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A METHOD FOR BATTERY SIZING IN PARALLEL P4 MILD HYBRID 

ELECTRIC VEHICLES 
 

ABSTRACT This article deals with a sensitivity analysis concerning the influence that the capacity of the battery in 

a parallel hybrid powertrain has on the vehicle energy regeneration. The architecture under analysis is constituted by 

an internal combustion engine, which provides traction to the front axle's wheels and an electric motor powering the 

rear wheels. The energy management system is based on a simple torque split strategy that distributes the driver required 

torque between front and rear machines as a function of battery and electric motor functional limitations (state of charge, 

temperatures and maximum admissible currents). Together with the selected driving cycles, the central role played by 

the battery size in the overall vehicle recoverable energy is evaluated, while the influence of the powertrain limitations 

is highlighted accounting both for uncertain parameters (e. g. initial state of charge) and for tunable parameters (e. g. 

maximum electric traction vehicle speed). Therefore, a method of the sizing the battery of a P4 mild hybrid electric 

vehicle, which allows the maximization of the braking energy recovery, is developed. 
 

 

KEYWORDS: Hybrid Electric Vehicle, Modeling, Energy Management, Battery Sizing, Energy Regeneration, State 

of Charge 

  



 

1. INTRODUCTION  

The recent and always more stringent regulations 

regarding passenger vehicles' pollutant emissions in 

atmosphere (e. g. CO2, PMs, CO, HC, NOx) [1, 2, 3, 4] in 

the last years are pushing the car manufacturers to 

introduce modifications on their vehicles with the goal of 

increasing their overall efficiency. Standing in the field 

of internal combustion engines (ICEs) driven vehicles, 

possible improvements regard the engine (e.g. advanced 

injection systems and methods, downsizing, after-

treatment techniques) [4, 5, 6] or the chassis (body 

weight reduction through the use of innovative materials, 

tires rolling resistance reduction, aerodynamic drag 

reduction) [7, 8]. 

Hybrid electric vehicles (HEVs) are promising 

technologies that make use of more than one source of 

energy to provide traction to the wheels or allow part of 

the energy, that otherwise would be wasted in heat during 

the braking, to be recovered and stored for future use [2, 

4, 9, 10]. 

Several hybrid vehicles architectures have been analyzed 

and tested both in simulation and in real-life scenarios, 

set into production. Based on the size of the electric 

powertrain HEVs can be classified as [2, 4]: 1) Micro 

Hybrids, owning the possibility of Start&Stop 

implementation 2) Mild Hybrids, offering regenerative 

braking and engine assist functions, 3) Full Hybrids, in 

which previous functions are merged together with the 

capability of pure electric traction, 4) Plug-in Hybrids 

(PHEV), for which the main peculiarity is the possibility 

to connect the electric battery to the electrical grid. 

Another interesting classification is based on the position 

of the secondary energy converter [2, 11, 12] as shown in 

Figure 1: 

 P1f (P0). Belt driven Integrated Starter Generator 

installed on the front end accessory drive (FEAD);  

 P1r (P1). The electric motor is positioned 

directly on the engine crankshaft, before the 

mechanical clutch;  

 P2. The electric motor is mounted downstream 

the mechanical clutch, hence the complete 

uncoupling between vehicle and ICE can be 

performed; 

 P2.5. The electric motor is integrated into the 

transmission; 

 P3. The electric motor is placed at the output of 

the secondary transmission shaft; 

 P4. The electric motor is placed on opposite axle 

with respect to the one in which the ICE is 

positioned. 

 

Some of the aforementioned architectures require 

few changes to the overall vehicle structure while in 

some others the powertrain should be consistently 

modified. Therefore, in order to reduce the time to market 

and gain short terms benefits, manufacturers tend to 

avoid the complete powertrain and car body re-design in 

order to place electric battery, power electronics and 

electric motors. 

To this end, in this paper the attention is focused on P4 

architecture. In this architecture, the few dissipative 

components between the electric machine and the road 

allows a highly efficient regeneration of energy as well 

as lower power consumptions during traction phases. The 

connection with the ICE, realized through the road [9], 

allows to completely uncoupling it with the electric 

motor simply by disengaging the mechanical clutch. Pure 

electric traction phase is therefore possible. 

 

 
Figure 1. Classification of hybrid architectures based on 

the position of the secondary energy converter. E = 

Engine, B = Belt transmission, C = Clutch, GB = 

Gearbox, D = Differential. 

 

Furthermore, when dealing with mild or full hybrid 

architectures it is expected that the regenerative braking 

is the functionality with the highest influence on the 

overall fuel consumption reduction and efficiency 

improvement. The motivation is demonstrated by the fact 

that recovering a consistent amount of energy on-board 

allows other functionalities to take place (e.g. electric 

traction, engine assist, and engine boost) for no additional 

cost. Of crucial interest for the designer is therefore the 

knowledge of the optimal battery size able to meet 

constraints of added mass, recoverable energy and 

dischargeable power.  

The subject of the battery sizing for hybrid electric 

vehicles has already been covered in the literature, and 

the different methodologies can be subdivided as a 

function of the typology of hybrid vehicles they are 

applied to. 

 

1.1 Battery sizing for Hybrid Electric Vehicles.  

 

In early works of Rahman et al. [13, 14] the battery 

capacity selection is discussed and it is defined with the 

goal of satisfying the electric motor’s peak power. In 

[10], different hybrid vehicle architectures are analyzed 

with the goal of finding optimal configuration and size of 

the energy storage system. The main design variables 

involve vehicle mass, volume, cost and efficiency, varied 

as a function of the configurations by means of scaling 

coefficients and summed to form an objective function to 

be minimized. Different types of energy storages 

including a flywheel, a compressed air storage, a Ni-MH 

battery and ultra-capacitors are taken into consideration. 

Dynamic programming technique is applied in [15] to 

overcome the influence of the control strategy. Scaling 

factors are applied to ICE, electric motor and battery 



 

power to analyze different rates of hybridization while 

full and torque split hybrid configurations are considered. 

The results show lower hybridization requirements for 

full hybrid with respect to torque split configuration. 

Optimal sizing methodology for torque split mild hybrid 

powertrain components is studied in [16], where dynamic 

programming is compared to a simple rule-based so 

called Equilibrium Point Strategy (EPS). In the rule-

based methodology, the hybridization ratio of powertrain 

is defined to have an equilibrium between regenerative 

braking energy and required electric traction energy. The 

results show that optimal hybridization ratios obtained 

through the global optimization are very close to the ones 

obtained by means of EPS. 

Anselma et.al [17] demonstrates the Power split HEV 

component sizing using so called slope-weighted energy-

based rapid control analysis (SERCA). However, the 

battery sizing issue is not directly discussed. 

