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the spread of pure electric vehicles is still largely hindered by limitations in the autonomy range and 

charging time of the vehicles. HEVs, on the other hand, do not suffer these drawbacks and represent a 

reliable solution, well accepted by the customers in the current market.  

Through recent efforts, car makers have adopted different vehicle architectures. A classification 

of these layouts can be obtained considering the position of the secondary energy converter or the degree 

of hybridization based on the electric machine (EM) size. In the first of the three cases, the following 

schemes are exploited. (P0) The alternator mounted on the front-end accessory drive (FEAD) is replaced 

with a more powerful and efficient EM. The latter assists the ICE at low regimes of driving. Regenerative 

braking is possible, but its efficiency is low due to the number of dissipative components between the 

wheels and the EM. Pure electric mode is allowed only for a few kilometers, while the restrictive installation 

envelope limits the torque and power. (P1) The EM is installed on the transmission side of the engine 

crankshaft. Regeneration from braking is more efficient with respect to P0. The EM can be integrated inside 

the flywheel, also improving the attenuation of torque oscillations. Stringent requirements about the axial 

size limit the amount of torque. (P2) The EM is located downstream the mechanical clutch. Uncoupling 

between vehicle and ICE is possible, thus avoiding the drag of the engine inertia and its organic losses 

during pure electric mode. (P3) The EM is installed at the input or output of the secondary transmission 

shaft. P3 exhibits the same characteristics of P2 and a larger efficiency in regenerative braking. 

Nevertheless, high values of torque are requested to the EM since no stage of torque amplification is present 

before the wheels. (P4) The EM is installed on the other axle with respect to the one where the ICE is 

connected. This layout allows for maximum energy recovery from braking, but it complicates the control 

of the vehicle dynamics. (P5) EMs are mounted in the wheels. Torque limitations due to the small axial 

size of the machine are present [4] [5]. 

When considering the size of the electric machine as the discriminant of systematization, the 

following categories are obtained: 1) Micro hybrids. The nominal voltage of the EM is 12 V, only the start 
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& stop function is allowed; 2) Mild hybrids. The nominal voltage of the EM is typically 48V. Rarely, 

solutions with 24 V can be found on the market. With this architecture, engine assist and regenerative 

braking are allowed; 3) Full hybrids. In addition to the previous layouts, capability of battery-only operation 

is possible; 4) Plug-in hybrids. The main peculiarity is the possibility to connect the battery to the electrical 

grid and large autonomy range is attainable (around 50-100 km) [6] [7]. The main layout characteristics 

and functions of HEVs categorized according to the hybridization level systematization are summarized in 

Table 1. 

Table 1. Main characteristics and functions of hybrid architectures [8]. 

  Micro hybrid Mild hybrid Full hybrid Plug-in hybrid 

Pr
op

er
tie

s 

Battery voltage [V] 12 24-48 >200 >200 

Electric machine power [kW] 2-5 10-20 20-50 30-120 

Battery chemistry Lead-acid Li-ion, NiMH Li-ion Li-ion 

Battery capacity [kWh] <1 <1.5 <10kWh <40 kWh 

Estimated CO2 emission reduction <5%  <15% <20% <40% 

Fu
nc

tio
ns

 

Start & Stop Y Y Y Y 

Boosting Y Y Y Y 

Regeneration from braking (engine off) N Y (no P0, P1) Y Y 

Pure electric mode N N Y Y 

Regeneration from ICE Y Y Y Y 

Cold Engine cranking N Y (no P0) Y Y 

Sailing/Coasting N Y (no P0) Y Y 

Creeping N Y (no P0) Y Y 

 

The research effort in vehicle hybridization is currently focused mainly on the energy flow 

management strategy, battery technology, monitoring techniques for the state of the battery and proper 

sizing of EM and battery. The latter is of particular importance for all types of hybrids, since insufficient 

hybridization limits the benefits of the hybrid configuration and wastes possible fuel saving. On the other 

hand, an excessive hybridization increases the cost without providing any additional benefit or even 
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sizing of the electric components of a hybrid vehicle. In the case of the OVC hybrid, a 350 V P2 plug-in 

hybrid is considered. Higher priority is given to the full electric operation; thus, the sizing is based on 

optimizing the electric range. The sizing is done in line with the WLTP regulation and focuses on the battery 

capacity. Through this paper, this case is referred to as the capacity-based method. 

