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Summary  

In response to rising concerns about road transportation and its climate 

impacts, the electrification of modern powertrains plays a crucial role as a key 

measure to reduce pollutant and greenhouse gas emissions. Worldwide 

governments are conveying their efforts in the run for a sustainable transportation 

system that is required to be as much as clean and efficient as possible under 

various driving conditions. Hence, the so-called real-world emissions are under 

the microscope, since they are measured outside of a controlled testing 

environment. In this scenario, the fast pace of innovation along with the 

increasing complexity represents a new challenge for OEMs. Therefore, 

development and validation of these new powertrain concepts is receiving more 

and more importance. 

 

In this regard, a research activity has been carried out in collaboration 

between Politecnico di Torino and FEV Italia, within their facilities in Piedmont, 

Italy. The aim of this collaboration is to provide a ñvirtual test rigò capable to 

evaluate the performance of various electrified powertrains over a wide range of 

different real driving scenarios. The proposed integrated and standardized 

methodology wants to bridge the gap between testing and modelling of hybrid 

electric vehicles (HEVs), reducing the testing effort in terms of time and cost. The 

experimental campaign relies on a limited set of dedicated tests: standstill starts, 

accelerations, constant speed driving and different type of decelerations; carried 

out to collect data for the reverse engineering of the powertrain and for vehicle 

simulation. Most important, components characterization is based on a 

customized and non-invasive powertrain instrumentation. 

 

On the simulation side, a comprehensive 0D map-based model was developed 

and calibrated according to the aforementioned test campaign, with particular 



focus on the Energy Management System (EMS) reverse engineering. The 

simulation platform is able to simulate several hybrid architectures with high 

flexibility, also in real driving scenarios. The methodology was applied to 3 

different electrified vehicles available on the market, with increasing complexity 

order, such as a 48V mild-hybrid (MHEV) Diesel P0 architecture, a P0-P2 

gasoline Plug-in hybrid (PHEV) architecture and a P2 Diesel PHEV architecture. 

As a result, the virtual test rig is used to evaluate the energy split, CO2 

emissions and fuel consumption on different driving cycles and Real Driving 

Emissions (RDE) tests, allowing the universal vehicle model to be adopted in the 

predevelopment phase of new powertrains. 
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Chapter 1 

Introduction  

1.1 Regulation Framework 

Climate change is one of the most severely argued scientific issues of the past 

20 years. It involves many dimensions and it is believed that transport 

decarbonization could play a key role in this topic. The transportation sector 

accounts for 23% of energy-related CO2 emissions; which has led to increasing 

policy pressure, especially for passenger cars [1]. Currently, one billion cars are 

driven on the road worldwide, frequently powered by an Internal Combustion 

Engine (ICE) [2]. By 2050, the urban passenger transport demand could grow 60-

70%, causing a 26% increase in CO2 emissions [3]. The fact that transport still 

heavily relies on fossil fuels has pushed the European Union (EU) to foster 

relevant policies and incentive schemes for the transition to electro-mobility [4]. 

In 2015, the European Commission (EC) adopted the Energy Union Package 

(COM(2015)80), indirectly imposing a certain electrification degree of car fleet 

and other means of transport [5]. For 2030, new CO2 targets from the EC would 

require Original Equipment Manufacturers (OEMs) to decrease average emissions 

by 37.5% from 2021 levels [6]. Moreover, the EU requires 15% of all sales to be 

either plug-in hybrid or electric (less than 50g/km of CO2) by 2025 and 30% by 

2030. "The framework aims to support a gradual transition from vehicles 

powered by conventional engines to electric vehicles", the EC stated in November 

2018 [7]. 

 

Over the last two decades, significant improvement have been made in CO2 

reduction of passenger cars: Figure 1 shows the history of European average CO2 

values relative to targets. Since the first CO2 standards introduction in 2008, 

OEMs successfully outperformed the annual reduction rates until 2015, with an 

average 3.5% per-year decline. After 2015, an average increase of 0.3% per year 

in CO2 emissions has been reported; hence, from 2018 to 2021, a fleet-average 

CO2 emissions decline of about 7.6% per year is required [8,9]. 
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Figure 1: Historical average CO2 emission values, targets, and annual reduction rates of new 

passenger cars in the European Union [8] 

On a worldwide scale too, government have introduced regulations with more 

stringent emission standards, more demanding in terms of fuel consumption and 

CO2 emission reduction [10]. Figure 2 compares the CO2 passenger car standards 

of similar regulations around the globe, normalized to the NEDC test cycle. For 

the principal markets, a great technological effort is foreseen to annually improve 

fuel economy by 3ï6% [11]. 

