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Summary

The demanding CO2 targets are pushing the development of cost effective solutions
for the improvement of the efficiency of the powertrains. The electrification of the pow-
ertrain increases the complexity of the vehicle and the calibration effort that is required
for the optimization of vehicle performance as fuel consumption and pollutant emis-
sions. To manage this complexity, numerical simulation can play a fundamental role in
evaluating innovative technologies, seeking the trade-off among conflicting objectives,
scaling the number of tests at a minimal cost with respect to the experimental activity.

The aim of this work is to develop a methodology that integrates the detailed mod-
elling of each powertrain subsystem in a high level framework, that is a comprehensive
powertrain and vehicle model of a 48 V Mild Hybrid Vehicle. This comprehensive vehi-
cle model, bringing together a 1D-CFD fast running model engine, a 1D-CFD aftertreat-
ment model, a 1D-CFD cooling circuit model, a 0D electric motor and battery model as
well as a virtual electronic control unit, aims to be a virtual test rig for the investiga-
tion of the impact of the electrification in terms of vehicle transient performance, fuel
consumption and tailpipe pollutant emissions.

More in detail, in Ch.2, the case study is presented: a EURO 6 passenger car equipped
with a 1.6 L 4-cylinder diesel engine is chosen for the analysis. The electrification is
provided by the adoption of a 48 V Belt Starter Generator (BSG) and a Li-Ion battery
pack. A 48V electric catalyst placed upstream the Diesel Oxidation Catalyst and a 48V
electric supercharger downstream the main turbocharger, integrate the equipment of
the investigated Mild Hybrid Vehicle.

In Ch.3 the development and the validation of the comprehensive vehicle model is
presented. Using a commercially available software, GT-SUITE, a predictive combustion
model was calibrated and validated on different combustion modes to test the model
accuracy with different injection strategies. A Fast Running Model (FRM) engine was
validated in steady state and transient time to boost operations showing a satisfactory
agreement with the experimental data coming fromGeneral Motors - Global Propulsion
System (GM-GPS). The comprehensive vehicle model, featuring the FRM engine with
predictive combustion, the cooling circuit and the aftertreatment system, when driven
along aWLTC driving cycle, performed closely to the vehicle tested on the roller bench
in terms of fuel consumption, engine-out and tailpipe emissions. After the introduction
of the 48V electric system, the impact of electrification on the engine thermal state and
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on the 48V battery state of charge was compared with the experimental data showing
a noteworthy correspondence of the results.

Using the comprehensive powertrain and vehicle model as virtual test rig, in Ch.4,
the calibration of the Energy Management Strategy that showed a reduction, on the
Worldwide harmonized Light vehicles Test Cycles (WLTC), by 6.1 % of carbon dioxide
emissions, by 16.1 % of engine out nitrogen oxides emissions and tailpipe nitrogen ox-
ides emissions below the conventional vehicle by 12.5 %, was chosen. The analysis of
the introduction of an electric catalyst demonstrated the advantages of this technolo-
gies in terms of tailpipe nitrogen oxides emissions reduction (up to −54 %), with lower
fuel consumption on the WLTC with respect to the conventional vehicle (−0.6 %) and
similar results were obtained in other type approval and real driving emissions driv-
ing cycles. Moreover, the 48 V hybridization with BSG and the adoption of the electric
supercharger, showed that the electrification remarkably reduces the elasticity time of
the vehicle on different elasticity test in fixed gear (an improvement by more than 63 %
was obtained on the 60 to 80 km/h).

Finally, in order to take advantage of the detailed modelling of the powertrain, a
virtual calibration methodology, with the aim to investigate in depth the effects of in-
novative technologies on engine combustion and on vehicle fuel consumption and ni-
trogen oxides emissions, is proposed. The control parameters of the engine featuring,
separately, Injection Rate Shaping, a theoretical injector with no hydraulic delay, the
electric supercharger as auxiliary boosting system and Variable Valve Actuation were
optimized on several Key Points. After the update of the calibration maps, driving cy-
cle simulations of the innovative powertrains were performed showing benefits in fuel
consumption (up to −0.9 %) and nitrogen oxides tailpipe emissions (up to −10.1 %).
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Chapter 1

Introduction

The Dieselgate, which bursted in 2015 with the Violation Notice of the US Environ-
ment Protection Agency to Volkswagen about light duty vehicles equipped with ”defeat
devices in the form of computer software designed to cheat on federal emissions tests
[...] the major excess pollutant at issue in this case is nitrogen oxides (NOx), and is a
serious health concern.” [1], overwhelmed the public opinion. The Audi A3 TDI Clean
Diesel elected as Green Car of The Year in 2010 [2] (rescinded after the scandal) and
the Superbowl ad about the green diesel [3] were promptly archived. A new wave of
distrust of the diesel engine [4], severely endangered the research and development of
future diesel powertrains [5–7]. Against the mismatch between homologation proce-
dure and real world operation, the European Union, where diesel engines have been
benefiting of favourable emission limits with respect to gasoline engines, responded
with the approval of the Worldwide Light-Duty Harmonized Procedure (WLTP) [8].
This new homologation procedure adopted a driving cycle more representative of ve-
hicle speeds and acceleration with respect to the old-fashioned New European Driving
Cycle (NEDC). In addition to that, Real Driving Emissions (RDE) tests, where the vehicle
is driven in real traffic, climate and altitude conditions, were proposed and proclaimed.

Five years later from the Violation Notice, car manufacturers and suppliers have
dealt with this shock introducing technologies to effectively reduce pollutant emis-
sions in any condition. The new V8 TDI engine of Volkswagen, the same manufacturer
which received allegation for the defeat devices, tested by Emissions Analytics, is char-
acterised by extremely low nitrogen oxides emissions, far below the Euro 6 limit (−75 %
and evaluated in RDE conditions) [9]. An Italian car magazine, which compared diesel
and gasoline engines in urban driving conditions, claims that diesel engines emits now
comparably or less nitrogen oxides and particulate matter than gasoline engines [10],
even before the introduction of a possible fuel-neutral EURO 7 legislation which is ex-
pected to be issued in the following years [11, 12].

Nevertheless, the dirty reputation of the diesel engine and the claims from the Euro-
pean capitals mayors to ban diesel engines [13, 14], reduced the diesel powered passen-
ger car sales share from 51.5 % in 2015 to 35.9 % in 2018 to the advantage of an increase of
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Introduction

gasoline powered passenger cars [15]. On the other hand, after years of carbon dioxide
emissions reduction, in 2017 and 2018 the average CO2 emissions from new passenger
cars in the EU increased by, respectively, 0.3 % and 1.8 % correlating with the increase
of gasoline vehicle share.

This trend conflicts with the EU targets, recently set by European Parliament and
the Council which adopted EU Regulation 2019/631 [16]. This regulation prescribes to
reduce by 15 % the carbon dioxide emissions in 2025 over the 2021 baseline, according
to the WLTP procedure, and by 37.5 % in 2030. For this reason, the higher efficiency of
diesel engine is expected to contribute substantially in reaching this demanding targets:
a share of diesel engine of about 40 % is expected by 2030 [17]. In the same year, about
the 90 % of powertrains will be electrified, since the hybridization will be the key in
reducing the carbon footprint of vehicles and allow the passenger cars to achieve the
EU carbon dioxide targets.

In this framework, 48 V electrification of diesel powertrains represents the most
cost effective solution to reduce the carbon footprint of passenger cars. Improvements
up to 20 % can be expected from the introduction of 48 V Mild Hybrid systems which
can leverage the functionalities of a full hybrid vehicle (e.g. recuperation and torque
assist capabilities) [18] at a lower cost [19, 20]. For this reason, Mild Hybrid Vehicles
are expected to achieve the 20 % of global car sales in 2020 [21]. The positive outlook
of this technology is also promoted by technological development such as the concept,
conceived by the manufacturer A123 [22], of a battery pack with a power approaching
25 kW to extend the electric power available and improve the system benefits.

The higher level of electric power achievable thanks to the 48V hybridization with
respect to the conventional 12 V network, enables the deep integration of electric aux-
iliary devices in the powertrain. Hence, functions which were historically distinctive
features of the engine can be shared to electric and specialized devices with benefits in
terms of engine performance and efficiency. For example, catalyst light-off has always
been a critical operating point for the trade-off between engine efficiency and pollutant
emissions. The engine is in this phase operated at its lowest efficiency to route the fuel
power towards the exhaust line and to heat the catalyst. A specialized electric catalyst,
made by an electric resistance and placed upstream of the Diesel Oxidation Catalyst
and the Selective Catalytic Reduction system, can contribute to achieve lower emission
targets shortening the light-off time. This system can be a key technology for future
EURO 7 emissions targets [23]. Additionally, the quest for vehicle fun to drive gives rise
to the introduction of boost-on-demand systems which can dramatically enhance the
vehicle performance at a reduced or no detrimental effect on fuel consumption. Among
these, electric superchargers have shown, for their advantages in terms of packaging
and performance, to fit in an electrified powertrain. Indeed, exploiting the thermody-
namic lever, small boosting power can be multiplied by the lower heating value of the
fuel to increase dramatically the powertrain performance, positively affecting the vehi-
cle drivability from low engine speeds [24, 25].

In this multifaceted context, where innovative technologies should be introduced
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in a synergistic way to comply with emissions regulations and to continuously reduce
the carbon footprint, numerical simulation can play a fundamental role. Vehicle and
powertrain models are the medium where the complexity can be handled and different
scenarios can be investigated. What is more, virtual tests are not (or very low) limited
by test bench maintenance services, by failures, by physical time and space and they
can be performed at minimal cost with respect to experimental tests. Simulation can
be adopted at any stage of the V-cycle, the development process for the design and
validation of complex systems.

However, several simulation methodologies can be adopted to represent power-
trains and vehicle systems, ranging from 0Dmodels to simulate different types of hybrid
and full electric architectures, as proposed by Di Pierro et al. [26] to detailed subsystem
modelling. On the one hand, powertrain map-based model, which are computationally
efficient, are adopted for driving cycle simulation since they only require experimental
maps of fuel consumption and engine-out pollutant emissions. They are usually em-
ployed to evaluate the benefit of the electrification on fuel consumption and engine-
out emissions when the powertrain is fully warmed up, as done by Morra et al. [27],
by Nüesch et al. [28] and by Lujan et al. [29], where fuel consumption and engine out
nitrogen oxides emissions of a diesel hybrid architecture are assessed. Additionally,
steady state maps can be corrected to properly evaluate the engine thermal state and
the emissions from a cold start, as proposed by Gao et al. [30], but this requires esti-
mates for both thermal and emissions parameters for each engine. Moreover, the use
of map-based model neglects fluid-dynamics transients [31], with inaccuracies in the
fuel consumption estimation especially on dynamic driving cycles (e.g. Real Driving
Emissions cycles), which are introduced in the current legislation.

On the other hand, detailed models of components are adopted for the assessment
of engine technologies, thermal management or tailpipe emissions analysis. Usually,
1D engine models are employed to properly assess combustion models and different
calibration strategies along vehicle transient operations, as done by Dorsch et al. [32]
or to evaluate the performance of different boosting systems (allowing to capture the
turbolag effect). To this regard, in the work carried out by Griefnow et al. [33], a Fast
Running Model (FRM) engine is used, in a vehicle simulation, with the aim to develop
a Model Predictive Control for an electric supercharger. Concerning the thermal man-
agement, detailed engine and cooling circuit models are used to analyse cooling circuit
hardware modifications as done by Caputo et al. [34] and Liu et al. [35]. Finally, high ac-
curacy aftertreatment models are employed to evaluate tailpipe emissions using engine
speed and torque traces according to a predefined mission scenario, engine-out traces
for species concentrations, exhaust gas flow-rate and temperature generated before-
hand by a vehicle model, as done for example by Karamitros et al. [36], where different
aftertreatment systems for electrified powertrains are assessed.

So far, very little attention has been paid to a detailed modelling approach for the
optimization of the entire powertrains. As a matter of fact, every vehicle subsystems
has specific objectives which, due to the strong interactions among these functions,
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may conflicts and lead to non-predictable overcompensations of component improve-
ments at vehicle level. As an example, the optimization of the engine for lowest fuel
consumption may lead to longer light-off time with unacceptable tailpipe emissions.

Therefore, this work aims to propose a comprehensive powertrain and vehicle mod-
elling approach, for the evaluation of future electrified powertrains, embedding detailed
engine, aftertreatment system, cooling circuit and Energy Management Strategy (EMS).
This integrated model is developed to bridge the gap between high fidelity models com-
monly used for the development of components and coarser system level approaches for
the evaluation of vehicle technologies and architectures. It is targeted to be predictive,
since it is based on a phenomenological (e.g. the combustion model) or physical (e.g.
the 1D-CFD engine model) foundation; deterministic, since no external disturbances
are present in the simulation environment; flexible, because components and technolo-
gies can be swapped in a click. After the development of the virtual test rig in terms of
combustion, engine performance and emissions along a driving cycle, the 48 V electrifi-
cation on a Large Multi Purpose Vehicle featuring a 1.6 L engine will be investigated in
terms of vehicle transient performance, fuel consumption, engine-out and tailpipe out
nitrogen oxides emissions. An Energy and Emissions Management Strategy (EEMS) for
the concurrent minimization of fuel consumption and tailpipe nitrogen oxides emis-
sions will be presented and discussed. After the choice of the optimal EEMS calibration,
the impact of different electric auxiliaries will be investigated: an electric catalyst and
an electric supercharger. The impact of the electric catalyst on tailpipe nitrogen ox-
ide emissions and fuel consumption will be analysed, while the electric supercharger
will be assessed in terms of vehicle transient performance and fuel consumption along
different driving cycles. Finally, a novel methodology for the virtual calibration of pow-
ertrains featuring breakthrough technologies will be proposed with the aim to assess,
using the developed comprehensive powertrain and vehicle virtual test rig, vehicle fuel
consumption and tailpipe emissions of any innovative powertrain concept from the idea
to the (virtual) road.
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Chapter 2

Case Study

In this chapter the case study considered for the development of this work is re-
ported. The technical data presented here are provided byGeneralMotors Global Propul-
sion System (GM-GPS) Torino, where not otherwise declared.

2.1 Vehicle
The vehicle is a Large Multi Purpose (LMPV) vehicle which main characteristics are

shown in Tab.2.1.
Usually, vehicle resistance is described by a three term force versus speed relation-

ship characteristic of tire rolling resistance, driveline losses and aerodynamic drag. The
vehicle resistance equation may be expressed as 𝑅 = 𝐹 0 + 𝐹 1 ⋅ 𝑉 + 𝐹 2 ⋅ 𝑉 2, where 𝐹 is
the vehicle resistance in N, 𝑉 is the vehicle speed in km/h, 𝐹 0 is the constant term in N,
𝐹 1 is the linear term in Nh/km and 𝐹 2 the quadratic term in Nh2/km2. Depending on
the driving cycle, different vehicle mass and road load coefficients are used due to varia-
tion in the homologation regulation. According to WLTP regulation [37], the definition
of a low and a high vehicle power requirement to properly define a vehicle family with
the base vehicle (Test Mass Low - TML) or with the optional equipment and its impact
on mass, rolling resistance and aerodynamic drag (Test Mass High - TMH), is required.
In this work, the road load defined asWLTC TMH is representative of the vehicle tested
on the roller bench, while RTS-95, FTP75 and US06 are provided by GM-GPS to be de-
scriptive of the power request of the vehicle along different driving cycles. Moreover,
the road load coefficient defined as WLTC TMH refers to the vehicle featuring the 48V
electrification, accounting for the additional mass coming from the 48V battery and
the 48V BSG. Since the experimental data of the reference vehicle (representative of
the vehicle with 12V electric network) have been obtained turning the 48V electric
network off, in order to compare consistently simulation results and experimental data,
the same road load coefficients will be used for the reference vehicle and the 48V Mild
Hybrid Vehicle (MHV). What is more, the weight increment due to 48 V electrification
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is considered to be negligible: the 48 V battery has a weight below 10 kg, thanks to the
passive cooling, and the 48V Belt Starter Generator (BSG) substitutes, but is not added
to, the 12 V alternator. The same consideration applies for the introduction of auxiliary
components: the weight of Electrically Heated Catalyst (EHC) and of the electric Super-
charger (eSC) (which is below 4 kg) are taken into account in the road load coefficient of
the reference vehicle even if they are disabled. In Tab.2.1, the vehicle power resistance
at wheel at a vehicle speed of 80 km/h and 100 km/h is reported.

Table 2.1: Vehicle Road Loads for Type-Approval and RDE driving cycles

Parameter unit WLTC TMH RTS-95 FTP75 US06

Mass kg 1945 1821 1821 1700
F0 N 191.6 164.4 164.4 112.2
F1 Nh/km 0.849 0.3893 0.3893 -0.503
F2 Nh2/km2 0.03482 0.03825 0.03825 0.04207
Rolling Radius mm 325 325 325 319
P @80 km/h kW 10.72 9.79 9.79 7.58
P @100 km/h kW 17.35 16.27 16.27 13.41

The vehicle features a Manual Transmission (MT) with 6 gears which gear ratios
are reported in Tab.2.2. A Dual Mass Flywheel (DMF) is placed between engine and
transmission to dampen the vibrations coming from the engine.

Table 2.2: Manual Transmission (MT) gear ratios

Final Drive (FD) 1st 2nd 3rd 4th 5th 6th
3.545 4.167 2.13 1.321 0.954 0.755 0.623

2.2 Powertrain
The powertrain is based on a EU6 diesel engine. Its main components are a state-

of-the art diesel engine, a EU6 compliant aftertreatment system, a cooling circuit and
the electric network. The electrification of the powertrain is achieved through 48V
electrification.

2.2.1 Engine
The engine main specifications are reported in Tab.2.3. It features a Common Rail

diesel injection system, a Variable Geometry Turbine (VGT) turbocharger and a cooled
high pressure Exhaust Gas Recirculation (EGR) system for the in-cylinder control of
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the pollutant emissions. The Fuel Injection System (FIS) is provided by Denso with a
maximum injection pressure of 2000 bar. Additionally, this engine features a swirl flap
for the control of the in-cylinder turbulence.

Table 2.3: Engine Specifications

Bore mm 79.7
Stroke mm 80.1
Compression Ratio - 16
Displacement cm3 1598
Rated Power kW 100
Speed @ Rated Power rpm 4000
Rated Torque Nm 320
Speed @ Rated Torque rpm 2000
Idle speed rpm 800
BSFC @ 2000 rpm x 2 bar BMEP g/kWh 307
Fuel - B10 diesel

The engine adopts different combustion modes depending on its thermal state. In-
deed, the engine Electronic Control Unit (ECU) switches from a Warm-Up combustion
mode designed for a fast aftertreatment light-off, when the engine is cold, to a Blended
Mode, and finally to a Normal combustion mode when the engine is fully warmed up,
for the highest combustion efficiency. The qualitative impact of the calibration on BSFC
is shown in Fig.2.1, while on BSNOX is shown in Fig.2.2.
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Figure 2.1: Engine BSFC for each Combustion Mode

2.2.2 Coolant circuit
The coolant circuit features an electronically controlled thermostat, a Switchable

Water Pump (SWP) actuated by means of an electromagnetic clutch and a variable-
speed radiator fan.
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Figure 2.2: Engine BSNOx for each Combustion Modes

2.2.3 Aftertreatment system
The aftertreatment system includes a Diesel Oxidation Catalyst (DOC) for the oxi-

dation of carbonmonoxide (CO) and unburned hydrocarbons (HC), a Selective Catalytic
Reduction (SCR) system for the reduction of the nitrogen oxides (NOx) which integrates
a Diesel Particulate Filter (DPF) for the filtration and retention of the Particulate Matter
(PM) produced by the engine. The DOC and SCR on filter are in close-coupled posi-
tion. This aftertreatment system allows the vehicle to achieve the EU6 homologation
requirements.

2.2.4 12 V Electric Network
The 12 V electric network, pertaining to the reference vehicle (i.e. with the con-

ventional 12 V powertrain), is composed by a starter motor and a 12 V alternator. The
starter motor has a peak power of 1.8 kW and a peak efficiency of 0.6. It is actuated by
means of an electromagnetic clutch and the gear ratio between it and the engine is 13.
The 12 V alternator guarantees a supply of 140 A to the electric network and it is geared
to the engine with a gear ratio of 2.935.

2.2.5 48 V Electric Network
The 48 V electric network is the proper system of the 48 V Mild-Hybrid powertrain.

This system differs to the 12 V electric network since a 48 V Belt Starter Generator (BSG)
(or Motor Generator Unit, MGU) takes the place of the 12 V alternator (P0 layout).

BSG The 48 V BSG main specifications are reported in Tab.2.4. The BSG is liquid
cooled to guarantee good performance during long transient operation.

Li-ion Battery The Li-Ion battery cells and the battery pack specifications are high-
lighted in Tab.2.5. The battery pack specifications have been shared by GM-GPS. How-
ever, the battery cells specification, used in the following modelling activity in terms of
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Table 2.4: BSG specifications

Nominal Voltage V 48
Rated Motor Torque Nm 58
Rated Motor Power kW 13
Rated Generator Torque Nm - 14
Rated Generator Power kW - 7.8
Rated Generator (Braking) Torque Nm - 58
Rated Generator (Braking) Power kW - 22.6
Peak Efficiency - 0.85

Open Circuit Voltage (OCV) and resistance, here reported at 50 % of the battery State
Of Charge (SOC) comes from a previous experimental activity done at Politecnico di
Torino.

