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Abstract

Wireless power transfer (WPT) offers a safer and more convenient alternative to tradi-
tional charging methods. In the automotive sector, dynamic WPT presents a promising
solution by reducing battery size and enhancing vehicle usability. The key components of
dynamic WPT systems are the coils and their compensation topologies. This paper pro-
vides a detailed analysis of these elements to optimize system performance. First, different
coil geometries are systematically evaluated using finite element analysis, aiming to iden-
tify designs that minimize electrical parameter variations, which can damage electronics
and make the control more complex. Then, the most suitable compensation topology is
determined through time-domain analysis, which is more accurate under dynamic con-
ditions than the commonly used phasor-based approach. This design process based on
time-domain analysis is validated with a 100 W dynamic charger prototype, demonstrating
the system’s transient behaviour. Experimental results show an efficiency of up to 80% and
high tolerance to misalignment under various load conditions.

1 | INTRODUCTION

Over the last decades, governments have been moving towards
a decarbonization process in order to reduce greenhouse effects
and global warming. Since 1979 average and extreme temper-
atures as well as natural disasters have continuously increased
and, far from stopping, they are expected to continue grow-
ing [1]. As a solution for these problems, electric vehicles (EVs)
are set, as they help to reduce the amount of greenhouse effect
gases in cities and they can also be combined with renewable
energy sources [2].

The adoption of EVs faces relevant technological limita-
tions. Their cost, autonomy and several safety issues in wired
charging are some of the major problems making people reluc-
tant to purchase this type of vehicle [3]. Charging based on
wireless power transfer (WPT) has been proved to be an
alternative for wired charging as it does not need a physical
union between the energy source and the battery. Thus wire-
less charging is safer for the user. It also alleviates the problem
concerning the autonomy as it can be implemented following
several strategies like stationary charging and dynamic WPT
(DWPT) [4].

There are several types of WPT technology depending on
the distance and the method by which power is transmitted.
Inductive power transfer (IPT) is set as the most mature of
these technology due to its acceptable transferable distance
and its high efficiency [4]. This technology uses magnetic
fields to transmit power between a transmitter/primary and
a receiver/secondary. In this scenario, DWPT can be imple-
mented improving the autonomy of the vehicles and reducing
the battery capacity needed. The generic diagram of DWPT
is illustrated in Figure 1. However, DWPT charging must still
address several technological challenges. As several coils are
used to transmit power, the transferred power is not constant
producing fluctuation in the batteties. Another problem in this
kind of systems is that primary coils have to be turned on and
off so that peaks appears producing component oversizing. In
addition, these primary coils have coupling coefficient between
them, which may lead to undesired and unexpected leakage
fields. This can be solved by pulling apart coils, which make
a more fluctuating output power with increased losses in the
power converters [5]. In order to minimize these drawbacks, a
precise design must be accomplished for the coupler and the
compensation topology.
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FIGURE 1  Generic DWPT charger scheme.

Several cities have implemented dynamic charging lanes to
assess their feasibility. For instance, the OLEV project in
South Korea [0], the Victoria project in Malaga (Spain) [7], the
FastinCharge project in Douai (France) [8], and the Conductix-
Wampfler project in Turin (Italy) [9] have all adopted this
technology. Additionally, the Fabric project and the Smartroad
Gotland project have conducted real-life trials of dynamic
wireless charging. However, these research endeavours incur sig-
nificant costs as they require the replication of coils and power
electronics to enable uninterrupted dynamic charging along spe-
cific road sections. The information about how the coils were
designed and the strategies followed in the power electronics
control have not been detailed during the designing process or
they are not public. This lack of information creates an unaware-
ness in the optimization in the design process and in the control
design. In addition to the electronics and coils, there is not rel-
evant information about the compensation topologies used for
these projects.