 

 

Figure 2: Global passenger car CO2 emissions and fuel consumption, normalized to NEDC [12] 

As a result, a cleaner and more efficient transport sector is necessary [13ï17]. 

Thus, the major challenge for the ICE-based automotive engineering will focus on 

maximizing engine efficiency, minimize pollutant emissions, and develop new 

technologies able to exploit different fuels in transportation systems and power 

generation as well [18]. 
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1.2 The European Automotive Market  

In this framework, OEMs have addressed powertrain electrification as an 

enabler for a substantial emission reduction; however, the electrification process 

does not only include Battery Electric Vehicles (BEVs), but also ICE-based 

vehicles such as mild hybrids (MHEVs) [19], full hybrids (HEVs), and plug-in 

hybrids (PHEVs) [20ï23]. Clearly, electrified vehicles play a relevant role in the 

future of automotive [24]. The recent industry of the automotive field shows a 

deep plunge of Diesel market share in EU, from 52% in 2008 to 36% in 2018; this 

is especially true after the óDieselgateô happened in 2015. In this regard, the left 

plot of Figure 3 shows the diesel share by member state and total EU-28 from 

2001 to 2018. On the other side, the total market share of HEVs was 3 % in 2018, 

after a continuous growth over the last decade. Finland, Ireland, Spain and 

Sweden give the main contribution to HEV share, as depicted in the right plot of 

Figure 3. The left side of Figure 4 reports the history of PHEVs share, as of 2012; 

Sweden has shown a significant growth in sales. As for BEVs, the Netherlands 

have the highest market share, as shown in the right side of Figure 4. In 2018, 

PHEVs and BEVs made up about 3 % of new sales in the EU. As a reference, a 

study [25] shows that a company as BMW will need a market share of about 13 % 

of PHEV and BEV to meet the 2021 CO2 targets. 

 

 

Figure 3: Passenger cars market share in EU, for Diesel (left) and HEV (right), until 2018 [26] 

 

Figure 4: Passenger cars market share in EU, for PHEV (left) and BEV (right), from 2012 [26] 

In line with the EU increasing pressure, ñOEMs are transforming their 

lineups as they push to launch full-electric and plug-in hybrid cars in the next few 
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years. Automakers looking for positive publicity have made bold promises to 

electrify their global fleets in the midtermò [27] reports the Automotive News 

Europe newspaper; hereafter some statements are listed: 

¶ By 2023, 86 % of all PSA Group's models will have an electric or plug-in 

option; 

¶ By the end of 2022, FCA will have launched more than 30 nameplates 

with electric drivetrains; 

¶ Starting in 2019, every all-new Volvo launched will have some form of 

electrification; 

¶ Renault plans to launch eight BEVs and 12 electrified models by 2022; 

¶ The VW  Group has announced it will launch 25 BEVs by 2020 and plans 

to sell up to 3 million EVs annually by 2025; 

¶ By 2022, Ford will have 16 dedicated BEVs globally; 

¶ Also by 2022, Daimler will electrify the entire range of Mercedes cars; 

¶ Every new JLR  vehicle will be electrified by 2020; 

¶ One-third of all Maserati will be electrified by the mid-2020s; 

In this scenario, a study from PWC [28] reports that over 95% of the EU new 

car sales are expected to be partially electrified in 2030. Conventional vehicles 

share in Europe could drop to less than 5%, while more than 40% of all new car 

sales would be hybrid, gaining more and more consensus over time, as illustrated 

in Figure 5. 

 

Figure 5: Development of drive systems (EU28 New car sales 2017ï2030) ï PWC [28] 

As mentioned earlier, regulation is the main driver rather that the market 

demand. However, legislation vary substantially across the globe. Figure 6 depicts 

the automotive market mix forecast for 2020 and 2025, for various regions; by 

Schaeffler. China and Europe show a similar trends, since fleet emissions are 

targeted, MHEV (48V) technology is expected to grow in volume. On the other 

side, Japan and the USA will see the full hybrid (HEV) as the dominant solution, 

due to the fact that the High Voltage (HV) technology is already well known and 

vehicle mass [29]. 
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Figure 6: Volume scenarios for electrified drives in different global regions ï Schaeffler [29] 

Unfortunately, every gram of saved CO2 has to be evaluated in terms of costs 

and time consumed. Nowadays, the general belief is that BEV will ease the 

automotive struggles as rapidly as possible, however, the scientific community 

must evaluate whether a full -electric scenario is better than a combined strategy 

that involves variety of HEVs. Also PHEVs are gaining consensus [30], since they 

can travel like a BEV in Charge Depleting (CD) mode or like a full HEV, turning 

the ICE on during Charge Sustaining (CS) mode [31]. 

