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Abstract—Electric Vehicle (EV) charging has been a signif-
icant barrier to the widespread use of EVs. Traditional EV
charging methods depend on cables, and there are concerns
about safety, accessibility, convenience, and weather. A re-
cent development, dynamic (or in-motion) wireless charging,
enables EVs to charge wirelessly by incorporating charging
infrastructure into roadways, allowing EVs to charge while
moving. However, the energy transferred relies heavily on
vehicle speed and time spent in the charging lane. This paper
proposes an innovative solution that combines dynamic wire- less
charging with Variable Speed Limit (VSL) control. This dynamic
traffic control strategy adjusts speed limits based on real-time
traffic, weather, and incidents. This integration of dynamic
wireless charging and VSL has two potential benefits. First, it
can motivate driver compliance with VSL through the incentive
of charging. Second, it can promote smoother traffic flow and
improve traffic safety by implementing lower speed limits at
certain times. To verify these benefits, microscopic traffic
simulations in SUMO were conducted under different EV
penetration rates and VSL compliance rates. Simulation results
reveal that the proposed approach can enhance dynamic wireless
charging system performance while improving traffic flow and
safety.

Index Terms—electric vehicle, dynamic wireless charging,
variable speed limit, SUMO simulation

[. INTRODUCTION

The integration of Electric Vehicles (EVs) into people’s
daily live has remarkably reshaped urban transportation in
recent years. As the focus on environmental sustainability and
energy efficiency intensifies, EVs have emerged as an essen-
tial component in the global strategy to reduce dependency on
fossil fuels and decrease greenhouse gas emissions. However,
the widespread adoption of EVs is limited by practical issues
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related to charging infrastructure, particularly the need for
charging stations that are convenient and integrated into the
existing traffic systems.

Traditional charging solutions for EVs are centered around
home-based charging setups during nighttime or require
drivers to visit station-based charging facility at specific
locations. These methods are constrained by the physical
limits of charging infrastructure and are typically restricted to
residential areas, public parking lots, and designated charging
points. Recent advancements in EV charging technology
enable EVs to charge wirelessly while in motion [1], thereby
enhancing the usability and convenience of electric vehicles
by extending their operational range without necessitating
frequent stops at charging stations. However, the energy
charged through this technology relies heavily on the vehicle
speed and time spent in the wireless charging lane.

In light of the above limitations, this study proposes an
innovative solution that combines wireless charging with
Variable Speed Limit (VSL) control. This integration has two
potential benefits. First, it can motivate driver compliance
with VSL through the incentive of wireless charging. Second,
it can promote smoother traffic flow and improve traffic safety
by implementing lower speed limits at certain times. To verify
these benefits, microscopic traffic simulations are conducted
in Simulation of Urban Mobility (SUMO) [2] to implement
this integrated approach and observe the results. By
investigating various scenarios with different levels of EV
penetration and VSL compliance, this study aims to provide a
comprehensive assessment of how dynamic wireless charging
lanes, when controlled by VSL, can significantly improve
both traffic flow and EV charging system performance.

This paper is organized as follows: Section 2 provides
a literature review of EV charging technologies and Vari- able
Speed Limit (VSL) methods. Section 3 outlines the integration
of VSL and EV wireless charging. Section 4 discussed the
detailed experiment settings in SUMO, which aims to explore
the benefits of such integration at different EV penetration
rates and VSL compliance rates. Section 5 discusses the
results of these experiments, offering insights into the practical
implications of integrating wireless charging infrastructure on
highways and its potential effects on traffic flow and EV
charging. Section 6 discussed some additional potential
benefits of the proposed integration. Finally, conclu-
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sions are drawn in Section 7. This study seeks to contribute
valuable knowledge toward the development of sustainable,
efficient, and user-friendly wireless charging facilities that
improve both traffic flow and traffic safety.

II. LITERATURE REVIEW
A. EV charging

EVs are a viable, eco-friendly alternative to gasoline-
powered vehicles. To adopt EVs into the current transporta-
tion system, researchers have looked into the demand forecast
of EV adoption and induced electricity [3], [4]; the impact of
EVs on current traffic flow [5], [6]; deployment of Electric
vehicle supply equipment (EVSE) to support the adoption
of EVs [7]; vehicle routing problems with EVs [8], [9];
interaction between vehicle and grid [10], [11], and impact to
infrastructure [12], etc. A significant barrier to large- scale
adoption of EVs is consumer anxiety over vehicle range,
which can be addressed with more accessible charging
infrastructure [13] and emergency charging supply [14].

