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Abstract

The stringent regulations, increased global temperature and customer demand for high
fuel economy have led to rapid developments of different alternative propulsion
solutions in the last decade, with special attention to the electrified vehicles. The
combination of electric machines with conventional powertrains allows to diversify the
powertrain architectures. In addition, alternative combustion modes as reactivity
controlled compression ignition (RCCI) have been shown to provide simultaneous ultra-
low NOx and soot emissions with similar or better thermal efficiency than conventional
diesel combustion (CDC). Therefore, the combination of both technologies creates a
promising horizon to be implemented in commercial vehicles of the near future. In this
work, experimental and numerical simulations were combined to study the potential of
the parallel full hybrid electric vehicle (P2-FHEV) and mild hybrid vehicle (MHEV) to
obtain lower fuel consumption and NOx emissions than a conventional powertrain in
the Worldwide Harmonized Light Vehicles Cycle (WLTC). The hybrid vehicles are
simulated with both CDC and diesel-gasoline RCCl combustion engines as power source.
Each powertrain was optimized in terms of components (battery, electric motors...)
capacity, internal combustion engine operative points, energy management strategy
and gear ratios. The results show a significant fuel consumption reduction as the
complexity of the hybrid system increases. The parallel architecture, which represents
the most complex hybrid system tested in this work, allows obtaining a fuel consumption
reduction of around 20% as compared to CDC. The dual-mode CDC-RCCI concept
showed improvements in NOx and soot emissions with comparable values in terms of
energy consumption and CO, emissions than CDC. Additionally, the mild hybrid
technology with the functionality of start-stop, torque assist and regenerative braking
showed an acceptable balance between complexity and fuel consumption gain.
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1. Introduction

Due to growing concern about climate change, many car manufacturers and
research groups have recently embarked on the development of "green cars," such as
hybrid electric vehicles (HEVs) and electric vehicles (EVs) [1]. The hybrid-
vehicle technology has made remarkable progress, and the number of hybrid electric
passenger cars owned has drastically increased since 2010 [2]. However, there is a
continuous effort to promote better fuel economy and lower emissions of these vehicles
to make them more competitive. An important factor to consider is the high additional
cost that is introduced in the aftertreatment system of the internal combustion engines
(ICE) as well as what the hybrid propulsion system would entail. Their effective potential
in real world driving conditions strongly depends on the performance of their Energy
Management System (EMS) and on its capability to maximize the efficiency of the
powertrain in real life as well as during Type Approval tests as the WLTC driving cycle

(3].

Powertrain architecture, which refers to topological relation and energy flow
among powertrain components, is a crucial index of HEV powertrain. Therefore, the
design, selection and optimization of the architecture before the vehicle development
is a critical procedure that depends on multiple factors. Therefore, identifying the best
architecture and its required components in the development stage, is a very
challenging task. The number of parameters increases with respect to the traditional
powertrains due to the addition of electric motors, battery package and control systems,
apart from the conventional hardware (internal combustion engine, transmission,
differential, etc). Furthermore, HEV powertrain architecture interacts with several
energy management strategies, further complicating the selection of an appropriate
architecture [4]. The main HEV types could be divided into three categories depending
on the complexity of the powertrain and the connection between the ICE and the vehicle
wheels: Mild (MHEV), Full (FHEV) and Plug-in (PHEV) electric vehicle [5]. MHEV and FHEV
have the advantage of not requiring to re-charge the batteries externally as in PHEV.
However, the main source of energy necessary to move the vehicle is provide by the ICE.
Therefore, as in conventional powertrains, the improvement in terms of efficiency and
pollutant emissions is crucial [6].

Mild hybrid electric can be found in several commercial vehicles due to the small
changes and investment needed to modify the conventional vehicle. This hybrid
technology incorporates a small electric motor to assist the ICE in start-stop, idle and
high load conditions. Also, this small electric motor can operate as electrical generator
and convert part of the braking energy into electric energy [7]. In addition, it does not
need a high power energy storage due to the small power rating of the electric motor.
A 48 V electrical system may be able to meet the requirements [8]. A step further in
complexity are the FHEV with higher electric motor capacity as well as battery package,
and more complex control system. FHEV could be classified into three different
architectures depending on the connection between the ICE and the vehicle wheels:
Series, Parallel and Series-Parallel [9]. The parallel hybrid drivetrain has features that
allow both the ICE and electric motor to supply their mechanical power in parallel
directly to the driven wheels [10]. The major advantages of the parallel configuration
over the other systems are that the generator is not required, the traction motor is
smaller and the control system has lower complexity [11]. Hence, the overall efficiency
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can be higher and the total cost of the vehicle lower [2]. However, the mechanical
efficiency in some conditions could be lower due to the electric motor is always
connected when the ICE works [12]. The high amount of options and parameters
evidences that advanced investigation needs to be performed. In this sense, purely
experimental research may not be convenient from an economic perspective. On the
other hand, the simulation has come as a possible solution for such problems as a
flexible tool with close results to those obtained experimentally. Additionally, it allows
to study of a wider range in terms of capacity and performance parameters [13]. Also,
the numerical simulation gives the possibility to perform a global analysis of the vehicle
behavior in several real conditions that will be hard to reach in an experimental test
bench. In addition, it is strongly recommended to feed the main models with
experimental data to improve the simulation results [14].

Among the necessity of reducing the fuel consumption, the nitrogen oxides (NOy)
and soot emissions limits imposed by the emissions regulations for ICE engines are
becoming more and more restrictive over the years, which represents a major concern
for researchers and manufacturers. One solution is adding complex aftertreatment
systems that reduce the vehicle emissions before reaching the atmosphere [15].
However, this solution implies adding expensive elements, which increase the total
weight of the vehicle [16]. Alternatively, advanced combustion modes come as a
potential solution of these points [17]. For example, the premixed low temperature
combustion (LTC) strategies are being extensively studied nowadays as a way to reduce
both pollutants directly during the combustion process [18]. The reactivity controlled
compression ignition (RCCl) combustion, has been demonstrated to be more promising
than previous LTC strategies such us the homogeneous charge compression ignition
(HCCI) [19] and diesel partially premixed combustion (PPC) [20]. This is mainly because
RCCl is able to achieve thermal efficiencies near 50% in a wide range of engine speeds
and loads, with engine-out NOx emissions under the Euro 6 limits and simultaneous
ultra-low soot emissions [21,22]. Despite the advantages of this combustion mode,
there are several problems such as high amounts of unburned HC and CO emissions [23].
Additionally, using high proportions of low reactivity fuel (gasoline, ethanaol,...) at high
loads results in problems of excessive peak pressures and pressure rise rates in the
combustion chamber [21]. Therefore, the implementation of the LTC technology, as the
RCClI mode, is still restricted to moderate loads. Some approaches have been
investigated to overcome these problems. One interesting solution is to use the
conventional diesel combustion (CDC) mode in the points that cannot be reached with
RCCI. Therefore, this solution requires low level of geometric and hardware
modifications.