Emissions Analytics [32] has published a study based on 95 hybrid vehicles, 

with an average battery of 1.2 kW ,resulting in a 30% CO2 emissions reduction in 

comparison with current ICE vehicles. Considering the EU 37.5% CO2 reduction 

target imposed for post-2021 for passenger cars, current hybrids could account for 

75% of that. Fortunately, further development is expected from OEMs [33] For 

the 95 tested vehicles, the overall CO2 reduction per unit battery size is shown in 

Table 1. The nearest equivalent ICE-only vehicle is used as term of comparison. 

This is a so-called Tank-to-Wheel (TTW) analysis that neglects any CO2 

emissions related with the battery, electricity and fuel production, which is likely 

to further support the HEV case. As reported in the table, MHEVs and HEVs 

provide considerably higher CO2 benefit per unit battery size compared to PHEVs 

and BEVs. As demonstrated, the extremely large batteries make the BEVs have 

the lowest efficiency. 

Table 1: CO2 emissions reduction comparison between hybrids and BEVs from [32] 

Vehicle Type Average CO2 reduction 

(g/km) 

CO2 reduction per unit 

battery size (g/km/kWh) 

MHEV 25 73.9 

HEV 65 50.5 

PHEV 126 12.0 

BEV 210 3.5 
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As previously mentioned, hybridization comes under different forms. 

Powertrains can be classified on the basis of the architecture, topology and 

functionalities. Nowadays, the degree of hybridization is a very well-known 

concept (micro, mild, full, and plug-in hybrids, pure electric), and can be 

categorized based on the possible capabilities. The various architectures, such as 

parallel, serial, and power-split can be differentiated on the basis of the energy 

flow. On top of that, if there is a sufficient amount of electrical power is 

sufficient, the transmission structure is simpler, hence more cost-effective [34]. In 

addition, combining dedicated transmissions with tailored designs of the 

combustion engine and electric drives, can result in further benefit in terms of 

consumption and emissions [35,36]. 

As for electrified vehicles, the parallel structures can differ according to the 

position of the electric machine, along the driveline. The top part of Figure 7 

shows the possible ways of integrating the electric motor in the powertrain. All 

architectures allows the basic functions of regenerative braking and boosting, as 

well as sailing when the ICE is decoupled. However, the P0 and P1 layouts 

require the ICE to be linked to the crankshaft, while from the P2 onwards, energy 

recovery and pure electric driving can be performed with the ICE off. Finally, the 

P4 and P5 architectures offer four-wheel drive (4WD). It can be seen in the 

bottom part of Figure 7 that the combination of different voltage network and 

topology results in a total of 16 options. Moreover, the complexity increases 

sharply if different transmission solutions are considered [29]. 

 

To sum up, hybrid vehicles are quite complex electro-mechanical-chemical 

systems. The adoption of high electric power, high battery energy content and 

numerous topologies triggers the development of dedicated energy management 

strategies (EMS) to control the power distribution, optimize drivetrain efficiency 

and reduce fuel consumption and pollutants emissions [37,38]. Over the last 

decades, the development of EMSs has gained a lot of attention as one of the key 

research topics on HEVs [39,40]. 
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Figure 7: Different hybrid architectures and their functionalities (top) and possible combination 

of architecture, topology, and transmission (bottom) [29] 

1.3 The Experimental and Numerical Approach 

The previous section highlights the wide technological portfolio that currently 

characterize the automotive industry; as a direct consequence, the powertrain 

complexity is continuously increasing over time [41,42]. Furthermore, the entire 

picture gets even more sophisticated considering that the newly introduced 

powertrain subsystems cooperates with each other to control the vehicle behavior 

over numerous aspects [43]. Thus, the necessity of a reliable tool which can 

support the investigation and the further design of electrified powertrains is 

needed. 

