©
o
— -
Electric —
Machine —

) (CE alone M) Regenerative braking

) EM alone ICE load point shift
) |CE + EM

Figure 2.1 z Conceptual illustration of the working patterns of hybrid electric drivetrain s

With a proper designand control, the overall performance, efficiencyand emissionscan be
highly optimized. However, deciding the operating mode depends onmany factors, such as the
physical configuration of the drivetrain, powertrain efficiency characteristics, load characteristics,
driver behavior, etc. In order to reach theexpected advantages of theehicle hybridization, it is
essential to employeach powertrain componentthrough the best possible approachwithin this
framework, computational modelingis an important tool to optimize the operating strategy of hybrid
electric vehicles
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2. Technological background

2.1 Classification of the Hybrid Electric Vehicles

The architecture of a hybrid vehicle is defined as the connectiorof the components that
characterizethe energychain and the control interface. Traditionally, HEVsare classified intothree
main categories(Fig.2.2) ([6,10]):

1. Series Hybrid Electric Vehicles (SHEVS): two Electrical Machines (EM;) are connected
through a power converter. Ths component is anelectric power coupler that controls the

power flows from the batteries and generator(EM2) to the electric motor (EM1) or vice

versa. Typically EM2 features as generatqrin order to convert the mechanical power of the
ICE into electrical power to be supplied to the battery or to théraction electric machine The
generator, in case of no dedicated startewyorks as motor during the engine launch Both the

load and the speed of théCEare decoupled from the driving conditions

2. Parallel Hybrid Electric Vehicles (PHEVS): two mechanical powersources(an Internal
Combustion Engine and an Electric Machingre linked through a mechanical cogpler. They
can both supply traction powerto the wheel shaft. The only load of both the ICE and the EM is
decoupled from the driving pattern, instead their speed is function of the vehicle velocity and
gear shift strategy

3. Series/Parallel Hybrid Electric Vehicles ( SPHEVs): two power couplers are employed
one mechanical andthe other one electrical. This configuration is the combination of series
and parallel structures, possesing the major features of the both.Typical example arethe
Mixed Hybrid Electric Vehicle and the Power Split Hybrid Electric Vehiclg¢10, 11]).

SERIES HYBRID ELECTRIC VEHICLES PARALLEL HYBRID ELECTRIC VEHICLES

ICE

3 (e )=
' . { ceatojm

[Battery]‘[lnverter]‘[ EM1 ]‘ [Inverter]‘[ EM ]‘

SERIES/PARALLEL HYBRIDELECTRIC VEHICLES

¥ Mechanical path
[ EiZ ]«[ — J»“ ¥ Electrical pafh
[Battery]‘[lnverter]‘[ EM1 ]‘

Figure 2.2 z Classification of the Hybrid Electric Vehicles
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2.1 Classification othe Hybrid Electric \ehicles

Two are themajor advantages of thePHEVover the SHEV Both the power sourcesdirectly
supply torque to the driven wheelswithout any energy conversion Moreover,there is no additional
generator and theEM is smaller than inthe series configuration(EM1) because it is not sized for
the maximum required traction power. Regarding the SHEVs, two aréh¢ major advantages over
the PHE\S. First, the electrical coupling between the engine and thevheel shaftallows a complete
independent operation (both at the speed andat the load level) from the driving pattern. Second,
the structure and control of the ICE ee usually less complex In general, hybrid vehicles preserdt
least two degrees of freedomin the power generation. Their optimization, witliespect toselected
target(s) and boundary conditions, is the main focus of tetsidy.
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2. Technological background

2.2 Main components of the hybrid electric vehicles

2.2.1 Internal Combustion Engine (ICE)

The Internal Combustion Egine is the most widespread power source for road
transportation vehiclesand, in the foreseeable future, it willstill be the dominant vehicular power
source (12]). In HEVsits operation differs significantly from that of a conventional motor vehicle
due to the available degres of freedom in the power generation In the framework of this study,
two different enginetypesare considered

1. Continuous Variable Valve Timing (CVVT) Spark Ignition (SI) engine
2. Direct Injection Turbo Compression Ignition (Cl) engine

Spark-Ignition ( 9) engine s

They are characterized by a combustion process of the afuel mixture ignited by a sparkof
a spark plug. In particular, SI Continuous Variable V alve Timing (CVVT) engines (Fig. 2.3) offers
the ability of independently controlling the intake andthe exhaust valves. These variationsre
defined on a spectrum that optimize engine performance and efficiency under all operating
conditions.

BMEP [bar]

1
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Enaine Speed [rpm]

Figure 2.3 7 BSFC map of theconsidered CCVTSpark Ignition ICE [g/kWh]

Main variation criteria with respect to aconventional SI engine are [13]):

U Late intake valve closing : during the compression strokethe piston pushesair out of the
cylinder and guarantees a highetinlet pressure for the next intakecycle. Pumping losses are
reducedup to 40% and NO, emissions are decreaseduring partial load conditions

21


http://en.wikipedia.org/wiki/Spark_plug

2.2 Main components of the hybrid electric vehicles

U Early intake valve closing : pumping lossesat low engine speed are reduced up t0o40%
(with a fuel economy improvement of up to 7%). NQ emissionscan also beeduced

U Early intake valve opening : exhaust gass partially flow out of the cylinder, via the
intake valve. The Exhaust Gas Recirculation grade can be highly improved assisting the
control of the NQ emission production. Volumetric efficiency is improved

U Early/late exhaust valve closing : by holding the exhaust valve, the cylinder is more
deeply emptied. By closing the valve slightly early, more exhatigas remains in the cylinder:
fuel efficiencyis improved and NG emissionsare reduced

In the past, his technology has been preventedto become widespread by engineering
difficulties such asdynamic performance at high engine speed, power consumption, long tm
durability and repeatability ([14]).

Soark Ignition engines do not require demanding after-treatment systems: due to the
stochiometric combustion, the well known three-way catalytic converter can be adopted
Accordingly, within the boundary conditions othis study, the only target ofthe hybridization of the
powertrain featuring the Sl engine ighe optimization of the fuel economy.

Compression-Ignition (Cl) engines

They are characterized bythe self-ignition of the air-fuel mixture in the final phases ofthe
compression stroke. At a given engine speedairflow is essentially unchanged and load control is
achieved by varying the amount of fuethat is injected. Moreover the compression ratio is not
depending of the ignitionlimit of the fuel and it can be increased with respect to Sl engines.
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Figure 2.4 z BSFC map of theconsidered Turbo Compression Ignition ICE [g/kWh]
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2. Technological background

The above mentionedfeatures result in a better fuel economy than in S| engines The
resulting BSFC magFig. 2.9 is characterized by anminimum BSFCabout 20% lower than that of
the CVVT SI engineAs drawback due to the lean combustion, pollutant emissions represent an
main concernfor this enginetypology. As far as the NQare concernedthey can mainly be reduced
by controlling the duration of the diffusion combustion (increasing the rateof injection) and by
reducing the combustion temperature (etarding the injection timing and increasing the rate of the
Exhaust Gas Recirculation However, these methods reduce the fuel efficiency and performamof
the engine.Figure 2.5 reports the BSNQemission map for the considered CI engine.

25

N
N

[EnY
o O

BMEP [bar]
e =
w

o

3500

1500 2000 2500 3000
Engine Speed [rpm]

7
4
1

1000 4000 4500
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The electrification of vehicles featuring Cl enginescan be an importanttool in order to reach
the required emissions standard and to maintain high vehicle performance and fuel economy.
Within the boundary conditions othis study, the target of thepowertrain hybridization featuring the
Clengineis both theoptimization of the fuel economy and the reduction of the Ngnissions

2.2.2 Motor Generator Unit (MGU)

The dectric propulsion system (the so called Motor Generator Unit MGU)consist of ekctric
motors, power converters and electronic controllers. The electric motor convertselectric into
mechanicalenergy in orderto propel the vehicle or, vice versa mechanicalinto electric energyto
recharge the energy storage. Thepower converter supplies the electric motor with the proper
voltage and currentlevels.

The choice of electric propulsion systems for EVs and HEVs depends omuanber of factors,
including AOEOA 06 O sAvaHick AoBskdnks laid energy source The road transportation
requires frequent starts and stops, high powes and torques and a very wide speed range.
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2.2 Main components of the hybrid electric vehicles

Nowadays, hybridelectric vehiclesare equipped almost exclusivelywith three-phase machinesthe

majority of them is Asynchronous ASM) or PermanentMagnet Synchronous(PSM) ([10]). While

the rotating magnetic fieldand the rotor are synchronous in PSMsn ASMs there is a slip between
the rotor speed andphase rotation speed PSMs guarantediigher full and partial load efficiencies,
instead ASMs show a better overloadcapacity (i.e. the abilityof the electric motorto supply, fora
short time, a higher torquethan the permanently accessible maximunone) ([15]).
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Figure 2.6 z Efficiency map of the selected PSM Hectric Machine [ -]

The project under discussion takes into consideratiora Brushless Permanent Magnet (PSV)
Electric Machine ([8,15]). These systems, byusing high-energy permanent magnets as field
excitation mechanism, can be designed with high power density, high speethd high operation
efficiency. Thar main advantagesare:

U High efficiency:due to the use ofpermanent magnetsfor the excitation (which consume
no power) and to the absence ofa mechanical commutator and brusheqlow mechanical
friction losses), they are the most efficientelectric motors (Fig. 2.6)

U Compactness:very high flux densities in the motor are achievable due to he current
introduction of high-energy density magnetg(rare-earth magnets).This allows high torques
with a resulting reduction in the size and in the weight

U Simplecontrol and cooling (no current circulation in the rotor)

U Low maintenanceand great reliability (no brushes and mechanical commutators

However, brushless Permanent Magnet Electric Motors present some technical and
economicaldisadvantages:

U High oost: due to the expensive are-earth magnets

U Limited constant power range
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2. Technological background

U Limited maximum speed

2.2.3 Electric energy storage: the electrochemical battery

Ol AOCU 001 OA CA Gaécumhlexdenefgyh Gdfiverfetergydiséharging phase
and acept energy (charging phasg Several types of energy storages have been proposed ftire
automotive industry: chemical batteries, supercapacitors,high-speed flywheels etc For road
transportation applications, their main requirementsare: high specific energy high specific power,
high efficiency, low maintenance and managementrequirements, low cost and safetyduring the
utilization ([8]).

Electrochemical batteries(Fig. 2.7) are devices that convert electrical energy into chemical
energy during the charging phase and vice versa duringhe discharging phase They arearranged
by several cells stacked together in series (Wisseie9 and in parallel (Nceiisparaie). A cel is an
independent and complete unit that possesses all the basic electrochemical properti¢d6,17]).