Summarizing the methods of sizing the HEV battery 

present in the literature, it can be highlighted that the 

battery capacity is derived from the maximum traction 

power of the electric motor (i.e. maximum allowed 

discharge current of the battery) as: 

𝑄𝑘𝑊ℎ =
𝑃𝑒𝑚.𝑚𝑎𝑥

𝐶𝑚𝑎𝑥⋅𝜂𝑏.𝑑𝑐ℎ𝑔 
                 (1) 

or 

𝑄𝐴ℎ =
𝑃𝑒𝑚.𝑚𝑎𝑥

𝑉⋅𝐶𝑚𝑎𝑥⋅𝜂𝑏.𝑑𝑐ℎ𝑔 
                 (2) 

where 𝑄𝑘𝑊ℎ and 𝑄𝐴ℎ  - battery capacity in kWh or 

Ah, 𝑃𝑒𝑚.𝑚𝑎𝑥 - maximum power of the electric motor, 𝑉 - 

battery nominal voltage, 𝐶𝑚𝑎𝑥 - maximum discharge rate 

of the battery, 𝜂𝑏.𝑑𝑐ℎ𝑔 - average discharge efficiency of 

the battery. 

 

1.2 Battery sizing for Plug-in Hybrid Electric 

Vehicles. 

 

The possibility to extend a hybrid electric vehicle to a 

plug-in hybrid by adding an external battery to an 

existing one is studied in [18]. Based on different rules 

and assumptions implemented in the energy management 

strategy of the vehicle, an optimal size of the additional 

battery is obtained. NiMH technology is found to be the 

best compromise between vehicle performance and 

battery cost and volume. Markel and Simpson [19] 

present a method for the electric battery sizing based on 

full electric driving range, while in [20], convex 

optimization is applied to minimize objective functions 

composed by operational and HEV components’ costs. 

The battery capacity degrades with the life [21, 22, 23, 

24], which is referred as battery ageing [21] and can be 

estimated with battery state of health [22].  

In [23] and [24], the battery size of PHEV is defined 

considering its ageing by introducing a degradation 

factor.  

Synthesizing methods of PHEV battery sizing 

methodologies, the Equation (3) can be used without 

considering the battery degradation:  

 

𝑄𝑘𝑊ℎ =
∆𝐸𝑚𝑎𝑥

∆𝑆𝑂𝐶 
                   (3) 

 

Where ∆𝐸𝑚𝑎𝑥  maximum energy required for driving in 

full electric range (kWh) and ∆𝑆𝑂𝐶 is the battery 𝑆𝑂𝐶 

variation during the electric range. 

The analysis of the relevant literature about 

battery sizing of hybridized powertrains highlighted that 

the particular attention is paid to the use of a charge 

sustaining control strategies. They can be categorized as 

rule- or optimization-based strategies. In the rule-based 

strategies, ICE either provides a constant torque or works 

at Optimal Operating Line. The electric motor assists the 

ICE by adding or absorbing the extra torque. In the 

optimization-based strategies, different optimization 

techniques are used to define the torque split that 

minimizes the objective function with the goal of fuel 

consumption reduction. However, all these strategies 

utilize the charging of the battery by using ICE during the 

motion. This can lead to a battery size different from one 

needed to be enough for storing only the recovered 

braking energy. 

 

1.3 Contribution of the Paper. 

 

Based on the above analysis, what seems to be 

missing in the literature is a detailed analysis that focuses 

on how to size the battery of a mild parallel hybrid 

vehicle able to recover all the braking energy considering 

a motion on different driving cycles. In this regard, the 

use of a charge depleting strategy is reasonable since it 

maximizes the utilization of regenerated energy, while 

allowing recovering further energy in successive braking 

phases. Furthermore, it is of interest to understand what 

could be the maximum electric traction speed, which can 

guarantee the complete utilization of the regenerated 

energy allowing the equilibrium between the recovered 

and the utilized electrical energy. The main operational 

unknowns such as the driving cycle itself or the initial 

state of charge of the battery are also accounted in a large 

sensitivity analysis that has the goal to highlight, already 

in a design phase, how to select the proper battery size 

for the kind of vehicles under analysis.  

This paper presents a battery sizing methodology 

applied to a P4 Mild HEV configuration. In this 

architecture, the few dissipative components between the 

electric machine and the road allows a highly efficient 

regeneration of energy as well as low power 

consumptions during traction phases. The connection 

with the ICE, realized through the road, allows to 

completely uncoupling it with the electric motor by 

simply disengaging the mechanical clutch. Pure electric 

traction phase is therefore also allowed. In the proposed 

methodology, first, the maximum amount of recoverable 

energy over different driving cycles is analytically 

computed to establish a reference value, obtainable in the 

absence of any kind of powertrain losses. This value 

provides a first input to the battery sizing in case of 

complete and perfect regeneration. Considering a simple 

torque split strategy, the vehicle runs in pure electric 

mode up to a certain vehicle speed (electric traction 

speed) allowed by the e-powertrain limitations, while the 



 

remaining speed range is run in ICE-mode. Provided to 

guarantee the equilibrium between recovered and used 

energy, the fuel consumption can be compared for 

different battery sizes. A more refined design method is 

finally presented, including the effects of the maximum 

electric traction speed, the initial battery state of charge 

and its capacity. 

The main contribution of the paper, therefore, is the 

development of a method for sizing the battery of a P4 

mild HEV architecture able to achieve compromise 

between recovered energy and its utilization for different 

driving cycles while avoiding battery oversizing. The 

proposed methodology considers main constraints 

coming from powertrain, battery as well as electric motor 

traction capability. 

2. HYBRID ELECTRIC VEHICLE MODELING 

A forward modeling approach [2, 4, 25] for the hybrid 

electric vehicle has been selected due to its ability to 

reproduce the physical causality of the system while 

generating the typical driver commands (e.g. throttle, 

braking commands). The general structure of the model 

is shown in Figure 2. The model implementation of the 

main powertrain components (Longitudinal motion 

logic, ICE, P4 electric motor, battery) will be highlighted. 

Furthermore, the energy management strategy will be 

described in detail. The vehicle and powertrain main 

specifications are given in Table 1. 

 

 
Figure 2. Forward model implementation. 

 

2.1 Longitudinal motion logic 

 

The Longitudinal motion logic block computes the 

required throttle position (𝛼𝑡) and braking pressure (𝛽𝑝) 

using a PI controller. The input to the PI controller is the 

difference (speed error) 𝑒 between reference vehicle 

speed 𝑉𝑟𝑒𝑓  and actual speed of the vehicle 𝑉𝑎𝑐𝑡 .  

 

(𝛼𝑡 , 𝛽𝑝) = 𝐾𝑃(𝑉𝑎𝑐𝑡 − 𝑉𝑟𝑒𝑓) + 𝐾𝐼 ∫ (𝑉𝑎𝑐𝑡 − 𝑉𝑟𝑒𝑓)𝑑𝑡
𝑇

0
    

(4) 

 

with: 

{
0 ≤ 𝛼𝑡 ≤ 100         𝑒 ≥ 0 (𝑇𝑟𝑎𝑐𝑡𝑖𝑜𝑛)
0 ≤ 𝛽𝑝 ≤ 𝑝𝑚𝑎𝑥        𝑒 < 0 (𝐵𝑟𝑎𝑘𝑖𝑛𝑔)

 

 

where 𝑇 is the simulation time, 𝐾𝑃 and 𝐾𝐼  are the 

proportional and integral controller gains and 𝑝𝑚𝑎𝑥  is the 

maximum brake hydraulic circuit pressure. 

Furthermore, the block generates the gearshift signal 

based on the crankshaft angular speed. The upper limit of 

the crankshaft speed to perform an upshift is 2500 rpm 

and the lower limit to downshift is 1100 rpm. The process 

of the shifting the gear is utilized with a hysteresis loop 

to avoid frequent and unnecessary gear shifting.    