 

In this framework, the presented research activity was developed within the 

FEV benchmarking and simulation teams, with the aim of extending the internal 

knowledge and experience when dealing with all forms of electrified vehicles. 

Figure 8 show the work flow the proposed integrated approach. On one side, the 

goal is the development of a smart and sustainable methodology for HEVs testing 

and benchmarking; providing a good compromise between measurements 
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integrity and degree of complexity, intrusiveness and cost of the performed testing 

campaign. The experimental campaign relies on a bespoken non-invasive 

instrumentation effort and on a predefined testing protocol, made of a limited but 

effective number of tests performed both on the road and in laboratory. On the 

other side, the results of the testing campaign are used to calibrate a 

comprehensive HEV model, capable of simulating a wide range of hybrid 

architectures and technologies along different driving cycles. To this extent, the 

research project involves some of the most representative electrified vehicles 

available on the market, as described in Chapter 2, indispensable for the 

developing the methodology on the experimental and the simulation side. The 

instrumentation process and the variety of tests will be accurately explained. After 

the powertrain characterization, the gathered information are fit into the 

comprehensive 0D map-based HEV model. To this extent, Chapter 3 presents the 

model structure and its main subsystems, along with the most important 

mathematical equations that are used to model both the physical and the control 

aspects. The model is not only capable of assessing the Energy Management 

System (EMS) behavior for various architectures, but also fuel consumption and 

CO2 emissions. Finally, the model output are presented in Chapter 4, for the three 

types of vehicle: a 48V MHEV, a P0-P2 Gasoline PHEV and a P2 Diesel PHEV. 

Firstly, the calibration process outcomes will be presented, with a focus on the 

correct detection of the power split, on the proper estimation of the electric energy 

flow and finally on the calculation of CO2 emissions over the NEDC and WLTC 

cycles. To conclude, the model validation is carried out for the two PHEVs, which 

constitutes the more complex test cases, with the aim of assessing the model 

capabilities of vehicle behavior prediction along the WLTC and the RDE cycles, 

respectively. 

 

 

Figure 8: Workflow of the presented methodology 
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Chapter 2 

The Integrated Methodology 

Part of the work described in this Chapter was previously published in the 

following publications:  

¶ DiPierro, G., Millo, F., Scassa, M., and Perazzo, A., "An Integrated 

Methodology for 0D Map-Based Powertrain Modelling Applied to a 

48 V Mild-Hybrid Diesel Passenger Car," SAE Technical Paper 2018-

01-1659, 2018, https://doi.org/10.4271/2018-01-1659. 

¶ DiPierro, G., Millo, F., Tansini, A., Fontaras, G. et al., "An Integrated 

Experimental and Numerical Methodology for Plug-In Hybrid Electric 

Vehicle 0D Modelling," SAE Technical Paper 2019-24-0072, 2019. 

¶ DiPierro, G., Millo, F., Cubito, C., Ciuffo, B. et al., "Analysis of the 

Impact of the WLTP Procedure on CO2 Emissions of Passenger 

Cars," SAE Technical Paper 2019-24-0240, 2019, 

https://doi.org/10.4271/2019-24-0240. 

¶ DiPierro, G., Millo, F., Galvagno, E., Velardocchia, M. et al., " A 

Reverse Engineering Method for Powertrain Parameters 

Characterization Applied to a P2 Plug-In Hybrid Electric Vehicle with 

Automatic Transmission,ò SAE Technical Paper 2020-37-0021, 2020. 

This chapter presents the experimental campaign carried out at FEV Italia 

facilities on different hybrid powertrain architectures, such as HEV and PHEVs, 

essential for the development of the integrated methodology. The main activity is 

the benchmarking of complex electrified vehicles with a standard and smart 

testing procedure, which avoids a highly intrusive instrumentation and a time and 

resource consuming testing protocol.  

 

The purpose is the characterization of the powertrain components via working 

maps, and the reverse engineering of the EMS through a limited number of 

information derived from the experimental campaign. Thus, the vehicles were 

https://doi.org/10.4271/2018-01-1659
https://doi.org/10.4271/2019-24-0240
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tested both on the road and in laboratory over different missions and driving 

cycles according to the respective regulation requirements. The need of 

characterizing the vehicle behavior is indispensable to gather a conspicuous 

amount of information which will be later used for the calibration and validation 

of the vehicle model. 