NAcells,series
< >

s G I G e G G
— - — +
— - ) (e —
-

Figure 2.7 z General scheme of an electro -chemical batter y [-]

NAcells,parallel

Some main featuresharacterizes the behavior of the electrochemicalditeries:

U Capacity [Ah]:the ampere-hours obtained by a completedischarge (from a fully charged
state until the terminal voltage drops to its cutoff voltage)

U State Of Charge SOQ [-]: the SOC is defineds the ratio ofthe remaining capacity over
the fully charged capacity.A complete charge or discharge of the battery isot allowed for
commercial batteries to improve their durability and stability of performance

U Specific energy [Wh/kg] : the maximum energy that can be generatethccumulated per
unit of battery mass

U Specific power [W/kg] : the maximum power per unit of battery massthat can released
or absorbedin a short period.lIt is an important feature in order to reduce thebattery weight,
especially in high-power demand applications, such as HEV

In this study, Lithiumlon battery cells are consideredlhis technology adopts lithiated carbon
material as negative electrode, lithiated transition metal oxide as positive electrode and liquid
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2.2 Main components of the hybrid electric vehicles

organic soution or solid polymer as electrolyte. Lithium ions move through the electrolyte between
the positive and negative electrodes and accomplish the chemical energy transfer. They allow a
very high nominal voltage, resulting in excellent specific energy and spific power (see the Ragone
Diagram inFig. 2.9 ([10]).
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Figure 2.8 z Electric energy storage systems: ranges of specific energy vs. specific power
(Ragone Diagram) [-]

Table 2.1reports the data sheet of the selected Lithiunton cell. In particular, the capacity
[Ah], nominal voltage [V], specific energy [Wh/kg], specific power [W/kg] and available operating
range are reported.

Table 2.1 z Cell data sheet of the selected Li-lon battery

Electrical specification

Capacity 4.5 Ah
Nominal voltage 3.6V
Specific Energy 75 Wh/kg
Specific power 2300 W/kg

SOC working range 0.21 0.8
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2. Technological background

The global performance of the battery are straightforward combination of the cell structure
in Fig.2.7. As far asthe battery capacityis concerned, thisequal tothe cell capacity multiplied by
the number of strings:

Ha AlHE ATIA iBiAOAT T Al (2.1)

Concerning te battery nominal voltage this is equal tothe cell nominal voltage multiplied by
the number of the cells per string:

6. RAD AATIA MIGAGEAO (22)

27



2.2 Main components of the hybrid electric vehicles

28



3. Methodology

3. METHODOLOGY

3.1 Zero dimensional simulation of hybrid electric powertrain s

This study deals with the zero-dimensional simulation, in Matlab environment, of the
drivetrain of two hybrid electric vehicle architectures:a Series Hybrid Electric Vehicle (SHEV) and a
Parallel Hybrid Electric Vehicle (PHEV)

SERIES HYBRID ELECTRIC VEHICLES PARALLEL HYBRID ELECTRIC VEHICLES

[icE |=( Em2 | ‘§
Lad o CEbasivems
‘

[Battery] ‘[Invertea

‘ Mechanical path ‘ Electrical path

Figure 3.1 z Layout of the considered hybrid electric drivetrain s

Figure 3.1shows the main components of thenalyzeddrivetrains: a single shaftPHEVwith
two clutches and gearbox and theSHEVwithout gearbox. In the PHEV, he EM is powered bythe
battery through the inverter and is mechanically linked to theengine crankshaft. ICE and EM
directly supply torque to the wheels via thegearbox according to the torque split determined by
the control logic unit. Two clutches are installed: one between the EMand the gearbox (as in
traditional vehicles) and onebetween the ICE and ENh order to allow deepregenerative braking
and pure electric mode. In the SHEV, he electric machine EM1suppliesthe required traction power
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3.1 Zero dimensional simulationof hybrid electric powertrains

to the wheels The electric powerneeded by EM1is provided by the battery andgenerator (EM2,
mechanically connected to the ICIE The operation of the engine is independentn both the speed
and the load of the driving pattern. Nor clutches neither gearbox are installed.

Tables 3.1 and 3.2 report respectively the main features of the considered hybrid electric
vehiclesand their case setugn the framework of this study.

Table 3.1 z Main featur es of the considered hybrid electric vehicles

PARALLEL HYBRID ELECTRIC VEHICLE SERIES HYBRID ELECTRIC VEHICLE
Gasoline Diesel Gasoline Diesel
Not Not Not Not
Plug-In Plug-In Plug-In Plug-In Plug-In Plug-In Plug-In Plug-In

ICE 1.8 CVVT SI 1.7 | Turbo CI 1.8 CVVT SI 1.7 | Turbo CI

92.6 KW 95.5 kW 92.6 KW 95.5 kW
EM or
EM1 PSM-30 kW-124.1 Nm PSM-90 kW-528.0 Nm
EM2 - PSM- 100 kW-333.1 Nm

1101 cells 112 cells 111 cells 1102 cells ce}é&ll 8 ce}liO(ZB) 6 ce}é&ll 8 ce}li&23 ‘
Battery 1.8kwh 3.6kWwh 1.8kWh 3.6 kWh ' ) ) :

kWh kWh kWh kWh
55.2 kW 1104 kw 55.2kW 110.4 kW 552 kKW 1104 KW 552 KW  110.4 KW

Gearbox 6 gear manual transmission -

1600kg 1700kg 1600kg 1640kg  1685kg 1720kg 1645kg 1680 kg

cw-A=0.65 nf - kg=0.009- Wheels:
205/55/R16
(*) the mass here displayed refers to the base Wé&le mass, considering 75 kg for the load of the driver

Vehicle
cw-A=0.65 nf - kg=0.009- Wheels: 205/55/R16

As mentioned, two internal combustion engines are considered: a 1.§93 kW peak power)
Spark Ignition engine with Continuous Variable Valve Timing feature and a 1.7 1(96 kW peak
power) Turbo Compression Ignition engingplease, refer toChapter 2.2.Ifor further details) . As far
as the electric machines are concernedhree Permanent Magnet Synchronousmachines are
employed (Chapter 2.22).

The parallel architecture featuresa 30 kW peaak power PMS; insteada 90 kW peak power
high-torque traction motor and a 100 kWpeak power generator are adoptedin the case of the
series architecture. Regarding the energy storage, two battery paglwith Lithium-lon battery cells
are considered(Chapter 2.23): a 1x110 cells(1.8 kWh energy content and 55.2 kW peak powgin
the case of the nofplug-in HEVs anda 2x110 cells(3.6 kWh energy content and 110.4 kW peak
power) in the case of the plugn HEVs. A égear manual transmission ismplemented in the only
caseof the parallel hybrid vehicles, whereas the electric motor of the SHEV is featured by a direct
mechanical connection to the wheel shaft.
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3. Methodology

Table 3.2 z Considered Hybrid Electric Vehicles

Hybrid Architecture Engine Plug-In Feature
with
Compression Ignition
without
Parallel
with
Spark Ignition
without
with
Compression Ignition
without
Series
with
Spark Ignition
without

Table 3.2 reviews the considered case setup four Parallel and four Series Hybrid Electric
Vehicles. For each architecture the both engines (CVABT and TurbeCl) as well as the plugn or
not plug-in features areevaluated (with a total number of 8 combinations).

3.1.1 Internal Combustion Engine

The ICEis modeled through experimentally derived lookup tables, from which fuel
consumption and emissions are mapped as functions of the engine speed armdi& Mean Effective
Pressure (BMEP- see the BSFC map iRig. 2.3, Fig. 2.4 and the BSN@map in Fig. 2.5).
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Figure 3.2 - ICEs: operating range
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3.1 Zero dimensional simulationof hybrid electric powertrains

The ICE operating rangeKig. 3.2) is between the full load cuve (Accelerator Pedal Position
APP setto 100%) and the motored condition (APP seto 0%). Theacceleratorand engine speed are
determined by the virtual driver ( please, refer toChapter 3.2for further details) dependingon the
load requestof the mission driving profile.

A semiempirical correlation was introduced to reproduce the engine warm-up ([18, 19]).
This isrequired in order to correctly account for the changes in friction losss during the thermal
transients and to simulate thelCEcold start.

3.1.2 Motor Generator Unit

The selectedelectric machines are BrushlessPermanent Magnet Electrianotors/generator s:
can either deliverload to the driveline/engine or recover energy to be stored in the batteryr to be
supplied at the electric transmission([20, 21]).

The mechanicalpower supplied in motor mode (Eq. 3.1)) and the electric power supplied to
the battery in generator mode(Eq. 3.2)) are determinedas follows:

-1 0T Od, O0y.Erai ;i Qmiaden- maoERy-04 400 (31)

AT AOA @f s8R 1 i 1086 4%- a0 ERy-Ou. (32)

The total efficiencyeew includes the electro-mechanical conversion efficiencyand the friction
losses of the electric machine.ecy is obtained from experimentally-derived look-up tables as a
function of the electric machinespeedandtorque (seeFig. 2.5).

3.1.3 Battery

The electric energy storage system is a forcedir cooled Lithium-lons battery pack. Itis
described by means of the equivalent circuit shown irfrig. 3.3 ([22, 23]). This circuit defines the
battery current i as afunction of two electric resistances (the secalled Ohmic R.m and charge
transfer R) and a capacitance (diffusion layer capacitanceyC

The battery current (Eq. (3.3) and the State Of ChargdSOCz i.e. the ratio of the
instantaneous capacityover the total capacity, Eg. (3.4) are evaluatedas follows:

~ ., 6 0/ - 2 iy »’#.. N
—E o = A% (3.3)
ARl Ef <

A\ln—”C?IE A
3/ #)Ef (3.9



3. Methodology

where the current is positive when supplied by the battery to theelectric machine and negative
when the battery is recharged.

| | c
—/\\V\— |
Ronm Ra Vey
(o)
\ ||
| | Voc
—

Figure 3.3 - Battery: equivalent electric circuit

The resulting battery efficiency during successivestep charge and discharge phasess
displayed in Fig. 3.4 for four power levels (respectively +5 kW, +10 kW, £15 kW, +20 kW)The
figure refers to the battery of the plugin configurations: 110 battery cells per string and 2 cell
stings (seeTab. 3.1).
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Figure 3.4 z Battery: SOC andefficiency during step power request sand supplies

As regards the battery temperaturegear, it is estimated from the energy balance of:

U the Joule heat losseét)
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3.1 Zero dimensional simulationof hybrid electric powertrains

U in case of faron, the heat rejected through the pack coolingystem, based on forcedair
convection (Hat) (-)

The resulting governing equations of the battery temperature are:

/.4 212 EEQABEY (A4 bDADHE O
- dA

&A1 AleS S —— (3.5)
gAT | &dq Bl eFRaBT (3.6)

o AAROIO O

The SOC and the battery equivalent temperature are used in order to define the operating
constraints. These ardaken into consideration in order to improve the component durability and
stability of performance.
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Figure 3.5 z Battery: SOC and temperature derating

In particular the SOC is boundedhe operative interval [0.2 - 0.8] (see Tab. 2.1), and the
temperature cannot exceed 328 K.

3.1.4 Driveline

The driveline is strictly function of the considered hybrid architecture.lts main components
are the clutche(s) (no in the case of the SHEV), gdaox (for the only PHEV) driveshatt, differential
and the half shafts. All these components are modeled according to theireitia, efficiency and
speed ratio.
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Regardingthe gearbox it plays a key role in the global driveline efficiency ([23, 24]). Its
transmitted traction power (Pgb,0ut) IS calculatedthrough the following equation:

Oc A h Fogn i ROR: AdC ARER WER FBGA R ORF | 006 3.7
c AR aICARED
x EOQETN (3.9)

where the transmission efficiencye, angular speedw, inertia |, and speed ratio r are considered. The
transmission efficiency ismodeled as a function of the gear number, input torque, input speed and
oil temperature. In order to properly describe the change in the oil temperatureqqe, a zero
dimensional thermal model ofthis componenthas been implemented accordingo Fig.3.6:

P = klMCE - Ogb)
+ Koy |

I:)out: k3’5_‘q6b - qair) _
+ k4 b~ qair)A N

Figure 3.6 z Gearbox: zero-dimensional thermal model

Four terms are considered in the zeradimension thermal model of the gearbox
1. the heatconduction from the engine(+)
2. the internal losses of the gearbox+)

3. the heat conduction to other vehicle components via case supports and output propeller
shafts(-)

4. the convection heat loss towards the ambient aif-)

The calibration coefficients k; to ks were determined on the basisof available experimental
gearbox temperature profiles, via leastsquare fits optimization. The gearbox transmission
efficiency ey is then estimated by means of the equivalent temperature of the gearbox and of the
experimental transmission efficiency maps. These maps are defined as a ftime of the input
torque and input speed for each gear number ag,1 = 313.15 K and atggs2 = 353.15 K (Fig. 3.7).
Due to intellectual property reasons the transmission efficiency was normalized with respect to its
maximum value.
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Figure 3.7 - Gearbox: relative transmission efficiency (gear number 1)

The resulting transmission efficiency is defined as logarithmic interpolation and
extrapolation of the efficiency at theactual gearboxequivalent temperature:

. i
Re RcfirchmGHﬁj%%m (3.9
P

The drop in transmission efficiency due to spin and contact losses are dominated by oil
viscosity for low input torques, typicalof urban driving.

