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Abstract 

The global challenge of reducing pollutant and greenhouse gas emissions has forced the development of alternatives to traditional 
internal combustion engine vehicles, such as electric or hybrid vehicles. Electric engines are the most efficient for delivery trucks 
or city buses. Their acceleration and deceleration patterns make them inefficient for the use of internal combustion engines. 
However, their range and purchase cost are the main factors limiting their use in these applications. The range and acquisition cost 
of an electric vehicle are mainly related to the energy storage system. Therefore, the optimal size of the battery pack should be 
considered as a design objective when its application is known. This paper presents a methodology to optimize the battery pack of 
an electric vehicle based on a given travel distance in a target time. Therefore, it would be applicable to delivery vehicles, buses 
and any vehicle whose route and travel time are known in advance. The proposed methodology allows minimizing energy 
consumption by determining the optimal gear ratio for a given route, setting the travel time as a target. A complete vehicle model 
and a multi-objective genetic algorithm are used for this purpose. 
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1. Introduction 

Vehicle manufacturers, R&D centers and universities, among others, have launched electric vehicle projects to 
reduce carbon emissions and dependence on fossil fuel energy. Many configurations of electric vehicles are designed 
to attain these objectives (Bayindir, 2001). There are many applications where an electric vehicle can be used in a 
very efficient way. For example, delivery trucks, in which acceleration and deceleration patterns makes them 
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inefficient for using internal combustion engines, can be optimized by using electric trucks (Zhao, 2016). Other 
optimal use can be related to urban buses, in which the zero tail pipe emissions make them the best actual option (Qin, 
2016). Something similar would happen in racing electric vehicles, where the track is known and a reference time for 
the lap is set. 

Already knowing the route and an estimated time (Cuesta, 2016), gives us the chance of designing the vehicle 
especially for it purposes. In what concerns to electric vehicles, one of the most relevant decisions is made during the 
powertrain design. A regular approach to the design of the powertrain in electric vehicles, starts with selecting the 
proper motor power and transmission parameters requirements (Yu, 2017). This approach can be a simple solution to 
this problem, but for many other scenarios, it does not achieve an optimal configuration (Kanchwala, 2017). 

Hand in hand with the lack of transmission, clutch or gears, the electric vehicle needs to be extremely efficient, in 
order to minimize the consumption of energy. For this matter, the influence of including a gearbox with a gear ratio 
can be determinant on its efficiency (Ren, 2009). This is highly related to the range and performance of the vehicle 
(Luque,2013 - Abdelrahman, 2017). 

In some studies, (Basso, 2019) the authors focus the effort on planning the most efficient route, in order to minimize 
the energy, consume. Other papers establish the necessity of designing an efficient gearbox for the powertrain, which 
plays a key role in the design of electric and hybrid vehicles (Dagci, 2018). In Kulik (2018), they pose the option of 
estimating the requirements for a hybrid electric powertrain base on analysis of the city vehicle GPS track together 
with accelerometer data. 

In relation to the techniques used for the optimization of the powertrain, some studies have explored the option of 
using genetic algorithm as a strategy for optimization the parameters of the powertrain of a hybrid vehicle. Among 
that, the use of multi-objective design for different systems of vehicles, it is widely used (Callejo, 2015) for 
optimization. 

This multi-objective genetic algorithm can also be used to define operational strategies of, for example, fleets of 
trucks, reducing its operational cost, for an early amortization of the expensive hybrid electric vehicles (Fries, 2017). 

It can be seen the appropriateness of developing an optimization method, that defines the optimal powertrain for 
an electric vehicle and a determined route (Luque, 2020). An already defined path and time, allows the designer to 
find a solution adapted to the specific need of the vehicle (Valle, 2018). The use of multi-objective genetic algorithms 
for this matter, would serve as a reliable generic method of finding the optimal configuration for the powertrain 
(Luque, 2021), for a case given the particularities of the route.  

This paper presents a methodology to calculate the optimal transmission for a given route, setting the travel time 
as a target. This would allow adapting the transmission ratio to the route, being applicable to transport vehicles on one 
or several given routes. It would allow designing optimal transmissions or gearboxes for each route or defining an 
automatic shifting strategy depending on the selected route. 