2.1 HEV testing: a complex picture 

As introduced in the first chapter, the degree of complexity of newly 

developed automotive systems is growing in terms of technological content. In 

fact, if compared to the past, new powertrains have more subsystems made of 

innovative and different components, requiring different inputs and outputs. With 

the introduction of new operating modes and constraints, with the propagation of 

electronics and mechatronics in hybrid electric vehicles, unique design and 

integration challenges have raised, thus system integration has become a key task 

in hybrid vehicle development. [44]. 

These vehicles depend on advanced electronically controlled systems working 

together across a wide range of operating conditions to ensure efficient 

performance, consumption, safety and reliability. Increasing electrical content and 

complexity coupled with higher on-board power require engineers to continually 

improve their skills and develop a different approach within the whole powertrain 

development chain [45]. 

 

Testing different HEV solutions available on the market or at concept level 

could be a crucial activity in different situations, such as components development 

and calibration or in a merely benchmarking job. As far as testing complex hybrid 

electric vehicles is concerned, it becomes central to understand how subsystems 

are composed and how the interaction between them works. Therefore, literature 

review and data gathering has to be done in order to proceed to vehicle 

investigation. Afterwards, powertrain instrumentation and test scheduling are 

carried out. 

 

Considering that hybrid electric vehicles combine components from the 

traditional internal combustion engine powertrain with electronic drivetrain parts, 

such as electric motors/generators, one or more battery packs, and various 

controllers and sensors, engineers now have to deal with a larger portfolio of data 

output [46]. Hence, this activity aims at fully exploiting the usefulness of an 

experimental campaign, at vehicle and component level, on the experimental and 

the simulation side. Vehicle testing establishes a milestone in the proposed 

methodology and can be used in different ways, as listed below [47]: 

¶ Investigate power generation and its split for motor drives and controls, 

regenerative braking, boosting, battery charging, etc. Analyze different 

aspects, such as thermal, electrical, magnetic, etc. 

¶ Evaluate HEV configuration tradeoffs (parallel, serial, or complex) 
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¶ Design, test, and verify EMS in terms of control strategies, power 

management, torque/speed coupling, and vehicle dynamics 

¶ Extract rules implemented in the Hybrid Control Unit 

¶ Acquire CO2 and fuel consumption values throughout real-world driving 

missions 

¶ Verify pollutants emissions limits such as NOx, CO, THC and PM/PN 

¶ Create the base for vehicle modelling via experimentally-defined operating 

maps  

¶ Analyze and size HEV and BEV powertrains and components (motors, 

battery and controllers) 

¶ Analyze the impact of complex and innovative power electronics systems 

¶ Optimizing the power systems in HEVs to increases fuel economy and 

reduces emissions, while still fulfilling the drivability requirements. 

2.2 Case study 

The development of the experimental methodology and the validation of the 

simulation platform are based on the test activities carried out on three different 

hybrid passenger cars with different level of hybridization and powertrain 

configuration. Since the purpose is to validate a methodology applicable to both 

HEVs and PHEVs, three different vehicles have been investigated, later addressed 

with a number for confidential reasons: 

¶ a 48 V Mild-Hybrid (MHEV) P0 Diesel car, Euro 6 compliant, 

equipped with a six speed Manual Transmission (6-MT), hereafter 

referred to as Vehicle 1; 

¶ a P0-P2 architecture gasoline Plug-in HEV, Euro 6 compliant, 

equipped with a six speed Dual-Clutch Transmission (6-DCT), 

hereafter referred to as Vehicle 2; 

¶ a P2 architecture Diesel Plug-in HEV, Euro 6 compliant, equipped 

with a nine speed Automatic Transmission (9-AT), hereafter referred 

to as Vehicle 3; 

For the sake of completeness, it is worth to mention that vehicles are listed 

and tested in an increased complexity order. The author believes this is the best 

way to test and develop the proposed methodology, since it was created from the 

scratch and the whole process was a work-in-progress activity. 

2.2.1 Vehicle 1 Test Case 

The first vehicle selected as a case study is a 48V Mild-Hybrid P0 Diesel car 

(MPV ï Multi Purpose Vehicle) in which the main on-board energy source is the 

ICE. The engine is connected via a pulley to the electric motor/generator 

(hereafter referred to as BSG, i.e. Belt Starter Generator). The main vehicle 

characteristics are listed in Table 2. This vehicle relies on a 1.5 liter Compression 
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Ignition (CI) engine, coupled with a six speed Manual Transmission (6-MT). The 

P0 configuration (see also Figure 60 for parallel hybrid powertrain topology 

nomenclature), is made up of a 13kW electric motor/generator linked to the ICE 

by means of a pulley: the transmission ratio is equal to 3:1. A schematic of the 

powertrain layout is depicted in Figure 9: for this type of configuration, the 

AC/DC converter is axially integrated into the electric machine, whereas the 

DC/DC converter is located between the high-voltage and low-voltage side. 