Table 2.5: Cell and battery pack specifications

Battery Cell Specifications unit value

Cell OCV @ 50 % SOC V 3.7
Cell Resistance @ 50 % SOC mΩ 1.4

Battery Pack Specifications unit value

Number of Series Cells - 13
Number of Parallel Cells - 1
Cell capacity Ah 10
Nominal Voltage V 48
Minimum Rated Voltage V 32.5
Maximum Rated Voltage V 54
Maximum Rated Current A 250
Minimum Rated Current A - 250
Battery weight kg < 10

eSC The electric SuperCharger (eSC) considered for this case study is powered by a
48 V electric motor and its main specifications are reported in Tab.2.6. The eSC is placed
in series with the main turbocharger in downstream location.

EHC The Electrically Heated Catalyst (EHC) is powered by the 48 V electric network.
It is placed before the main DOC and it is aimed to reduce the catalyst light-off time.
The EHC main specifications are reported in Tab.2.7.
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Table 2.6: eSC specifications

electric Supercharger weight kg < 4

Compressor Specifications unit value

Compressor Max Speed rpm 75000
Compressor Max Pressure Ratio 1.5 - 1.5
Compressor Max Corrected Mass Flow kg/s 0.10
Compressor Peak Efficiency - 0.82

Electric Motor Specifications unit value

Electric Motor Nominal Voltage V 48
Electric Motor Max Torque Nm 0.6
Electric Motor Max Power kW 5.3

Table 2.7: EHC specifications

EHC specifications unit value

Nominal Voltage V 48
Max Power kW 4

2.3 Driving cycles
In this section the test cycles are reported. Driving cycles may be divided in type-

approval or RDE (Real Driving Emissions) cycles. On the one hand, type-approval driv-
ing cycles are imposed by the homologation regulation, for example the WLTC is pre-
scribed by EU legislation. In the US, the FTP75 and the US06, among the others, are the
reference cycle for vehicle emission certification. On the other hand, the recent adop-
tion of RDE conformity for the emission certification resulted in the spread of several
cycles. Among these, the Standardized Random Test For An Aggressive Driving Style
(RTS-95) is worth of note since it is characteristic of an aggressive driving style. The
speed profile of these driving cycles is depicted in Fig.2.3.

In Tab.2.8 the main data for the driving cycle of interest for this work are reported.
The data are computed from [38].
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Figure 2.3: Driving cycles

Table 2.8: Driving cycle data

Parameter unit WLTC RTS-95 FTP-75 US06

Duration s 1800 886 1877 596
Distance km 23.27 12.93 17.77 12.8
Mean Velocity kmh−1 46.5 52.5 34.12 77.9
Max Velocity kmh−1 131.3 134.5 91.25 129.2
Max Acceleration m s−2 1.67 3.21 1.48 3.76
Min Acceleration m s−2 -1.50 -2.71 -1.48 -3.09
Mean Pos. Acc. m s−2 0.41 0.76 0.51 0.67
Mean Neg. Acc. m s−2 -0.45 -0.77 -0.58 -0.72
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Chapter 3

Methodology

In this work, the engine and the main subsystems have been represented by 1D-
CFD models. This approach guarantees that the flow and heat transfer in the piping
and other flow components of the powertrain can be accurately traced and consid-
ered in the simulation. In a powertrain and vehicle study intended to assess the impact
of the electrification on vehicle thermal management, aftertreatment conversion effi-
ciency and engine and vehicle performance, this 1D-CFD modelling approach for the
entire powertrain (i.e. engine, cooling circuit and aftertreatment system) is the preferred
choice.

In this chapter, the methodology followed during the integration of the subsystems
in the comprehensive vehicle model and its validation, using a commercially available
software GT-SUITE, is reported. The development of this work begins with the val-
idation of the predictive combustion with the aim to have a predictive burn rate for
the efficiency and fuel consumption evaluation and for the estimation of the pollutant
emissions (CO, HC and NOx). The predictive combustion model is able to reproduce the
impact of engine parameters (i.e. the Exhaust Gas Recirculation, EGR) on the exhaust
emissions. Afterwards, the validation of the 1D-CFD Fast RunningModel (FRM) engine,
to reproduce different calibration maps and quantify the difference between model and
experimental data, is done. Finally, the comprehensive vehicle model is validated with
respect to experimental data.

3.1 Predictive combustion
In this section the calibration of the predictive combustion model is presented. A

predictive combustion model has several advantages over a non-predictive combustion
model. Indeed, a non predictive combustion model

simply imposes a burn rate as a function of crank angle. This prescribed
burn rate will be followed regardless of the conditions in the cylinder, as-
suming that there is sufficient fuel available in the cylinder to support the
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burn rate. Therefore, the burn rate will not be affected by factors such as
residual fraction or injection timing. [39]

On the contrary, the predictive combustionmodel used for this work is the DIPULSE
developed byGT-SUITE. Thismodel predicts the combustion rate and the emissions and
was developed for direct-injection diesel engines with multiple injection events.

The basic approach of this model is to track the fuel as it is injected, evapo-
rates, mixes with surrounding gas, and burns. As such an accurate injection
profile is absolutely required to achieve meaningful results. The DIPULSE
model should be calibrated to match the combustion event as calculated
from cylinder pressure analysis. [...] The cylinder contents are discretized
into three thermodynamic zones, each with their own temperature and
composition. The main unburned zone contains all cylinder mass at IVC,
the spray unburned zone contains injected fuel and entrained gas, and the
spray burned zone contains combustion products. The DIPULSEmodel also
includes several submodels which simulate the relevant physical processes
taking place during injection and combustion. [...] Fuel Injection – Each
contiguous injection event is defined as an injection pulse and is tracked
separately from all other pulses. Any number of pulses may be injected, and
there is no inherent distinction made between pilot, main, or post injection
pulses. The injected fuel is added to the spray unburned zone. Entrainment
– As the spray penetrates, it slows down as the surrounding unburned and
burned gases are entrained into the pulse. The intermixing of pulses occurs
through entrainment. [...] Evaporation – Droplet evaporation is modeled
with a coupled solution of heat and mass transfer which appropriately ac-
counts for both diffusion-limited and boiling-limited evaporation. [...] Ig-
nition – The mixture in each pulse undergoes an ignition delay modeled
with an Arrhenius expression. [...] Premixed Combustion – When a pulse
ignites, the mixture present at that time is set aside for premixed combus-
tion. The rate of this combustion is assumed to be kinetically-limited [...]
Diffusion Combustion – After a pulse ignites, the remaining unmixed fuel
and entrained gas in the pulse continue to mix and burn in a primarily
diffusion-limited phase. [39]

The calibration of a predictive combustion model requires the in-cylinder pressure
data and injection data. For this work the three different calibration maps, which were
already shown in Ch.2, are used as calibration maps for the engine operating parame-
ters and experimental in-cylinder pressure data are available for each engine operating
point.

The predictive combustion model is sensitive to the injection rate profiles and ex-
perimental test are needed to build up a library of injection profiles (hereafter referred
to as Injection Rates Map). The procedure followed in this work for the creation of the
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injection rate map follows the one already presented in [40]. The first data needed for
the creation of the injection rate map are the data from EVI (Einspritzverlaufsindika-
tor - injection rate indicator) and EMI (Einspritzmengenindikator - injection quantity
indicator) analysis. The EVI curves available are done at different rail pressure and for
different energizing time. They are used to have the proper injection rate profile that is
function of injection pressure and Energizing Time (ET). On the other side, EMI curves
are used to quantify the injection quantity that depends on injection time and injection
pressure.

For this work EVI curves with two different set of ET and six different injection rail
pressure (for a total of 12 injection rates) were available (up to the maximum injection
pressure of 2000 bar).

The injection rate map was build up by means of interpolation and extrapolation
assuming that [40]

• The hydraulic delay is constant (depends only on rail pressure).

• The rising slope of the mass flow rate is constant (depends only on
rail pressure).

• Once the injector is at full lift (maximum mass flow rate), the mass
flow rate is constant since the controlling part is the nozzle.

• The descent phase of the mass flow rate is constant (depends only on
rail pressure).

In contrast with the first quote, for this injector the analysis of the experimental
data showed that a constant hydraulic delay of 0.4 ms was representative of the injector
behaviour regardless of the injection pressure.

In Fig.3.1 an example of the injection rate map creation at 400 bar and 2000 bar of
injection pressure is shown. The injection rate map developed is composed by 8 levels
of injection pressure and 17 level of ET to guarantee a smooth interpolation across the
injector operating range. It is worth to underline that, the use of an injection rate map
neglects the impact of pulse to pulse interaction, which may be considered negligible
for the scope of this work. Moreover, in the FRM engine, transients in the rail pressure
will be neglected and the rail pressure set-point, taken from the calibration maps as a
function of engine speed and injected quantity, will be directly used to interpolate the
injection rate profile on the injection rate map.

The methodology followed for the calibration and validation of the predictive com-
bustion model begins with the choice of the calibration points. In order to acquire a
predictive capability across the engine operating range, 29 points of the Normal Mode
calibration representative of the whole engine operating conditions in terms of load,
speed, EGR rate, injection pressure, and injection pattern were chosen. The validation
of the combustion model was performed over 219 (excluding the 29 points for calibra-
tion) engine points of the Normal Mode calibration, over 248 points of the Blended
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Mode calibration and over 182 points of the Warm-up Mode calibration. In Fig.3.2 the
calibration and validation points of the Normal Mode calibration are shown.
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Figure 3.1: Injection rate estimation
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Figure 3.2: DIPULSE calibration points (red star) and validation points (circle) - Normal
Mode calibration

A single cylinder model approach, the so called Cylinder Pressure Only Analy-
sis (CPOA), which requires the measured pressure traces and the quantity of fuel, air
and residual burned gas, was used for the burn rate analysis and for the calibration of
the predictive combustion model. Since the DIPULSE is a phenomenological approach
based on the stages of the diesel combustion process from the spray penetration to the
diffusion combustion that includes some assumptions and simplifications, it requires
some calibration of the relations describing the underlying phenomena. For this rea-
son, to accurately describe each stage of the combustion process seven parameters can
be tuned to reduce to a minimum the deviation between computed Burn rate from the
pressure trace and the burn rate estimated by the combustion model (i.e. the Burn Rate
Error - BRE). These parameters are Entrainment Rate multiplier, Ignition Delay multi-
plier, Premixed Combustion Rate multiplier and four parameters for the diffusive com-
bustion: Diffusion Combustion Rate multiplier, Diffusion Multiplier Transition Timing,
Diffusion Multiplier Final Value and Diffusion Multiplier Transition Rate [39]. As done
in [40], a Genetic Algorithm (GA) optimizationwas performed, with a population size of
10 elements and a number of generations equal to 50, to find the value of the parameters
which minimizes the BRE.

In Fig.3.3, 3.4, 3.5 and 3.6, the predicted and measured burn rate is shown for four
different operating points, respectively 1250 rpm x 50 Nm, 2250 rpm x 127 Nm, 2500 rpm
x 50Nm (this is a calibration point for the Normal combustionmode) and 3000 rpm x 200
Nm. The agreement between predicted and measured burn rate is satisfactory. There
are small deviation as far as the burn rate promoted by the pilot injection is concerned.
The main rise in burn rate, following the main injection, is well reproduced as well
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as the consequent combustion slow-down. However, the burn rate predicted from the
introduction of a late injection after the main injection is, especially at low load (i.e. 50
Nm, equivalent to 4 bar of Brake Mean Effective Pressure - BMEP), not correctly phased
with the measured burn rate. The predicted burn rate which is predicted from 30° after
Top Dead Center firing (aTDCF) onward, is delayed and more impulsive with respect
to the measured one.

In Fig.3.7, 3.8 and 3.9, the comparison between, respectively, experimental and simu-
lated 50% of Mass Fraction Burned (MFB50%), maximum in-cylinder pressure and max-
imum temperature are shown. In Normal and Blended Mode the majority of engine
operating points is in the range ±2 Crank Angle Degree. A good agreement is apparent
also in the Warm-up combustion mode for operating points with a MFB50% below 30°
aTDCF. Above this threshold, the model is not able to satisfactory predict the combus-
tion phasing. As far as the maximum in-cylinder pressure is concerned, the agreement
between simulation and experimental data is more than satisfactory for the three com-
bustion modes, with the majority of the engine operating points placed in the range ±5
bar. Finally, the simulated in-cylinder temperatures match by a great extent the experi-
mental in-cylinder temperatures with a deviation above 100 K at low (below 1000 K) and
high (above 2000 K) temperature. The Warm-up combustion mode shows a more scat-
tered behaviour across the y = x line (see Fig.3.9) due to a combustion phasing incorrect
prediction. From a combustion point of view the DIPULSE is able to correctly predict
combustion phasing, which is the key of the thermodynamic efficiency, to predict the
maximum pressure which affects the engine friction and to predict the in-cylinder tem-
perature which affects the NOx formation.

The predictive combustion model DIPULSE can be additionally used to estimate
the production of the nitrogen oxides (NOx) on the basis of the extended Zeldovich
mechanism [41] showing good prediction capabilities [40]. Ten parameters are provided
by the DIPULSE model for the calibration of NO and NO2 formation in order to take
into account, among the other reactions, the oxidation of N2 and the reduction of NO2.
On top of that a NOx calibration multiplier may be used to act on the net rate of NO
and NO2 production. For the calibration of the NOx parameters, a GA optimization,
similarly as the optimization used for the burn rate calibration, has been pursued. In
this case the error to be minimized was the difference between measured and computed
NO and NO2 concentrations. As far as other pollutant emissions are concerned, the
software computes equilibrium products concentrations along the combustion process.
The predictive combustion model allows to fine tune, besides the NOx emissions, also
CO and soot emissions. The CO computed by the DIPULSE may be calibrated acting
on two parameters. The first one, the so called Overmixing Rate Multiplier takes into
account the amount of fuel that is ”overmixed beyond the lean limit” [39] and does not
take part into the combustion. The second one, the Partial Oxidation Rate Multiplier,
controls the rate at which the unburned fuel is partially oxidised. In an analogousmatter
as for NOx formation, in this case a GA optimization with the aim to minimize the error
between measured and computed CO concentration has been done. The calibration
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Figure 3.3: Measured and predicted Burn Rate at 1250 rpm and 50 Nm
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Figure 3.4: Measured and predicted Burn Rate at 2250 rpm and 127 Nm
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Figure 3.5: Measured and predicted Burn Rate at 2500 rpm and 50 Nm
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Figure 3.6: Measured and predicted Burn Rate at 3000 rpm and 200 Nm
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Figure 3.7: Experimental and Simulated MFB50%
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Figure 3.8: Experimental and Simulated maximum cylinder pressure
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Figure 3.9: Experimental and Simulated maximum cylinder temperature
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of soot emissions have been neglected since the model is able to reproduce the soot
emissions for a qualitative analysis only [40].

In Fig.3.10 and 3.11 the comparison between simulated and experimental, respec-
tively, NOx andCO emissions is shown. The agreement of themodel to the experimental
data is more than satisfactory considering the NOx emissions. In fact, up to a concen-
tration of 600 ppm of NOx, the model predicts with a good accuracy the NOx emissions
since more than 40% of the operating points fall in the range ±40 ppm with respect to
the experimental data. Above 600 ppm of NOx, only a percentage slightly smaller than
20% of the operating points is placed in the ±40 ppm error range since the model overes-
timates the NOx emissions (this may be due to the fact that the in-cylinder temperature
is overestimated above 2000 K, see Fig.3.9). Concerning CO emissions, the simulated
and experimental operating points are scattered across the xy plan highlighting a less
than satisfactory model prediction capability.

In Tab.3.1 the predictive combustion model quality using a linear regression is eval-
uated for the three combustion modes for the most significant engine parameters. The
model shows good prediction accuracy for MFB50%, maximum in-cylinder pressure,
maximum temperature and NOx emissions for Normal and Blended calibration modes.
The accuracy of MFB50% for the Warm-up calibration is quite low (0.449) due to a scat-
tering of the combustion phasing for operating points with MFB50% beyond 30° aTDCF,
as see in Fig.3.7c. The accuracy of the model for the prediction of CO over the three
combustion modes is low in terms of deviation from the y = x relation (i.e. the angular
coefficient is far from 1) and in terms of fit of the linear regression (i.e. the R2 is low). For
this reason, and since an overestimation of CO emissions affects the engine efficiency,
the prediction of the CO emissions is switched off in the predictive combustion model
and will not be taken into account in next phases of the work.

Table 3.1: Linear regression of experimental and simulated CPOA results for some no-
table engine parameters for the three combustion modes; R2 below 0.75 is highlighted
in red

Normal Blended Warm-up

m R2 m R2 m R2
MFB50% 0.92 0.94 0.93 0.92 0.91 0.45
P𝑚𝑎𝑥 1.05 1.00 1.05 1.00 1.05 0.99
T𝑚𝑎𝑥 1.03 0.99 1.04 0.99 1.03 0.95
NOx 1.02 0.92 1.05 0.93 1.09 0.93
CO 0.48 0.33 0.63 0.18 3.25 0.01

26



3.1 – Predictive combustion

Si
m

ul
at

ed
 N

O
x 

[p
pm

]

(a) Normal Mode

Si
m

ul
at

ed
 N

O
x 

[p
pm

]

(b) Blended Mode

Si
m

ul
at

ed
 N

O
x 

[p
pm

]

(c) Warm-up Mode

Figure 3.10: Experimental and Simulated NOx emissions
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Figure 3.11: Experimental and Simulated CO emissions
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3.2 Fast Running Model (FRM) Engine
In this section the validation of the FRM engine model is discussed. Commonly, 1D-

CFD engine models are used for the evaluation of engine performance and efficiency
and to assess hardware modification or innovation. These engine models are built from
a detailed geometrical representation of the engine air path to account for pressure
losses, wave effects and temperature gradients. With a detailed engine model properly
calibrated, the accurate evaluation of several engine parameters is possible at the ex-
pense of simulation time that, for a detailed engine model ranges from 50 to above 100
times the real time. Usually, this is accepted during engine development since a steady
state operating point needs only few simulation seconds (few real timeminutes) to reach
the convergence of the results. Conversely, when slower phenomena are to be investi-
gated (e.g. thermal warm-up studies), the simulation time may become a bottleneck. In
order to reduce the computational effort, Fast Running engine Models have been devel-
oped with the aim to guarantee a satisfactory accuracy (with deviation in the range of
±5% with respect to the experimental data) with low simulation time achieving a Real
Time Factor (RTF) of 3 to 5. The starting point of a FRM engine is a detailed engine
model, which, through a process of coarsening of the discretization (i.e. increasing the
discretization length or lumping volumes) and subsequent model recalibration becomes
a FRM engine [39]. In this work, the choice to build a FRM engine with a target RTF of
3, was driven by the need to perform driving cycle simulations with the required detail
and accuracy of a 1D-CFD engine combined with acceptable simulation time. In order
to rigorously mimic the warm-up during engine operation from a cold start (e.g. in the
early phases of a driving cycle), a detailed thermal model of the engine cylinders, head
and pistons based on a finite element method for the description of the engine geometry
was employed. In addition to this, engine exhaust ports, exhaust manifold and turbine
volute have been represented as lumped masses with heat transfer areas, to reproduce
their thermal inertia during warm-up. A Chen-Flynn engine friction relation has been
used for the instantaneous computation of the engine Friction Mean Effective Pressure
(FMEP). The formula is reported in Eq.3.1, where 𝑃 𝑐𝑖𝑙𝑚𝑎𝑥 is the maximum in-cylinder
pressure, 𝑢 is the average piston speed and 𝐴, 𝐵, 𝐶 and 𝐷 are the calibration constants.
In order to account for cold start operation, the constant part of the FMEP (e.g. the 𝐴
parameter) depends on the coolant temperature according to a quadratic polynomial
relation [42].

𝐹 𝑀𝐸𝑃 = 𝐴 + 𝐵 ⋅ 𝑃 𝑐𝑖𝑙𝑚𝑎𝑥 + 𝐶 ⋅ 𝑢 + 𝐷 ⋅ 𝑢2 (3.1)

Moreover, since in GT-SUITE the combustion noise was not available directly as a
simulation result, the user subroutine developed and validated by Piano [42] was used.

First, the power spectrum of the cylinder pressure signal was obtained
through a Fast Fourier Transform. A digital low pass filter was applied to
clean the signal from the high-frequency content, related to normal modes
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of the gas and acquisition’s noise, which is not meaningful as far com-
bustion noise is concerned [43]. At this end, GT–SUITE provides different
digital filters [43]. In this analysis, the 24th order one was used, which pro-
vides full attenuation for frequencies higher than half of the maximum one
in the spectrum. The power spectrum of the signal was divided in octave
bands and the attenuation, introduced from the engine structure and the
human ear, was applied according to the AVL [44, 45] and A weighting
curves respectively.