 

 

Fig. 1. Flowchart of proposed methodology 
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2. Methodology 

This work proposes an optimization methodology for powertrain design. The minimization of the weight of the 
battery pack is established as design objective. Problem constraints are a given route and the travel time. The proposed 
flowchart is the one shown in figure 1. 

The characterization of the route, the vehicle to be optimized and the reference time are established as a starting 
point. With all this in mind the possible design constraints and limitations, a first set of initial values of the parameters 
to be optimized is proposed. These values include aspects of the powertrain design, such as transmission ratio or 
engine characteristics. In addition, the mass of the battery is another parameter to optimize. 

These parameters allow to obtain, after calculation with the module "simulator", the results of time (𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and 
consumed energy (𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). These obtained values are evaluated with the time set as a reference (𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) and 
the stored energy, obtaining the values error of time (𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and energy (𝜀𝜀𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒). By using a multi-target genetic 
algorithm, the modification of the design parameters is proposed in order to minimize the errors obtained. When the 
stopping criteria have been reached, the optimization process stops. 

3. Analysis of electric vehicle dynamics 

The electric vehicle under study has a powertrain that can be characterized by the following parameters: Maximum 
torque (𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), Maximum power (𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), Maximum engine speed and Total transmission ratio (𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡). These values are 
supposed to be optimized according to the needs of the study. It may be that some of these values are set at the 
beginning of the study, having, for example, restrictions on the type of motor to be used. Another characteristic 
parameter of the motor is the cut-off speed (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). This speed sets the limit between maximum torque and constant 
power traction. Various yields and efficiencies will also be taken into account in the powertrain design. The powertrain 
design allows to obtain, in every location of the route, the traction force (𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇), including the effect of all drive axles. 

𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 + 𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟    (1) 

In addition, the mass in running order of the vehicle is known and the load status. Regarding the battery pack, the 
type and therefore the voltage of each cell, cell unit weight and energy density are taken as initial information. The 
full weight of the battery pack (𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏) is considered a design variable that is intended to minimize for the given route. 
 

 

Fig. 2. Vehicle dynamics 

According to Figure 2, the dynamics of the vehicle is characterized by resistances or drag forces that include both 
the rolling resistances on the axles (𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟, 𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ), as well as the aerodynamic resistances (𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓), other mechanical losses, 
and the grade resistance (Allonca, 2019). The over-all drag forces are characterized by the following expression: 

θ

𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 · 𝑔𝑔𝑔𝑔
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𝑅𝑅𝑅𝑅 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 · 𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡) + 𝐶𝐶𝐶𝐶 · 𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡) + 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔 · 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    (2) 

The total mass of the vehicle (𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡) can be expressed as the sum of the mass of energy storage systems (𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏), such 
as batteries and auxiliary systems and the rest of the vehicle's masses (𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣). Depending on the powertrain design, drive 
shaft position, wheelbase, weights in every shaft (𝑊𝑊𝑊𝑊𝑓𝑓𝑓𝑓,𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟) and center of gravity position, the vehicle's traction capacity 
may be limited by the adhesion of the drive wheels to the rolling surface. It should therefore be checked, both the 
performance of the powertrain and the limitations of the environment. 

4. Route analysis 

As already mentioned, the method proposed on this paper has the objective of defining an optimization method for 
designing the powertrain of an electric vehicle, knowing its final purpose. This includes knowing a reference time for 
the route and the route itself. A route can be a complex consecution of different sections like strait lines, open curves, 
closed curves, uphill or downhill. This makes the study of the route quite complex, taking in mind the necessity of 
applying the equations to the entire track. To simplify this problem, a solution is proposed. If we can find a method to 
typify every section of a route, and then apply the calculation process to it summing up all the sections at the end, will 
be easier, more precise and more efficient. The general methodology implies that the complete route for which you 
want to optimize the vehicle must be divided into sections that are characterized by having the constant values of the 
section parameters. The parameters that characterize each section are: Start point, End point, Ramp/slope, Radius of 
curvature (in the case of a straight section, the radius is considered to be infinite, ∞) and adhesion. If a change of 
ramp/slope or adhesion occurs on the same constant radius curve, it must be divided into as many sections as there 
are different values.  

