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Traffic Modeling of a Cooperative Charge While Driving System in
a Freight Transport Scenario

Francesco Deflorio® *, Luca Castello®

“DIATI, Politecnico di Torino, corso Duca degli Abruzzi 24, 10129 Torino, Italy

Abstract

The aim of this paper is to present a research study on a traffic model developed for analysing the performance of the wireless
inductive systems for charging while driving (CWD) fully electric vehicles (FEVs) from both traffic and energy points of view.
The design assumptions of the developed traffic model are aimed to simulate in particular a freight distribution service in a fully
cooperative traffic environment. In this case, the CWD service could be used to guarantee the minimum state of charge (SOC) of
the batteries at the arrival to the depot that allows the vehicles to shortly start with further activities. In this way, the fleet
manager could avoid wasting time for the stationary recharge, thus increasing the level of service of the freight distribution.

The CWD system is applied to a multilane ring road with several intermediate on-ramp entrances, where the slowest lane is
reserved for the dynamic charging activities, when authorized vehicles are present. A specific traffic model has been developed
and implemented adopting a mesoscopic approach, where vehicle energy needs and charging opportunities affect drivers’
behavior. Overtaking maneuvers, as well as new entries in the CWD lane of vehicles that need to charge, have been modeled by
taking into account a fully cooperative driving system among vehicles which manages adequate gaps between consecutive
vehicles. Finally, a speed control strategy in which vehicles can be delayed to create an empty time-space slot in the CWD lane,
is simulated at a defined node. This type of control, though is simulated to allow extraordinary maintenance operations, which
may require a free charging zone for a given time slot, could also be applied to support merging maneuvers for on ramp vehicles.
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1. Introduction

The majority of fully electric vehicles (FEVs) currently satisfies the electric energy needs for motion with an on-
board battery. The extensive literature on FEVs includes discussions of the following: battery problems particularly
concerning limitations in size and power, their weight, life and recharge time and the lack of charging points. These
problems are even more relevant for freight distribution services, where the masses and the distances travelled are
relevant and where the stationary recharge would require many charging stations. However, electric vehicles could
represent one of the possible solutions to low air pollutants emissions in the city centers, where a freight distribution
service often has to deliver. For this reason, the charge while driving (CWD) system could represent a technology to
contain the batteries sizes and the recharging infrastructures costs without impacting on the vehicles autonomy.

In particular, Boulanger at al. (2011) analysed the problems related to battery charging management, the
uncertainty surrounding the monitoring of the state of charge (SOC), the limited availability of charging
infrastructure and the long time required to recharge; problems that have generated range anxiety. The use of
intelligent transport systems (ITS), in particular vehicle to vehicle or to infrastructure (V2X) communications, was
evaluated to allow drivers to accurately and confidently locate charging stations where they could recharge the
battery in the shortest amount of time (Ezell, 2010). Johnson at al. (2013) evaluated how connected vehicle
technologies can facilitate the rapid charging of FEVs at charging stations throughout the road network. The market
acceptance of FEVs, travel needs and consumer choices, particularly for the first car in the household, were also
analysed by Kirsch (2000). Moreover, extensive research has claimed that the challenges of battery inefficiency and
the large and wasted space in the FEVs can be overcome by the wireless power transfer (WPT) technology. This
technology electrically conducts energy from a source to an electric device without any interconnecting mediums
(Palakon et al, 2011). Finally, another important element that supports a battery charging modality with frequent and
low energy transfer while driving is that the SOC must be managed carefully and the batteries should never be fully
discharged to avoid an excessive shortening of the battery life cycle.

The aim of this research study is to provide a method to support preliminary studies about one of the possible
future technology that could contribute to use FEVs in freight transport. One of the goals of the European white
paper is to achieve essentially CO2-free city logistics in major urban centers by 2030 and CWD technology could
represent one of the possible ways to reach this target. The model can simulate the performance of the wireless
inductive charge of the electric vehicles while driving, from both traffic and energy points of view. Beginning with
an electric vehicle supply equipment (EVSE) layout defined and analysed in a previous study (Deflorio et al, 2013),
a model for the traffic flow simulation is implemented to quantify and describe traffic performance, useful for
drivers and operators, but also the electric power that should be provided by an energy supplier for a proper
management of the charging system.

2. The CWD service for freight vehicles and the technological scenario

The following paragraphs are aimed at providing a brief overview on how a CWD service based on assumptions
and system requirements defined in the eCo-FEV project (2013) operates.

A driver who wants to use the CWD service should send a request, even automatically, to the charging station
operator through an on-board unit (OBU). After the verification of operational requirements, the charging station
operator returns the confirmation message to the user and updates the list of authorized vehicles, while the driver
receives the authentication on the OBU. The CWD system should include some enforcement functions to prevent
unauthorized vehicles from using the reserved lane. The position of each authorized vehicle is monitored along the
CWD lane to switch on only the coils under the vehicles, thus avoiding energy wasting. The correct position
monitoring is important also for vehicles outside the CWD lane because they affect overtaking maneuvers. The
service should consider different classes of vehicles, according to their energy needs. Different speeds should
therefore be admitted in the CWD lane and overtaking maneuvers should be managed according to a cooperative
system among vehicles: advanced driver assistance systems (ADAS) guide drivers during their maneuvers and the
cooperative system eventually intervenes on vehicle speeds to maintain the required gaps in the vehicle flow. This
technology could serve both passenger vehicles — private or public — and freight vehicles for distribution services, on
which this paper is focused.
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The chosen example of freight distribution service starts from a depot quite close to the city center and connected
to the motorway network by the ring road. The primary actors involved in the delivery use case (Fig. 1) can be

described as:
o FEV-Private: it is an electric powered vehicle which provides to the ITS system its level of autonomy as well as

other in-vehicle information;
e Charging station operator: it is the operator that provides charging services to FEVs and manages the EVSE.
This operator provides also traffic information in the inductive charging lanes. If necessary, it offers booking and

payment facilities;
o Fleet operator drivers: they drive FEVs of the fleet and are usually provided with an established delivery

schedule;
o Info operator: this operator monitors and manages the road traffic and/or road side infrastructure systems. It

provides information on traffic conditions and events (accidents, road works, road diversions, traffic restrictions,

etc.). It may refer to an urban traffic management center or a highway operator.
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Fig. 1. Example of a use case diagram for a freight distribution service with FEV.

The CWD is here supposed to be installed only along the right-hand lane of the ring road because that lane is
generally used by slower vehicles (Fig. 2). The EVSE includes inductive coils placed under the pavement surface,
forming different charging zones (CZs) at a relative distance (I). An authorized FEV that crosses the CZ couples to

its high frequency alternating magnetic field and the power is transferred to charge the battery.
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Fig. 2. CWD system layout.
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3. The choice of the traffic model

The presented methodology refers to a freight distribution service in a near future mobility scenario, where
vehicles motion could be less influenced by driver decisions. In particular, the rules that manage the vehicle
behavior are here developed according to a fully cooperative system where ADAS operate both on longitudinal
vehicle behavior - by speed control functions - and lateral vehicle behavior - by lane selection functions -.

The choice of the traffic modeling is derived from two primary requirements of the CWD system (eCo-FEV,
2013):

e CWD is supposed to be installed only along the right-hand lane of the ring road because that lane is generally
used by slower vehicles: the traffic model must consider the disaggregation of traffic data per lane;

e CWD can be used by vehicles with different charging needs and speeds: the traffic model must consider different
classes of vehicles, related to their electric charge level.

An extensive review of traffic modeling approaches can be found in Hoogendoorn and Bovy (2001).
Macroscopic models are not adequate to describe this type of problem because they lose the single vehicle
information and describe the mean behavior of the traffic flow on a road section. One possible approach to
effectively model multilane and multiclass problems could be microsimulation, where single vehicle trajectories and
interactions are modeled with a small time step resolution. A microsimulation model application example is reported
by Barceld et al. (2005). Although the microsimulation approach meets the principal requirements of the traffic
model for CWD, it does not model vehicle behavior according to energy needs. The current SOC of the vehicles
influence drivers’ decisions concerning lane changing behavior, i.e., vehicles try to enter or exit the CWD lane
according to their needs. Therefore, specific rules must be defined to obtain useful results from the traffic model.

