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Abstract: The development of connected and automated driving functions involves that the interaction of autonomous/
automated vehicles with the surrounding environment will increase. Accordingly, there is a necessity for an improvement in the
usage of traditional tools of the automotive development process. This is a critical problem since the classic development
process used in the automotive field uses a very simplified driver model and the traffic environment, while nowadays it should
contemplate a realistic representation of these elements. To overcome this issue, the authors proposed an integrated simulation
environment, based on the co-simulation of Matlab/Simulink environment with simulation of urban mobility, which allows for a
realistic model of vehicle dynamic, control logics, driver behaviour and traffic conditions. Simulation tests have been performed
to prove the reasoning for such a tool, and to show the capabilities of the instrument. By using the proposed platform, vehicles
may be modelled with a higher level of details (with respect to microscopic simulators), while the autonomous/automated driving
functions can be tested in realistic traffic scenarios where the features of the road traffic environment can be varied to verify in a
realistic way the level of robustness of the on-board implemented functions.

1 Introduction
The increasing demand for mobility poses great challenges for road
transport systems in the field of safety, energy-saving and mobility
efficiency. Road congestion increases travel time, fuel consumption
and reduces safety, triggering aggressive and unsafe driver
behaviour [1]. New technologies are nowadays seen as a solution
to increase vehicles’ performance and capabilities and are going to
interact with road driving environment helping or replacing the
driver to manage unexpected and/or unsafe traffic situations [2].
This idea, carried out starting from Prometheus initiative in 1986
[3], led to the development of Advanced Driving Assistance
Systems (ADAS), which support the driver in different ways:
avoiding or reducing the probability of collisions; alerting the
driver in case of emergency; assisting the driver while driving. The
main goal of these systems is to reduce road accidents in Europe by
2020, from 31,000 in 2010 to 15,000.

However, automated driving (AD) SAE-3 level or higher, could
not exploit all their benefits if cooperative and communication
components are not implemented [4]. Intelligent Transportation
Systems (ITS) exploit V2X (Vehicle-to-Everything)
communication for several applications that aim to enhance road
safety, traffic efficiency and infotainment. More specifically, one of
the fundamental aims in ITS is to cooperatively drive along the
road, as highlighted in the final reports of C-ITS (Cooperative
Intelligent Transportation Systems) platform by EU. Connected
autonomous vehicles, leveraging Vehicle-to-Vehicle (V2V) [5]
and/or Vehicle-to-Infrastructure [6] communication, can share
information with surrounding road users and/or receive a reference
signal coming from a leading vehicle or a road infrastructure. They
significantly improve road safety, road efficiency and reduce at the
same time the fuel consumption [7, 8].

The increasing complexity of these systems requires continuous
reliability and verification tests, to guarantee safety, quantify
possible advantages and evaluate arising issues [9]. However, an
on-road test of the vehicle behaviour requires a considerable effort
(e.g. in terms of time and money) and does not allow to repeat a

specific test in the same identical condition (no deterministic test
conditions). To overcome all these issues, automotive
manufacturers make extensive use of simulation solutions (also
called ‘Virtual Validation’ solutions), which nowadays have a key
role in the development process of autonomous systems because of
lower time and higher simplicity in carrying out test [10].

In this work, we developed an integrated simulation
environment that responds to this need. It embeds traffic micro-
simulators and vehicle dynamics to create a holistic virtual
simulation environment and exploits the strengths of each
component. The proposed simulation environment, combining
Matlab/Simulink and SUMO (Simulation of Urban Mobility) [11]
environments, is a modular platform with different (and
replaceable/modifiable) levels of detail for each component. More
specifically, the holistic vision of the ntegrated simulation platform
allows to obtain an explicit and realistic representation of vehicle
dynamics, driver behaviour, road traffic environment (e.g.
infrastructure and traffic), autonomous/AD systems and
communication systems for cooperative applications. The use of
the Matlab/Simulink environment allows to emulate each
component both by in-house and specific third-part hardware/
software solutions, so they are replaced and/or modified as needed.
Each of them is connected to the rest of the system and, hence, its
testing and validation is performed by simulating all the
components simultaneously in a unified common environment.

2 Related work
Traffic micro-simulators, such as SUMO, Vissim [12], and
MATSim [13], are conventionally used to estimate the level of
service of road infrastructure, design and calibrate traffic control
logics [14], and compare the performances of different road design
solutions. Moreover, the increasing attention to environmental
problems, such as air pollution, fuel consumption and noise
production, has suggested to include the above aspects as decision
criteria for road or traffic control designs and, more generally, for
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urban mobility [15]. Some studies, such as in [16], focused on the
applicability of traffic micro-simulators to estimate vehicle
emission based on real-world data from an expressway, but, due to
systematic error, they not provide a realistic driving behaviour to
estimate both consumptions and pollutant emissions of the vehicle.
By combining the use of these tools and instantaneous emission
and consumption models [17, 18], exploiting micro simulation data
as inputs, is possible to overcome these issues.