3.2.1 FRM Engine Control Unit
Direct injection turbocharged diesel engines require a proper control of the com-

plexity of the injection system and of the air management system in order to achieve
low fuel consumption and low pollutant emissions. Usually, calibration maps that are
assessed on the engine test bench for steady state operating points, contain the optimal
values to control the engine across the entire operating map. In order to properly op-
erate the FRM engine, three different calibration maps (one for each combustion mode:
Normal, Blended and Warm-Up) that contain the control parameters, mapped as func-
tion of engine speed and total injected fuel mass or target torque, are used. These control
parameters are the boost pressure target, the minimum allowed air to fuel ratio (i.e. the
so called smoke limit), the EGR ratio and the swirl rate as far as the air management
is concerned. Regarding the injection system, the calibration maps provide rail pres-
sure, injection mass fraction for four different injections (two pilot injections, a main
injection and an after injection) and the Start Of Injection (SOI) of the four injections.
The temperature of the Charge Air Cooler (CAC) is controlled to reproduce the test
bench CAC temperature. In addition to calibration maps, Proportional Integrative (PI)
controllers are required to guarantee the achievement of mapped set-points. For this
reason, three different PI controllers were introduced to control the boost pressure by
acting on the VGT rack position, to control the EGR rate and to control the engine brake
torque by acting on the total injected fuel mass. The boost pressure maps required by
the VGT controller (one for each combustion mode) depend on the engine target torque
and the engine speed while injection mass fraction, SOI, rail pressure, swirl rate and
EGR ratio are function of the engine speed and on the total injected fuel mass (which
is provided by the injection controller). In App.A, the controlled brake torque, the con-
trolled air flow rate and the manifold volumetric efficiency of the FRM with respect to
the experimental data are shown are reported in detail. The difference in manifold vol-
umetric efficiency between the model and the experimental data about + 5 %, which is
acceptable for this FRM engine developed for simulation time close to real time.
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3.2.2 FRM Engine Steady-state Validation
Although a FRM engine is built from a detailed geometrical representation of the

engine, the discretization may reduce the accuracy of the model. For this reason, the
deviation between experimental and simulation engine performance, air and fuel mass
flow rates, pressure and temperature along the engine air path should be evaluated.
To do this, the FRM engine is operated to reproduce the behaviour of the engine at
the test bench in steady state operating points and the error between experimental
data and simulation is assessed. For the sake of brevity, in Fig.3.12 and 3.13 only the
BSFC and the BSNOx of the FRM engine are here compared with the experimental data.
Concerning the BSFC, the majority of the operating points (about 70% for Normal Mode
combustion, above 75% for Blended Mode combustion, above 50% for Warm-Up Mode
combustion) lies in a range ±5 % with respect to the experimental data both in warmed-
up conditions. In App.A, in Fig.A.2 and A.3 model results and experimental data are
compared also in cold conditions (i.e. coolant temperature kept at 40 ∘C for the Blended
and Warm-up combustion mode. On average, about 40% of the engine operating points
deviates from the experimental data less than ±5 %. A scattering of points for higher
experimental BSFC is noticeable for Blended and Warm-up combustion mode due to a
worsening of the prediction capabilities of the combustion model at low engine load. As
far as the BSNOx is concerned, the error between experimental data and model is wider
than for the BSFC and a significant part of the operating points lies in the range ±20
% (about 55 % for Normal Mode combustion, above 40% for Blended combustion and
Warm-up combustion and around 30% for Blended and Warm-up combustion mode in
cold condition). The scattering of the BSNOx points is wider than for the BSFC due to
the exponential dependence of the NOx oxidation rate from the in-cylinder temperature
and small deviations of the in-cylinder temperature above 2000 K, cause great variation
of the NOx emissions.

In order to analyse the impact of BSFC and BSNOx error across the engine operat-
ing map, in Fig.3.14 and 3.15 the difference of the experimental and simulated BSFC and
BSNOx as a function of engine speed and engine torque is, respectively, shown. When
the calibration of the Normal combustion mode is selected, there is a slight overesti-
mation of the fuel consumption by the FRM engine up to 6 % for high speed and high
load engine operating points. At low engine load and speed below 3000 rpm, the fuel
consumption is underestimated and in the Low End Torque (LET) region the difference
between experimental data andmodel is close to zero. The operatingmap of the Blended
combustion mode shows a wide area where the relative difference of fuel consumption
difference is below 2 % (in absolute value). Similarly to the Normal combustion mode,
although in a narrower area, at high load and high speed (above 2500 rpm and 150 Nm)
the FRM overestimates the fuel consumption by up to 6 %. At low load (below 50 Nm)
and low speed (below 3500 rpm) the fuel consumption is underestimated. Finally, when
adopting the Warm-up combustion mode, the FRM engine overestimates the engine
fuel consumption at high speed and load and underestimates the fuel consumption at
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Figure 3.12: Experimental and Simulated BSFC
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Figure 3.13: Experimental and Simulated BSNOx
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low load and low speed. Concerning the model error in terms of BSNOx, the FRM over-
estimates by up to 60 % the specific NOx emissions at low load (below 50 Nm), up to
40% in the LET region while the NOx emissions are underestimated by low than - 40
% in a region surrounding 1500 rpm and 100 Nm when the Normal combustion mode
is adopted. In the Blended combustion mode the overestimation of the NOx emissions
is significant across a wide area from 2000 rpm to 4000 rpm and below 200 Nm. Except
for the LET area, where the model overestimates by 20 % the NOx emissions, at load
above 200 Nm the model overestimates the BSNOx by less than 20 %. In the Warm-up
combustion mode, the region below 50 Nm is characterized by a overestimation of the
BSNOx by more than 40 %. In the other part of the engine operating map, the error is
in the range ±10 %.
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Figure 3.14: BSFC numerical experimental percentage difference across the engine map
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Figure 3.15: BSNOx numerical experimental percentage difference across the engine
map

In Tab.3.2 the FRM engine quality is evaluated using a linear regression (in term of
slope 𝑚 and correlation coefficient 𝑅2) for the three combustion modes for some sig-
nificant engine parameters. As previously seen in a different fashion, the model shows
good prediction accuracy as far as the BSFC is concerned. The slope is equal to 1.01
for the Normal combustion mode since the model, as already seen in Fig.3.12 and 3.14,
overestimates moderately the fuel consumption. Overall, the Blended and Warm-up
combustion mode, both in hot and cold condition, only minimally underestimate the
fuel consumption with a slope of 0.98 for Warm-up combustion mode in hot condition
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and 0.99 for the other combustion modes. The slope representing the trend of BSNOx is
close to linearity for Normal and Blended combustion mode (respectively 1.01 and 1.02),
and it is in the range 1.16 to 1.19 for the Blended mode in cold condition and the hot and
cold Warm-up combustion mode. Except for the Blended mode, where the correlation
coefficient is equal to 0.83, a linear regression is only moderately able to represent the
scattering of the BSNOx. The model is able to properly predict the Air to Fuel Ratio
(AFR) with slopes that range from the perfect linearity of the Blended mode in cold
condition and a close to linear relation for the Normal combustion mode, to a overes-
timation of 20% of the AFR for the Warm-up combustion mode in hot condition. The
correlation coefficient is above 0.9 for any combustion mode. The temperature after the
turbine (T4), which is significant for the warm-up of the exhaust aftertreatment system,
is slightly overestimated (by 10% on average). Finally, concerning the Heat Rejection of
the engine (i.e. the power that the engine exchanges with the cooling circuit), the slope
is below 1 for Normal and Blended combustion mode (respectively 0.84 and 0.79), while
no experimental data were available for the other combustion modes. This low value is
due to a underestimation of the coolant power at high load of the engine, while at low
engine speed the cooling power is overestimated.

Table 3.2: Linear regression of experimental and simulated engine FRM results for some
notable engine parameters for the three combustion modes - H hot, C cold condition;
R2 below 0.75 is highlighted in red

Normal H Blended H Warm-up H Blended C Warm-up C

m R2 m R2 m R2 m R2 m R2
BSFC 1.01 0.95 0.99 0.94 0.98 0.88 0.99 0.94 0.99 0.92
BSNOx 1.01 0.80 1.02 0.86 1.19 0.35 1.16 0.19 1.19 0.36
AFR 1.04 0.94 1.07 0.96 1.21 0.91 1.00 0.96 1.08 0.97
T4 1.08 0.96 1.07 0.98 1.07 0.89 1.11 0.86 1.12 0.82
Heat Rej. 0.84 0.94 0.78 0.93 - - - - - -

3.2.3 FRM Engine Time To Boost Validation
Once the FRM engine is validated during steady state operation, Time To Boost

(TTB) validation is needed to assess the predictive capability of the model during a load
step. A TTB test, done on an engine test bench, is composed by a preconditioning of the
engine at fixed speed and load (in this test case a preconditioning load of 20 Nm was
adopted) and a subsequent request of full engine load to the engine (maintaining the
speed constant). The same approach is followed in the virtual test bench developed for
this work: the engine, preconditioned at partial load, reacts to the request of maximum
torque with an increase of the injected fuel mass (limited by the AFR limit) and mov-
ing the VGT rack position towards reduced flow permeability to extract higher power
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from the exhaust gases (since the boost pressure set-point increases to the increase in
requested torque). The other controlled quantity, in the engine virtual test bench, are
actuated by means of the calibration maps already discussed, on the basis of engine
speed and actual injected fuel mass.

In Fig.3.16, some engine parameters are evaluated during a TTB at 1500 rpm. In the
figure, engine physical quantities as injected mass of the main injection, air mass flow
rate and the temperature at turbine inlet are shown. The model replicates with good
accuracy, during the TTB at 1500 rpm, the air mass flow rate of the engine and the tem-
perature before the turbine. Additional engine parameters, such as main injection SOI,
EGR rate, swirl valve actuation, are presented in Fig.A.4 in App.A. The slight deviation
of the swirl valve actuation along the transient is due to the fact that the model uses the
results from the interpolation of the calibration maps and does not take into account
specific control strategies during transient operation.

The results of the TTB over different engine speeds (from 1000 to 2000 rpm) in terms
of transient brake torque is shown in Fig.3.17. The engine model accurately reproduce
the engine torque build-up in any investigated speed. More in detail, at 1000 rpm there
is a small overestimation of the maximum engine brake torque, equal to 13 Nm. This
discrepancy is due to the fact that at LET the performance of the turbocharger drives
the overall maximum attainable torque of the engine and only small deviation in the
turbine data have a big impact on engine performance. As a matter of fact, although
experimental VGT data are preprocessed by GT-SUITE to fit physical relations in order
to properly predict the turbine behaviour across and outside the available performance
map of the turbine [46], the quality of experimental data may not be reliable enough
for an accurate fitting. At 1500 rpm, while a small overestimation of the brake torque is
noticeable (with a maximum deviation of 31 Nm at 10 s), the torque build-up along the
12 s of the TTB transient is well replicated. Finally, at 2000 rpm the torque gradient is
accurately reproduced; the difference of less than 18 Nm at 14 s is considered acceptable
for a detailed engine model which is required to have computational time close to real
time (around 5%). The full load rated torque is achieved by the FRM in steady state
operation when the engine achieves the thermal balance.

3.3 Vehicle
In this section, the comprehensive vehicle model is described. Besides the 1D-CFD

FRM engine already described, a 0D mechanical model has been chosen for vehicle
and driveline modelling. In GT-SUITE, standard driveline components and connections
that can be used to construct various driveline layouts and configurations, are available
[47]. For example, axle, differential, shafts, tyres and vehicle model can be connected
with either rigid or slipping connections to build the driveline. Each component usually
includes the inertia term.
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Figure 3.16: TTB at 1500 rpm in Normal combustion mode - Engine parameters
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Figure 3.17: TTB at different engine speeds in Normal combustion mode - Brake Torque
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The main specification of vehicle road load and driveline have already been pre-
sented in Cha.2. Since the road loads were determined including transmission losses,
no transmission efficiency was taken into account in the model. The experimental gear
shifting pattern has been used for the conventional 12 V vehicle validation and for the
48 V mild hybrid vehicle validation.

The integration of the FRM in the virtual test rig provides a high level of accuracy
for the fuel consumption evaluation also in highly dynamic driving cycles, as proved
by Millo et al. [31]. It is worth noting that the fuel flow rate in this way is not estimated
by interpolating a performance map, but is the result of a fully-physical engine model,
that reproduces transient phenomena as the turbolag effect and the mechanical inertia
of the components, which are crucial for the air charging operation and consequently
for the fuel consumption. Moreover, in this way, it is also possible to evaluate vehi-
cle performance during tip-in manoeuvres for which mechanical and fluid dynamics
transient phenomena as turbolag need to be correctly captured. The development of
a FRM engine has been presented so far, but a comprehensive powertrain and vehicle
model requires the modelling of additional engine systems as the coolant circuit and
the exhaust gas aftertreatment system.

3.3.1 Coolant circuit model
The coolant circuit model have been already developed in a previous activity done

by Millo et al. [34] and it has been adopted for this work. This coolant circuit model is
based on a detailed 1D-CFD representation of the system piping based on the geometry
of the system. Pressure drop and heat exchange along the circuit have been calibrated
according to experimental data. Additionally, ”radiator was modeled using a detailed
representation that considers the geometrical characteristics and the thermal inertia
of the wall material of the component” and the heat transfer coefficients as well as the
pressure drop through this components have been calibrated to match the experimental
data [34]. The switchable pump (SWP), by which it is possible to interrupt the flow of
coolant within the coolant jacket during the early phases of the cycle to reduce the en-
gine warm-up time, is described with measured performance data that correlates pump
speed, flow rate, pressure rise and pump efficiency. The coolant pump is controlled with
a switch that actuates a clutch which links the coolant pump with the engine when the
coolant temperature has reached a certain temperature threshold (55 ∘C). The thermo-
stat lift is defined on the basis of the coolant temperature and its working hysteresis as a
function of the temperature has been taken into account. In order to couple the coolant
circuit model with the FRM engine model, instead of heat rejection maps used for the
work done in [34], the engine heat transfer power to the coolant is sent to the coolant
model. This, provides the coolant temperature as boundary condition for the FRM en-
gine. In addition to that, the EGR coolant power considered as secondary source of heat
power for the coolant circuit. In order to cool the exhaust gases passing through the
EGR valve, a simple cooler, defined in terms of coolant temperature (provided by the
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coolant circuit model) and effectiveness (which depends on the exhaust mass flow rate),
is modelled. Finally, Eq.3.2 is used to compute the dynamic air pressure at radiator inlet
from the vehicle speed and, ultimately, the air flow through the radiator. In Eq.3.2, 𝑝𝑡𝑜𝑡𝑎𝑙
is the total pressure before the radiator, 𝑝𝑠𝑡𝑎𝑡𝑖𝑐 the static pressure, 𝑐𝑝𝑐 is the ram air pres-
sure coefficient which is used to tune the pressure drop across the radiator accounting
for model approximation, 𝜌 is the air density and 𝑉 is the vehicle speed.

𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑠𝑡𝑎𝑡𝑖𝑐 + 1
2

⋅ 𝑐𝑝𝑐 ⋅ 𝜌𝑉 2 (3.2)

3.3.2 Aftertreatment system model
The aftertreatment system model was provided by GM-GPS and it is a 1D-CFD de-

tailed model of the exhaust aftertreatment system. The model consists in a flow inlet
with imposed boundary conditions (from the FRM engine), a series of parts that de-
scribe geometrically the aftertreatment flow path, and a flow outlet representative of
the ambient air. Additional objects, where the reactions take place, represent the cata-
lyst devices which are placed along the flow path. Chemical kinetics, according to the
Arrhenius reaction formulation, are used to describe the oxidation and reduction re-
actions on the DOC and SCR. The aftertreatment model consists of different catalytic
objects: three different DOC bricks and a SCRoF brick. While the upstream brick repre-
sent an Electrically Heated Catalyst (EHC) with a lenght of 9 mm and the opportunity
to apply a heat rate to the metal structure, the middle and the downstream DOC bricks
represents the traditional DOC. The choice to model different bricks allows to repre-
sent different reaction regions along the DOC. The SCRoF brick, close coupled with the
DOC, is modelled as a single catalyst brick and the impact of soot filtration on pressure
losses is neglected. The reactions and the reaction rates adopted for DOC and SCRoF
are provided by GM-GPS as encrypted model. In order to effectively reduce NOx, the
SCRoF requires the injection of urea (commercially available as aqueous urea solution
called AdBlue which decomposes to form ammonia (NH3). This composite is used in
the model and injected upstream of the SCRoF. In order to properly provide the SCRoF
with the optimal amount of the reducing agent a dosing control strategy for the am-
monia has been developed. In order to avoid injection before the SCRoF light-off, the
injection is disabled below 180 ∘C. Above this temperature threshold, the ammonia is
injected following Eq.3.3, where �̇�𝑎𝑚𝑚 is the ammonia mass flow rate, �̇�𝑒𝑥ℎ is the ex-
haust gas mass flow rate, [𝑁𝑂𝑥] is the molar concentration of nitrogen oxides in the
exhaust gas, 𝑀𝑎𝑚𝑚 is the molar mass of ammonia and 𝑀𝑒𝑥ℎ is the molar mass of the ex-
haust gas. Finally, 𝛼𝑎𝑚𝑚 is the ammonia dosing factor. Ideally, an 𝛼𝑎𝑚𝑚 equal to 1 allows
the complete reduction of the NOx species. However, since the NOx storage capacity of
the SCR is inversely proportional to the SCR temperature a more refined dosing control
strategy that accounts for the injected ammonia that is stored on the SCR or released
to the exhaust gas is needed. There are different control strategies for the NOx dosing
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[48] and for this work a closed loop strategy that takes into account the actual stored
ammonia on the SCR is chosen. The actual stored ammonia is sensed using the SCR
model itself and compared to the target storage capacity of the SCR that is shown in
Fig.3.18. A PI controller acts on the 𝛼𝑎𝑚𝑚 in order to maintain the storage capacity that
guarantees the optimal conversion efficiency of the SCRF. This dosing control strat-
egy may be implemented in a vehicle using a NOx sensor upstream of the SCRF and
an ammonia sensor downstream the SCRF and a storage capacity model. Moreover, in
this study it is neglected the presence of an additional underfloor SCR, which is usually
adopted for the compliance with current EU6D and RDE legislation or in more complex
aftertreatment system for ultra-low NOx emissions[49].

�̇�𝑎𝑚𝑚 = �̇�𝑒𝑥ℎ ⋅ [𝑁𝑂𝑥] ⋅
𝑀𝑎𝑚𝑚
𝑀𝑒𝑥ℎ

⋅ 𝛼𝑎𝑚𝑚 (3.3)
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Figure 3.18: NH3 storage capacity on the SCRF

Since the FRM engine is able to accurately predict carbon dioxide (CO2) and nitro-
gen oxides (NOx), emissions maps evaluated at the engine test bench in steady state
operating points are used for total unburned hydrocarbons (THC) and carbon monox-
ide (CO). The concentration of these pollutants will be imposed at the engine outlet
depending on engine speeds and fuel injected mass. In this way, the aftertreatment sys-
tem receive plausible boundary conditions and the comprehensive vehicle model can
be used as virtual test bench to correctly predict tailpipe emissions. The aftertreatment
model was fed with two separate hydrocarbon emissions, propylene and diesel vapour
to represent partial and incomplete combustion and more accurately reproduce the ox-
idation mechanism on the DOC.

Due to software limitations in the managing the high concentration variability in
terms of carbon monoxide emissions, the reaction rates for the CO oxidation were dis-
abled. In Fig.3.19, the impact of the deactivation of carbon monoxide reactions on the
DOC outlet temperature due to the exothermic oxidation of the carbon monoxide, the
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conversion efficiency of THC and NOx in the DOC and the SCRF, along the WLTC, are
respectively shown. With the inhibition of the carbon monoxide reactions the temper-
ature after the DOC is lower by more than 20 ∘C at 100 s and after 144 s the DOC is less
effective in promoting the oxidation of THC. Finally, the lower activity of the exother-
mic reaction in the DOC and the difference in the ratio nitrogen dioxide over nitrogen
oxide reduces the SCR conversion efficiency in the early stages of the driving cycle. At
the end of the cycle the difference in terms of SCR conversion efficiency is below 1%.

3.3.3 In-vehicle engine integration
The integration of the engine in the powertrain and vehicle model requires some

steps. First, since three different combustion modes may be used, a simple rule for the
mode selection is followed. The Warm-up combustion mode is selected in a cold start
condition until the temperature after the DOC reaches a temperature of 210 ∘C. At this
threshold the Blended combustion mode is chosen until the temperature after the DOC
reaches a temperature of 250 ∘C or the engine coolant reaches a temperature of 67 ∘C
(at lower coolant temperature the EGR cooler is bypassed to avoid the condensation
of the exhaust gas water vapor that would foul up the EGR lines and cooler). Above
this temperature threshold the Normal combustion mode is enabled unless lower DOC
temperature or coolant temperature forces the adoption of Blended combustion mode,
or, after a prolonged cooling down, the Warm-up combustion mode is needed.

The idle speed of the engine is dependent on the coolant temperature and it ranges
from 1100 rpm at −30 ∘C to 750 rpm at 90 ∘C.

The vehicle model boost target was updated with the model results in order that the
FRM engine air flow is comparable with the experimental one.

Moreover, a Start and Stop control is introduced in the model. The Start and Stop
switches the engine off when the engaged gear is equal to zero and the vehicle speed
is below 4 km/h. The cut-off strategy is introduced and activated whenever the brake
torque request is negative and the engine speed is above 1100 rpm.

Finally, the vehicle driver is simulated by means of a proportional-integral con-
troller that defines the required power, the brake pedal and the clutch position. The
engine Electronic Control Unit (ECU) behaviour is mimicked in the engine model by
means of controllers which translate the driveline torque request from the driver into a
torque target and in a boost pressure target. The values of injection mass fraction, SOI,
rail pressure, swirl rate and EGR ratio are defined from the combustion mode (i.e. the
calibration map) selected, in the same manner as done on the FRM engine model.

The subsystems are modelled independently and they adopts different solver. The
explicit solver is used for the time integration of the fluid dynamics of the FRM engine
since it is suited for highly unsteady flow while for the cooling circuit adopts the im-
plicit solver since it is more computationally efficient for fluid systems when there are
minimal wave dynamics in the system. AQuasi-steady approach is followed to solve the
1D governing equations of the aftertreatment system. This solver is designed for fast
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Figure 3.19: Impact of CO reactions
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running chemical kinetic applications and is computationally efficient. The integration
of the powertrain subsystems requires that these components are linked together in
such a way that physical quantities are synchronously exchanged. The main physi-
cal signals are represented in App.A in Fig.A.6. As an example, the engine, which is
controlled in load mode, provides a brake torque to the flywheel, which propels the ve-
hicle and by means of the engaged gear defines the engine operating speeds. Moreover,
the in-cylinder heat transfer directly affects the cooling circuit temperature which in
turns has an impact on the combustion chamber temperature and on the engine friction.
Then, the aftertreatment circuit determines the tailpipe emissions on the basis of the
engine exhaust gas mass flow rate, the exhaust temperature and the exhaust pollutant
concentrations.

