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Design, Model, and Control of a Dynamic Wireless
Power Transfer System for a 30 kW Electric

Vehicle Charger Application
Zariff M. Gomes, Edemar O. Prado, member, IEEE, Yann Le Gall, Gilney Damm, member, IEEE, Christophe

Ripoll, and José R. Pinheiro, member, IEEE

Abstract—This paper presents the design, model, and control
of a Dynamic Wireless Power Transfer System (DWPT) for a
30 kW electric vehicle charger application. This system allows
electric vehicles to receive electric power while running along a
road, preserving or even charging its internal battery. The system
features primary coils embedded along the road, powered by
DC/AC converters connected to a DC bus. The paper presents
the system overview and its mathematical model, considering
the dynamic behavior of self-inductance and mutual inductance
over time. Additionally, a sequencing technique is presented for
primary coil selection and activation based on induced current,
accounting for motion and misalignment of the secondary coil
without relying on the presence of sensors or timing methods. To
optimize power delivery, a modified extremum seeking control
is designed for autonomously tracking resonance frequency and
ensuring soft-switching of power electronic components. This de-
sign aligns system components to operate within a predetermined
frequency range and power, enhancing overall efficiency. The
presented DWPT system is demonstrated through simulations
and validated in full-scale experiments using a DS3 Crossback
car from Stellantis, recharging the vehicle up to 30 kW under
dynamic conditions. Results showcase a maximum efficiency of
90.2% from the DC bus on the primary side to the battery over an
18 m electrical road, highlighting the robustness and effectiveness
of the system.

Index Terms—Dynamic wireless power transfer, Electric roads,
Inductive power transfer, Modified extremum seeking control,
and Power transfer optimization.
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I. INTRODUCTION

Electric Vehicles (EVs) have become a viable alterna-
tive for transportation due to their advantages, including the
mitigation of environmental issues due to the reduction of
carbon emissions during use, decreased fossil fuel dependency,
remarkable efficiency, and quieter operation. These EVs are
equipped with battery packs that can be charged using onboard
battery chargers, which are considered the conventional wired
charging technology commercially available [1]–[3].

However, Electric Vehicles have several limitations, partic-
ularly the autonomy of the embedded battery: their ability to
travel only over limited distances, cost, and long charging time
[4], [5]. Multiple factors such as size, weight, cost, logistics,
and the recycling process compromise the affordability, carbon
consumption, and efficiency of the vehicle [5]–[7].

The current solution to improve the autonomy of EVs is
the deployment of fast charging stations at roadside locations
and in urban environments. These stations can recharge the
battery up to 80% in less than 30 minutes [8], [9]. However,
this solution faces operational problems, including congestion
at the stations during several periods of the year, electric grid
congestion, and the degradation of the State of Health (SoH)
of the battery in frequent users [10], [11].

To promote the affordability of EVs, significant improve-
ments are necessary, particularly in terms of cost, size, and
battery weight [12], [13]. Currently, the average range of
electric cars on the market varies from 150 to 400 km [14],
which is considerably less than the range of conventional
thermal vehicles, which can travel more than 1000 km [15].
To address this range limitation, different solutions have been
proposed in the past, such as increasing battery capacity [16]
and increasing power levels to reduce charging time [17]–[20].

Expanding on the challenge of improving the autonomy
of EVs, another approach that has been explored is known
as Electric Road 1 [21], [22]. Among these approaches, the
Dynamic Wireless Power Transfer System (DWPT) is consid-
ered one of the most promising options, especially regarding
interoperability and security [23]–[25]. These systems enable
energy transmission while in motion, providing more auton-
omy, and reducing battery dependency [26]–[28]. Figure 1

1Electric Roads can use Catenary, Conductive Rail, or Dynamic Wireless
Power Transfer
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shows a description of a DWPT system, where a car receives
electric power while running along the road.

In recent years, the development of WPT and DWPT
systems for EVs has seen a gradual but significant increase,
especially over the past decade [29]–[34]. These systems
operate on the fundamental principle of electromagnetic induc-
tion, transmitted from successive primary coils on the ground
towards a secondary coil embedded into the vehicle. The
recent literature focuses on resonant inductive coupling, with
the incorporation of a compensation circuit into each induction
coil, creating two resonant circuits with a specific resonance
frequency [35]–[37].

Talking specifically about DWPT, an important point during
operation of these successive coils is the switching on/off
strategy among these coils for efficient EV wireless charging.
Several solutions have been explored, focusing on different
aspects of detection, alignment, and energy transfer. Although
some approaches, such as the one proposed by [38], involve
the use of additional coils in the primary and secondary
couplers for position detection, others such as [39] combine
wireless energy transfer with distance detection, minimizing
additional hardware. In [40], it uses resonant currents in coils
for detection without extra hardware, while [41] introduces an
autonomous coil alignment system (ACAS) to address lateral
misalignment issues, and [42] proposes a segmented DWPT
detection method. Furthermore, [43] presents a cost-effective
system that combines a DWPT configuration and extended
primary coils. These studies collectively aim to minimize
the need for additional hardware while ensuring the robust
and cost-effective operation of wireless charging systems for
electric vehicles.