From the early 2000s, traffic micro-simulators have also been
used to study the impact and the effect of ADAS on traffic quality
and efficiency [19]. A wide literature focused on the analyses of
different ADAS such as Adaptive Cruise Control (ACC) [20],
Intelligent Speed Adaptation [21] and overtaking assistants [22].
Moreover, some authors investigate on variables that influenced
the effect of such systems on traffic, by varying penetration rate
[23, 24], vehicle fleet [24], road infrastructure and driver
behaviour. Consequently, the availability of high-detailed digital
maps is rapidly becoming an absolute requirement, to categorise
the points of the drivable region and determine the location of the
road signs also in complex urban environments, e.g. when the road
signs are located on the ground [25].

Similarly, following the development of communication
technologies, traffic micro-simulators started to be used as
simulation testing environment for technologies ranging from
information systems [26], up to modern systems based on V2X
(Vehicle-to-Everything) communication, and traffic control logics.
Plexe [27], a SUMO extension that allows vehicular network
simulation by integrating Veins, was widely used to simulate
platooning applications, in presence [28] or not of communication
delay [29, 30], while in [31] emission effects of Cooperative
Adaptive Cruise Control (C-ACC) are estimated.

It is worth noting that several authors criticised this kind of
approach, since it considered only the functioning of the system,
and not the changes induced in driver behaviour [20]. Hence,
conventional microscopic traffic simulation models need to be
enhanced to manage both the driver assistance systems and the
variation in driver behaviour that these systems may induce. Some
micro-simulation tools allow on-board functionalities to be
embedded via an application programming interface, however, the
implemented systems are very simplified models of the on-board
real ones. In some cases, such simplifications can be justified; In
some cases, e.g. for systems that take partial control of the driving,
using a simplified model may not produce a valid representation of
the behaviour of the vehicle in the traffic simulation scenarios.

On the other hand, the classical automotive development
process focuses on a highly detailed model of the vehicle and its
components (e.g. body, powertrain and tyre), on-board sensors and
control logics. The spread of Autonomous/Automated functions, as
well as V2X and ADAS [32, 33], lead cars to become part of a
complex interacting system, which need to be well represented in
the used tools to accurately design and test the vehicle and its
technologies.

Virtual Testing, allowing for short-time simulations, safe test
conditions, test reproducibility and a high number of simulations
runs, represents the most effective solution to verify and validate
such complex systems prior to on-road tests [10]. In one particular
setting, hardware-in-the-loop (HIL), simulations are performed to
test physical components of the vehicle, especially electronic
control units [34, 35].

Existing commercial solutions [36], e.g. IPG CarMaker, TASS
PreScan, VIRES VirtualTestDrive and dSPACE, typically focus on
the control of a high-detailed single vehicle, which can eventually
be equipped with on-board sensors (e.g. camera, radar and lidar)
and devices for V2X communication. For instance, dSPACE has
embedded a model for automotive simulations into its testing
environment with the aim to develop and test driver assistance
systems that react to surrounding vehicles. Specifically, it allows to
test the behaviour of a single controlled vehicle, equipped with on-
board sensors, that interact with surrounding vehicles (for a
maximum of 15 and following a pre-defined behaviour) [37]. This
latter tool, like many others, presents simplified road description
and surrounding vehicles’ behaviour, which consists of pre-loaded
and predefined driving trajectories, given as a simulation input.

Open-Source solutions [38–42], which allow to reduce costs,
also present some issues. TORCS, a multi-vehicle simulation
platform, do not contain the mathematical representation of vehicle
behaviour, while CoInCar-Sim does not integrate vehicle dynamics
and realistic traffic representation. CARLA, AirSim and Udacity
present a detailed physic environment but focus on generating
behaviours for learning-based approaches.

The lack of appropriate simulation tools involves both a
deficiency of information in the development process of
autonomous/AD solutions, and an inability to properly consider the
real impact of the considered system on the surrounding traffic
actors.

To overcome the above issues, current research focuses on the
creation of an integrated simulation environments. Some
commercial solutions have been integrated traffic simulator to
simulate realistic traffic representation, e.g. IPG Car Maker can be
integrated with SUMO [43] and Vissim [44]. Cottignies et al. [45]
proposed a co-simulation between rFpro and SUMO allowing a
complete simulation of urban environments for ADAS and
Autonomous Testing. Currently, the last version of DYNA4,
integrated with SUMO, allows also multi-vehicles control with
detailed dynamics.

Differently, So et al. [46] proposed an integrated use of
AIMSUM, i.e. the traffic micro simulator, CARSIM, i.e. vehicle
dynamics simulator, and Passenger Car and Heavy Duty Emission
Model to estimate pollutant emissions. The vehicle dynamics and
emission model run in post-process by using outputs from
AIMSUM simulation as inputs. This type of solution, even if it
offers high fidelity vehicle and sensors’ models, is very expensive
and not light-weighted.