It is to be pointed out that, in order to guarantee consistency among results, the
same vehicle model can be equipped with different powertrain technologies in a click.
The vehicle model is indeed built on a modular approach and any subsystem, being
the air path downstream the turbine (where the eSC may or not be present) or the
electric network (being it 12 V or 48 V), among the others, can be swapped in the full
vehicle model with no impact on the other part of the powertrain and the vehicle. The
engine system, on the other side, is kept the same, being it operated in steady state or
transients, alone or integrated as propulsion system in the vehicle model. This means
that the comprehensive vehicle model configures as a simulation platform where the
deterministic effect of a single technology can be explored and analysed to the root
cause.

A RTF of 6.5 was achieved for the comprehensive powertrain and vehicle model
driving the WLTC, on a Intel i7 processor with a frequency of 3.6 GHz.

3.3.4 Conventional vehicle validation
In this section the validation along WLTC driving cycle of the conventional vehicle

is presented. The vehicle is preconditioned along a WLTC in order that the ammonia
stored on the SCRF at the beginning of the driving cycle is equal to the value at the
end of the preconditioning driving cycle. Since on the test bench, electric load were ex-
ternally supplied, simulations are performed assuming no electric load on the electric
network. The validation of the conventional vehicle is done comparing two different
vehicle simulations to the experimental results: the first one imposes the vehicle speed
coming from theWLTC regulation as target for the driver model; the second simulation
uses the experimental vehicle speed as target. This comparison has been made in or-
der to evaluate, in the range allowed by the regulation, the impact of the vehicle speed
on the vehicle main parameters. The vehicle model, indeed, is not able to take into ac-
count different driver aggressiveness which may affect actual vehicle speed and engine
load. As a matter of fact, even though the experimental speed trace is within the ±2
km/h moving window (see A.7), the experimental speed profile differs at some extent
from the regulatory driving cycle and a skilled driver can take advantage of this vehicle
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speed tolerance. On the contrary, the vehicle model follows with negligible deviation
the target speed profile. The aim of this comparison is therefore to evaluate the impact
of the prescribed vehicle speed which impacts engine speed and load along the driving
cycle. If on the one hand, the vehicle model is able to perform the driving cycle in a
deterministic way and this allows to compare different results with no external distur-
bances, on the other hand the impact of the driver aggressiveness on the vehicle model
may not be taken into account. In Fig.3.20 the comparison between simulation results
and experimental result in the last part of the WLTC driving cycle is presented. Vehicle
speed is controlled by the driver model and the gear ratio is imposed. The engine torque
is considerably reproduced by the vehicle model when the experimental vehicle speed
is imposed as target.

Before introducing the validation in terms of emissions, the evaluation along the
driving cycle of different vehicle parameters is done. In Fig.3.21 the combustion mode
selection, the coolant temperature and the SCRF inlet temperature are shown. The va-
lidity of the combustion mode control has a relevant impact on carbon dioxide and
nitrogen oxides engine emissions and the model switches to the Normal combustion
mode after 600 s, as from the experimental data. The differences in the first phase of the
cycle are limited to the fact that the models select the Blended combustion earlier, from
65 s to 97 s, and they switch back to colder Combustion modes between 300 s and 430 s.
Other differences are detectable at 100 s and 430 s, which may occur during engine start
and stop (which is highlighted in grey in Fig.3.21a), but they have no impact since the
engine is not in operation. As far as the coolant temperature is concerned, which is of
great interest to correctly take into account the thermal state of the engine, the model
which mimics the experimental vehicle speed follows the experimental data with a dif-
ference below 2 ∘C up to a coolant temperature of 80 ∘C. This difference increases up to
5 ∘C when the WLTC reference speed is imposed as vehicle speed target to the vehicle
model. There is a considerable spike in the coolant temperature difference before 300 s
when the switchable pump activates. Moreover, the correct reproduction of the SCRF
inlet temperature, which affects the light-off of the catalytic converter and the nitrogen
oxides reduction, is presented in Fig.3.21c. The experimental temperature is compared
with the temperature sensed by a 3 mm K-thermocouple model which accounts for the
size and material of the thermocouple [50]. The temperature difference between exper-
imental data and simulation results at the inlet of the SCRF is significant (up to 70 ∘C),
but during the early stages of the driving cycle (first 300 s), the model temperature well
matches the experimental one.

In order to comprehensively validate the vehicle model, in Fig.3.22 the vehicle emis-
sions in terms of carbon dioxide and nitrogen oxides, before and after the SCRF, are
presented. As already said, a close-coupled SCRoF was available in the test case but an
additional underfloor SCR is intended to be used for the series production vehicle. For
this reason the ammonia slip phenomena will not be taken into account in the following
analysis. The underfloor SCR would operate being fed by the ammonia slip of the close-
coupled SCRoF. This analysis compares the experimental emissions data with the two
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Figure 3.20: 12 V Vehicle results - Test A - Fragment of WLTC
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Figure 3.21: 12 V Vehicle results - Test A

47



Methodology

different simulation results, the test where the vehicle speed of the model follows the
experimental data and the additional test where the vehicle speed follows the regulatory
WLTC speed. Hence, the comparison of the two simulation results has the objective to
validate the model and to suggest a tolerance on the results based on different bound-
ary vehicle speeds. The simulation results shows that the cumulated emission is slightly
underestimated between 600 and 1600 s if the experimental vehicle speed is imposed
as target, while when the WLTC regulatory speed the cumulated emissions are overes-
timated after 1200 s. Similarly, engine out nitrogen oxides are overestimated when the
WLTC regulatory speed is imposed as target but the experimental speed allows to re-
produce well the Engine-Out (EO) nitrogen oxides cumulated emissions. Tailpipe-Out
(TO) nitrogen oxides cumulated emissions are well reproduced up to 400 s for both
cases, while the vehicle model which follows the experimental speed produces higher
nitrogen oxides at 800 s and up to the end of the driving cycle. Finally, the experimental
tailpipe nitrogen oxides emissions increase in the final part of the WLTC cycle beyond
1500 s, but the vehicle model shows a almost flat behaviour. This may be due to the
difference in the injection control strategy between model and test vehicle since the
SCRoF inlet temperature are well reproduced in this phase of the driving cycle.

In Tab.3.3, the percentage deviation between model and experimental test is re-
ported. If the experimental speed is imposed to the model the deviation in terms of
final carbon dioxide emissions is equal to - 0.4 %, of - 0.3 % when the engine out nitro-
gen oxides emissions are concerned and an higher tailpipe nitrogen oxides emissions
of + 19.9 %. The adoption of the regulatory WLTC vehicle speed increases the devia-
tion of carbon dioxide to + 6.7% and of engine out nitrogen oxides to + 9.8%. Finally,
the model overestimates the tailpipe nitrogen oxides emissions by + 5.3 %. To summa-
rize, the choice of the prescribed vehicle speed has a non negligible direct impact (by
increasing the engine speed and load) on the engine-out emissions and indirectly (by
increasing the exhaust temperature) on the conversion efficiency of the aftertreatment.
Similar results were obtained by Maggio [51], who compared the fuel consumption of
the same vehicle on the same test bench along the NEDC driving cycle and found that
different drivers may affect the energy request and therefore the fuel consumption up
to 4 %. Additionally, Atzler et al. [52] reported that a difference up to 3.5% in CO2 emis-
sions among measurements on chassis dynamometers with real drivers was found. It is
apparent that the simulation which adopts the experimental vehicle speed remarkably
reproduces the cumulated end of cycle engine out emissions, but in order to abstract
from the test condition, for the following analysis the regulatory vehicle speed will be
imposed to the vehicle model.

A detailed analysis on the deviation in terms of emissions along the WLTC driving
cycle (including the information about the five most relevant energy weighted key-
points) is reported in App.A, in Fig.A.8 and A.8. The five most relevant energy weighted
key-points for each combustion mode are reported in Tab.A.1.
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Figure 3.22: 12 V Vehicle cumulated emissions - Test A
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Table 3.3: Summary of the end of driving cycle carbon dioxide, engine-out and tailpipe
nitrogen oxides emissions of the simulated results with respect to the experimental data
- Test A

Experiment Sim - Exp. speed Sim - WLTC speed

Norm. CO2 Emissions 100% 99.6% 106.7%
Norm. EO NOx Emissions 100% 99.7% 109.8%
Norm. TO NOx Emissions 100% 119.9% 105.3%

3.3.5 48V vehicle validation
In this paragraph the validation of the 48V vehicle model is presented. The 48V

MHV features a BSG and a 48V Li-Ion battery pack, of which the main specification
are reported in Tab.2.4 and Tab.2.5. The electric motor is described as 0D model defined
on the basis of maximum and minimum torque curves and an efficiency map. Different
torque constraints are accounted for depending on the BSG operating mode: when the
BSG is used as generator the minimum torque is lower in absolute value than when the
BSG is operated in regenerative braking (assuming that in this mode, the BSG is oper-
ated for short period of time). The battery is modelled as resistive electrical equivalent
circuit battery model defined with an open circuit voltage and an open circuit resis-
tance, which is one of the common battery modelling approaches for EV application
[53].

The introduction of a power buffer (the battery pack) and the electric machine has
been coupled with the introduction of an on-line Energy Management Strategy (EMS).
During the validation activity the 48 V MHV model has been coupled with a black box
EMS controller developed by GM-GPS in a co-simulation environment between GT-
SUITE and Simulink. This EMS is based on the Equivalent Consumption Minimization
Strategy (ECMS) which is an techniquewhich showed to provide an effective solution to
the energy management of hybrid vehicle. Moreover, the ECMS is the preferred choice
for industrial application for the low requirements in terms of calibration effort with
respect to rule based techniques [54]. The ECMS is

based on the notion that, in charge-sustaining hybrid electric vehicles, the
difference between the initial and final state of charge of the battery is
very small, negligible with respect to the total energy used. This means
that the electrical energy storage system is used only as an energy buffer:
ultimately all energy comes from fuel, and the battery can be seen as an
auxiliary, reversible fuel tank. Any stored electrical energy used during a
battery discharge phase must be replenished at a later stage using fuel from
the engine, or through regenerative braking. [...] The principle underlying
the ECMS approach is that a cost is assigned to the electrical energy, so that
the use of electrical stored energy is made equivalent to using (or saving)
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a certain quantity of fuel. [55]

At each instant of time, the ECMS computes the equivalent fuel consumption for
different powersplit between thermal engine and electric machine and chooses the pow-
ersplit that minimize the equivalent fuel consumption. The computation of the instanta-
neous equivalent fuel consumption is shown in Eq.3.4, where �̇�𝑓𝑢𝑒𝑙 is the instantaneous
fuel flow rate looked-up from steady state maps as function of engine speed and engine
torque and �̇�𝑟𝑒𝑒𝑠 is the equivalent fuel consumption due the usage of the battery power.
This battery power can be converted in equivalent fuel flow rate on the basis of an
equivalence factor, defined as 𝑆0, which:

represents the chain of efficiencies through which fuel is transformed into
electrical power and vice-versa. As such, it changes for each operating
condition of the powertrain. [...] This parameter is representative of past,
present, and future efficiency of the engine and the RESS (Author’s note:
RESS, Rechargeable Energy Storage System), and its value affects both the
charge sustainability and the effectiveness of the strategy: if it is too high,
an excessive cost is attributed to the use of electrical energy and therefore
the full hybridization potential is not realized; if it is too low, the opposite
happens and the RESS is depleted too soon (loss of charge sustainability).
[55]

�̇�𝑓𝑢𝑒𝑙𝑒𝑞𝑣 = �̇�𝑓𝑢𝑒𝑙 + �̇�𝑟𝑒𝑒𝑠 (3.4)

Therefore, by analogy with the engine fuel consumption, the equivalent fuel con-
sumption can be computed as a virtual fuel consumption according to Eq.3.5, where
𝑃𝑏𝑎𝑡𝑡 is the instantaneous battery power and 𝑄𝐿𝐻𝑉 is the lower heating value of the
fuel.

�̇�𝑟𝑒𝑒𝑠 = 𝑆0 ⋅
𝑃𝑏𝑎𝑡𝑡

𝑄𝐿𝐻𝑉
(3.5)

In order to reduce the cycling of the battery and guarantee that the battery SOC
does not exceed the admissible limits, a penalty function is used. In the EMS developed
by GM-GPS, this penalty function was made proportional to the difference from the
actual SOC to a target SOC as presented in Eq.3.6, where 𝑝𝑆𝑂𝐶 is the proportional term,
𝑆𝑂𝐶(𝑡) is the istantaneous SOC and the EMS is aimed to operate the battery at the SOC
defined as 𝑆𝑂𝐶𝑡𝑎𝑟𝑔𝑒𝑡.

𝑆 = 𝑆0 + 𝑝𝑆𝑂𝐶 ⋅ 𝑓 (𝑆𝑂𝐶𝑡𝑎𝑟𝑔𝑒𝑡) (3.6)

The BSG braking torque during regenerative braking events is defined by means of
a map based approach and depends on vehicle speed and brake pedal. The Start and
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Stop control of the 48 V MHV is updated in such a way that the engine is switched off
when the vehicle speed is lower than 23 km/h.

Two experimental tests were available for the validation of the 48 V electric system:
in test B the EMS uses a fixed equivalence ratio 𝑆0; in test C the equivalence ratio is
adapted along the cycle with a non-zero value of 𝑝𝑆𝑂𝐶.

In Fig.3.23 the comparison of some notable vehicle parameters between experimen-
tal data and simulation results of test B is reported. Concerning the Combustion Mode
selection depending on the aftertreatment temperature and on the thermal state of the
engine, the agreement between experimental data and simulation results is satisfactory.
The switch of the vehicle model to Blended combustion mode occurs at 248 s, with the
model that delays by 15 s. There is a difference between 300 and 400 s where the vehi-
cle model underestimates the aftertreatment temperature selecting a colder combustion
mode but the switch to the Normal combustion mode is correctly phased at 600 s. Simi-
larly, the coolant temperature follows closely the experimental one, in terms of coolant
pump switch on, which occurs before 300 s and in the subsequent rise in coolant tem-
perature. Finally, in Fig.3.23c the 48 V battery state of charge is reported. The model
reproduces remarkably well the discharge of the battery in the first 300 s (when the
warm-up combustion mode is adopted), and the subsequent recharge of the battery
after 600 s. The vehicle model overestimates the regenerative braking energy of the ve-
hicle at 1300 s reaching the maximum allowed storage capacity of the battery of 0.7.
This may be due to differences in the driver power demand computation between test
vehicle and model. At 1500 s the deviation in terms of state of charge is equal to 0.05.

In Fig.3.24, the results of the validation according to test C is reported. Combus-
tion mode selection is reproduced with the correct adoption of the Blended combustion
mode at 210 s, at the same time for the vehicle model and the test vehicle. The switch
to the normal combustion mode occurs at 300 s (although for less than 40 s). As in Test
B, there is a mismatch between experimental and simulation combustion mode selec-
tion between 300 and 440 s due to a underestimation of the DOC outlet temperature.
This can be explained by the deactivation of the CO oxidation reactions which reduce
the exothermic contribution of the DOC reactions. The introduction of a proportional
factor for the adaptation of the equivalence factor along the driving cycle, reduces by a
great extent the SOC swing to less than 0.1 around a value of 0.5. In test C, the maximum
deviation between experimental and simulated SOC is 0.055 at 1745 s.

The validation of the 48 V vehicle model concludes the validation of the vehicle
model. The integration of the subsystem in the overall comprehensive vehicle model
started from the calibration of the predictive combustion model and the assessment of
the predictive capabilities of the combustion model across three different combustion
modes. Then, the FRM engine model was validated with the numerical evaluation of
the difference in terms of fuel consumption and pollutant emissions on the three com-
bustion modes and during transient TTB operation. After the integration of the cooling
circuit and of the aftertreatment system, the 12 V vehicle model showed an excellent
agreement in terms of fuel consumption and nitrogen oxides (with deviation equal to
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Figure 3.23: 48 V Vehicle validation - Test B
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0.4 % and 0.3 % respectively) when the same vehicle speed was imposed. Finally, using
the GM-GPS EMS, the assessment between experimental and simulated combustion
mode selection, coolant circuit temperature and 48 V battery state of charge was done,
showing a more than satisfactory predictive capabilities of the vehicle model.
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Chapter 4

Results

In this chapter the comprehensive vehicle model developed in Ch.3 is used as virtual
test bench. The predictive capabilities of the model are exploited for a thorough assess-
ment of the 48 V Mild Hybrid Vehicle. First, the evaluation of the trade-off between fuel
consumption and nitrogen oxides emissions is done with the aim to identify the optimal
calibration of the EMS. Moreover the same analysis is carried out after the integration
of the EHC, which was presented in terms of technical characteristics in Ch.2, with the
aim to explore the increased flexibility of the powertrain. Additionally, the impact of
the eSC (see Ch.2) on transient performance and fuel consumption is assessed. Finally,
a novel methodology for the virtual calibration of the main engine calibration parame-
ters and its impact on a driving cycle is reported.

Before the discussion on the EMS, the impact of the extended start and stop is re-
ported. The reference 12V vehicle and the 48V MHV previously discussed in Ch.3 dif-
fers not only for the electric network, but the 48V MHV is able to take advantage of
the higher power of the electric motor for faster engine start-up. This feature can be
exploited increasing the vehicle speed threshold to enable the engine start and stop at
speed lower than 23 km/h, from 4 km/h. In order to consistently compare the impact
of the electrification on carbon dioxide and nitrogen oxides emissions, two different
tests are done to assess the impact of the extended start and stop. In test A, the speed
threshold for the activation of the Start and Stop is 4 km/h, while in test B the activation
speed is raised to 23 km/h; below these thresholds the engine is switched off. In both
tests the BSG is used to start the engine up, while additional hybrid functionalities as
torque-assist, load point moving and regenerative braking are disabled. Additionally,
the start and stop is enabled when the neutral gear is inserted and since the experi-
mental gearshift of the conventional vehicle is adopted for test A, while test B uses the
experimental gearshift of the 48 V MHV, there may be some slight anticipation or delay
in the gearshift. In Tab.4.1, the comparison of test A and test B is reported. Concerning
carbon dioxide emissions, the extended start and stop reduces the fuel consumption on
the WLTC by 1.4 % while the engine-out nitrogen oxides emissions increases by 7.8 %.
This result is due to the higher load (and higher nitrogen oxides emissions) at which
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the engine is requested to operate after the engine restart to eliminate the error with
the speed profile target. However, the tailpipe nitrogen oxides emissions rises by just 2
% thanks to the fact that the SCoR partially compensate the increased nitrogen oxides
emissions.

Table 4.1: Summary of the end of driving cycle carbon dioxide, engine-out and tailpipe
nitrogen oxides emissions with respect to the experimental data when the Extended
Start & Stop is individually evaluated

Test A Test B - 12 V

CO2 Emissions 100% 98.6%
Engine-out NOx Emissions 100% 107.8%
Tailpipe NOx Emissions 100% 102.0%

4.1 Energy andEmissionManagement Strategy (EEMS)
In this section the Energy and Emission Management Strategy (EEMS) adopted for

the analysis is described. The EMS differs from the one used in Ch.3 for the validation
of the 48 V mild hybrid vehicle since a Polito EEMS, adapted from other works [25, 56,
57], on the basis of the Equivalent Consumption Minimization Strategy [58] has been
adopted for the following analysis in order to leverage the higher flexibility in terms
of model integration and tunability of a in-house solution. This EEMS couples a light
supervisory control, which defines when the engine has to be switched off (during start
and stop operation) and the fuel cut-off, with a modified version of the equivalent con-
sumption minimization strategies. The ECMS approach, which has been explained in
Ch.3, computes and minimize instant by instant the equivalent fuel consumption com-
puted as per Eq.3.4. Since nitrogen oxides emissions are a great concern in engines, and
this is especially true for diesel powertrain, the idea to shift the optimal control problem
from the minimization of fuel consumption to the minimization of pollutant emissions,
has been already explored. In particular, Musardo et al. considered the NOx emissions
”adding a cost term to the instantaneous equivalent minimization” and adopting a coef-
ficient to weight the relative importance of NOx minimization to the fuel consumption
minimization [59], while Sagha et al. [60] introduced an additional penalty function
defined on the basis of the engine emissions map. In this work, however, the formula-
tion proposed by Millo et al. [56] have been followed. In analogy with the computation
of the instantaneous equivalent fuel consumption shown in Eq.4.1, the instantaneous
equivalent nitrogen oxides flow rate is evaluated as in Eq.4.2, where 𝑑𝑜𝑡𝑚𝑁𝑂𝑥 is the
instantaneous nitrogen oxides flow rate, 𝑃𝑏𝑎𝑡𝑡 is the instantaneous battery power and
𝑄𝐿𝐻𝑉 is the lower heating value of the fuel. The term 𝑁𝐸𝐹 is defined as NOx Flow
Rate Equivalent Factor and, according to the approach proposed by Millo et al. [56], is
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4.1 – Energy and Emission Management Strategy (EEMS)

used to correlate the use of the battery with an equivalent NOx emission rate such as
that 𝑁𝐸𝐹 = 𝑆0 ⋅ 𝐸𝐼, where the Emission Index (EI) correlates NOx emissions to fuel
consumption on the basis of the engine brake specific fuel consumption and NOx emis-
sions maps. In the current work, since the BSNOx maps is quite ”flat” (see Fig.2.2) due
to a marked in-cylinder control of the NOx across the entire engine operating area, a
unique average parameter 𝐸𝐼 across the entire engine operating area has been adopted.