In light of the discussion above, this paper begins by
presenting a sequencing technique for selecting and activating
the primary coil. This approach aims to reduce the system
constraints while accounting for the motion and potential mis-
alignment of the secondary part. To ensure proper operation,
it is necessary to detect the presence of the vehicle, activate its
power supply, and sequence the primary coils accordingly. The
initial study enabling vehicle presence detection is introduced
in [40] and [44]. This work extends previous research by
addressing the management of coil switching on the ground.
It ensures the activation of the specific coil aligned with the
secondary coil in the vehicle, thus deactivating the other coils
on the track.

The paper continues by presenting the overall system model
and a modified extremum seeking control. This control strat-
egy leads to the achievement of maximum power delivery
by autonomously tracking the resonance frequency and en-
suring soft-switching of power electronic components. The
remaining sections of the paper are dedicated to testing the
proposed system using detailed computer simulations (Matlab
Simscape Electrical) and subsequently advancing to full-scale
experiments that employ real-size components for the dynamic
charging of a DS3 Crossback car from Stellantis.

The main contributions of this work may be summarized as
follows.

• The development of a DWPT system that features con-
tinuous and consistent energy transfer.

• The presentation of the overall system and its mathemat-
ical model, which takes into consideration the dynamic
behavior of self-inductance and mutual inductance with
respect to time or speed.

• The development of a sequencing technique for selecting
and activating the primary coil based on the induced
current, while considering the motion and misalignment
of the secondary coil, without relying on a presence
sensor or timing methods.

• The design of a modified extremum seeking control for
tracking resonance frequency and ensuring soft-switching
of power electronic components, achieving maximum
power delivery. This design is accomplished by configur-
ing the system components to operate within a predeter-
mined frequency range and power.

• The implementation of the system presented in a real
environment, specifically in an urban scenario. This in-
volves recharging a vehicle up to 30 kW in dynamic,
semi-dynamic, and static conditions.

II. DYNAMIC WIRELESS POWER TRANSFER SYSTEM

To characterize the DWPT system, Section II-A provides
an introduction to the system, highlighting the fundamental
principle of magnetic resonant coupling between the primary
coil and the secondary vehicle coil. In Section II-B, the DWPT
system under investigation is detailed, with a circuit diagram
and operational details. In addition, Section II-C presents the
system model.

A. General Description

The DWPT solution explored in this study is based on the
magnetic resonant coupling between the primary coils and
the secondary vehicle coil [45]. The power from the utility
grid, initially in the form of Alternate Current (AC), is first
converted to Direct Current (DC) through the use of an AC/DC
rectifier. Then, the obtained DC power is converted further
into high-frequency AC power to supply the primary coil. The
compensation network reduces the reactive power operating at
the resonance frequency [46].

The high-frequency current flowing through the primary coil
generates an alternating magnetic field, which in turn induces
an AC voltage in the receiving coil. The AC transferred power
is then rectified and, through a DC/DC converter, it powers
the vehicle’s engine and charges the EV battery. The DC/DC
converter is also responsible for controlling the power transfer,
which allows the vehicle to define the charging power as
needed. Figure 1 shows a description of a DWPT system, with
the primary and secondary coils. In this work, the control of
the power transferred is not addressed, as the system works
only at the nominal power. Control strategies for the inductive
charging arrangement are presented in [47], [48].

The AC/DC rectifier serves as an active converter, to
perform power factor correction in the grid connection. The
inverter is a single-phase full-bridge converter driven by classic
bipolar modulation. The current-controlled DC/DC converter
is bidirectional, allowing for the charging of the intermediate
capacitor positioned between the rectifier and the DC/DC
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Fig. 1. Overall DWPT Structure.

converter. Pre-charging this capacitor is crucial to prevent over-
current during the system switch-on. In the charging stage,
the DC/DC converter operates as a buck converter to adjust
the nominal voltage (typically slightly higher than the battery
voltage) along with the current and desired power of the
charging system.

The system is free of communication between the primary
and secondary sides. The large air gap among the primaries
and secondary coils, results in a large leakage inductance
for the transformer. To compensate for this significant in-
ductance, series capacitors are introduced on both sides of
the transformer. The choice of series compensation simplifies
the circuit, avoiding high currents through capacitors found
in parallel compensation circuits and eliminating the need
for more complex compensation components in the system.
However, it is important to note that using series compensation
leads to high voltage levels across the inductor and capacitor
[49], [50]. This series compensation approach is also applied
to the secondary side, maintaining symmetry with the primary
side. The dynamic behavior of the system is analyzed in the
next sections.

B. Studied DWPT System

The circuit diagram representing the series-series DWPT
system under study is shown in Figure 2.
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Fig. 2. Equivalent circuit of DWPT system.

The full-bridge converter on the primary side converts the
DC voltage (VDC) into a full square wave voltage at a
switching frequency equal to the resonant frequency of the
coupled network. The secondary side converter is a rectifier

that converts the secondary AC voltage (vs) to an output DC
voltage (VO). Cf is the output filter capacitor, followed by a
DC/DC buck converter, which connects to the battery bank.
The studied system is designed for a rated power of 30 kW
and a rated voltage for the DC bus of 430 V. SiC MOSFETs
are considered for system design due to their lower losses
in high power levels [51]. The primary and secondary coils
are assumed to be identical so that their self-inductance is the
same (Lp = Ls = L). The resonant tank is designed according
to [52], [53]. The values found for L and C are 135 µH
and 33 nF, respectively. To simplify the model, the analysis
is carried out at the fundamental frequency of the resonant
network (ωr), and the output voltages of the converters are
considered perfect sine waves.