Less work exists on coupling automated vehicles with traffic
simulations. Few in-house solutions exist on coupling vehicle
dynamics and traffic simulators [47, 48], which allow to reduce
cost and unnecessary dependencies; they are often based on
Matlab/Simulink environment to emulate vehicle dynamic and
sensors. Griggs et al. [49] have proposed an integrated framework
for HIL solutions, combined with SUMO, while authors in [47]
combined the traffic micro-simulator with a high-detailed
powertrain modelled in Simulink. A different approach is proposed
in [50, 51], in which driving simulators are combined with
microscopic traffic simulator to provide a consistent solution to
deal with the challenging problems described above.

This work falls within the latter path and its aim is to motivate
and show the development of an integrated simulation
environment, which embeds different interacting simulation tools
within a holistic view of the co-simulation approach. More
specifically, we integrate SUMO, as traffic micro-simulation
environment, and Matlab/Simulink as integration environment in
which model and emulate complementary parts of the simulation,
such as vehicle dynamics, ADAS and V2X communication
technologies.

3 Materials and methods
The platform had been developed unifying, in an interactive way, a
set of tools, each of which performs specific tasks to use the
strengths of each component.

The classic approaches in the automotive field are characterised
by a highly detailed characterisation of the vehicle model and the
on-board components. Instead, the traffic environment and the
driver model used in the simulation are a really weak aspect.
Traffic environment is characterised by a limited or no presence of
pedestrians and other vehicles and a limited characterisation of the
network, while driver model, typically, presents an extremely
simplified behaviour, generally pre-set in each run. In the proposed
approach, also critical components are modelled in detail, using
field-specific tools, integrated with traditional ones. Matlab/
Simulink environment is used for vehicle model (i.e. vehicle
dynamics, tyre and powertrain models), driver model and control
logics, while SUMO environment provides the traffic environment.
The Traffic Control Interface (TraCI) 4Matlab is used to establish
communication and to exchange information between SUMO and
Matlab/Simulink.

1026 IET Intell. Transp. Syst., 2020, Vol. 14 Iss. 9, pp. 1025-1033
© The Institution of Engineering and Technology 2020

 17519578, 2020, 9, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/iet-its.2019.0678 by A

ngelo C
oppola - U

ni Federico Ii D
i N

apoli , W
iley O

nline L
ibrary on [18/12/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The operating scheme of the proposed integrated simulation
platform is shown in Fig. 1.

Note that the proposed simulation environment allows to
control one vehicle at a time, called Ego-Vehicle.

3.1 Road traffic environment

The road traffic environment is emulated by SUMO, an open-
source, microscopic, multi-modal and time-discrete traffic
simulator. Furthermore, it contains a set of tools that help to
prepare and perform the simulation of a traffic scenario. The traffic
simulation performed by SUMO is time-discrete, with a default
step length of 1.0 s, which can be chosen down to 1.0 ms, and the
maximum duration of a scenario is 49 days. A simulation, to be
performed, needs for a road network and a traffic demand. Each of
them is defined into a specific XML file, which is the SUMO file
format.

Road Network can be generated both by using the application
netgenerate and by importing a digital map using netconvert,
which allows to read networks from other traffic simulators (e.g.
VISUM, Vissim or MATSim) or other digital road networks
formats (e.g. OpenStreetMap [52], OpenDRIVE [53] and
RoboCup). Another tool, named netedit, allows editing road
network using a GUI (Graphical User Interface). The SUMO-
network file contains information about nodes, edges and traffic
light plans. Nodes describe the intersections, which consist of a
position, shape and right-of-way rules. Edges describe the road
segments, which have a fixed number of lanes characterised by a
defined geometry, maximum allowed speed and information about
vehicle classes allowed on them.

The traffic demand can be defined both manually and by using
origin/destination matrices (O/D matrices), which describe the
movement between different traffic analysis zones. However, to
use these matrices in SUMO, they must be disaggregated into
individual trips. To reach this goal is possible to use od2trips tool,

which converts O/D matrices into single-vehicle trips. Each vehicle
is modelled explicitly, defined by a unique ID, route, departure
time and speed. It can be assigned to a defined Vehicle Type, which
describes the physical properties of the vehicle and the variables of
the movement model, and to a pollutant or noise emission classes.
Vehicle motion is controlled through the car-following model
(compute the desired speed of Ego-Vehicle on the base of its own
state and the surrounding environment), lane change model and
right-of-way at the intersection.