Electrification combined with advanced combustion modes seems to have potential
in order to reduce the total CO; emitted by the vehicle fleets [24]. For this purpose, the
use of an advanced combustion mode in a conventional, mild and full hybrid electric
vehicle is studied in this work. The main goal is to evaluate the benefits of coupling a
hybrid vehicle architecture with an ICE operating under CDC and CDC-RCCI mode. The
second objective of this work is to define a methodology to optimize hybrid powertrains
based in an already developed ICE. Experimental steady-state maps from fuel
consumption and emissions were measured in a test bench for a high CR light-duty diesel
engine (17.1:1). The engine maps were used as boundary conditions to estimate the



transient performance of the different vehicles. Therefore, three vehicle models were
developed and optimized in GT-Suite 2018 (v2018, Gamma Technologies, LLC.,
Westmont, IL, USA, 2018) to evaluate the conventional, mild and parallel hybrid
powertrains. Values of fuel consumption as well as emissions were assessed by the
legislation used for homologation purposes in Europe, worldwide harmonized light
vehicles test procedure (WLTP) [25]. This allows the analysis of the impact of different
driving cycles and operating conditions on CO; emissions, energy management
strategies, parameters selection, and the hybrid architectures. In addition, the total
emission of CO; for each case is presented and discussed to investigate the potential of
the hybrid concept to meet the future CO; targets.

2. Materials and methods
2.1. Engine, fuels and test cell

For the simulation of the driving cycles in various powertrain technologies it is
necessary to obtain the engine maps of the two combustion modes that will be studied
(CDC and dual-mode CDC-RCCI). Thus, experimental tests were carried out on an active
dynamometer using the Euro 4 GM 1.9L light-duty engine in single-cylinder engine
configuration and without including any aftertreatment system. This allows greater
control of the input and output variables of the ICE, mainly during the engine calibration
under dual-mode diesel-gasoline combustion. After that, the results were scaled to a 4-
cylinder engine, which is the engine configuration that will be used in the vehicle
simulation. The cylinder head is composed of four valves (2 intake-2 exhaust) operated
by double cams, and the piston used is the serial one provided by GM. The compression
ratio is set at 17.1:1 and the swirl ratio was fixed at 1.4 by using tangential and helical
valves located at the intake port. Table 1 summarizes the most relevant characteristics
of the engine.

Table 1. Main ICE characteristics.

Engine Type 4 stroke, 4 valves, direct injection
Number of cylinders 1

Displaced volume 477 cm3

Stroke 90.4 mm

Bore 82 mm

Piston bowl geometry Re-entrant

Compression ratio 17.1:1

Rated power @ 4000 rpm 27.5 kW

Rated torque@ 2000-2750 rpm | 80 Nm

The injection system was adapted to operate with two fuels (diesel and gasoline), as
depicted in Figure 1. The diesel fuel EN590 was injected into the cylinder by means of a
solenoid direct injector (DI) located in the center of the cylinder. The gasoline fuel was
injected into the intake port by means of a port fuel injector (PFl). The injection settings
were handled using a DRIVVEN and Genotec controller units, respectively. The mass flow
of both fuels was measured using dedicated AVL 733S fuel balances (AVL LIST GmbH,
Graz, Styria, Austria). The main characteristics of the direct and port fuel injectors are
shown in Table 2, and the most relevant properties of the fuels are summarized in Table
3.
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Figure 1. DI and PFI systems configuration.

Table 2. Main characteristics of the DI and PFI.

Direct injector Port fuel injector
Actuation Type [-] Solenoid | Injector Style [-] Saturated
Steady flow rate @ 100 bar [cm3/min] 880 |Steady flow rate @ 3 bar [cm3/min] 980
Included spray angle [°] 148 |Included Spray Angle [°] 30
Number of holes [-] 7 Injection Strategy [-] single
Hole diameter [um] 141 Start of Injection [CAD ATDC] 340
Maximum injection pressure [bar] 1600 | Maximum injection pressure [bar] 5.5

Table 3.Main physical and chemical properties of the fuels.

Diesel EN590 | Gasoline EN 228
Density [kg/m?] (T= 15 °C) 842 747
Viscosity [mm?/s] (T= 40 °C) 2.929 0.545
RON [-] - 197.6
MON [-] - 89.7
Cetane number [-] 51 -
Lower heating value [MJ/kg] 42.50 44.09

An active electric dynamometer is used to control the engine speed and load during
the experiments. The test cell scheme in which the engine is operated can be seen in
previous work [22]. The intake line is composed of a screw compressor, which supplies
fresh air to the engine at high pressure as does the turbocharger in a multi-cylinder
engine. Additionally, a heat exchanger, air dryer and other equipment as flow, pressure
and temperature meters are added to control the conditions of the air at the engine
intake. A settling chamber is included to reduce the fluctuation of the pulse in the intake
duct. The exhaust gas recirculation (EGR) line is also introduced into the intake line,
downward the settling chamber. The temperature of the EGR gases are monitored at
several points along the line. Finally, the pressure and temperature of the air-EGR
mixture are measured in the intake manifold before entering into the cylinder. On the
other hand, the exhaust line is composed of similar elements than the intake line. The
more relevant difference is the addition a pneumatic valve, which is use to reproduce



the backpressure caused by the turbocharger in the 4-cylinder commercial engine.
Finally, there is the Horiba MEXA-7100 DEGR emission analyzer and an AVL 415S smoke
meter.

The engine map was discretized in 80 different operation points with 20 of them falling
inside the RCCl condition. Each stable state operating point is measured three times over
a period of 60 seconds. An average of each stable point, plus the interpolation of the
map with the proximity tool, is performed to obtain the engine calibration map in the
range of 1000 — 4500 rpm.

