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minimize fuel consumption. Their approach enables fuel saving of up to 5% compared, for example, to 
a cruise controller. 
Villagra et al. presents a path and speed planner for automated public transport vehicles in 
unstructured environments. The proposed method makes it possible to analytically compute a comfort-
constrained profile of velocities and accelerations of the electric vehicles. Another path planning 
method is suggested by Farooq et al., who used a soft computing method, so-called particle swarm 
optimization, in order to minimize the length of the path and to meet constraints on total travelling 
time, total time delay due to signals, total recharging time and total recharging cost. Dovgan et al. used 
multi-objective evolutionary algorithm optimization to find optimal driving strategies taking into 
account travel time and fuel consumption. Results were compared with driving strategies determined 
with using predictive control and dynamic programing. 
A very interesting approach is shown in [Cook 2007]. The paper considered the simultaneous 
optimization of either drive train or driving strategy variables of the hybrid electric vehicle system 
using a multi-objective evolutionary optimizer. The optimization of a driving strategy was also 
investigated by the authors of this paper in their previous research [Targosz et al. 2013a]. 
In the present study, some improvements are proposed in the context of the multi-objective velocity 
optimization for the electric vehicle in structured environments with unknown disturbances. In such a 
way, this approach allows us to take into consideration no only deterministic situations but also 
stochastic ones which can be often met in real word environments. 
This paper deals with the methodology of advanced simulation model design and its application in the 
optimization process for prototyping electric vehicles, which can be employed in race car competitions 
such as the Shell Eco-marathon, Formula SAE and the Greenpower Corporate Challenge. 
The paper is organized as follows. In Section 1, a brief introduction to the problem is described. The 
next section discusses the main important issues in the creation of the simulation model. Section 3 
shows the current form of the simulation model that can be used for different purposes. The usefulness 
of the model is more precisely detailed in Section 4. In Section 5, the authors describe a case study 
carried out in order to verify the proposed methodology in the case of a prototype of the lightweight 
electric vehicle. The first example shows verification results that were obtained for a race circuit in 
Rotterdam, whereas the second example presents performance outcomes for a test circuit in Tychy, 
Poland. The paper ends with concluding remarks in Section 6. 

2. Importance of car simulation model in the project 
Designing a vehicle for such specific use as car racing is a difficult task. The Smart Power Team from 
the Silesian University of Technology carried out the task of constructing racing cars to compete in the 
Shell Eco-marathon. The race is very specific, because its purpose is driving over a certain distance 
while consuming the least amount of energy. The final score is given according to the number of 
kilometres travelled per unit of energy. The best teams achieve almost unimaginable results, exceeding 
1000 km/kWh. To achieve such a result consistently, sophisticated technical and organizational 
solutions must be used, which are not present in other popular motorsports and automotive 
engineering. 
The aim for the designing team is thus clear, i.e., to minimalize energy consumption in given racing 
conditions. Since the very beginning of the conceptual design for this project, how to assess 
consecutive concepts of the vehicle and its particular subassemblies and subsystems had been 
discussed. In other words, how to transfer the task of the current assessment (the idea and detailed 
design solutions) into a formal optimization task so that at every stage of the designing process, it 
would be possible to select the best solution from a set of suggested solutions. Also considered had 
been how to record knowledge acquired while designing for subsequent teams who would continue to 
take part in the challenge and who could use this knowledge in the best possible way. 
The entire project is supported by teamwork, which facilitates work in general and allows to the 
recording, sharing and storing of current data and designing information. It was also considered 
whether formal methods of knowledge recording should be used [Skarka 2010]. It was decided to 
fulfil these needs by using a simulation model of the designed vehicle on the analysed track in 
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conditions complying with challenge regulations. At the same time, this approach forms a kind of 
knowledge base concerning the design and the main tools for verification and optimization of design. 
At the earliest given opportunity, a multi-module simulation model was created. It should be stressed 
that the simulation model, which is constantly being developed, was adequate to the degree of vehicle 
development, as was as the level of team knowledge concerning both the vehicle and the race. 
Therefore, the initial model created at the start of the project was incomparable to its present version; 
however, the assumption of the constant development of the simulation model has a significant 
influence on the assumptions concerning the general form of the model. From the early stages of the 
project, the division into separate modules covering separate phenomena that could have an influence 
on the vehicle performance was made. During the project, the following phases of model development 
were predicted: 

 Elaboration of primary form of the model 
It was mainly based on the mathematical description of phenomena such as aerodynamic 
resistance, rolling resistance, etc. 

 Improving particular module models 
Then, particular modules were developed, based on the obtained results of driving, stand 
research and test-drives. Special measuring stands were made, i.e., a stand for measuring the 
engine, a stand for measuring the drive system [Targosz 2013b] etc. 