3.2 Vehicle model

The motion of the Ego-Vehicle is described through dynamics
equations which refer to a 3-Degree of Freedom (DOF), rear-drive
and front steering vehicle model. The Ego-Vehicle model is built in
a modular framework allowing to choose between two types of
propulsion and relative model of consumption, Internal
Combustion Engine (ICE) or Electric Motor (EM), and different
configurations for wheels (bicycle or quadricycle model). In
conclusion, as schematically represented in Table 1, four different
versions of the vehicle model are available. 

The torque engine/motor (Tmotor/engine), provided to the
driveshaft, is evaluated as the ratio between its power and rpm,
multiplied for the throttle percentage and then it flows to the drive
wheels through the gearbox and differential. Each wheel is outlined
as a 1-DOF dynamic model whose rotational acceleration is the
result of dynamic balance among drive, brake and resisting torque.
Wheel rotational speeds are calculated by integrating accelerations;
vehicle speeds and steering angle are used to evaluate wheel slips
parameters, while accelerations impact on vertical tyre loads. Slips,
vertical loads and camber angles represent the input data of the tyre
model which estimates the interaction forces along longitudinal
and lateral directions. More, vehicle dynamics equations evaluate
vehicle accelerations through dynamic balance among tyre forces,
aero drag force and rolling resistance. Accelerations are integrated
to get vehicle speeds and lastly, vehicle speeds are integrated to
obtain step-by-step position of the vehicle. The general vehicle
model architecture is depicted in Fig. 2. 

In the following subsection, the models implemented will be
described in detail.

3.2.1 Propulsion model: The engine/motor power is expressed as
a function of throttle and rpm. The first attribute is the percentage
of the power available at a specific rpm value rpm is the rotational
speed of the motor calculated as the average speed of drive wheels
reduced to the motor shaft through gear and differential ratio.

The power of the ICE is evaluated as follows:

P = Pmax − n
nPmax

3

+ n
nPmax

2

+ n
nPmax

(1)

Fig. 1  Integrated simulation environment architecture
 

Table 1 Configuration of vehicle models
Bicycle Quadricycle

ICE ✓ ✓

EM ✓ ✓

 

Fig. 2  Vehicle model architecture
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In the previous equation, the power is expressed by a cubic
equation that is a function of the ratio between effective rpm (n)
and rpm at maximum power (nPmax), multiplied for the max power
(Pmax). The torque is simply obtained dividing the power for the
rpm.

Instead, the EM model is realised using Simulink ‘Mapped
Motor’ and ‘Datasheet Battery’. Mapped Motor estimates the
motor torque and the current output which goes into the battery
model to calculate the battery voltage and his state of charge.

3.2.2 Wheel dynamics model: The rotational acceleration of the
wheels is the result of a dynamic balance of a 1-DOF system.
During acceleration or braking, manoeuvre the tyre, due to the
speed difference between vehicle and wheel, deforms itself
generating a traction force. The product of this force and the
distance between hub and road generates an opposite torque to the
drive one. Performing a dynamic balance of the generic wheel is
possible to obtain the equation of its acceleration:

ω̇wheel = (Tmotor/engine/(τgearbox ⋅ τdifferential)) − Tbrake − Fx ⋅ R
Jwheel

(2)

Analysing the equation above, it is possible to note the net torque
(numerator) is divided by the total moment of inertia reflected the
wheel axle (denominator). More, the net torque is calculated as the
difference among drive torque at the wheels (given by the ratio of
motor/engine torque (Tmotor/engine) and the ratios of gearbox and
differential (respectively τgearbox and τdifferential)), brake torque
(Tbrake) and the resistance torque due to the traction force generated
by the tyres (Fx) multiplied for the wheel radius (R). The inertial
moment of the wheels (Jwheel) is the sum of two contributions:
wheel mass inertia and rotating mass inertia. About those
contributions, the rotating mass is non-zero as regards drive wheels
only, because of mechanical connection with the drive line, while
the wheel inertia is constant and depends on the mass, radius and
width of the wheel.

3.2.3 Gearbox model: The driveline ratio is given by the product
of gear and differential ratios. Despite differential ratio, the first
one is variable or not according to the type of motor. ICE works by
a 6-speed gearbox: the gear is shifted up when rpm reach the value
at maximum power and the gear is shifted down when power is too
low. EM supplies good torque at low speed, is high revving and
efficient across a broad rpm range. Its features make it unnecessary
to have a transmission, unless for performance purposes. Since the
vehicle model refers to a conventional passenger car, it is assumed
to use a single-speed gearbox.