C. System model

A modeling equation for each coil of the system in Figure 2
can be written as:

vn = rnin + vCn
+ vLP

(1)

where vn is the applied voltage in the coil, rn is the self-
resistance of the coil wire, in is the current in the coil, vCn

is the voltage across the series resonant capacitor and vLP
is

the voltage across the inductor.
The equations considering one secondary coil and several

primary coils can be represented in matrix form:

V̂ = R̂Î + V̂C + V̂L (2)

where V̂ is the vector of the voltages applied or induced in the
coils, R̂ is the matrix of the resistances, Î is the vector of the
currents flowing in the coils, V̂C is the vector of the voltages
across the resonant capacitors and V̂L, the voltage across the
inductors of the coils. These matrices are represented as:

V̂ =



vn
vs
vnp1
vnm1

vnp2
...


, Î =



in
is
inp1
inm1

inp2
...



V̂C =



vCn

vCs

vCnp1

vCnm1

vCnp2

...


, V̂L =



vLn

vLs

vLnp1

vLnm1

vLnp2

...



R̂ =



rn 0 0 0 0 · · ·
0 rs 0 0 0 · · ·
0 0 rnp1 0 0 · · ·
0 0 0 rnm1 0 · · ·
0 0 0 0 rnp2 · · ·
...

...
...

...
...

. . .


where the subscript n refers to the primary coil, s to the
secondary coil, np1 is the primary coil in position N+1, nm1
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is the primary coil in position N − 1 and np2 is the primary
coil in position N +2. The coil sequence is also discussed in
Section III and shown in Figure 4.

The voltage across the capacitors can be represented as:

d

dt
V̂C = ĈÎ

where Ĉ is the matrix of capacitors.

Ĉ =



1
Cn

0 0 0 0 · · ·
0 1

Cs
0 0 0 · · ·

0 0 1
Cnp1

0 0 · · ·
0 0 0 1

Cnm1
0 · · ·

0 0 0 0 1
Cnp1

· · ·
...

...
...

...
...

. . .


To determine the voltage across the inductors, it is necessary

to define the equation for the total flux linkage. The total flux
linkage in coil n is represented as:

λn = Lnin +Mn.sis +Mn.np1inp1 +Mn.nm1inm1

+Mn.np2inp2 +Mn.nm2inm2 + ... (3)

where λn is the total flux passing through the coil n, Ln is the
self-inductance of the coil n, Mn.s is the mutual inductance
between the coil n and the secondary coil s, Mn.np1 is the
mutual inductance between the coil n and its neighbor coil
np1 and successively.

The equation can be expressed in matrix form:

Λ̂ = L̂Î

where:

L̂ =


Ln Mns Mn.np1 Mn.nm1 · · ·
Ms.n Ls Ms.np1 Ms.nm1 · · ·
Mnp1.n Mnp1.s Lnp1 Mnp1.nm1 · · ·
Mnm1.n Mnm1.s Mnm1.np1 Lnm1 · · ·

...
...

...
...

. . .


The time variation of the flux produces the inductance

voltage.

V̂L =
d

dt
Λ̂ (4)

Replacing (4) into (2) leads to:

V̂ = R̂Î + V̂C +
d

dt

(
L̂Î
)

= R̂Î + V̂C +
dL̂

dt
Î +

dÎ

dt
L̂ (5)

The inductance matrix depends on position. The movement
of the secondary coil generates variations in the values of self-
inductance and mutual inductance for all the coils. Depending
on the placement of ferromagnetic material in the secondary
and primary coils, this variation can be larger or smaller. For
example, when only the secondary coil is made of ferrite, the
change in self-inductance is significant on the primary side
due to the proximity of a ferromagnetic material around the
coil. On the other hand, on the secondary side, self-inductance

remains almost unchanged. The size and shape of the coils are
additional parameters that can influence the behavior of the
variation of the value of the inductances. The influence of this
variation is represented in (5) by the term dL̂

dt Î +
dÎ
dt L̂.

As a function of position s, the matrix can be expressed as:

V̂ = R̂Î + V̂C +
dL̂

ds

ds

dt
Î +

dÎ

dt
L̂

= R̂Î + V̂C +
dL̂

ds
υÎ +

dÎ

dt
L̂

where υ is the speed of the secondary coil.
This derivation simplifies the characterization of the system

since the behavior of the inductances can be known by
simulation and measurements. In a symmetric track, the matrix
of inductances is symmetric, which reduces and simplifies the
model.

III. MODIFIED EXTREMUM SEEKING CONTROL DESIGN

The resonance condition is the main target of the control
strategy on the primary side. The resonance ensures Zero
Current Switching (ZCS), and Zero Voltage Switching (ZVS),
reducing power losses on the inverter.

In a dynamic inductive charging system, the relative position
between the primary coil and the secondary coil is constantly
changing while the vehicle is moving. It means that mutual
inductance and even self-inductance change at all times and
depend on the relative distance between the primary and
secondary coils and the ground clearance.