The EV charging methods can be categorized into three
groups: battery swapping, wired charging, and wireless
charging [15], and wireless charging can be further clas- sified
as stationary or dynamic (in-motion) wireless charg- ing [16].
Dynamic wireless charging EVs can charge while in motion,
addressing challenges related to short operating ranges caused
by low energy density or small batteries [16], [17], and saving
cost [16], [18]. These advantages of dy- namic wireless
charging could help promote the adoption of EVs [17].
According to the U.S. Department of Trans- portation (DOT),
there are three power supply levels of EV charging: Level 1
(1 kW), Level 2 (7 kW - 19 kW), and
Level 3 (50 - 350 kW) [19]. Power supply levels refer to the
rate at which energy is transferred and indicate how fast an
EV’s battery can be charged. The charging rate is measured in
amperes (current) and volts (voltage). Power is determined by
multiplying current and voltage. Multiplying this power by the
charging duration gives the total amount of energy transferred
to the battery. Therefore, the energy charged per vehicle is
proportional to the charging duration. This relationship may
encourage drivers to follow the Variable Speed Limit (VSL),
a traffic control strategy that lowers the speed limit based on
downstream traffic conditions, allowing EV drivers to charge
for more time on the dynamic wireless charging lane.

B. Variable Speed Limit

Variable Speed Limit (VSL) systems represent a sophisti-
cated approach to managing urban motorway traffic flow to
mitigate congestion and enhance road safety. As metropoli-
tan areas continue to grow, the demand for road space has
decreased the Level of Service (LoS) on motorways,
characterized by reduced speeds, higher traffic density, and
longer travel times. When traffic volume exceeds a motor-
way segment’s designed capacity, bottlenecks destabilize the
traffic flow. VSL operates by dynamically adjusting the speed
limits displayed on Variable Message Signs (VMS) along the
motorway, particularly ahead of bottleneck areas, to control

the rate at which vehicles enter these segments [20]. The
primary goal of VSL is to maximize the existing infrastruc-
ture’s operational capacity without expanding road capacity
through additional lanes. This is achieved by smoothing traffic
flow, reducing speed variances between vehicles and lanes,
and decreasing the risk of accidents [21]. VSL system can
achieve substantial benefits in key safety performance
measures without significantly reducing mobility measures,
even when driver VSL compliance rates are as low as 5% in
sufficiently dense traffic [22].

Several VSL methods have been developed based on
different logic and objectives. Rule-based reactive VSL, for
instance, calculates speed limits based on thresholds for a
given traffic flow state, including flow, density, and mean
speed [23]. This approach may also incorporate weather-
based logic to adjust speed limits in response to adverse
conditions like fog, ice, or strong winds. In contrast, feed-
back VSL maintains traffic density at a critical set point
by continuously monitoring current traffic conditions and
adjusting speed limits accordingly. Open-loop-based VSL, on
the other hand, utilizes an open-loop optimization process
[24], [25] based on general macroscopic models of traffic flow
but confronts the challenge of predicting stochastic traffic
behavior [26]. Moreover, recent research has explored
Reinforcement Learning (RL)-Based VSL, which represents a
novel direction for developing adaptive and efficient traffic
control systems [27]. Furthermore, recent research has also
integrated Connected and Automated Vehicles (CAVs) with
VSL, which automatically ensures vehicles comply with
dynamically changing speed limits, further enhancing the ef-
fectiveness of VSL in managing urban motorway congestion,
fuel efficiency, and safety [28]-[32].

III. METHODOLOGY
A. Integration of Wireless Charging and VSL Control

This paper proposes an innovative method that integrates
with Variable Speed Limit (VSL) control into dynamic
wireless charging. To do this, a highway is equipped with
wireless charging equipment installed in specific lanes des-
ignated as wireless charging lanes. These lanes have inductive
charging technology embedded in the road surface, allowing
EVs equipped with compatible inductive receivers to charge
while in motion. Due to the high cost of wireless charging
infrastructure, it is not feasible to equip the entire highway
with such lanes. Therefore, it is suggested that this charging
lane should be strategically located upstream of a predictable
congested area (e.g., downtown), not only to capitalize on the
naturally slower traffic speeds, which increases the cruising
time over the charging infrastructure but also to effectively
implement VSL control for improving the overall traffic flow.
On these wireless charging lanes, VSL controls are
implemented. This control dynamically adjusts the speed
limits based on real-time downstream traffic conditions (e.g.,
density), which are monitored through sensors (e.g., loop de-
tector and traffic camera) installed downstream. It is designed
to manipulate the vehicle speed in the charging lanes to
promote smoother traffic flow both upstream and downstream
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Fig. 1: Example of integration of wireless charging and VSL