3.2.4 Tyre model: The vehicle is assumed to move like a rigid
body which can only translate or rotate on the road surface. Its
trajectory depends on how tyres compensate the resistant and
inertial forces acting on the vehicle. Both during acceleration and
steering manoeuvre, tyres deform to comply the velocity difference
between vehicle and wheels. In this regard, two parameters have to
be defined: slip ratio (ki j) and slip angle (αi j) indicate how much
tyre deforms along its longitudinal and lateral direction [54]. Each
wheel is indicated by subscripts i and j: i is used to refer to the
wheel axle (1. Front axle, 2. Rear axle); j is used refer to the side of
the axle (1. Left wheel; 2. Right wheel)

κi j =
ωi jRi j − Vxi j

Vxi j
(3)

αi j = − atan
Vyi j

Vxi j
(4)

The slips depend on wheel rotational speeds (ωi j), and the
longitudinal and lateral speeds of the vehicle in correspondence of
the wheel hubs (Vxi j), reflected in the wheel reference frame. The
latter, in turn, are a function of the longitudinal, lateral and yaw

speed of the vehicle (u, v and r, respectively), steering angles at the
wheels (δij), front/rear wheelbase (ai) and track (ti); they are
calculated as follows [54]:

Vx11 = u − rt1/2 cos δ11 + v + ra1 sin δ11 (5a)

Vx12 = u + rt1/2 cos δ12 + v + ra1 sin δ12 (5b)

Vx21 = u − rt2/2 cos δ21 + v − ra2 sin δ21 (5c)

Vx22 = u + rt2/2 cos δ22 + v − ra2 sin δ22 (5d)

Vy11 = v + ra1 cos δ11 − u − rt1/2 sin δ11 (5e)

Vy12 = v + ra1 cos δ12 − u + rt1/2 sin δ12 (5f)

Vy21 = v − ra2 cos δ21 − u − rt2/2 sin δ21 (5g)

Vy22 = v − ra2 cos δ22 − u + rt2/2 sin δ22 (5h)

Resistant and inertial forces generate a load transfer phenomenon
which affects the vertical load of tyres and so their longitudinal and
lateral stiffness. To closely estimate vertical loads, roll motion has
to be considered. The load transfer generally depends on the
longitudinal and lateral acceleration (ax, ay) geometric
characteristics of the vehicle (i.e. height (h), wheelbase (l), front/
rear axle distance from CG (ai)) and its suspensions (front/rear axle
roll stiffness (kϕi), total roll stiffness (kϕ) front/rear roll centre (di),
roll centre at CG coordinate (d)) and the aerodynamics contribution
to the loads (a function of air density (ρa ), cross-sectional area
(Sa), front/rear lift coefficient (Czi)) and the square of longitudinal
speed [55]

Fz1 1, 2 = 1
2

mga2

l + 1
2 ρaSaCz1u

2 − maxh
l ∓ ΔFz1 (6a)

Fz2 1, 2 = 1
2

mga1

l + 1
2 ρaSaCz2u

2 + maxh
l ∓ ΔFz2 (6b)

ΔFz1 = may
t1

a2

l d1 +
kϕ1

kϕ
h − d (7a)

ΔFz2 = may
t2

a1

l d2 +
kϕ2

kϕ
h − d (7b)

The tyre model returns the tyre/road interaction forces according to
the slips, load and camber conditions. Here is used the Magic
Formula 5.2 by Pacejka [55] that does not take into account the
pressure variance of the tyre. A non-linear model allows to emulate
more critical drive conditions than linear one and to return more
realistic dynamic and kinematic output.

The Magic Formula is defined as follows:

y x = Dsin Catan Bx − E Bx − atan Bx (8)

where x is either slip ratio or slip angle according to the force we
are evaluating, y x  is either Fx or Fy, B is the stiffness factor, C is
the shape factor, D is the peak value, E is the curvature factor.

3.2.5 Vehicle dynamics equations: Each wheel exerts
longitudinal and lateral forces along his own reference axis. These
forces can be expressed in the vehicle body-fixed reference frame
as follows [54]:

Xi j = Fxi jcos δi j − Fyi jsin δi j (9a)

Yi j = Fxi jsin δi j + Fyi jcos δi j (9b)
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where δi j is the wheel steering angle.
Then vehicle dynamics equations are defined as follows [54]:

max = m u̇ − vr = X = X1 + X2 − Fa − Fr (10a)

may = m v̇ + ur = Y = Y1 + Y2 (10b)

Jzṙ = N = Y1a1 − Y2a2 + ΔX1t1 + ΔX2t2 (10c)

where Fa is the aereo drag force and Fr is the rolling resistance

X1 = X11 + X12 (11a)

X2 = X21 + X22 (11b)

Y1 = Y11 + Y12 (12a)

Y2 = Y21 + Y22 (12b)

ΔX1 = X12 − X11

2 (13a)

ΔX2 = X22 − X21

2 (13b)

Finally, by integrating longitudinal, lateral and yaw speed, the
position and orientation of the vehicle are obtained [54]:

ψ t = ψ 0 + ∫
0

t
r t dt (14a)

xCG t = xCG 0 + ∫
0

t
u t cos ψ t − v t sin ψ t dt (14b)

yCG t = yCG 0 + ∫
0

t
u t sin ψ t + v t cos ψ t dt (14c)

3.2.6 Bicycle model: It is possible to simplify the model in order
to reduce the computational effort through the so-called bicycle
model. It differs from the quadricycle model since that the vehicle
is outlined as single wheel both at front and rear axle, and the
lateral load transfer is neglected [56]. This is due to the
assumptions made on the manoeuvre; small steering angles imply
insignificant yaw rate contribution to longitudinal speed
(u ≫ r ⋅ ti). Another assumption is considering as rigid the steering
system and approximating the steering angles to the same value per
axle (δi1 ≃ δi2 ≃ δi).