3.1.5 Vehicle

The traction power Preq at the vehicle wheelsdepends in case of flat route,on thetire rolling
resistance (dominant at low vehicle speed)aerodynamic drag resistance(prevailing at high
speeds) and inertial resistance dctive during speed transiens). The resulting required traction
power can be expressed as:

0o A Q1 I s> AG - F4a o0 s @i ABk A8~ A A8 AKKAO (3.10)

where r is the rolling resistance coefficient Curag is the drag coefficient,r o is the external air
density, Acar the frontal areaand M, is the massof the vehicle

The last line ofTab. 3.1 resumes the main parameters of the selected medium class vehicle
required to apply Eq. 310.
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3.1.6 Driving Cycles

Driving cycles are test cycles used to standardize the evaluation of vehicles fuel economy and
emissions. They are speeqtime sequences that represent the traffic conditions and driving
behavior in a specificcondition. For each powertrain configuration, the following driving cycles
were considered(Fig. 3.8):

U New European Driving Cycle (NEDC)
U Artemis Urban Cycle (AUC)

U Artemis Road Cycle (RC)

U Artemis Motorway Cycle (AMC)
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Figure 3.8 z Considered driving cycles

A driving cycle consists of a&combination of driving modes including idle, cruise, acceleration
and deceleration.Also the maximum, minimum and average speeds areain characteristics of the
cycle.Table 3.3 compares themain parameters of theadopted driving cycles.
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Table 3.3 - Driving cycle characteristic parameters

NEDC AUC ARC AMC
Time [s] 1180 993 1082 1068
Distance [km] 11.01 4.87 17.27 29.54
V-max [km/h] 120 57.5 111.1 150.4
V-avg [km/h] 44.1 23.4 58.8 100.7
Acc-max [m/s7] 1.04 2.33 2 1.72
Acc-avg [m/s] 0.56 0.61 0.4 0.31
Decmax [m/s] -1.39 -2.81 -3.67 -2.92
Decavg [m/S] -0.76 -0.65 -0.42 -0.39
Idle time [%0] 23.8 24.4 2.3 1.1

For instance, the noteworthy difference in the idleitne share and the average speed between
the Artemis Urban Cycle (respectively 24.4 % and 23.4 km/h) and the Artemis Motorway Cycle
(respectively 1.1 % and 100.7 km/h) will have a major impact on the hybridization outcomes.
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3.2

Implementation of the Hybrid Operating Strategy

The control logic of the hybrid electric powertrains, in the framework of the Matlab([25])
model, is responsible for the definition ofthe following main parameters([23]):

"
i
i
i
"

i

Accelerator Pedal Position (APP)
Brake Pedal Position (BPP)
Clutch Pedal Position (CPP)

gear number and gear shift event

traction power split between ICE and EM in the case of positiveaction power

braking power split between brakes and EM in the case of negative traction power

Their main structure is resumed inFig. 3.9where it is underlined the difference between the

conventional vehicle anddedicated hybrid powertrain informatio n.

e ™
CONTROL LOGIC
\ J
s N ™
TRADITIONAL POWERTRAIN HYBRID POWERTRAIN
L J J
N (7 ‘
ACCELER. BRAKE CLUTCH GEAR | SPLIT | SPLIT
PEDAL PEDAL PEDAL NUMBER or ICE-Battery BrakeseEM
POSITION POSITION POSITION GEAR SHIFT (pos. traction) (neg.traction)
\ VAN J

Figure 3.9 z Implemented Control logic

The virtual driver creates a dynamic feedback to any required drivingattern. In particular,
the accelerator(APP) and the brake pedal(BPP) positions are defined through a Pl (Proportional
and Integral) controller as afunction of the difference between thetarget and actual vehicle speesl
(Fig.3.10):

o

OREAYD A YO AO

(3.11)

where ¢ and ¢ are calibration constants thatcharacterizethe readiness of the driver to follow the

driving
39

cycles and tis the actualsimulation time.
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Figure 3.10 z Target and actual vehicle speed profiles

Two different modes, depending on the sign of the tractiopower, are considered

U negative traction power :the hybrid powertrain employs regenerative braking by means
of a special system that can applyp to 90% of the total power([11]). The remainingshareis
guaranteed bythe traditional brakes in order to allow a smooth transition in case of safety
braking or in case of power limitation of the electric machine

U positive traction power: the hybrid powertrains split the traction power between the
available power sources. The purpose of theHybrid Operating Strategyis to guarantee the
best power split

As already mentioned, his study deals with the minimization of the fuel consumption and

NQ emissions for the only Cl enging, by selecting the optimaloperating strategy. In particular:

40

U Parallel Hybrid Electric Vehicle: the electric machine and the engine have to guarantee
the required mechanicaltraction power, their speed is determined by the speed profile and
the gear shift strategy. e EM power profile is set as variable,while the ICE operation
derives from thefollowing power balance equation:

0 » ofboArrRbE-0 ) ) ) #dy rw (312)
where Pegsheft iS the required traction power at thecrankshatt.
U Series Hybrid Electric Vehicle: the battery and generator (EM2 inFig. 3.1) have to

guarantee the required electric power, the speed dhe engineis independenton the driving
pattern (electric transmission). It results a doubledegree of freedom(power and the speed)
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in the engineoperation. As assumptionit is consideredthe system ICE+EM2o0 work alongits
Optimal Operating Points (OOPRs), according to the following equation:

Op-crRi O ) ) v 9 (3.13)
where (kw2 is the total efficiency of the generator.

The OOR are function of the operating strategy target, i.e. the minimization of the fuel
consumption (Eq. 3.4a) or the minimization of the NQ emissions Eq. 314b):

- ) .- 0xq h H 0xa ‘hO H ° —4n (3.14a)
=) .- 09 b 0x9 R H ° —4T (3.14b)

The resulting OOPYFig. 3.11) are function of the engine speedsengine acceleration and
engineequivalent temperature (thatinfluencesthe BSFC and BSND
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Figure 3.11 z SHEV Optimum Operating Line at constant engine temperature and
acceleration. P cg solid line; P emzei: dashed line
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3.2 Implementation of the Hybrid Operating Strategy

The ICE speed is set as variable in the dptization procedure, whereasthe generator electric
power (Pem2e) and the engine brake power result respectivelyfrom the above mentioned OOP
maps and Eqg. 3.13 The battery electric power is calculated from the following power balance
equation:

O Ao@ArAichAl (3.15)
where Pegel IS the electric power required by the traction electric machine(EM1).

It is interesting to notice that, the operation of SHE\ is very similar to that of PHE\S from a
hybrid operating strategy point of view. In parallel hybrid architectures, the electric machineworks
together with the enginein order to supply the required mechanical traction power €q. 3.2). In
series hybrid architectures, the generator (motored by the ICE) works together with the battery in
order to supply the required electric traction power(Eg. 3.5).

From the operating strategypoint of view PHEV and SHE¥ould be renamegdrespectively as
MechanicalParallel Hybrid Electric Vehidand ElectricalParallel Hybrid Electric Vehicle

SERIES HYBRID ELECTRIC VEHICLES PARALLEL HYBRID ELECTRIC VEHICLES

©

ICE_|=| EM2

[g@;j (e Jpfs( Ex;
Inyerter

——
Battery Inyerter

# Mechanical path #® Electrical path

Figure 3.12 - SHEV vs PHEYcomponents involved in the hybrid optimization and focus on
the two energy paths

Figure 3.12 compares the two energy paths of the SHEV and the PHEV. In the case of the
series architecture the electric power required by the emotor (EM2) is supplied by the engine
generator system and/or by the battery. The emotor represents a fixed ring in the energy chin
between the power sources and wheeland, after it, no degree of freedom is availablan the
optimization of the operating strategy. Therefore, the HOS will take in consideration only the
drivetrain component above EM1 (see left diagram ifrig. 3.12).

In the case of the parallel architecture the mechanical power required by the gearbox is
supplied by the engine and/or by the battery-inverter-electric machine system After this
component, the energy flow is fixed. Therefore, the optimization of the hylat strategy considerthe
only drivetrain component above the gearbox (see right diagram ifig. 3.12).

42



3. Methodology

As far as the optimization of the Hybrid Operating Strategy is concernedhree different
realized were developed in Matlab environment unnovel benchmark and two realtime optimizers
([25]). In particular:

1. novel Benchmark Opti mizer (BO): based on Genetic Algorithm methodsit determines
the best possibleoperating strategy for the selectedtarget, driving cycle and powertrain
design. The single solution is characterized by a vector of independent variabls, in which
every scalar defines the Pey for the PHEV or the we for the SHEYat each time stepof the
selected driving cycle

2. Real-time optimizer 1 z Total LossesMinimization (TLM): based on Genetic Algorithm
methods, it minimizesthe total loses of the hybrid drivetraint involves avector-approach (for
further details, please refers toChapter 3.2.3 and requires a reduced number of calibration
parameters. Itis computationally fast and adequate to work irreal-world applications

3. real-time optimizer 1 z Total Load-Switch Thresholds (TLST): based on Genetic
Algorithm methods, it switchesthe operating mode depending ahe load and speed signalst
involves ascalarapproachand requires a reduced number of calibration parametersit is by
far the computationally fastest methodhere analyzed

3.2.1 Genetic Algorithm based methods

The optimum searching procedure is carried out by applying GenetiAlgorithm (GA) based
methods. As underlined by Montazeri et al.[(26)], due to HEV properties, gradiertased
optimization methods may converge toward one of the several local optian

O0$sOA O61 OEA AiipiAg 1TAOCOOA T &£ (w6h A AT 10011
frequently fal to achieve satisfactory overall system efficiency, and therefore an optimization
Al CiT OEQEIT | Opo@ertraidsysietd BharacterisBcs are highly nonlinear and non
continuous thatmay have a large number of local optimso

Genetic algorithm arestatistical-based method able to solve optimization problems whose
objective function is noncontinuous, nondifferentiable, stochasticand highly non-linear ([27]). As
shown in Fig. 3.13, this optimization methodology allows the optimal solution to evolve along the
entire problem region in order to find the global optimum.