Figure 3 shows the variation of the coupling coefficient (k)
versus the relative distance of the secondary coil of a bench
with two coils on the ground and one coil in the vehicle
(obtained by ANSYS simulation). The numerical values for
the coupling coefficients shown in Figure 3 are presented in
Table I.

0 200 400 600 800 1000
Distance (mm)

-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

k 
(p

u)

N and Secondary
N+1 and Secondary

Maximum coefficient

Minimum coefficient

Fig. 3. Coupling coefficient variation.

In the worst-case scenario of misalignment, the coupling
coefficient reaches a minimum value of approximately 0.1
(point with coils N and N + 1 presents equivalent values).
At its peak, the coupling coefficient reaches 0.25, which falls
within the typical range for wireless charging systems, as re-
ported in the literature (0.1 - 0.3) [54], [55]. This performance
indicates that even under significant misalignment conditions,
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TABLE I
COUPLING COEFFICIENT AMONG SECONDARY AND PRIMARIES N AND

N + 1.

Distance (mm) k (N , S) k (N + 1, S)

0 0.263286398 -0.010369708
58 0.258012839 -0.010741348

174 0.224726772 -0.002419497
232 0.203729683 0.008868946
290 0.182808898 0.024622141
348 0.162641426 0.043145191
406 0.143081066 0.062945265
464 0.12384477 0.082912017
522 0.104717184 0.102744861

the system maintains reliable power transfer efficiency, while
remaining comparable to existing designs in terms of coupling
capability.

For the simulation, rectangular coils measuring one meter by
sixty centimeters, with the same values of inductance and size,
are considered. The position 0 mm represents the alignment
of coil N (see Figure 4) and the secondary coil S at 100%.
At this moment, the coupling coefficient between them is at
its maximum. When the secondary coil is positioned halfway
between primary coils N and N+1, in 500 mm, the coupling
coefficient between coil N and coil S reaches its minimum
used value. To compensate for this variation and maintain the
resonance condition at every relative position, the frequency
of the primary voltage needs to be regulated.

N

S
N+1

N-2

N-1

N+2

Prim
ary coils

Secondary coil

Fig. 4. Primary and secondary coils for the DWPT system.

At the maximum coefficient shown in Figure 3, the fre-
quency applied should be at its maximum value, and at the
minimum coupling coefficient, the frequency is at its minimum
value. The variation of the frequency will follow the variation
of the coupling coefficient. This variation and behavior can be
demonstrated considering a system with only two coils, one
on the ground and a second inside the vehicle.

Taking the generic equation (1) and applying it to two coils,
one on the ground and a second inside the vehicle:

vn = rnin + jωLnin +
1

jωC
in + jωMis (6)

0 = rsis + jωLsis +
1

jωC
is + jωMin +Rchis (7)

where, vn and in are the voltage and current on the primary
side, is is the current on the secondary side, and M is
the mutual inductance between them. Ln and Ls are the

inductance on the primary and secondary sides respectively.
Rch is an equivalent resistance used to emulate the power
load connected on the secondary side.

By isolating the secondary current of (7) and replacing it in
(6), the input impedance of the coupled system can be written
as:

vn
in

= rn +
ω2M2 (rs +Rch)

(rs +Rch)
2
+
(
ωLs − 1

ωC

)2+
j

(
ωLn − 1

ωC
−

ω2M2
(
ωLs − 1

ωC

)
(rs +Rch)

2
+
(
ωLs − 1

ωC

)2
)

Considering the mutual inductance M = kL and taking the
imaginary part and solving it to zero, to assure the resonant
condition, (8) can be expressed, excluding the two solutions
equal to zero for the frequency:

ω4
(
L2C2

(
1− k2

))
+ ω2

(
C2 (r +RL)

2 − 2LC
)
+ 1

= 0 (8)

The positive solutions of (8), can be calculated by the
following equation:

ω1,2 =

√√√√
−

(
C2 (r +RL)

2 − 2LC
)

2L2C2 (1− k2)

±

√(
C2 (r +RL)

2 − 2LC
)2

− 4L2C2 (1− k2)

2L2C2 (1− k2)
(9)

It can be seen that when the value of k increases, the
denominator of the equation reduces faster than the numerator.
Therefore, a small value of k implies a small value of
frequency and a large value of k implies a higher frequency
value.

The control algorithm is implemented on the primary side of
the DWPT system to tune the resonant frequency by tracking
the phase between the output voltage and current of the
converter. Figure 5 shows the flow chart of the phase control
algorithm. It can be understood as a modified extremum
seeking control (see [34], [56] for preliminary versions). The
parameter j in the algorithm represents the interaction counter.

The following steps describe the algorithm:
• Step 1 - When the system is initialized, the ground

inverter starts with the switching frequency (f ) used in
the previous coil.

• Step 2 - The measurement of the phase angle between
the output voltage of the inverter and the output current
(δ) is performed. The phase is measured through a zero-
crossing circuit for the current and voltage. An electronic
circuit transforms the current into a two-level signal to
simplify and filter the current zero-crossing. The control
sample used is 100 µs.

• Step 3 - It is verified whether the measured phase for
this interaction δ(j) is between 10° and 15° (to maintain
the ZCS condition of the ground converter and ensure
the system operates close to the resonant frequency). If

This article has been accepted for publication in IEEE Journal of Emerging and Selected Topics in Power Electronics. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JESTPE.2025.3532851

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN POWER ELECTRONICS 6

the result is positive, the switching frequency remains
unchanged. If negative, the algorithm proceeds to step 4.