2.2. Single-cylinder engine maps

The experimental maps obtained from the test bench are presented in Figure 2 and
Figure 3 for pure diesel and dual-mode CDC-RCCI. Engine maps for CO, HC, soot and CO>
are presented in the appendix for brevity of the manuscript. The area falling within the
dashed line corresponds to that in which the engine operates under RCCl operation. In
the rest of the map, the engine runs under conventional diesel combustion. The gasoline
percentage used in each point of the map, calculated as the ratio between the gasoline
mass and the total injected mass, can be seen in Figure 4. As can be inferred from the
maps, the RCCI operation allows a notable reduction of NOx and soot compared to the
surrounding diesel operation area. By contrast, CO and HC emissions are notably
increased. In terms of fuel consumption and CO; emissions, the figure shows that the
dual-fuel portion slightly penalizes the global map. Figure 4 shows that the gasoline
fraction used in the RCCI portion of the map ranges from 30% to 80%. The details of the
engine calibration procedure can be found in [26].
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Figure 2. Fuel consumption (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).
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Figure 3. NOxEmissions (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).
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Figure 4. Gasoline fraction map for the dual-mode CDC-RCCI concept.

2.3. Vehicle, hybrid powertrain models, selection of components and driving
cycles
2.3.1. Vehicles characteristics

The vehicle selected to perform the simulations is the Opel Vectra, which equips the
compression ignition engine used in the experimental tests. The aerodynamic and
mechanical characteristics of the original equipment manufacturer (OEM) vehicle are
described in Table 4. This car is inside the large family car type, defined as a mid-size
car in the North American and Australian standard, and D-segment in Europe. Also, it is
a car segment that presents potential to hybridization due to having enough space to
incorporate battery package and electric motors. In addition, the fuel consumption
reduction in this type of vehicles is necessary due to their high power (over 120 HP) and
weight (over 1500 kg) [27]. For this reason, several companies have already applied mild
and full hybrid powertrains in this type of cars [28].
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Table 4. Vehicle specifications.

Vehicle type [-] OEM
Base vehicle Mass [kg] 1523
Passenger and Cargo Mass [kg] 100
Fuel Mass [kg] 45
Vehicle Drag Coefficient [-] 0.28
Frontal Area [m?] 2.04
Tires Size [mm/%/inch] 225/45/R118
Differential ratio [-] 3.2

2.3.2. Mild and Parallel Hybrid powertrain models

The study of the different proposed powertrains was evaluated using the
commercial software GT-Suite of Gamma Technologies® (v2018, Gamma Technologies,
LLC., Westmont, IL, USA, 2018). The GT-Suite package allows the simulation of the entire
vehicle. This involves models of gearbox, tires, axles and couplings, etc. In addition, the
software also has the necessary devices to perform the hybridization process, as
different electric motors (EM), batteries and controllers. Moreover, the software allows
the incorporation of driving cycles with their respective load, acceleration profile, and
performance in different environmental conditions. In this way, the experimental engine
maps were used as inputs for the simulation.

The dynamic simulation model consists of a driver sub-model trying to follow a
predetermined speed profile. The desired torque is calculated by the vehicle traction
equations taking into account the road friction and aerodynamic forces, among others
[22]. In particular, the driver module represents the driver actions that control the
accelerator pedal, brake pedal, and transmission gear number during driveway and
shifting. Therefore, the model consists of a feed forward component which calculates
the ICE+EM load torque required to achieve the desired vehicle speed. Additional sub-
models are the environment model, used to specify the ambient air conditions (that
affect the aerodynamic forces on the vehicle), and the road module, that contains the
road properties (that affect the vehicle dynamics). Moreover, a braking module is
introduced to calculate the brake pedal position based on the desired braking power
and maximum torque capability of the brakes.

For this study, three different models were proposed to be simulated, including
MHEV, parallel FHEV and the conventional powertrain for comparison (baseline case).
The baseline case was modeled as an ICE, the transmission coupled with the engine
through a clutch and also connected to the differential that propel the wheels.
Moreover, the model incorporates a sub-model of the brakes, tires and axles behavior
apart from other couplings present in the powertrain. More information of the
conventional powertrain can be found in a previous work of the research group [22].
Unlike conventional powertrain, the HEV architecture requires the use of more
elements. The main differences with respect to the conventional powertrain are the
number of controllers and the addition of more components as battery package and
electric motor, which are used to propel the wheels, recover energy or as range



extender. In addition, each specific architecture can propel the vehicle in different
modes by changing the states of the coupling devices. Basically, it can be defined three
states: a) only the EM (pure electric mode), b) only the ICE (conventional powertrain)
and c) combined EM-ICE (dual propulsion mode). Since the FHEVs cannot charge the
batteries with external agents (contrarily to the PHEVs), during the simulations it was
imposed that the state of charge (SOC) at the end of the driving cycle must be equal or
greater than the initial one (SOCeng = SOCinj). This allows to perform a fair comparison of
the energy consumption between the different concepts.

Other fundamental element in hybrid powertrains is the control system, which
defines which state that will be used in each operating condition of the driving cycle. It
can be divided into two levels. The high level (or main control), manages all the signals
of the vehicle. It is also called Supervisor, and it controls and gives commands to low
level controllers (local or component controllers). The low-level control units include the
engine controller (ECU), the transmission controller (TCU), the battery management
system (BMS) and the brake controller, among others. Moreover, the system is fed back
internally with information (main signals of the components) to change the powertrain
state according to the primary programming. A vast range of supervisory controller
systems have been proposed in the past, ranging from rule-based control (RBC) to
optimization based control strategies (dynamic, static, real-time optimization) [29]. The
advanced controllers are seen to hold high potential, but the impact so far has been
mainly within academic circles. Therefore, the heuristic strategies (as RBC) are still more
prevalent due to their simplicity and effectiveness in commercial cars [30]. For this
reason, and because the focus of this work is to see the potential of RCCl combustion in
already stablished hybrid technologies, the power manager strategy that was used is the
RBC. A narrow band was used to charge the battery with a threshold value of 0.58 (called
as SOCcharge). Therefore, the ICE starts to charge the battery when the SOC is below
SOCcharge and finishes when the system reaches the SOCiarget, that for this work is the
initial one (SOCini).