 

Parameter Value 

Vehicle 

Weight 1700 kg 

Tire 215/55 R17 

Aerodynamic drag 

coefficient 
0.35 

Frontal area 2.43 m2 

Engine 

Type 1.4 l, gasoline engine 

Maximum power 100 kW 

Maximum torque 230 Nm 

6 speed manual gearbox 

Gear ratios 4.2, 2.3, 1.4, 0.98, 0.76, 0.6 

Final drive ratio 4.44 

Electric motor 

Peak power 30 kW 

Peak torque 90 Nm 

Li-Ion Battery cell 

Nominal voltage 3.6 V 

Nominal capacity 4.4 Ah 

Table 1. Vehicle and powertrain data 

 

2.2 Internal Combustion Engine 

 

 
Figure 3. Internal combustion engine specific fuel 

consumption (𝑞 [g/HPh]) contour lines as a function of 

engine torque and rotational speed (both are represented 

as the ratio to max. value) and WOT characteristics. 

 

The ICE is modeled based on static maps. Mechanical 

torque 𝑇𝑖𝑐𝑒  is computed by means of the throttle aperture 

𝛼𝑖𝑐𝑒  defined by the controllers and through the torque-

speed map (Figure 3) defining the maximum engine 

torque (𝑇𝑖𝑐𝑒,𝑚𝑎𝑥) in wide open throttle (WOT) conditions 

as a function of the rotational speed of the engine itself 

(𝜔𝑖𝑐𝑒): 

 

𝑇𝑖𝑐𝑒 = 𝛼𝑖𝑐𝑒  𝑇𝑖𝑐𝑒,𝑚𝑎𝑥(𝜔𝑖𝑐𝑒)                  (5) 

 



 

Fuel mass flow rate 𝑚̇𝑓𝑢𝑒𝑙  is computed based on the 

mechanical power 𝑃𝑖𝑐𝑒 produced by the ICE and the 

specific fuel consumption 𝑞, as: 

 

𝑚̇𝑓𝑢𝑒𝑙 = 𝑃𝑖𝑐𝑒  𝑞                  (6) 

 

Fuel mass is obtained by integrating the mass flow rate 

over the simulation time. When ICE is in idling 

conditions (i.e. the mechanical power is zero) the fuel 

consumption is set to a constant value. 

The net torque at the output from the ICE crankshaft is 

therefore: 

 

𝑇𝑖𝑐𝑒
𝑜𝑢𝑡 = 𝑇𝑖𝑐𝑒 − 𝐽𝑖𝑐𝑒𝜔̇𝑖𝑐𝑒                              (7) 

 

Where, 𝐽𝑖𝑐𝑒  is the crankshaft inertia accounting for 

flywheel inertia and 𝜔̇𝑖𝑐𝑒 is the crankshaft rotational 

acceleration. 

 

2.3 Electric Motor 

 

The P4 electric motor model was also based on its static 

torque-speed map, as shown in Figure 4. In addition, the 

figure provides a map of the absorbed DC currents at the 

battery level 𝐼𝐷𝐶  as a function of EM torque (𝑇𝑒𝑚) and 

speed (𝜔𝑒𝑚), and computed as: 

 

𝐼𝐷𝐶 = (𝑇𝑒𝑚  𝜔𝑒𝑚 + 𝑃𝑙𝑜𝑠𝑠)/𝑉𝐷𝐶                 (8) 

 

where 𝑉𝐷𝐶is the battery DC link voltage and 𝑃𝑙𝑜𝑠𝑠 is the 

electric machine power loss, accounting for resistive 

losses only. The motivation for this assumption lies on 

the fact that copper losses are dominant in the low speed 

range (where the motor has to work the most) with 

respect to core losses [2]. 

The net torque at the electric motor shaft with a moment 

of inertia 𝐽𝑒𝑚 is: 

 

𝑇𝑒𝑚
𝑜𝑢𝑡 = 𝑇𝑒𝑚 − 𝐽𝑒𝑚𝜔̇𝑒𝑚                 (9) 

 

The thermal behavior of the electric motor is modeled by 

designing its cooling circuit and performance in Motor-

CAD environment. The windings temperature 

𝜃𝑒𝑚  dynamics can be described as a first order system: 

 

𝜃𝑒𝑚(𝑡) = 𝐾𝑃𝑑𝑖𝑠𝑠(𝑡)(1 − 𝑒−𝑡/𝜏)              (10) 

 

with 𝐾 and 𝜏 defined as the thermal resistance and time 

constant of the motor. Their interpolated values are 

implemented in the simulations.  

 

2.4 Battery 

 

The battery pack consists of multiple cells connected in 

series (to achieve the rated voltage) and parallel (to 

achieve the desired capacity). The battery pack was 

modeled as a voltage source 𝑉𝑜𝑐  in series with a resistance 

𝑅𝑏 as described in Equation 11. 

 

{
𝑉𝑜𝑐 = 𝑁𝑠𝑉𝑜𝑐,𝑐𝑒𝑙𝑙

𝑅𝑏 =
𝑁𝑠

𝑁𝑝
𝑅𝑐𝑒𝑙𝑙                      (11) 

 

where 𝑁𝑠 and 𝑁𝑝 are the number of cells connected in 

series and in parallel, respectively, 𝑉𝑜𝑐,𝑐𝑒𝑙𝑙  and 𝑅𝑐𝑒𝑙𝑙 are 

the cell open circuit voltage and resistance.  

 

 
Figure 4. Maximum torque characteristics and DC 

current map of the electric motor as a function of its 

torque and speed 

 

 
Figure 5. Li-Ion battery characteristics as a function of its 

𝑆𝑜𝐶. Marked lines are with 𝑄𝑛𝑜𝑚: Triangle - 4.4 Ah, 

Asterisk - 13.2 Ah, Square - 22 Ah, Circle - 30.8 Ah. 

 

The battery state of charge 𝑆𝑜𝐶 was defined as 

function of the initial battery state of charge (𝑆𝑜𝐶0) and 

of the nominal battery capacity (𝑄𝑛𝑜𝑚) as: 

 

𝑆𝑜𝐶 = 𝑆𝑜𝐶0 − ∫ 𝐼𝐷𝐶𝑑𝑡
𝑡

0
/𝑄𝑛𝑜𝑚                (12) 

 

The Figure 5 shows the open circuit voltage, 

internal resistance and peak DC current (in charge and 

discharge modes) as function of the state of charge for 

different capacity values of the considered Li-Ion battery. 

Charge and discharge modes are evidenced with the 

superscripts “𝑐” and “𝑑”. It should be noticed that the 



 

maximum discharge rate 𝐶𝑚𝑎𝑥 is relative high for the 

considered battery.  

