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Abstract — The current critical environmental context has
increased the interest in electric vehicles. However, the evaluation
of which one is the best choice, for the electric vehicle
components, generally requires a series of experimental tests to
be carried out, which can be quite costly and not as adequate as
an engineering project must be. Therefore, this paper presents an
approach, based on the RFLP method, which can help the
designer, during the pre-design of an electric propulsion system,
to choose the best configuration for the components of an electric
vehicle power-train, reducing the costs related to physical
experimentation on a laboratory test benches or on a real electric
vehicle. The aim of this paper is to provide a computational tool
that could virtually simulate the behavior of a designed electric
propulsion system facilitating the solution of the most common
problems encountered on the domain of battery-powered
vehicles. The case study considered in this work is power-train
for an electric scooter. The first step of this work consists in
defining simulation models to simulate the power-train in terms
of vehicle performance and energetic consumption. In the second
step, those models are parameterized and validated through
experimentations on a physical electric power-train installed in a
laboratory of Istituto Motori (National Research Council of
Italy). The validation of the evaluated models allows to carry out
simulation tests on different alternative configurations of the
electric power-train in the most varied drive conditions. At the
end, the proposed model of the whole power-train system is used
to carry out a study for the right design of the battery pack.

Keywords — Dymola; ModelCenter®; Electric Vehicle; Test-
bench; Battery; Systems Engineering; RFLP method; Electric
Motor

I. INTRODUCTION

During the last decades, a growing concern over the
problems associated with hydrocarbon fueled vehicles as well
as the sustainability of the current worldwide hydrocarbon-
based transport has emerged [1]. As a consequence, the
interest in propulsion systems for road transport alternative to
the actual petroleum-based has increased. One of the most
promising ways to reduce the dependency from fossil fuel is
the electrification of road transport systems [2], but this
process is still in its outset, because of many factors that

Ottorino VENERI and Clemente CAPASSO
CNR — National Research Council of Italy — Istituto Motori
Naples, Italy
o.veneri@im.cnr.it
c.capasso@im.cnr.it

Stanislao PATALANO and Giovanni COPERTINO
Universita degli Studi di Napoli Federico 11,
stanislao.patalano@unina.it
giovannicopertino@gmail.com

reduce market penetration of electric vehicles. A key aspect to
increase the diffusion of electric vehicles is the reduction of
purchase cost [3]. A remarkable contribution to this aim is the
optimization of the design process of the vehicle with all its
subsystems.

A powertrain for an electric vehicle can be considered a
mechatronic system [4], since its design involves a close
interaction between mechanics, electricity, electronics, and
control theory. Consequently, the design of an optimal
powertrain for a certain application is a challenge that requires
engineers to operate in the context of Systems Engineering
(SE). SE is an interdisciplinary approach to the design that
focuses on how to design and manage complex systems over
their life cycles [5]. SE coordinates all the interdisciplinary
tasks, which are required throughout a system life cycle to
transform customer needs, requirements, and constraints into a
system solution. SE establishes the principles of all the
activities necessary to manage product development, ensuring
that the product is properly designed, affordable to produce,
operate, maintain, and eventually to dispose of.

In the present work, the preliminary design of an electric
power-train for a scooter is carried out by means of RFLP, a
method proper of SE that allows to deal with the engineering
of a complex system. Such method is based on well-known
“V-model” [6] and has the advantage to be implemented in
CATIA platform.

II. PROJECT CONTEXT AND OBJECTIVE

The present work was carried out in the context of the
international research program PLACIS (in French,
“Plateforme Collaborative d’Ingénierie Systemes”). This
program allowed to carry out the study described in the
present paper through a partnership between the engineering
school Institut Supérieur de Mécanique de Paris (Supméca)
the University of Naples Federico II and CNR — National
Research Council of Italy — Istituto Motori.

The collaborative platform of PLACIS permitted to deal
with the multidisciplinary problem of designing an electric
power-train facilitating the collaboration of engineers located



in different countries. This is a recurrent situation in the
context of SE, because the complexity of actual products
requires several engineers, with different specialisation,
working together on different aspect of a project in a
coordinated way.

The aim of this collaborative project was to provide, in
Dymola environment, a Modelica library containing the
components of an electric power-train.The created library can
facilitate the transition between logical and physical modelling
levels according to the RFLP approach and also can check the
behaviour of a real electric vehicle during its pre-design.