Figure 5 and Figure 6 show a scheme of both models used to simulate the MHEV and
FHEV-P2 powertrain. Basically, both systems are composed of the conventional systems
included in the baseline case, with the addition of an electric motor, battery package
and new controllers for the extra components. As was described in the previous section,
the supervisory controller has the function of managing the operating mode using as
inputs the signals from the different hardware and other control units. For these two
hybrid powertrains, the supervisory RBC code was programed to provide the follow
functions: power-assist, regenerative braking, start-stop and battery charging modes.
Other control units that are common for both models are the BMS, which calculates the
power available in the system and the maximum discharge and charge rates; the ECU,
which sets the accelerator position, ICE limits and idle condition; and the TCU, which
sets the gear position depending on the vehicle speed and gear strategy.

The main difference between the MHEV and FHEV-P2 is the position and capacity
of the electric motor. In the case of the mild hybrid, the system substitutes the
conventional starter and alternator by a unique electric motor with higher power and



efficiency. It is also called Belted Alternator Starter (BAS) because it is located in the
serpentine belt (old alternator position). This solution minimizes the changes needed in
the already developed engines, and for this reason several companies include them in
their standard vehicle architectures. However, the electric motor cannot move the
vehicle by itself due to the low capacity and the coupling system. For this reason this
solution is considered as a first step between conventional and complex hybrid vehicles
[31].

On the other hand, the parallel hybrid powertrain is a FHEV due to the capacity of
the electric motor, which has the capability to propel the vehicle at low, medium and
high vehicle speeds [32]. This powertrain basically works with an ICE and EM connected
with a clutch to provide driving torque to the wheels, separately or together [28]. Often
named as pre-transmission parallel hybrid (P2-FHEV) due to the ICE and EM torques are
modified by the transmission, as can be seen in Figure 6. Therefore, the ICE and EM must
have the same speed range. Moreover, as shows Figure 6, other elements present in this
powertrain are the transmission, two clutches and the battery package. The RBC for the
FHEV-P2 includes all the capabilities described in the MHEV, with an additional
operation mode in which the EM propels the vehicle depending on the SOC level and
the vehicle speed.

Figure 5. Mild Hybrid vehicle model developed in GT- Power® for the Opel Vectra.

FHEV-P2

Supervisory DRIVER

} - i
1
Clutch=2

Figure 6. Parallel Hybrid vehicle model developed in GT- Power® for the Opel Vectra.



A summary of the operation modes defined in the supervisory control unit is detailed
in Table 5. As was mentioned before, the main difference of FHEVs with respect to
MHEVs is the possibility to impulse the vehicle in pure electric mode (clutch 1
disengaged at Figure 6). As vehicle speed increase (V > Viimit) or battery SOC drops below
pre-defined threshold value (SOCcharge), the supervisory pass to HEV mode and the ICE
will be ignited and clutch engaged gradually. During the transition mode, the EM may
play the roles of traction motor and starter (ICE start). The speed limit is imposed as
parameter to be optimized with the limits between 25 and 140 km/h.

If the vehicle speed is zero (V = 0), three states can be possible: 1) ICE off and driver
pedal position at 100%, 2) ICE off and EM motor providing torque to start the ICE (Startr)
and 3) Battery charging with the ICE at idle speed. The selection of these two modes
depends on the SOC level and the ICE speed.

When the vehicle is moving (V > 0) and accelerating (Driverr > 0) four states are
possible: 1) Engine Starting and the EM motor giving the power to move the vehicle up
to the ICE rotational speed increase, 2) Power assist (PA) mode in which the driven
torque is divided between the ICE and the EM (50-50%), 3) ICE-alone traction mode in
which the electric motor is de-energized and the vehicle is propelled only by the ICE.
This mode is used when the SOC of the batteries is in the high region (SOC>SOCtarget),
and the EM motor cannot give the require power in the PA mode and 4) Charging mode
in which the ICE provides the torque to drive the vehicle and charge the battery package
due to Chargesite = 1 (it is at 1 when SOC<SOCcharge and changes to 0 when
SOC>SOCrarget). Thus, the electric motor operates as a generator. Finally, there is an
additional sub-state, Power Assist Max ICE, in which the necessary torque is more than
that the ICE can provide, so that the electric motor assists the ICE. This last mode gives
to the hybrid vehicle an extra power with respect to the conventional powertrain.

The last vehicle state is when the vehicle is braking (Driverr< 0) but the V> 0. Three
states are possible depending on the SOC and the capability of the EM to recovery the
energy: 1) Regenerative braking mode, the engine is shut down and the electric motor
is operated to produce a braking torque to the drive the train. Part of the kinetic energy
of the vehicle mass is converted into electric energy and stored in the batteries, 2)
Braking mixed, both the electric motor and the conventional friction brakes deliver
traction power to decrease the vehicle speed due to the EM motor is not capable to stop
the vehicle and 3) Conventional breaking, in which the friction brakes deliver the
necessary toque to decrease the speed of the car because it is not necessary energy
recovery (SOC > SOCnmax). See Table 6 for more details of the condition necessary of each
state.

The charge torque (Charger) was set to be calculated by a PID system depending on
the difference between the actual SOC and the SOCiarger. For all the hybrid models was
set a proportional gain to impose the maximum generator power when SOC = 0.40. This
allows the system to not reaching the minimum admissible SOC value of 0.30 in any
condition if the electric motor is well dimensioned. Therefore, for intermediate values
of SOC (between 0.64 and 0.40) the charge torque is proportional to the demand SOC.



Table 5 .Operation mode of Supervisory Controller for HEV and FHEV-P2.

Vehicle State Sub-state ICE State ICE Req EM Req
Zero Off 0 0
. . *
Electric Vehicle mode (EV) EV Off o Drivers
. . . Zero Off 0 0
Hybrid Electric \{ehlcle mode (HEV) - ICE Start Off 0 Starts
Vehicle Stop -
Idle Charging On Charger -Charger
ICE Start Off 0 Driverr +Startr
*
Power Assist On O.'S 0.5* Driverr
Driverr
Hybrid Electric vehicle mode (HEV) - Normal On Driverr 0
Vehicle Moving and Accelerate Power Assist on ICE Driverr -
Max ICE mext ICEmaxt
Chargin On Driverr+ -Charge
ging Charger ger
Regenerative .
. Off 0 Driver
Hybrid Electric vehicle mode (HEV) - Braking T
Vehicle Moving and Braking Breaking Mixed Off 0 EMmint
Breaking Off 0 0

*Only for FHEV-P2 due to the position and capacity of the EM.

Table 6 .Conditions for each operation mode of Parallel Hybrid Vehicle.