Alternatively, there are some research works that include
some details about the design of the coils and the compensation
systems. As for the coupler, the designs ate mainly oriented to
minimize fluctuation in the flux linkage to the secondary. Cou-
pling designs focus on possible configuration, rail type couplers
or multiple pad type in the primary side [10]. Rail type couplers
achieve more constant coupling coefficient (&;,, where €{/N'}
representing the number of primary coil in a N-coil lane and s
refers to the secondary) although their level are lower than in
multiple pad couplers. In multiple pad coupler design the goal
is to achieve a constant power and &, ; on the secondary side.
For this purpose several topologies have been proposed circu-
lar [11-15], rectangular/square [16—24], DD [25-31], DDQ [25,
28, 31], ot bipolar [27, 30]. Other kind of geometries like I-type
can be found in [32, 33]. These geometries are not that common
as the previous ones and, consequently, there are not considered
in our work.

Regarding the compensation topologies, theit application for
DWPT seeks to reduce the effects on the variation of the cou-
pling and control. Thus, compensation systems are designed
in order to achieve constant power on the secondary output.
Series—series, LCC-LCC, and LCC-S are the most common
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topologies used in this kind of charger [11, 15, 16, 18-20, 23-206,
28-30, 32]. In these previous works, there is not an elaborated
justification about how the geometries of the coils and the com-
pensation systems ate selected. Only the works in [20] compare
different geometries of coils and in [11] different compensa-
tion topologies are discussed in order to find the most suitable
option. Only studies in [22] do both comparisons. Both analy-
sis were done in a sequential way, once the most suitable pair
of coils are chosen in order to maximize coupling and quality
factors of the topology designed. Although this study compares
both, Compensation topology and coil geometry, the are some
options that are not take into account, for example LCC-LCC
or DD shape coils. Finally, in [34] a comparison between dif-
ferent coil geometries is done. Apart from this, an optimization
algorithm is proposed in order to find the most suitable pair
of coils. Table 1 summarizes the main features of the DWPT
prototypes described in the related literature.

In this paper, we describe a sequential methodology in order
to perform the final DWPT system. The work [35] proposes
a design process in which the coupler and the compensation
topology are both configured at the same time. This approach
is also followed in [34]. However, with a sequential approach
with two separate phases (for couplers and compensation topol-
ogy), we can focus mostly on the critical part (the couplers) and
then adjust the compensation system to them. First, we per-
form a comprehensive analysis of several coil designs to cleatly
justify the implementation of a DWPT system. Electtical param-
eters mainly guide this design step but there are other physical
parameters to take into account such as coil dimensions, num-
ber of turns and amount of material needed. Once the geometry
of the coil is defined, the most convenient compensation sys-
tem is identified based on the principal electrical parameters
of the coils, inductance, resistance, quality, and coupling factor.
Although the design details are given for a proof-of-concept, we
aim to set a systematic approach to be applied in other DWPT
prototypes. The main features of the specific prototype consid-
ered in this paper are: air gap =190 mm, maximum width =340
mm and maximum length =400 mm. A bunch of experiments
have also been performed in a 100 W prototype in labora-
tory. The validation of the simulations and analysis done in the
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TABLE 1 Related work.
Analysis of

Analysis of compensation
Paper coil geometry Primary coil Secondary coil system Compensation
[25] X DD DDQ X LCC-LCC
[26] X DD DD X LCC-LCC
[16] X Rectangular Rectangular X LCC-LCC
[27] X DD Bipolar X LCC-P
[17] X Rectangular Rectangular v T type-Series
[28] X DD /rectangular DDQ X LCC-S
[11] X Circular Circular 4 LCC-S
[18] X Rectangular Square X LCC-LCC
[19] X Rectangular Rectangular X Series-Series
[12] X Rectangular Circular X LCL-Series
[20] 4 Rectangular Rectangular X Series-Series
[21] X Rectangular Rectangular X LCC-LCL
[22] 4 Rectangular Rectangular v LCC-LCL
[29] X DD Rectangular X LCC-S
[30] X DD Bipolar X LCC-LCC
[13] X Circular Circular X LSP-S
[31] X DD DDQ X P-LC
[34] v DD DD X Series-Series
[32] X I-type square X Series-Series
[24] X Rectangular Rectangular X LCC-LCC
[33] v I-type Square X Series-Series
[15] X Circular Circular X Series-Series
[23] X Square Square X LCC-LCC
Proposal v Rectangular Bipolar v LCC-S