In addition, the detailed rules implemented in a microsimulation model usually require an accurate calibration
process, aimed at replicating the actual driver behavior in traffic. However, currently the CWD system has been
installed only in small test sites and, unfortunately, there are no opportunities to observe driver behavior in large-
scale systems. Furthermore, even fully cooperative driving systems are not completely deployed. The most similar
case in an actual traffic scenario can be observed in long road tunnels in which vehicle spacing or headway greater
than a predefined threshold should be maintained and all vehicles travel in a predefined speed range for safety
reasons (e.g. the Mont Blanc tunnel). In such systems, the vehicle behavior is controlled by safety constraints, as in
the CWD model, although there are no interactions between vehicles, such as overtaking maneuvers and new entries
along the lane. Furthermore, the CWD technological environment may expand only in the future, involving another
generation of vehicles in which V2V will be used and many cooperative functions will be activated to facilitate the
drive. An example of a cooperative scenario in highway automation system is reported in Fig. 3.

s S
l o-operative lane
/ngh
. 2y

Fig. 3. Cooperative lane change assistance use case [source: ETSI, 2011].

In such a system, the observation of the current drivers’ behavior is not relevant to model the traffic because
vehicle motions and interactions depend more on the activated functions of the ADAS system than on drivers’
decisions. A calibration process based on empirical observations of the current traffic would be compromised
whenever ADAS and full cooperative systems were considered, because they affect driving and traffic behaviors.

Consequently, a mesoscopic approach would be more appropriate to model the problem because it represents a
good compromise between the detailed resolution of the microscopic simulation and the current preliminary stage of
development of the CWD technology. A framework of mesoscopic traffic models can be found in Cascetta (2001),
whereas a recent application is proposed by Ben-Akiva et al. (2012).
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4. The structure of the CWD simulation model

The developed model represents the road infrastructure as a sequence of road segments - in the following
indicated as “sections” - delimitated by “nodes” or “detection points”. Detailed traffic information is updated only at
nodes based on traffic information determined at upstream nodes. Therefore, the iterative algorithm assumes that
traffic conditions along the infrastructure can be described knowing only the data related to consecutive points
whose spacing, typically hundreds of meters, can be set according to the specific requirements of the analysis or of
the infrastructure. The vehicle time information is defined only at nodes, also with respect to new entries of vehicles
in the infrastructure. The model reproduces single vehicle trajectories without introducing a detailed time-space
resolution of the driving behavior and it determines aggregated traffic information, such as vehicle counting,
average headways, delays and the number of overtaking maneuvers along the CWD lane for any road section. The
logic scheme adopted for two consecutive nodes is reported in Fig. 4.
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Fig. 4. Modeling of vehicle trajectories and possible interactions for two nodes.

Initially, the model estimates the arrival time of each vehicle at node (i) based on its arrival time at node (i-1) and
its speed that depends on the vehicle class. Then, it manages interactions between vehicles caused by new entries in
the CWD lane or by overtaking maneuvers.

Overtaking maneuvers that occur on the node are identified because the faster vehicle is not physically in the
CWD lane and an erroneous vehicle count would lead to an overestimation of the energy required by the CZ on the
samenode. Overtaking maneuvers are managed according to a cooperative driving model at constant speed and
vehicles do not recharge while they are outside the dynamic charging lane.
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New vehicles in the CWD lane are caused by new entries in the infrastructure, as represented in Fig. 4, or by
“out” vehicles that move into the CWD lane. New entries can cause erroneous relative positioning between vehicles:
if the headway between two vehicles is less than the minimum admissible headway (headway min), the algorithm
corrects the arrival time of the following vehicle by slowing it down. In fact, due to safety and maybe technical
reasons, headways less than a threshold value between two vehicles in the CWD lane may not be allowed. Also the
entries in the CWD lane are managed according to a cooperative behavior: each vehicle that needs to recharge its
battery is moved into the CWD lane at node, creating the eventual necessary gap in the vehicles flow by slowing
down the following vehicles. The headway verification and correction is therefore performed only at discrete space
steps, according to the mesoscopic modeling of vehicle behavior. In an actual scenario, this process can be managed
by drivers or by the cooperative system adapting the vehicle speed along the entire section before the node where
the headway adjustment is performed.

The battery SOC, monitored along the road at each node, plays a crucial role because it influences drivers’
decisions whether to use the CWD service or not according to their destinations. For the analyzed freight
distribution service, this process can be simplified because all the vehicles have the identical destination and the
decision about charging does not depend on drivers, but on the fleet operator. Indeed, to restart the delivery
operations in the second part of the day, all the vehicles of the fleet may require an energy level adequate for their
operations. Vehicle SOC is also the parameter used to divide vehicles into different speed classes, according to their
recharging needs.

Finally, the algorithm allows the implementation of a speed control strategy, in which vehicles can be slowed
down to create an empty time-space slot in the CWD lane at a defined node. An example of this application is
described by Sun and Chen (2013). This type of control could be applied to support operations that require a free CZ
for a given time slot, as extraordinary maintenance activities of the coils for example. This strategy could be applied
even to support merging maneuvers for vehicles entering from the secondary accesses.

4.1. The model structure

The traffic simulator has been implemented using Visual Basic for Applications (VBA). It is composed of several
sub routines that will be described in detail in the following paragraphs. The algorithm operates according to the
functional scheme reported in Fig. 5: it generates an initial traffic state, modeled by a set of vehicles, and then it
iteratively analyses travel times and energy parameters of all the simulated vehicles node by node. The routine
“Strategy detection” runs only if the strategy is activated. Table 1 and Table 2 collect all input parameters required
by the algorithm with the values used in simulations.

4.1.1. Initial traffic state

The “Initial traffic state” routine operates according to two different approaches: the first one refers to the initial
node (node 0) whereas the other to the secondary accesses.

At node 0, it calculates the maximum speed that the considered FEV can reach: it is the speed at which the
resistance to motion is equal to the maximum power that the FEV engine can provide. The maximum speed is
estimated by an iterative process which progressively reduces the speed by steps, starting from the road speed limit.

The maximum speed of FEVs is then assumed as FEVs free flow speed (vo) and it is used to estimate the average
speed (v) in the unequipped lanes (“out” vehicles), according to the Northwestern speed-density model (Drake et al.
1967):

T [_%(kio)z] 1)

In this simple and reliable traffic model - within the density range used - k and k are respectively average and
optimum densities. The relationship between the traffic flow parameters allows to estimate the average entering flow
and consequently the average headway between vehicles. Subsequently, the routine progressively generates the
initial headway of each couple of vehicles using a random algorithm according to the mean value and the standard
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deviation of the random distribution (Daganzo, 1995). Headways are then used to calculate vehicle entering times.
Using a similar random algorithm, the routine assigns each vehicle its SOC; the SOC random distribution is limited
at the lower end by positive values and at the upper end by the battery size. According to the generated SOC and to

the introduced SOC thresholds, the routine defines position (“out” or “in”), status (“no charge”, “charge” or “emer”)
and speed of each vehicle.
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Fig. 5. Algorithm structure.

Concerning the on ramps along the ring road, the routine receives the node in which each access is located, the
number of entering vehicles and, for sake of simplicity, the time window in which the entries are included as inputs.
Through a uniform distribution, the routine then assigns to each vehicle an entering time included in the time
window, while it sets the vehicle entering SOC according to the random algorithm used for vehicles at node 0.