Vehicle State Sub-state Conditions
EV Zero V=0 Brakeposition = 100%
EV 0< V < Viimit Chargestate = 0
. ICE Start Chargestate = 1 & ICEspeed < 1000 rpm
HEV - Vehicle Sto V=0
2 Idle Charging Chargestate = 1 & ICEspeed > 1000 rpm
ICE Start ICEspeed < 1000 rpm
HEV -'Vehlcle Charglng Driverr > 0 & Chargestate = .1
Moving and Power Assist 05> V> Vi Chargestate = 0 & 0.5 * Drivert < EMmaxt
Accelerate i it
Power Assist Driverr> ICEmaxt & SOC > SOCmin
Max ICE
. Regenerative SOC < SOCrmax & Driver < EMwint
HEV- Vehicle Braking Driver: <0 &V >0
Moving and Braking | Breaking Mixed T SOC < SOCmax & Drivert > EMwint
Breaking SOC 2 SOCmax

2.3.3. Selection of components

As the main goal of this work is to optimize each powertrain to perform a
homologation driving cycle with the lowest fuel consumption and NOx emission, it is
necessary to select properly the size and capacity of the components for each
powertrain. For this reason, it was used an optimization methodology for HEV previously
developed by the authors and used in series hybrid architecture [33]. First, the limits in
terms of size, capacity and weight to be considered in the design of experiments (DoE)
for each component and powertrain are studied. Then, the Latin hypercube DoE method
was used to determine the relationships between the independent (factor) and
dependent (response) variables. The advantage of this method is that it requires lower
number of cases to perform the study than the traditional full factorial method. This
reduces the computational cost as well as the time needed to complete the study. On
the other hand, due to the distribution of the cases, a detailed study of the whole range



of the proposed operating conditions is possible. In this work, 800 cases were selected
for each powertrain and combustion mode. Therefore, a total amount of 3200 different
set ups were analyzed. From the results of the DoE, different response models are
adjusted using the Kriging adjustment method increasing the number of cases studied
without the need to launch the case [34]. The precision of the model was evaluated by
the R? values and the graphic dispersion of the observed and predicted values. For the
two engine maps and powertrain configurations, the precision was over 92%. As the
main requirement for this study was to achieve low consumption and NOx emissions,
the optimum cases were selected in a balance of these two parameters. Finally, the
adjusted models are used to determine the Pareto frontier defined as the minimum fuel
consumption and NOx.

The emissions regulations are very restrictive about the pollutant levels from
passenger vehicles [35]. To achieve the current standards, complex aftertreatment
systems have been developed. Among the different devices that are incorporated to the
vehicle, the selective catalytic reduction (SCR) is the responsible of reducing the NOx
emissions in diesel engines. Basically, this system converts the engine-out NOy into
diatomic nitrogen (N2) and water (H20). To improve this reaction, anhydrous ammonia
(also called Urea), is injected into the system. Therefore, the use of the SCR adds an extra
fluid consumption to the vehicle. To obtain the urea consumption in the WLTC cycle, the
method proposed by Johnson [36] was used. Thus, considering the engine-out emissions
(NO,) and the Euro 6 limit for this pollutant (NO,gy¢ = 0.08 g/km) the Urea mass
(Myreq) Per kilometer in the SCR system was estimated by means of Eq.1. Later, the
urea mass was added to the fuel mass consumption (i) to obtain the total fluid mass
consumption (Myytai mass cons ) Shown in Eq. 2. This parameter was selected to be
minimized during the optimization process because this approach allows to include both
fuel and NOXx (indirectly) in a single variable.

. _ (NOx_NOxEUG)*O-Ol*mfuel (1)
Murea = Travel Distance [g/km]
Mrotal mass cons = Mureat mfuel [g/km] (2)

In the optimization process, it is necessary to test several operative conditions and
components set ups like capacity and weight, among others. The main components
added in the hybrid powertrain are the EM and battery package. The function of the EM
is to transfer the electric energy to the mechanical one (traction motor) or the other way
around (generator motor). Both, HEV and FHEV-P2, use the same EM for both functions.
In this way, the conversion efficiency is the main parameter needed to be modeled for
each operative condition requested. Generally, electric motors for HEV needs durability
and high efficiency to operate with frequent starts and stops, high rates of acceleration
and deceleration, high torque and low-speed (hill climbing events), low torque and high-
speed (cruising events), and a very wide speed range of operation (0-9000 rpm). Among
all passenger EVs and HEVs, a very small number of companies use induction motors
(IM) or surface mount permanent magnet (SPM) machines. Almost all the other major
car companies use interior permanent magnet (IPM) machines due to their high torque



density and efficiency. Therefore, the IPM type with the same efficiency map (Figure 7)
was used for both HEV architectures to have comparable platforms.

The efficiency map against engine speed and torque shown in Figure 7 corresponds
to a commercial EM available in the literature [37] (developed by Toyota Motor
corporation and applied in the Prius 2016 among other hybrid vehicles). In this work,
the efficiency map was adapted to operate with better efficiency at the typical diesel
ICE speed (around 2000 rpm) instead of the typical speed in gasoline ICE (3000 rpm). In
addition, the maximum torque was changed to cover a wide range of possible electric
motors design in the optimization process. For the MHEV, some studies suggest that EM
of power typically 7-12 kW is enough for this type of technology [38]. Others authors
affirm that the power rating of the electric motor may be in the range of about 10% of
the engine power (equivalent to 10.5 kW for the Opel Vectra) [39,40]. Therefore, a range
around the suggested value was tested in this work (from 3 to 25 kW). On the other
hand, the literature review does not bring an optimum value of electric motor capacity
in the case of parallel hybrid vehicles, and has a great variation depending on the vehicle
and the driving cycle tested. In the market, it can be found vehicles having EM of 15 kW
as the Honda Insight, as well as with 90kW as the Mercedes-Benz E350. However, in this
last case the ICE is rated at 250 kW. Therefore, a medium-term range was adopted in
this simulation campaign. The maximum power and average weight/power for each EM
in the different HEV configuration is shown in Table 7.
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The other main component of the HEV is the battery package. The two main
battery types that have been implemented in EVs and HEVs are of the Nickel-Metal-
Hydride (NiMH) and the Lithium lon (Li-lon) family. The last one is better than NiMH
batteries in terms of energy density, specific energy and specific power. In this work, Li-
lon battery was used and the behavior was simulated by Thevenin electrical-equivalent
model [41], consisting of open-circuit voltage and internal resistances. Each parameter
of the circuit are defined as a function of SOC and current through the terminals of the
battery. Actually, not all the energy stored in the energy storage can be fully used to
deliver sufficient power to the drive train. Low SOC (below 0.30) will limit the power
output, and will lead to a low efficiency due to an increase of internal resistance. In
addition, battery manufacturers recommend maximum SOC values around 0.70. For this
reason, it was selected a medium initial SOC value (0.64) that is used to SOCiarget at the
end of the driving cycle and a band up to 0.58 to start the charge by the ICE. For the
MHEV, the 48 V system instead of traditional 12V was preferred due to the potential of
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Figure 7. Efficiency map of the Electric Motor.