After the analysis of the route, there is a division of sections characterized by its starting and ending point. If 
distances to the origin are taken, it is clear that the endpoint of a section (n) coincides with the start of the next one 
(n+1). Each section must be characterized by a maximum speed (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), which is function of the vehicle and the road. 
The vehicle has a circulation limit according to the powertrain. The road imposes a limit that is a function of the 
maximum lateral acceleration radius of curvature and the posted speed. Once the route partition has been defined, the 
behaviour of the vehicle within each section must be analyzed.  

The simulator considers that the initial speed of the section (𝑠𝑠𝑠𝑠) is the final speed of the stretch (𝑠𝑠𝑠𝑠 − 1), so when it 
reaches that section, the speed is assumed to be known. In general, it is established as a condition that when it under 
traction force, the powertrain will be considered the maximum tractive effect (considering both the limit of the 
powertrain and the adhesion). The maximum speed in every section cannot be exceed. At the end of the section (𝑠𝑠𝑠𝑠) 
cannot be exceed the starting limit speed of the next section (𝑠𝑠𝑠𝑠 + 1), which will be taken by default the maximum 
speed. If the vehicle is driving at a speed higher than the final speed, a braking procedure must be established. The 
point from which braking must start must be determined to reach the end of the run at the defined speed. 

As a conclusion, a complex and long track can be automatically segmented into an undefined number sub-tracks 
or sections, each one also defined by its parameters that can be its length 𝑙𝑙𝑙𝑙, its slope 𝑠𝑠𝑠𝑠, its initial speed 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, its 
maximal speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 and its final speed 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. In general, each section can be defined by its maximal speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚, 
that restrict the circulation throw that section. For example, if the maximal speed of the section is greater than the 
cutoff speed of the motor of the vehicle, it can be defined four different dynamic behaviors:  

A. The vehicle accelerates from 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 to 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 at constant torque. The acceleration in this subsection is: 

𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡𝑡𝑡) =
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡

𝑅𝑅𝑅𝑅 −�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�

𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾
    (3) 

B. The vehicle accelerates from 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 to 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 at constant power. The acceleration in this subsection is: 

𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡𝑡𝑡) =
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣 −�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�

𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾
    (4) 
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2. Methodology 

This work proposes an optimization methodology for powertrain design. The minimization of the weight of the 
battery pack is established as design objective. Problem constraints are a given route and the travel time. The proposed 
flowchart is the one shown in figure 1. 

The characterization of the route, the vehicle to be optimized and the reference time are established as a starting 
point. With all this in mind the possible design constraints and limitations, a first set of initial values of the parameters 
to be optimized is proposed. These values include aspects of the powertrain design, such as transmission ratio or 
engine characteristics. In addition, the mass of the battery is another parameter to optimize. 

These parameters allow to obtain, after calculation with the module "simulator", the results of time (𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and 
consumed energy (𝐸𝐸𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). These obtained values are evaluated with the time set as a reference (𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) and 
the stored energy, obtaining the values error of time (𝜀𝜀𝜀𝜀𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) and energy (𝜀𝜀𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒). By using a multi-target genetic 
algorithm, the modification of the design parameters is proposed in order to minimize the errors obtained. When the 
stopping criteria have been reached, the optimization process stops. 

3. Analysis of electric vehicle dynamics 

The electric vehicle under study has a powertrain that can be characterized by the following parameters: Maximum 
torque (𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), Maximum power (𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), Maximum engine speed and Total transmission ratio (𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡). These values are 
supposed to be optimized according to the needs of the study. It may be that some of these values are set at the 
beginning of the study, having, for example, restrictions on the type of motor to be used. Another characteristic 
parameter of the motor is the cut-off speed (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡−𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐). This speed sets the limit between maximum torque and constant 
power traction. Various yields and efficiencies will also be taken into account in the powertrain design. The powertrain 
design allows to obtain, in every location of the route, the traction force (𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇), including the effect of all drive axles. 

𝐹𝐹𝐹𝐹𝑇𝑇𝑇𝑇 = 𝐹𝐹𝐹𝐹𝑓𝑓𝑓𝑓 + 𝐹𝐹𝐹𝐹𝑟𝑟𝑟𝑟    (1) 

In addition, the mass in running order of the vehicle is known and the load status. Regarding the battery pack, the 
type and therefore the voltage of each cell, cell unit weight and energy density are taken as initial information. The 
full weight of the battery pack (𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏) is considered a design variable that is intended to minimize for the given route. 
 