�̇�𝑓𝑢𝑒𝑙𝑒𝑞𝑣 = �̇�𝑓𝑢𝑒𝑙 + 𝑆0 ⋅
𝑃𝑏𝑎𝑡𝑡

𝑄𝐿𝐻𝑉
(4.1)

�̇�𝑁𝑂𝑥𝑒𝑞𝑣 = �̇�𝑁𝑂𝑥 + 𝑁𝐸𝐹 ⋅
𝑃𝑏𝑎𝑡𝑡

𝑄𝐿𝐻𝑉
(4.2)

In order to manage at the same time the minimization of the fuel consumption and
the minimization of NOx emissions, Eq.4.1 and Eq. 4.2 can be combined in a global cost
function, Eq.4.3, where𝑊𝑁𝑂𝑥 is theweighting factor for the concurrentminimization of
carbon dioxide and nitrogen oxides, �̇�𝑓𝑢𝑒𝑙𝑒𝑞𝑣 is the equivalent fuel mass flow rate com-
puted according to Eq.4.1, �̇�𝑓𝑢𝑒𝑙𝑚𝑎𝑥 is the maximum fuel mass flow rate of the Normal
combustion mode, �̇�𝑁𝑂𝑥𝑒𝑞𝑣 is the equivalent nitrogen oxides mass flow rate computed
according to Eq.4.2, �̇�𝑁𝑂𝑥𝑚𝑎𝑥 is the maximum nitrogen oxides mass flow rate of the
Normal combustion mode.

The values of fuel flow rate and nitrogen oxides mass flow rate are evaluated in-
stantaneously from steady state maps (one for each combustion mode) as a function of
engine speed and total injected quantity.

The combustion mode is required as input for the choice of the experimental map
selected for the evaluation of the instantaneous fuel and nitrogen oxides mass flow rate.
During the performance tests, the energy management system favours the top perfor-
mances actuating the engine and the electric motor at the highest rated power taking
into account the discharge limits of the battery. This EEMS is developed in Simulink
and integrated in the model as a compiled library.

𝐽 = (1 − 𝑊𝑁𝑂𝑥) ⋅
�̇�𝑓𝑢𝑒𝑙𝑒𝑞𝑣

�̇�𝑓𝑢𝑒𝑙𝑚𝑎𝑥
+ 𝑊𝑁𝑂𝑥 ⋅

�̇�𝑁𝑂𝑥𝑒𝑞𝑣

�̇�𝑁𝑂𝑥𝑚𝑎𝑥
(4.3)

After the integration of the open EEMS in the vehicle model, its behaviour along
a WLTC has been compared with that of the black-box EMS provided by ECMS by
GM-GPS adopting the calibration of test B, with a calibration aimed to minimize the
fuel consumption only. The open EEMS adopted, differently from the EMS by GM-GPS,
a slightly lower equivalence factor 𝑆0, to guarantee the charge sustaining operation.
Moreover the regenerative braking torque of the BSG has been calibrated to guarantee
a recovered specific energy comparable to that of the vehicle featuring the EMS by GM-
GPS. In Fig.4.1, the comparison in terms of Combustion Mode, coolant temperature and
48 V battery SOC is reported. The selection of the combustion mode of the vehicle with
open EEMS follows closely that of the vehicle with the EMS by GM-GPS. Nevertheless,
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the Polito EEMS anticipates by 4 s the switch to the Blended combustion mode at 243 s
and shows a reversal to the Blended combustion at 668 s for just 5 s. The coolant temper-
ature of the vehicle model equipped with the Polito EEMS is slightly higher than that
of the vehicle model equipped with the EMS developed by GM-GPS. This, combined
with the behaviour of the Combustion Modes suggests that the engine of the vehicle
model which runs with the Polito EEMS is operated at higher load and thus presents
higher exhaust temperature and a faster rise of the coolant temperature. The compari-
son of the SOCs is presented in Fig.4.1c. The battery SOC of the vehicle operated with
the open EEMS shows a limited discharge during the first 300 s of the WLTC reaching
a SOC of 0.43 while the vehicle with the EMS by GM-GPS reaches a value of SOC equal
to 0.31. Between 300 s and 600 s the SOC is mirrored at a distance of, on average, 0.1.
After 600 s the SOC of the vehicle featuring the open EEMS rises at a lower rate with
respect to that equipped with the EMS by GM-GPS. The same discharge trend is seen
at 1150 s but the Polito EEMS exploits in a deeper way the BSG in this phase. After
1400 s the EMS by GM-GPS reaches the controller maximum allowed SOC and stays
constant up to the end of the cycle, while the vehicle with open EEMS is able to exploit
the electric power at 1500 s and recharge the battery back during the last braking to a
SOC which guarantees the charge sustaining operation. However, the behaviour of the
Polito EEMS, which controls the battery SOC showing a difference of only 0.1 (i.e. 48
Wh) in the early 600 s and at the end of the cycle, suggests that it can properly used for
the following analysis with the advantages of a open and flexible architecture.

4.2 Electrically Heated Catalyst (EHC)
Electrically Heated Catalysts (EHC) have been proposed for years since they can

improve the catalyst conversion rate by increasing locally the catalyst temperature,
with advantages in terms of control flexibility. The engine may, indeed, operate at its
highest efficiency while the aftertreatment conversion rate is maintained at the highest
efficiency. Several analysis have evaluated the benefits of the EHC: Pfahl et al. [61] in-
vestigated the impact of a EHC on a 3-litre Diesel engine placed in different locations
along the aftertreatment line or in the SCR. They achieved a reduction of 67 % in terms
of nitrogen oxides emissions along the Artemis Urban Cycle. Pautasso et al. [62], inves-
tigated the trade-off between fuel consumption and nitrogen oxides tailpipe emissions
by means of numerical simulation achieving a reduction of 46 % in terms of tailpipe
nitrogen oxides reduction with a fuel penalty of 2.2 % assuming that the electric power
needed by the EHC is supplied by the alternator with fixed efficiency.

The current work, instead, aims to investigate the impact of the EHC in the devel-
oped comprehensive mild hybrid vehicle model, exploiting the EEMS to concurrently
account for tailpipe nitrogen oxides emissions and fuel consumption. In this section
the introduction of the electric catalyst (EHC), which was presented in terms of tech-
nical characteristics in Ch.2, in the comprehensive vehicle model is reported. The EHC
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Figure 4.1: 48 V Vehicle EMS comparision
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is modelled as an additional catalyst brick where oxidation reactions can occur. It is
placed upstream of the main DOC catalyst and receives, when it is activated, a heat in-
put power to the substrate. The heat distribution is uniform across and along the EHC
catalyst brick.

4.2.1 EHC Rule Based Controller
A simple rule based controller for the activation and deactivation of the EHC is de-

veloped as follows. The EHC is active until the outlet DOC temperature reaches 240 ∘C,
which is a temperature that enables the ammonia injection and promotes efficiently the
reduction of nitrogen oxides. To prevent the overheating of the EHC substrate, the EHC
is deactivated when the engine is switched off. The EHC reactivates when the engine is
switched on and the outlet DOC temperature is below 190 ∘C, in order to guarantee that
the ammonia injection can take place (above 180 ∘C). When the EHC is activated the
thermal power provided to the metallic substrate is equal to 3000W and goes to zero
when it is deactivated. A more refined control strategies, including pulse-width mod-
ulation (PWM) technique, combined with an analysis of the DOC outlet target tem-
perature to maximise SCRoF nitrogen oxides conversion efficiency, may be a further
development of this work.

4.3 48 V Mild Hybrid Vehicle results
In this section the impact of the electrification on vehicle fuel consumption and ni-

trogen oxides emissions is assessed. The objective is here to show whether it is possible
to take advantage of the flexibility of a 48 V MHV to achieve higher performance in
terms of vehicle emissions. In order to give a complete overview of the interaction of
different EEMS calibration choice and the introduction of the EHC, the results of the
conventional vehicle (test A, see Ch.3) are firstly compared with the results of a 48 V
MHV with a calibration selected for minimum fuel consumption. The same analysis is
carried out after the integration of the EHC with the aim to explore the effect of this
component on the trade-off carbon dioxide and nitrogen oxides emissions.

In Fig.4.2 the combustion mode, the coolant temperature and the 48 V battery SOC
of the conventional vehicle, the 48 V MHV with a minimum consumption EEMS cal-
ibration and the 48 V MHV featuring the EHC along the WLTC are shown. To guar-
antee that both the 48 V MHV models achieve the charge sustaining operation, the
equivalence factor 𝑆0 is adjusted from 1.95 to 2.1 in the vehicle with EHC to balance
the increased energy demand of this electric auxiliary. The 48 V MHV remains in the
Warm-up combustion mode for longer time than the conventional vehicle (243 s, while
the conventional switches to the Blended combustion mode at 66 s) and switches finally
to the Normal combustion mode at 671 s. On the contrary, the vehicle with EHC adopts
the Blended combustion mode at 75 s (just 11 s after the conventional vehicle), and the
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Normal combustion at 85 s. With the EHC, the final transition to Normal combustion
occurs at 610 s, 20 s before that of the conventional vehicle. Concerning the coolant
temperature, the hybrid vehicles show a lower temperature up to 900 s. As an example,
at 500 s, the conventional vehicle has a coolant temperature of 60 ∘C, while the hybrid
vehicle with EHC reaches a coolant temperature 5 ∘C lower and the MHV of just 53 ∘C.
The temperature of 70 ∘C is reached at 644 s by the conventional vehicle, at 690 s by
the MHV with EHC and only at 723 s by the MHV. Concerning the 48 V battery state of
charge, in the early phases of the cycle (early 150 s), the MHVwith EHC shows a higher
discharge rate caused by the activation of the electric catalyst. This component affects
the battery discharge rate also before 600 s, where the low vehicle speed target reduces
the engine load and allows the engine to be switched off thanks to the extended start
and stop.

Fig.4.3 presents the early 300 s of the cycle which are considered representative of
the aftertreatment light-off in terms of BSG brake torque, DOC outlet temperature and
activation of the EHC and injected ammonia. The explanation of the different EEMS
strategy between MHV with and without EHC may be found in Fig.4.3a. In order to
guarantee charge sustaining operation, the BSG of the MHV with EHC operates less
frequently to assist the engine during the acceleration phases (this is apparent between
120 s and 240 s). Concerning the DOC outlet temperature, the MHV vehicle shows a
lower temperature along the first 300 s, as high as 110 ∘C at 75 s (where the conventional
vehicle DOC outlet temperature achieves 240 ∘C. At the same time, the activation of
the EHC allows to increase the DOC outlet temperature up to 210 ∘C. The EHC greatly
enhance the DOC temperature after 120 s up to 284 ∘Cwhile the DOC outlet temperature
of the MHV stays below 160 ∘C. This difference in terms of DOC outlet temperature
affects the injection of the ammonia and the efficient activation of the SCR reduction
reactions. Indeed, the MHV shows no ammonia injection up to 240 s while the ammonia
injection on conventional vehicle and MHV with EHC starts at around 60 s.

Finally, in Fig.4.4, the cumulated carbon dioxide, engine-out and tailpipe nitrogen
oxides emissions along the driving cycle are reported. Both MHVs achieve lower cumu-
lated carbon dioxide emissions along and at the end of the driving cycle. The vehicle
with EHC has a higher fuel consumption than the vehicle without EHC, because the en-
ergy recovered by the regenerative braking may not fully be used to assist the thermal
engine and the engine of the vehicle with EHC is operated at higher load to recharge
the battery. Moving to engine-out nitrogen oxides emissions, the 48 V MHV without
EHC shows the lowest emissions, due to the fact that the EEMS uses the BSG to assist
the engine. On the contrary, the need to recharge the battery given the activation of the
EHC pushes the engine-out nitrogen oxides emissions above those of the conventional
vehicle. Nevertheless, the advantage of the EHC is apparent when tailpipe nitrogen
oxides emissions are concerned. Indeed, the MHV with EHC shows the lower cumu-
lated nitrogen oxides emissions thanks to a higher SCR efficiency and the possibility
to anticipate the ammonia injection earlier during the driving cycle. The MHV without
EHC achieves higher tailpipe nitrogen oxides emissions (but still below the legal limit)
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because the temperature of the exhaust aftertreatment are lower hence reducing the
reduction reaction rates.

In Fig.4.5 the combustion mode, the coolant temperature and the 48 V battery SOC
of the 48 V MHV with the EEMS calibration aimed to reduce nitrogen oxides emissions
and the 48 V MHV featuring the EHC along the WLTC are reported. Simulation results
of the conventional vehicle are added as reference. The two 48 V MHV models achieve
the charge sustaining operation, hence the nitrogen oxides equivalence factor 𝑁𝐸𝐹
is adjusted in the vehicle with EHC to balance the increased energy demand of this
electric auxiliary. Differently from the MHV with the EEMS calibrated for minimum
fuel consumption (see Fig.4.2), both the 48 V MHVs switch earlier to the Blended com-
bustion mode: the vehicle without EHC at 77 s and the vehicle with EHC at 67 s. Both
hybrid vehicles finally adopt the Normal combustion mode before the conventional ve-
hicle (at 608 s the MHV with EHC and at 620 s the vehicle without EHC). Concerning
the coolant temperature, the hybrid vehicles calibrated for minimum nitrogen oxides
emissions follow closely the coolant temperature of the conventional vehicle. As an
example, at 500 s, the conventional vehicle has a coolant temperature of 60 ∘C, while
the hybrid vehicle with EHC reaches a coolant temperature 3 ∘C lower and the MHV
of 55 ∘C. The temperature of 70 ∘C is reached at 647 s by the MHV with EHC (just 3 s
after the conventional vehicle and at 691 s by the MHV (32 s before the MHV adopting
the calibration that minimize the fuel consumption). Concerning the 48 V battery state
of charge, differently by the MHV aimed at minimizing the carbon dioxide emissions,
here, in the first half of the cycle (up to 150 s), the MHVwithout EHC recharges the bat-
tery up to 0.75, while the MHV with EHC keep the SOC flat in spite of the activation of
the electric catalyst. This behaviour is explained by the fact that in the first half of the
cycle, the adoption of Warm-up and Blended calibration, with lower nitrogen oxides
emissions with respect to the Normal combustion mode, and the low traction power
required by the vehicle, favours the load point moving. After 1200 s, the EEMS chooses
to act to reduce the load on the engine exploiting the energy available in the battery.

Fig.4.6 presents the early 300 s of the cycle which are considered representative of
the aftertreatment light-off in terms of BSG brake torque, DOC outlet temperature and
activation of the EHC and injected ammonia. The explanation of the different EEMS
strategy between MHV with and without EHC may be found in Fig.4.3a. Differently
from the casewhere the EEMSwas calibrated for theminimum fuel consumption, in this
case the EEMS take advantage of the lower nitrogen oxides emissions at low load using
the colder combustion modes and the BSG is operated at negative torque to recharge
the battery. In terms of BSG operation, the MHV with EHC, with respect to the vehicle
without EHC, reduces the torque assist operation (e.g. at 210 s) and increases the load
point moving operation (e.g. at 180 s). Concerning the DOC outlet temperature, the
MHV vehicle shows a comparable temperature along the first 300 s, as high as 200 ∘C
at 75 s (90 ∘C higher than the case where fuel consumption was the priority). At the
same time, along the WLTC, the activation of the EHC allows to increase the DOC
outlet temperature up to 270 ∘C (60 ∘C higher than the vehicle with the EEMS calibrated
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(c) 48 V Battery SOC and EHC ON (grey boxes)

Figure 4.2:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum CO2 emissions

65



Results

T
o

rq
ue

 [N
-m

]

V
eh

ic
le

 S
p

e
ed

 [k
m

/h
]

(a) BSG Brake Torque

T
e

m
pe

ra
tu

re
 [

°C
]

P
ow

er
 [

kW
]

(b) DOC light-off

In
je

ct
ed

 q
ua

nt
ity

 [g
]

Ve
hi

cl
e 

Sp
ee

d 
[k

m
/h

]

(c) Injected ammonia

Figure 4.3:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum CO2 emissions - Focus on light-off
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Figure 4.4:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum CO2 emissions - Emissions

67



Results

for minimum fuel consumption). The EHC greatly enhance the DOC temperature after
120 s up to 310 ∘C while the DOC outlet temperature of the MHV stays below 238 ∘C.
The MHV starts the ammonia injection at the same time as the conventional vehicle
and the MHV with EHC starts at around 60 s.

Finally, in Fig.4.7, the cumulated carbon dioxide, engine-out and tailpipe nitrogen
oxides emissions along the driving cycle are reported. TheMHVswithout EHC achieves
lower cumulated carbon dioxide emissions along and at the end of the driving cycle
while, in this case, the vehicle with EHC shows comparable carbon dioxide emissions
as the conventional vehicle. Moving to engine-out nitrogen oxides emissions, the 48 V
MHV without EHC shows the lower emissions, similarly as the case where the EEMS
was aimed to lower fuel consumption. Also the vehicle with EHC shows lower engine-
out nitrogen oxides emissions than the conventional vehicle. As for the previous case,
the advantage of the EHC is apparent when tailpipe nitrogen oxides emissions are con-
cerned. Indeed, the MHV with EHC shows the lower cumulated nitrogen oxides emis-
sions thanks to a higher SCR efficiency. In this case also the MHV without EHC is able
to achieve lower tailpipe nitrogen oxides emissions because the temperature of the ex-
haust aftrtreatment are similar to that of the conventional vehicle but the engine out
nitrogen oxides emissions are lower.

4.3.1 EEMS Calibration summary
A summary of the trade-off between carbon dioxide with respect to engine out and

tailpipe out nitrogen oxides emissions is shown in Fig.4.8. Although all the simulations
are operated in charge sustaining, the results in terms of carbon dioxide are corrected
to account for even the smallest difference in terms of added or depleted energy in the
battery. The correction assumes that, for limited deviation of the battery energy (below
0.5 % of the fuel energy consumed along the cycle), the equivalence factor 𝑆0 represent
a reliable estimation of the electric energy to fuel conversion and the relation of Eq.4.1
has been used. No correction has been adopted for tailpipe nitrogen oxides emissions
given the not negligible impact of secondary effects (the DOC outlet temperature and
the ammonia injection). The analysis is done varying the parameter 𝑊𝑁𝑂𝑥 from a value
of zero, representative of a EEMS prioritizing the optimization of the fuel consumption
(see Fig.4.4) to a value of one to operate the EEMS towards the reduction of the nitrogen
oxides (see Fig.4.7). These charts give evidence of the beneficial impact that electrifica-
tion has on the reduction of the tailpipe emissions. The improvement in terms of fuel
consumption ranges from a minimum of - 6.5 % to - 3.6 % with respect to the conven-
tional vehicle, when the MHV without EHC is considered. This advantage comes with
a reduction of the engine-out nitrogen oxides emissions which range between - 1.3 %
in the MHV with the EEMS calibrated with minimum fuel consumption (𝑊𝑁𝑂𝑥 equal
to zero) and - 17.5 % when the focus is on the reduction of the nitrogen oxides emis-
sions. This results can be compared to the ones obtained in [63], where the test case
used for this thesis has been equipped with a 48 V BSG and experimentally tested. In

68



4.3 – 48 V Mild Hybrid Vehicle results

M
o

d
e 

se
le

ct
e

d

V
eh

ic
le

 S
p

e
ed

 [k
m

/h
]

(a) Combustion Mode selection

Te
m

pe
ra

tu
re

 [C
]

Ve
hi

cl
e 

Sp
ee

d 
[k

m
/h

]

(b) Coolant circuit liquid Temperature

S
ta

te
 o

f 
C

ha
rg

e
 [-

]

V
eh

ic
le

 S
p

e
ed

 [k
m

/h
]

S
ta

te
 o

f 
C

ha
rg

e
 [-

]

V
eh

ic
le

 S
p

e
ed

 [k
m

/h
]

(c) 48 V Battery SOC and EHC ON (grey boxes)

Figure 4.5:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum NOx emissions
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(c) Injected ammonia

Figure 4.6:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum NOx emissions - Focus on light-off
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(a) CO2 Emissions
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(b) Engine-out NOx Emissions
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(c) Tailpipe NOx Emissions

Figure 4.7:MHVwith andwithout EHC along theWLTCdriving cycle - EEMS calibrated
for minimum NOx emissions - Emissions
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that experimental analysis, a - 4.8 % reduction in terms of carbon dioxides emissions
and engine out nitrogen oxides emissions decrease by 22 % were obtained. While the
fuel consumption improvement falls in the range achieved by the comprehensive ve-
hicle model developed in this work, the nitrogen oxides reduction is experimentally
higher. This may be explained recollecting the outcomes of Tab.3.3, where the compar-
ison among the experimental results in terms of fuel consumption and nitrogen oxides
emissions and the simulation results of a vehicle following the experimental speed trace
and the regulated WLTC speed were summarised. In that table, the impact of a differ-
ent vehicle speed profile brought to a difference of 6.7 % in terms of fuel consumption
and almost 10 % in terms of nitrogen oxides production. It is reasonable to assume that
the driver aggressiveness has an significant impact in the the underestimation of the
advantage in terms of nitrogen oxides emissions reduction.