 

2.5 Powertrain 

 

Gearbox and final drive of front and rear powertrain are 

modeled as transmission ratios with constant efficiencies 

(equal to 0.96). The torque at the front wheels was: 

 

𝑇𝑤
𝑓

= 𝜂𝑔𝑏,𝑓𝜂𝑑,𝑓𝑇𝑖𝑐𝑒
𝑜𝑢𝑡𝜏𝑔𝑏,𝑓𝜏𝑑,𝑓 −  𝐽𝑤𝜔̇𝑤             (13) 

 

where 𝜂𝑔𝑏,𝑓 and 𝜂𝑑,𝑓 are gearbox and differential 

efficiencies, 𝜏𝑔𝑏,𝑓 and 𝜏𝑑,𝑓 are gearbox and differential 

transmission ratios of the front axle, 𝐽𝑤 is the wheels 

inertia and 𝜔̇𝑤 is the wheels angular acceleration. The 

torque at the rear wheels was calculated as: 

 

𝑇𝑤
𝑟 = 𝜂𝑔𝑏,𝑟𝜂𝑑,𝑟𝑇𝑒𝑚

𝑜𝑢𝑡𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟 −  𝐽𝑤𝜔̇𝑤             (14) 

 

where 𝜂𝑔𝑏,𝑟 and 𝜂𝑑,𝑟 are gearbox and differential 

efficiencies, 𝜏𝑔𝑏,𝑟  and 𝜏𝑑,𝑟 are gearbox and differential 

transmission ratios of the rear axle. The vehicle 

longitudinal dynamics equation of motion is simply: 

 

𝑚𝑉̇ =
𝑇𝑤

𝑓
+𝑇𝑤

𝑟

𝑅0
− 𝐹𝑟𝑒𝑠 =  𝐹𝑥

𝑓
+ 𝐹𝑥

𝑟 − 𝐹𝑟𝑒𝑠             (15) 

 

Where 𝑚 is the vehicle mass, 𝑉̇ is the vehicle 

longitudinal acceleration, 𝑅0 is the tire rolling radius, 𝐹𝑥
𝑓
 

and 𝐹𝑥
𝑟 are the front and rear longitudinal forces, and 𝐹𝑟𝑒𝑠 

is comprehensive of the resistances to motion 

(aerodynamics, rolling, grade). 

 

2.6 Energy Management System 

 

The energy management system (EMS) is the 

supervisory controller that continuously interchanges 

information between the driver requests and the different 

on-board actuators’ control units with the goal of 

defining the torque set points of engine and electric 

motor. The EMS is constituted by three main layers 

described in the following. 

The selected control strategy can be considered as a 

charge depleting action, the simplest strategy that allows 

complete utilization of the regenerated braking energy 

and guarantees the energy equilibrium. However, the 

main difference of the considered control strategy from a 

conventional charge depleting one is that, either ICE or 

Electric motor can be used for traction of the vehicle and 

battery can be recharged only by regenerative braking. 

The presented method can be then exploited also in the 

case of the adoption of ICE load shifting as a part of a 

more sophisticated charge sustaining strategy. This 

would reflect on different performance in terms of fuel 

consumption and emissions and consequently on 

different battery size.  

 

 

2.6.1 Required Torque Computation.  

Based on the maximum capabilities (thermal and 

electrical) of the powertrain, the required traction torque 

at the ground level 𝑇𝑟𝑒𝑞
𝑡𝑟𝑎𝑐 is computed considering the 

driver throttle 𝛼𝑡 as partialization parameter: 

 

𝑇𝑟𝑒𝑞
𝑡𝑟𝑎𝑐 = 𝛼𝑡 ⋅ [𝑇𝑖𝑐𝑒,𝑚𝑎𝑥(𝜔)𝜏𝑔𝑏,𝑓𝜏𝑑,𝑓 +

𝑇𝑒𝑚,𝑚𝑎𝑥(𝜔)𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟]                                   (16) 

 

The required braking torque at the ground level (with 

mechanical clutch open) is: 

 

𝑇𝑟𝑒𝑞
𝑏𝑟𝑎𝑘𝑒 = 𝛽𝑝 ⋅ [𝑇𝑏𝑟𝑎𝑘𝑒 + 𝑇𝑒𝑚,𝑚𝑎𝑥(𝜔)𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟]            (17) 

 

𝑇𝑏𝑟𝑎𝑘𝑒  the maximum brake torque realizable by the 

passive friction brake system. In this case 𝛽𝑝 has the goal 

of partializing the maximum brake torque at the ground 

level. 

 

2.6.2 Electric Motor and Battery Limitations 

Computation.  
The electric powertrain limitations play a fundamental 

role on the actual benefits offered by the hybrid 

architecture. Functional constraints which limit either the 

electric motor or the battery usage should therefore be 

evaluated before the required torque computed in 

previous layer is distributed between front and rear 

powertrain. 

The maximum DC current (𝐼𝐷𝐶,𝑚𝑎𝑥) that can be handled 

both by the battery and by the electric motor should be 

firstly computed. Based on the actual battery 𝑆𝑜𝐶 and on 

its capacity, the maximum admissible current on the 

battery side (𝐼𝐷𝐶,𝑚𝑎𝑥
𝑏 ) is obtained from experimental 

maps both in charge and in discharge conditions (Figure 

5). Similarly, based on the actual electric motor speed, 

the maximum current manageable by the electric motor 

(𝐼𝐷𝐶,𝑚𝑎𝑥
𝑒𝑚 ) is obtained from maps as shown in Figure 4. 

Therefore, (𝐼𝐷𝐶,𝑚𝑎𝑥) is obtained based on the following 

criterion: 

 

𝐼𝐷𝐶,𝑚𝑎𝑥 = min [𝐼𝐷𝐶,𝑚𝑎𝑥
𝑏 (𝑆𝑜𝐶, 𝑄𝑛𝑜𝑚), 𝐼𝐷𝐶,𝑚𝑎𝑥

𝑒𝑚 (𝜔𝑒𝑚)](18) 

 

A inversed version of Figure 4 map considering as inputs 

the actual 𝜔𝑒𝑚 and the actual 𝐼𝐷𝐶,𝑚𝑎𝑥  is used to compute 

for each time instant the maximum amount of torque that 

the electric motor can provide to the wheels. This 

variable is depicted as 𝑇𝑒𝑚,𝑚𝑎𝑥
𝑛𝑜𝑚  and was limited based on 

additional constraints. 

By means of rules imposed on the battery 𝑆𝑜𝐶 and 

temperature 𝜃𝑏, and on the electric motor temperature 

𝜃𝑒𝑚 the limitations related to the electric motor traction 

or braking torques were introduced. Such rules were 

implemented in this layer using simple membership 

functions which range between 0 and 1. If any of the 

limitations do not occur, the functions are all equal to 1, 

leading the electric motor to be able to realize 𝑇𝑒𝑚,𝑚𝑎𝑥
𝑛𝑜𝑚 . 

Even if only one limitation took place, the torque 

(positive or negative) was then reduced proportionally to 

the value computed by the membership function, 

generating a new variable called 𝑇𝑒𝑚,𝑚𝑎𝑥
𝑙𝑖𝑚  (positive or 



 

negative). Such variable was the input of the next layer. 

Furthermore, considering more than one limitations 

resulted in limiting the product of the different 

membership functions output. They are set up in order to 

make the electric powertrain work within its functional 

ranges: 

 Battery charge level: 𝑆𝑜𝐶𝑚𝑖𝑛 < 𝑆𝑜𝐶 < 𝑆𝑜𝐶𝑚𝑎𝑥   

 Motor temperature: 𝜃𝑒𝑚,𝑚𝑖𝑛 < 𝜃𝑒𝑚 < 𝜃𝑒𝑚,𝑚𝑎𝑥  

 Battery temperature: 𝜃𝑏,𝑚𝑖𝑛 < 𝜃𝑏 < 𝜃𝑏,𝑚𝑎𝑥   

 

In the simulations, the battery temperature limitation is 

not enabled, as it requires a development and a validation 

of more sophisticated electro-thermal modelling. Its 

introduction can have influence the battery size [30].  