 

Fig. 2. Vehicle dynamics 

According to Figure 2, the dynamics of the vehicle is characterized by resistances or drag forces that include both 
the rolling resistances on the axles (𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟, 𝑅𝑅𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ), as well as the aerodynamic resistances (𝑅𝑅𝑅𝑅𝑓𝑓𝑓𝑓), other mechanical losses, 
and the grade resistance (Allonca, 2019). The over-all drag forces are characterized by the following expression: 

θ

𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡 · 𝑔𝑔𝑔𝑔
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𝑅𝑅𝑅𝑅 = 𝐴𝐴𝐴𝐴 + 𝐵𝐵𝐵𝐵 · 𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡) + 𝐶𝐶𝐶𝐶 · 𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡) + 𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑔𝑔𝑔𝑔 · 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠    (2) 

The total mass of the vehicle (𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡) can be expressed as the sum of the mass of energy storage systems (𝑚𝑚𝑚𝑚𝑏𝑏𝑏𝑏), such 
as batteries and auxiliary systems and the rest of the vehicle's masses (𝑚𝑚𝑚𝑚𝑣𝑣𝑣𝑣). Depending on the powertrain design, drive 
shaft position, wheelbase, weights in every shaft (𝑊𝑊𝑊𝑊𝑓𝑓𝑓𝑓,𝑊𝑊𝑊𝑊𝑟𝑟𝑟𝑟) and center of gravity position, the vehicle's traction capacity 
may be limited by the adhesion of the drive wheels to the rolling surface. It should therefore be checked, both the 
performance of the powertrain and the limitations of the environment. 

4. Route analysis 

As already mentioned, the method proposed on this paper has the objective of defining an optimization method for 
designing the powertrain of an electric vehicle, knowing its final purpose. This includes knowing a reference time for 
the route and the route itself. A route can be a complex consecution of different sections like strait lines, open curves, 
closed curves, uphill or downhill. This makes the study of the route quite complex, taking in mind the necessity of 
applying the equations to the entire track. To simplify this problem, a solution is proposed. If we can find a method to 
typify every section of a route, and then apply the calculation process to it summing up all the sections at the end, will 
be easier, more precise and more efficient. The general methodology implies that the complete route for which you 
want to optimize the vehicle must be divided into sections that are characterized by having the constant values of the 
section parameters. The parameters that characterize each section are: Start point, End point, Ramp/slope, Radius of 
curvature (in the case of a straight section, the radius is considered to be infinite, ∞) and adhesion. If a change of 
ramp/slope or adhesion occurs on the same constant radius curve, it must be divided into as many sections as there 
are different values.  

After the analysis of the route, there is a division of sections characterized by its starting and ending point. If 
distances to the origin are taken, it is clear that the endpoint of a section (n) coincides with the start of the next one 
(n+1). Each section must be characterized by a maximum speed (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚), which is function of the vehicle and the road. 
The vehicle has a circulation limit according to the powertrain. The road imposes a limit that is a function of the 
maximum lateral acceleration radius of curvature and the posted speed. Once the route partition has been defined, the 
behaviour of the vehicle within each section must be analyzed.  

The simulator considers that the initial speed of the section (𝑠𝑠𝑠𝑠) is the final speed of the stretch (𝑠𝑠𝑠𝑠 − 1), so when it 
reaches that section, the speed is assumed to be known. In general, it is established as a condition that when it under 
traction force, the powertrain will be considered the maximum tractive effect (considering both the limit of the 
powertrain and the adhesion). The maximum speed in every section cannot be exceed. At the end of the section (𝑠𝑠𝑠𝑠) 
cannot be exceed the starting limit speed of the next section (𝑠𝑠𝑠𝑠 + 1), which will be taken by default the maximum 
speed. If the vehicle is driving at a speed higher than the final speed, a braking procedure must be established. The 
point from which braking must start must be determined to reach the end of the run at the defined speed. 