III. RFLP APPROACH

RFLP approach is a methodology that supports engineers
to design complex engineering systems within the
interdisciplinary field of SE [7]. It allows the designers to
manage the workflow from requirement analysis to physical
design in order to reduce the lead-time and consequently the
costs of the system under study [8].

The acronym RFLP synthetizes the four levels on which
the approach works: Requirements engineering, Functional
analysis, Logical design and Physical design. As a matter of
fact, RFLP consists on a systematic approach that enables an
engineering project to evolve from a system analysis to a
system design and implementation [8]. In that way, as a
project usually faces many issues throughout its development,
such as reliability, maintainability, logistics, evaluation and
optimization.

This approach allows different disciplines to be integrated
and be managed in an appropriate manner, respecting all the
relations and aspects described by the V-model, Fig. 1.
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Fig. 1. V-Model of Systems Engineering

Although this approach is at the basis of the present work,
its use has been focused to the last two levels of design
(Logical and Physical), because, using Dymola modeling
environment, these are the only two levels to be studied. In
other words, this choice is due to the usual constrains present
on studies performed on physical domain, which does not
allow an engineer to verify the relation between the

parameters contained on electrical components datasheets and
their real behavior and performance.

Thereby, a good computational model should integrate
both the physical and logical domains, so that the adequate
connection of the two levels can ensure the validity of the
model and can provide accurate results for the pre-design
process.

IV. DYMOLA POWER-TRAIN MODEL

The creation of computational electric vehicle power-train
was performed on the Dymola modeling environment.

The developed model is composed of both original blocks,
contained in Modelica library, and new ones designed
according to the fundamental equations that rule the behavior
of the considered electrical vehicles components.

As shown on Fig. 2, the created Dymola model is
composed of six main parts:

e Battery Pack;

e Inverter DC/AC;

e Electric Synchronous Motor;
e Control System;

e Mechanical Transmission;

e Resistive Forces.
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Fig. 2. Dymola Test bench model model, implemented in Dymola.

A. Battery Pack

Generally battery modelling is a complex task since all the
main parameters that influence the battery properties (State Of
Charge, voltage, current, temperature) are dynamically



correlated to each other in a highly non-linear way. In this
work a physical model of a battery is obtained by considering
a static equivalent circuit of the system represented by an ideal
open-circuit voltage source in series with a resistor that
represents the internal resistance of the battery [10].

The Dymola Battery model, specifically developed for this
work (Fig. 3), has a characteristic cyclical behavior, in which
each iteration of the simulation considers the effect of
discharge using the parameters of the previous iteration.
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Fig. 3 Dymola Battery model.

In a detailed way, once the capacity C of the battery pack
is fixed, for each iteration the model, measuring the instant
current I(t) of the battery, is able to calculate the SOC (State of
Charge), as shown on (1). This value is inserted as input on a
look-up table that represents the dependence of SOC to battery
cell voltage.

s0C = fttol(t) C dt (1)

After that, the model calculates the instant voltage, that the
battery pack is capable to provide to the system at a certain
moment, multiplying the value, obtained from the table, for
the number of the battery cells in series.

B. Inverter

In the case of the Inverter, the developed model is based
on a computational code that performs the conversion from
DC current to AC current, respecting the balance between the
electrical power in input, which comes from the Battery, and
the electrical power in output, which will be delivered to the
AC Motor. Equations (2), (3) and (4) are applied to ensure
those conditions.
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In the former equations, a is the parameter that connects
the Inverter to the Control System, allowing the latter to
amplify or reduce the three-phase voltage magnitude V, Py is
the electric power in output from the Battery Pack and Py is
the electric power in output of the Inverter.

On the other hand, the inverter electric pulsation wg
derives from the motor shaft angular speed equation, given
by(5). This relation characterize the connection between the
Inverter and the Electric Motor, and it also represents the
capability of the Inverter to change the shape of the signal
waves of voltage according to the engine demand of torque.

Wg =P Wy )

where p is the number of the pole pairs of the Motor and w,, is
the mechanical angular speed of the Motor shaft.

It is important to underline that any changes on the values
of the current and voltage, performed by the inverter, have a
direct influence on the magnitude of torque and speed rotation
of the engine. This statement can be simply verified by the
presence of the variable wg on (2) and (5), which in some way
are linked to the electrical and mechanical behavior of inverter
and engine, respectively.

C. Synchronous Electric Motor

The electric motor block represent the transition between
the electrical and mechanical levels. As a matter of fact its role
is to convert the electrical power which flows from the
inverter into mechanical power in output of its shaft.

