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Abstract

Dynamic wireless power transfer can reduce electric vehicles’ charging downtime and
range anxiety, but its benefits depend on route characteristics and system design. This
work develops an integrated numerical framework combining (i) route-specific drive-cycle
analysis, (ii) identification of candidate charging segments based on speed, stops and slope
constraints, (iii) a physics-informed inductive wireless power transfer model and (iv) a
Matlab/Simulink vehicle energy model to quantify energy demand, transferred energy
and state-of-charge evolution. Two vehicle types (a passenger light-duty vehicle and a light
commercial van) and multiple Lisbon Metropolitan Area routes are analyzed, including
commuting, ride-hailing and urban logistics operations. Results show that low-speed,
stop-rich urban corridors achieve the highest transfer rates (typically 0.4 kWh/km and over
2 kWh for more than 15 stops in the analyzed cases), whereas expressway deployments are
much less effective (down to 0.1 kWh/km and 0.5 kWh below 5 stops) unless congestion
lowers average speeds. The proposed workflow provides a replicable basis to identify
candidate segments and to size wireless power transfer and corridor length for city-scale
deployment scenarios.

Keywords: dynamic wireless charging; electric vehicles; energy transfer; road infrastructure
analysis

1. Introduction

The transport sector used circa 30% of the final energy consumption in the EU in
2021 and was responsible for circa 24% of greenhouse gas (GHG) emissions in 2021 [1,2].
Road transport represents more than 90% of the energy associated with this sector, with
gasoline and diesel being the main energy vectors [1]. Consequently, road transportation
represents 76.2% of the total transportation sector GHG emissions [1].

The recently introduced European Green Deal has a major focus on the transportation
sector, setting a 55% reduction in CO, emissions from cars and 50% reduction from vans in
2030 and sales of all new light-duty vehicles compliant with zero CO, emissions in 2035 [3].
Moreover, it is expected that until 1 January 2030, an incentive mechanism will be deployed
for zero and low emission (up to 50 gCO;,/km), namely battery electric vehicles (BEVs),
fuel-cell electric vehicles (FCEVs) and plug-in hybrid electric vehicles (PHEV) [4].

The adoption of light-duty passenger BEVs has risen over the last few years, reaching
a market share of 15% of new vehicle sales in Europe in 2023, while BEV vans only have
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a 8% market share in the same time period [5]. A global review regarding the adoption
of BEV [6] indicates that there are some factors contributing to its small adoption, namely
the reduced availability of charging stations and charging times, limited driving range
and high purchase cost, among other aspects. However, countries that adopted policy
incentives, such as tax benefits, free parking or reduced charging costs, have contributed
to boosting the sales of BEVs [6]. Psychological and situational aspects, such as practical
experience with BEV prior to the purchase, reduced energy and air pollution awareness,
contribute in a very positive way to adopting BEV technology [6].

The environmental and energy efficiency advantages of BEVs compared with ICEVs
(internal combustion engine vehicles) are often shadowed by the range limitations and
charging times, which are barriers to their adoption. The technology used to charge EVs
currently available on the market is only plug-in charging and is based on the use of a
charging system through a physical connection between the EV and the electric grid, and
the charging modes are well defined by the IEC 61851-1 [7]. Consequently, not only the
availability of the infrastructure, but also the charging type (slow, fast, rapid, ultra-rapid)
deployed are important aspects regarding the operation of a BEV.

In this sense, Wireless Power Transfer (WPT) has emerged as an alternative way
to charge BEVs. This system does not need cables and plugs; communication between
the charger and the car is automatic, bypassing all the disadvantages of the traditional
charging system (plug-in) [8]. The WPT system is also less prone to vandalism, safer in
inclement weather and requires less maintenance than traditional plug-in charging [9].
However, the drawbacks of WPT are related to its efficiency, particularly for big air gaps
and misalignments [9]. SAE J2954 Recommended Practice [10] introduces a classification
for WPT considering the rated power, distance between ground assembly (GA) and vehicle
assembly (VA) WPT elements, a range of misalignments and working frequency.

There are several available WPT technologies, although the most interesting for vehi-
cles are inductive power transfer (IPT) and resonant inductive power transfer (RIPT) due
to their high efficiency and capacity to transfer a range of power within an air gap suitable
for vehicles [11]. There are three major application options that seem to be quite viable if
directed and routed to the right target audience: static charging, quasi-static charging and
dynamic charging [12].

The most challenging application of this technology would be dynamic charging.
This concept entails the installation of numerous wireless chargers in sequence along a
sufficiently long stretch of road. Here, an EV could travel at a certain speed without
needing to stop or decelerate substantially for battery charging. This setup is envisioned
for urban areas where the prevalence of EVs justifies the deployment of these chargers,
and the low average vehicle speed in such zones would extend the duration of energy
transfer. Conversely, this system is also apt for highways, where wireless charging could
be implemented along even more extensive road sections to ensure substantial charging.
Nonetheless, it was found that energy transfer decreases with increasing speed [13].

Inductive Power Transfer (IPT) is currently the most well-established method for
Wireless Power Transfer (WPT) in Electric Vehicles (EVs). It operates on the principle of
induction using a pair of air-core coils, one transmitter on the road (ground assembly—GA)
and a receiver on the vehicle (vehicle assembly—VA). A dynamic magnetic field is created
around the structure when a time-varying current is supplied to the transmitter coil, also
known as the primary coil. If a receiver or secondary coil is positioned to intercept some of
this flux, a voltage is induced, thereby transferring energy to the battery. Faraday’s Law
states that the amount of energy transferred is proportional to the secondary coil’s ability
to intercept as much magnetic flux as possible. The magnetic field flux in these systems is
determined by the primary current and the relative position of the transmitter and receiver
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coils. The main strategies applied to maximize the magnetic field flowing through the
secondary coil are advanced coil design and inclusion of compensation topologies [8].