To guarantee the highest advantage in terms of fuel consumption, and tailpipe emis-
sions lower than that of the conventional vehicle, the EEMS was calibrated with a value
of 𝑊𝑁𝑂𝑥 equal to 0.6. In this case, the MHV emits the 94 % of the carbon dioxide emis-
sions and the 84 % of the engine-out nitrogen oxides emissions, while the tailpipe ni-
trogen oxides emissions are equal to the 88.4 %. These result of the MHV vehicle with
and without EHC adopting a 𝑊𝑁𝑂𝑥 equal to 0.6, are summarized in Tab.4.2. In [63] the
48 V benefit is claimed to result in a reduction of the tailpipe nitrogen oxides emissions
around −15% similarly to the reduction achieved in this work. Concerning the MHV
featuring the EHC, the trade-off carbon dioxide and engine-out nitrogen oxides moves
closer to the conventional vehicle since this vehicle has higher engine-out emissions
with respect to the MHV vehicle without EHC. In particular the carbon dioxide ranges
from - 4.2 % when the EEMS is calibrated for minimum fuel consumption (combined
with an increase of + 3% of EO nitrogen oxides emissions) to just - 0.6 % (with a re-
duction of - 12.3 % of EO nitrogen oxides emissions). Moving to the trade-off between
carbon dioxide and tailpipe nitrogen oxides, the impact of electrification on emissions
is remarkably different. Actually, the advantage of fuel consumption reduction for the
MHV without EHC is counterbalanced by an increase of tailpipe nitrogen oxides emis-
sions up to 58 % due to lower exhaust temperature. On the other hand, the flexibility of
the electrification allows that, when the EEMS is focused at minimum nitrogen oxides
emissions, the tailpipe emissions reduces aswell up to - 26 %.Moreover, the introduction
of the EHC has an impressive impact in reducing the tailpipe emissions with respect to
the conventional vehicle in a range of - 40 % to - 54 % depending on the EEMS calibra-
tion at the expenses of an increase of the fuel consumption. Adopting a 𝑊𝑁𝑂𝑥 equal
to 0.6, the reduction in terms of tailpipe nitrogen oxides emissions is equal to 52.9 %.
This seems to overestimate the advantage of the EHC analysed experimentally in [63],
where a reduction of tailpipe nitrogen oxides by 28.6 % was stated. It is to be pointed
out, however, that a rule based control logic different from the one adopted in this work
may have been followed (e.g. different DOC outlet temperature for the deactivation of
the EHC) which may affect the overall result. The impact of different set-point temper-
atures, used to control the switch to warm combustion modes and for the activation of
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the EHC, has been extensively reported in [64] for a 48 V Diesel hybrid architecture by
means of numerical simulation. In this paper, depending on the set-point temperature,
the tailpipe nitrogen oxides emission levels ranges from 10mg km−1 to 100mg km−1

and from 125 g km−1 to 160 g km−1 when the carbon dioxide emissions are concerned.
Although no clear indication of the impact on nitrogen oxides emissions for the same
set-point temperature after the introduction of the EHC is given, an increase of the fuel
consumption by 2% is claimed. In the present work, considering the calibration with
𝑊𝑁𝑂𝑥 equal to 0.6, the impact of the EHC on the fuel consumption is detrimental and
equal to an increase of the carbon dioxide emissions by 2.7 %. Also, the MHV without
EHC calibrated for minimum nitrogen oxides achieves slightly higher fuel consumption
than the MHV with EHC with the EEMS aimed to reduce fuel consumption.

Therefore, the electrification showed a positive impact in terms of nitrogen oxides
and carbon dioxide emissions reduction with the possibility to tune the EEMS response
to the optimal trade-off given the case study and overall vehicle design targets. More-
over, the introduction of the EHC, while worsening the fuel consumption of the MHV
vehicle allows to achieve unprecedented nitrogen oxides emission reduction.

Table 4.2: Impact of hybridization and introduction of an Electrically Heated Catalyst
on the WLTC driving cycle

BASE MHV MHV + EHC

Norm. Corrected CO2 100% 93.9% 96.6%
Norm. EO NOx emissions 100% 83.9% 92.9%
Norm. TO NOx emissions 100% 88.4% 47.1%

4.3.2 Phlegmatization
Researchers have proposed that reducing the load gradients on the engine, the so-

called phlegmatization, made possible thanks to the electrification, can be a viable way
to achieve lowest emissions and fuel consumption in diesel powertrains [52, 65–67]. In
this paragraph the impact of the adoption of the EEMS for the concurrent reduction of
carbon dioxide and nitrogen oxides emissions on engine load and emissions is analysed.
Fig.4.9 reports engine brake torque and EO nitrogen oxides emissions of the conven-
tional vehicle and of the MHV with the EEMS targeted for minimum fuel consumption
or minimum nitrogen oxides emissions. Looking at this plot, while the vehicle featuring
the EEMS for minimum fuel consumption reduces the engine brake torque when high
load is requested to the powertrain, the vehicle aimed at reducing nitrogen oxides emis-
sions makes the engine operate with smaller load gradients. As it is noticeable, when
higher load is requested to the conventional engine (e.g. 1330 and 1430 s), the EEMS
for minimum NOx emissions reduces the engine peak torque smoothening the power
request to the engine. Moreover, when the load request to the vehicle is low, the EEMS
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Figure 4.8: 48 V Mild Hybrid Vehicle EEMS calibration

maintains a non-negligible load request: the engine load gradient is smoothed, and the
battery is recharged. The reduction of engine load gradients remarkably lowers the EO
nitrogen oxide mass flow rate along the driving cycle. This engine management is sim-
ilar to the one proposed by Auerbach et al. [66], where the phlegmatization showed
advantages in terms of nitrogen oxides emissions and soot formation. In the present
study, the impact of the EEMS on soot emissions has not been investigated for the lack
of a quantitative reliable soot model, but it may be an interesting future development
of this work.

4.3.3 Additional results on type approval and RDE driving cycles
In this section, the emissions of the conventional vehicle and of the MHVs are anal-

ysed along different type approval and RDE driving cycle, the RTS-95, the FTP-75 and
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(b) Instantaneous NOx emissions

Figure 4.9: Phlegmatization effect of the EEMS on a snippet of the WLTC

the US06 in order to evaluate the benefit of the electrification, in terms of emissions, on
different driving conditions. Also these analyses include the cold start. The calibration
chosen for these analyses of the MHVs along the additional type approval and RDE
driving cycles is the one that guarantees, on the WLTC, the lowest fuel consumption
with tailpipe nitrogen oxides emissions slightly lower than the conventional vehicle.
This corresponds to a 𝑊𝑁𝑂𝑥 equal to 0.6 which is kept the same for the MHV with and
without EHC.

As a preliminary analysis, in Tab.4.3 the ”driving cycle effect” in terms of corrected
carbon dioxide emissions, engine out and tailpipe nitrogen oxides emissions is reported
for the conventional vehicle. The results are normalized on the basis of the WLTC driv-
ing cycle. The driving cycle where the conventional vehicle emits more than + 30 % of
carbon dioxide is the RTS-95, while the FTP-75 shows the lower emissions equal to 83.3
% with respect to theWLTC. The US06 presents a slight fuel consumption increase with
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respect to the WLTC with a + 4.8 %. The RTS-95 which is a very aggressive cycle shows
an increase of the engine-out nitrogen oxides emissions with respect to the WLTC by
55.6 %, while FTP-75 and US06 have slightly lower emissions (- 4.3 % and - 1.7 %, re-
spectively). Tailpipe nitrogen oxides emissions depends, in addition to the engine-out
emissions, also to the thermal state of the aftertreatment which affects the ammonia
injection and thus the SCR reduction efficiency. Due to the shorter duration of the cy-
cle, along RTS-95 (which lasts 900 s, half of the WLTC duration) and US06 (which lasts
only 600 s), the time required for the light-off of the aftertreatment has an impact on
the tailpipe emissions which is more significant on this driving cycles than that on the
WLTC. Indeed, the tailpipe emissions on RTS-95 increases by 106.2 % and on US06 by
134.8 %. On FTP-75 the increase in terms of tailpipe nitrogen oxides emissions by + 89
% is due to the fact the the DOC outlet temperature stays for the majority of the time
around 180 ∘C, due to the relatively low vehicle speed of the cycle and to the low load on
the engine, hindering the ammonia injection and the efficient reduction of the nitrogen
oxides in the SCR.

Table 4.3: Comparison among different driving cycles of the emissions of the conven-
tional vehicle

WLTC RTS-95 FTP-75 US06

Norm. Corrected CO2 100% 130.9% 83.3% 104.8%
Norm. EO NOx emissions 100% 155.6% 95.7% 98.3%
Norm. TO NOx emissions 100% 206.2% 189.0% 234.8%

In Fig.4.4, the comparison of the different specific energy usage (the ratio between
BSG energy in a defined hybrid mode and cycle distance) of the 48V MHV with respect
to the WLTC is presented. The steeper deceleration of the RTS-95 with respect to the
WLTC is recollected by the regenerative braking, increasing the specific energy recov-
ered by the BSG by 14.2 %. On FTP-75 the regenerative braking contributes as much as
on the WLTC (just - 0.2 %), while the US06 shows the smaller specific regenerative en-
ergy among the four driving cycles since this cycle is characterized by few deceleration
events, even if its negative acceleration is only smaller than the RTS-95 (see Tab.2.8.
Similarly, the US06 shows few acceleration events which reduce the specific energy
used to assist the engine to just 58.1 % of the WLTC and the specific energy devoted
to the load point moving is just less than one sixth of that along the WLTC. The load
point moving is exploited significantly more on the FTP-75 than on the WLTC (more
than five times as much).

After the short summary about the main differences in terms of BSG usage along
the driving cycle, in Tab.4.5 the emissions of the conventional vehicle, the MHV and the
MHV with EHC on the RTS-95 are summarized. The hybridization improves the fuel
consumption by 8.4 %, the engine-out nitrogen oxides emissions reduces by 21.8 % and
the tailpipe emissions decreases by 7.3 %.With the same EEMS calibration and adopting
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Table 4.4: Comparison among different driving cycles of the specific BSG energy usage
of the Mild Hybrid Vehicle

WLTC RTS-95 FTP-75 US06

Regenerative Braking 100% 114.2% 99.8% 59.0%
Torque Assist 100% 123.6% 104.8% 58.1%
Load Point Moving 100% 73.2% 566.9% 16.2%

the EHC rule based control strategy discussed in Sec.4.2.1, the introduction of the EHC
shows an increased fuel consumption with respect to the MHVwith an improvement of
just 6.5 % with respect to the conventional vehicle. Also, the engine-out nitrogen oxides
emissions increases, with respect to the MHV, to 80.6 % of the emissions produced by
the conventional vehicle. On the other hand the introduction of the EHC reduces the
tailpipe nitrogen oxides emission by 22.8 % with respect to the conventional vehicle,
reducing by additional 15.5 % the emissions of the MHV.

Table 4.5: Impact of hybridization and introduction of an Electrically Heated Catalyst
on the RTS-95 driving cycle

BASE MHV MHV + EHC

Norm. Corrected CO2 100% 91.6% 93.5%
Norm. EO NOx emissions 100% 78.2% 80.6%
Norm. TO NOx emissions 100% 92.7% 77.2%

Along the FTP-75, see Tab.4.6, the electrification shows promising results in terms
of carbon dioxide emissions (- 9 %) as well as on tailpipe nitrogen oxides emissions
(- 29.7 %), while the introduction of the EHC reduces the advantage in terms of fuel
consumption to just 0.5 % but has a remarkable impact on the reduction of the tailpipe
nitrogen oxides emissions (- 56.4 %). This is due to the fact that the EHC contributes to
the increase of the DOC temperature that along this driving cycle are low because of
the low engine load.

Finally, the results on the US06 driving cycle are summarized in Tab.4.7. Along this
driving cycle the electrification improves the fuel consumption by 6.1 % for the MHV
and by 5 % for the MHV equipped with the EHC. Tailpipe nitrogen oxides emissions are
improved by 16 % when the MHV is considered and by 23.6 % when the EHC is adopted.

4.4 Electric Supercharger (eSC)
The availability of high electric power given the introduction of a 48 V battery,

gives room for the assessment of the impact, in terms of transient performance and
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Table 4.6: Impact of hybridization and introduction of an Electrically Heated Catalyst
on the FTP-75 driving cycle

BASE MHV MHV + EHC

Norm. Corrected CO2 100% 91.0% 99.5%
Norm. EO NOx emissions 100% 75.0% 80.2%
Norm. TO NOx emissions 100% 70.3% 43.6%

Table 4.7: Impact of hybridization and introduction of an Electrically Heated Catalyst
on the US06 driving cycle

BASE MHV MHV + EHC

Norm. Corrected CO2 100% 93.9% 95.0%
Norm. EO NOx emissions 100% 84.9% 87.9%
Norm. TO NOx emissions 100% 84.0% 74.4%

fuel consumption, of an additional electric device: the electric Supercharger (eSC). This
component, of which technical characteristics were reported in Ch.2, is modelled by
means of an electric motor (described in terms of torque curve and efficiency map) that
drives a compressor (represented by map data). A shaft (that reproduces the dynamics
of the eSC on the basis of its moment of inertia and a friction torque) links the elec-
tric motor with the compressor. In this analysis, the eSC is placed downstream of the
main turbocharger before the Charge Water Cooler. A downstream layout is preferred
for compressor map width, as pointed out by Rothgang et al. [68] and Breitbach et al.
[69] since due to the lower boost pressure ratio, the power consumption is lower as
well as the required compressor map width. In a previous work [24], in which a B-SUV
vehicle was equipped with a 1.5 L engine, the downstream eSC layout showed slight
advantages, in terms of vehicle transient performance, only if coupled with major en-
gine modification. As a matter of fact, the advantage of the downstream layout with
respect to the upstream layout ranged from 0 s, for a manoeuvre time of 5.1 s in the
60-80 km/h in VI gear, to 0.4 s (5.1 s vs 5.5 s) in the same manoeuvre when the Miller
engine is adopted.

A bypass is modelled on the main air path so that when the eSC is activated the
charging system works as a series dual stage charging, while when the eSC is deacti-
vated (above engine speed of 3000 rpm), it does not result in a flow restriction.

4.4.1 eSC Rule Based Controller
Currently, several approaches could be exploited to integrate the electric boosting

system in the engine control strategy. Heuristic control techniques were developed by

78



4.4 – Electric Supercharger (eSC)

Griefnow et al. [33] for mild hybrid gasoline powertrains and by Schaub et al. [70] for
a mild hybrid diesel powertrain. Model Predictive Control (MPC) was also investigated
by Liu et al. [71] on a small Diesel engine with variable geometry turbine and exhaust
gas recirculation valve.

In order to assess the potential in terms of fuel consumption and transient perfor-
mance of the vehicle with eSC, in this work the rule based controller for eSC activation
and controller developed in [24] was used. The controller defines the operating modes
of the eSC and provides the eSC target speed to a PI controller which acts on the electric
power request of the eSC motor. In addition, when deactivated, the eSC is still operated
at an idle speed of 5000 rpm so that it can accelerate in a faster way and to avoid too
frequent high static load to the eSC bearings due to the start from zero speed. When at
idle the eSC requires an electric power of about 20 W. The controller flowchart, avail-
able in App.A in Fig.A.10, shows the states of the eSC and the system signals needed
for the control. At engine start-up the eSC switches on in the eSC idle operation mode
and, as already said, it is operated at 5000 rpm while the bypass valve is kept open. If
the engine speed is below 3000 rpm and the boost request before the throttle is above
the actual boost provided by the main turbocharger by a threshold (0.4 bar) the eSC is
activated with a target speed equal to the eSC maximum speed and the bypass valve is
closed. The choice to activate the eSC at engine speed lower than 3000 rpm is driven
by the fact that for this engine at speed higher than 3000 rpm the turbolag is negligible.
When the requested boost pressure is achieved, the eSC speed is controlled to operate
at the speed computed on the compressor map from the corrected (according to eSC in-
take pressure and temperature) mass flow of the engine and the pressure ratio required
by the eSC. In this analysis the eSC is initially devoted to reduce the so called turbolag
of the turbocharger engine. For this reason the required eSC pressure ratio is computed
as the ratio between the demanded boost pressure and the actual pressure ratio pro-
vided by the main turbocharger. This latter is computed sensing on the FRM engine the
pressure upstream and downstream the main turbocharger and taking into account the
pressure losses of the low and high pressure line (e.g. the intercooler pressure drop).
In this way the eSC operation is transparent to the main turbocharger that is exploited
in the same manner (i.e. as if it were the only charging device) as in the conventional
engine. Additionally, a bypass valve opening and closure rate equal to ±450 ° s−1 is con-
sidered in order to take into account the physical actuation delay of the component.
The controller is able to operate the eSC at steady state operation, as well as during
vehicle transient manoeuvres or along a driving cycle.

4.4.2 Engine full load
The introduction of an auxiliary electric boosting system may be exploited for the

increase of the low end torque of the engine since at low speed the energy that can
be extracted by the turbine is low. For this reason an analysis of the potential full load
curve given the introduction of the eSC is here investigated. For the evaluation of the
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full load curve with eSC, the engine limitations shown in Tab.4.8 are considered. These
limitations take into account the maximum allowed gas inlet temperature of the tur-
bocharger, the maximum in-cylinder pressure and the engine noise. Additionally the
air-fuel ratio has been bounded below by the air to fuel stoichiometric ratio.

Table 4.8: Engine limitations

Max Fueling per cycle per cylinder 65 mg
Outlet compressor temperature 170 ∘C
Outlet eSC temperature 180 ∘C
T3 850 ∘C
Pmax 160 bar
Noise 90 dB

The rail pressure, the boost pressure, main and pilot injected fuel mass and respec-
tive start of injection were optimized to obtain the maximum brake torque, in such a
way to guarantee the compliance with the engine limitations previously discussed. The
result of this optimization is shown in Fig.4.10. In this figure the brake torque, the boost
pressure and the eSC electric power of the base engine and those achieved after the
introduction of the electric boosting system are shown. Concerning the brake torque,
the higher boost pressure available thanks to the electric boosting system improves the
torque by 20Nm at 1500 rpmwith an electric power request of 860W. The beneficial im-
pact of the eSC increases at 1250 rpm where a mere electrical need of 1022W improves
the engine brake torque from 201Nm to 305Nm. Finally, at 1000 rpm the engine with
eSC achieves 281Nm with a noteworthy improvement by 118 % over the base engine,
at the expense of a steady state electric requirement of 3570W.

4.4.3 Transient results
After the development of the engine steady state performance, in this section the

assessment of the transient performance of the vehicle is presented. Three different ve-
hicle transient manoeuvres are evaluated with the aim to cover the typical elasticity
manoeuvres for the characterization of the vehicle drivability and the so-called fun to
drive, as reported by Coltro [72]. Moreover, the performance of the engine on a wide
range of engine speed is explored by adopting these transient test as reference manoeu-
vres. The vehicle transient performance is therefore evaluated according to two elas-
ticity tests from 80 to 120 kmh−1 with two different engaged gear, V and VI gear and
a elasticity test from 60 to 80 kmh−1 in the VI gear for the assessment of the transient
performance from very low engine speed (1082 rpm). In order to evaluate the impact
of the hybridization and the introduction of the electrified boosting system, different
cases exploring the individual activation of BSG and of the eSC are analysed. In Fig.4.11,
engine brake torque, engine boost pressure and BSG mechanical power along the 80 to
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Figure 4.10: Engine full load curve: base and with eSC
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120 kmh−1 in V gear are shown. The activation of the BSG improves the vehicle speed
and acceleration with an indirect impact of the engine torque only limited to the faster
rise of the engine speed. The eSC, on the other hand, guarantees a prompt boost pres-
sure build-up with consequent rise of the engine brake torque. The BSG is affected by
the activation of the eSC since the maximum battery discharge power limits the elec-
tric power available and the eSC has the priority over the BSG. In this manoeuver the
eSC activation lasts just 4 s. For the sake of brevity, vehicle speed, acceleration and eSC
speed, alongside the elasticity manoeuvres from 80 to 120 kmh−1 in VI gear and the 60
to 80 kmh−1 in VI gear, are presented in App.A.

Additionally, the full load of the engine exploiting the eSC also during steady state
operation is considered (see Fig.4.10), defined as engine adopting an Overtorque (OT)
mode. For this case, the calibration maps of, as an example, the boost pressure, the
injected quantity and the start of injection are expanded beyond the base engine rated
torque curve adopting the calibration of the engine featuring the eSC. In Fig.4.12 the
adoption of the engine overtorque from low engine speed on the engine performance
along the manoeuvre 60 to 80 kmh−1 in VI gear is reported and compared with the
case with the base full load curve. In this manoeuvre the engine with overtorque (i.e.
the updated calibration) achieves a higher boost pressure actually reducing the eSC
activation time (but not the eSC required energy along the transient manoeuvre, see
Tab.4.11). Moreover the brake torque of 300Nm is achieved rapidly with a constant
gradient while the base engine shows a two step behaviour: a fast rise to 150Nm and a
slower rise to 300Nm. The impact of the BSG on the brake torque is negligible and only
small differences are noticeable on the boost pressure, showing the beneficial impact
of the engine speed increase given the torque contribution of the BSG on the overall
vehicle speed. For this reason, if the BSG is used, the eSC switches off earlier along the
transient.