As a conclusion, a complex and long track can be automatically segmented into an undefined number sub-tracks 
or sections, each one also defined by its parameters that can be its length 𝑙𝑙𝑙𝑙, its slope 𝑠𝑠𝑠𝑠, its initial speed 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓, its 
maximal speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 and its final speed 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. In general, each section can be defined by its maximal speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚, 
that restrict the circulation throw that section. For example, if the maximal speed of the section is greater than the 
cutoff speed of the motor of the vehicle, it can be defined four different dynamic behaviors:  

A. The vehicle accelerates from 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 to 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 at constant torque. The acceleration in this subsection is: 

𝑎𝑎𝑎𝑎𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡𝑡𝑡) =
𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡

𝑅𝑅𝑅𝑅 −�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�

𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾
    (3) 

B. The vehicle accelerates from 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 to 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 at constant power. The acceleration in this subsection is: 

𝑎𝑎𝑎𝑎𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑡𝑡𝑡𝑡) =
𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣 −�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�

𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾
    (4) 
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C. The vehicle circulates at constant speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚. The acceleration in this subsection is 0. In this case the tractive 
force must be such that it equals the drag resistances, resulting in zero acceleration  

 
D. The vehicle breaks from 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 to 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. The acceleration of this subsection is: 

𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) = −𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏−�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�
𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾

    (5) 

 A general sequence of speed variation is shown in figure 3. 
 

 

Fig. 3. Speed variation in a general section. 

The simulation module analyzes the dynamic response of the vehicle in every section of the given track. The 
calculation procedure include la classification of the different subsections, according to the vehicle response. The total 
length of a section is described by 4 subsections, having each one its own length: 

 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Subsection length associated to the maximal torque. 
 𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Subsection length associated to the maximal power. 
 𝐿𝐿𝐿𝐿𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Subsection length associated to the maximal speed. 
 𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏: Subsection length associated to the braking phase. 

At the end, the total length of a 𝑖𝑖𝑖𝑖-section 𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) is the sum of the length of this 4 subsections: 

𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) = 𝐿𝐿𝐿𝐿𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖) + 𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖) + 𝐿𝐿𝐿𝐿𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐(𝑖𝑖𝑖𝑖) + 𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏(𝑖𝑖𝑖𝑖)   (6) 

These lengths can be calculated based on the dynamic behaviour of the vehicle. 

𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) = ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

+ ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

+ 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 · 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

+ ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

   (7) 

The total time spend in go across a section is describe by 4 subsections, having each one its own time: 
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 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum torque. 
 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum power. 
 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum speed. 
 𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏: Time spend going throw the breaking section. 

At the end, the total time spend going throw a section is the sum of the time needed for the 4 subsections: 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏    (8) 

The total time (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) to travel the section will be: 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖

+ ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

+ 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐

+ ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

  (9) 

As it can be seen, a general section of the route or track can be composed by the combination of these four types 
of subsections. In case of vehicle and route limitations, in each study section in which the route has been divided, one 
or more subsections may disappear. Some special cases could appear, as follows: 

• The maximum speed is not reached: This implies that the maximum speed phase (C) disappears. In that case 
𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0. It can be expressed mathematically as: 

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 ,∀𝑡𝑡𝑡𝑡 (10) 

• The maximum speed acceleration of the run is not reached (B): This implies that the maximum speed phase 
disappears. Speed (𝑣𝑣𝑣𝑣) never exceeds the change rate (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ). It can be expressed as:  

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐 ,∀𝑡𝑡𝑡𝑡 (11) 

This can occur with or without maximum speed phase. If you the maximum speed phase is not reached, an 
additional constraint should be considered: 

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐   (12) 

• No braking phase: This implies that the braking phase (B) disappears. In that case the speed does not reach the 
final speed. 

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,∀𝑡𝑡𝑡𝑡  (13) 

This can be achieved in three different ways:  

I. Finishing the section in maximum speed 
II. Finishing the section at maximum power 

III. Finishing the section at maximum torque 

• It starts from acceleration at constant power: This implies that the acceleration phase at maximum torque (A) 
disappears. In that case the initial speed exceeds the cut-off speed. 