In order to adapt the model to its specific application, the
designer has to define some parameters: nominal and
maximum values of the power, max speed rotation and max
torque. For this reason the created Dymola model is very
flexible and can be adapted to any application.

There are also other six more variables that define the
designed model. These variables simulate the behavior of the
internal components of the engine. As a matter of fact, the
Dymola model of the motor is based on an electrical circuit
that is composed of a resistor, an inductor and a mutual
inductance that are supplied by the electrical power coming
from the inverter.

The model of the Motor is based on the following
equation:

V=Ri(t)+L L+ m £ (6)
dt dt
where R is the resistance, L is the inductance and M is the
constant of mutual inductance of the equivalent electric
scheme for the used electric motor [11].



This expression is used by the Dymola model in order to
calculate the value of the electromagnetic force £ defined as
follows:

E= % wg sin(wg t) (7)

Then, as the equation (8) shows, E is used by the
simulation in order to determine the percentage of the
electrical power that will be converted into mechanical power
by the electric motor.

Pr=E i (®)

Finally, once the calculation of electric power Pg is done,
the model is able to calculate the values of the two output
parameters of the engine: the torque C and the shaft speed
rotation wy,.

C is obtained by the division between Pr and w,, equation

9):

c=1& ©9)

wm

However, in order to respect the constraints of the
machine, the result of (9) is compared by the software to the
maximum torque already set by the designer. Thus, the
minimum value between them is taken into account and
attributed to C. This is also valid for the value of wa. Its value
is obtained choosing the minimum value between the motor
maximum speed rotation and the derivative of the shaft angle.

D. Control System

The role of this component is to ensure that the reference
speed of a certain driving cycle is followed, by the vehicle,
during the simulation. The Control System is capable to
achieve this goal changing the values of some parameters that
have a major influence over the performance of the designed
electric vehicle.

In the developed Dymola model, the Control System
accepts two inputs (speed reference and test bench speed
feedback) and two output control parameters (inverter voltage
control coefficient and braking control coefficient). The block
scheme of this component is shown in Fig. 4.

The designed system works as follows: at first, the block
feedback calculates the difference between the input speed
reference and the current angular velocity of the motor shaft in
order to send the result to the Voltage Controller and the
Brake Controller. These two PID controllers are responsible
to read and evaluate the response of feedback in order to give
the most appropriate values for the output parameters,
according to their own control characteristics.

Nevertheless, if those outputs are not limited, the Control
System may become instable. This is the reason why there are
two other blocks whose function is to limit the output of the
PID controllers (Voltage Limiter and Brake Limiter).
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Fig. 4. Model of Control System

The constraint intervals of the limiters are defined on the
two following expressions:

0 <Voltage Limiter.y <5 (10)
0 < Brake Limiter.y <1 (11)

Thereby, the control commands will be inserted on the
Inverter and on the Brake as the parameters a and f,
respectively. This last variable represents the brake force
normalized and it is explained in the brake section.

The variable Voltage Limiter.y, enables the Inverter to
work as a transformer AC/AC, either amplifying or reducing
the magnitude of the three-phase voltage that supplies the
electric motor. As a matter of fact, using the maximum value
of 5 for a, the Motor is able to reach high reference speeds
required by the driving cycle.

Even if the value of the voltage amplitude is modified by
the control system, the balance between the power in input and
output of the Inverter is respected, because while the
amplitude of the voltage is increased, at the same time the
current amplitude is reduced in the same proportion.

E. Transmission System

The Transmission system is composed of four Dymola
blocks: a gear box, a brake, a wheel and a mass. For each
different vehicle, there are distinct values of the parameters
that define those components. Thereby, the designer must
specify all the characteristics of the transmission system
before launching the simulation.

First of all, inside the gear box block, there is only one
parameter that should be considered, which is the ratio of
transmission Rg. For this approach, its value was considered to
be constant in order to avoid some problems of discontinuities
on the Dymola environment.

Furthermore, the presence of the brake in the test bench
model was taken into consideration due to the necessity of
decelerating the vehicle when the driving cycle requires
sudden drops in speed. Equation (12) shows the relation
between the applied braking force and the braking control
signal f'which flows from the control system.

FN:FMAXf (12)



The last two components (wheel and mass) represent the
transition from the rotational movement of the electric motor
shaft to the translational movement of the vehicle. Moreover,
they were modeled in such a way that they could simulate the
effect of the mass of the vehicle over its wheels.