GAs are inspired by the mechanism of natural selection, in whiddetter individuals are likely
be the winners in a competing environment. Apopulation of candidate solutions (the so called
individuals) encoded by a series ofjenesare selected to evolve toward the best possible solution.
The evolution usually starts from a population of randomly generated individuals. At each
generation, the performance of every individual is evaluated by means of a fitness function. Some
individuals are then stochastically selected based on their fithess and modified tiough
recombination and random mutation to form the population for the next generation. The
optimization algorithm will terminate when either a maximum number of generations has been
produced or the best individual (the final solution) has achieveda satidactory fitness level
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Figure 3.13 7 GAmethod : sample of the global optimum search

The GA procedure can be summarized by the following five main sted28, 29]):

1. Initialization : an Nindividuals initial po pulation is randomly generated.The population
size depends on the nature of the problem, bt typically needs to be at least of the same
order of magnitude of the number of variables. Moreover theandomly population should be
generatedin order to cover the entire range of possibé lutions (the so calledsearch space
of the optimization procedure)

2. Evaluation: each individual is estimated by means of a fitness functionThe evaluationis
always problem dependent ands used to measure the quality of each individual

3. Selection: individuals, called parents, are selected detministically or stochastically. The
selection is realized through a fitnessbased procedure, during which fitter solutions are
more likely to be selected

4. Reproduction: genetic operators (elite individuals, crossover and mutation) are applied to
recombine the parents and produce new individuals (the children). These processes
ultimately result in the next generationoffspring that is different from the previous one and,
hopefully, better. The next generation is a combinationKig. 3.14) of:

U elite children : best individuals that automatically survivewithout variation
U crossover children : combinations of two (or more) parents

U mutation children : random changes of single parens. The mutation factor initially
is high enough to lead the method towardll possible searchregions, thenit decreases
to allow a faster convergence ofhe population


http://en.wikipedia.org/wiki/Fitness_%28biology%29
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PREVIOUS GENERATION CURRENT GENERATION
Elite parent Elite child
O - - @O

Parents (x2) Crossoveredhild

~\‘~
QD

Parent Mutated child
@O — We
Figure 3.14 7z GA method: reproduction methods

5. Return or Stop: return to the step 2, unless temination criteria are fulfilled . Termination
criteria are based on the improvement of theoptimization target (i.e. the reduction of the
Mruel OF Moy from one generation b the following one

GA methods are directly applicable tounconstrained optimization processes; in case of
constrained problems the restrictions are introduced through penalty functions that penalize¢he
infeasible solutions by reducing their effective fitness (B0)]. The fitness function Jadopted to
address the desired optimization target (FC: wi=1, wo,=0 or NQ w1=0, w,=1), is defined as follows

*0 X - x - x Y3/ #x Y% (3.16)

where the global variation of the battery State Of Charge and the difference between the total
energy required to drive the vehicle compared to what the powertrain actually supplies are taken
into consideration.

3.2.2 Benchmark Opti mizer

It defines the best possibleoperating strategy for the selectedtarget, driving cycle and
powertrain design. In order not to take into consideration any restriction to the operating strategy
but only the technological onesthe singleindividual genes encode the considered independent
variable at each time stepof the driving pattern ([31]).

In the case of theParallel Hybrid Electric Vehicle

the individual determinesthe EM brakepowertime history
thesingle gene ithe EMbrake power for a given time step
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3.2 Implementation of the Hybrid Operating Strategy

In the case othe Series Hybrid Electric Vehicle :

the individual represents théCE speed time history
thesingle gene ishe ICE speed for a given time step

PARALLEL HYBRID ELECTRIC VEHICLES SERIES HYBRID ELECTRIC VEHICLES
[ [0.00 [ [0.00
0.09 0.09
0.25 0.25
Pem,min Wice
GA | | oo : Pay GA || ot : Wice
solver 1.00 Poir profile solver 1.00 Wi profile
é ' é
0.92 0.92
0.88 0.88

Figure 3.15 z Benchmark Optimizer: basic structure

The size of thecalculation matrix (Fig. 3.16) is a critical factor in the modeling procedure: it
highly influences both thecalculation time and the RAM memory required by the Matlab codén
the other hand, a minimum number of time steps (Mvariables) and individuals (N-individuals) is
required in order to guarantee respectively the timeindependence of the solution and the genetic
diversity of the population.

N individuals
s
— N ™ Z Z
T ©T O T O
c £ c £ £
Dt 1
Dt 2 e e
" Dt 3
Q
= N N N
3 e e
>
=
No) No) No)
DtM'l V4 7
e e
Dt M

Figure 3.16 z GA method: structure of the benchmark optimization procedure matrix

A time-independence analysis of the objective function wasarried out. The appropriate
number of variables was chosen for all the driving cycles order to guarantee an unvaried amount
of total fuel consumption, NQ emissions and final SOQFig. 3.17). The population size was then
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selectedin a way to guarantee the individual diversity(the most important factor that affects GA
performance) ([31]).

460
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0.567 ‘ ‘ — ‘
0 2000 4000 6000 8000

NAtime steps[-]

Figure 3.17 7 GA method: time -independence analysis for NEDC

The main shortcoming of this approach is théauge size (NxM) of the population genomes,
which leads to a highly time-consuming calculatiors (up to 5-7 days for a single NEDC
optimization) . However, the approach allows the solver to stochastically find the global optimum
without any fictitious penalties or restrictions, apart from the technological limits. This novel
approach can be applied to establish whenever a target has to be achieved globally along the
driving cycle, i.e. forthe total fuel consumptionand NQ emissions. However, when a gantity has
to be O1 T A dptinlizedd(i.e., optimized with respectto a specific timeor operating mode), this
approach is not suitable. This ighe case ofthe combustion noise optimization analyzed in the
proposed case study for which a different optimi zation criteria has been applied (for further
details, please refer tadChapter 43).

3.2.3 Real-time optimizer 1 z Total LossesMinimization (TLM)

The first proposed real-time optimizer is based on the minimizationof the total drivetrain
losses (Pwt,). At each time step, it chooses the power level of the electric maciméhe PHEV,EqQ.
3.11) or the engine spee@n the SHEV Eq. 3.19 that minimize the total system losse#\s example,
the engine and the electric lindossesof the PHEV araminimized in Fig. 3.18(first two terms in Eq.
3.17a) ([23, 31, 33). In particular, the left diagram show the trend of the ICE and (EM & Battery)
losses with respect to the electric motor power and engine brake power (in stationary conditions).
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3.2 Implementation of the Hybrid Operating Strategy

Theselosses are summed together to obtain the total system losses. The algorithm will search the
minimum of this profile and will let the system to work on this(optimal) operating point. Moreover,

in order to achieved the desired final battery SOC, a calibrah of the multiplication coefficient has

to be addressed (right diagrams irfFig. 3.18.
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= = - -
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= I
o O I
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EnginePowerfkW] \%‘ ST T LT
] c=0.5 < __—1
ICElosses EM&Batt losses Totlosses R i;:ﬁi/>< !
0 5 10 15 20 25 30
EnginePowerkW]

Figure 3.18 z Total Losses Minimization: example of the overall structure

In order to find the minimum of the system losseghe following equations are considered
0 ( %6 Qo1 D) » GADs) #68Dw- o LDDa, CAD. | i | (3.179)
3 ( %6 o1 &AD) sowe- 1GA D) # #GAD 4 0@ D3/ CAD. | @o- i (3.17b)

Genetic Algorithm based methods are applied as search algorithimfind the best set of the ¢
- Cs tuning parameters. Their values are constant for any defined mission profile (NED@rtemis
5 0AAT #HUAI Adhs

Parallel Hybrid Electric Vehicle

Picesin Eqg. 3.17acharacterizesthe internal combustion engineenergy losses Two different
approaches are proposed

U Total ICE losses Rceqo): the difference between the fuel chemical energy per unit time
and the brake output power

0) # %ﬁ[:é'( &b ER) #BeP-R # oD EOR| 6 (3.189q)
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3. Methodology

U Recoverable ICE losses Rcereci: the power losses with respect to the optinal condition
for the considered engine speedThey do not consider the unavoidable ICE bsses, i.ethe rate
of fuel heat energy loss that occurs assuming the engine opexatiat the peak efficiencyfor
the given speed

0) 4 wiboR &indh PAg R # B moRy E— 0 (3.18b)

Fig. 3.19 shows the Rcereciand Rce o profiles as a function of thebrake power at 1500 rpm
for the Cl engire and at 2000 rpm for the Sl engine
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Figure 3.19 - recoverable and total engine energy losses

Total ICEenergy losses decrease as & decreases, whereashe recoverable share iszero for
the optimal ICE operationand increases as the engine bake power moves away from the optimal
power level. Pcgrecimakes the engine tovork (more intensively) on its maximum efficiency point
trough a load point shift strategyoperated by the electric machine.

Pemegatt, Characterizes the electric machine, inverter and battery energy losses. In motor
mode it is the difference between the electrachemical power of the battery and the mechanical
power of the electric machine vice versa, in generator mode:

- 1 O10Qdo- &80k 06 rRuk B #00. (3.19a)
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3.2 Implementation of the Hybrid Operating Strategy

AT AOAQT o0 E8a i 46oFReARD » (3.19b)

Pi.r.ice represents the ICE thermal lossesThis term takes into consideration that the ICE
warm-up is slowed down if part of the traction power is supplied by te electric maching and
friction losses areincreased until the engine reaches fully warmed operation conditionslt is
calculated based on the semémpirical formulation used for the calculation of the ICE equivalent
temperature ([18]):

S %h <JA G <
Oy i L2000 (3:20)

Iy # wh <IA &iooh AT 1 A

Psoc,controls the State of Charge of the batteryAs in the case of the engine equivalent
temperature, the SOC is responsible for crossffects on the total fuel consumption ofthe NGO
emissions: clanging the battery energy content at a certain time will influencehe voltage of the
electric system during the remaining time history. Psoc,introduces fictitious losses that are
proportional to the deviation of the battery SOC with respect to the targg(SOGart in case of not
plug-in HEVs,SOGin in case of plugin HEVS:

O3, s Pt ABOAOGOH O E £O (3.21)
1.0 :
Relative Pyg qift
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Figure 3.20 z State Of Charge Losses

The Goc,and R shit depend on the SOCFig. 3.20). Both the values of the SOC at the bottom,
low, high and top levels and the corresponding f:shit and Goc,are tuned according to the vehicle
mission.

The last term, Pnox,, is responsible for the minimization of the NQ emissions (in the case of
the only O engine). In order to be properly assesseda calibration constant that within this study
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3. Methodology
will be called, equivalent NQ heating value Qox has beenintroduced. It correlates the mass flow

rate of the NQ emissions to the engine brake power (equivalent to the @ for the fuel mass flow
rate). It is not a intrinsic property of the fuel, but it depends on the BSNOnap and engine
operating points during the considered driving cycle. It isset as calibrationconstant in the
optimization procedure together with the parameters G to cs. Pnox,y Smilarly to Pice, are defined in

two different ways:
U Total NO: losses Puoxwt,: the difference between the NO: equivalent input power

/ 8, hand theenginebrake power:

(.
(3.223)

0/ prlk 6/ . /1 ) #BPR /D 3 | o

0 v) 0 0, . . . .
where R | g 5%; ﬁaL/:;z, represents the equivalent efficiency of theengine
/ 3 / )a

considering as input the NQequivalent power 0 ; & |

U Recoverable NGO losses Puoxrec,: the NO equivalent losses with respect to the optimal
condition for the considered engine speedThey neglectthe unavoidable NO, losses, i.ethe
rate of equivalent NQ lossesthat occurs assuming the engine operatn at the minimum

BSNQ for the given speed

0 (3.22b)

vvvvv g R, D 3,5

0./ gi BRAR®H i
where evox represents the equivalentengine efficiency, considering as input the N@ equivalent
power (0 ; g | 2, 1And enoxma{ Wice) is the maximumenoxfor the given ICE speed.
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Figure 3.21 - recoverable and total NO equivalent losses (Wice=1500 rpm)

51



3.2 Implementation of the Hybrid Operating Strategy

Figure 321 shows the Rioxreciand Puox.or) patterns as a function of the ICE brake power at
1500 rpm of the CI engine.