while increasing the cruising time of EVs on charging lanes,
which can enhance the amount of energy charged per vehicle.
A variable message sign is installed at the entrance to the
wireless charging section to indicate which lane is designated
for wireless charging and to display the current speed limit.
An example of such integration is provided in Fig. 1.

B. Rule-based VSL Control

In this paper, a rule-based VSL control strategy is selected
to control the speed on the wireless charging lane. Rule-
based VSL control determines its control outputs primarily
based on real-time traffic data measured by traffic sensors,

such as traffic speed, flow, and occupancy. Rule-based VSL
control is more widely deployed in practice due to its ease
of implementation, higher certainty, and interpretability [33].
The rule-based VSL control implemented in this paper fol-
lows these guidelines: The recommended speed limit of the
VSL-controlled segment is closely aligned with the real-time
speed of the most congested segment within the area of in-
terest (downstream highway segment in this paper) measured
by traffic detectors. To avoid significant fluctuations in speeds
across the entire road, this measured speed is first rounded to
the nearest 5 miles per hour and then incrementally increased
by 5 or 10 miles per hour for upstream control points (if more
than one). Ultimately, the recommended speeds for all control
points range from 35 to 65 miles per hour. For instance, if
there are three control points and the traffic sensors report
an average speed of 37 miles per hour in the congested
segment, the recommended speed limit for the control point
closest to the congested area would be 40 miles per hour. The
remaining two control points upstream would then have their
recommended speed limits set at 50 and 60 miles per hour,
respectively, increasing by a speed of 10 miles per hour.

C. Performance Metrics

In this paper, the impacts of the proposed approach on the

performance of the dynamic wireless charging system are
evaluated from three aspects: energy, mobility, and safety.

- Energy: The energy impact of the proposed approach is
assessed using the average energy charged per vehicle-
kilometer. 1 kWh per vehicle-kilometer means a ve- hicle
can charge an average of 1 kWh of energy for each
kilometer traveled on this wireless charging lane
controlled by VSL. The metric is proportional to the
wireless charging duration on the wireless charging lane,
i.e., the average time for each vehicle to traverse the

- Mobility: Mobility is assessed by average travel time
Tavg given by (1) and average speed Vayg given by (2)
in this paper. If Tayg is shorter or Vg is higher, it
indicates a network with higher overall mobility.

- Traffic Safety: Traffic safety is analyzed using two
primary metrics: coefficient of variation (CV) in speed
and average minimum time-to-collision (TTC) in each
traffic conflict. The coefficient of variation is a statistical
measure used to describe the relative variability of data
points around the mean of the dataset and is defined
as the ratio of the standard deviation to the mean, as
calculated in (3). A lower CV in speed will increase
traffic safety because lower speed differences decrease
the risk of collisions, as drivers will have less need
to constantly adjust their speed or change lanes to
accommodate faster or slower vehicles. Additionally,
traffic safety is assessed through average minimum time-
to-collision. Time-to-collision (TTC), given by (4), is the
time that is left until a collision occurs if both vehicles
continue on the same course and at the same speed [34].
A TTC smaller than 3 seconds is often considered as a
traffic conflict, a near-miss situation that, although it
doesn’t result in a crash, indicates a significant risk of
collision. In this paper, we specifically record the
minimum TTC observed during each of these conflict
incidents when the TTC is below 3 seconds. The average
of these minimum TTC values across all noted traffic
conflicts is then calculated to assess the overall traffic
safety of the network.

A description of the notations used in these metrics is listed
in Table I.