 Adjusting the model based on rides at the racing track 
Based on test-drive results at the racing track and during the race, adjusting of parameters was 
carried out in order to increase its precision. 

 Improving the model based on the results of research at special units 
A series of verification researches was carried out at highly specialized units and aerodynamic 
tests were realized at a wind tunnel. The results of this system research were integrated with 
the simulation model. This allowed greater reliance of the results of the simulation model 
operation compared to the primary results, which were to a large degree unreliable. 

 Improvement of the optimization method and further adjustment of model parameters 
A further stage was to adjust the simulation model based on test-drive results on the test track 

 Adjustment of model operation in changing environmental conditions 
In the consecutive stages, the plan is to adjust the model to changing road conditions and 
various vehicle parameters. 

3. Form of the simulation model 
Figure 1 shows a scheme of the simulation model. The model consists of four main 
subsystems/modules: 

 A vehicle model – where the vehicle parameters affecting its dynamics are taken into account. 
These include basic parameters such as mass, radius, wheel moment of inertia and parameters 
of the drive unit and transmission unit. In this section of model components, the forces of 
resistance and the driving force acting on the vehicle in motion are determined. 

 A module of the road – in this module, all parameters of the road on which the vehicle is 
moving are stored, e.g., radius, slope angle and quality of the surface. It is very important to 
have data about the road, as most of the resistance forces are a function of its parameters. 

 A control module – where the control strategy is stored, e.g., reference velocity, time and 
place of acceleration, etc. In this module, it is also possible to take into account the safety 
system. 

 A module of the weather conditions – where all variables that affect a vehicle are recorded, 
including air temperature, atmospheric pressure and wind speed and direction; 

From the very beginning of creating the model, its modular structure has been assumed, which in 
future versions of the model refines or defines specified physical phenomena in different ways. This 
approach allows at an early stage of building a vehicle to verify and optimize certain parameters of the 
vehicle and to search for direction of changes instead of exact numeric values.  
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resistance depends on centrifugal force, type of tires, tire pressure, etc. and can be written in the same 

way as rolling resistance, where  is a torsion resistance coefficient. 

3.2 Model of route 
A description of the track is formed by dividing it into a finite number of elementary sections, Oi, i = 
1, 2, …, n. Each section can be characterized by a vector <Li, Ri, Si, Ei> where: 

 Li [m] is the length of the i-th section Oi, 
 Ri [m] is the radius on the i-th section Oi, 
 Si [%] is a slope of the i-th Oi, 
 Ei represents a description of the surface condition 

Distance of the route is the sum of lengths of each section: 

 (2) 

These basic data are necessary for the proper determination of the motion resistance in each section of 
the track. It is assumed that any change of the route features will cause the need to create the next 
section and a new vector. This approach brings order, which facilitates the modelling of the track in a 
simulation environment. 

3.3 Model of weather condition 
Bearing in mind that mobile systems usually move in an open area, a description of the road should 
have additional parameters like Vwi Pi and Ti, where: 

 Vwi [m/s] is wind velocity 
 Pi [Pa] is atmospheric pressure 
 Ti [°C] is temperature. 

The value of the wind velocity can be calculated using a random process generator; in this way, it is 
possible to introduce an unknown variable to the model of the vehicle. 

3.4 Model of control unit 
It has been well-established that the motion controller can be realized in different ways; however, for 
this paper, three cases were investigated: 

 PID regulator with a constant set value of the velocity – a motion strategy can be 
accomplished by a virtual regulator with different parameter values of P, I and D. 

 A binary switch used to accelerate and power on (constant current) the motor if actual velocity 
is lower than the optimal velocity and to power off if it is higher. The set values of the velocity 
are calculated by an evolutionary algorithm. 

 PID regulator with optimal set values of the velocity determined by an evolutionary algorithm. 
The modular form of the model of a control unit allows for verifying the different types of motion 
controllers of the vehicle. This approach provides the opportunity for testing driving and controlling 
strategies for electric vehicles where the problem of energy consumption is very important. 

4. The use of the simulation model 
The primary use of the simulation model was current verification for planned design features during 
the race and was used to estimate their impact on the race result. This was achieved by supporting 
simulation experiments with planned alternative design solutions. 
For developed and produced structure prior to the race in 2012, there was also a need to develop a 
strategy for the race and for optimization of driving during the race. It was the second application of 
the simulation model. 
The third application of the simulation model was to identify the parameters of a vehicle that were 
difficult to determine using the existing methods and where the value of the results did not provide 

)(tctr





n

i
iLD

1

SYSTEMS ENGINEERING AND DESIGN 1353



 

sufficient certainty [Targosz and Skarka 2013]. Such a typical example was needed to verify the 
aerodynamic characteristics of the vehicle on the basis of numerical simulation on a simulation model 
that was previously calculated using CFD tools (Computational Fluid Dynamics). 
The fourth use of the simulation model was to determine the optimal design solution in a wider range 
of variability than that of the race environment in order to adapt and modernize the structure of the 
possible and changing conditions of the race [Skarka 2014]. 
The intention is also to use the simulation model to control the vehicle in real time. Below, two main 
uses of the simulation model during the initial phase of designing and preparing for the race will be 
described in more detail. 