4.1.2. Strategy detection

The “Strategy detection” routine operates if the strategy is active and only at the iteration corresponding to the
node in which the strategy acts (briefly indicated as strategy node). It sorts the vehicle arrival times in ascending
order and it selects the first vehicle whose arrival time is included in the strategy time window. The selected vehicle
is then slowed down till its arrival time is equal to the strategy end time. Its average speed in the section approaching
the strategy node is then evaluated to estimate the minimum headway that prevents two following vehicles from
overlapping (overlap headway). Following vehicles will be subsequently managed according to “Headway
correction” and “Time estimation next” routines, as explained in the next paragraphs.

4.1.3. Headway correction

The “Headway correction” routine calculates the headways between vehicles in the CWD lane and it compares
them to the minimum technical headway. Unfeasible headways for CWD can be generated by entering maneuvers:
if the headway between two vehicles is less than the acceptable limit, the routine corrects the arrival time of the
following vehicle at the detection point by slowing it down.

If the strategy is active, its duration considerably affects vehicle speed reductions. For low speed values, the
minimum technical headway in the CWD lane could be no longer adequate to guarantee the safety gap between two
following vehicles. The time required to a vehicle to cover its length plus the safety spacing could be higher than the
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technical headway defined for operative speeds in the CWD lane. For this reason, the routine compares the technical
headway to the overlap headway previously defined: the minimum headway allowed on the strategy node is the
bigger between those two values. This headway regulation is applied to the time window comprised between the
initial time of the strategy and the end queue time, that is the time in which the propagation of the strategy effects, in
terms of vehicle platooning, are supposed to be ended, according to the calculations developed for the considered
node by the “Time estimation next” routine.

For each simulated vehicle, the “Headway correction” routine also evaluates other parameters which can be used
for internal checks, such as IDs of the previous and the following vehicles and the headway with the following
vehicle.

4.1.4. Overtaking at node

The “Overtaking at node” routine identifies vehicles that are overtaking at detection points. The routine analyses
couples of vehicles with different speeds. If the headway between these vehicles is less than half of the overtaking
maneuver duration, the faster vehicle is identified as overtaking. This function is useful to detect vehicles only if
they actually cross a detection point in the CWD lane: in this way, more realistic time profiles of the energy that
should be provided by the electric line on CZs are obtained. The implemented overtaking model refers to an
overtaking maneuver at constant speed developed in three phases: 1) lane changing from CWD lane, 2) overtaking
of the slower vehicle, 3) lane changing to CWD lane. The durations of the first and third phases are assumed equal
to 4 s, according to the prescriptions of the Italian technical standards for the design of road infrastructures (DM.
6792/2001). This value is also supported by Farah researches (2010, 2013). The second phase duration is the time
required to cover the length of the two vehicles at a speed equal to the difference between average speeds of vehicles.

4.1.5. SOC estimation

The “SOC estimation” routine firstly calculates the actual average speed of each vehicle along the last section
after slowdowns generated by headway corrections. The actual average speed is used to update the SOC level of
each vehicle by estimating the energy balance between consumption related to motion and the energy provided by
the coils in the CWD lane.

The implemented model for estimating the vehicle energy consumption is based on the resistance to motion. The
total resistance (Ry) is given by the following relationship:

Riot = Rarag + Rroting + Racceteration + Rsiope 2)
Where:

Rdragzé'p'cx'A'Sz 3)

Reotiing =m - (fo + f2 - v*) (4)

Racceleration =M a (5)

Rggpe =m-g-p (6)

Therefore, the total resistance depends on the following parameters: air density (p) [kg/m’], drag coefficient of
the vehicle (cy), cross sectional area of the vehicle (A) [m?], vehicle speed relative to the air (S) [m/s], vehicle mass
(m) [kg], rolling coefficients (fy, f>) [m/s?, 1/m], vehicle average speed (v) [m/s], vehicle acceleration (a) [m/s*] and
average slope of the road (p). For sake of simplicity, the speed relative to the air will be taken as equal the vehicle
average speed whereas the average slope of the road will be assumed as negligible. Finally, the energy consumed by
the vehicle along a section is obtained by multiplying the power required to the engine because of the resistance to
motion to the time necessary to cross the section:
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E -p L Rior " v . Lsection
consumed — Telectric t= aux %
Mg

0

Where nq is the driveline efficiency, P,x [W] is the auxiliary power, that is the power that includes all
consumption not related to the vehicle motion - e.g. lights, air conditioning -, Lgion [km] is the length of the road
section and V [km/h] is the vehicle average speed.

The energy received from coils for vehicles in the CWD lane is strictly related to the system element dimensions
(EVSE layout and on-board devices), the power provided by coils (PCZ) [kW/m] and the occupancy time of the CZ
(tcz), according to the following relationship:

Lsection ) . (LCZeff)

Ereceived = P Nez " tez = (Pcz *LCD 'Tls) ) (LCZ Iy Vv

®)

Where LCD [m] is the on-board device length , 1, is the system efficiency that depends on the distance between
the coil(s) of the on-board device and the coil(s) of the CZ installed in the road pavement, LCZ [km)] is the length of
CZs, I [km] is the inter-distance between CZs and LCZ. [km] is the CZ length in which vehicles effectively
recharge. LCZ. is calculated according to the following relationship:

LCZ,; = LCZ — Trk - LCD )

The coefficient Ty is introduced to take into account the initial and final partial overlaps between coils on the
vehicle and in the pavement that reduce vehicle electric recharges.

4.1.6. SOC update for overtaking

For each section, the “SOC update for overtaking” routine calculates the time in which vehicles cannot recharge
because they are overtaking. Vehicle SOCs at the node are then updated according to the overtaking durations. In
the case of a single vehicle overtaking, the time is estimated according to the overtaking model previously described.
Instead, if the faster vehicle performs an overtaking maneuver of more than one vehicle, the overtaking time is
estimated by taking into account the first and the third lane-changing phases previously described and by calculating
the second phase duration as the ratio between the relative distance of the overtaken vehicles and the difference
between the average speeds of the fast and the slow vehicles. The scheme of both overtaking maneuver types is
reported in Fig. 6.

Global overtaking space

Fig. 6. Schematization of overtaking maneuvers.
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4.1.7. Speed test

“Speed test” is a checking routine for traffic conditions next to saturation. It verifies the consistency between
vehicle actual average speeds, headways and the minimum spacing that avoids two vehicles overlap. The routine
returns an error message if an overlap case is detected. During the experimented simulations this event has never
occurred.

4.1.8. Status estimation next

The “Status estimation next” routine returns the lane position (“in” or “out” the CWD lane) and the status
“emer”, “charge”, “no charge”) of each vehicle in the downstream section, according to the updated SOC on the
node. By defining its status, the routine assigns to each vehicle its free flow speed, according to recharging speeds
set in the CWD lane.

If the strategy is active, during its activation period, the routine excludes that “out” vehicles may enter in the

CWD lane at the considered node.

4.1.9. Time estimation next

The “Time estimation next” routine projects vehicles at the following detection point, estimating their arrival
times based on free flow speeds related to their status.

If the strategy is active, its effects on traffic are not only limited to the lane closure duration, but extend for a
wider period (recovery period). The propagation end time (end queue time) can be estimated according to the
scheme reported in Fig. 7.

ko Rate of arrivals
= () N\
>
=1 |
Q
g | '
B || Rate of departures
2 |
2 | | (1)
=
(] | | |
| | |
1 1 |
| | |
| | |
: | =
| Lane cl.osure | Reco.very : s
period period |
End queue
time

Fig. 7. End queue estimation during the strategy.