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 < 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  (14) 

• The run starts at constant speed and equal to the maximum: This implies that the acceleration phase disappears. 
In that case, the initial speed is equal to the maximum speed. 
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C. The vehicle circulates at constant speed 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚. The acceleration in this subsection is 0. In this case the tractive 
force must be such that it equals the drag resistances, resulting in zero acceleration  

 
D. The vehicle breaks from 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 to 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓. The acceleration of this subsection is: 

𝑎𝑎𝑎𝑎𝑏𝑏𝑏𝑏(𝑡𝑡𝑡𝑡) = −𝐹𝐹𝐹𝐹𝑏𝑏𝑏𝑏−�𝐴𝐴𝐴𝐴+𝐵𝐵𝐵𝐵·𝑣𝑣𝑣𝑣(𝑡𝑡𝑡𝑡)+𝐶𝐶𝐶𝐶·𝑣𝑣𝑣𝑣2(𝑡𝑡𝑡𝑡)+𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠�
𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝛾𝛾𝛾𝛾

    (5) 

 A general sequence of speed variation is shown in figure 3. 
 

 

Fig. 3. Speed variation in a general section. 

The simulation module analyzes the dynamic response of the vehicle in every section of the given track. The 
calculation procedure include la classification of the different subsections, according to the vehicle response. The total 
length of a section is described by 4 subsections, having each one its own length: 
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 𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Subsection length associated to the maximal power. 
 𝐿𝐿𝐿𝐿𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Subsection length associated to the maximal speed. 
 𝐿𝐿𝐿𝐿𝑏𝑏𝑏𝑏: Subsection length associated to the braking phase. 

At the end, the total length of a 𝑖𝑖𝑖𝑖-section 𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) is the sum of the length of this 4 subsections: 
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These lengths can be calculated based on the dynamic behaviour of the vehicle. 

𝐿𝐿𝐿𝐿(𝑖𝑖𝑖𝑖) = ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑡𝑡𝑡𝑡𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚𝑖𝑖𝑖𝑖

+ ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

+ 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 · 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

+ ∫ 𝑣𝑣𝑣𝑣·𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

   (7) 

The total time spend in go across a section is describe by 4 subsections, having each one its own time: 
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 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum torque. 
 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum power. 
 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐: Time spend going throw the section of maximum speed. 
 𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏: Time spend going throw the breaking section. 

At the end, the total time spend going throw a section is the sum of the time needed for the 4 subsections: 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 𝑡𝑡𝑡𝑡𝑇𝑇𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑡𝑡𝑡𝑡𝑏𝑏𝑏𝑏    (8) 

The total time (𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) to travel the section will be: 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑖𝑖𝑖𝑖

+ ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑝𝑝𝑝𝑝𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑣𝑣𝑣𝑣)

+ 𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐

+ ∫ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑓𝑓𝑓𝑓𝑏𝑏𝑏𝑏(𝑣𝑣𝑣𝑣)

𝑣𝑣𝑣𝑣𝑜𝑜𝑜𝑜
𝑣𝑣𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

  (9) 

As it can be seen, a general section of the route or track can be composed by the combination of these four types 
of subsections. In case of vehicle and route limitations, in each study section in which the route has been divided, one 
or more subsections may disappear. Some special cases could appear, as follows: 

• The maximum speed is not reached: This implies that the maximum speed phase (C) disappears. In that case 
𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 0. It can be expressed mathematically as: 

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 ,∀𝑡𝑡𝑡𝑡 (10) 

• The maximum speed acceleration of the run is not reached (B): This implies that the maximum speed phase 
disappears. Speed (𝑣𝑣𝑣𝑣) never exceeds the change rate (𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ). It can be expressed as:  

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐 ,∀𝑡𝑡𝑡𝑡 (11) 

This can occur with or without maximum speed phase. If you the maximum speed phase is not reached, an 
additional constraint should be considered: 

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑚𝑚𝑚𝑚 < 𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐   (12) 

• No braking phase: This implies that the braking phase (B) disappears. In that case the speed does not reach the 
final speed. 

𝑣𝑣𝑣𝑣 < 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,∀𝑡𝑡𝑡𝑡  (13) 

This can be achieved in three different ways:  

I. Finishing the section in maximum speed 
II. Finishing the section at maximum power 

III. Finishing the section at maximum torque 

• It starts from acceleration at constant power: This implies that the acceleration phase at maximum torque (A) 
disappears. In that case the initial speed exceeds the cut-off speed. 