Series Hybrid Electric Vehicle

Picesemz, in EQ. 3.1'b expressesthe energy lossef the system: ICE, EM2 and Inverteffwo
different approaches are proposed

U Total ICE&EM2 losses Pcrsem ot : the difference between the fuel chemical energy per
unit time and the electricoutput power at the net of anyvariation of the (ICE+EM3 inertia:

0 ¥ won- Ekodosc®u-ciai ) ) D D E
PR some- D mokie ) ) 2 D (3.233)

where ecezemz Stands for the total efficiency ofthe (ICE, EM2 andnverter) system and licg lem2
represent the inertia of respectively engine and generator. The last term oEq. 3.23ais a main
difference with respect to the PHE\Operating strategy. It characterizes the possibility of the series
mode of varying the ICE speed independentlgn the driving conditions, considering as positive
effect the increase of the traction systenspeed The resulting energyaccumulated as inertiawill be
availablein future instants during decelerating phases

U Recoverable ICE losses Rceemzreci: the power losses with respect to the optimal
condition. They do not consider the wmavoidable ICEREM2 losses, i.ethe rate of energy loss
that occurs assuming thgICE,EM2 and Inverter) systemat the peak efficiencyof the whole
operating map:

0y # wrboR Aio- ici ARp 5086~ D EoRie ) ) 10, B0 )

ER som-fi doeoRis © h ) ) D D (3.23b)

Peatt, characterizesthe battery energy losses. In motor mode it is the difference between the
electro-chemical power and the electric machinef the battery. Viceversa, in generator mode.

-1 OT00AEBRAGOFX ek 6 6 (3.249)
AT AOAOL B OascosRRi 6 (3.24b)

Pi.rice and Psoc have the same formulation as in the case of the Parallel Hybrid Electric Mode
(please referrespectivelyto Eq. 3.20andto Eq. 3.2).

The last term, Pnoxewmz,, iS responsible forthe minimization of the NG emissions (in the
case of the onlyd engine).Similarly to Picemz, it is defined in two different ways:
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3. Methodology

U Total NO&EM2 losses Puoxemz,ot,i: the difference between theNQ, equivalent power and
the electric output power of the generator inverterat the net of any variation of the ICE+EM2
inertia:

0./ gow- FHloj Bris Bu-ci By 1 ABOEA

PR 1@gn-Q . /13 ;g ) ) 1, B ) (3.25a)

where enxoxzemz represents the equivalent efficiency ofthe (ICE, EM2 and Inverter) system
considering as input the NQequivalent power:0 ; g | -

U Recoverable NO&EM2 losses Puoxreci: the NQ: equivalent losses with respect to the
optimal condition. They do not consider the unavoidableNO.&EM2 losses,i.e. the rate of
equivalent NQ losses that occurs assuming the(ICE, EM2 and Inverter) systemat the
minimum BSNQ of the whole operating map:

0/ gow- ERADIKI Bo/ow Q.1 ;%) 1 AOCOEA
ER gu-iki a8 ;g0 & ) ) 10, B0 ) (3.25h)

where enoxemzmaxiS the maximumenoxof the whole operating map

3.2.4 Real-time optimizer 2z Total Load-Switch Thresholds (TLST)

The secondreal-time optimizer is based on thetotal load-switch thresholds. At each time
step, itdefinesthe brake power of the Internal Combustion Enginebased onthresholds equations
with tuning parameters to be optimized depending on the mission targetlt employs a scalar
approachthat allows an extremely reduced computational timeand is based on theonsiderations
of Balazs et al. irff[11]).

Parallel Hybrid Electric Vehicle

For the optimization of the PHEV control strategy two equations with two tuning parameters
(c1and c,) are adopted.

Only electric mode is active for low required traction powers. Parameterc: defines the
maximum power up to which electric driving isactive (Fig. 3.22): if the required traction power
(Preq,cs) is lower than ci, the vehicle will be driven electrically, otherwise the combustion engine is
switched-on. Ifc: is set to 0 kW, electric driving is not allowed at all.

) OB A iifuds
0 EOoARMAD) #o T (3.26)
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Hybrid parallel mode is active for intermediate and high required traction pavers.
Calibration parameter ¢ defines the engineLoad Point Shift LPS)on the basis of the difference
between the targetSOGand the actual SOCFig. 3.23).
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Figure 3.23 - Total load -switch thresholds HOS parallel mode

Parameter ¢ is then introduced in the model taking into consideration the kinetic energy
recoverable through regenerative braking the total regenerative braking efficiency is assumed
€reg,or=60%0):
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0 EOpafide ) b)#\');@#%A 23/ #3/# (3.27)

x E @B # i (3.28)

If c;is set to Qthe SAC does not influenceahe hybrid operating strategy, whereas large values
of c; result in a highICE load point shift. h case ol CEpositive load point shift (SOS&SOCrarger), the
increase inthe ICEbrake power is limited to its optimal operating line.

Series Hybrid Electric Vehicle

For the optimization of the SHEV control strategy twoequations with two tuning parameters
(c1 and c3) are adopted.

Only electric mode : asin the case of the PHEV¢;: definesthe maximum power up to which
electric driving is active (seeFig. 3.22):

) OB A g
0 EOsafkAIOCAT ik AT (3.29)
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Figure 3.24 - Total load -switch thresholds HOS series mode

Hybrid series mode is active for intermediate and high required traction pavers. As in the
case of the benchmark optimizer and the other regime optimizer, the ICE is forced to work only
on the (ICE+EM)optimal operating points. Calibration parameter ¢ defines the engine Load Point
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Shift towards the optimal operating point of the whole operating map, on the basis of following
equation:

4A0cA@ 0 ;EO ADo0Ii Aﬂ) some-rci Ag 0k (3.30a)

¢

4A0cA@ 0 ;EO

¢

ADJ0 O Ag@ I @%-ii Ag O § (3.30b)

With ¢;=0 there is no load point shiftand the (ICE, EM2 and Invertersystem provides exactly
the required electric power, whereasconstant ¢=1 requires the (ICE, EM2 and Inverter)system to
operate at its maximum efficiency point Figure 3.24 shows the corresponding operating points of
the engine with respect toEq. 3.30a reported on the BSFC map.
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4. Results and Discussion

4. RESULTS ANIDISCUSSION

Before proceedingwith the analysis of the resultsit should be underlinedthat the model was
assessed in previous project phasef23, 31, 33). In particular, both the fuel consumption, NO;
emissions and combustion noise (please refer tcChapter 4.3 were tested along the NEDC foia
parallel hybrid application: a Belt Alternator Startercoupled to a middle sizeDiesel engine Due to
intellectual property reasons, all the results regarding this specii application are expressed in
non-dimensional terms, normalized with respect taareference condition.

Table 4.1- NEDC: total NQ emissions

Case CReIatlve F_uel Relative NO, Emissions
onsumptions

Experimental (hot-start) 100 100

Simulation (cold-start) 101.3 ¢1.3%) 105.7 ¢5.7%)
Experimental (cold-start) 110 104.2

Simulation (cold-start) 109.8(-0.2%) 107.7(+3.4%)

The test rig was equipped with:
i 0%, ). ! 6, ! O-mouped M6 dydAaddmkterAfeaturing a power of 22&W, a
nominal torque of 525 Nmand a maximum speed of 12000 rpm

u 60!'6, +-! tmnnmmndéd OUOOAI O Ai1OEI OI 601U 1 AGAO
u 616, ! -1 Eq@mnbdgasrAayzeAPEAOOOD

U AVL PUMA OPEN 1.3.2 automation systemn order to control the abovemenioned
measuring instruments, interfaced to the AVL Indicom software for indicated data
acquisition
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u!'6, )3!'# tnn O £AOxAOA &I O OEA OEIiI Ol AOET 1T 1 & OE
(31D).

modeling approach even though the fuel consumptions angollutant emissions are calculated as a
function of the dynamic engine speed and load, each instantaneous condition is based on
experimentally-derived hot stationary maps. This approach has been proved to be appropriate in
the case of the fuel consumptionAs far as theNQ: emissions are concerned,only the cycles
characterized by modest speed and load transientsuch as the NEDC, are properly analyz€@®3]).

1.0

o
©

o
(o))
2 _

e Yy ny= S

Relative Fuel Rate [-]
o
S
e

o
N
I
-_———— T ——

ML Al
l 08

j | T
f { 06 &
| o
0.4 g
- - S
02 ®
D
‘ L nd
- 0.0

|

600 900 1200
Time[g|

— Experimental ———- Modé

0.2

Figure 4.1- Assessment: Relative fuel and NGOy emission rate with cold start ICE(NEDC)

Two test cases, in which the traction power is provided bythe engine alone, as in
conventional vehicles, have been considered: a cefdart NEDC and a warnstart NEDC.
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4. Results and Discussion

The assessment Tab. 4.1 and Fig. 4.1, for the cold start cycle) shows agood agreement
between the experimental and simulated values, with an @vall difference of less than % in the
case of the fuel consumption and 6% in the case of the Nédnissions(Tab. 4.)).
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4.1 Paullel Hybrid Electric Vehicle

4.1 Parallel Hybrid Electric Vehicle

In PHEVsthe ICE and EM directlysupply the mechanicaltorque to the wheels, according to
the power split determined by the control logic their speed is function ofthe vehicle velocity and
gear shift strategy. Theelectric machinepower profile is set as variablen the HOS while theengine
operation derives fromEqg. 3.12

Concerning the figuresof the 02 A0 O1 00 AT A $ EtheAidavidg dbbréviatidnE AP OA O
have beenemployed:

Baseline: conventional vehicle configuration The same powertrain of the parallel
architecture is considered, excluding the electric componentsHM, inverter and battery)

TLM TOT: Total Losses Minimzation with Total engineor NO, losses

TLM REC Total Losses Minimization with Recoverable enginer NO, losses

TLST: Total Load Switch Thresholds

BO: Benchmark Optimizer

NPI, PI: Not PlugIn hybrid electric vehicle or Plug-In hybrid electric vehicle

FC NO: the minimization of the fuel consumption orthe minimization of the NO, emissions
is the targetof the operating strategy

Stop&Start : engine Stop & Start feature

4.1.1 Benchmark Optimizer

As far as the benchmark optimizer is concernedrig. 4.2reports the targets (Me O Moy as
a function of the generation number, for the best (solid blue line) and worst (dashed red line)
individuals. As examples, four different cases arshown. The difference in the performance
between the best and the worst individualsshown in Fig. 4.2 is fundamentalin GAbased method
in order to guarantee the genetic diversity of the populationMoreover, both the convergence rate
and the improvement in the total fuel consumption or total N@ emissions have an arbitrary
behavior: they depend on the random generation of the initiaindividuals and the stochastic
evolution of the population.

Regarding the New European Driving Cycle, a total number of 1051 independent variables
and a population of 17053 individuals were defined. As aaxample, in the case of the Cl Engine,
w/o plug -in feature and optimizing the NO, emissions along the NEDC (tofeft diagram in Fig. 4.2),
the total number of calculatedcycleis:

0 "YE O&XHG OO a ) A'TREED QU QUWBREIQl OO PYEUD T WO X @ p WG B

Around 10-100 million complete cycles were required for each benchmarkoptimization. A
remarkable effort was required in order to improve the Matlab script to reach acceptable
calculation times. The finalrelease of themodel is able of achieving this huge calculation efforti.e.
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Figure 4.2 - PHEVBenchmark Optimizer : fuel consumption or NO x emission convergence

Figure 4.3 shows the time histories of the electric machine and engine brakepower
(respectively blue solid line anddashed redline) and the battery SOC green dash-dot line) along
the NEDC cyclefor all the analyzed parallel hybrid vehicles andobtained with the benchmark
optimizer.