Since both the slip ratio and slip angle could be considered
similar for the wheels of the same axle (κi1 ≃ κi2 ≃ κi and
αi1 ≃ αi2 ≃ αi), is possible to represent each axle as a single wheel
whose dynamic features refer to the whole axle response. Assumed
manoeuvre implies a low lateral inertial force, then small tyre slip
angles which let both to linearise trigonometric functions and to
consider as linear the behaviour of tyres As regards the vehicle
dynamic equations, the bicycle model allows to reduce the
numbers of terms (forces Fx and Fy) and neglect the contribution to
the yaw motion dynamic balance given by the different
longitudinal forces generated by axles (ΔX1t1 + ΔX2t2).

3.2.7 Vehicle control actuators: The implemented control
actuators system is based on a Proportional–Integral (PI) regulator
and a mapping block that adds a contribution to the actuation
signal. The functioning of this block is to translate on vehicle
actuators the driver's decisions (typically a reference speed or
acceleration).

The input of the PI controller is the speed error (difference
between desired speed and actual speed of the Ego-vehicle) and
applies a correction based on proportional and integral terms,
calculating Throttle and Brake signals, in mutual exclusion,
corresponding to the accelerator/brake valve's opening (in

percentage). It has been tuned using Ziegler–Nichols method on
open loop, getting the following values: Kp is equal to 90 and Ki is
equal to 0.3. The only use of a PI controller would be ineffective
on a complex non-linear system, so the control system has been
improved adding a Throttle Mapping block (TMb). The input and
output of TMb are summarised in Table 2. 

More specifically, the mapping is based on lookup tables (one
for each gear) where different values of association between
throttle and reachable speed are stored. Then the points of the
Speed-Throttle plane have been interpolated through cubic
polynomials, obtaining functions that take in input the desired
speed and give in output the throttle value:

f Vd = c1Vd
3 + c2Vd

2 + c3Vd + c4 (15)

In Fig. 3 a typical profile for the interpolating curves is reported. 
Lastly, the interpolation error is corrected by the throttle output of
PI controller. Instead, during braking dynamics, the error signal
takes negative values and the Brake signal becomes a scaled
version of the absolute value of PI's output. Within the Simulink
block named acc or brk logic (see Fig. 4) is implemented the
control logic that compute the accelerator/brake actuation. The
block evaluates the difference between the actual Ego-Vehicle
speed and the desired speed given by C-ITS logic. If the difference
exceeds the upper threshold, fixed to 8.0 km/h, the brake is
activated; when the speed difference has a value between 8.0 km/h
and 3.0 km/h (i.e. the fixed lower threshold), the brake is
deactivated. Lastly, for values lower than the latter threshold, the
vehicle slows down because of the motion resistance. The Ego-
Vehicle receives the throttle signal, coming from the mapping
block and corrected by the PI controller, and it leads to the target
speed. The double threshold value is used to optimise the brake
actuation and avoid instability due to continuous switching of the
output signal (acceleration or braking) given by acc or brk logic
block. Then, to ensure the mutual exclusion of Throttle and Brake
signals, the Throttle/Brake switch block selects, based on
acc_or_brk value, the right actuation signal.

To allow the Ego-Vehicle to follow a desired path, its steering
angle is commanded as follows [57]:

δ̇s(t) = − Ks ⋅ ωerr(t − τ) (16)

Table 2 Control system input/output
Input Output
Gear Throttle, %
reference speed, m/s Brake, %
vehicle speed, m/s —

 

Fig. 3  Interpolating curve for second gear
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where δs(t) (rad) is the steering angle, Ks is a gain constant,
ωerr(t) (rad/s) is the yaw rate error and τ (s) is the response delay.
In the considered model, ωerr(t) (rad/s) is defined as the yaw rate
that, starting from the actual vehicle position and heading angle,
would make the vehicle intersect the desired path after a preview
time TP; it is computed as follows:

ωerr(t) = ω(t) − ω∗(t) (17)

where ω(t) (rad/s) is the current yaw rate and ω∗(t) (rad/s) is the
desired yaw rate. Finally, according to [57], the values of Ks, τ and
TP were set, respectively, equal to 10.0, 0.1 and 2.0 s, respectively.