𝑣𝑣𝑣𝑣𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑡𝑡_𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 < 𝑣𝑣𝑣𝑣𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓  (14) 

• The run starts at constant speed and equal to the maximum: This implies that the acceleration phase disappears. 
In that case, the initial speed is equal to the maximum speed. 
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All this logic is implemented in the simulator. Initially the simulator has the information that characterizes each 
section. This information is relative to the length of each section, slope, maximum speed and braking deceleration. 
The simulation module starts from an initial speed of the first section. Every simulation step the vehicle is located in 
a section (𝑖𝑖𝑖𝑖). This allows you to know the maximum section speed, the maximum permissible final speed and the 
braking acceleration. If the speed is less than the maximum speed, it accelerates. If the speed is lower than the cut-off 
speed, acceleration with constant maximum torque is assumed. Otherwise, the engine is considered to drive at constant 
power. In this case the torque is a function of the power and engine speed. 

At each point of the section, it is necessary to check that the speed does not exceed the maximum, so in that case, 
the torque will be necessary to counteract the losses due to the resistance forces when driving at constant speed.   

In parallel, it should be noted, depending on the final speed, that the braking distance required is no less than the 
distance to the end of the run. 

With these conditions, a simulation of the route of each vehicle configuration is obtained based on the design 
variables. Differences between the times obtained and the reference time are evaluated. It is also checked that the 
energy consumed is at least equal to that stored in the battery pack. With all this, a set of new vehicle configurations 
is proposed, using a genetic algorithm. The ultimate goal is to get a weight-optimized solution. 

5. Results and conclusions 

As an example of application of the proposed methodology, the analysis of a given route is shown in Figure 4. 
 

 

Fig. 4. Given track used to methodology implementation. 

By entering all the characteristic parameters of the vehicle and the route sections, the genetic algorithm is run. 
Different powertrain configurations of the vehicle are iteratively simulated. Finally, a configuration with a minimized 
weight of the battery pack is obtained. Figure 4 shows the different points at which a change of status occurs in the 
vehicle dynamics. 

In conclusion, it can be stated that a new methodology is proposed to optimize the chassis of electric vehicles. This 
methodology focuses on minimizing energy consumption for a given track and travel time. A simulated model of the 
behavior of an electric vehicle on a given track has been successfully achieved to be used in a multi-objective genetic 
algorithm in order to optimize the chassis of an electric vehicle. This method is reliable and can be used in many 
applications, where the time and route are already known. The design variables are composed by the battery pack 
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mass and the gear ratio, both optimized to ensure the best performance on the route. The multi-objective model is 
validated using a real case that confirms its functionality. 
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At each point of the section, it is necessary to check that the speed does not exceed the maximum, so in that case, 
the torque will be necessary to counteract the losses due to the resistance forces when driving at constant speed.   

In parallel, it should be noted, depending on the final speed, that the braking distance required is no less than the 
distance to the end of the run. 

With these conditions, a simulation of the route of each vehicle configuration is obtained based on the design 
variables. Differences between the times obtained and the reference time are evaluated. It is also checked that the 
energy consumed is at least equal to that stored in the battery pack. With all this, a set of new vehicle configurations 
is proposed, using a genetic algorithm. The ultimate goal is to get a weight-optimized solution. 

5. Results and conclusions 

As an example of application of the proposed methodology, the analysis of a given route is shown in Figure 4. 
 

 

Fig. 4. Given track used to methodology implementation. 

By entering all the characteristic parameters of the vehicle and the route sections, the genetic algorithm is run. 
Different powertrain configurations of the vehicle are iteratively simulated. Finally, a configuration with a minimized 
weight of the battery pack is obtained. Figure 4 shows the different points at which a change of status occurs in the 
vehicle dynamics. 

In conclusion, it can be stated that a new methodology is proposed to optimize the chassis of electric vehicles. This 
methodology focuses on minimizing energy consumption for a given track and travel time. A simulated model of the 
behavior of an electric vehicle on a given track has been successfully achieved to be used in a multi-objective genetic 
algorithm in order to optimize the chassis of an electric vehicle. This method is reliable and can be used in many 
applications, where the time and route are already known. The design variables are composed by the battery pack 
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mass and the gear ratio, both optimized to ensure the best performance on the route. The multi-objective model is 
validated using a real case that confirms its functionality. 
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