The rate of arrivals and departures is estimated based on respectively the number of vehicles arriving on the node
and the minimum headway adopted for the vehicle flow before the node involved in the lane closure. For those
vehicles whose projected time is included between the initial time of the strategy and the end queue time, the routine
can operate according to two different approaches. The first one does not perform any further intervention: vehicle
relative positions at the strategy node are defined according to projections based on two different speed classes. The
second approach performs a standardization of vehicle speeds: all vehicles are projected according to the faster
speed class. This implies that overtaking maneuvers are not performed along the section approaching the strategy
node. Long strategy durations lead to very low average speeds in the approaching section. Therefore, overtaking
maneuvers would involve very slow vehicles, causing safety problems because of extreme interactions between
slow and fast vehicles in “out” lanes. So, the first approach is suggested only for very short time windows. For the
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slow vehicle class, the second approach may have another impact: slow vehicles arriving at the strategy node shortly
after the initial time of the strategy can anticipate the lane closure because their speed is set as the one of the fast
vehicle class.

5. Verification and validation processes

An extensive verification process has been performed by analyzing, testing and reviewing activities, according to
the concepts defined in the ECSS (2009) standards. In particular, a technical verification of the model response is
performed based on the following four consecutive test case approach, each one aimed at verifying different aspects:
o Single vehicle: this first stage is devoted to ascertain if the single vehicle motion is correctly simulated, as well as

the relationship between its behavior and its energy needs. First, a verification of the correspondence between the

estimated SOC and the vehicle position, status and speed is performed. Then the verification of the accuracy of
the travel time based on the vehicle speeds is assessed. Finally, a verification of the coherence between the
implemented energy model and the vehicle SOC trend at each node is conducted.

o Uniform vehicle flow without overtakes: this second stage of the consistency verification of the model is
developed to assess if the model is able to correctly manage the headways between vehicles, even in the case of
new entries.

o Complex traffic interaction with overtaking maneuvers: the third stage aims to assess the global interaction
between vehicles, introducing overtaking maneuvers. The model has then been tested in a scenario in which
overtaking maneuvers are feasible. The number of overtaking maneuvers per section, the identification of the
vehicles that are overtaking on the nodes, the time required for the maneuvers and its influence on the SOC trend
because of the missed recharge have been verified.

o Strategy activation: the last stage checks the consistency of the strategy simulation results in case of incident. A
general case of traffic is simulated and vehicle trajectories in the space-time diagram are verified in the
neighborhood of the strategy node.

At this stage of the CWD development, the presented model has been validated by checking the satisfaction of
the established technical requirements, based on the System Engineering approach (INCOSE, 2011). The primary
functional requirements used for the validation of the model are the following:

o the model shall estimate the number of vehicles in the CWD lane for any detection point;

¢ the model shall consider possible random effects of input flows;

o the model shall represent the traffic flow at any detection point and reveal if concentration of traffic and
congestion occur along the lane;

o the model shall take into account different values of the minimum headway allowed in the CWD to estimate
possible effects on traffic and energy for the various CZs over time;
the model shall consider also on ramp input flows along the CWD lane to assess possible interactions over time;

¢ the model shall consider the effects of different scheduling plans on the SOC of the vehicle fleet at the arrival at
the depot;

¢ the model shall involve the possibility of a temporary closure of the CWD lane, without interrupting the service
to FEVs.

In the following chapters, the model testing results are reported in an “ideal case”, in which all of the subsystems
and applications involved, such as the CWD booking and authorization functions, or the cooperative ADAS, which
enables the vehicle cruise control or the cooperative overtaking, work properly. In this scenario, all related system
information, such as the vehicle position and its SOC, is accurately known. This validation approach could be
considered as a “best-case” testing and it is consistent with the test-case-design methods applied to test software,
such as boundary value analysis (Myers et al., 2004), or distributed real time systems (Gutiérrez et al., 1998).
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6. The CWD scenario and experimental results

The model is applied to the case of a freight distribution service in the city of Turin. After completing their
routes, vehicles have to come back to the depot to start a new service in the same day. For this reason, the CWD
system is here implemented on the ring road of Turin (Fig. 8), reserving the slower lane to charging activities. The
first section in the road model, between nodes 0 and 1, divides the traffic flow between “in” and “out” vehicles and
it is not equipped with coils.
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Fig. 8. Turin ring road with main secondary accesses.

The considered part of the ring road is characterised by the primary stream and four secondary on ramps, for an
overall distance of 18 km. In the road model, all the road sections between nodes have identical lengths, set as 1 km.
For each on ramp, an entering traffic flow will be simulated thus increasing the number of vehicles that use the
CWD service toward the depot. In detail, all the algorithm input parameters are listed in Table 1 whereas on ramp
input flows are reported in Table 2.

Table 1. Inputs to the algorithm.

Type Input Value Unit
Simulation Number of replications 50
Strategy no/yes
Speed control application yes
Strategy node 16
Strategy application initial time 1080 s
Strategy application duration 120 s
Traffic Average density of the input traffic flow 20 veh/km
Critical density corresponding to maximum capacity 30 veh/km
Coefficient of variation of the headway distribution 0.3
Maximum traffic headway 1.5 s
Infrastructure Total length of the road 18 km
Section length 1 km



Francesco Deflorio and Luca Castello / Transportation Research Procedia 6 (2015) 325 — 350 337

Length of the CZs 20 m
Inter-distance between CZs 30 m
System efficiency 0.85
Power provided per unit of length 50 kW/m
Minimum technical headway in CWD lane 2 s
Speed limit 110 km/h
Vehicle Average initial SOC 10 kWh
Standard deviation of the SOC distribution 5
Length of the on-board charging device 1 m
SOC upper threshold for “charge” vehicles 12 kWh
SOC upper threshold for “emer” vehicles 6 kWh
Free flow speed for “charge” vehicles 60 km/h
Free flow speed for “emer” vehicles 30 km/h
Length 6 m
Mass 2500 kg
Cross sectional area 49 m’
Cx 0.38
fo 0.12 s’
£ 0.000005  1/m
Driveline efficiency 0.75
Maximum power provided by the engine 60 kW
Auxiliary power 0.8 kW

Table 2. Input FEVs at each access

Access node Number of simulated FEVs
0 50
8 50
10 50
13 50
14 50

In particular, this paper describes a traffic model in which FEVs energy requirements have been modeled to take
into account the fleet operator need to minimize the recharging time at the depot. At their arrival at the depot, all
vehicles must have a minimum SOC level to restart further activities without wasting time for the stationary
recharge. In this way, the fleet operator could maintain its level of service, saving the resources needed to install
additional structures for vehicle stationary recharges. Deliveries are supposed to be handled by only one type of
FEV, a light-van, and the SOC requirement is modeled by taking into account two different classes of speed based
on the entrance SOC levels.

Therefore, for a given CWD system and considering one vehicle type, the only parameter that can affect the
CWD performance is the vehicle speed. Two operational speed values are implemented, according to previous
experiments (Deflorio et al., 2013). The first one allows vehicles to maintain their SOC: it is the speed adopted by
vehicles with an adequate level of charge with regards to the SOC requirement of the fleet operator. The range of
SOC that satisfies the fleet operator requirement is the one comprised between “charge” and “emer” thresholds.
These vehicles are in “charge” status and their speed is set to 60 km/h. The second speed (30 km/h) guarantees a
proper recharge - 1 kWh after about 2.7 km - and it is adopted by vehicles in “emer” status, whose SOC is low and
minor than the “emer” threshold”.
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The CWD system model has been tested in several traffic scenarios to reveal its capability in simulating relevant
effects interesting for CWD operations. The traffic along the CWD lane depends also from the demand structure and
therefore from the input flows entering at the various on ramps of the ring road. For this reason, we have assumed
two reference scheduling plans of the freight distribution service, according to different possible fleet management
strategies.

The first one refers to the case where all vehicles distributing or picking parcels in the various zones of the city
center complete their services almost contemporary. In this case, interactions along the ring road will be less
relevant and arrivals to the depot will be distributed over a wider time period because vehicles start to enter into the
ring road almost simultaneously, but in different nodes. Following this strategy, vehicle delivery missions should
have almost identical durations for the various zones of the city.