4.1 Verification of design assumptions 
Structural assumptions were reviewed on an on-going basis from the determination of the first vehicle 
concept. They were made using a simulation model to simulate the race on the track. In the conceptual 
phase of the vehicle design, the simulation model itself also contained basic modules that were based 
on the basic set of correlations describing the basic physical phenomena, such as physical movement 
of an object along a specific trajectory, with fundamental forces of resistance activities in a 
gravitational field. Nevertheless, at this stage, simulations allowed for answering the fundamental 
questions raised by the project team, such as the impact of the individual resistance components on the 
final result, or the approximate result achieved by the vehicle when driven in accordance with the 
strategy developed intuitively, or which of the alternative solutions will yield a better result. 
At the stage of preliminary design, the obtained answers to these questions allowed the project team to 
consciously choose design solutions, which yielded a better result and in the case of achieving 
comparable results, the solution was to follow other criteria such as, for example, the smallest degree 
of complexity of construction, or minimizing the cost of construction. 
This knowledge allowed us to focus our efforts on features that have the biggest impact on the 
outcome of the race. In the case of selecting bearing wheels for the vehicle, it turned out that the 
proposed different solutions for the negligible effect of the rolling resistance of the bearings were 
abandoned; typical bearings were matched, with the reservation to replace the bearings of the model 
with low rolling resistance, since the way of bearing has little impact on the outcome. 

4.2 Optimal motion strategy 
The main aim of any race competition is to drive a vehicle as far as possible using the least amount of 
energy. All drivers must race a certain amount of laps on the track at an average speed vavg with the 
minimal energy consumption. The adequate measure of the efficiency of the system is a factor 
indicating the number of kilometres that the vehicle travels per 1 kWh. In general, the planning of the 
strategy for completion can be formulated as the optimization problem, in which the best possible 
trajectory of the linear velocity is sought. As is to be expected, this can be achieved by optimizing the 
velocity set-points as a function of the distance. The main purpose of the optimization process is to 
adjust the values of the velocity set-point in different points of the laps in order to minimize a multiple 
objective function F, which can be formulated taking into account the following criteria. The first 
criterion is correlated with the total energy consumption. The second is associated with the required 
distance that should be covered during a competition. The last objective is connected to the second one 
and deals with the set limit value of the travel time that should not be exceeded. Assuming that none of 
these objectives are in conflict, the optimization task can be written as follows: 

. (3) 
        

max
)()(

321

,,2,1andsubject to

fffMinimize

iivvv U
cici

L
ci

T
cccc



 vvvvF

1354 SYSTEMS ENGINEERING AND DESIGN



 

where , are the lower and upper values of the boundary constraints that should be chosen, 

taking into account the properties of the electric vehicle;  denotes the total number of parts of a 
race path that is used to digitize the raceway laps. 
The optimization problem that described above can be solved in several ways. Generally, multi-
objective problems do not have a single global solution and it is reasonable to investigate a set of 
points, each of which satisfies the objectives fi. A well-grounded approach to searching for an optimal 
solution is the global criterion method [Marler 2004] in which objectives f1, f2 and f3 are combined in 
order to form a single function. One of the most general indirect utility functions in this context can be 
expressed in its simplest form as the weighted exponential sum: 

 

(4) 

where H is the Heaviside step function; fi and wi indicates the i-th criterion and its importance (the 
value of the parameter wi should be chosen arbitrarily from the range [0, 1]); the exponent i 
determines the extent to which a method is able to capture all of the Pareto optimal points for either 
convex or non-convex criterion spaces; sim [km/kWh] is an estimator of the efficiency of the system 
calculated on the basis of the total energy consumption in the ride; dcv and dsim [m] is the reference 
path and the value of the covered distance obtained as a result of the simulation; tcv and tsim [s] 
represents the set limit value of the travel time and the travel time calculated on the basis of the 
simulation; vc is the velocity vector, where vci [m/s] is defined for a certain section of the route (the 
size of this vector depends on the complexity of the route). 
The first component of the objective function (2) is responsible for minimizing energy consumption. 
Two other components are penalty factors, being the limitation that is imposed on the average velocity 
of the race car. Their goal is to ensure that the vehicle will drive in an assumed manner at the optimum 
time. 
Various types of algorithms can be applied for solving our problem, which has been formulated in the 
form of (3) or (4). On the one hand, standard optimization methods, e.g., gradient/Jacobian/Hessian-
based algorithms cannot be effectively employed in this context, due to the form of the objective 
function f2 and f3 and because of the non-deterministic parts of the simulation model. On the other 
hand, for these types of problems, stochastic optimization methods in the classic form, e.g., Monte 
Carlo techniques, are very often not able to find an accurate solution that would guarantee polynomial-
time convergence. Because of these reasons, in this paper, the optimal solution (the minimum of the 
objective function U) was found using evolutionary algorithms (EAs). EAs are known for being 
methods that solve either single- or multi-objective optimization problems [Deb 2009]. They are based 
on the natural selection process that mimics biological evolution. In this way, the approximate 
solutions to this problem can be computed. 