In Tab.4.9, the comparison in terms of elasticity time among transient manoeuvres
and the impact of BSG and eSC activation is presented. The usage of BSG or eSC along
the transient 80 to 120 kmh−1 in V gear gives the same improvement by 12.3 %, while the
concurrent activation of the two electric devices improves the transient time up to 77.6 %
of the reference. The impact of the overtorque is negligible and the reduction in time
is only 0.1 % when both BSG and eSC are activated. A higher impact on transient time
reduction given the electrification is achieved on the 80 to 120 kmh−1 in VI manoeuvre.
The eSC improves the transient time by 17.3 %, slightly lower than the introduction of
the BSG (−17.8 %), while the concurrent activation of the two reduces the transient time
by 40.5 %. In this configuration the engine with overtorque improves the transient time
of the vehicle by just an additional −0.4 %. Finally on the 60 to 80 kmh−1 manoeuvre,
the BSG only vehicle performs better than the eSC vehicle (−37.9 % and −30.9 %, respec-
tively). When the activation of the two is combined, the vehicle improves its elasticity
time by 51.8 %. The engine with overtorque allows to achieve an impressive −63.1 % on
this manoeuvre.

The experimental data available in [63] show that, thanks to the activation of the
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Figure 4.11: Elasticity manoeuver 80-120 km/h in V gear
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Figure 4.12: Elasticity manoeuver 60-80 km/h in VI gear: impact of the engine with
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Table 4.9: Transient manoeuvers time summary. OT: overtorque

Transient time [s] 80-120 km/h V 80-120 km/h VI 60-80 km/h VI

Conventional Vehicle 100% 100% 100%
MHV - eSC 1 - BSG 0 87.7% 82.7% 69.1%
MHV - eSC 1 - BSG 0 - OT 87.7% 82.0% 44.5%
MHV - eSC 0 - BSG 1 87.7% 82.2% 62.1%
MHV - eSC 1 - BSG 1 77.6% 69.5% 48.2%
MHV - eSC 1 - BSG 1 - OT 77.5% 69.1% 36.9%

eSC, an improvement by 74% of the time to reach the 90 % of the full load engine torque
and a reduction by 13% of the elasticity time in the manoeuvre 80 to 120 kmh−1 in VI
gear. In the present simulation work, the 90 % of the full load engine torque is achieved,
given the introduction of the eSC, 81 % earlier and the time to reach the final speed of
120 kmh−1 is 17.3 % lower. Although this difference seems reasonable, the reason to this
deviation between the experimental test and the simulation results may be due to the
fact that the eSC controller developed and adopted in the model performs differently
from the one developed for the experimental activity. Indeed, in the vehicle model de-
veloped in this work, the eSC is transparent to the VGT controller. This means that the
VGT is controlled to achieve the target boost pressure as if it were the only boosting
system, but in [63] a difference in the VGT controller actuation after the activation of the
eSC is shown. The difference in turbocharger control, hence, may cause the difference
in the impact that the eSC may have on this transient manoeuvre.

In Tab.4.10 and 4.11, the mechanical energy required by the BSG and the electrical
energy required by the eSC along the transient is shown. While BSG energy is mainly
dependent on the transient length, the eSC energy is a measure of the engine require-
ment to fill the boost request and reduce the so-called turbolag. The eSC deactivates,
indeed, when the difference between target and sensed boot pressure reduces below
50mbar. The BSG energy is slightly more than 20Wh along the 80 to 120 kmh−1 in
V gear, which increase to around 20Wh when the same manoeuvre is performed in
VI gear. The BSG mechanical energy ranges from 12.76Wh to 25.59Wh on the 60 to
80 kmh−1 in VI gear, where the lower value is when the vehicle exploits the engine
overtorque and the combined eSC and BSG power. This is due to the strong reduction
in transient time in this configuration with respect to the vehicle that relies on the BSG
contribution only. The eSC energy is, overall, one order of magnitude less than the BSG
energy also neglecting the electric to mechanical conversion efficiency, even if on the
80 to 120 kmh−1 manoeuvres the BSG and the eSC individually brings the vehicle to
achieve the same transient performance. Finally, the adoption of the overtorque full
load curve reduces the energy required by the eSC thanks to the updated calibration
of the engine that more effectively exploits and integrates the assistance of the elec-
tric supercharger. Indeed, anticipating a higher boost pressure from low engine speed

85



Results

increases the engine mass flow rate and the power of the exhaust gases that can be
extracted by the turbine.

Table 4.10: BSG Mechanical Energy along the transient manoeuvers

BSG Mech. Energy [Wh] 80-120 km/h V 80-120 km/h VI 60-80 km/h VI

Conventional Vehicle 0 0 0
MHV - eSC 1 - BSG 0 0 0 0
MHV - eSC 1 - BSG 0 - OT 0 0 0
MHV - eSC 0 - BSG 1 25.61 36.69 25.59
MHV - eSC 1 - BSG 1 21.66 29.38 18.68
MHV - eSC 1 - BSG 1 - OT 21.65 29.6 12.76

Table 4.11: eSC Electric Energy along the transient manouevers

eSC El. Energy in [Wh] 80-120 km/h V 80-120 km/h VI 60-80 km/h VI

Conventional Vehicle 0 0 0
MHV - eSC 1 - BSG 0 1.28 2.55 2.32
MHV - eSC 1 - BSG 0 - OT 1.28 1.74 4.06
MHV - eSC 0 - BSG 1 0 0 0
MHV - eSC 1 - BSG 1 1.27 2.28 1.83
MHV - eSC 1 - BSG 1 - OT 1.27 1.51 3.57

4.4.4 Driving cycle results
The impact of the introduction of the eSC is evaluated along different driving cycles.

The impact of the EHC is not considered in this analysis and this device is disabled in
the following analysis. Carbon dioxide emissions and engine out and tailpipe nitrogen
oxides emissions are reported in Tab.4.12. Concerning carbon dioxide emissions, the ve-
hicle featuring the eSC has slightly higher fuel consumption in any driving cycle. This
increase ranges from 0.1 % on WLTC and RTS95, to 0.6 % along the FTP75. The vehicle
featuring the eSC reduces by up to 3.3 % the engine out nitrogen oxides emissions on
theWLTC. The activation of the eSC rapidly increases the air mass flow rate and the air
to fuel ratio and at the same time reducing the in-cylinder temperature with a benefi-
cial effect in hindering the nitrogen oxides emissions formation. On the contrary, lower
engine out temperature translates in lower conversion efficiency for the SCR, thus sug-
gesting that the eSC should be operated when the engine is fully warmed-up. Hence,
the tailpipe emissions increases significantly on all driving cycles ranging from 3.4 %
on the US06 up to 18.6 % on WLTC and 19.9 % on the RTS-95. The slight increment of
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the engine out nitrogen oxides emissions on the RTS-95 may be explained by the fact
that, since this is an aggressive cycle, when the engine performance is bounded by the
smoke limit and the eSC is activated, more fuel is injected and the engine operates at
higher load. If this phenomenon on the overall cycle has a negligible impact on the fuel
consumption (just 0.1 %), it has a higher impact on the nitrogen oxides emissions which
are extremely sensitive to in-cylinder temperature.

Even if these results show that the direct adoption of an eSC in a powertrain may
cause an increase of fuel consumption and pollutant emissions, this device may, in some
cases, become beneficial. As a matter of fact, the air management improvement after
the introduction of the eSC may reduce soot emissions during transient operation, thus
reducing the soot loading on the DPF with a lowering of the fuel penalty from the
soot trap regeneration. When adopted on a powertrain featuring Low Pressure EGR, an
higher amount of EGR can be attained with benefits in terms of nitrogen oxides engine
out emissions. Moreover, the performance improvement that can be achieved by the
powertrain featuring the eSC can be traded for fuel consumption improvement [50],
adjusting the turbocharger size, through downsizing or downspeeding [73]. For this,
final drive elongation and the adoption of a turbine with a higher flow permeability
may be adopted. As reported by Schaub [74], the introduction of the eSC can reduce
the fuel consumption by 0.9 % when coupled with a large exhaust gas turbocharger
designed for higher efficiency and lower back-pressure.

Table 4.12: Carbon dioxide, engine-out and tailpipe nitrogen oxides emissions along
type approval and RDE driving cycles with and without the eSC (normalized on the
basis of the conventional vehicle)

WLTC RTS-95 FTP-75 US06

MHV + eSC MHV + eSC MHV + eSC MHV + eSC
Norm. CO2 93.8% 93.9% 91.6% 91.7% 91.0% 91.6% 93.9% 94.1%
Norm. EO NOx 89.4% 86.1% 78.2% 79.8% 75.0% 74.6% 84.9% 83.1%
Norm. TO NOx 77.9% 96.5% 92.7% 112.6% 70.3% 83.4% 84.0% 87.4%

In Tab.4.13 the specific mechanical energy of the BSG when operated in different
hybrid modes as regenerative braking, torque assist and load point moving are shown.
Additionally the specific energy requirement for the eSC is reported. The eSC energy
need increases for aggressive driving cycle, while remaining one order of magnitude
less than the regenerative braking energy. Moreover, the activation of the eSC goes to
the detriment of the torque assist in all the driving cycle reported.

To conclude, in Tab.4.14, the breakdown of the electric energy consumed by the
eSC is presented along different driving cycles. The electric to mechanical conversion
reduces the mechanical energy available by 20.7 % on the RTS-95 to the 25.1 % on the
FTP-75. The inertia energy is negligible since the energy used to accelerate the eSC is
provided to the flow when the eSC is deactivated. Concerning the friction energy, this
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Table 4.13: Specific energy of hybrid functionalities and eSC specific electric energy
along type approval and RDE driving cycles

Wh/km WLTC RTS-95 FTP-75 US06

MHV + eSC MHV + eSC MHV + eSC MHV + eSC
Regen. Braking -20.8 -20.9 -42.7 -42.8 -30.8 -30.9 -25.1 -25.1
Torque Assist 14.1 13.3 25.8 22.9 19.5 19.0 15.6 14.2
Load Point Mov. -4.5 -4.7 -1.1 -1.1 -4.6 -4.6 -1.0 -1.0
eSC El. Energy 0.0 1.6 0.0 3.7 0.0 1.5 0.0 2.5

value increases for cycle where the overall eSC electric energy demand is low since
the eSC is operated, when not activated, at 5000 rpm which corresponds to a power
consumption of 20W required to counteract the device friction. The lower value of the
friction energy is achieved on the RTS-95 with only 14.8 % which increases to 32.0 %
on the FTP-75. The energy which is at last usable for the compression work ranges
between the 42.8 % on the FTP-75 to the 64.4 % on the RTS-95.

Table 4.14: Energy breakdown of the electric energy utilization of the eSC along type
approval and RDE driving cycles

WLTC RTS-95 FTP-75 US06

eSC Elec. Energy 100% 100% 100% 100%
eSC Mech. Energy 76.6% 79.3% 74.9% 79.2%
eSC Inertia Energy 0.1% 0.0% 0.0% 0.1%
eSC Friction Energy 25.2% 14.8% 32.0% 15.0%
eSC Compr. Energy 51.3% 64.4% 42.8% 64.1%

4.5 Virtual Calibration
The opportunity and the potential of the comprehensive vehicle integrated platform

goes beyond the assessment of the impact of the electrification on fuel consumption
and pollutant emissions. The virtual test rig developed in this work moved from a in-
cylinder predictive combustion model to a MHV model featuring auxiliary devices as
EHC and eSC. Moreover the integration of the coolant circuit and of the aftertreatment
circuit enabled the vehicle model to a fully predictive assessment of vehicle transient
performance, fuel consumption, engine-out and tailpipe nitrogen oxides emissions. The
high level of accuracy shown during the validation activity (see Ch.3) and the flexibility
in terms of architectures (e.g. the assessment of the eSC impact on the engine maxi-
mum performance and on vehicle transient manoeuvres) enables this vehicle model to
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be proficiently used for the virtual calibration of the entire powertrain. For this reason,
in this section, a methodology for the virtual calibration of the engine is developed and
discussed. Firstly the selection of the Key Points is discussed. Afterwards the optimiza-
tion methodology is presented and the updated calibration maps are defined. Finally
the results in term of fuel consumption and nitrogen oxides emission along the WLTC
are shown.

4.5.1 Key Points Selection
In this work, the local approach for engine calibration has been chosen, in which

the operating points of the driving cycles are grouped into a reduced number of points
which are commonly referred to as Key Points. Moreover, in ”a driving cycle as the
WLTC, to adequately model the engine behavior the number of KPs can be anywhere
between 18 and 25. For RDE, the number of KPs are typically between 25 and 30” [75].
This approach has been chosen in such a way that any KP can be optimized locally with
no dependence from the other KPs and the calibration map is revised with the updated
calibration.

This means that value of the control parameter or emission at different
KPs do not influence each other in any way. Thus, both the modelling and
optimization is carried out locally for each KP. This is the reason that the
approach is known as local approach for calibration. Once the optimum
value of the control parameters for all the KPs are found, the calibration
maps are generated using interpolation and extrapolation. [75]

For this reason, the value of the control parameter for neighbouring KPs can be very dif-
ferent, and this would require a manual smoothening of the calibration map. However,
in this work, no smoothness requirement has been considered.

The procedure for the definition of the KPs starts from the engine operating points
of the conventional vehicle driven alongWLTC, RTS-95, FTP75 and US06. These points
are then grouped by a clustering algorithm (the nearest neighbour algorithm) to a grid
defined on the basis of the engine operating points on the experimental engine calibra-
tion map. Moreover, each engine operating point is weighted and sorted on the basis
of the frequency and its energy impact on the driving cycles. For this analysis the first
17 KPs based on the high energy weight and the first 2 KPs above 1000 rpm based on
the frequency of occurrence are selected. In Fig.4.14, these KPs, which are chosen for
the subsequent optimization, are shown. They are reported with their relative weight
in App.A, in Tab.A.2. These KPs are representative of more than the 35 % of the total
energy along the driving cycles investigated.
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Figure 4.13: Virtual calibration key points (red star) and reference calibrationmap points
(circle)

4.5.2 Optimization
Since the aim of this work is to illustrate the potential of an integrated modelling

approach, different hardware improvements on top of the base engine are considered.
Hence, before introducing the optimization methodology, the test matrix chosen is re-
ported in Tab.4.15. To explore the potential of the base system, in Case A the number
of fuel injections is increased from 4 (two pilot injection, a main and an after injec-
tion) up to 7 (with three additional pilot injections) with the aim to exploit the Injection
Rate Shaping (IRS) concept. For the sake of simplicity and to avoid an excessive num-
ber of independent variables, a single optimization variable defines the fuel mass of the
first three additional pilot injections. Case B sees the introduction of a theoretical in-
jector with no injection delay allowing shorter injection patterns. Even if this is only
a theoretical investigation, the reduction of the injection delay may be achieved with
piezoelectric injectors. This analysis, indeed, is aimed to show the potential of this ideal
injector in terms of engine performance on a driving cycle. In the last two cases, Case C
and D, the eSC as additional boosting system is investigated and the base injector (i.e.
with injection delay) is maintained. Differently from Case C, Case D adopts a continu-
ous valve actuation which is operated for Late Intake Valve Closing (LIVC) to exploits
the advantages of the Miller cycle.

The independent variables selected for the optimization can be divided in injec-
tion variables and gas exchange variables. The injection variables are: four injected fuel
mass variables, since the first three pilot injections share the same fuel mass and the
main injection is controlled to achieve the target load, and seven different SOIs. The
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Table 4.15: Test matrix and technologies investigated

Technology

A Injection Rate Shaping (up to 7 injections)
B IRS with theoretical injector (without hydraulic delay)
C eSC (electric boosting in steady state operation)
D eSC and Miller cycle (LIVC)

gas exchange variables are EGR rate, the set-point for the boost pressure and the in-
take valve closing (for case D only). The boost pressure set-point, in Case C and D, is
used to control the eSC operation according to the rule based eSC controller presented
in Sec.4.4.1: when the VGT is not able to provide sufficient charging power to achieve
the target boost pressure, the eSC activates to close the gap. Overall, the independent
variables are fourteen (fifteen, when Case D is considered) and as settings for the GA
optimization a population size of 50 members and a number of generations equal to
40 are chosen. These settings provide, at the end of the optimization (i.e. after 2000 it-
erations) that a sufficient number of potential calibration sets is available. Among the
results of the optimization, the calibration sets that do not satisfy the constraints of
torque (±3 %) and air to fuel ratio (i.e. the minimum allowed air to fuel ratio is 0.5, lower
than that of the reference case), are removed from the results. These results have been
analysed evaluating the optimal calibration sets on a Pareto front based on BSFC and
combustion noise for all the KPs.

An example of the optimized Pareto frontswith the technologies presented in Tab.4.15
is shown in Fig.4.14 for the operating point at 1500 rpm and 179Nm. Adopting the IRS
(Case A), an improvement of the trade-off between BSFC and combustion noise is no-
ticeable. The IRS, at a comparable BSFC as the base engine, reduces the combustion
noise by −2 dB at the cost of an increase of BSNOx by 50%. The scenario changes re-
markably when the theoretical injector with no hydraulic delay is introduced. In this
case both fuel consumption and combustion noise reduce by a great extent: the BSFC
reduces by slightly more than 1.5 %while the combustion noise fall by about 7 dB. These
results are confirmed by some previous simulation activity done by Piano et al. [76]. The
adoption of the eSC and the base injector (Case C), has a beneficial effect on BSNOxwith
respect to Case A considering the calibration set that achieves the same BSFC of the ref-
erence case with a reduction of the combustion noise. The best BSFC obtained by the
engine featuring the technologies of Case C is lower by 3%, excluding the eSC electric
energy requirement but at BSNOx higher than the Base engine. The eSC electric power
is neglected in the computation of the BSFC since a proper assessment of the powertrain
efficiency is to be done along the driving cycle in order to correctly weight the electric
cost in the overall vehicle fuel consumption. The energy coming from the regenerative
braking may, indeed, reduce the cost of the electric energy along the cycle thus promot-
ing the usage of the eSC to improve the engine efficiency. Finally, the adoption of the
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LIVC has a great impact on the reduction of the nitrogen oxides specific emissions: the
same BSNOx of the base engine is combined with a reduction of BSNOx higher than
3%.

BASE
A - IRS
B - Theoretical Inj
C - eSC
D - Miller LIVC

Figure 4.14: Virtual calibration: Pareto front BSFC - Noise for Case A, B, C and D at 1500
rpm and 179 Nm

4.5.3 Updated calibration maps
After the optimization process, several calibration sets for each operating points

can be chosen to update locally the calibration map. In this work, the calibration set
that gives the lower BSFC while at the same time having a combustion noise equal
or lower to the reference, is taken as optimum for each operating points. Since each
operating point is optimized independently, no information is available among the op-
erating points and no smoothness requirement is here taken into account. Moreover,
interpolation between calibration variables is performed along the driving cycle when
the engine speed and load falls among the discrete operating points on the calibration
map. For this reason, two different methods to build themaps, which affects the interpo-
lation among operating points, have been followed and graphically shown in Fig.4.15.
The first method, to which the figure refers to as Type I, simply consists in swapping the
original calibration sets of the KP with the optimized calibration sets that guarantees
the minimum BSFC. The second method, Type II, assumes that the interpolation among
KP properly describe the optimal choice of the calibration sets. Therefore, each KP can
be representative of a wider region on the engine operating map and the calibration
sets of the operating points that lie among the optimized KP can be neglected.
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Figure 4.15: Map Interpolation

4.5.4 Driving cycle results
In this section the results of the calibration maps is reported. The results of the op-

timization from Case A (with the IRS), Case B (theoretical injector without hydraulic
delay) and Case C are considered. Type I and Type II interpolation is performed on
Case A, but for the sake of brevity only Type II interpolation on Case B and Case C
is followed. The results in terms of emission along the WLTC of the vehicles featur-
ing the updated calibration maps are compared with the reference vehicle. Case A and
Case B calibration maps are assessed using the 12V conventional vehicle model, while
to correctly account for the electric consumption of the eSC, the 48 V MHV model is
adopted for Case C. In Tab.4.16 the results in terms of carbon dioxide, engine out ni-
trogen oxides and tailpipe out emissions are presented. The calibration map A - Type
I achieves a reduction of about 0.5 % with an increase in terms of engine-out nitrogen
oxides emission by 17.2 %. Thanks to increased temperature at the DOC outlet in the
medium and high phase of the WLTC cycle, this calibration map improve the tailpipe
nitrogen oxides emission by 10.1 %. The calibration map A - Type II, reduces by 0.7 % the
fuel consumption with engine out nitrogen oxides emissions higher than the calibration
map Type I. Overall the tailpipe emissions are slightly lower than the reference case by
1%. The Case B - Type II calibration maps achieve the lowest fuel consumption among
the cases with an improvement of 0.9 % with respect to the reference case. Moreover,
the tailpipe emissions of nitrogen oxides is reduced by 8.2 %. Fig.4.16 compares DOC
outlet temperature, engine-out and tailpipe NOx emissions of the conventional vehicle
with Case A calibration (with both interpolation methods) and Case B calibration (with
Type II interpolation), along the WLTC.

Regarding Case C, the updated calibrationmap is provided to the engine virtual elec-
tronic central unit as new boost pressure and injection set-points and also to the EEMS
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Figure 4.16: Virtual calibration: comparison of calibration maps
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Table 4.16: Virtual calibration: emission results

Base A - Type I A - Type II B - Type II

CO2 100% 99.5% 99.3% 99.1%
EO NOx 100% 117.2% 123.2% 120.0%
TO NOx 100% 89.9% 99.0% 91.8%

as new steady state maps for engine fuel mass and nitrogen oxides mass flow rate. In
Tab.4.17 the results of the 48V vehicle featuring the Case C calibration, in which the
engine exploits higher fuel conversion efficiency thanks to the eSC, are compared with
the reference vehicle, the 48 MHV with and without eSC. These results shows that for
this case study the adoption of Case C calibration is detrimental for the fuel consump-
tion with respect to the MHV with base calibration 0.8 % and to the MHV with the eSC
0.7 %. In this latter case, the eSC is activated only if the turbocharger does not achieve
the boost set-point rapidly, while in Case C the eSC is used as dual stage charger also in
steady state operation to reduce the pumping losses and improve the engine efficiency.
This suggests that in a MHV, using the electric energy to provide torque assistance di-
rectly to the crankshaft by means of BSG, as in the MHV case, is more efficient than to
provide higher boost pressure by means of an electrical boosting system. Nevertheless,
an EEMS aimed to predict the electric power needed for eSC activation could improve
the eSC utilization for minimum CO2 emissions as reported by Accurso et al. [77]. Fi-
nally, the Case C calibration shows increased engine out and tailpipe nitrogen oxides
emissions with respect to the base engine.