RIPT is an advanced version of IPT, since it uses a compensation topology in both
circuits (primary and secondary) to create resonance and to reduce power losses by limiting
reactive power consumption. This requires the introduction of compensation topologies
to align voltage and current towards a zero phase angle, or operating at resonant fre-
quency [14]. However, like other WPT systems, the main AC current is converted into
a high-frequency current, which feeds the primary wiring. The receiver power is con-
verted to DC to feed the battery through additional electronics and filters in the receiver’s
electrical circuit.

Based on the available literature, the vast majority of projects, research and studies on
WPT use the RIPT system [15], as it is possible to significantly reduce energy losses and
make this process more efficient by using the appropriate resonance frequency. There are
four basic types of compensation topologies: series-series (SS), series-parallel (SP), series-
parallel (PS) and parallel-parallel (PP). Primary compensation is necessary to eliminate the
phase difference between current and voltage and to minimize the reactive power of the
source. Additionally, using secondary compensation maximizes the power transfer and
efficiency [16]. Furthermore, when choosing network topologies, it is crucial to consider
the specific application of the WPT system and understand the requirements essential for
its optimal functioning. For instance, SS and SP are suited for high power transfer [17] and
have a decrease in total impedance, generating a higher current both in the load and the
source, even with misalignment, which might be unsafe for the source [18]. Conversely, PS
and PP topologies have an increase in total impedance with misalignment, which is safer
for the source when there is no secondary coil [18].

The use of multiple elements in a series-parallel combination makes the compensation
method effective in overcoming the challenges of basic compensation. Multi-resonant
compensation topologies can reduce misalignment effects, improving coupling and global
efficiency of the WPT [8]. However, additional elements can cause more losses compared
to single-resonant compensation, especially for high-power applications.

The coil design can also contribute to improving the coupling coefficient between the
charging coil (in the GA) and the pick-up coil (in the VA). Certain combinations of the shape
and type of the coils may be more beneficial for static charging, and other combinations for
dynamic charging. Taking into account the efficiency, the losses, the possibility of hot-spots,
the minimization of space and weight of the structure, as well as the ease of installation of
the coil design, it is concluded that a circular coil would be the most suitable for WPT [17].
A circular coil is more practical to implement in both EVs and on public roads due to its
weight and cost advantages, compared with more sophisticated designs [19,20]. To enhance
the efficiency of a coil, ferrite bars and an aluminum plate are commonly employed to
create a low-reluctance flux path and minimize flux leakage. However, misalignment can
significantly impact mutual inductance on circular coils [19].

In order to increase the energy transferred to EVs using WPT, one of the solutions is to
install more than one receiver in the vehicle, and this way, the whole primary system is
maintained; only the number of receiver systems in the EV chassis is changed. In this way,
by having two receivers for each charger on the road, twice as much energy is transferred
to the car battery as using only one receiver [21]. This technique is used in larger vehicles,
such as goods and passenger heavy-duty vehicles, so that the charging power increases
significantly. Companies such as WAVE [22] and Inductev [23] and pilot tests such as
Smartroad in Gotland [24] or FABRIC [25] use inductive charging to achieve powers in the
range of 20450 kW.
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The objective of this study is to quantify the energy and environmental impact of
wireless charging across various types of trips and electric vehicles. Speed cycles for
each trip from previous research enable route analysis to identify suitable stretches for
wireless charging deployment. In parallel, a wireless charging system is developed to
establish the relationship between charger power, number of receivers, coil design, current
values and operating frequency. The gathered data is organized and implemented in a
Matlab-Simulink model, where a specific route is simulated to determine the vehicle’s
energy consumption and the energy transfer performance of the wireless charging system.
Effective communication between all four modules—trip analysis, speed cycle, wireless
charging system design and energy simulation—is essential to ensure the model operates
under optimal conditions.

This work makes three main contributions: (1) it proposes an integrated numerical
workflow that couples route definition and drive-cycle analysis with a physics-informed
WPT module and a Matlab/Simulink vehicle energy model to quantify vehicle energy
demand, wireless energy transfer and SOC evolution along real routes; (2) it defines a
replicable, rule-based siting heuristic for dynamic WPT lanes using explicit operational and
geometric thresholds (e.g., speed, stop events/traffic lights, speed limits and longitudinal
slope) to generate a charging-availability profile along each route; and (3) it applies the
framework to multiple Lisbon Metropolitan Area use cases (commuting, ride-hailing and
urban logistics), providing quantitative evidence on where WPT is most effective and
showing how transferred energy varies with average speed and stop density.

2. Materials and Methods

To evaluate the impact of WPT technology on EVs, a model was developed using
Simulink, a toolbox within MATLAB (R2023a), to analyze the technology’s scalability and
influence on a given trip, for a specific vehicle. The model focuses on assessing its effects
on vehicle performance, extended driving range and other critical factors. Additionally, the
study aims to determine the most suitable road types for wireless charging deployment—
such as highways, residential streets, or secondary roads—towards achieving optimal
energy transfer rates (kWh/km).

2.1. Numerical Tool

Figure 1 illustrates the relationship between the various modules, their inputs, outputs
and how they collectively contribute to obtaining the results. The process requires selecting
the vehicle and the drive cycle, containing second-by-second data about the trips (such
as speed, time and distance-based elements such as crosswalks, traffic lights, etc.). This
information is then passed to the Identification of suitable road segments Module, where
the route is evaluated, and the specific zones suitable for Wireless Power Transfer (WPT)
are identified. The Wireless Charging Module, implemented in Simulink, contains a
mathematical model of the WPT system. This model accounts for factors such as transmitted
power, coil design, the relative position of the primary and secondary coils, the number of
receivers and the parameters of the electric circuit. Finally, the collected second-by-second
data—comprising speed, acceleration, road slope, and wireless charging availability—
feeds into the Vehicle Energy Module. This module, adapted from [26] and implemented
in Simulink, simulates the proposed route for an EV, including energy transfer within
designated wireless charging zones that meet the application’s requirements.
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Figure 1. Methodological approach for the impact of WPT technology on EVs.