For the NOVC, a P2 mild hybrid at 48 V is considered. The sizing focusses more on assisting the 

ICE, therefore the sizing is centered on the EM power. In this work, this case is referred to as the power-

based method. 

The paper is structured as follows. Section 2 presents the proposed methods. Later, section 3 

describes the vehicle adopted in this study and its characteristics. Then, Section 4 describes the vehicle 

modelling and energy management system. Section 5.1 shows the results obtained with the capacity-based 

sizing. Finally, Section 5.2 shows the results obtained with the power-based approach. 
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Figure 4. Vehicle powertrain architecture scheme 

 

The ICE is a 2.3 l Diesel engine with a maximum torque of 350 Nm at 2000 rpm, and a maximum 

power of 101 kW [136 hp]. Figure 5 shows the ICE maximum torque-angular speed characteristic and the 

brake specific fuel consumption (BSFC) map. 

 
Figure 5. ICE maximum torque characteristic and BSFC map in g/kWh. 

 

A K0 clutch is used to connect the ICE with the rest of the powertrain. When dragged, the ICE 

suffers inertial load and viscous losses due to the pumped air and lubricating oil, hence decreasing the 

efficiency of the system. To reduce this effect, while working in full electric mode, the ICE can be 

disconnected from the rest of the powertrain via the K0 clutch. Thus, the P2 configuration can have several 

modes of operation that can be set using the K0 clutch: while the clutch is open, the vehicle is capable of 
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Figure 7. Vehicle forward model.  

 

The backward model is overall simpler to implement and easier to compute, while the forward 

model is more accurate and realistic by taking into considerations the vehicle dynamics and limits. 

In the open loop backward model, the vehicle speed is assumed exactly equal to the cycle speed 

and therefore, the required torque is calculated directly from the latter. By converse, the closed loop forward 

model allows for the vehicle dynamics to be taken into consideration and produces a more realistic result. 

 

4.2. Control strategy 
Hybrid vehicles require a control strategy or energy management system to split the torque 

command, at every time instant, between the ICE and EM [26]. Control strategies can be split in two main 

categories: rule-based strategies and model-based strategies. Rule-based strategies, like simple crisp rules 

or fuzzy logic, do not necessarily require knowledge of the system or its components and are quick and 

easy to implement, but require considerable tuning to provide near optimal results. 
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5. RESULTS AND DISCUSSION 

In the following section, the sizing of the EM and battery for the on axis P2 vehicles is performed. The 

sizing procedure for the plug-in vehicle follows the capacity-based approach, while the power-based 

approach is used for the mild hybrid vehicle. In both cases the World-harmonized Light-duty vehicles Test 

Procedure (WLTP) is adopted. The vehicles are simulated on the WLTP class 3 driving cycle, and their 

results are subsequently processed following WLTP rules and regulations. 

 

5.1. Capacity-based approach 
The plug-in P2 on axis vehicle is sized following the capacity-based approach. The EM maximum torque 

and nominal speed are obtained from the torque request and angular speed locus during a WLTP cycle. 

Using the obtained EM, several tests are run using different battery capacities. The results show diminishing 

CO2 saving values for increasing battery capacity levels. 

5.1.1. Electric machine sizing 

The selection of the size of the electric machine is conducted considering the minimum 

requirements in terms of nominal speed and torque to run the vehicle in pure electric mode in all the possible 

vehicle conditions. 

Based on the results obtained running a WLTP cycle with a pure ICE vehicle, the maximum torque 

request of 350 Nm is found at an ICE angular velocity of 2500 rpm. Therefore, these torque and speed 

values are used as the nominal torque and base speed, respectively, for the EM. Figure 9 shows the EM 

torque characteristic and efficiency map used for the subsequent simulation. Also, the EM parameters are 

listed in Table 3. 








