In the second scenario, the service management strategy is oriented to concentrate all return trips in a smaller
time window. In this case, vehicles coming from farther zones will enter into the ring road earlier than closer
vehicles. Adopting this strategy, vehicle delivery missions are on average longer for the closer zones of the city,
because FEVs can come back to the depot in a shorter time.

As usual in traffic analyses, results depend on many random factors affecting the model rules at different levels.
In the simulated cases, the focus on random phenomena is related to the features of input flows at various entries.

6.1. Scenariol - Simultaneous end of service in the city center

The scenario variability is illustrated by Fig. 9 in which the number of vehicles (# veh) using the CWD for the

whole simulation period, detected node by node is reported for 50 replications.
250

#veh
200 ———
= =
150 / /
J/
’{2":
100 //
—
50 //
_—  — — ——
0 T T T T T T T T T T |
0 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18
Node

Fig. 9. Variability of the traffic flows in the CWD lane for 50 replications for scenario 1.

The following analysis will focus on one sample replication to better check traffic and energy behaviors in the
implemented simulation model. The replication #16 is selected for its significance because, with respect to the
indicator “# veh”, it is in the range [mean-std, mean+std] for all the nodes as represented in Fig. 10.
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Fig. 10. Sample replication with respect to the replication distribution of Scenario 1.

The first result analyzed of the selected replication is the chart illustrating space-time relationship for all vehicles
using the CWD service, node by node (Fig. 11). This chart describes the use of the various zones of the CWD
system during the period of analysis. Different slopes refer to different speed classes for “emer” and “charge”
vehicles and slope reductions represent speed variations when “emer” vehicles become “charge”. As expected, the

most part of the interactions takes place in the final part of the ring road, during the time window between 300s and
1200s.

2500
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Fig. 11. Space-time relationship for "in" vehicles in scenario 1.

To provide a more “traffic oriented” idea on simulation results, the counting and average speeds of the vehicles in
the CWD lane have been reported in the following charts (Fig. 12 and Fig. 13) for a time resolution of 1 minute at
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each node of the ring road modeled. The average speed data refers only to “charge” vehicles because the speed of

“emer” vehicles is always 30 km/h and it is not relevant to show.
#vehicles Time [min] [~

node [T 0 1 2 3 4 5 6 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0 17 15 2
1 10 17 s EY)
2 111 10 7 5 34
3 211 9 1 7 5 35
4 211 9 1 75 35
5 2 12 9 1 |8 4 36
6 4 12 9 1 36 3 38
7 1 412 9 1 3243 39
8 21 12 1 4129 1 32 43 72
9 15 14 4 2 1 4129 1 32 5 2 74
10 15 17 18 8 6 4 4 241229 1 32 151 12
1 1018-8 6 4 444129 1 32 1141 116
12 1 13 14 6844129 1 32 11131 17
13 2 12 111 13 18 13 6 1174129 1 32 111121 152
14 19 211 14 18 8 57 69 7129 1 32 1111 21 188
15 1 9 16 12 14 18 8 7 6 6 5 8159 1 3 2 1111 21 192
16 113 17 19 14 24 15 18 8 2 710 5 51611 1 3 2 1111 21 198
17 1015 18 13 16 19 2420 8 2 410 8 51411 2 1 3 2 1111 21 203
18 2015 19 13 9 2219028 9 2 4 7 8 814 9 2 3 3 2 1111 21 25
Total 94 129 154 143 158 140 139 115 122 97 92 63 59 58 58 53 48 423620141111 9 8 5 6 5 5 5 4 3 3 1 1910

Fig. 12. Count of “in” vehicles, node by node, with a 1 min time resolution in scenario 1.

AvSpeed [km/h] Time [min] .~

Node £ 0123456 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
1 60 59 60
2 86 62 60 62
3 73 60 60 61
4 60 60 60 |30/ 57
5 60 62 60 60 58
6 736060 60 6045 61
7 86 60 60 60 60 60 60 61
8 60 60 60 60 60 60 60 60 60 [30 59
9 60 59 86 60 60 60 60 60 60 60 6030/ 60
10 60 62 64 60 73736060 60 60 60 60 60 60 62
1 60 64 58 60 60 73 60 60 60 60 60 60 60 60/30 60
12 62 60 59 60 54 60 60 60 60 60 60 60 60 60 60/30] 60
13 60 60 86 60 60 60 60 5560 60 60 60 60 60 60 60 60 60 60 60
14 60 57 56 60 60 61 60 60 86 60 54 60 60 60 60 60 60 60 60 60 60 |30 30 59
15 60 58 57 78 60 60 60 60  73/30 60 60 54 58 60 60 60 60 60 60 60 60 60 60 59
16 86 64 60 59 59 58 59 60 60 60 45 55 60 60 58 60 60 60 60 60 60 60 60 60 60 59
17 60 63 61 63 57 56 56 58 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60
18 73 60 61 60 60 60 59 58 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60 60
Total 60 60 62 60 61 61 60 60 60 60 59 58 57 59 59 59 59 59 60 58 60 60 56 60 55 60 60 60 48 54 60 60 60 60 60

Fig. 13. Average speeds [km/h] of "in" and "charge" vehicles, node by node, with a 1 min time resolution in scenario 1.

The two charts show where and when relevant congestion events are detected by the model - contemporary high
counting values and low average speeds -. In this scenario, only few slowdowns occur and they are quite limited and
observable only in the final part of the ring road - after the node 12 -.

6.2. Scenario? - Simultaneous arrival at depot

This scenario represents a planning case where the delivery plan has been set with a balanced use of vehicles for
the whole morning period, with almost the identical trip duration for all vehicles. This plan requires shorter delivery
durations for farther zones than for closer ones. According to the approach of scenario 1, the variability of scenario 2
is represented by the number of vehicles in the CWD lane for the whole simulation period, detected for 50
replications node by node. The trend, reported in Fig. 14, is quite similar of that one in Fig. 9, considering that the



total number of simulated vehicles is identical and the only difference is related to the time when vehicles entry in

the CWD lane.
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Fig. 14. Variability of the traffic flows in the CWD lane for 50 replications for scenario 2.
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The replication selected for its significance is the #2, because it is in the range [mean-std, mean+std] for all the
nodes, as depicted in Fig. 15.

The identifying characteristic of this scenario is clearly illustrated in Fig. 16: flows entering from the intermediate
on ramps use the CWD lane when the mainstream flow arrives at the considered access nodes. The effect of the
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Fig. 15. Sample replication with respect to the replications distribution of Scenario 2.

vehicle concentration in a smaller time period is evident in Fig. 17 reporting vehicle counting for each node for a
time interval of 1 minute.
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Fig. 16. Space-time relationship for "in" vehicles in scenario 2.

Count Nv time [min] u

Node |7 01234567 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0 13 32
1 1218 2 32
2 1411 7 2 34
3 11411 7 2 35
4 11411 1 6 2 35
5 111411 1 6 2 36
6 2 114112 1 1 5 2 37
7 2 31411 1 1 6 1 39
8 12 3 70
9 13 71
10 1 108
11 109
12 113
13 1 146
14 2 1 181
15 Wl 2 i 189
16 2 21 193
17 1 2 21 200
18 3312 21 208
Total 19 25 33 29 35 31 38 35 57 66 74 79 110 110 126 121 147 141 147 111 100 65 55 23 281318 7 7 6 5 3 3 1 1868

Fig. 17. Count of “in” vehicles, node by node, with a 1 min time resolution in scenario 2.