the higher voltage to increase the efficiency. In addition, this system (battery, inverter,
cabling, etc.) is already available in the market of HEVs [42]. In addition, automotive
regulations demand costly shielded cabling (galvanic isolation) above 60V, so 48V
systems keep the cost down. On the other hand, due to increase of the energy
requirement, especially in pure electric mode, the parallel powertrain needs higher
battery capacities and voltage. For this reason, batteries of 400 V with capacity higher
than HEV were used. An inverter is used in conjunction with the battery pack template
to ensure that the maximum discharge and charge power limits of the battery are not
exceeded when it is connected to the electrical components. Table 7 shows more details
of each parameter that was set in the DoE set up.

Table 7. Hybrid Powertrain Specifications.

Vehicle type Parameter Mild HEV Parallel HEV

Type [-] IPM

Electric Motor Maximum power [kKW] 3-25 10-60
Weight [kg/kW] * 1.0 0.7
Type [] Lithium-lon
Nominal voltage [V] 48 400

iy Pedice Battery Capacity [Ah] 5-50 10-80
Weight [kg/kWh] * 10.5
Initial SOC 0.64

*Estimated as average of data provided by Sarlioglu et al. [2]

The three models (conventional, MHEV and P2-FHEV) contain a transmission to
multiply the torque and speed from the propulsion system. The OEM transmission,
which is a 6-gear ratio automatic transmission with gear ratios of: 3.8, 2.1, 1.3, 1.0, 0.7
and 0.6, was used in all the cases. The use of multi-gear transmission can effectively
increase the remaining power of the engine. Consequently, the vehicle performance and
fuel economy can be improved. The transmission control unit allows to change the gear
depending on the vehicle speed. As the new normative WLTP [43] allows the vehicle
manufacturer to choose the gear strategy, it was also optimized in this work. As
reference parameter was taken the New European Driving Cycle (NEDC) fixed strategy
[44] and was multiplied by a scaling factor (Tmuit) that varies from 0.7 to 1.3. The variation
of the operative condition for the conventional powertrain in the CDC engine map for
the extreme values selected is depicted in the Appendix (Figure 27).

To evaluate the system and optimize the components, the simulations were
carried out under the WLTC class 3b driving cycle, which is the homologation cycle
currently in force for this type of vehicle [43]. It should be noted that this homologation
is valid for conventional vehicles and non-plug in vehicles (MHEV and FHEV). The vehicle
speed profile against time for the WLTC cycle is shown in Figure 8. This profile is entered
into the driver model, which consists of a PID controller that determines the
instantaneous power required to reach the speed demand and acts on the engine ECU
giving the position of the accelerator in each instant.
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3. Results and discussion

The results are divided into two sections. The first one analyzes the DoE results for
each powertrain in terms of performance, emissions and powertrain components. The
second subsection is dedicated to compare the combustion modes and different
powertrains in the optimal configuration achieved under WLTC driving cycle. All the
results are compared with the results obtained with the OEM configuration (baseline
case).

3.1. Optimization of the different hybrid concepts
3.1.1. Mild HEV

The mild hybrid powertrain was studied considering several EM and battery
capacities. Additionally, the gear shift strategy was used as free parameter to optimize
the zone used inside the ICE map. Figure 9 shows all the mild hybrid powertrain
combinations tested with CDC (red points) and CDC-RCCI (blue points) engine maps that
fulfill the condition of SOCenq equal to SOCtarger and follow the WLTC driving cycle with a
dispersion below 2%. In addition, the Pareto frontier line was inserted with the results
obtained by the Kriging optimization, and the optimum point for each case was marked
with square boxes. The graphs show a “boomerang” trend in which a great number of
cases fall into the zone of low consumption (around 4.8 L/100km) and high NOy
emissions (around 0.65 g/km). Then, in the tail of this trend are cases with high fuel
consumption but low or medium NOy emission. This behavior is directly linked with the
effect of the decrease of the shift coefficient Tmur (Figure 10a), which produce an
increase of NOx emissions and a reduction of the fuel consumption. The dual-mode CDC-
RCCI combustion mode produces an important reduction in terms of NOx emissions with
almost all cases below the pure CDC engine map points. The combination of fuel and
urea consumption (see Eq. 2) presented a slightly decrease (2%+/) for the CDC-RCClI,
with higher difference in terms of NOx emission (30%+,) than in fuel consumption

(5%1T).

In addition, the battery capacity shows a trend (Figure 10b) in which a lower battery
size improves the results in terms of total mass consumption (optimum around 5 Ah for
both combustion concepts). This is mainly because the effect of increasing the vehicle
weight, a parameter that affects directly to the fuel consumption. Below that point, the
total mass consumption increases due to the lower power assist capabilities and more



charging periods. On the other hand, the electric motor size presents a flat trend in the
range of size tested (2.5-25 kW) with the optimum being around 10 kW (see Figure 10b).
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Figure 9 - Mild hybrid DOE results in terms of fuel consumption (a) and NOx emission against total mass
consumption.
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Figure 10 - Mild hybrid DOE results in terms of shift scaling coefficient (a) and battery and electric motor
capacity (b) against total mass consumption.

A summary of the optimum cases was presented in the spider graph of Figure 11. As
described above, CDC-RCCI improves the total mass consumption with an important
reduction of NOx emissions. The electric motor size and battery capacity was closer
between the two combustion modes tested, suggesting that the main parameter to be
changed when the engine maps is modified is the Tmut. This is expected because the
RCCI patch in the CDC map allows to produce lower NOy in the zone of 2500 RPM
(Tmuit= 0.90). Meanwhile, the CDC needs to maintain in the lower zone of engine speed
to not produce high amount of NOx (Tmuit = 0.78). The total mass weight was closer to
the OEM vehicle with a slight increase of 23 kg. This shows the advantage of this
powertrain configuration, avoiding higher efforts of the manufactures to reduce the
vehicle total mass.
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Figure 11- Main parameters for Mild hybrid optimum case for CDC and CDC-RCCI engine maps.