Table 4.17: Virtual calibration: emission results with eSC

Base MHV + eSC C - Type II

CO2 100% 93.8% 93.9% 94.6%
EO NOx 100% 89.4% 86.1% 119.3%
TO NOx 100% 77.9% 96.5% 110.4%

In Tab.4.18, the specific energy split by BSG operating mode and the electric energy
consumed by the eSC are reported. Case C - Type II calibration maps activates the eSC
by more than three times with respect to the MHV with eSC. This energy requirements
comes from the load point moving, which increases in absolute value from 4.7Whkm
of the MHV with eSC to 10.7Whkm. On the other side, the torque assist operation of
the BSG slightly increases to 14.1Whkm being equal to that of the MHV vehicle. It is
to be noted that load point moving operation and the subsequent electric energy for
torque assist operation is not efficient since it involves a chemical (from the fuel) to
electric (and chemical in the battery) and an electric to mechanical conversion. For this
reason, the increase in energy coming from load point moving to guarantee the charge
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sustaining operation determines the increment of fuel consumption along the driving
cycle.

Table 4.18: Specific energy of hybrid functionalities and eSC specific electric energy
along the WLTC

[Wh/km] MHV + eSC C - Type II

Regen. Braking -20.8 -20.9 -21.2
Torque Assist 14.1 13.3 14.1
Load Point Mov. -4.5 -4.7 -10.7
eSC El. Energy 0.0 1.6 5.3

In this section a methodology for the virtual calibration has been proposed with the
aim to exploit the advantages of the fully physical virtual test bench developed in this
work. The possibility to operate directly on the engine calibration allows to tune and
optimize the entire electrified powertrain. With this approach, the understanding of the
full potential of any powertrain technology is possible. This virtual test rig may indeed
be used for the comprehensive analysis of full hybrid vehicles in future development of
this work.
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Conclusions

Demanding carbon dioxide emissions targets, which are proposed for the next years,
will foster the adoption of more efficient powertrains. Diesel engines on the one hand
and the electrification trend on the other hand, proved to be the enablers to achieve sig-
nificantly lower carbon dioxide emissions. Nevertheless, some hybridization strategies
aiming to reach lower fuel consumption may lead to penalties in terms of engine-out
and tailpipe pollutant emissions. The electrification may, in fact, have a detrimental im-
pact on the powertrain thermal management lengthening the cold start phase of the
engine and the aftertreatment light-off. However, the electric power available on hy-
brid vehicles allows the introduction of electrified auxiliaries as electric catalysts, which
may improve the aftertreatment conversion efficiency, or electric superchargers for the
improvement of the vehicle transient performance at the expense of an increased pow-
ertrain complexity. In this context, numerical simulation can play a significant role in
the development of models for the investigation of different hybrid architectures, of
different control strategies, of the impact of electrified auxiliaries.

This work aimed to comprehensively address these conflicting targets proposing a
novel 0-1D CFD integrated powertrain and vehicle model which was developed on the
basis of a 48 V Mild-Hybrid Diesel passenger car. This comprehensive powertrain and
vehicle model was targeted to bridge the gap between high fidelity models commonly
used for the development of specific components and system level approaches for the
evaluation of vehicle technologies and architectures. A 1D-CFD engine model of a 1.6 L
4-cylinder EU6 Diesel engine featuring a predictive combustion model was integrated
in a vehicle model featuring a 1D cooling circuit and a 1D aftertreatment system in a
commercially available software, GT-SUITE. These components were linked together
in such a way that physical quantities were synchronously exchanged. The predictive
combustion model developed by Gamma Technologies, DIPULSE, and the fast running
engine model were calibrated and validated on a wide range of stationary operating
points and different combustion modes showing a high accuracy in reproducing the en-
gine behaviour in steady state and time to boost operations. The conventional vehicle
model was able to precisely represent the powertrain and aftertreament thermal state
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along the WLTC driving cycle. Indeed, the comprehensive vehicle model reproduced
the carbon dioxide emissions with a deviation of only −0.4 % and the engine out nitro-
gen oxides emissions by −0.3 %. Also, tailpipe emissions were overestimated by 19.8 %
caused by differences in the ammonia injection strategy between experimental vehicle
and model. After the integration of a resistive battery model, a map based electric motor
in lieu of the 12 V alternator and an EMS, the 48 V Mild-Hybrid Diesel passenger car
behaviour was well reproduced in terms of engine warm-up, aftertratment light-off and
48V battery SOC.

The validated powertrain and vehicle virtual test rig was used to investigate the po-
tential of the electrification. The advantage of the virtual test rig to quantitatively assess
tailpipe nitrogen oxides was exploited for a comprehensive sensitivity study on the cali-
bration of the Energy and EmissionManagement Strategy (EEMS). The EEMSwas oper-
ated to concurrently minimize carbon dioxide and nitrogen oxides emissions. Adopting
different weights for carbon dioxide and nitrogen oxides emissions, a trade-off front
was defined and the optimal calibration for the reduction of fuel consumption while
maintaining the tailpipe emissions below those of the reference vehicle was chosen.
This analysis showed that the 48 V hybridization with the EEMS reduces fuel consump-
tion by 8.4 %, engine-out nitrogen oxides emissions by 21.8 % and tailpipe emissions by
7.3 % on the WLTC. Furthermore, a EHC placed upstream the DOC and powered by
the energy coming from the battery electric, reduced the tailpipe emissions by up to
22.8 % with respect to the base engine on the same driving cycle. The same analysis
was performed along RTS-95, FTP-75 and US06, showing promising results in terms of
fuel consumption and tailpipe emission reduction.

Vehicle transient performance were assessed along different elasticity manoeuvres,
taking into account the torque assist capabilities of the BSG and also the possibility
to adopt an electrically assisted supercharger downstream the main turbocharger. The
analysis showed that, after the calibration of the engine full load curve to account for
the eSC operation in the LET region, the combined effect of BSG and eSC could reduce
the time that the vehicle takes to accelerate from 60 to 80 kmh−1 in sixth gear by more
than 63%. The impact of the eSC on fuel consumption and nitrogen oxides emissions
was assessed along type approval and RDE driving cycles. The activation of the eSC
proved to have a slight detrimental effect on fuel consumption by 0.1 % and to increase
the tailpipe nitrogen oxides emissions by 18.6 % due to lower exhaust temperature on
WLTC.

Finally, a methodology for the virtual calibration of the engine and the prompt as-
sessment of different technologies and engine concepts, on the comprehensive pow-
ertrain and vehicle model, was proposed. After the selection of the powertrain KPs
over different driving cycles, the engine calibration was optimized considering differ-
ent technologies: a novel injection strategy (with an injection pattern with up to seven
injections), a theoretical injector (with zero hydraulic delay and exploiting an injection
pattern of seven injections), the usage of the eSC in steady state operation as additional
boosting system and the VVA to take advantage of a Miller cycle (with the adoption
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a LIVC strategy). To verify the new calibration maps, driving cycle simulations were
performed using the vehicle virtual test rig which showed a potential fuel consumption
reduction by 0.9 % and an improvement of the tailpipe nitrogen oxides emissions by a
significant 8.2 % when the novel injection strategy applied to the theoretical injector
with zero hydraulic delay was considered.

To conclude, the comprehensive 48V mild hybrid powertrain and vehicle model,
proved to be an effective methodological tool: the flexibility to perform different vehi-
cle test and the possibility to integrate and evaluate several powertrain technologies
makes this virtual test rig the cornerstone for the development of future electrified
powertrains.
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Appendix A

Additional Data

In this Appendix additional data and graphs are reported.

Methodology

Engine
In Fig.A.1, the controlled brake torque, the controlled air flow rate and the mani-

fold volumetric efficiency of the FRM with respect to the experimental data are shown.
During the validation phase, the air mass flow rate was imposed as target for the VGT
controller and the brake torque as target for the injection controller. Air mass flow rate
during motoring operation was not measured (this explains the dots at zero experi-
mental air flow rate in Fig.A.1b) but they were anyway taken considered during the
validation phase to evaluate the engine friction model. The evaluation of the accuracy
of the model in terms of pressure losses along the air path may be illustrated by the
manifold volumetric efficiency, which is shown in A.1c. The manifold volumetric effi-
ciency of the model is slightly higher than the data coming from the experiment (about
+ 5 %) which is considered acceptable for this FRM engine.

In Fig.A.2 and A.3, the BSFC and the BSNOx of the FRM engine is compared with
the experimental data of the Blended andWarm-up combustion mode in cold condition
(i.e. the engine coolant temperature is kept at about 40 ∘C.

In Fig.A.4, main injection SOI, EGR rate and swirl actuation are reported for the
Time To Boost at 1500 rpm in Normal combustion mode.

The extended comparison of the FRM engine performance in TTB operation is
presented in Fig.A.5, where the load step is additionally performed at 1250 rpm and
1750 rpm. At 1250 rpm, the engine model overestimates the brake torque by 21 Nm. At
1750 rpm the torque gradient is accurately reproduced.
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Figure A.1: Brake Torque, Air Mass Flow Rate and Manifold Volumetric Efficiency -
Normal Mode
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Figure A.2: Experimental and Simulated BSFC
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Figure A.3: Experimental and Simulated BSNOx
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Figure A.4: Time to boost at 1500 rpm in Normal combustion mode - Engine parameters
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Vehicle
In Fig.A.6, the model main powertrain subsystems (the engine, the electric network,

the aftertreatment and the coolant circuit) are shown. Each subsystems is connected
with the comprehensive model exchanging physical quantities.

In Fig.A.7, the vehicle speed during the last phase of theWLTC of Test A (see Fig.3.20
is reported with the upper and lower vehicle speed boundary required by WLTP reg-
ulation [37]. The vehicle speed remains between the minimum and maximum speed
window along the cycle.

In order to better understand the deviation in terms of emissions along the driving
cycle, in Fig.A.8 and A.9 the five most relevant energy weighted key-points for each
of the three combustion mode are reported above the percentage difference between
experimental and numerical results. The fact that the main key points of Warm-up and
Blended mode lie in areas where the FRM model underestimates the fuel consumption,
explains the slight underestimation (when the vehicle model follows the experimental
speed, i.e. the experimental load) of the carbon dioxide emissions in the early stages of
the driving cycle (before 600 s). In the Normal mode combustion, where the FRM engine
overestimates up to 6 % the carbon dioxide emissions, the vehicle model regains the gap
and achieves the same cumulated emissions of the experimental vehicle. As far as the
nitrogen oxides are concerned, the most relevant key points of the Normal mode are
located in a region where the difference between experimental and simulated is close
to zero and this confirms the fact that the model well replicates the nitrogen oxides
engine out emissions. In Tab.A.1, the five most relevant energy weighted key-points
are reported.

Table A.1: First five key points along the WLTC driving cycle splitted by combustion
mode and ordered in terms of energy impact in each combustion mode

Normal Mode Blended Mode Warm-up Mode

rpm Nm % rpm Nm % rpm Nm %
1 2250 152 5.2 1250 76 9.5 1750 51 4.8
2 2250 179 5.1 1250 64 5.7 1500 63 3.9
3 1750 102 4.6 1250 90 5.4 1250 64 3.5
4 2250 127 4.6 1750 153 5.2 1250 90 3.3
5 1500 127 3.7 1500 89 4.7 1750 63 3.3
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Figure A.6: Powetrain and vehicle integration: physical quantities and information flow
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Results

eSC Controller
The Rule Based controller for the activation and regulation of the electric Super-

charger is reported in Fig.A.10. The eSC activates (and the bypass valve is closed) at
engine speed below 3000 rpm and if the Demanded Boost Pressure (DBP) is higher than
the Actual Boost Pressure (ABP) by 0.4 bar. When the DBP is close to the ABP the eSC
switches off and the bypass valve opens.

Vehicle Transient Performance
In Fig.A.11, vehicle speed, acceleration and eSC speed, along the elasticity manoeu-

vres from 80 to 120 kmh−1 in VI gear, are reported.
In Fig.A.12 and A.13 the transient manoeuvre from 80 to 120 km/h in sixth gear is

shown. The activation of the eSC improves the engine brake torque that, in the vehicles
featuring the eSC, achieves 300 Nm in less than 2 s thanks to the increase of the boost
pressure. The improvement in terms of vehicle speed is clearer at the beginning of the
transient: at around 8 s the acceleration of the different vehicle concepts is comparable.
The BSG performance is bounded by the battery max available power on the vehicle
featuring BSG and eSC, since the eSC power need has priority over the BSG power
request.

In Fig.A.14 and A.15 the transient manoeuvre from 80 to 120 km/h in sixth gear is
shown. In this manoeuvre the acceleration of the vehicles featuring the eSC or the BSG
is similar. While the eSC contributes to the engine brake torque, exploiting the ther-
modynamic lever and with a lower electric energy expense, the BSG directly provides
traction power to the crankshaft and the two vehicles performance are comparable.
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(c) Warm-up Mode

Figure A.8: BSFC numerical experimental percentage difference withWLTC key-points
for each combustion mode (green star)
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Figure A.9: BSNOx numerical experimental percentage difference with WLTC key-
points for each combustion mode (green star)
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Figure A.10: eSC Rule Based Controller
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Figure A.11: Elasticity manoeuver 80-120 km/h in V gear - Vehicle speed and accelera-
tion, eSC speed
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Figure A.12: Elasticity manoeuver 80-120 km/h in VI gear - Engine Brake Torque and
Boost Pressure, BSG Mechanical Power
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Figure A.13: Elasticity manoeuver 80-120 km/h in VI gear - Vehicle speed and acceler-
ation, eSC speed
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Figure A.14: Elasticity manoeuver 60-80 km/h in VI gear - Engine Brake Torque and
Boost Pressure, BSG Mechanical Power
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Figure A.15: Elasticity manoeuver 60-80 km/h in VI gear - Vehicle speed and accelera-
tion, eSC speed
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Virtual Calibration
In Tab.A.2, the Key Points (KP) extracted fromWLTC, RTS-95, FTP-75 and US06 and

used for the virtual calibration of the engine are reported. The speeds of the Key Points
ranges from an engine speed of 1250 to 2250 rpm and from a brake torque of 63 to 228
Nm, for the energy weighted KP, and just 25 and 38 Nm for the frequency weighted KP.

In Fig.A.16 the injection rate, the burn rate and the in-cylinder pressure of the most
significant KP (i.e. 1500 rpm and 178 Nm) are reported for the Base engine, Case A with
the Injection Rate Shaping and Case B with the engine featuring the theoretical injec-
tor without hydraulic delay. While the Base engine has two pilot injections and a main
injection, Case A (i.e. the minimum BSFC calibration coming from the optimization of
Case A), presents six injections (five pilot injections and a main injection). Although
the injected quantity of the first three pilot injection is small, it contributes to the first
rise of the burn rate before the Top Dead Center. The worsening in terms of efficiency
due to the slightly delayed main injection with respect to the reference case is com-
pensated by lower maximum in-cylinder pressure which contributes to lower friction.
Case B shows the advantages of a zero hydraulic delay: the injection pattern is enclosed
in 30 Crank Angle Degree (CAD) with six different injections, while the Base injection
pattern lasted 37.5 CAD with only three injections. The advantage of a shorter over-
all injection duration is that the burn rate rises slowly at the beginning reducing the
maximum in-cylinder pressure and especially the combustion noise.
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Table A.2: Virtual calibration key points: ordered on the basis of the relative energy
weight (first 17 points) and frequency (last 2 points)

Engine Speed [rpm] Torque [Nm] Relative weight

1500 178.0 3.4%
1250 152.6 3.1%
1750 102.3 2.3%
2250 178.0 2.1%
1250 180.2 2.1%
1250 140.4 2.0%
2250 152.2 1.9%
2250 139.9 1.9%
1500 202.6 1.8%
1750 75.8 1.8%
1500 139.5 1.8%
1500 126.5 1.8%
1250 63.6 1.6%
1500 114.3 1.6%
2250 228.4 1.6%
2000 203.4 1.6%
2000 178.2 1.6%

1250 38.2 3.7%
1250 24.9 3.4%
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(b) Case A - IRS
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(c) Case B - Theoretical injector with zero hydraulic delay

Figure A.16: Injection Rate, Burn Rate and In-Cylinder Pressure - Operating point: 1500
rpm 179 Nm
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Nomenclature

Roman Symbols

�̇�𝑎𝑚𝑚 Ammonia mass flow rate

�̇�𝑒𝑥ℎ Exhaust gases mass flow rate

�̇�𝑓𝑢𝑒𝑙𝑒𝑞𝑣 Instantaneous equivalent fuel consumption

�̇�𝑓𝑢𝑒𝑙𝑚𝑎𝑥 Maximum fuel mass flow rate of the Normal combustion mode

�̇�𝑓𝑢𝑒𝑙 Instantaneous fuel flow rate

�̇�𝑁𝑂𝑥𝑒𝑞𝑣 Equivalent nitrogen oxides mass flow rate

�̇�𝑁𝑂𝑥𝑚𝑎𝑥 Maximum nitrogen oxides mass flow rate of the Normal combustion mode

�̇�𝑁𝑂𝑥 Instantaneous nitrogen oxides flow rate

�̇�𝑟𝑒𝑒𝑠 Battery power equivalent fuel consumption

𝜌 Air density

𝑐𝑝𝑐 Ram air pressure coefficient

𝐸𝐼 Emission Index

𝑀𝑎𝑚𝑚 Ammonia molar mass

𝑀𝑒𝑥ℎ Exhaust gas molar mass

𝑁𝐸𝐹 NOx Flow Rate Equivalence factor

𝑃𝑏𝑎𝑡𝑡 Instantaneous battery power

𝑝𝑆𝑂𝐶 Penalty function proportional term

𝑝𝑠𝑡𝑎𝑡𝑖𝑐 Static pressure

𝑝𝑡𝑜𝑡𝑎𝑙 Total pressure
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Nomenclature

𝑄𝐿𝐻𝑉 Fuel Lower Heating Value

𝑆 Adapted Fuel Flow Rate Equivalence factor

𝑆0 Fuel Flow Rate Equivalence factor

𝑆𝑂𝐶(𝑡) Istantaneous SOC

𝑆𝑂𝐶𝑡𝑎𝑟𝑔𝑒𝑡 Target SOC

𝑊𝑁𝑂𝑥 Weighting factor for the concurrent minimization of carbon dioxide and nitro-
gen oxides

F0 Road load constant term

F1 Road load linear term

F2 Road load quadratic term

R Vehicle resistance

V Vehicle speed

Greek Symbols

𝛼𝑎𝑚𝑚 Ammonia dosing factor

Acronyms / Abbreviations

ABP Actual Boost Pressure

AFR Air to Fuel Ratio

BMEP Brake Mean Effective Pressure

BRE Burn Rate Error

BSFC Brake Specific Fuel Consumption

BSG Belt Starter Generator

BSNOx Brake Specific NOx Emissions

CAC Charge Air Cooler

CAD Crank Angle Degree

CAD Crank Angle Degree

CO Carbon Monoxide
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Nomenclature

CPOA Cylinder Pressure Only Analysis

DBP Demanded Boost Pressure

DMF Dual Mass Flywheel

DOC Diesel Oxidation Catalyst

DPF Diesel Particulate Filter

ECU Electronic Control Unit

EEMS Energy and Emission Management Strategy

EGR Exhaust Gas Recirculation

EHC Electrically Heated Catalyst

EMI Einspritzmengenindikator - injection quantity indicator

EMS Energy Management Strategy

EO Engine-Out

eSC electric Supercharger

ET Energizing Time

EVI Einspritzverlaufsindikator - injection rate indicator

FD Final Drive

FIS Fuel Injection System

FMEP Friction Mean Effective Pressure

FRM Fast Running Model

FTP-75 Federal Test Procedure

GA Genetic Algorithm

GM-GPS General Motors Global Propulsion System

HC Unburned Hydrocarbons

IRS Injection Rate Shaping

KP Key Points
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Nomenclature

LET Low End Torque

LIVC Late Intake Valve Closing

MFB50% 50% of Mass Fraction Burned

MGU Motor Generator Unit

MT Manual Transmission

NOx Nitrogen Oxides

OCV Open Circuit Voltage

OT Overtorque: recalibrated engine full load curve

PI Proportional Integrative

PM Particulate Matter

PWM Pulse-width modulation

RDE Real Driving Emissions

REES Rechargeable Energy Storage System

RTF Real Time Factor

RTS-95 Standardized Random Test For An AggressiveDriving Style

RTS-95 Standardized Random Test For An Aggressive Driving Style

SCR Selective Catalytic Reduction

SOC Start Of Injection

SOC State Of Charge

SWP Switchable Water Pump

T4 Temperature after the turbine

THC Total unburned Hydrocarbons

TMH Test Mass High

TML Test Mass Low

TO Tailpipe-Out
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Nomenclature

TTB Time To Boost

US06 Supplemental Federal Test Procedure US06

VGT Variable Geometry Turbine

WLTC Worldwide harmonized Light vehicles Test Cycle

WLTP Worldwide harmonized Light vehicles Test Procedure
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