The effect on congestion is confirmed by average speeds, reported in Fig. 18 for the “charge” vehicle class. The
lower values — even lower than 40 km/h - are detected at nodes 13 and 14 in the time interval [13,18]. Values of 30
km/h refer to vehicles that change their status from “emer” to “charge” and not to traffic interactions.
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AvSpeed [km/h] time [min]| 7|

Node £ 123456 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
1 60 59 60
2 64 60 62
3 8660 60 |30 60
4 60 60 60 60 60
5 8606060 60 |30 60
6 73606060 60 60 |30 60
7 6078 60 60 60 60 60 62
8 86 60 605755 60 60 6030 57
9 606960605 60 60 6060 60
10 60 66 67 55 4236 60 60 60 60 48
1 73 60 60 60 58 57 60/30 60 60 60 59
12 86 60 60 69 61 60 58 59 45 45 60 60 30 59
13 606064665749ﬂ 60 60 60 50
14 60 69 64 65 56 49 60130 60 60 60 [3030 47
15 78 60 66 62 62 58 57 54 51 60 60 60 60 60 60 60 58
16 60 60 60 62 61 61 58 57 57 60 45 60 45 60 60 60 59
17 60 60 60 67 61 59 60 59 57 50 50 60 60 60 60 60 60
18 60 71 66 63 59 59 60 60 59 48 60 45 60 3060 (6060 60
Total 60 63 61 61 61 61 61 60 59 57 55 55 59 56 54 54 54 55 57 58 59 57 51 49 55 60 60 45 50 60 60 60 60 57

Fig. 18. Average speeds [km/h] of "in" and "charge" vehicles, node by node, with a 1 min time resolution in scenario 2.

In this scenario, the congestion effect involves also “emer” vehicles, as shown in Fig. 19: at node 14, during the
minute 17, their speed decreases to 22 km/h.
AvSpeed [km/h] time [min] lLl

Node Iﬂl 2 3 45 6 7 8 9101112131415 16 17 18 19 20 21 22 23 24 25 26 27 28 Total
1 30 30 30
2 30 30 30
3 30 30 30
4 30 30 30
5 30 30 30
6 30 30 30
7 30 30 30
8 30 30 30 30 30
9 29 30 30 30 30
10 30 30 29 30 30 30 30
11 29 30 30 30 30 30 30
12 30 30 30 30 30 30 30
13 30 30 30 28 30 30 30 30 30 30
14 30 29 24. 24 30 30 30 27
15 29 29 28 28 30 30 30 30 29
16 30 29 29 30 30 30 30 30 30
17 30 29 30 30 30 30 30 30 30
18 29 30 30 30 30 30 30 30
Total 30 30 30 30 30 30 30 30 30 30 29 30 30 30 28 28 28 29 30 30 30 30 30 30 30 30 30 29

Fig. 19. Average speeds [km/h] of "in" and "emer" vehicles, node by node, with a 1 min time resolution in scenario 2.
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6.3. Comparison of energy and traffic performance in the two scenarios

To show the possible differences between the two scenarios also from the energy point of view, the average SOC
of the entire fleet is monitored node by node every minute. This analysis is not focused on a single replication but it

is averaged on 50 replications to obtain a more stable result.
Average SoC [kWh] Time [min] u

Node lﬂ 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18 .
Total 70 81 80 85 84 86 84 85 83 83 82 82 82 85 83 85 8282807459 6.064 6465 6.4 6.5 6.5 6.6 6.6 6.6 6.6 6.6 6.6 8.1

Fig. 20. Average SOC [kWh] of "in" vehicles, node by node, with a 1 min time resolution, for scenario 1.

Average SoC [kWh] Time [min] LLJ
Node El 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total

1 6.8
2 7.1
3 7.5
4 7.7
5 8.0
6 8.2
7 8.4
8 7.8
9 8.0
10 7.9
1 8.1
12 83
13 8.2
14 11.4 114 11.4 114 11.5 87 85 84

15 114 114 114 115 115 96 89

16 11.4 11.4 11.4 11.5 11.5 9.7

17 11.5 11.4 11.4 11.4 11.5 115

18 11.4 114 11.4 115 11.5 11.5 9.9 9.7 9.5 9.7 8.5 .
Total 71 7.8 78 82 84 86 88 89 83 86 84 86 88 88 86 87 88 898685807767 5552545455 5859 66 666666 83

Fig. 21. Average SOC [kWh] of "in" vehicles, node by node, with a 1 min time resolution, for scenario 2.

Although in scenario 2 the final SOC of the fleet at depot - node 18 - is higher on average with respect to scenario
1 - 8.9 kWh instead of 8.6 kWh -, a detailed analysis reveals that in scenario 2 more cases of vehicles with low SOC
occur from minute 22 to minute 29. Indeed in Scenario 1 only in minutes 19 and 20 vehicles arrive with an average
SOC less than 6 kWh. Different fleet SOC at the depot can be managed by the distribution service planner by
assigning a proper task and maybe related route to various vehicles according to their SOC.

Concerning the average delay, calculated as the difference between the “free flow” conditions and the estimated
travel time, scenario 1 has very few delays, mostly in the final part of the CWD lane and in the first part of the
simulated period (Fig. 22). On the contrary, scenario 2 presents higher delays and they occur in the identical part of
the CWD lane but in the middle of the simulation period (Fig. 23).
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Average Delay Time [min] =¥

Node 17 1 2 3 45 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
1 0.0 07 00 03
2 0.0 0.1 0.0 0.0 0.0 00
3 0.0 0.0 0.1 0.0 0.0 0.0 00
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 00
9 0.0 06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 01
10 1,5 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00
1 0.0 0.8 0.8 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 03
12 0.0 0.1 01 0.9 14 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
13 0.1 0.2 0.1 0.0 0.4 0.1 0.0 0.0 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 01
14 A4 12 0.2 0.2 0.1 0.0 0.0 0.1 0.1 0.0 0.0 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 05
15 0.1/2327 0.2 15 0.4 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.2 03 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 08
16 0102 0.1 0.8 03 15/2.7 0.0 0.0 0.0 0.0 0.2 0.2 0.0 0.0 0.4 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 06
17 010301010413 14 08 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 05
18 0001 020102010815 0.6 0.8 0.0 0.0 0.0 0.0 0.1 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4
Total 0.9 0.8 0.5 0.3 0.4 0.4 0.7 0.4 0.5 0.2 02 0.1 0.0 0.1 0.1 0.2 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.4

Fig. 22. Delays [s] of "in" vehicles, node by node, with a 1 min time resolution, for scenario 1.

Average Delay Time [min] =)

Node & 1 2 3 4 5 6 7 8 910 11 1213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
1 00 05 00 03
2 0.0 0.1 0.0 00 00 0.0
3 0.0 0.1 0.0 0.0 0.0 0.0 0.0
4 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.0 0.0 00 00 0000 00 0.0 0.0
8 000000499979 00 0000 00 00 00 00 39
9 0.0 00000016 06 0000 00 00 00 00 0100 0.6
10 0.0 0.0 0.0 0.1 8.9/263 295 0.7 00 00 00 0.0 0.0 0.0 0.0 0.0 14.2
1 00000000 02 2342 04 01 00 00 0.0 00 00 00 00 00 15
12 000000 01 0601 16 08 01 0.1 0.0 00 00 00 0.0 0.0 00 00 05
13 0000 00 0.1 41 23.7/416 316 0.1 0.1 0.1 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 158
14 0000 00 0001 69 27.0/485054844:7 1.9 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 27.8
15 00 00 0001 02 04 18 30 52 60 10 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 24
16 00 0000 01 02 10 10 10 24 3.9 1.6 0.2 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 14
17 00 0000 00 01 02 11 1101 08 2.0 0.8 0.1 02 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.7
18 0000 00 01 01 03 111002000605 0.2 0.2 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 05
Total 0.0 03 0.0 0.0 0.0 0.0 0.0 1.4 20 3.0 61 62 18 6.0 120 128 121 83 2.1 1.3 0.9 05 0.2 0.1 0.1 0.1 0.0 0.1 0.0 0.0 0.0 0.0 0.0 5.0

Fig. 23. Delays [s] of "in" vehicles, node by node, with a 1 min time resolution, for scenario 2.