Figure 12 shows a comparison of the mild hybrid vehicle versus the baseline case
(OEM Opel Vectra conventional diesel operation) with mild hybrid concepts in the WLTC
driving cycle. The speed profile of the cycle (Figure 8) is depicted at the background of
the figure. As it can be seen, the combination of mild HEV and CDC-RCCI technology
offers the possibility to reduce the NOx emissions without penalties in terms of fuel
consumption in the fourth zones (low, medium, high and extra high). Moreover, for both
hybrids concepts, the CDC-RCCI maps have only improvements in the total mass
consumption at the end of the cycle (extra-high), where the urea consumption
decreases with respect to the pure diesel map.
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Figure 12 - Total mass consumption, fuel consumption and NOx emissions along the WLTC driving cycle
for conventional CDC, Mild hybrid CDC and Mild hybrid CDC-RCCI optimum cases.



3.1.2. Parallel HEV

A similar analysis was performed for the results obtained by the simulation code for
P2-FHEV. The maximum speed to operate as pure electric mode was optimized in
addition to the parameters included in the mild hybrid vehicle. It is important to note
that higher EM and battery capacity can be tested due to the position of the electric
motor between the ICE and the transmission. The results shown in Figure 13 have the
same trend than that obtained with the MHEV. This is expected due to the similarities
between the models and powertrain configuration. However, the P2-FHEV allows to
achieve important reductions in terms of fuel consumption with respect to the OEM
vehicle and MHEV. The Tmuit (Figure 14a) is the main parameter that produce the trend
in the total mass consumption against NOx and fuel consumption due to the shift of the
operative points in the engine map.

As can be seen in Figure 14b, the increase of the maximum vehicle speed for the
pure electric mode decreases the total mass consumption. In spite of that the optimum
points for both combustion modes were found around 100 km/h, above this vehicle
velocity the trend is flat without great increments. This could be associated to that the
SOCcharge limit is the parameter that restricts the pure electric mode instead of the
vehicle speed.
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Figure 14 — Parallel hybrid DOE results in terms of shift scaling coefficient (a) and vehicle speed limit to
pure electric vehicle mode (b) against total mass consumption.

The electric motor and battery size present a flat trend in the range of size tested,
20-60 kW and 10-80 Ah respectively. Also, there were small differences between both
combustion modes tested. For the sake of brevity, the graphs were not included in the
manuscript. However, the final results for the optimum case are presented in the spider
graph of Figure 15. In terms of battery capacity, the best cases were seen around 50 Ah,
that represents the zone of high battery capacity. On the other hand, for the electric
motor capacity the optimum was reached in the zone of medium EM size (30 kW for
CDC-RCCl and 40 kW for CDC).
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Figure 16 shows the instantaneous fluid consumptions and NOx emissions for the
parallel HEVs and OEM vehicle along the WLTC. Among the high reduction in total mass
and fuel consumption with respect to the conventional powertrain, the high advantage
of this hybrid technology is the shift of the emissions produced from the low and
medium to the high and extra-high zones. This could strongly contribute to reduce the
local air pollution in the cities, specially avoiding the emission of NOx and soot. The P2-
FHEV in the optimum case, for both engine maps (CDC and CDC-RCCI), provide pure
electric operation in the 60% of the cycle due to the high battery capacity. The total NOy
emissions were reduced in the CDC-RCCI map. However, for CDC engine maps the
difference between hybrid and conventional powertrain was minimum. This behavior is
because in the extra-high zone for P2-FHEV, the ICE needs to give power to both the
wheels and the EM to charge the battery operating in the highest power zone.
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Figure 16 - Total mass consumption, fuel consumption and NOx emissions along the WLTC driving cycle
for conventional CDC, Parallel hybrid CDC and Parallel hybrid CDC-RCCI optimum cases.



3.2. Comparison of the optimized concepts

This section aims to give a global vision of the results found in the previous sections.
After the optimization of each powertrain and selection of the optimal case to perform
the WLTC cycle, the advantages of the proposed models can be analyzed. Figure 17a
shows that the parallel full hybrid vehicle allows the highest reduction in the total fluid
mass consumption (fuel + urea), around 22% with respect to the OEM vehicle. On the
other hand, the MEHV shows intermediate gains with a reduction of 9%. Focusing on
the combustion modes, it is possible to see in the graph that with the use of the RCCI
mode inside the map of CDC, a reduction of 3% in the fluid mass consumption could be
obtained with respect to the same powertrain technology but in pure CDC mode.

However, the total gain in each vehicle concept do not come from the same point.
In the case of CDC, the major gain comes from the reduction in the fuel consumption, as
shown in Figure 17b. By contrast, in the dual-mode CDC-RCCI, the reason of the
reduction is twofold, great part of the reduction comes from the lower fuel consumption
and another part comes from the lower urea consumption (Figure 18a). The SCR
equipment allows to reduce the NOx emission up to the Euro 6 level (0.08 g/km) as can
be seen in Figure 18b. Moreover, the dual-mode CDC-RCCI reduces the urea mass
consumption from 5 g/km in pure CDC to 3 g/km. Another important fact shown in
Figure 12 and Figure 16 is the lower NOx emissions in urban areas for the parallel model.
This show the potential of the studied technology to reduce the local air pollution that
is so much sought by government agencies.
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conventional, MHEV and P2-FHEV with CDC and CDC-RCCI engine maps in the WLTC driving cycle.

Another advantage of the proposed powertrain models is the increase of the
power of the vehicles over the whole speed range of the engine, as shown in Figure 19.
For the case FHEV-P2, the maximum power is reached at 140 kW, about 35 kW more
than the conventional vehicle. It is important to note that several authors [27,45] affirm
that a considerable improvement in the fuel consumption can be carried out with the
addition of the downsizing trend in ICE. Therefore, with an engine of lower capacity and
designed to operate in these advanced powertrains, it could be reached greater benefits
than the results presented in this work. For example, re-calibration of the engine maps
in the RCClI and CDC modes to achieve lower emissions when operated with EM

assistance.
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Figure 19 — Vehicle power in the operative range of the ICE for CDC maps (a) CDC-RCCI maps for MHEV
and P2-FHEV optimum cases and comparison with conventional powertrain.