5. Verification case study 

5.1 Prototype lightweight electric vehicle 
The proposed methodology was validated for the case of a prototype of the lightweight vehicle 
"Mushellka". The vehicle has an electric drive and was designed and built by student members of the 
scientific association Modelling of Machine Design, working at the Institute of Fundamentals of 
Machinery Design at the Silesian University of Technology. The vehicle was designed according to 
the rules of the race for prototype class vehicles and entered in the electric battery category. In the past 
two years, the vehicle took part in the European edition of the competition, scoring 425 km/kWh in 
2012 and 455 km/kWh in 2013. 
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results between simulation and real data obtained during the experiment is associated with mistakes 
made by the driver, who did not exactly follow the assumed strategy and different weather condition, 
especially wind speed. In such a case, using the PI regulator and maintaining a predetermined speed 
may be advantageous. 
Simulation studies showed that the use of an appropriate strategy for driving could be beneficial. The 
presented data illustrates that it is possible to improve the efficiency of energy consumption. 
Determination of the optimal strategy is needed to improve the result during the Shell Eco-marathon 
competition. In such a situation, an improvement of a few percent should be considered satisfactory, 
because it will guarantee a higher rank in the competition. Nevertheless, energy savings should be 
sought by minimizing the weight and motion resistance of the vehicle, e.g., through optimal shaping of 
the vehicle body. The best situation is possible when one decides to use a current controller and to 
realize an optimal strategy. On the one hand, it is very complicated and hard to apply in practise. On 
the other hand, it could yield significant benefits. 

6. Conclusion 
The Shell Eco-marathon is an extraordinary challenge that reflects the basic tendencies in the 
development of automotive technology, i.e., reduction in the energy intensity of automobile 
transportation. The team from the Institute of Fundamentals of Machinery Design at the Silesian 
University of Technology have, in order to prepare their car comprehensively and systematically for 
taking part in this competition, used a simulation model to assess proposed solutions, particularly in 
terms of impact on the result achieved in the competition, as a basis for the assessment of current 
activities in the course of the project at all stages of vehicle development. 
Currently, the simulation model is being further improved. From a simple initial model, it has become 
a complex multi-module model, which will be used successfully in the modernization of the existing 
vehicle; it also being used in the design of a completely new vehicle taking part in a different class in 
the same race. 
The complex simulation model of the vehicle while driving on the racetrack required adjusting to track 
conditions and environmental conditions, as well as vehicle parameters for every drive it completed. 
Only such an adjusted model can be used to determine the racing strategy. The research has been 
developed to test the vehicle, the simulation model and to determine the driving strategy and 
compliance of the numerical experiment with driving on a racetrack. The test works were carried out 
on the FIAT test track in Tychy. The obtained levels of energy efficiency differed from the levels 
obtained during the drives in Rotterdam. The main reasons for this are the fundamentally different 
driving conditions of the track in Tychy and the track in Rotterdam, mainly in terms of distance and 
route elevation. 
The necessity to ascend requires, on the one hand, the operation of the drive unit outside the range of 
nominal efficiency and, on the other hand, greater speed changeability, which results in a total increase 
of air resistance. There was also a significant difference in the surfaces of both tracks. The above-
mentioned factors confirmed the significant influence of race and environment conditions on the 
obtained results. During the research, the impact of driver’s skills on the score was also noted. 
However, the most important point is successfully implementing the driving strategy. Better 
repeatability of the ride results require learning to drive such an unusual vehicle and above all, to learn 
driving strategies for the selected parameters. 
Having access to a track on which both structural changes and improved simulation models can be 
tested on a regular basis provides the opportunity to eliminate design and numerical problems. 
Adjusting the simulation model to work in the race must be implemented on the target racetrack. It is 
possible to predict the results of the corrected design of the vehicle without test drives on the track; 
however, such an approach contains a fairly high degree of uncertainty. 
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