In a congested scenario, as scenario 2, the average charging time should increase because of the lower average
speeds. However, overtaking maneuvers are relevant in congested cases and vehicles do not recharge during the
maneuver. To verify this consideration, the average number of overtaking maneuvers is detected and reported in Fig.
24 for scenario 1 and in Fig. 25 for scenario 2.

Number of overtakes

along the Section Time [min] -

Node - 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0 0.0 0.0 0.0 0.0
1 3.0 3.7 0.0 2.8
2 0.0 0.0 2.4 0.0 0.0 0.7
3 0.0 0.2 0.3 0.1 0.0 0.0 0.2
4 0.0 0.0 0.0 0.1 0.0 1.2 0.1 0.0 0.1
5 0.0 0.0 0.0 0.0 0.0 0.0 2.3 0.5 0.0 0.1
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.4 0.0 0.1
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.7 0.4 0.0 0.1
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.9 0.4 0.0 0.0
9 3.3 36 00 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.8 0.3 0.0 1.3
10 0.0 0.0 0.0 2.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.3 0.3 0.0 0.2
1 3.1 3.8 1.2 0.0/3.1 0.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.3 0.0 12
12 0.0 0.0 2A1- 1.6 0.0 2.0 0.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.3 0.0 1.2
13 0.0 0.0 0.0 0.0 0.0 2.5- 0.1 0.0 1.8 1.5 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.7 0.3 0.0 0.8
14 0.0 1,6. 0.2 0.0 0.0 0.0 1.7 0.8 0.3 0.0 1.9 1.9 0.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.3 0.0 0.8
15 31 34 14 1.0 0.0 0.0 0.0 2.1 1.3 0.4 0.0 23 1.9 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6
16 0.0 0.0 2.8- 1.8- 1.7 0.0 0.0 0.0 1.4 1.7 0.6 0.0 1.5 2.5 0.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.8
17 0.0 0.0 0.0 2.0 2.6 3.7. 1.4 0.0 0.0 0.0 1.4 2.0 0.7 0.0 1.5 2.4 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6
18 0.0 0.0 0.0 0.0 0.0 2.1 3. 1.6 0.0 0.0 0.0 1.4 2.0 0.7 0.0 1.1 0.4 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.5
Total 0.0 1.5 2514 11 09 14 1.3 1.6 1.1 1.2 0.6 0.6 0.5 0.6 0.6 1.2 0.8 0.9 0.6 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 1.1

Fig. 24. Number of overtaking maneuvers detected in the CWD lane, node by node, with a 1 min time resolution, for scenario 1.
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Number of overtakes

along the Section Time [min] u

Node Iﬂ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0 0.0 0.0 0.0
1 2.8/410 0.0 29
2 0.0 0.0/2.4 0.0 0.0 0.7
3 0.0 0.3 0.5 0.0 0.0 0.0 0.2
4 0.0 0.0 0.0 0.2 0.1 1.2 0.2 0.0 0.1
) 0.0 0.0 0.0 0.0 0.0 0.0{2.7 0.5 0.0 0.1
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.4 0.0 0.1
7 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.0 0.3 0.0 0.1
8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.6 0.4 0.0 0.0
9 0.0 0.0 0.0 2.6- 0.7 0.0 0.0 0.0 0.0 0.0 1.8 0.4 0.0 2.6
10 0.0 0.0 0.0 0.0 0.0 0.3 2.0 0.3 0.0 0.0 0.0 0.0 0.0 1.6 0.4 0.0 0.5
11 0.0 0.0 0.0 0.0 2.5- 351203 0.0000.00.000120300 2.4
12 0.0 0.0 0.0 0.0 0.0 2.33.7 1.5 1.2 0.3 0.0 0.0 0.0 0.0 0.0 1.1 0.4 0.0 1.4
13 0.0 0.0 0.0 0.0 0.0 0.0 0.2 1.9 1.4 1.1 0.4 0.0 0.0 0.0 0.0 0.0 0.9 0.3 0.0 0.4
14 0.0 0.0 0.0 0.0 0.0 0.2 1.7 2.6, 2.012 1104 00 0.0 0.0 0.0 0.0 0.7 0.2 0.0 17
15 0.0 0.0 0.0 0.0 0.0 1.4/3.7 3.7 1.5 1.4 1.1 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.7
16 0.0 0.0 0.0 0.0 0.0 0.0 1.2/3.7 3.7 23 14 1.1 0.9 0.2 0.0 0.0 0.0 0.0 0.0 0.0 2.0
17 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1/3.3 3.5 2.3 2.0 1.2 1.1 0.9 0.3 0.0 0.0 0.0 0.0 0.0 13
18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 2.8 2.4 1.8 1.8 1.3 1.0 0.9 0.2 0.0 0.0 0.0 0.0 0.7
Total 0.0 1.2 2.2 0.9 0.1 0.0 0.0 0.0 0.0 0.9 1.7 0.9 1.5 1.2 0.8 0.8 1.6 2.0 1.9 2.0 2.1 1.9 2.0 1.4 1.1 0.9 0.8 0.5 0.5 0.1 0.0 0.0 0.0 0.0 1.3

Fig. 25. Number of overtaking maneuvers detected in the CWD lane, node by node, with a 1 min time resolution, for scenario 2.

In scenario 2 a higher number of overtakes concentrated after the node 14 and during the time interval [15, 25]
confirms the previous considerations. In scenario 1 the overtaking maneuvers are relevant in those sections, but in
another time interval [1, 10] and therefore they do not affect the mainstream flow.

6.4. Scenario 3: Simultaneous arrival with a CWD lane service interruption

The conditions of Scenario 2, which is the critical one, can also be monitored in the case of an incident involving
the CWD lane. For various reasons, such as maintenance, cleaning or inspection of the coils, the CWD lane could be
out of service in a particular node and it should be kept free of traffic for a certain period. This vehicle-free time
window can be obtained by reducing vehicle speeds in the CWD lane along the section approaching the node
involved in the incident - modeled by “Headway correction” and “Time estimation next” routines -. The strategy
will be applied by avoiding overtaking maneuvers in the approaching section.

In the experiments performed, the CWD lane closure lasts two minutes, starting from the 18th minute- 1080s
from the beginning of the simulation -. The data reported is averaged on 50 replications to show more reliable

results.

Average SoC [kWh] Time [min] |~

Node Ei 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
0 71 72 90 71
1 88 638 6.9
2 114 90 7.2
3 114 75
4 115 114 93 90 6.7 78
5 11.4 11.4 94 9.0 6.7 8.0
6 114 114 94 9.1 8.2
7 114 114 11.4 94 8.4
8 114 114 114 7.9 8. .6 66 66 6. 7.9
9 114 114 115 9.3 7.9 46 66 66 66 66 66 655453 8.1
10 114 114 114 115 84 83 75 .6 66 66 666666 57 55 80
1 114 114 11.4 115 94 85 66 66 59 58 81
12 114 11.4 11.4 115 96 94 6.6 6.6 6.1 6.0 83
13 11.4 11.4 115 11.5 89 84 6.6 6.6 6.6 6.6 6.3 6.3 8.2
14 114 114 11.4 115 115 87 84 82 6.6 6.6 6.6 6.6 65 6.6 6.6 83
15 114 114 11.4 115 115 96 88 86 85 8. 6.6 6.6 6.6 6.6 6.6 6.6 6.6 8.4
16 114 114 11.4 115 115 9.7 8. 2 92 8 6.6 6.6 6.6 6.6 6.6 6.6 6.6 88
17 114 114 115 114 115 115 9.8 9. 2 94 855 6.6 6.6 6.6 6.6 6.6 6.6 20
18 115 11.4 115 11.4 115 .8 6. 66 66 666666 9.1
Total 71 7.9 7.9 82 84 87 88 89 83 87 85 87 89 88 86 88 88 888578 7.5 85 87 817357525258 6.6 6.6 66 6666 84

Fig. 26. Average SOC [kWh] of "in" vehicles, node by node, with a 1 min time resolution, for scenario 3.