3.3 Procedure

To setup the simulation, some preliminary operations are
mandatory. It is necessary to create a simulation scenario in SUMO
that it is composed by a network model and a traffic mobility
demand where specific traffic flows, defined with their
characteristics, surround the EGO-vehicle along its route.

The Ego-Vehicle model defines its kinematic status
(longitudinal, lateral, and yaw speed) processing driver inputs such
as throttle and braking pedal and steering angle. It provides
engaged gear as well to power the control logic and estimates the
fuel or energy consumption according to the selected propulsion.
The model implemented act as an actuator where the inputs are
external. More, those inputs are not necessarily reachable due to
mechanical restrains. In this case, the vehicle will reach a different
state, different with respect to the desired one.

The external inputs are settled using a Simulink block
representing a realistic driver behaviour. The block uses the data
collected from the environment, as information of road
infrastructure, and turn those into a driving task that has to be
implemented. In addition to the environmental data, the Ego-
Vehicle status and features and leader features, are sent to the
driver model via TRACI4Matlab exploiting the communication
architecture depicted in Fig. 5. 

Data are used to define target speed and steering angle. The
target speed is determined using a car following model, Krauss,
that it is the same one implemented in the microscopic simulator
software. For lateral dynamics, in order to convert vehicle's yaw
rate in steering angle, the Desired Path Yaw Rate Error (DPYRE)
driver model [57] has been implemented. The determination of the
steering angle is a typical Trajectory Planning problem. Generally,
it is assumed that the driver first plans a trajectory to follow, and
then applies the steering input to follow it according to the road
geometry.

A MATLAB script allows the communication through the tools
used to implement the system. The script is composed by multiple
functions and is split into two sections. A first one is an
initialisation section that sets all the necessary parameters and
starts the scenario and the vehicle model. Then the second section
is dedicated to the simulation phase. It allows the continuous
exchange of information between the traffic environment and the
vehicle model in Simulink. This architecture allows the Ego-
Vehicle to be set in the traffic environment with a mutual influence
of the two environments.

The simulation section is composed by six operational actions
for each simulation step (Δt). Firstly, at time t, the data regarding
the vehicles surrounding the controlled one are sent to the driver
model; then it defines the new status that has to be implemented.
As third step the established behaviour is actuated on the vehicle
and then the vehicle dynamic model implements the driver inputs
to reach the new status defined in the second step. At the end of
this step it is defined a reached status that could be not the same
defined in the second step. Then, the script moves to the time t + Δt
and the new status for the controlled vehicle are sent to SUMO.
Lastly, SUMO advances at the time t + Δt and the scenario interact
with the new status of the EGO-vehicle. The new status of the
traffic flow is the starting point for the new simulation step and the
cycle restarts from the first step.

4 Experiments and results
In this section, we validate the effectiveness of the proposed
integrated simulation environment. Specifically, we design two
simulation scenarios to understand potentiality, benefits and limits
of the realised tool that integrate both traffic micro-simulator and
vehicle dynamics.

4.1 Test 1

The first test aimed to compare the performance of the Ego-Vehicle
using SUMO first and then the proposed integrated simulation
environment. The two different simulations run are based on the
same driving scenario. In both cases, the Ego-Vehicle travels along
a 3.0 km long road, starting from an initial null speed value. We
suppose that speed limits change along the road, in order to show
differences in motion of considered vehicles, due to acceleration
and deceleration manoeuvres. The two speed profiles are reported
in Fig. 6. In this latter, specifically in the first acceleration phase,
approximately in the first 15 s, the two speed profiles are very close
to each other, while after this point Ego-Vehicle dynamics in the
integrated environment leads to a very different motion compared
to SUMO, reaching the reference speed with a smoother profile.

Fig. 4  Control system in Simulink
 

Fig. 5  Communication Architecture
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The use of a highly detailed representation of the Ego-Vehicle
shows that speed variation is not always linear, not instantaneous,
not always constant (e.g. it depends on the speed value itself). This
simple example shows how the integration can affect the vehicle
behaviour in the simulation and some key variables such travel
time, fuel consumption etc.

4.2 Test 2

In the second test, the integrated simulation environment has been
used to test, in a realistic traffic condition, an ACC and a C-ACC
control logic.

In Fig. 7 a snapshot of the SUMO road scenario used to test
both control logics is depicted. Specifically, we considered a two-

lane freeway segment and we represented the Ego-Vehicle in blue
to distinguish it from the other surrounding vehicles. The two
control logics are first tested and compared to each other, then an
example of testing in a complex traffic scenario is showed.