• Step 4 - The angle is verified to be higher or lower than
10°. This is performed to determine whether an increase
or decrease in the switching frequency is necessary (steps
5 and 6, respectively). The maximum and minimum steps
in switching frequency (∆fmax and ∆fmin) are defined
to be 110Hz and 27.5Hz, respectively, representing 1%
and 0.25% of the available frequency range described in
step 7 (from 79kHz to 90kHz, 11kHz available range).

• Step 5 - The switching frequency is increased by ∆fmax

or ∆fmin, depending on the measured angle.
• Step 6 - The switching frequency is decreased by ∆fmax

or ∆fmin, depending on the measured angle.
• Step 7 - It is checked if the switching frequency is

between the limits of 79kHz and 90kHz, following the
standard SAE J2954 [54]. If affirmative, the switching
frequency is defined as in steps 5 or 6. If negative, the
switching frequency is saturated to its limit.

• Step 8 - The switching frequency is defined, and a new
verification starts.

STEP 1

No

No

f(k) = f(j-1)+Δfmin

f(k) = f(j-1)

f(j) = f(j-1)

Start

Measured
δ(j)

10° 
< δ(j) < 

15° ?

δ(j) >10°?

f(j) = f(j-1)-Δfmaxf(j) = f(j-1)-Δfminf(j) = f(j-1)+Δfmax

Yes

-40° 
< δ(j) < 

10° ?

15° 
< δ(j) < 

40° ?

Yes

NoYesNo Yes

fmin 

< f(j) < 
fmax?

f(j) = flim

No

Yes

f(j) defined

j = j +1
STEP 2

STEP 3

STEP 4

STEP 5 STEP 6

STEP 7

STEP 8

Fig. 5. Flow chart of the phase control algorithm.

IV. COIL SEQUENCING

The general architecture of an electrical track is represented
in Figure 4. In addition to the Figure, a common DC bus is
used to supply the successive coils designated by N−2, N−1,
N , N + 1, and N + 2 through a sequence of inverters. The

secondary coil is also represented in the figure. The direction
of movement of the secondary coil is indicated by the red
arrow.

The coil sequencing methodology employed in this study
uses the existing current sensor within the ground inverters.
Consequently, adjacent coils to the active coil are maintained
in a short-circuit condition to ensure the continuity of current
flow. This configuration is shown in Figure 6 (a), where, with
converter N providing power, coils N + 1 and N − 1 are
rendered in a short-circuit state. During sequencing (the next
transmitter coil is activated), as illustrated in Figure 6 (b)
(receiver coil 50 cm misaligned), coil N switches to short-
circuit mode, while coil N + 1 switches to active mode,
powered by its respective inverter. Simultaneously, coil N −1
transitions to the off mode and the coil N + 2 transitions
to the short-circuit mode, thereby replicating the prior system
configuration. The color in the coil nomenclature denotes their
respective operational states.

N

S
N+1

N-2

N-1

N+2

Prim
ary coils

Secondary coil

0 cm

Active
Short-circuited
Off

(a)

N

S

N+1

N-2

N-1

N+2

Prim
ary coils

Secondary coil

50 cm

Active
Short-circuited
Off

(b)

Fig. 6. Coil sequencing. (a) Coil N active. (b) Coil N + 1 active.

Considering only the effects of the neighboring coils at the
switching moment, a small portion of the system with two
coils on the ground and one coil inside the vehicle is taken
into account. Applying (3) to these three coils: λn

λs

λnp1

 =

 Ln Mns Mnnp1

Msn Ls Msnp1

Mnp1n Mnp1s Lnp1

 in
is
inp1

 (10)

Assessing the symmetric system proposed at the switching
time, the secondary coil is at position 500 mm, which means
it is located between the two primary coils. The mutual
inductance between each primary coil and the secondary coil is
the same and is denoted as a. The mutual inductance between
the primary coils is denoted as b, (10) can be written as: λn

λs

λnp1

 =

 Ln a b
a Ls a
b a Lnp1

 in
is
inp1


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The coils of the presented system are designed to have
a minimum coupling coefficient between the primary and
secondary coils when the coils are 50% misaligned. Therefore,
three different situations are possible:

a > b: In this situation, the coupling between the primary
coils and the secondary coils is larger than the coupling
between the primary coils. This situation favors energy transfer
between primary and secondary.

a < b: In this situation, the coupling between the primary
coils and the secondary coils is smaller than the coupling
between the primary coils. This situation needs to be avoided
to allow a good energy transfer at the switching time. A small
coupling may cause reduced or empty energy transfer at each
coil switching.

a = b: In this situation, the coupling between primary and
secondary coils is similar to the coupling between the primary
coils. This is a limited situation to keep a good energy transfer
between primary and secondary.

In an ideal system, the coupling coefficient between the
primary coils should ideally tend towards zero, while the
coupling between the primary and secondary coils must be
optimized to maximize the power transfer. Consequently, the
a > b condition is preferred and is established as a design
requirement for the system. At the transition moment, the
current in coil N is nearly equivalent in amplitude to the
current in the short-circuited coil N+1. The inverters analyze
the amplitudes and once the current in coil N closely matches
the induced current in coil N + 1, the sequencing command
can be executed to change the states of the coils.