 

As a result, torque limits 𝑇𝑒𝑚,𝑚𝑎𝑥.𝑃𝑜𝑠
𝑙𝑖𝑚  and 𝑇𝑒𝑚,𝑚𝑎𝑥.𝑁𝑒𝑔

𝑙𝑖𝑚 , 

respectively in traction and braking, are generated. 

Another limitation not linked with the electric powertrain 

regards the maximum electric traction vehicle speed. 

Next section will illustrate the effects that this additional 

constraint have on the overall energy balance.  

 

2.6.3 Torque Split Strategy.  
 

The torque split strategy controller is responsible for the 

computation of the correct amount of torque that the 

different prime movers have to develop in order to let the 

vehicle follow the prescribed driving cycle. The core 

functionalities of a mild HEV such as regenerative 

braking, full electric lunch, Start&Stop were 

implemented. Therefore, the strategy firstly exploits the 

maximum capabilities of the electric powertrain, while 

then use the ICE to drive the vehicle in case the electric 

powertrain limitations do not allow full electric driving.  

The torque split factor 𝑢 is the variable used to determine 

the torque set points based on the required torque and the 

electric powertrain limitations. In case of traction (𝛼𝑡 >
0) the required torque can be expressed as: 

 

𝑇𝑟𝑒𝑞
𝑡𝑟𝑎𝑐 = (1 − 𝑢) ⋅ 𝑇𝑖𝑐𝑒

𝑎𝑐𝑡𝜏𝑔𝑏,𝑓𝜏𝑑,𝑓 + 𝑢 ⋅ 𝑇𝑒𝑚
𝑎𝑐𝑡  𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟 (19) 

 

where 𝑇𝑖𝑐𝑒
𝑎𝑐𝑡  and 𝑇𝑒𝑚

𝑎𝑐𝑡  are the actual torque set points of 

ICE and electric motor, respectively. The actual torque 

split strategy was implemented so that: 

 

{
𝑢 = 1 𝑇𝑟𝑒𝑞

𝑡𝑟𝑎𝑐 < 𝑇𝑒𝑚,𝑚𝑎𝑥𝑃𝑜𝑠
𝑙𝑖𝑚  𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟 

𝑢 = 0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
             (20) 

 

In such way, if the electric powertrain limitations take 

place but still allow the motor to produce the required 

torque, the vehicle is electrically driven only. In all the 

other cases the ICE only powers the front wheels. Hence, 

it can be considered as a charge depleting strategy. At 

each time step, either traction source (ICE or Electric 

motor) can be used. Charging the battery using the ICE 

is not considered in the strategy. The hybrid mode (ICE 

+ electric motor) is disabled because the aim is to 

investigate full potentials of the P4 electric powertrain. 

This is the main assumption that will be used in the next 

section regarding the battery sizing.  

In case of braking, the required torque was expressed as: 

 

𝑇𝑟𝑒𝑞
𝑏𝑟𝑎𝑘𝑒 = (1 − 𝑢) ⋅ 𝑇𝑏

𝑎𝑐𝑡 + 𝑇𝑒𝑚
𝑎𝑐𝑡  𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟               (21) 

 

where 𝑇𝑏
𝑎𝑐𝑡  is actual passive brakes torque. Then, the 

actual torque split strategy was: 

 

{
𝑢 = 1             𝑇𝑟𝑒𝑞

𝑏𝑟𝑎𝑘𝑒 < 𝑇𝑒𝑚,𝑚𝑎𝑥𝑁𝑒𝑔
𝑙𝑖𝑚  𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟

𝑢 = 0 & 𝑇𝑒𝑚
𝑎𝑐𝑡 = 𝑇𝑒𝑚,𝑚𝑎𝑥𝑁𝑒𝑔

𝑏𝑟𝑎𝑘𝑒         𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
               (22) 

 

which means that the priority is given to the electric 

regenerative braking, and the passive braking is active 

only to apply the amount of torque not realizable by the 

electric motor. 

A final remark was given regarding the clutch 

management. To exploit the maximum traction/braking 

capabilities of P4 architecture, whenever the electric 

motor was active the clutch disengaged the front 

powertrain with the rest of the vehicle. In this way, the 

rear motor has not to overcome the ICE inertia and its 

over-running torque in traction phases, and some of the 

available kinetic energy does not dissipate in the ICE 

during braking. 

 

𝑇𝑖𝑐𝑒
𝑎𝑐𝑡  and 𝑇𝑒𝑚

𝑎𝑐𝑡  torque set points are therefore sent to their 

corresponding control units. Thus, the engine control unit 

generates the correct engine throttle 𝛼𝑖𝑐𝑒  while the 

inverter sets up the proper current control. However, in 

this work the modeling of the two aforementioned units 

is neglected. 

3. BATTERY SIZING ANALYSIS 

The design of the electric battery for a mild HEV should 

be focused on the main functionalities of the overall 

architecture. The regeneration of braking energy owns 

the highest influence on the fuel economy and, therefore, 

should be maximized. The use of the electric traction is 

fundamental to reduce the fuel consumption to avoid the 

engine to operate at low efficiency regions. Nevertheless, 

the regeneration and the following use of the energy 

stored on-board should be balanced in order to optimize 

the use of the electric powertrain.  

In the following, a set of three analysis will be presented, 

highlighting the role that the different influencing 

parameters have on the battery size and its energy 

balance. 

 

3.1 Maximum Recoverable Energy over Cycle 

 

In the first analysis, the amount of energy that can be 

recovered during a certain driving cycle was computed, 

assuming neither losses (i.e. 100% efficiency) nor 

limitations in the powertrain. The stored regenerative 

energy at the end of each representative cycle is 

measured. 

Using energy modelling, the maximum recoverable 

energy over a driving cycle is computed as [4, 5, 25]: 

 

𝐸𝑟𝑒𝑔.𝑝𝑜𝑡 = 𝐸𝑘𝑖𝑛
𝑡𝑟𝑎𝑐 − (𝐸𝑟𝑜𝑙𝑙

𝑏𝑟𝑎𝑘𝑒 + 𝐸𝑎𝑒𝑟𝑜
𝑏𝑟𝑎𝑘𝑒 + 𝐸𝑔𝑟𝑎𝑑𝑒

𝑏𝑟𝑎𝑘𝑒)        (23) 



 

Figure 6 (top) shows the values of 𝐸𝑟𝑒𝑔.𝑝𝑜𝑡 for the 

different driving cycles analyzed here (NEDC, WLTP, 

FTP – 75, Artemis). Obviously, the lines connecting the 

different points have no meaning of data interpolation. 

They were introduced for a better data visualization only. 

The amount of recoverable energy was computed both 

considering a vehicle mass and accounting for the 

equivalent (apparent) mass due to inertia of rotating 

components. This increases the recoverable energy due 

to a higher kinetic energy during the traction phases; 

however, the increase is in the order of 8-10 %.  