For the design of the ACC control logic, the well-known
Intelligent Driver Model (IDM) has been used as a reference; it is a
car-following model which generates a target acceleration for the
Ego-Vehicle by the following equation [58]:

aIDM = a 1 − V
V0

δ
− S0 + VT + (VΔV /(2 ab))

S (18)

where V0 (m/s) is the desired speed of Ego-Vehicle in free-flow
traffic conditions; V (m/s) is the current Ego-Vehicle speed; S0 (m)
is the minimum desired distance at standstill; ΔV (m/s) is the
difference between Ego-Vehicle speed and its leader speed; T (s)
is the minimum steady-state time gap; S (m) is the current distance
of Ego-Vehicle from its leader; a and b (m/s2) are the maximum
acceleration and comfortable deceleration of the Ego-Vehicle,
respectively; δ is the acceleration exponent. In Table 3 the IDM
parameters and their values are summarised. 

The algorithm has been implemented in Simulink and the
reference of the control system has been calculated deriving the
target acceleration. The C-ACC algorithm imagines the
establishment of a V2V connection, used to evaluate information
about other vehicles in a platoon. A logic that evaluates the
distance between the nth vehicle in the platoon and its predecessor
has been implemented. When specific conditions related to the
movement of the vehicles in the platoon occurs, a contribution to
the time gap of IDM algorithm are added, varying the reference
speed/acceleration of the Ego-Vehicle. This contribution is equal to
a scaled version of the ratio between the controlled vehicle velocity
and the nth vehicle velocity.

In the first case, the two algorithms have been compared
simulating a platoon of four vehicles, in which the last one is the
controlled vehicle. For the ACC control system only leader's
position and speed are considered, while for the C-ACC position
and speed of all platoon vehicles are considered. The results of the
application of the two algorithms are shown in Figs. 8 and 9. It is
worth noting that in the C-ACC test the speed reference has fewer
steep variations and the distance from leader has a higher minimum
threshold. This is related to unsafe driving condition of the leader
of the Ego-Vehicle that have not been considered by the ACC
control logic. Another simulation provides an intense traffic flow
on a multi-lane road. In this way it is possible to see the behaviour
of the controlled vehicle based on the numerous changes of leader
and lane.

In order to make the experiment more understandable, the time
series of speed (both for the leading and the Ego-Vehicle), distance
and actuators signals have been given in Figs. 10 and 11. It is
evident from discontinuities in the spacing signal how complex
scenarios could be simply obtained by using the integrated testing
environment. At the beginning of the trajectory, the position of the
leading vehicle is outside the radar range, and the Ego-Vehicle
tends to the desired speed. After that the Ego-Vehicle starts to be
strongly influenced by leader and the ACC is enabled. Lane
changes, and, more general, stochastic phenomena create several
stimuli for the control logic. The corresponding inputs to the
vehicle dynamics are reported in Fig. 12. 

5 Discussion and conclusions
In this paper, we have provided an overview of the possibilities, the
limits, and the possible future developments of the proposed
integrated simulation platform. The possibility to build up such a
simulation environment within a holistic vision, in which each
component of the system is emulated through detailed models,
leads to some considerations. On vehicle dynamic side, the use of
the proposed platform enhances both testing and validation
activities, allowing to analyse the behaviour of both the whole
vehicle system and of some of its single component. Furthermore,
realistic road traffic scenarios allow to simulate the presence of
several different external agents, which can interact with the

Fig. 6  Speed profile for the Ego-Vehicle in Test 1
 

Fig. 7  Snapshot of the SUMO reference scenario: Ego-Vehicle is
represented in blue

 
Table 3 IDM parameters
V0 22.23 m/s
T 1.2 s
S0 1.5 m
δ 4
a 1 m/s2

b 2 m/s2

 

Fig. 8  Comparison between distances from leader in ACC and C-ACC test
condition
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vehicle, and to modify the characteristic of the traffic flow, both
macroscopic and microscopic ones.

On the other hand, i.e. micro-simulation users side, the
simulations realism can be improved and, hence, is possible to
obtain better results from test activities, such as: (i) more accurate
speed profiles and trajectories; (ii) more detailed assessment of
consumption and pollutant emissions; (iii) unrealistic behaviour of
the driver are avoided; (iv) simple development of ADAS and/or
V2X communication systems to observe their impact on the road
traffic environment.

By exploiting ease of testing, the low-time required to perform
simulation tests and the possibility to vary several road traffic
parameters, it is possible to obtain a very wide range of scenarios
to test and verify the vehicle behaviour and/or specific control
logics. Thereby, the vehicle development process is enhanced since

that is possible to promptly fix an eventually non-correct behaviour
so to simplify and speed up the subsequent steps.

In this way, it is not necessary anymore to define a priori the set
of the worst-case scenarios in which to test the vehicle or one of its
components. All above mentioned assessments may be related to
the technological context that can be found in the automotive field.
Indeed, the latest trend is to create develop vehicles more
technologically complex, i.e. automated and even autonomous.
Finally, these systems have also to guarantee a high level of safety,
i.e. they do not cause damage to other things or people. With the
aim to combine complexity and safety requirements, it is necessary
to carry out a high number of simulation tests. To achieve these
goals, the using of such virtual testing environment seems to be
fundamental.
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