However, in a practical system, the current amplitudes are
not identical. They are dependent on different factors such
as vehicle height, misalignment, and construction tolerances.
To mitigate real-world discrepancies, the transition time is
determined based on another current ratio; for example, when
the current in coil N + 1 exceeds 75% of the current in coil
N . This ratio needs to be selected to satisfy all the necessary
requirements of the inductive dynamic charging system, ac-
commodating variations in vehicle heights, misalignment, and
interoperability of different coils.

In order to illustrate the relationship between the current at
N and N +1, equation (1) can be resolved for the three coils
(one active and two short circuited, Figure 6) in the system
under consideration:

vn = Rnin + jωLnin +
1

jωCn
in (11)

+jωMnsis + jωMnnp1inp1

0 = Rsis + jωLsis +
1

jωCs
is + jωMsnin (12)

+jωMsnp1inp1 +RLis

0 = Rnp1inp1 + jωLnp1inp1 +
1

jωCnp1
inp1 (13)

+jωMnp1sis + jωMnp1nin

For analytical simplification, the intrinsic resistances of the
coils are disregarded (R1 = R2 = R3 = 0), and the frequency

is set at resonant frequency ω = 1√
LC

. This means that ω =
1√
LC

⇒ ω2 = 1
LC ⇒ ωL = 1

ωC ,

vn = jωais + jωbinp1 (14)

0 = jωain + jωainp1 +RLis (15)

0 = jωais + jωbin (16)

therefore,

inp1 =

(
RLb

jωa2
− 1

)
in (17)

demonstrating that in exhibits an amplitude comparable to inp1
due to the influence of the term RLb

jωa2 ≪ 1. The current ratio is
systematically calibrated during the testing phase to maximize
applicability across a wide range of applications.

V. MODIFIED EXTREMUM SEEKING PHASE CONTROL AND
COIL SEQUENCING VALIDATION USING SIMULATION

The model is implemented in MATLAB / Simulink Sim-
scape Electrical with the parameters shown in Table II. The
simulation is performed considering five coils on the primary
side, with mutual inductance adjusted as in Figure 3, to
emulate vehicle displacement. Figure 7 illustrates the behavior
of the electric track when a DWPT equipped vehicle is on the
road and faces road-integrated coils. The results are obtained
for a car speed of 60 km/h, where the DC bus voltage, the
output voltage of the inverter 3, the RMS current of the DC
bus and the output current of the inverter 3 are presented.
The DC Bus RMS Current flows through different converters,
while the Inverter 3 output current shows the current flowing
in coil 3.

TABLE II
DWPT SYSTEM SIMULATION PARAMETERS

Parameter Value
Transferred power 30 kW
DC input voltage 430 V

Coupling coefficient from 0.1 to 0.26
Primary and secondary inductances Lp = Ls = L = 135 µH
Primary and secondary resistance r1 = r2 = rs = 0.1 Ω

Output Filter Capacitor Cf = 600 µF
Primary and secondary resonant capacitor 33 nF

Inverter switching frequency 79 to 90 kHz
Buck inductor 100 µH

Battery nominal voltage DS3 350 to 450 V
Battery current reference 65 A

For this simulation, the system starts with coil 1 well aligned
with the secondary coil, and its inverter works at a fixed
switching frequency of 81 kHz to avoid over-current and over-
voltages. With the car moving, the coupling of the secondary
coil 2 increases, increasing the induced current. When the
induced current in coil 2 reaches approximately 50% (this is
used just for the first coil, because of the fixed frequency, for
all others the value of 75% is used) of the current in coil 1, the
second inverter is turned on and the first inverter is turned off,
changing the coil 1 for short-circuit mode. At this moment,
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Fig. 7. Electric track behavior for the DWPT system under study.

coil 3 is also short-circuited. This is represented in Figure 7
by the voltage and current in the third inverter, when coil 2 is
turned on and the coil 3 is short-circuited, the inverter 3 output
voltage is zero and the current starts to increase, according to
the position of the car.

At the moment that the induced current in coil 3 is 75% of
current in coil 2, coil 3 is turned on, coil 2 is short-circuited
to turn the inverter off, and coil 4 is short-circuited for car
detection. The transition between coils 2 and 3 is shown in
Figures 8 (a) and (b). Where Figure 8 (a) emphasizes the
current increasing in coil 3, and the moment that this coil
is turned on, and Figure 8 (b) emphasizes the current in coil 2
decreasing when it is short-circuited.

As discussed in Section III the control algorithm adjusts
the switching frequency to ensure the ZCS when the converter
works close to the resonance frequency. In Figure 9 the voltage
and current waveforms for inverter 3 output are shown. In
this, the phase between voltage and current is controlled to
be between 10◦ and 15◦ (as explained in the flow chart of
the control algorithm in Figure 5), ensuring the inverter ZCS
operation.

The waveforms for the secondary side are presented in
Figure 10. A battery voltage of 400 V is used and a constant
current of 65 A is requested by the buck converter.