2.2. Definition of Case-Study

Two vehicle types were selected to assess the implementation of wireless charging
(WC) on public roads: a passenger car and a light commercial van. A Light-duty vehicle
representative of the EV sales in Portugal and Europe was selected, considering market
relevance, chassis height (a key factor affecting wireless power transfer efficiency) and
battery capacity. The Light commercial vehicle studied is commonly used for mail delivery.

Because vehicle usage patterns strongly influence charging frequency and duration,
multiple operational scenarios were defined for each model. The selection of two distinct
categories also captures structural differences—particularly chassis height and vehicle
length—which significantly affect energy transfer performance.

Furthermore, each vehicle represents a representative use case: the light-duty vehicle is
widely used by private drivers and taxi/ride-hailing services, while the light commercial ve-
hicle is part of the Portuguese mail delivery fleet, as referred to. These characteristics make
both models suitable and relevant for evaluating WC applicability. Table 1 summarizes
their key specifications.

Table 1. Specifications of vehicles used for simulations. Source: [27,28].

Specifications Light-Duty Vehicle Light Commercial Vehicle
(LDV) (LCV)
Electri Permanent Magnet Permanent Magnet
ectric motor
Synchronous Synchronous
Maximum power (hp) 170 136
Maximum torque (Nm) 350 260
Battery Lithium-Ion Lithium-Ion
Battery capacity (kWh) 58 50
Battery weight (kg) 317 280
Gross weight (kg) 2340 2875
Length/width (mm) 4680/1880 4959 /2204
Ground clearance (mm) 154 150-175

The LDV was evaluated under two operating scenarios. The first reflects private use,
focusing on daily commuting between home and work. Based on the spatial distribution of
residential and employment zones, two representative routes were selected and further
described in Section 3.2. One of these routes was also used to assess the impact of a 1 km
wireless charging (WC) lane installed along a fast road within the Lisbon Metropolitan
Area, examining its effect on energy consumption and battery state of charge (SOC). The
1 km length aligns with the Gotland pilot project, which deployed a 1.65 km dynamic
WC lane and reported promising results [24]. The second scenario analyzes the LDV in
professional passenger transport applications, such as taxi or ride-hailing services. To
approximate real-world operation, several random routes within Lisbon were simulated.
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For the LCV, the analysis considered a complete mail distribution route, beginning
at a central warehouse and connecting multiple local delivery branches across the Lisbon
Metropolitan Area. This scenario replicates typical logistics operations and evaluates the
potential extension of driving range enabled by WC deployment along these routes.

2.3. Vehicle Simulation Tool

The Simulink model employed in this study is adapted from a previously developed
work for simulating electric vehicle battery charging using a photovoltaic panel installed
on board [26]. The model used within this work comprises seven subsystems, including
the speed cycle, vehicle physical models, motor system, battery and the wireless charging
system described in Section 2.5, as illustrated in Figure 2.

Module to evaluate the zones
for Wireless Charging

deployment (2.4) and power
transferred to the vehicle (2.5)

requirements based
on the speed cycle

and vehicle (2.3)

»

>

Vehicle physical model - Motor

Battery Result

— —

Figure 2. Matlab/Simulink model was developed to simulate the introduction of wireless charging
within a vehicle energy simulation tool.

Drive cycles from the “Speed cycle” subsystem and vehicle-specific data for the LDV
and LCV were integrated into the “Vehicle model” and the “Wireless Charging” subsystems,
the latter developed in this work following Sections 2.4 and 2.5. The “Vehicle physical
model” simulates vehicle dynamics along the selected route using a set of equations
describing longitudinal motion. At each second, vehicle power demand is computed from
speed, acceleration, road gradient, mass and auxiliary loads. These parameters are used to
estimate the required traction force at 1 Hz resolution, in accordance with Equation (1).

1
Fr = (m-a) 4+ (m-g-siny) + (Cr-m-g-cos y) + (Z'Cd'p'Af'V§> M

In Equation (1), m denotes vehicle mass (kg), a acceleration (m-s~2), C, the rolling
resistance coefficient, C; the aerodynamic drag coefficient, p the air density, Ar the vehicle
frontal area (m?), g gravitational acceleration (m-s~2), Vs the instantaneous vehicle speed
(m-s~1) and 7 the road gradient.

The motor subsystem numerically models a permanent-magnet DC motor/generator,
using the efficiency curve of the Nissan Leaf (80 kW), which is well described in [29]
and assumed to be similar for the vehicles considered. Equations (2) and (3) describe
regenerative and traction power, respectively, with regenerative operation occurring during
braking phases. The total electric power demand at each second is given by the sum of
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traction power (Pyjeer), auxiliary loads (Pa,y), and system losses (Ppysses), as expressed in
Equation (4), with more details in [26].

Pregen = Fr+ Vs regen (2)
Fr-V.

Pwheer = > (3)
Mregen

Protal = Pwheet + Paux + PLosses (4)

The last subsystem used from the original model [26] is the battery subsystem, which
simulates energy flows based on motor power demand and energy recovered through
regenerative braking. In this study, the battery subsystem was integrated with the wire-
less charging module to account for additional energy inputs during vehicle operation.
The battery current, Ip,;,—both harvested during charging phases (regenerative braking
and wireless charging) and used during discharge phases (acceleration)—is computed
according to Equation (5), enabling a consistent representation of battery state evolution,
by accounting for the terminal voltage (V;) and internal resistance Rp;.