For both the CI engine and the SI enginBIPI,in case of the M. target (respectively top left
and intermediate left graphs in Fig. 4.3, the EM works as a generatoronly during deceleration
phases (regenerative braking) The only exception is a weakengine positive load point shift for the
S| engineduring the EUDCThe energy stored in the battery pack is used to run thelectric machine
in motor mode mainly at low speed and at low/medium load(pure electric mode, with the clutch,
between ICE and EM, open)whereas the share belectric assist is negligibleduring high traction
torque phases In case of thenot plug-in CI engine with Mioxastarget (bottom left graph in Fig. 4.3,
the electric machine vorks asgenerator during the speed plateaus,n order to shift the ICE load
towards the minimum brake specific NQline (positive load point shift). Regenerative braking and
positive LPS are applied to increase the SQtie energyavailable in the batteryis then used,during
the EUDC, to shift the ICE loadownwards towards the BNGO:min line. As in the previouscases,a
zero net usage of the battery is guaranteed (i.e. SQESOGar).
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4. Results and Discussion

As far as theplug-in PHEVs are concerned, (right colummgraphs of Fig. 4.3, the electric
machine supplies all the required traction power during the four succesive urban cycles. The
engine is not switched-on until the extra-urban phase when the battery SOC reachesé lower
limit. As a consequence, the minimum fuel consumption and N@missions are guarantee; in
counterbalance a net usage of thenergy battery content is required (i.e. SOG¢hT8 ¢ L h
SOGaihTt8 x v (38

Figure 4.4 shows thetime distribution of the engineoperating points (in terms of BMEP and
ICE speed) during the NEDC fdhe not plug-in PHEVs(right column). They are compared tothe
conventional vehicle configurations (left column).The color scale indicates the total timeduring
which the engine operates at a specific point of the diagram. The solid black line represents the full
load conditions.Regarding the CI enginehie minimum BSFC operating lin€top plots in Fig. 4.9 is
significantly above the minimum BSNQ one (bottom plots in Fig. 4.4. Accordingly, the
minimization of the Mnoc and the minimization of the Muye lead to completely different operating
strategies(seeFig. 4.3.

The NEDC is characterized by low load conditionsith a maximum required traction power
of about 35 kW during the 100-120 km/h speed transient As a consequence, in case of the
traditional vehicle, the Cl enginealways operates below the minimum BSFC lindtop left in Fig. 4.9.
Concerning the Sl engine, only aeduced fraction of the operating points is above the BSKfa
condition (at around 3000 rpm and 7 bar of BMEP, intermediate left graph ifig. 4.4. When
negative LPS mode is actuated, the ICE load is reduced even furthiis leadsto a decrease in the
FC, eva though the engine efficiency deteriorates. Instead, as mentioned, He minimum BSNQ
operating line is significantly below the minimum BSFQine. The operation of the traditional vehicle
resultsto be also abovethe BSNQ min operating conditions (bottom graph in Fig. 4.9.

Top graphsin Fig. 4.4 show the variation in the time distribution of the ICE operation for the
not plug-in PHEV by means of the benchmark optimizer with respect to the conventional vehicle.
The two operating areas at 23 bar of BMEP and respectively 1250 and 1750 rpm of engine speed
are almost completely avoidedoy means of theonly electric mode (see speed plateaus iRig. 4.3.
No relevant ICE load shift strategy is implemented and the other operating areas result to be
unvaried. Concerning the Sl engine (intermediate graphs iRig. 4.9, the conditions at low load
(below 2 bar of BMEP) are almost completely substituted by the electric mode: this allows the
system to avoidthe lowest efficiency points ofthe Sl engine. Moreovera weak negative load point
shift strategy of the ICE is applied for the operating poistabove the BSFGn line (at about 3250-
3750 rpm and 7-9 bar) and a positive engine load point shift for the operating points at about 1250
1750 rpm toward the optimal BSFGin line.

Finally, the optimization of the NQ emissions for the CI engine (bottom graphs ifrig. 4.9
implies a completely different operating strategy with respect to the previous onesand a marked
(positive and negative) engine load point shift is implementedThis is a consequence of the lower
BSNQmin line respect to the BSFG, one and the higher deivatives of the BSNQ with respect to the
load than in the case of the BSHGeeFig. 4.5:

W i— | dwi— 4.1)
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4. Results and Discussion

Equation 4.1 and Fig. 4.5underline how, at fixed engine speed, doad differenceimplies low
variationsin the BSFC ife. in theengine efficiency), but high deviations in the BSNQ. Therefore, in
the case of thefuel consumption minimization, the benchmark optimizer mainly uses the energy
accumulated during the regenerative braking for the electric mode. Whereas, in cas of the NQ
minimization, the engine is operated along the mimum BSNQ emission line by means ofa
significant load point strategythat guaranteesdramatic reductionsin terms of total NO, emissions.
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Figure 4.5- PHEV: BSFC andBSNQ with respect to BMEP at fixed engine speeds (Cl Engine)

All the results analyzed so farunderline that the efficiency of the electric line (electric
machine-inverter -battery, () is a keyfactor in the selection of the hybrid operating mode One
method that can be usedo investigate the hybrid powertrain losses during LPS phases, is the
overview of the Sankey diagrams Fig. 4.6and Fig. 47). They consider the powertrain up to the
mechanical input power of the gearbox (for further detailson the optimized hybrid components,
please refer toFig. 3.19.

Figure 4.6 shows thesystemlosses (up to the EMGearbox clutch) in case of theure thermal
mode, with the only engine supplying the required traction power (left column), compared to the
case @ the hybrid system with load point shift strategy (right column). Regarding thgure thermal
mode, two operating points at 1500 rpm are considered:at 8 bar and 16 bar of BMEP. They are
respectively below and above the minimum BSFC poirthat is locatedat BMEP = 12 bafseeFig.s
4.4 and 4.5 and they are characterized by an efficiency of 35.7% and 37.6%b.is consideredthe
engine working on each operating point fora time interval of 1 sec,with the following fuel energy
consumption:

% Wi QaMER 5 YOO 5 YO THD YD popE*
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ConventionalVehicle

Load Point Shift Strategy
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Preqcs= 17.0 kW Preq,cs: 17.0 KW
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Figure 4.6- PHEVLoad point shift strategy for the minimization of the total fuel consumption
(Cl engine z Wice=1500 rpm)

Concerning the load point shift strategy, right column irFig. 46 reports a positive LPS (top
diagram) and a negative LPS (bottom diagram) that allow the engine to wogtways on its optimal
operating point (with the highest efficiency of 37.8%). In the both caseghe electric line is
characterized by an efficiecy of about 82%, underling howthe ICE loss share is predominantAs
for the conventional vehicle, it is considered an operation of 1 sec for tHth conditions, with a
resulting zero net balance of the battery energy content:

% DOIYOBND 0 5 FXO 0 5 O oD ORWP p oPE*

An overall expense of 135.6 kJ of fuel energy source is obtained, higher than the conventional
vehicle (+3.4 %):the improvementin the Compression Ignition Enginefficiencyduring its load point
shiftis too low and it is more than counterbalanced by the energy losses of the electric line
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4. Results and Discussion

Figure 4.7 comparesthe pure thermal mode (left column) with respect to the load point shift
strategy (right column), in the case of the NOminimiz ation. Regarding thepure thermal mode, two
operating points at 1500 rpm are considered:at 1 bar and 7 bar of BMEP. They are respectively
below and above the minimum BRO;, point, at about4 bar of BMEP (sed-ig.s 4.4 and 4.k

In order to allow the system overview through the Sankey diagrams an equivalent Quox
heating value of220 MJ/kg is considered (for further details, see Eq. 3.223: the two operating
points result to be characterized by an equivalent efficiency of respectively: 14% and 18.5%. It is
once more onsidered the engine working on each operating point for 1 seaeyith the following NG
equivalent energy consumption:

% i QaWER OO0 ; D0 p&P UPD wPE*

Conventional Vehicle Load Point Shift Strategy

I:)NOx,sourcez 15.0 kW PNOx,source= 17.2 kW

Qlox=49.2 %
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I:)NOx,source: 81.1 kW PNOx,source= 17.2 kW

s Clox=49.2 %
Qo= 18.5 % o

Pbattsource: 6.3 kW Preqcs= 13.6 kW

Preges= 13.6 kW .
(4,=81.2 %

Enox source(1 S€C + 1 sec) 6.1kJ Enox source(1 S€C + 1 sec) 34.4kJ

Il CE Source[JJJjj ICE Loss [Jjjjj BatterySource [l ElectricLoss [JjjJjj ReaquiredPowe:

Figure 4.7- PHEVLoad point shift strategy for the minimization of the total NO , emissions (Cl
engine Z Wice=1500 rpm)
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4.1 Paullel Hybrid Electric Vehicle

Concerning the load point shift strategythe right column in Fig. 47 showsa positive LPS (top
diagram) and a negativeLPS (bottom diagram) that allowthe engine to work on its minimum
BSNQ (featured bythe highest equivalent efficiency of 49.2 %). In the both cases, the electric line is
characterized by an efficiency of about 81%As in the case ofthe conventional vehicle, it is
considered an operaton of 1 sec for the two conditions (with a resulting zero net balance of the
battery energy content: Raisource=-7 KW for the positive LPS and Risource=+7 KW for the negative
LPS):

% DOIYOl GO QQy, YOO YO pgP pRP OBE™

It results an NQ equivalent energy consumption of 34.4 kJ-76.4 % with respect to the
traditional mode), that confirms the importance of the engine load point shiftrategy to minimize
the NQ emissions

Figure 4.8 reports an overview of the weltto-wheel CQ emissions (left diagram) and NQ
emissions(right diagram) along the NEDC for all the consideredPHEVsIt is important to underline
that all the CQ and NQ emissionsof this study, do not represent the benchrark of the considered
technology, because the optimization procedureconsiders the only operating strategy. At the
beginning of the project, a drivetrain layout based on the experience of the authowas assumed
(see Tab. 3.0 and no further redesign of the hardware was considered.The realintention of this
study is to show how different operating strategies exploit as best as possible the selected hybrid
powertrains with reference to a selected target~or further details on possible techniquesto
optimize the hybrid powertrain design, please refer to [10, 11, 34]).