VI. EXPERIMENTAL RESULTS

The experiments are carried out in full-scale tests consider-
ing the same parameters of Table II. In Figure 11 the test setup
is shown. In this, 18 coils are integrated into a ground trench,
represented by number 3 in the figure. Inside the vehicle is
embedded a coil with parameters identical to those of the
primary coils (number 4). The vehicle is a Stellantis DS3
Crossback (number 1). Within the car, a rectifier and a DC/DC
buck converter are installed and configured to request 30 kW
(number 6). The DC/DC output is connected to the vehicle
battery via a circuit-breaker box for security. Inverters are
positioned alongside the road (number 2) and supplied with a
430 VDC power source (number 5). Similarly to the previous
model, each primary coil is equipped with an inverter. The DC
bus voltage and power are provided by ITECH IT6000D with
7 modules connected in parallel.
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Fig. 8. Transition between coils two and three. (a) Emphasize the current
increase in coil three. (b) Emphasize the current in coil two decreasing.
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Fig. 9. Voltage and current waveforms for inverter three output.

As described in Section IV, only one primary coil is
powered at any given time. The first primary coil is activated
with a fixed frequency of 81 kHz to synchronize the system
and prevent security protections from triggering. The second
primary coil is activated when its current reaches approxi-
mately 50% of the current in the first coil. It is important to
note that the neighboring coils of the active one are constantly
in a short-circuit state, with induced current continuously
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Fig. 11. Experimental setup using an electric road.

flowing. For the switching process of the subsequent primary
coils, the sending power is already established, and it follows
as described in previous sections of this work.

In Figure 12 the currents of primary coil 2 (in pink) and coil
3 (in green) at the moment of the transition states are depicted.
In Figure 12 (a), the induced current coil 3 (in green) starts to
increase before the transition moment. At the switching time,
the current in coil 2 stops growing and suddenly drops to
a value close to that of coil 3. Subsequently, it transitions
to inductive behavior before dropping to near zero as the
secondary coil moves away. Figure 12 (b) is the same as
Figure 12 (a) but with the current in coil 2 highlighted. In
Figure 12 (c), a zoomed-in view of the exact moment of the
transition can be observed.

During the entire process, the ZCS condition is maintained
by the control strategy introduced in previous sections. In
Figure 13, the system operating in ZCS is shown for 5 cycles.
At the instant of measurement, the switching frequency is
88.5 kHz, and the phase between current (green) and voltage
(blue) is 16°.

The dynamic charging is illustrated in Figure 14. In the
ground-side waveforms (Figure 14 (a)), the DC voltage and
current at the inverter input are represented by lines C1
(yellow) and C2 (pink) respectively. Lines C3 (blue) and C4
(green) represent the voltage and current in the fourth coil.

(a)

(b)

(c)

Fig. 12. Transition between coil 2 and 3. (a) Current in coil 3 (green)
highlighted. (b) Current in coil 2 (pink) highlighted. (c) Zoom for the transition
moment.

Fig. 13. System working at ZCS.

Figure 14 (b) shows the DC bus voltage in the rectifier output
(yellow) and the current supplied to the battery (pink) . Here,
the battery current reference is set to 65 A.
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Fig. 14. Dynamic charging. (a) Ground side waveforms. (b) Secondary side
waveforms.

In Figure 14 (a), coil 4 behavior is described. The informa-
tion shown in orange pinpoints the time instants when this coil
is first placed in a short-circuit state; then when the current
increases; the time while this coil is activated (starting when
the induced current reaches 75% of the value of the current
in coil 3); and the moment when it is placed back in a short-
circuit state (when coil 5 is turned-on). The moments when
other coils are activated are identified by the name of the coil
marked in black. In this figure, the input power is 29.88 kW
and the output power is 27.08 kW , resulting in an efficiency
of 90.6% (from DC bus to battery including the inverter, the
coils and the induction process, the rectifier, and the DC/DC
converter).

The DC bus voltage in the rectifier output (yellow) and
the current supplied for the battery (pink) in the case of 18
coils on the primary side are shown in Figure 15. Here, the
battery current reference is set to 65 A, and measurements are
performed with the vehicle at 15.7 km/h. Similar systems
have already been tested at speeds close to 70 km/h.

By analyzing the results, it is shown that the switching
procedure and ZCS conditions are satisfied as predicted in the
model and simulations, as well as the transition among the
coils and the system’s capacity to provide the power required
by the secondary side. It is worth mentioning that for ex-
perimental results, alignment, and velocity are not guaranteed
because they depend on the driver.

Fig. 15. Dynamic charging secondary side waveforms for 18 coils on the
primary side.

VII. DISCUSSIONS

The presented DWPT system successfully demonstrated
continuous energy transfer for electric vehicles traveling on an
18 meter electrical road. Full-scale experiments are performed
using a DS3 Crossback vehicle to recharge up to 30 kW. They
achieved an efficiency of 90.6% from the DC bus to the battery,
including the inverter, the coils and the induction process,
the rectifier, and the DC/DC converter. This validated the
theoretical models. These results are obtained by employing
primary coils embedded along the road, in combination with
the sequencing technique for coil activation, and the use
of the modified extremum seeking control, which showed
significant improvements in maintaining power delivery and
system stability during dynamic charging conditions.