Vi — \/Vt - 4'RBat'PWheel (5)
2'RBm,‘

Igat =

The battery state of charge (SOC), defined as the ratio between the available energy
and its maximum capacity, where 100% corresponds to a fully charged battery and 0% to
complete depletion. It is calculated using the coulomb counting method, as described in
Equation (6), where Ip, is the current stored in the EV battery and I; is the current that is
being extracted or introduced from the regenerative system and/or the wireless charging
system, in the battery at that particular second.

I

Bat

SOC (t) =SOC (t —1) & (6)

The vehicle energy consumption can be obtained from the integration of the power
deployed or introduced in the battery over time, and based on this information, the average
energy consumption per unit distance and the driving range can be computed.

2.4. Identification of Best Segments for Wireless Charging Deployment

Using route data (including speed profiles, road gradient and other operational pa-
rameters), a tool was developed to identify the most suitable areas for deploying wireless
charging (WC) infrastructure. Evidence from real-world applications shows that optimal
locations correspond to segments where vehicles travel at low speeds [13] or remain sta-
tionary (several examples are placed near and/or on bus stops [22,23]), maximizing the
duration available for energy transfer. Road sections with minimal longitudinal slope
are also preferred, as near-zero gradients simplify installation and support stable system
performance, following the real-world implementation cases in Gotland [24] and Versailles-
Satory [25].

Accordingly, the initial prerequisites for WC deployment are: (i) low-speed or station-
ary vehicle operation, (ii) minimal road gradient, and (iii) adequate roadway geometry to
accommodate WC components without compromising safety or traffic flow:

Average speed < 30 km/h or <20 km/h (depending on the vehicle’s purpose);
Maximum permitted speed < 50 km/h;

Road slope < 3%;

Presence or density of traffic signs, crossings, and stops (infrastructure elements); and
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e  Areas 30 m before and after traffic lights.

Although these parameters represent ideal prerequisites, additional WC simulations
were conducted on roads with higher speed limits to assess the impact of road type on the
wireless energy transfer rate. The average vehicle speed varies depending on its intended
use: professional purposes (e.g., taxi or ride-hailing services) or private commuting (home-
to-work trips). As a result, it was therefore considered to expand the range of eligible
segments and enhance the overall opportunity for wireless charging. For instance, home-to-
work routes typically involve higher average speeds than taxi or ride-hailing routes, which
operate mainly in urban centers with lower speed zones.

Another way to increase charging time is by exploiting acceleration and deceleration
phases. These were defined as the 30 m before and after specific events such as maneuvers,
intersections, traffic lights, pedestrian crossings, roundabouts and stop signs. However,
only traffic lights were ultimately considered, since they provide access to the electrical grid
and are generally easier areas for WC installation due to the existing nearby infrastructure.
To avoid excessively long charging sections in areas with high traffic light density, a
maximum “charging lane” length of 150-200 m was established. Without this limitation,
certain road segments could reach 2-3 km in length if all traffic lights were included. In cases
where traffic lights were located very close to each other, multiple signals were integrated
into a single charging section, resulting in overlapping sections of 200 m charging zones.

After thoroughly analyzing the route and potential locations for charger installation, a
resultant charging status (“ON/OFF”) vector using binary values was obtained over the
route distance; ON indicates segments where wireless chargers are installed and active,
while OFF identifies non-charging zones, based on the predefined criteria. The set of rules
defined to detect potential WC installation zones was implemented in Matlab/Simulink,
namely in the Wireless Charging System block. Figure 3 presents an example of a sample
route where the criteria defined were evaluated for further WC deployment.

60 T T T
——Average speed

Instantaneous speed
£ 4 o}
£
2
o 20 ' ] Aﬂ,_‘ A
f =i ¥}
& u L ! —
| |
ol ‘ I [y 1 I 1l il ‘ J
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y=15 B = sE6r 566 o6 v S6—E 2 ’ — o
# Speed<30 km/h (y=1.0)
O Infrastructure elements (y=1.5)

e + Road grade<3% (y=0.5) —
y=1.0 ~ Maximum speed <50 km/h (y=0.8) or >70 m/h(y=1.3) - {
y=0.5 i

B I I I L L &
¥=0¢g 500 1000 2000 2500

1500
Distance [m]

Figure 3. Methodological approach for the impact of WPT technology on EVs applied to a sam-
ple route.

To improve reproducibility, the identification of candidate WPT corridors is formu-
lated as an explicit rule-based algorithm with fixed thresholds and precedence rules. The
procedure operates on second-by-second route traces and road-attribute data to compute
(i) average speed using a defined aggregation window (reported explicitly), (ii) longitudinal
slope from the selected elevation/road-grade data source and resolution, and (iii) the pres-
ence/density of traffic control elements using georeferenced infrastructure layers (traffic
lights, crossings, signs), including a consistent metric and buffer distance. Candidate charg-
ing segments are generated by applying the thresholds sequentially (speed/limit — slope
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— infrastructure proximity), and adjacent buffers around traffic lights are merged into
continuous corridors with a maximum length of 150-200 m using a defined merging rule.

2.5. Wireless Charging Module

For each type of charging—static and dynamic—there are more suitable designs
and operating modes. This project aims to use both types of charging for the same
charger/receiver. The proposed technology is based on magnetic induction energy transfer,
in which an alternating current flows through the primary coil, generating a magnetic field
that simultaneously induces a voltage and current in the secondary coil, thereby supplying
energy to the electric vehicle’s battery.