TABLE I
TABLE OF NOTATIONS

wireless charging section.
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Symbol  Description Unit

N total number of vehicles veh
ti travel time of vehicle i traversing the road hr
Tavg average travel time of all vehicles hr
Ui average speed of vehicle i traversing the road km/hr
Vavg average speed of all vehicles km/hr
o standard deviation km/hr
cv coefficient of variation %
Vi speed of vehicle i at time ¢ km/hr
Vt,i+1 speed of vehicle in front of vehicle 7 at time ¢+ km/hr
Sti spacing between vehicle i and its leader m T
TCui time-to-collision for vehicle i at time ¢ sec
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IV. SIMULATION

A microscopic simulation in SUMO [2] is used to investi-
gate the impact of integrating VSL and EV wireless charging
on energy, mobility, and safety. The simulated network is a
10km one-way 3-lane highway section with entrances and
exits located every 2.5km, as shown in Fig. 2. At each
entrance, the highway is temporarily extended to 4 lanes
for merging purposes. These entrances and exits divide the
highway into 4 sections in the longitudinal direction. It is
assumed that the last two highway sections go through the
downtown area, and thus, their entrances have much higher
demand than the first two highway sections, especially during
peak hours. This creates a predictable bottleneck between the
second and third highway sections. To smooth the traffic flow
while providing charging availability for EVs, a 2.5km VSL-
controlled wireless charging lane is set at the leftmost lane of
the second highway section. It is assumed that the wireless
charging lane consistently provides a stable charging power of
100 kW, maintaining an average charging efficiency of
0.95 for vehicles traveling at varying speeds. This means, for
example, if a vehicle remains in this lane for 1 hour, it
can charge up to 95 kWh of energy. This assumption is
realistic as up to 100 kW dynamic wireless charging power
has been deployed in the real world [35] and up to 200 kW
dynamic wireless charging power has been tested in a lab
environment [36]. Finally, this wireless charging lane’s real-
time variable speed limit is updated every 5 min based on the
downstream highway density using the aforementioned rule-
based VSL control. For simplicity, it is assumed that all EVs
will use this wireless charging lane while driving through this
highway section.

Eight scenarios with 2 levels of EV penetration rates (15%
and 30%) and 4 levels of VSL compliance rates (no VSL,
25%, 50%, and 100%) are simulated and compared. Each
scenario was simulated for 10 times with different random
seeds to ensure the statistical robustness of the results.
Note that while a compliance rate 25% or 50% is typically
considered as high in current real-world practice, it is likely to
become realistic when wireless charging motivates EV drivers
to adhere to the VSL to charge their vehicles more. A
compliance rate of 100% represents an ideal scenario in which
all vehicles on the wireless charging lane will follow the VSL,

V. RESULT AND EVALUATION

The simulation results across different scenarios are pre-
sented as boxplots in Fig. 3- 7. In each boxplot, the individual
boxes represent the distribution of metrics derived from 10
iterations of each scenario. By examining these boxplots,
the energy, mobility, and safety impacts of the integration
of wireless charging and VSL control are discussed.

Energy is first evaluated using the average energy charged

per vehicle-kilometer. As is shown in Fig. 3, when the EV
wireless charging lane is not regulated by VSL, the energy
charged per vehicle-kilometer is notably low due to the high
speeds typically maintained on highways. However, with the
implementation of VSL on the wireless charging lane, there
is a significant increase in the energy charged per vehicle-
although this may not be practically achievable.
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kilometer, which triples even at a modest VSL compliance
rate of 25%. This boost in energy charge is substantial; for
instance, at a 15% EV penetration and 25% VSL compliance,
2.55 kWh per vehicle-kilometer allows a medium-sized EV
which consumes 15-20 kWh per 100 kilometers [37] to travel
approximately 12.75 to 17 kilometers for every kilometer
driven on the wireless charging lane. This distance is of-
ten sufficient to cover the one-way trip of a typical daily
commute. Besides, the travel distance covered by the energy
charged on the wireless charging will increase with the length
of the wireless charging lane and the charging power.

Mobility is then evaluated using average travel time and
average speed. Fig. 4 and Fig. 5 illustrate the change of travel
time and change of average speed as VSL is implemented and
its compliance rate increases. When the compliance rate is
low (25%), we can observe a lower average travel time and
higher average speed, indicating a positive impact of
integrating VSL and EV wireless charging on mobility. By
comparison, a higher compliance rate will have a negative
impact on mobility, leading to longer travel time and lower
speed. However, this drawback is minor compared to the
substantial gains in energy charged.