The sequencing technique used ensures efficient coil acti-
vation without requiring the use of additional sensor hard-
ware, simplifying the system architecture while maintaining
robust power transfer. The modified extremum seeking control
effective tracks the resonance frequency, thereby ensuring
soft-switching and maintaining zero-current switching (ZCS)
during power transfer. These results highlight the ability of the
system to maintain high performance when the vehicle is in
motion.

The performance of the DWPT system is consistent with the
findings of previous research on dynamic charging systems,
such as those presented by [38] and [39]. However, the
presented approach to coil selection and activation without
relying on position sensors represents an advancement over
previous designs that often depend on additional hardware for
vehicle detection and coil alignment. By focusing on a current-
based selection mechanism, this work simplifies the control
strategy while ensuring accurate coil activation.

The ability to recharge a vehicle dynamically, while main-
taining power transfer efficiency, could extend the autonomy
of electric vehicles and reduce the need on large onboard
batteries. This reduces not only the weight and cost of electric
vehicles, but also the frequency of stops to recharging, making
long-distance EV travel more feasible. This could also lead to
a significant reduction in greenhouse gas emissions and further
promote the use of renewable energy sources in transportation.
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VIII. CONCLUSION

This paper presented a Dynamic Wireless Power Transfer
(DWPT) system designed for electric roads, with a primary
focus on powering electric vehicles during long-haul freight
transportation. The system incorporates primary coils along
the road, DC/AC converters, and a power receiver coil within
the vehicle. The paper introduces the DWPT system, outlines a
coil selection strategy, presents a system model, and discusses
a phase angle control mechanism, based on extremum seeking,
to optimize power transfer.

Experimental tests conducted on a Stellantis DS3 Cross-
back vehicle validate the system’s ability to maintain power
and voltage stability under varying coupling coefficients. The
experiments used 18 primary coils within a ground trench.
The DS3 Crossback vehicle is equipped with a matching
coil, a rectifier, and a DC/DC buck converter, with safety
systems such as a circuit-breaker box connecting the DC/DC
output to the vehicle battery. Inverters are placed alongside
the road and supplied with a 430 VDC power source, with
only one primary coil activated at any given time. The control
strategy maintained zero-current switching (ZCS) during the
switching process, ensuring a smooth transition between coils.
The results of these experiments confirm that the system
operates as predicted in the models and simulations. In the
experiments, the input power in the DC bus was 29.88 kW ,
while the output power (in the battery) was 27.08kW with an
efficiency of 90.6% from DC bus to battery.

While the results are promising, there are limitations to the
current system that must be addressed in future work. One of
the primary challenges is ensuring consistent energy transfer
under varying road conditions, such as irregular surfaces
or inclement weather, which were not fully tested in the
presented experiments. Furthermore, the efficiency of 90.6%
observed in the experiments can be improved by designing the
system using optimization techniques. In addition, the cost-
effectiveness of large-scale DWPT deployment remains to be
studied, especially in terms of infrastructure requirements and
maintenance costs.

Finally, scaling the system for use in high-traffic envi-
ronments will require investigation of more advanced power
management strategies, possibly integrating vehicle-to-grid
(V2G) technology to optimize energy distribution across mul-
tiple vehicles. Long-term reliability testing under real-world
conditions will also be essential to ensure the commercial
viability of DWPT systems for both passenger and freight
vehicles.
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APPENDIX

A. Notation list

- a: mutual inductance between each primary coil and the
secondary coil;

- AC: Alternate Current;
- b: mutual inductance between the primary coils;
- Ĉ: matrix of capacitors.
- C: resonant tank capacitor;
- Cf : output filter capacitor
- DC: Direct Current;
- DWPT: Dynamic Wireless Power Transfer;
- EVs: Electric Vehicles;
- f : switching frequency;
- Î: vector of the currents flowing in the coils;
- in: current in the primary coil;
- is: current in the secondary coil;
- j : interaction counter for the algorithm;
- k: coupling coefficient;
- L: self-inductance
- Ln: self-inductance of the coil n;
- Lp: primary self-inductance
- Ls: secondary self-inductance
- M: mutual inductance between primary and secondary

coils;
- Mn.np1: mutual inductance between the coil n and its

neighbor coil np1;
- Mn.s: mutual inductance between the coil n and the

secondary coil s;
- n: subscript that refers to the primary coil;
- nm1: primary coil in position N − 1;
- np1: primary coil in position N + 1;
- np2: primary coil in position N + 2.
- R̂: matrix of the resistances;
- Rch: equivalent resistance used to emulate the power load

connected on the secondary side.
- rn: self-resistance of the coil wire;
- s: subscript that refers to the secondary coil;
- SoH: State of Health;
- υ: speed of the secondary coil;
- V̂ : vector of the voltages applied or induced in the coils;
- V̂C : vector of the voltages across the resonant capacitors;
- vCn

: voltage across the series resonant capacitor;
- VDC : DC voltage;
- V̂L: voltage across the inductors of the coils;
- vLP

: voltage across the inductor;
- vn: applied voltage in the primary coil;
- VO: output DC voltage
- vs: secondary AC voltage;
- ZCS: Zero Current Switching;
- ZVS: Zero Voltage Switching;
- δ: phase angle between the inverter output voltage and

the output current;
- λn: total flux passing through the coil n;
- Λ̂: matrix for total flux;
- ωr: fundamental frequency of the resonant network.
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