The wheel-to-well CQ emissions are calculated asthe sum of two different terms: the CQ
from the combustion of the fuel (C@icg and, in the case of the only plugn hybrids, the indirect CQ
emissions from the electric energyequired by the netto recharge thebattery (CQ gar):

#1  #1/; # 1y (4.2)
#ly ——t (4.3)
# /5 4 '3' S (4.4)

where:

U Xcozmel [gcodl] : represents the grams of CQ released per liter of burned fuel. It is a
property of the considered fuel. The following values defined from the stochiometric
combustion, are considered

Gasoline: @ cotT@ A
cot@ 7

U Xcozelnet [gcod KWhel]: represents thegrams of CQ released per kWh of electric energy
absorbedfrom the electric net. It is a poperty of the electric network (function of the type of

Diesel: 1]

=
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4. Results and Discussion

installed power plants, grid efficiency, etc.). For the European Unigthe following value is
considered([10]):

D nh TN TE7E

U Cknenet [%]: characterizes the efficiency of thevehicle battery rechargng through the
electric net. It is assumed to be 93%10])

U Range [km] : is the total distance driven by thevehicle; for further details on the
considered driving cycle, please refer tdab. 3.3
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Figure 4.8 - PHEVBenchmark Optimizer : Well -to-Wheel CG, emissions
and NO, emissions (NEDC)

As far as the C@emissions are concerned,he Cl engine guarantees about 140cg/km in
case ofthe conventional vehicle (left red bar in Fig.4.8), whereas the S| engine about 175:g/km
(+25 %, intermediate red ban. Both the Stop&Start feature and the hybridization result to have a
stronger impact in case of the Sl engine, with an overall reductioior the not plug-in, in terms of
the CQ emissions, close to 20 %. This idue to the higher variation of the BSFCof the S| engine,
with respect to the Clengine (Fig.s 2.3and 2.4). However, the Cl engine due to itsbetter average
efficiency, reacheghe lowest CQ emissionsbetween thenot plug-in vehicles (about 120 gofkm).
Finally, targeting the NQ emissions, the fuel consumption is strongly compromised and legkan 5
% reduction in terms of CQemissions is achieved.

In the plug-in PHEVs, the battery energy content and thelectric motor maximum power
allow the vehicle to be driven almost completely in electric modeand the engine is switched-on
only during the EUDCThe both engines and optimization target (Mse and Muoy perform almost
the same C®emissions,the majority of which (about 85 %)is due tothe battery recharge (CQpar,
seeEqg. 4.9.
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4. Results and Discussion

Regarding the NQ only local emissions are taken into consideratiorand the plug-in feature
prevents any NQ emissions at all. The hybridization has a major impact and the not pltig PHEV
achieve a decrease close to 60 %. This result is compromised in case of thadf@et, that implies
an increase of the NQ, emissions.Finally, the plugin almost avoid any emissions (due to thenly
short switching-on of theengine) and their performance is independent onthe optimization target.

The vehiclewas alsosimulated, for the only fuel consumption minimization alongreal world
representative driving profiles: the Artemis (Urban, Road and Motorway)driving Cycles.Figure 4.9
compares the operating points of the baseline conventional vehicle configuration without
Stop&Startfeature) with respect to the plugin and not plugin PHEVs. The hybridizatiorallows the
engine to partially avoid low speed and load operating points during which the engine is
characterized by the lowest efficiencies (especially the Sl engine). Only ihé case of the SI ICE a
relevant load point shift strategy is implemented, especially in the case of the AUC. Moreover, the
plug-in feature is more effective in the case of urban driving cycles, for which the total required
energy is limited and comparableto the initial battery energy content

Finally, Fig. 4.10shows the wheetto-well CQ emissions in case of the three Artemis Cycles
for all the parallel hybrid electric vehicles and compared to the baseline(with and without
Stop&Start strategy. Theconventional vehicle without Sop&Start feature (baseline) is considered
as reference for the percentage reductions in the diagram: red bar for the ClI engine and datke
bar with horizontal -line hatch for the SI engineWith reference to Fig. 3.8and Tab. 3.3, the AUC is
characterized bythe longest standstill time and the high peak and mean vehicle acceleratis As a
consequence, the Stop&Start function is very significant (5.8%and 2.6% of CQ reduction
respectively in the case of the Sl enginand Cl emgjine) and the optimizer effectively exploits the
powertrain electrification.
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4.1 Paullel Hybrid Electric Vehicle

The higher is the average speed and the longer are the constant load time intefivalsin the
case of the Road and even more of the Motorway Athe less impacting is the hybridization of the
vehicle The ARC and especially the AMC are characterized lugher engine speed and load
operating points (Fig. 4.9, that imply the baseline engine to operate at high efficiencies. Only a
weak load point shift strategyis required and the electric mode is not convenient or not possible.
As a consequencghe PHEY guarantees lower and lowelimprovements in terms of CQ emissions
in the case of theArtemis Road and Motorway Cyclesrom 36 % of the AUCto 12 % of the ARC, to
3 % of the AMC in case of the Sl engine without plig. Similarly, the plug-in feature is more
effective in the case of the AU&nd its benefits are compromised for highwayonditions. As in the
case of the NEDC, the CI engine performs the lowest;@dissions even if itshybridization and the
plug-in feature guarantee kbss improvements interms of fuel consumption with respect to the
conventional vehicle

4.1.1 Real-time optimizers

Figures 4.11-4.13 show the time histories of theelectric machine brakepower resulting from
the real-time operating strategiesand the benchmark (respectively blue solid line anddashed red
line) andthe battery SOMf the reattime operating strategies(greendashdot line) along the NEDC
for the not plug-in parallel hybrid vehicles. Allthe three RTOsare taken into consideration.

In the case of theClengine with Mye as target(Fig. 4.1)), the three operating strategieshave
a comparable behavior:

U low load driving conditions are driven in pure electric mode (the only exception is the first
part of the first UDC with the TLM REC)Ihis feature prevents the ICE to work on its lowest
efficiency operating pointsduring the speed plateaus of the UDQgxcluding the 50 km/h)
and the 70 km/h in the EUDCnot for the TLST)

U in general,no load point shift strategy is implemented

The TLM TOTis the operating strategy that is more close to the B@nd only negligible
differences can be noticed. Accordinglyresult the Well-to-Wheel CQ emissions reported in Fig.
4.14: the TLM TOTshows almost the same reduction with respect to the baseline13.7%) as the
benchmark (13.8%), whereas the TLM REG13.1%) and even more the TLST-12.4%) guarantee
lower benefits. However, in all the casesperformance remain close This canbe attrib uted to the
flat Cl engine efficiency mapand the very simple strategy to be implemented: or electric mode in
case of low loacconditions or pure thermal mode.

Regarding the Sl engine with Me as target and not plugin feature (Fig. 4.12), a similar
behavior to the ClI engine is obtained. The main differencare the more intense loadpoint shift
strategy during the EUDCor the TLM TOT and the BO and th&lectric share during thefirst UDC in
the case of the TLM REC and the TLF&in the case ofthe Compression Ignition engine, the TLM
TOT (18.2 %) is the realtime operating strategy that performs more closely to thebenchmark (-
18.4 %), whereas the other two optimizers have a worse behaviol6.4% for the TLM REC and
15.4% for the TLST.

72



4. Results and Discussion

20 0.85
TLM -TOT
10 0.80
: — 7\
< ol A 0.75 _,
g L
O
T 3
.10 0.70
%é N——=V T —.\
5 I /\-’_“‘_'\ i
(VSRR N 2V A o N
-20 VTR i 0.65
20 0.85
TLM - REC
10 0.80
E‘ \
= o] A { ' 0.75
2 "U Vi . :
O
o ] 2
.10 N - 0.70
s A N S \
& M e AN
\ |
-20 N | 0.65
20 0.85
TLST
10 0.80
5 jJ—/\
= 0 ‘ ! ! ‘ 0.75
T I V VV I '“V v V (f T
O
T 3
210 ~o= =+0.70
@ Na——
-20 N TN e i\ 065
- VNV T e [——————
-30 0.60
300 600 900 1200
Time[s]
—— Py [KW] (Real-Time Opt.) ———- Py, [kW] (Benchmark Opt.) —-—-SOC [-] (Real-Time Opt.)

Figure 4.11 z PHEVReal-Time Optimizer s: EM brake power profiles and battery State Of
Charge for the CI engine with M qe as target (NEDC)

73



4.1 Pallel Hybrid Electric Vehicle

20 0.85
TLM -TOT
10 0.80
z '1 ;
.g. 0 A 0.75 —_
= %)
o 3
%_10 - 0.70
— \’—-~_.'\"— - \ —_
m N e,
‘\~/"'\.\_./\./_-v- \
-20 S e e— {8 0.65
\ o
. ~
\__/
20 0.85
TLM - REC
10 0.80
s . ,
=, A f1 Jl
= — ~- - O
O N— -~ \-\
a - .
©.10 R VENY SS IN 0.70 ?
s \
0 N
-20 -0.65
20 0.85
TLST
10 0.80
—_ |
; — i
= 0+ | ] 0.75
b 0 Wond v\/u . Z
2 @)
< - 3
10 ~= 0.70
e \
m E'2nY
\ — . '
'20 a4 ‘-'-\‘J‘ ] b \ —,_ N ..—-_\ ~ / P AY SR VR — e 065
-30 ‘ ; 0.60
0 300 600 900 1200
Time[g
—— Pgy [kW] (Real-Time Opt.) ——— Py, [kW] (Benchmark Opt.) —-—-SOC [-] (Real-Time Opt.)

Figure 4.12 z PHEVReal-Time Optimizer s: EM brake power profiles and battery State Of
Charge for the S engine with M 1. as target (NEDC)

74



4. Results and Discussion

20 0.85
TLM - TOT
10 0.80
— N | B ’ +L- Y
WL W SOl
i R AN \ L (@)
o - .
.10 YA ¢ - oo ?
S VNS \ .
@ \.
\.
-20 V] 0.65
20 0.85
TLM - REC
10 0.80
2
=, 0+ 0.75
. P
O
x ?
2-10 0.70
ks
sl
-20 0.65
20 0.85
10 0.80
z
= 0 0.75
: P
O
T 3
©.10 0.70
L
sl ) ‘ )
-20 . ST -0.65
-30 ‘ ‘ ‘ w 0.60
0 300 600 900 1200
Time[g]
—— Pgy [KW] (Redl-Time Opt.) ———-Pgy [KW] (Benchmark Opt.) —-—-SOC [-] (Real-Time Opt.)

Figure 4.13 z PHEVReal-Time Optimizer s: EM brake power profiles and battery State Of
Charge for the Cl engine with M noxas target (NEDC)

75
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Finally, in case of the CI engine with My as target and not plugin feature (Fig. 4.13), the

electric machine works as agenerator along the speed plateaus, in order to shift theengine load

towards the minimum brake specific NQline (positive load point shift) and to save energy in the
battery that will be used during the extraurban phase Being the ICE load point shifthe key

strategy to reduce NQ emissions,the recoverable formulation of the NQ losses Eq. 3.22b) was

expected to be more effective than the total expressidittq. 3.22) for the TLM strategy.
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Figure 4.14 z PHEVTLM: NG, electric and overall losses for the Cl engine with M noxas target
(I'eft column: total losses, right column: recoverable losses ).
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Nevertheless the recoverable N@losses (second plot ofig. 4.13 implement a less effective
load point shift strategy than the total NQ losses (first plot of Fig. 4.13 with a resulting lower
reduction in terms of NO, emissions (refer toFig. 414). This behavior can be explainethrough Fig.
4.14, where the NQ, electric andoverall losses of the total (left column) and recoverable (right
column) formulation are compared Two distinguishing instants have been considered along the
NEDC: 35 km/h speed plateau of the last ECE (at 660 s) and fl#-to-120 km/h speed transient
during the EUDC &t 1110 s). The two top plots show how the total losses formulationrids the best
condition at about [Fem=-7 kW zZ Pce= 16 kW] with a significant positive load shift of the ICE, while
the recoverable losses formulation at [Bu = 0 kW z Pice = 9 kW] employs pure thermal mode.
Concerning the extraurban operating condition, both the strategies requirea negative load point
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shift of the engine, however the totalNQ, losses are more effective and allow a stronger reduction
of the engine power toward the minmum BSNQline.
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Figure 4.15 7 PHEVTLM: NO (or ICE) and electric losses for the Cl engine (top row : total
losses, bottom row : recoverable losses).