F. Resistive Forces

During a driving test, a vehicle is subjected to various
resistive forces. The most notable of them are: the
aerodynamic drag, the rolling resistance and the road slope
resistance.

The model considered to estimate the resistances on
vehicle, is based on the well-known longitudinal dynamics. It
considers a single rigid body driving straight ahead on a plane
road.

In order to apply the effect of those forces on the electric
vehicle model, it was created a block that calculates the total
resistant force imposed to the vehicle, according to the
expression (13).

Rr=0,5Crp AV, + CpMy g cos(a) + My g sin(a) (13)

C)p is the coefficient of aerodynamic drag, p is the air density,
A is the frontal area of the vehicle, Cy is the coefficient of
rolling resistance between the ground and the wheels and a is
the slope of the road.

V. THE VALIDATION OF THE POWER-TRAIN MODEL

In order to validate the model, there were taken into
consideration experimental data of a Scooter laboratory test
bench, designed by Istituto Motori [9]. That information
would establish the criteria to determine if the model had a
good performance or not.

The validation process was structured as follows:

e Adaptation of the model according to the Scooter
specifications;

o Insertion of the experimental reference data and the
european driving ECE-15 (UDC - Urban Driving
Cycle (Fig.5);

e Acquisition of the optimization results and final data
comparison.
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The objective was to find a match between the curves of
battery performance obtained through the simulation and the
real ones experimentally measured by Istituto Motori.
Thereby, the laboratory data were inserted in the Dymola
model as reference blocks in order to compare the different
behavior of the two curves along the simulations.

In fact, the curves of voltage, current and state of charge of
the Battery Pack were chosen as parameters of comparison
due to the fact that they can provide useful data about the
performance of the whole designed electric propulsion system.
Moreover, the reference data [9] were collected during
practical studies focused on the battery pack of a scooter
power-train.

Therefore, as it can be seen on Fig. 6, a first comparison
between the simulation and reference curves of battery current
showed a not good match between the simulation and the real
results.

In order to obtain a match of the curves, it was used the
software ModelCenter®, which enables users to conduct trade
studies, as well as optimize designs. At first, a preliminary
study of the model showed that the values of the gear ratio Rg,
internal resistance of the battery Rz and electromagnetic
constant of the motor ¢ had a considerable influence on the
behavior of the simulation curves of the battery voltage and
current. For these reason these parameters were chosen as
variable in ModelCenter®.
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Fig. 6. First comparison between the reference data and the simulation
results of the battery pack current.

For the optimization study it was used the optimization
tool of ModelCenter®. Once an objective function and the
variable parameters are defined in this tool, it is able to find
the best set of the variables which can minimize or maximize
the objective function.

As optimization algorithm, it was chosen the “NSGA II-
Non-dominated Sorting Genetic Algorithm II”, which is
capable of doing a multi-objective analysis and providing a set
of solutions to the user.

As objective functions were inserted two functions which
calculate the errors between the real and the simulation curves
of the Battery current and voltage, equations (14) and (15).



tC cle
Ey = ftoy : (Vsim — Vrear) dt (14)

tC cle
Ec = ftoy “(Isiy — Irpa) dt (15)

As shown in the equations (14) and (15) all the punctual
errors of each iteration are taken into account and then
summed, in order to give the global error of the simulation as
a result.

The main characteristic of the chosen optimization
algorithm is that it does not require to specify a weight for
each objective function. Therefore, the curves of errors for the
battery voltage and current are evaluated on the same level of
importance.

Finally, once R ¢ and Rp are defined as input
parameters, ModelCenter® is able to run simulations on
Dymola and read, at the same time, the values of the objective
functions (Ey and E¢) for each simulation.

After performing about 667 simulations, the algorithm
NSGA 1I detected the best configuration of parameters for the
477™ one, whose values are presented on Table 1.

TABLE 1. OPTIMIZATION RESULTS

Re Pr Rg Ey Ec

10.381 0.4887 0.1367 73.64 391

The new comparison of the real curve to the simulation
results, measured by the Dymola Power Sensor at the output
of the Battery, after the use of ModelCenter®, is shown in Fig
7. Briefly, despite some local errors, the match between the
peaks of Battery current and voltage corroborated the validity
of the optimization study.
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VI. RESULTS

After the validation process, the Dymola model of the
scooter was used to calculate the energy required by an
electric vehicle battery pack, whose project presents some
specific driving-range requirements. It was assumed as range
the distance that a vehicle can run using only one discharging
cycle of the battery pack.