A design that promotes high system efficiency and energy transfer was evaluated,
while enabling the development of a precise mathematical model to identify the variables
and parameters that most significantly influence transfer performance. In this configuration,
both the transmitter and receiver exhibit similar characteristics: each consists of a circular
coil with a ferrite structure attached and protected with an aluminum plate. The ferrite
structure’s function is to direct the flow of the magnetic field. In addition to protection, the
aluminum sheet also reduces magnetic field leaks and improves the coupling coefficient
between coils.

The design of the coils and the components used in the electrical circuit, both on
the transmitter and receiver sides and the operating characteristics, as well as the AC
current frequency, primary current amplitude and transmitted power, were chosen based
on information collected from real-world pilots and literature [30].

The proposed mathematical model is based on the physical parameters of the coils, the
electrical circuit and the (mis)alignment between the transmitting and receiving coils. The
inductance L of each coil depends only on its physical characteristics, namely the number
of windings N and the inner and outer diameter (D;,, and Dy, respectively), as can be
seen in Equation (7), which derives from the Wheeler equation for inductance of circular
coils [31].

N2 (Dout + Din)z

L p—
8-(15-Dout — 7-Djy)-2.54

(7)

Mutual inductance M depends on the size of the coils as well as on the alignment and
distance between the coils, according to Equation (8), where p is the permeability of free
space, assumed as a constant value of 47107 H/m.

- in@-sin - 9.

Mo Hon r2.7{ [sm sin @-cos & + cos 6-cos ¢ 40 do ®)
4 12
where: :

1’12:[(;-|—1‘I—f—1:]7 )
G= r% + r% +h? + D1% — 2-h-rp-cos @-sina (10)
H = 2-D1-rp-cos ¢-cosa — 2-D1-r1-cos 0 (11)
F = —2-r1-1p-(cos 6-cos ¢-cos a + sin f-sin ¢) (12)

The nomenclature used in Equations (8)—(12) follows the work of [32], where r; and
19 are the primary and secondary coils’ radius, respectively, 8 and ¢ are the angles of the
coils against the horizontal plane for primary and secondary coils, respectively, « is the
angle between the coils, 15 is the spatial distance between the coils, / is the vertical height
and D1 is a variable parameter accounting for the motion (distance) between the center
of the receiver and transmitter. The mathematical model of the wireless charging system
was adapted from the existing model in the article [32] and assuming that the angles «, ¢
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and 6 do not vary, Equation (8) can be simplified into Equation (13) and Equation (9) into
Equation (14).

M 4m le} ¢ (13
rp =P+ +h+ D12 + 2D1lry — 2.D1lr; — 2111 (14)

Induced current can be obtained from Equation (15) [33], based on the inductance of
secondary coil L, and mutual inductance M, from Equations (13) and (14):

in(t) = M?Z(t) (15)

In dynamic wireless charging, vehicle speed directly affects the energy transfer process.
A charging lane consists of several transmitters connected in series, such that the vehicle-
mounted receiver remains sequentially coupled with each charger while traveling along the
track. Consequently, the mutual inductance—primarily governed by coil alignment—varies
with the relative motion between transmitter and receiver and is therefore a function of
vehicle speed (V5).

This effect is represented by a coupling factor 5, modeled as a sinusoidal function of
time, where § = 1 denotes perfect alignment and maximum coupling and 8 = 0 indicates
no coupling. The coupling evolution is thus characterized over the energy transfer interval
Tirans fer, defined as the time required for the vehicle to traverse one charging unit [32]. This
interval depends on the vehicle speed and the outer diameter of the primary coil, Dy,
which determines the effective interaction length between consecutive chargers, following
Equations (16) and (17).

— gin2 T
p = sin <Ttmnsfer t>, te {0/ TtmnSfer} (16)
D
Ttmnsfer = ( ‘th> 17)

The induced voltage in the secondary coil U, depends on its electrical resistance (R3),
which is a function of the operating frequency, coil length and wire diameter, following
Equation (18) [32].

(1) = B Reva(0) + Lro T4 ) a4 (18)
dt dt

For dynamic wireless charging, the charging coils are installed consecutively with no
spacing between units. Under these conditions, the coupling factor j, originally defined as
a sinusoidal function, repeats N times along the charging lane, where N is the number of
chargers. Calculations are made on a 1 Hz basis (to cope with typical real-world driving
cycles data acquisition and to reduce computational complexity, the integration of  within
the range [0, 1] was adopted, resulting in 8 = 0.5.

Additionally, the average power transferred to the vehicle battery is then evaluated
using Equation (19), where ¢ denotes the phase shift between the induced voltage U,
and the secondary current i, and 7, represents the number of receiver coils installed
on the vehicle chassis. As verified in the literature [34-37], compensation topologies are
used that aim to reduce, or even nullify, the phase shift angle between U, (t) and i, ().
An SS (series—series) compensation topology was assumed for both the transmitter and
receiver circuits, allowing the phase shift angle to be considered null and, consequently,
o = 1. Several studies demonstrate that SS compensation enables zero phase shift op-
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eration, including [36], which also employs a secondary-side converter to achieve this
condition. This assumption preserves the overall energy transfer behavior while enabling
fast computational vehicle simulation.

V2 (. V2
Py qpg = (Uz peak” 5~ | ) peak” 5~ ‘COS U1y (19)

2.6. Limitations of the Work

This study focuses on the route-level energy impacts of dynamic wireless power
transfer using a simplified, computationally efficient representation of the charging process
at the vehicle-road interface. Therefore, the analysis does not explicitly model the full
power-electronics chain (grid — inverter — coils — rectifier/DC-DC — battery) nor
does it apply an overall transfer efficiency factor to account for inverter/rectifier losses,
switching losses or control overheads; instead, the WPT module is formulated under
idealized assumptions (e.g., negligible phase shift under SS compensation and constant
operating conditions) to isolate the influence of route characteristics on energy transfer
potential. Likewise, systematic parametric analyses of vertical air-gap variability and lateral
misalignment were not carried out, and alignment is assumed to be sufficiently controlled
within the selected low-speed charging segments. These aspects are acknowledged as
important in real deployments and are left for future work, where detailed component-
level models and experimentally calibrated efficiency and misalignment curves can be
integrated once design-specific hardware data are available.