The impact of the incident on the SOC is shown in Fig. 26 in which the missing data for minutes 18 ad 19
confirm the CWD lane closure for that period at node 16. Data also show that vehicles arriving at the depot after the
temporary closure have a higher SOC than those in scenario 2 (see Fig. 21). The lower SOC values — 3.4 and 3.7
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kWh — refers to “emer” vehicles that have avoided the lane closure because of the speed regulation. Indeed, their
charging time has been reduced because their speed has been set to 60 km/h. The propagation of the strategy effects
can be analyzed by average speeds. The average speed reductions, as a result of the simulation, are confirmed in Fig.

27 for the section approaching the node 16 during the time interval [20,23], in which the average speed drops off

even to 20 km/h at minute 20.

AvSpeed [km/h] Time [min] |~

Node T 1 2 3 45 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total
1 60 48 30 49
2 86 62 61 30 30 51
3 74 61 59 32 30 30 50
4 86 69 61 60 32 44 31 30 51
5 79 66 60 60 60 60 60 32 30 53
6 74 67 60 60 60 60 60 60 33 30 54
7 86 69 63 60 60 60 60 60 60 60 33 30 55
8 79 66 61 52 51 52 60 60 60 60 60 33 30 51
9 74 64 60 60 52 36 58 60 60 60 60 60 32 30 53
10 86 72 63 63 52 46 38 33 58 60 60 60 60 60 32 30 46
11 80 69 62 64 60 54 50 34 33 59 60 60 60 60 60 34 30 52
12 75 66 61 66 61 60 53 38 34 36 59 60 60 60 60 60 34 30 54
13 75 63 63 65 54 45 40 35 37 36 36 60 60 60 60 60 60 34 30 46
14 86 69 62 64 63 53 45 37 30 30 38 37 36 60 60 60 60 60 60 34 30 42
15 78 66 61 65 63 61 55 53 50 48 40 40 36 37 60 60 60 60 60 60 60 53
16 72 63 62 64 63 61 59 20 21 23 39 60 60 60 60 60 60 60 60 41
17 86 68 62 65 64 63 60 59 30 60 54 51 45 34 36 60 60 60 60 60 60 55
18 83 67 61 65 62 62 60 60 59 30 60 60 55 49 38 32 36 60 60 60 60 60 56
Total 61 55 56 55 56 56 56 53 55 53 52 53 55 51 50 49 50 49 49 29 39 44 50 51 44 40 38 43 52 60 60 60 60 50

Fig. 27. Average speeds [km/h] of "in" and "emer" vehicles, node by node, with a 1 min time resolution, for scenario 3.

The speed reduction has a sensible effect on the delay of the vehicles, estimated as the difference between the
simulated travel time and the predicted travel time on the base of the planned speed. As expected, the higher delays

occur in the section before the node 16, during the recovery period. Also negative values of delay are detected: they
are caused by the speed change for “emer” vehicles that are forced to proceed at the speed of the “charge” vehicles

during the “safety” control action. This case is represented in Fig. 29 in which the trajectories of all the charging
vehicles are traced for a sample replication (#2).The trajectory of the vehicle #237, represented by black dots, shows
that, if it travelled at 30 km/h, it would have been involved in the lane closure at node 16. However, because of the
speed control action, it increases its speed and it crosses the node 16 before the incident event. After the node 16, its
speed is set again at 30 km/h, as required by its charging needs, and it is then maintained until the final node.

Av Delay Time [min] ~

Node |-T 1 2 3 45 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 Total

0.0 0.7 0.0 0.3
2 0.0 0.1 0.0 0.0 0.0 0.0
3 0.0 0.0 0.1 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
7 0.0 0.0 0.0 0.0 0.00.000 00 0000 00 0.0 0.0
8 0.00.000133489 00 0000 00 00 01 00 18
9 0000000021 15 0000 00 00 00 00 0.000 0.9
10 0.0 0.0 0.0 0.0 3.6 13.2 236 06 00 0.0 00 00 0000 00 00 9.8
11 00010000 03 2041 04 00 00 00 0000 00 0.0 0100 14
12 000000 01 0702 12 02 01 01 0000 00 00 0000 0.000 0.5
13 0000 01 0232140268377 14 0101 00 00 000.0 0.000000.0 13.8
14 0000 00 0101 3815033655650181 01 00 0000 000.00.000010.0 24.0
15 00 00 0001 02 03 18 27 5574 17 01 0101 00 0.00.000000.000 2.6
16 01 0000 02 02 08 -6.0 106.2 102.6 88.4 9.3 -40.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 44.2
17 00 0100 01 01 02 1.0 06 0.0 0.0 1642 170.20.00.0000.00.00.000 12
18 0000 00 00 01 02 0703 10 00 0100 11150.20.10.00.000000.000 04

Total 0.0 0.4 0.0 0.0 0.0 0.0 0.0 0.7 1.3 2.2 49 6.0 1.8 4.7 9.7 129

Fig. 28. Delays [s] of "in" vehicles, node by node,

109 11.4 3.5 60.3 41.8 282 3.5 -2.1 0.8 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 94

with a 1 min time resolution, for scenario 3.
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Fig. 29. Space-time relationship for "in" vehicles in the case of application of the strategy.
7. Conclusions and further researches

This study presents a method for assessing the performance of the wireless power systems to dynamically charge
electric vehicles while driving, from both traffic and energy points of view. The model assumptions are aimed at
simulating a freight scenario for urban distribution in the city center with medium sized vans. The CWD lane has
been modeled in a realistic layout, as installed on a ring road with secondary on ramps, for supporting electric
charging operations during the return part of the vehicle trips. The set of speeds for CWD operations is relatively
low because, for the assumed P, and the test vehicle considered, it is the most adequate to satisfy the fleet operator
need to guarantee a minimum SOC at the vehicle arrivals to the depot.

The implemented dynamic traffic simulator adopts a mesoscopic approach by updating traffic and energy data
only at defined nodes along the road, generally spaced in the order of hundreds of meters. The traffic simulator
operates according to a cooperative driving behavior among vehicles, both for the overtaking maneuvers and the
entries management and it is able to simulate different traffic conditions. Primary traffic parameters can be
estimated in the CWD lane, such as the vehicle counting, average speeds and delays, which are time dependent and
relevantly change along the road. The model also allows the implementation of a speed control strategy to manage
temporary incidents, for example due to extraordinary maintenance operations. This strategy could also be applied
in the case of high traffic volumes to facilitate the entries of the vehicles from the on ramps. The traffic model is
able to manage even platooning conditions and delays caused by the strategy when minimum headways in the CWD
lane are required and it is able to assess the effects of the strategy in terms of vehicle SOCs and speeds over time.
With respect to the traditional dynamic traffic models, in the proposal here presented, the current vehicle energy
needs affect drivers’ behavior. According to their SOC along the road, vehicles are simulated inside or outside the
charging lane and their speeds are set according to their charging needs.

The implemented dynamic traffic simulator has an approximation compatible with the stage of development of
the CWD technology and the deployment of the cooperative driving systems. For this reason, in our idea, the
presented model should be considered as a support methodology of a feasibility study for a promising future
technology, in ex-ante evaluations. When the CWD technology and the full cooperative system are available in large
scale applications, more investigations will be needed and then the model could be empirically calibrated, also
according to the observed driving behavior.

More developments can be carried out to improve the realism of the traffic simulator. For example, the speed in
the other lanes is estimated according to the initial traffic density. In a further enhancement, for very high FEV
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traffic level, the model could also consider that, during the time period, the density in the other lanes may change for
both FEVs lane changing maneuvers and fluctuations of traditional “not electric” traffic. Even more complex
scenarios with different vehicle types and related traffic flows could be analyzed. Furthermore, the model could be
extended to flows of private cars, where the recharging needs should be related to the vehicle destinations, thus
requiring the estimated demand data of detailed Origin/Destination matrixes.
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