Expressing 𝐸𝑟𝑒𝑔 in kJ and considering 𝑉𝐷𝐶 as a 

constant value, the recoverable energy in Ah can be 

computed as: 

 

𝑄𝐴ℎ =
𝐸𝑟𝑒𝑔

3.6 𝑉𝐷𝐶
                       (24) 

 

Figure 6 (bottom) shows the effect of the 

considered driving cycle and of the equivalent inertia on 

the recoverable energy. 

To avoid under-sizing of the battery and, 

consequently, making it not able to store all the available 

energy, it is suggested, in a preliminary design phase, to 

select the driving cycle with highest potential of 

recoverable energy. In such way, when working on a 

driving cycle with lower regeneration potential, the total 

recovery is guaranteed. Although valid only for an initial 

stage of the design, this analysis leads to an indication of 

the maximum size of the battery in ideal case. 

 

Figure 6. The maximum recoverable energy over 

different cycles in MJ (top) and converted to Ah 

(bottom). Solid line – vehicle mass, Dash-doted line – 

considering equivalent mass of rotating inertias. Dashed 

line – influence of rotating inertias in %. 

 

3.2 Powertrain Limitations and Battery Capabilities 

 

The second analysis considers both the charge and the 

discharge phases of the battery, assuming: 

 Powertrain efficiency lower than 100%; 

 Electric powertrain limitations; 

 Reversible battery, 

The simulations were performed considering the EMS 

described in Section 2.6. During traction phases the 

electric motor torque set point was computed using 

Equation 25 (where 𝑇𝑟𝑒𝑞 = 𝑇𝑟𝑒𝑞
𝑡𝑟𝑎𝑐), until the condition 

giving 𝑢 = 1 in Equation 20 was satisfied. 

 

𝑇𝑒𝑚
𝑎𝑐𝑡 =

𝑇𝑟𝑒𝑞

𝜏𝑔𝑏,𝑟𝜏𝑑,𝑟
                       (25) 

 

𝑇𝑒𝑚,𝑚𝑎𝑥𝑃𝑜𝑠
𝑙𝑖𝑚  accounts for all the powertrain limitations, 

including the maximum electric traction vehicle speed. 

Within this analysis, the latter parameter was set to a very 

high value so that the vehicle could potentially travel at 

any speed in pure electric mode. In case of 𝑢 = 0, the 

required torque is totally provided by the ICE. Similarly, 

during braking phases electric motor provided the 

required braking torque (𝑇𝑟𝑒𝑞 = 𝑇𝑟𝑒𝑞
𝑏𝑟𝑎𝑘𝑒 is used in 

Equation 25) until the condition 𝑢 = 1 in Equation 21 

was valid. Else, blended electric and passive braking 

torque was used to maximize the regeneration, 

considering the maximum electric torque capability. 

Finally, the recovered energy over the driving cycle with 

the total simulation time 𝑇 was computed as: 

 

𝐸𝑟𝑒𝑔 = ∫ (𝑉𝐷𝐶 − 𝑅𝑏
𝑐 ⋅ |𝐼𝐷𝐶|) ⋅ |𝐼𝐷𝐶|𝑑𝑡

𝑇

0
             (26) 

 

Figure 7 shows the simulations results of total recovered 

energy 𝐸𝑟𝑒𝑔 as a function of the battery capacity for the 

four driving cycles under analysis.  

 

 
Figure 7. Influence of the battery capacity on the actual 

recovered energy over different driving cycles. MAX is 

maximum recoverable energy described in Section 3.1. 

 

The results highlight that the recovered energy increases 

with increasing battery capacity up to a saturation zone. 

With increase of battery capacity, higher charge and 

discharge currents in the battery are allowed, leading to 

higher recovered energies. Furthermore, the bars labeled 

with MAX are representative of a maximum recoverable 

energy in ideal case considered in the analysis in Section 

3.1. The difference of recovered energy between 35.2 Ah 

and MAX capacity is only due to the powertrain 

efficiencies, introduced in this analysis. The powertrain 

limitations are not influencing, as the limits are very high. 

Due to the saturation of the recovered energy, the 

minimum battery size able to recover the highest amount 

of energy while owning the minimum mass can therefore 



 

be found. If the actual recovered energy is translated into 

a capacity 𝑄𝑟𝑒𝑔 (Equation 24), when plotting it as a 

function of the nominal capacity 𝑄𝑛𝑜𝑚 (Figure 8) in 

addition to the straight line 𝑄𝑟𝑒𝑔 = 𝑄𝑛𝑜𝑚 three main 

cases can be evidenced: 

 𝑄𝑟𝑒𝑔 > 𝑄𝑛𝑜𝑚. The regenerated capacity is 

higher than the nominal: the battery charges and 

discharges more than one time each cycle. 

 𝑄𝑟𝑒𝑔 = 𝑄𝑛𝑜𝑚. These points lead to a battery size 

able to store all the recoverable energy while 

introducing the lowest amount of mass on-

board. 

 𝑄𝑟𝑒𝑔 < 𝑄𝑛𝑜𝑚. The regenerated energy is lower 

than the nominal one, that means that the battery 

is oversized. 

 

Yellow points express the equality between battery 

capacity and recovered capacity, but since an increase of 

size would not introduce any consistent increase of the 

latter, they also represent minimum battery mass points.  

 
Figure 8. Effect of the battery capacity on the actual 

recovered energy along different driving cycles. 

 

This analysis has some drawbacks. Since the 

electric traction is performed without any limitation 

regarding the consumed energy, the battery continuously 

works around its minimum state of charge. Although the 

battery model previously described does not take into 

account for the state of health [22], it is known from the 

technology of Li-Ion batteries that similar working 

conditions lead to consistent damages. 

To overcome this issue, next analysis accounts for 

constraints related to the use of the stored battery energy, 

introducing the maximum electric traction vehicle speed 

as a tunable parameter. 

 

3.3 Effect of the Maximum Electric Traction Vehicle 

Speed and of the Initial State of Charge 

 

In this analysis, the influence of the speed 

controlled use of the electric traction has on the battery 

size is pointed out. Since the balance between consumed 

and recovered energy is a requirement for the sizing, it is 

clear that the initial state of charge 𝑆𝑜𝐶0 of the battery 

affects the battery capacity. 

The simulations of the previous section were 

performed setting the electric motor torque reference 

point to zero whenever the vehicle reached a fixed 

maximum electric traction vehicle speed. Furthermore, in 

order to avoid not consistent electric battery working 

conditions, if the state of charge reaches 𝑆𝑜𝐶𝑚𝑖𝑛 , the 

simulation was stopped and the recovered energy was not 

evaluated. During the braking phases, the regeneration 

was not subjected to any constraint. 

 The profile of the actual and reference speed on 

a WLTP cycle for a fixed battery capacity of 22 Ah is 

shown in Figure 9. It shows a good match of two speeds, 

which indicates the proper selection of PI controller 

coefficients and the gear shift strategy. Furthermore, the 

corresponding values of the ICE, the electric motor and 

the friction brake torques at corresponding wheel level 

are depicted. It can be seen that in the shown part of the 

cycle portion the friction brake is not used. The third 

subplot shows the SOC variation during the portion of the 

cycle. The initial SOC was 31.5 % in the presented 

simulation. 