It is known that the value of energy required by the vehicle
battery is fundamental for a designer of electric vehicles. As a
matter of fact, its knowledge can provide an idea of the
dimension and detailed performance characteristics of the
battery pack. Thereby, for this study, the already created
Dymola model was modified, as shown in Fig. 8.
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Fig. 8. Modified Dymola model

In order to calculate the energy required by the Battery
pack, the Dymola model of power-train was modified. It was
considered a constant speed reference for the control system
and the brake was removed because its presence on the model



would be useless. Further, in the power-train model, there
were also inserted the following parameters:

e  Wp: it calculates the total energy in Wh used by the
vehicle battery pack during the simulation;

_ 1 tsim
WB —_ ﬁ fto PB dt (16)

e Ry it estimates the range in km reached by the vehicle
during the simulation;

Ry = o [™ V, dt (17)

1000 “to

e Wy itis the relative parameter of energy spent for the
vehicle to run a certain distance, measured in W.h/km.

w
=2 (18)
For this study, another ModelCenter® tool, called

“Parametric Study”, was used.

The parametric study was initialized inserting the battery
pack number of cells and the constant speed reference as input
parameters, and W as the output function.

In this way, once the number of cells is fixed, the software
calculates the energy Wy gradually modifying the value of
speed reference between a minimum (10 km/h) and a
maximum value (45 km/h).

The results of this study applied to the Scooter are shown
on the graphic presented on Fig. 9. With these curves, it is
possible to calculate the total energy required by the Scooter
to run a specific range fixing the number of battery cells and
its speed.
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Fig. 9. Results of the parametric study

The calculated Battery consumption, for different numbers
of battery cells and different constant values of the vehicle
speed, are reported in Table 2.

TABLE 2. CALCULATED BATTERY CONSUMPTION

Vehicle Number of Battery Cells

Speed

[km/h] 9 11 13 15
10 5,26 5,29 5,33 5,38
15 5,66 5,69 5,77 5,89
20 6,17 6,21 6,33 6,50
25 6,77 6,83 6,99 7,22
30 7,47 7,55 7,76 8,06
35 8,27 8,38 8,65 9,02
40 8,93 9,31 9,65 10,13
45 10,36 10,81 11,42

In order to use the graphic above, first the designer has to
enter through the x-axis using the value of the vehicle speed
required by his project, after that, he is able, choosing the
number of the battery cells, to check on the y-axis the energy
consumption (W5) of the designed electric propulsion system.

The total internal energy of the battery pack Wrory, can be
estimated using the equation (19), that takes in consideration
one discharging cycle:

Wrora =k Wg Rp (19)

where «, is defined by:

1
K = (50Co- s0Cwm) (20)

It is a factor that amplifies the value of the useful energy,
so that it can be taken into consideration that the battery
should be recharged when the value of SOC reaches a
minimum threshold.

VII. CONCLUSIONS

The design and development of a complex system, such as
power-train, is a complex task that needs to be divided into
several phases and be managed through an approach typical of
Systems Engineering. This manuscript deals with the
preliminary design phase of a propulsion system for an electric
scooter. A model-based design approach is used to estimate
vehicle performance and energy consumption for the
considered propulsion systems.

The approach explained in the present manuscript
represents a useful computational instrument which is
expected to help engineers in the design of electric vehicles.
Besides that, the created Dymola model, used with this
approach, is very flexible because it can be changed and
adapted to the characteristics of its components (battery pack,
inverter, electric motor, control system, gear box, etc.) and
parameters of electric vehicles (wheels, mass, frontal area,
etc.) under study. The used models allow the simple testing of




different system configurations thanks to their described
modularity. Using these tools in the preliminary design phases
of system engineering is useful to designers for different
reasons: finding a configuration that is more suitable for a
certain application; making a preliminary sizing of
components, but also exclude a priori solutions that result to
be unsuitable by the simulation.

It can be also concluded that the performed co-simulation
between Dymola and ModelCenter®, carried out in this paper,
is able to improve the precision and the quality of the
simulation results. Regarding to this aspect, the optimization
tool has played an essential role on the improvement of the
model, completing the small imperfections and limitations of
the modeling environment of Dymola.

About the specific battery consumption results, presented
in the last section of this paper, it is important to note that the
parametric study, obtained using Model Center, enables a
detailed designing of a battery pack for the electric vehicle
under study. As a matter of fact, in this case, this tool has
provided specific data about the battery back performance and
physical characteristics, once the requirements of the project
in question are fixed.
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