3. Results
3.1. Wireless Charging Operation

Table 2 provides information about the wireless charging components used within
this work. The obtained values are consistent with the literature [9,31-33,36,38]. The
higher self-inductances result from larger coil geometries, which require a greater number
of windings.

Table 2. Parameters of wireless charging components.

Parameter Primary Coil Secondary Coil
Internal diameter [cm] 45 40
External diameter [cm] 60 60
Spacing between turns [cm] 0.35 0.46
Wire diameter [cm] 0.12446
Number of turns 16 17
Inductance [uH] 237.43 234.82
Secondary coil wire resistance [(2] - 0.3998

Moreover, future EV batteries are expected to operate at approximately 800 V due to
their benefits [39]. Accordingly, the secondary-side voltage was assumed to be within this
range, and the transmitted power was defined using the mathematical model described in
Section 2.5. The two vehicles considered in the simulations have different secondary-circuit
responses due to variations in chassis height and the number of installed receivers. In
contrast, the primary circuit configuration (ground assembly) was kept identical for both
vehicles. Mutual inductance is enhanced by similar characteristics of the primary and
secondary coils and negligible lateral misalignment. The resulting electrical parameters
adopted in the simulations are summarized in Table 3.
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Table 3. Primary and secondary circuit parameters.

Primary circuit

Primary current [A] 26
Frequency [kHz] 20
Secondary circuit
LDV LCV
Mutual Inductance [uH] 230.71 203.00
Secondary current [A] 25.54 22.48
Voltage [V] 796.7 707.9
Number of receptors 1 2
Transmitted Power [kW] 14.4 21.6

To achieve the transmitted power values reported in Table 3, several assumptions were
adopted, as previously discussed in Sections 2.5 and 2.6. These include a zero-phase angle
between the induced secondary voltage and current, enabled by the selected compensation
topologies and negligible coil misalignment, given the low vehicle speed (<30 km/h) along
charging lanes. Moreover, misalignment effects were assumed to be negligible even at
higher speeds, up to 70 km/h [25].

3.2. Wireless Charging Implementation
3.2.1. Case Study 1: Home-to-Work Commuting Trips

A typical commuting route (Route A) made by the LDV in the Lisbon Metropolitan
Area was selected to include both residential streets and expressways. Figure 4a presents the
information on the instantaneous and average speed cycle, which is important to identify
suitable locations for wireless charging (WC) deployment. Using the criteria defined in
Section 2.3, each route segment is evaluated based on average speed, instantaneous speed,
road gradient, maximum allowed speed and the road infrastructure elements (crosswalks,
traffic signs, etc.) to select candidate WC zones: These are identified by the simultaneous
occurrence of average speeds below 30 km/h (red markers), road gradients under 3%
(green markers) and proximity to road elements (blue markers) in Figure 4b. For each
road element, three paired points are considered: the element location and positions 30 m
upstream and downstream.

From Figure 4b, a detailed analysis of the route details indicates that only two segments
fully satisfy the predefined criteria, located between 1045 and 1250 m and 10,423-10,483 m.
Additionally, despite a slight longitudinal slope, two expressway sections (4200-5200 m
and 6400-7400 m) were also simulated with WC lanes to assess their potential impact. Both
are identified in Figure 4c in a distance-based approach and in Figure 4e in a time-based
approach to include the impact of vehicle speed. Figure 4d schematically presents the WC
deployment in Route A. As charging power is assumed to be constant, energy transfer
increases with time, making lanes with longer traversal times more impactful in terms of
transferred energy per unit length [kWh/km].

After defining the charging lane locations, simulations were performed using the
Simulink model to estimate both vehicle energy consumption and energy transferred by
the wireless charging system. Figure 5a presents the total energy used in the vehicle (i.e.,
including propulsion, auxiliaries and losses), energy used to move the vehicle, as well as
the energy deployed from the wireless charging infrastructure. The green line presents the
balance between total energy provided by the battery and the energy harvested from the
WC system. This is better illustrated in Figure 5b, where the battery state of charge (SOC)
is presented. Results indicate that WC significantly influences the EV’s energy balance
throughout the trip. The WC transferred energy can eventually surpass the vehicle energy
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requirements and contribute to increasing SOC (e.g., 100-200 s) while the vehicle travels
over charging lanes. Quantitatively, 0.95 kWh were wirelessly transferred over the 11.44 km
route, which required 1.48 kWh in total, indicating that WC could provide approximately
65% of the EV’s required total energy.
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Figure 4. Route A: (a) Driving cycle speed over distance; (b) identification of criteria for wireless
charging ground assembly deployment over distance; (c) distance-based selected wireless charging

deployment areas; (d) schematic representation of the zones of WC deployment (yellow color);
(e) time-based selected wireless charging deployment areas.

The impact of WC can also be observed in battery SOC, namely around 100-200 s,
400-450 s and with less impact at 900 s. Around 500-550 s, WC has a very low impact on
battery SOC (Figure 5b), but it can be observed in Figure 5a (green line) that the energy
transferred by WC (orange line) is almost the necessary to replace the EV total energy (black
line) requirements.
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Figure 5. Route A: (a) Total energy used, energy required by the propulsion system, wireless charging
energy harvested and energy balance (total energy minus accumulated wireless charging energy);
(b) Vehicle battery state of charge.