  

 
Figure 9. The profile of speeds on portion of WLTP 

cycle, corresponding torque values at wheel level applied 

by the ICE, the electric motor and the friction brakes, and 

SOC time history for configuration with 22 Ah battery 

capacity. The initial SOC is 31.5 %. 

 

Figure 10 shows the values of recovered energy over a 

WLTP cycle as a function of different nominal capacities 

for three different maximum vehicle electric traction 

speed (20, 30 and 40 km/h). The lower the speed is, the 

more the regeneration potential reduces due to a limited 

consumed energy. This is explained by the fact that at low 

electric traction speeds, the battery cannot discharge 

enough to recover the braking energy. This phenomenon 

is amplified by the higher initial state of charge at the 

beginning of the cycle (continues and dashed lines in 

Figure 10). 



 

Oppositely, an increase of the consumed energy 

brought by a higher maximum electric traction vehicle 

speed leads to a potential energy recovery maximization, 

as demonstrated by the saturation zone of the Red curves 

related to 𝑉𝑚𝑎𝑥,𝑃𝐸 = 40 km/h. In this case, a higher initial 

state of charge is beneficial because it allows extending 

the feasible working area to lower battery capacities. 

 

 
Figure 10. Effect of the battery capacity on the actual 

recovered energy along WLTP cycle considering 

different maximum electric traction vehicle speeds and 

initial state of charge. The maximum vehicle electric 

traction speed 𝑉𝑚𝑎𝑥,𝑃𝐸 is equal to: Blue lines – 20 km/h, 

Magenta lines – 30 km/h, Red lines – 40 km/h, Black line 

– energy recovered on WLTP cycle obtained in Section 

3.2. Continuous lines: 𝑆𝑜𝐶0 = 50 %, dotted lines: 𝑆𝑜𝐶0 = 

70 %. 

 

The above mentioned fact can be demonstrated in 

Figure 11 where two values of the battery capacity (4. Ah 

and 22 Ah) and the initial SOC (50 and 70%) are 

considered. Figure 11a shows the time history of the 

battery SOC at 20 km/h electric speed, while Figure 11b 

is for 40 km/h. The figures highlight that with the smaller 

battery capacity (the black lines corresponds to 4.4 Ah) 

the SOC reaches its maximum value faster, due to less 

utilization of the electric traction. This fact is amplified 

with low electric traction speed (20 km/h) and higher 

initial SOC.  

It is clear from the presented analysis, that all the 

mentioned variables (driving cycle, maximum electric 

traction vehicle speed and initial state of charge) affects 

the amount of recovered energy, hence they play a central 

role in the definition of an optimal battery size. This 

analysis aimed at highlighting the criteria to properly 

account for them during the design, having clear the goal 

of energy regeneration maximization and balance 

between recovered and consumed energy.  

The difference between recovered (𝐸𝑟𝑒𝑔) and consumed 

(𝐸𝑐𝑜𝑛𝑠) energy ∆𝐸 is plotted in Figure 12 as a function of 

the battery size for different maximum electric traction 

speeds considering a variation in 𝑆𝑜𝐶0 (50 and 70 %) for 

a WLTP cycle. 

 

∆𝐸 = 𝐸𝑟𝑒𝑔 − 𝐸𝑐𝑜𝑛𝑠               (26) 

With reference to the lines related to low electric 

traction speed in Figure 12, ∆𝐸 increases with the battery 

capacity. Since the consumed energy over these lines is 

the same, the increment is only due to the rise of the 

effective storable energy, but above a saturation size, ∆𝐸 

remains constant because the battery is in fully charged 

condition. In addition, the influence of the initial state of 

charge is clearly visible. The lower is 𝑆𝑜𝐶0, the smaller 

is the battery size that allows the charge saturation. A 

higher 𝑆𝑜𝐶0 moves the battery charge saturation to higher 

sizes. In such condition, the driving cycle is lunched with 

an already charged battery, reducing the energy recovery 

potential. 

When the maximum electric traction vehicle 

speed increases, ∆𝐸 reduces due to the increase of the 

consumed energy. Considering as an example the lines 

corresponding to a speed of 41 km/h (Red asterisk marker 

in Figure 12), the initial state of charge affects the 

achievement of the energetic balance (∆𝐸 = 0): this 

condition is realized with a smaller battery size when the 

𝑆𝑜𝐶0 is high (Figure 12b). This takes place because the 

battery is already almost fully charged and the energy 

that can be recovered is exactly equal to that of spent, 

considering the imposed electric traction speed.  

Finally, energy balance points can be found with 

a certain speed, and they extend to lower battery sizes 

whenever the initial state of charge is high.  It is clear that 

for equal consumed energy, a battery with lower capacity 

discharges faster than a battery with higher capacity. If 

the battery is charged more at the beginning of the driving 

cycle, even considering a lower capacity, the vehicle is 

able to follow the prescribed cycle, without reaching the 

minimum state of charge (𝑆𝑜𝐶𝑚𝑖𝑛) limitation. 

Considering a driving cycle, each of the points 

present in Figure 12 is named 𝑝 and is characterized by a 

capacity, an initial state of charge, a maximum electric 

traction speed and difference between recovered and 

consumed energy: 

 

𝑝 = (𝑄𝑛𝑜𝑚 , 𝑆𝑜𝐶0, 𝑉𝑚𝑎𝑥,𝑃𝐸 , ∆𝐸)              (27) 

 

The points of equilibrium are points in which the 

recovered electrical energy equals the consumed 

electrical energy and are characterized by a value of ∆𝐸 

= 0. Therefore, assigning the superscript * to such values, 

it is found that: 

 

𝑝∗ = (𝑄𝑛𝑜𝑚
∗ , 𝑆𝑜𝐶0

∗, 𝑉𝑚𝑎𝑥,𝑃𝐸
∗ )              (28) 

 

This means that each equilibrium point is characterized 

by a certain value of battery capacity, initial state of 

charge and maximum electric traction speed. Thus, 

focusing on equilibrium points 𝑝∗ only, it is possible to 

understand how the battery size and the initial state of 

charge affects the maximum electric traction speed. 

Set of simulations were performed considering a dense 

range of maximum electric traction speeds, varying 𝑆𝑜𝐶0 

between 40 and 70 %. The battery capacity range 

between 4.4 and 44 Ah was considered. 

 

 



 

 

 
Figure 11. Time history of the battery SOC over WLTP cycle for two different nominal capacity of the battery 4.4 Ah 

and 22 Ah, 𝑆𝑜𝐶0 = 50 % and 70 % with maximum electric traction speeds (a) 20 km/h and (b) 40 km/h 

 

 
Figure 12. Difference between recovered and consumed energy over an NEDC cycle as a function of the battery 

capacity for different maximum electric traction speeds considering (a) 𝑆𝑜𝐶0 = 50 % (a) and (b) 𝑆𝑜𝐶0 = 70 % (b) 

 

 
Figure 13. (a) Sensitivity analysis regarding the influence of the battery capacity and the initial state of charge on the 

maximum electric traction vehicle speed that guarantees the energy balance on different driving cycles; (b) 

Superimposed surfaces and evaluation of minimum admissible battery capacity that ensures the energy balance.. 

 



 
Equilibrium points were obtained for different 

battery initial state of charge and the vehicle maximum 

electric traction speed during a certain driving cycle. In 

this way, the battery size that satisfies the equilibrium 

conditions was found for different driving cycles. 