 

 

Figure 9: Vehicle 1 - Powertrain Layout 

According to the power demanded by the driver and the driving conditions, 

the can work in two different hybrid modes: 

1. Electric Assist mode: the BSG works as a motor for torque assist with 

the ICE turned on. Therefore, the 48V battery is discharged, though 

supplying the 12V loads at the same time; 

2. Energy Recuperation mode: the BSG works as a generator absorbing 

the ICE torque or when the ICE is off during deceleration and braking, 

supplying simultaneously the 48V battery and the 12V loads. 

To this regard, the driver has the only possibility to select a so-called ñECO 

modeò, which is enabled to be less fuel consuming and less aggressive in terms of 

drivability. The influence of this mode will also be investigated; even though it 

cannot be defined as a driving mode. Moreover, the tested 48V MHEV is not 

capable of pure electric driving. Therefore, the energy management system (EMS) 

is responsible for switching between Electric Assists and Energy Recuperation 

based on the driving conditions and on the battery energy content. 
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Table 2: Vehicle 1 - Vehicle and powertrain main specifications 

Technical Data 

Vehicle Curb weight: 1615 kg 

 Configuration: Front Wheel Drive 

ICE In-line 4 cyl. Turbocharged Diesel 

Displacement: 1.461 l 

Rated power: 81 kW @ 4000 rpm 

Rated torque: 260 Nm @ 1750 rpm 

 Gearbox: 6 - MT 

BSG Type: Asynchronous 48V 

Max Power/Torque: 13 kW/50 Nm 

Belt Transmission Ratio: 3.0:1 

Max Speed: 18000 rpm 

Battery Type: Lithium-Titanate Oxide 

Capacity: 0.15kWh / 3.12 Ah 

Nominal voltage: 48 V 

Cooling System: Air Cooled 

 

2.2.2 Vehicle 2 Test Case 

The second vehicle selected as a case study is a P0-P2 gasoline plug-In Hybrid 

Electric Vehicle (PHEV), classified as a C-segment car. The powertrain layout is 

classified as P0-P2 (see Figure 60) and it is composed of a Naturally Aspirated 

(NA) Atkinson 1.6 liter SI engine, coupled with a six speed Dual-Clutch 

Transmission (6-DCT). The P0 electric motor/generator (hereafter referred to as 

HSG, i.e. Hybrid Starter Generator) is linked via a pulley to the internal 

combustion engine. Later on the driveline, a mechanical clutch is adopted to 

decouple the ICE from the drive electric motor (hereafter referred to as EM), 

which are coaxially placed before the transmission. The main vehicle 

characteristics are listed in Table 3. Depending on some conditions such as 
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vehicle speed, power demand and battery SOC, the powertrain can operate in two 

main modes: 

1. Electric Mode (EV): the HV battery energy is used for traction through 

the electric motor only, as depicted in Figure 10; 

 

Figure 10: Vehicle 2- EV Mode 

2. Hybrid Mode (HEV) : the ICE is turned on if higher power is requested 

and beyond a specific vehicle speed threshold. Thus, the vehicle can work 

in two different modes according to the battery SOC and accelerator pedal 

position: 

a. Load Point Shift/Torque Assist: the ICE is supposed to work 

closer to the optimal efficiency area by shifting its load operating 

points. Hence, when low power is demanded, the extra ICE power 

serves for battery recharging via the HSG and/or the electric motor 

(path A); on the other side, the EM and/or the HSG are enabled to 

increase the ICE torque (path B) in case of higher power demand 

from the driver. The two different paths are shown in Figure 11 

(left); 

b. Series Hybrid: The ICE turns into generator and is not 

mechanically connected to the wheels. It operates almost at 

constant load and is used to feed the HV battery via the HSG, 

while the EM propels the vehicle as shown in Figure 11 (right). 

 

Figure 11: Vehicle 2- Load Point Shift/Torque Assist (left) and Series, HEV Mode 

  




















































































































































































