In addition to the potential of reducing the total fuel consumption and local air
pollution, the hybrid technology also contributes to reduce total CO; (Figure 20a), which
is one of the main concerns of the future emissions legislations to reduce the global



warming. P2-FHEV reduces the CO; emissions by 35% compared to CDC, while MHEV is
capable to promote a 16% reduction. The difference between combustion modes, CDC
and CDC-RCCI, is minimum whenever the powertrain proposed. However, as seen in
Figure 20b, adding a RCCI zone in the CDC map allows an important reduction of soot
emissions (around 40%). The results also show that introducing both technologies, a
Euro 4 OEM calibration could be worth to operate fulfilling the Euro 6 soot emissions.
As was expected considering the engine maps depicted in Figure 24 and Figure 25 of the
Appendix, HC and CO emissions have a large increment in the CDC-RCCI combustion
mode (Figure 21).
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Figure 20 — CO; emissions [g/km] (a) and Soot emissions [g/km] (b) for conventional, MHEV and P2-FHEV
with CDC and CDC-RCCI engine maps in the WLTC driving cycle.
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Figure 21 — CO emissions [g/km] (a) and HC emissions [g/km] (b) for conventional, MHEV and P2-FHEV
with CDC and CDC-RCCI engine maps in the WLTC driving cycle.

Finally, Figure 22 shows the gasoline fraction used in the CDC-RCCI combustion
mode for each powertrain simulated. Figure 22a shows the gasoline mass percentage
against the total mass for all the simulated cases and Figure 22b shows the values for
the optimum points for conventional, MHEV and P2-FHEV. From Figure 2243, it is possible



to see that parallel powertrain operates in a lower zone (around 38 g/km) in terms of
total mass consumption for all cases than the other models (around 47 g/km) despite
the gasoline fraction. However, it can be seen a slight reducing trend of the total mass
consumption as the gasoline fraction is increased. The optimum case of the MHEV model
presents higher percentage of gasoline than the parallel and conventional powertrains.
This behavior can be attributed to the effect of better distribution between ICE-EM
power for the MHEV than in P2-FHEV and not necessity of large recharging periods that
induce the engine to operate at high power loads. However, due to the small zone of
RCCI in the CDC map, it was not possible to reach 40% in any case of study.
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Figure 22 — Gasoline proportion [%] in total fuel volume used in the CDC-RCCI combustion modes by
hybrid powertrains for all cases (a) and the optimum case (b) in the WLTC driving cycle.

4. Conclusions

This work investigated the performance of two hybrid powertrains adapted to a
D-segment conventional powertrain vehicle equipped with a diesel 1.9L GM engine.
Mild and P2 full hybrid architectures were simulated with the experimental maps for
CDC and CDC-RCCI combustion modes previously obtained as inputs. A multi-objective
Pareto optimization process was carried out to determine the best configuration in
terms of electric motor and battery size, among the transmission shift strategy for a
WLTC driving cycle. From this study, it was found that:

e P2-FHEV provides the major gains in terms of fuel consumption for CDC and
CDC-RCCI combustion modes. The best configuration was found with high
battery capacity (50 Ah), medium EM size (around 35 kW) and 100 km/h as
limit for the pure electric speed mode.

e MHEV allows intermediate fuel consumption reduction when compared to
conventional powertrain and P2-FHEV. The optimal solution for the powertrain
elements was found with low battery capacity (5Ah) and EM around 10% of
the ICE maximum power.

e The main parameter to be optimized between the two combustion modes is
the gear shifting strategy. The CDC show the best configuration, with a shifting
coefficient with respect to the NEDC fix strategy near 0.8, and CDC-RCCI near
1.0.



The results of instantaneous fuel consumption show the advantages of
hybridization in urban traffic. This is due to the energy gain of the regenerative braking
and the lower power demand of the combustion engine under these conditions. The ICE
returns this energy in more efficient conditions such as the high and extra high zone,
resulting in greater total energy savings. For the parallel hybrid vehicle, the pure electric
mode allows to not start the engine until the high phase of the driving cycle. This point,
together with the reduction of fuel consumption and CO; emission, evidences the
potential of this technology to reduce local and global air pollution.

Finally, the use of RCCI zone inside the conventional diesel combustion mode
allows a reduction of the total mass consumption (fuel plus urea) and NOx emission at
the tailpipe. Cases up to 40% of gasoline in the total fuel volume were allowed with the
small RCCI zone used in this work. However, the optimum case for the three powertrains
were found around 28%.
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BAS Belted Alternator Starter Mfuel Fuel mass consumption
BMS Battery management system MHEV Mild hybrid electric vehicle
CDC Conventional diesel combustion Mtotmasscons | Total mass consumption
Charge 'tl;;);?:riassigned to charge the Murea Urea mass conumption
DI Direct Injection NEDC New
DoE Design of Experiments NIMH New European Driving Cycle
ECU Engine control unit NOxEU6 ll\(lei;rscigzz:xide limit for Euro 6
EGR Exhaust gas recirculation OEM Oroiginal equipment manufacturer
EM Electric motor P2-FHEV Parallel full hybrid electric vehicle
EMS Energy managment system PFI Port fuel injection
EV Electric vehicle PHEV Plug in electric vehicle
FSN Filter smoke number PPC Partially premixed combustion
GM General Motors RBC Rule base control
Heal il-é:?twizieneous charge compression RCCI ;Rgia;fit;:ty controlled compression
HEV Hybrid electric vehicle RPM Revolution per minute
IM Induction motor SOC State of the charge of the battery
IPM Interior permanent magnet SPM Permanent magnet machine
LI-lon Litium lon batteries Tmult Transmission gear shift multiplier
LTC Low temperature combustion \Y Vehicle speed
WLTC VWe?]ril(j(\a/\;icéig:rmonized Light

Appendix

Engine maps for CO,, HC, CO and Soot in CDC and CDC-RCCI mode. For this last
case the dual fuel zone is marked with dashed lines.
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Figure 23. CO2 emission (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).
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Figure 24. HC emission (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).
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Figure 25. CO emission (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).
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Figure 26. Soot emission (g/kWh) for pure diesel (a) and the dual-mode CDC-RCCI concept (b).

Operative conditions for conventional powertrain with traction shift multiplier in
the extreme case of the range selected (0.7 and 1.3). This coefficient multiplies the
speed limit for each gear change of the strategy used for NEDC driving cycle. As in the

WLTC is a free parameter, it needs to be optimized for each configuration.

Figure 27. Operative condition for conventional powertrain with traction shif multiplier set at: 0.7 (a)

and 1.3 (b).
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