Figure 13a shows the influence of the battery 

nominal capacity 𝑄𝑛𝑜𝑚 and initial state of charge 𝑆𝑜𝐶0 

on the vehicle electric traction speed 𝑉𝑚𝑎𝑥,𝑃𝐸 which 

guaranties the energetic equilibrium (∆𝐸 = 0) for 

different driving cycles under consideration. It should be 

noted that the equilibrium for that capacity and the initial 

SOC can be obtained only at certain 𝑉𝑚𝑎𝑥,𝑃𝐸. 

 

To obtain the points on surfaces, a certain battery 

nominal capacity, its initial state of charge and the 

driving cycle were chosen, while the vehicle electric 

traction speed was varied to obtain the energetic 

equilibrium (i.e. the equality of the regenerated and the 

used electrical energy). The data tips of the points 

indicate the value of the initial state of charge (X), the 

nominal battery capacity (Y) and the maximum electric 

traction vehicle speed (Z) used in the simulation. Once 

all the possible energy equilibrium points are obtained for 

the given drive cycle, other drive cycles were used for 

points generation. The green, red, black and yellow line 

grid surfaces represent the Artemis, WLTP, NEDC and 

FTP cycles, respectively. As it can be seen, the surfaces 

do not cover all the nominal capacity and the initial state 

of charge points. The motivation behind discarding set of 

points is that of not being possible to find the electric 

traction vehicle speed that guarantees the energy 

equilibrium. Therefore, such points do no present in 

Figure 13. 

With the surfaces obtained in Figure 13a, the 

battery size selection procedure continues with three 

more steps, such as: 

 Selection of a proper 𝑆𝑜𝐶0; 

 Superimposition of the driving cycle surfaces in 

order to find the minimum battery size 

admissible for all the cycles; 

 Sensitivity analysis on 𝑉𝑚𝑎𝑥,𝑃𝐸 in order to 

evaluate which speed has less impact on the 

energy balance for all the driving cycles. 

The first step is clearly the most difficult to perform. 

Finding the most representative battery initial state of 

charge upon which the design should be based is far from 

being an easy job. The external charging is not provided 

and it is practically impossible to know it a priori 

whenever the driver switches on the vehicle after a 

shutdown. Statistical analysis or experimental tests based 

on real world driving situations could clearly give better 

insights regarding this point. For case study only, an 

intermediate value of 𝑆𝑜𝐶0 = 50 % is chosen. 

In the second step, the superimposition of the 

surfaces is performed (Figure 13b). This allows 

visualizing the area inclusively covered by all the 

considered drive cycles. The area covered by all the 

surfaces allows full recovery of the regenerated energy 

on all the cycles. In such way, the combination of the 

initial state of charge, the nominal capacity and the 

maximum electric traction vehicle speed which satisfies 

the energy equilibrium in various driving conditions can 

be defined. 

By imposing 𝑆𝑜𝐶0 = 50 %, the minimum battery capacity 

able to satisfy the energy balance for all the driving 

cycles is found to be 26.4 Ah. This battery capacity 

corresponds to 1.267 kWh capacity considering the 

nominal battery pack voltage equal to 48 V. 

The dotted red point of Figure 13b is characterized 

by four 𝑉𝑚𝑎𝑥,𝑃𝐸, each one optimized for its specific 

driving cycle. The goal of the last step is to understand 

which of the four has less impact on its energy balance. 

A correlation matrix shown in Table 2 can be filled. The 

speed value 𝑉𝑚𝑎𝑥,𝑃𝐸 with the smallest average ∆𝑆𝑜𝐶 for 

different driving cycles (𝐶𝑛) can be considered as a 

maximum speed limit.  

 

 𝑉𝑚𝑎𝑥,𝑃𝐸,1 𝑉𝑚𝑎𝑥,𝑃𝐸,2 𝑉𝑚𝑎𝑥,𝑃𝐸,𝑟 𝑉𝑚𝑎𝑥,𝑃𝐸,𝑛 

𝐶1 0 ∆𝑆𝑜𝐶1,2 ∆𝑆𝑜𝐶1,𝑟 ∆𝑆𝑜𝐶1,𝑛 

𝐶2 ∆𝑆𝑜𝐶2,1 0 ∆𝑆𝑜𝐶2,𝑟 ∆𝑆𝑜𝐶2,𝑛 

𝐶3 ∆𝑆𝑜𝐶3,1 ∆𝑆𝑜𝐶3,2 0 ∆𝑆𝑜𝐶3,𝑛 

𝐶4 ∆𝑆𝑜𝐶4,1 ∆𝑆𝑜𝐶4,2 ∆𝑆𝑜𝐶4,𝑟 0 

Table 2. A correlation matrix between drive cycle (𝐶𝑛) 

and maximum electric traction speed (𝑉𝑚𝑎𝑥,𝑃𝐸) regarding 

the energy balance.  

 

The analysis described in this section is the most 

complete one that takes into account the larger number of 

variables and considers realistic powertrain working 

conditions. Oppositely, the first analysis takes only into 

account information of the recoverable energy during the 

driving cycle and sizing the battery directly based on it. 

The second analysis, instead, allows obtaining a battery 

size sufficiently large to maximize the recovered energy, 

provided that the battery can always work above its 

minimum admissible charge threshold and assuming a 

constant initial state of charge of 50 %. If the first 

analysis leads to an over-dimensioning of the battery 

capacity, the second one leads to under-dimensioning, 

while the third lets the designer to consider several 

driving conditions all together while focusing on real 

powertrain limitations. Therefore, it can be stated that the 

third analysis gives an intermediate solution between the 

first and the second one, considering the simple energy 

management strategy (pure electric traction – pure 

thermal traction) while accounting for several realistic 

driving and working conditions. It can be used as a 

method for sizing the battery of mild HEVs whenever the 

full recovery and utilization of braking energy and the 

electric traction speed are design constraints.  

 



 
4. CONLUSIONS 

 

This paper presents analysis and methods to size the 

electric battery for P4 mild HEV. The critical analysis of 

the existing methods of battery sizing demonstrates that 

HEV battery are sized either to match maximum power 

requirement of the electric motor in traction or to be able 

to deliver enough energy range of electric driving only. 

However, the sizing with the goal to maximize the 

regenerative braking energy, so far, is not considered in 

the literature. Firstly, the energy potential of the different 

driving cycles is defined. Using forward modelling 

approach and implementing simple ON-OFF control 

strategy the sensitivity analysis of how the battery size 

affects the recovered energy is studied. The influence of 

the powertrain efficiencies and limitations, initial state of 

charge of the battery and pure electric traction speed is 

also highlighted. Finally, the method able to size the 

battery size that maximizes the benefits due to 

regeneration of the braking energy is presented. 

Future works could involve the battery sizing for 

different mild HEV architectures with electrified 

accessories (e.g. electrified water pump, air conditioning 

compressor, and electrified power steering pump) using 

different control strategies. The optimization based 

control strategies that use the load-shifting feature to 

maximize the fuel economy, obviously requires an 

additional battery capacity with respect to the minimum 

size able to recover the available braking energy only. 

Since, the goal was to address the energy recovery 

maximization, the use of different control strategies and 

their influence on the battery size could be scope of 

another work. It would be also reasonable to investigate 

the influence of the battery thermal limitations on its size. 
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