This unexpected behavior is due the worse control of the final SOCby adopting the
recoverableformulation of the NQ losses.Figure 4.15shows a schemati@verview of this concern.
In the top left plot the total NQ (or ICE) losses are compared to the electric ones: the fissihcrease
from right (zero value) to left, together with the raise of the engine power,whereas the second
increase from left(zero value) to right with the raise of the electric machine power For reasonsof
simplicity, only positive P=w are considered As explained in the Chapter 3.2 the losses are
calibrated in the gptimization procedure, through the multiplication factor of Eq. 3.17a, until the
required final SOCis achieved (seetop right plot). Concerning the recoverable losses, these are
characterized by anot-monotonic trend (bottom left plot) with a zero value & the minimum BSNQ
(or BSFC)operating point. The calibration throughthe electric lossesthat tend to balance the usage
of the energy accumulated in the battery, have to be enhancémbmpare top plots inFig. 4.14. As a
consequence the NQ lossesachieve a lower impact on theoverall strategy and aworse reduction,
in terms of NQ emissions, is achieved

In general, recoverable losses cahave better performance than the total ones, but their
calibration is more challenging ands highly dependenton the boundary conditions.
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Figure 4.16 z PHEVReal-Time Optimizer s: Well-to-Wheel CO, emissions
and NO, emissions (NEDC)

Figure 4.16 shows an overview of the welto-wheel CQ emissions and N® emissions
obtained along the NEDC.The gray background represents the baseline condition of the
conventional vehicle and thebars in red and blue (with horizontal lines hatch) report the
benchmark optimization (seeFig. 4.8§. The real-time optimization shows an overall good match
with respect to the benchmark. The TLMTOT results to be the besteal-time optimization strategy
with close performanceto the BO: the difference, in terms of CQ and NGO reduction is less than
respectively 1.5 %, in the case of the not plugn, and 5 %, in the case of the plugn. The TLST
achieves reductions in terms of fuel consumption close to the TLMOT (about 2% more in the case
of the not-plug PHEVS), instead is nosuitable for the minimization of the NO, emissions.Possible
improvements could be achievedntroducing another term in its control equation (Eq. 3.27 that
would enhancethe ICE load point shift:

0 EO0paniQyo AockR3/ #3 /7% "HO'E g g 1B I (4.5)
The drawbackof this solution would be the necessity of a third calibration parameter and therefore

a higher computational effort

The real time optimizers worsen in the case of the plugn PHE\. This is due tothe adoption
of atoo simplified operating strategy, that does not considered the range extender feature dhe
plug-in HEV.. Figure 4.17 shows the typical trend of the battery SOC of a pltig hybrid in a real-
world application. Two are the main phases

U Charge Depleting mode : the hybrid powertrain exploit the electric energy accumulated
in the battery until a lower threshold (SOGs st in the figure) is reached

U Charge Sustaining mode: no net battery energy consumption is allowed
(SOGhi=SOGs stan). The systemwork s asanot plug-in HEV.
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Figure 4.17 z Plug-In HEV: charge depleting and charge sustaining modes

The SO&csar is a key parameter, since it indentifies the instant at which the charge
sustaining modeis activated Regarding the charge depleting mode, two main operating strategies
can be implemented:

U Only electric mode : the powertrain is allowed to work only in electric mode (if no
technological constraint requires the switchingon of the engine). Thismode has a
straightforward implementation and it assures, in real world conditions, to exploit with the
maximum priority the battery energy content

U Hybrid mode : the powertrain works in hybrid mode. It is required a double optimization
of the Operating Stategy: ore for the charge depleting hybrid mode and one for the charge
sustaining hybrid mode. The number of calibration parameters and, therefore, also the
computational effort is highly increased. This method allows the maximum potentiality of fuel
consumption and NO, emissions minimization

The first approach that employs the only electric mode during charge depleting, has been
implemented. As mentioned, it was necessary toonsider a supplementarycalibration parameter
that defines the SOC at which theystem switches from only electric to charge sustaining mode.
This methodology guarantees good performance anan averagereduced of one thirdthe difference
between the reatime optimizersand the benchmark This improvements is even moreaemarkable
in the case of the ArtemidJrban Cycle For further improvements, the hybrid mode during charge
depleting should be taken into consideration.

Figure 4.18 shows an overview of the welto-wheel CQ emissions for the Artemis cyclesThe
gray background repregnts the baseline condition of the conventional vehicle and the bars in red
and blue (with horizontal lines hatch) report the benchmark optimization (seerig. 410)
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Figure 4.18 z PHEVReal-Time Optimizer s: Well-to-Wheel CO, emissions
(Artemis Driving Cycles)

The evaluation of the real-time optimizer and the benchmarkis comparable to what
examinedalongthe NEDCIn general the TLMTOT is the best real time optimizer, even if the TLM
REC performs slightlybetter in the case ofthe not plug-in SI engine PHEVs. Finally, as mentioned,
the plug-in PHEVs show a higher difference between the benchmark and the rdaahe optimizers,
underling the necessity of a more complete operating strategy (sdeg. 4.17

Befare examining the SHEV |t should be underlined that the both real-time optimizers can be
implemented in realworld applications, provided calibration parameters (c-cs for the TLM and g,
c; for the TLST)are adapted to the missiorprofile. The coefficientsshould beinitially calibrated on
the basis of a reference driving cycle (dasheekd line in Figs 4.19, 420), which is estimated from
the availableroute ET £ O AOET T j ARAOOET AOET 1 rthe @iirky AyiEoktheAT T AE OF
end-user. A secondrouteh  OA £A O Obkeved®®U A A & 6 ®lpedihe), Bibws the actual
progress of the driving pattern.
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Figure 4.19 z PHEVReal-Time Optimizer s (TLM TOT): reference and achieved driving cycles
in a real -world application

The reakttime optimizer recalculates the c-vector for the remaining part of the (reference)
cycle at regular time intervals. This speed profile can also be updated on the basis oftione traffic
information (see intermediate plot inFig. 4.19).
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world application
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As example, the lowergraph in Fig. 420 shows the time history of ¢;, obtained by
recalibrating the c-vector every 10seconds Theon-time correction of the c-coefficients results to
be essential in order to achieve the largest possible reduction iterms of fuel consumption and
pollutant emissions and a final SOC close to the targefowever, the GA solvey hereadopted, is not
suitable for direct implementation on vehicle control units low-throughput methods have to be
employed,such asthe seA A1 1 A A -OAQ\iCeArédhiapproach
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4.2  Series Hybrid Electric Vehicle

In Series Hybrid Electric Vehicleghere aretwo Electrical Machines (EM) connected through
a power converter. One éectric machine (EM2) mainlyfeatures as generator, in order to convert
the mechanical powersupplied by the engine into electrical power. It is also employed in motor
mode in order to start the engine.The other dectric machine (EM1) works as traction motor,
converting the electric power from the battery and/or generator into mechanical power. The result
is a double degree of freedom for the operation of the engine: both thiwad and the speed are
independent oan the driving condition. As assumptionthe system ICE+EM2 workalong its Optimal
Operating Points (OOPs), according t&q. 3.14a for the fuel consumption minimization, andEq.
3.14b, for the NQ emissions minimization.

The speedof the engineis set asoptimization parameter, whereasthe engine power levelis
defined through the Optimal Operating Pointmaps (for further details, please refer toFig. 3.19 and
the battery operation derives fromEq. 3.3.

4.1.1 Benchmark Optimizer

As far as the benchmark optimizer is concernedhe same number of independent variables,
and total population were defined as in the case of the PHEV, resultingith a comparable
computational effort.

Figure 4.21 shows the time histories of the battery and e-motor EM1 electric power
(respectively blue solid line anddashed redline) and the battery SOC @green dash-dot line) along
the NEDC cyclefor all the analyzed series hybrid vehicles and obtained with the benchmark
optimizer.

In the case othe compression ignition engine, without plug-in feature and with Mre astarget
(top left graphs in Fig. 421), virtually no load point shift strategy is adopted andthe battery
absorbs electric poweronly during deceleration phases (regenerative braking) The only exception
are the weak engine positive load point shifs in the 70 km/h and 90 km/h speed plateaws of the
EUDC The energy stored in the batteryduring the regenerative braking and positive LPSf the
extra-urban phase is used to run theelectric machine inmotor mode mainly at low speed and at
low/medium load, whereas the share of electric assist is agligible during high-required torque
phases.Therefore, as in the case of the not plugn ClI engine PHEVthe electric machine
predominantly drives the vehicle in pure electric mode Being anot plug-in hybrid, a zero net usage
of the battery isachieved:SOG=SOGar:.

In the case of thespark ignition engine, without plugin feature and with Mue as target
(intermediate left graphs in Fig. 421), the operating strategy, in overall, is comparable to the one
adopted in the case of the Cl engine, even if a more intensiead point shift strategyis employed.
The energyis stored in the battery during the regenerative braking and positive LPS phasemd is
used to run the electric machine in motor mode mainly at low speed and at low/medium é&al,
whereas the share of electric ssist is negligible during high tractiontorque phases.
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State Of Charge (NEDC)
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Concerningthe CI engine not plugin and with Myoxastarget (bottom left graph in Fig. 421),
the electric machine works as generatoduring the speed plateaus, in order to shift the ICE load
towards the minimum brake specific NQ line (positive load point shift). As in the case of the PHEV,
regenerative braking and positive LPS increase thbattery energy content that is afterwards
employedin the EUDC, toeducethe ICE loadtowards the minimum BSNG, condition..

As far as theplug-in SHEVs are concerned, (three graphs in the right column &ig. 421), no
maximum power limit is reached of the electric component (as in the case of the PHEAM)d the
battery can supply all the required electric power Moreover, the battery energy content is
sufficient for the whole driving cycle and the minimum SOG never reached The ICEGEN system
is not activated and he minimum fuel consumption and N@emissions are guaranted at the cost of
a net usage of the batteryi.e. SOGaH 1T 8g0dSOGH 188

SERIES HYBRID ELECTRIC VEHICLES PARALLEL HYBRID ELECTRIC VEHICLES

N

¥ Mechanical path M Electrical path

Invdrter J

Battery

Figure 4.22 - SHEV vs PHEVonly electric mode

Moreover,the electric modef the SHEV guarantees a bettgystem efficiencyhan in the PHEV
architecture, because no gear boxiisstalled. This component is essential in the case of a traditional
powertrain in order to couple the ICE performance to the vehicle requirementsn the case of high
toque electric machinesitis not necessary andts inefficiency can be avoidedFig. 422).

The considered gearbox is characterized by an average tramission efficiency of about 80
95% along the considered driving cycles (for further details, please refer to Section 3.1.4.
Accordingly, in the plug-in PHEVs even ifthe engineis switched-on, the final SOC is close to 0.25
Whereasthe plug-in SHEVs featured by the same batteryand a slightly higher vehicle weightwork
only in pure electric mode andhe final SOC is higher than 0.30

Figure 4.23 shows thetime distribution of the engineoperating points (as a function of BMEP
and speed). The figures refer to thenot plug-in SHEVs (right column)along the NEDCThey are
compared tothe conventional vehicles (left column), alreadyevaluatedwith the PHEVS inFig. 4.4
The color scale indictes the total time during which the engine operateson a specific point of the
diagram.
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Figure 4.23 z SHEVBenchmark Optimizer : time distribution of the ICE operating points for
the not plug -in HEVscompared to the baseline (NEDC)
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