Traffic safety is finally analyzed using two primary met-
rics: coefficient of variation in speed and average minimum
time-to-collision in each traffic conflict. Fig. 6 compares the
average CV in speed from different scenarios. It is obvious
that CV in speed decreases as the VSL compliance rate
increases, indicating that more people obeying VSL will
reduce differences in speed and thus enhance safety. Fig. 7
compares the average minimum TTC in each traffic conflict
from different scenarios. It can be observed that under all
cases where VSL is implemented, the minimum TTC in each
traffic conflict is higher than in cases where there is no
VSL, showing an improvement in traffic safety via VSL. In
summary, from both CV in speed and TTC, it is clear that as
wireless charging lane attracts EVs to comply with the VSL,
it leads to improved overall traffic safety.

VI. OTHER BENEFIT

In addition to the improvements in eneregy, traffic flow,
and traffic safey identified through the simulation, the inte-
gration of wireless charging and VSL control have additional
benefits on increasing VSL compliance rate.

3109
Authorized licensed use limited to: Univ of Calif Riverside. Downloaded on April 23,2025 at 21:10:58 UTC from IEEE Xplore. Restrictions apply.



2—7-

VSL-controlled wireless charging lane

|

bottleneck

Fig. 2: Simulated network

4500 Average Energy Charged By Each EV Per Kilometer

w
o
1=}
1=
@

N
n
=3
=3

-
w
1=}
S

=
o
1=}
=

Energy Charged Per Kilometer (Wh/km)
S
o
o

w
=3
=3

no VSL 25% 50% 100%

(a) 15% EV penetration rate
Average Energy Charged By Each EV Per Kilometer

-

E 3500

w
=}
=}
=

N
o
o
S

-
wn
=3
=3

1000

Energy Charged Per Kilometer (Wh/km
S
o
o

%]
1=}
S

no VSL 25% 50% 100%

(b) 30% EV penetration rate

Fig. 3: Energy charged by each EV after traveling for one
kilometer on the wireless charging lane.

VSL traffic congestion control has a long history of
research and has garnered numerous favorable evidence
through theory and simulations. However, individual human
drivers in practice are not likely to follow VSL speed reduc-
tion recommendations, leading to a significant gap between
theoretical and practical levels of VSL traffic control [38].
There are two main reasons for this discrepancy: First, drivers
lack knowledge of downstream macroscopic traffic flow
conditions. Thus, they cannot be confident that the VSL-
recommended proactive speed reduction is reasonable to
avoid congestion on the current road segment. Second, even
with an understanding of VSL principles, drivers often face a
conflict between collective benefit and individual gain.
Drivers must decide whether to adhere to recommended speed
limits, which contribute to overall traffic flow, or to exceed
them for personal time savings. Without incorporating other
benefits, many choose the latter in reality, resulting
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Fig. 4: Average travel time of all vehicles

in traffic behaviors that diverge from the optimal strategies
proposed by VSL.

In the proposed approach, by providing tangible benefits
through wireless charging, drivers are more likely to maintain
speeds given by VSL control and thus align individual
behavior with broader traffic management objectives. This
increased compliance further contributes to the overall effec-
tiveness of VSL, leading to a more efficient and safe driving
environment.

VII. CONCLUSION

This paper studied the potential of integrating variable
speed limit (VSL) control with dynamic wireless electric
vehicle (EV) charging technologies on highways. Simulation
results indicate that the application of VSL in conjunction
with dynamic wireless charging lanes can effectively increase
the energy charged per vehicle on the wireless charging
lane and thus extend the operational range of EVs with-
out necessitating detour to charging stations for charging.
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Moreover, simulation results also suggest that the increased
compliance with VSL driven by the incentives of charging can
smooth the traffic flow and increase safety. Overall, the
findings of this paper are significant for traffic control and EV
charging infrastructure development, suggesting that such
integrative approaches can contribute to a more sustainable
transportation network.

Future research should consider how the lane speed differ-
entials caused by the VSL may dynamically affect vehicles’
usage of each lane [39] and how the potentially increased lane
change activities may affect the overall traffic flow [40]. In
addition, future research should consider the distinctions in
car-following behavior between electric vehicles and conven-
tional vehicles and consider how this difference may affect the
proposed approach. Finally, future research should also
examine the potential rise in EV demand resulting from the
deployment of dynamic wireless charging infrastructure and
its implications for overall mobility.
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