Another commuting trip (Route B) was simulated to better address the impacts of WC
deployment, using the criteria of Section 2.3 and the rationale addressed for Route A.

Table 4 shows that, for both analyzed routes, the implementation of wireless charging
(WC) has a significant impact on battery energy balance. Wireless charging accounts for
64.6% and 43.7% of the total energy used on routes A and B, respectively, confirming its
strong contribution to energy management. The lower energy transfer per unit track length
observed on route A is explained by the presence of charging lanes on expressway segments
(between 400 and 550 s in Figure 4d), where the vehicle travels at average speeds close to
70 km/h, in contrast with urban sections characterized by low speed or idling.

Table 4. Impacts of Wireless Charging deployment on two commuting routes in the Lisbon Metropoli-

tan Area.
Parameter Route A Route B
Route distance [km] 114 15.1
Average speed [km/h] 39.3 37.0
Number of stops 7 11
Total WC corridors [km] 2.27 1.56
Total WC corridors/Route distance [%] 19.9 10.3
Total energy used [kWh] 1.48 3.66
WC energy harvested [kWh] 0.95 1.60
WC energy harvested/Total energy used [%] 64.2 43.7
WC energy harvested /Total WC corridors [kWh/km] 0.42 1.03
Average energy used w/out WC [kWh/100 km] 13.0 24.2
Average energy used w/WC [kWh/100 km] 4.6 13.6
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Average net battery energy demand is reduced by more than 50% on average when
wireless charging (WC) corridors are available along the analyzed routes (Table 4). Under
the modeling assumptions adopted in this study, the simulated WC supply can substan-
tially offset traction energy on stop-rich urban segments and reduce net battery depletion
over a trip. These results should be interpreted as an upper-bound indication of operational
potential rather than a direct prediction of real-world range extension, since end-to-end
conversion losses, utilization constraints and misalignment effects are not explicitly rep-
resented. Potential implications for battery sizing and CO, impacts are therefore not
quantified here and are left for future work.

3.2.2. Case Study 2: Passenger Transportation

In order to compare the impact of WC for professional passenger transport purposes
or private purposes (commuting trips), the same LDV was simulated in a circular route
with 5 random stops and with start and end at Lisbon Airport. Route 0-1 is from the airport
to downtown Lisbon and is mainly downhill, Route 1-2 is generally uphill, while Routes
2-3 and 3-4 have small road grades, but low average speed. Routes 4-5 and 5-0 have small
road grades, but higher average speeds. The main results are presented in Table 5.

Table 5. Impacts of Wireless Charging deployment on round-trip for LDV passenger transport in
Lisbon Metropolitan Area.

Parameter Route Route Route Route Route Route Total
0-1 1-2 2-3 34 4-5 5-0

Route distance [km] 7.3 3.2 29 5.1 9.3 12.5 40.3

Average speed [km/h] 37.0 223 13.0 19.8 445 54.0 38.9

Number of stops 15 5 11 9 9 5 54

Total WC corridors [km] 1.52 0.42 0.55 0.58 0.12 0.12 3.31

Total WC corridors/Route distance [%] 20.8 12.9 18.9 114 1.3 1.0 8.2
Total energy used [kWh] 0.76 1.12 0.88 1.44 2.17 2.71 9.07
WC energy harvested [kWh] 2.00 1.14 0.90 1.28 0.32 0.33 5.97

WC energy harvested/Total energy used [%] 263.7 101.5 102.9 89.1 14.8 12.2 65.8
WC energy harvested /Total WC corridors [kWh/km] 1.32 2.73 1.63 2.20 2.68 2.74 1.80
Average energy used w/out WC [kWh/100 km] 10.4 34.6 29.9 28.1 23.2 21.1 22.5
Average energy used w/WC [kWh/100 km] —17.0 —0.5 -0.9 3.1 19.8 19.1 7.7

Except for trips 4-5 and 5-0, all analyzed segments exhibit a wireless charging (CW)
potential ranging from 89.00% to 263.00% of the energy consumed. In several cases, the
vehicle reached its destination with a higher state of charge (SOC) than at departure
(Routes 0-1, 1-2 and 2-3). Considering the six trips composing the complete circular route,
the energy collected from WC (~66% of total energy used) is large enough that, under the
adopted assumptions, the end-of-cycle SOC remains close to the initial value, indicating the
potential to reduce reliance on plug-in recharging for this stop-rich duty cycle. Simulation
results show that, starting with 75% SOC, the EV returns to the Airport after completing
the full 40.3 km route with 67.9% SOC.

The presence of WC corridors on public roads can reduce reliance on plug-in charg-
ing infrastructure and support longer operating periods on duty cycles characterized by
frequent stops and low average speeds. In the analyzed routes and under the modeling
assumptions adopted, WC can substantially offset traction energy and help maintain SOC
throughout operation.

3.2.3. Case Study 3: Freight Transportation

A freight transport scenario was defined to evaluate the impact of WC on urban
delivery operations. A circular route with five stops was developed, representing the main
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national postal and parcel distribution operator’s warehouse and local distribution points.
The route was modeled using an LCV consistent with the type currently deployed in the
operator’s urban delivery fleet. Owing to its greater length, higher ground clearance and
increased mass (Table 1), a dual-receiver configuration was tested to enhance transmitted
power. This approach is enabled by the chassis dimensions of the LCV and allows the
vehicle’s energy requirements to be met by doubling the number of receivers [21].

Table 6 highlights a wide dispersion in wireless charging performance across the
analyzed routes, ranging from no wireless energy transfer (route E-F) to cases where
transmitted energy nearly doubles the vehicle’s consumption (route D-E). The absence
of WC on route E-F is explained by sustained average speeds of 3045 km/h and road
gradients exceeding 3%, while route B-C offers only a single charging opportunity due to
similar slope constraints.

Table 6. Impacts of Wireless Charging deployment on round-trip for LCV mail distribution in the
Lisbon Metropolitan Area.

Route Route Route Route Route Route

Parameter A-B B-C C-D D-E E-F F-A Total
Route distance [km] 7.8 1.9 2.9 2.7 5.8 8.4 29.5
Average speed [km/h] 16.1 17.1 14.8 16.3 42 42.8 28.8

Number of stops 20 4 8 8 4 3 47
Total WC corridors [km] 1.04 0.06 0.48 0.32 0 2.06 3.96
Total WC corridors/Route distance [%)] 13.3 3.1 16.6 11.9 0.0 24.7 134
Total energy used [kWh] 3.46 1.13 1.48 0.65 3.56 2.48 12.76
WC energy harvested [kWh] 2.95 0.03 1.10 1.25 0.00 0.85 6.18
WC energy harvested/Total energy used [%] 85.3 2.9 74.5 192.5 0.0 341 48.5
WC energy harvested/Total WC corridors [kWh/km] 2.84 0.55 2.30 3.88 - 0.41 1.56
Average energy used w/out WC [kWh/100 km] 44.4 58.9 51.0 24.0 60.9 29.6 43.3
Average energy used w/WC [kWh/100 km] 6.5 57.2 13.0 —222 60.9 19.5 22.3

Considering the complete circular route, 48.5% of the total energy demand is supplied
by WC, significantly enhancing operational flexibility. Starting from an initial state of charge
(SOC) of 75%, the LCV completes the ~30 km route with a final SOC of 60.1%, corresponding
to a reduction in only 15 percentage points, even without accounting for potential static
chargers at CTT facilities. Given its higher energy consumption and battery capacity
(Table 1), the results indicate that WC can substantially reduce net battery depletion for this
urban delivery duty cycle, potentially reducing reliance on conventional plug-in charging.
Quantifying real-world autonomy gains and any implications for battery sizing would
require modeling of end-to-end efficiency, utilization constraints and misalignment/air-gap
variability, which are outside the scope of this work.

3.3. Global Analysis

Across all simulations, independently of vehicle type or route, common factors
strongly influence wireless energy transfer beyond power level and receiver count. Av-
erage speed directly determines residence time on charging lanes, while the number of
stops indirectly increases transferred energy by reducing speed and enabling additional
stopping charging opportunities. This relationship, illustrated in Figure 6a,b, is not strictly
proportional, as stop occurrence depends on route characteristics and vehicle behavior.

As shown in Figure 6a, the wireless energy transferred per unit distance [kWh/km]
exhibits an approximately linear decrease with increasing average speed, with an estimated
reduction of about 4.03 & 1.52% in charging rate per additional km/h in the range studied
of 13 and 43 km/h of average speed. Deviations from the regression line correspond to
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scenarios where charging lanes were installed on expressways, confirming that dynamic
wireless charging is most effective on routes characterized by low average speeds.

3 .
* (b)
=0.1451x-0.1833
-OQH y=-0.0093x+0.5109 Y Fx:ox7352 .
g, O Re=0.7875 s
3 . :
L] ] .
> o0 .
g . ..
= . b .
. Q i
e ° 205
e °
0 L ]
15 20 25 30 3 40 45 0 5 10 15 20 25

Average speed [km/h] Number of Stops

Figure 6. (a) Average Energy harvested by Wireless Charging, considering the total trip distance in
kWh/km; (b) Energy harvested by Wireless Charging (in kWh), considering the number of stops.

Assessing the influence of the number of stops on the energy transfer rate requires
more nuanced analysis. As illustrated in Figure 6b, routes with a higher number of
stops generally present longer charging lanes and lower average speeds. However, these
relationships are not strictly linear, since the simulated routes include heterogeneous road
types, such as expressways and residential streets. Within the range studied, energy
harvested increases, on average, 22.35 & 31.25% per stop number, between 3 and 20 stops.
In some cases, routes with high average speeds may still exhibit many stops, particularly
when traffic lights are concentrated at the beginning or end of the trip. Nevertheless,
the overall trend indicates that an increased number of stops is associated with reduced
average speed.

These results validate the criteria used for WC deployment. Higher energy transfer
rates per kilometer and per trip are achieved on routes with frequent stopping events and
low average speeds, typically found in urban and residential environments.

4. Conclusions

This paper presents the impacts of introducing wireless charging technology in light-
duty electric vehicles. A numerical tool was developed to simulate the coil design and
account for the air gap between the ground and vehicle assembly. Results reinforce that
routes characterized by a high number of stops and low average speeds, typically urban
and residential roads, present the highest wireless energy transfer rates per unit length.
Conversely, the impact of WC on expressways is limited and only becomes relevant un-
der high traffic density conditions, where average speeds are reduced. Across the three
analyzed scenarios, the charging rate varies from approximately 0.1 kWh/km in the least
favorable case (expressways) to 3.9 kWh/km in the optimal case, where WC is deployed
exclusively in locations meeting the prerequisites defined in Section 2.3.

Overall, the simulations indicate that WC can substantially offset traction energy
on stop-rich urban routes under optimistic alignment and efficiency assumptions, while
its benefit on higher-speed expressway segments is limited unless congestion reduces
average speed.

Potential secondary implications—such as changes in optimal battery capacity, life-
cycle impacts and CO, emissions—were not quantified in this study. Addressing these
topics requires explicit representation of end-to-end efficiency (grid-inverter—coil-rectifier—
battery), electricity carbon intensity and infrastructure utilization, as well as scenario
assumptions on the electricity supply mix and any local renewable generation/storage.
This has been left for future work.
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