paper have been tested in several situations, including efficiency

in load variation and misalignment conditions. The magnetic

design has also been tested by measuring the inductance val-

ues and comparing them with simulated results. Results shows

an efficiency up to 80% and high tolerance to misalignhment.
Thus, the main contributions of this work are:

* A coil design process where several geometries of coil are
tested in order to find the most suitable coupler for this
implementation. Specifically, we consider that a geometry
of a coupler is a better option than another when it is less
expensive while it provides a low variation of the mutual
inductance in a wide range of misalighment. In this way, we
cope with misalignment, which is inevitable in DWPT. With
out approach, the negative effects associated to misalignhment
are minimized. Most papers in the literature review do not
analyse different coil geometries for their implementation.
They consider only one geometry [11-13, 15-19, 21-32],
leading to limited analysis with a non-optimized design. In
contrast to [17] where the author prioritize the compensa-
tion design, we priotitize the coil design as it is the most

critical part of WPT systems. Thus, we have defined a first
design stage to configure this element instead of a joint stage
to determine the coils and the compensation topology at the
same time.

An analysis of different compensation topologies is pet-
formed in order to find the perfect solution for this charger.
In order to achieve more precise results, a time domain analy-
sis is performed. Most papers in the related work only analyze
the equivalent circuits with a first harmonic approximation
(FHA), which leads to imprecise results. FHA method does
not solve discrete stationary problems without considering
transient stages or previous values of voltage and current in
capacitors and coils. In this work, we use time domain analysis
in order to compare the compensation topologies. In this way,
more harmonics are considered in a superposition approach,
giving a more precise result.

* We have conducted a set of experimental analyses on a

prototype vehicle in order to validate the coil design and char-
acterize voltage, current, efficiency and dynamic behaviour
of the proposed DWPT system. The results confirm the
accuracy of our theoretical analysis.
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The paper is organized as follows. In Section 2 the magnetic
design of the primary and secondary coil and the optimization
process for the primary coil are done. In Section 3, a compar-
ative between the main compensation topologies is performed
based on a time domain analysis. In Section 4 the set of expet-
iments conducted on the prototype as well as their result are
shown. Finally, in Section 5 several conclusions drawn from this
papers work can be found.

2 | COUPLER DESIGN

In this section different coil pads configurations will be anal-
ysed in order to find the most suitable coupler for the DWPT
prototype. The main objective of this analysis is finding the
pair of coils that minimizes the cost of production of a lane
while maintaining the coupling factor high and as constant as
possible. To carry out this analysis the design process and cal-
culations are done by the finite element analysis (FEA) tool
ANSYS Maxwell. With this software the values of mutual induc-
tance are obtained for several positions during the movement
process as done in [36] and [37]. For every position the eddy
currents effects have been considered. With the obtained data,
a continuous equation for mutual inductance depending on dis-
placement is developed. This equation is obtained through a
polynomial regression which will be lately used for the time
domain analysis. As the considered speed for the experiments is
much lower than the operating frequency of the WPT system, it
will not be considered. Anyway, the speed of the vehicle is rele-
vant to know the energy acquired in the wireless power transfer.
Higher the speed, less energy received in the battery due to the
reduced charging time. The speed has also a relevant impact on
the control as it affects the robustness of the control algorithm.
For high speed, a control strategy capable of adapting quickly to
the variations in coupling coefficients is needed.

In our experiments, we can conclude that the output power
profile when charging the battery is mainly influenced by fac-
tors such as coil size, geometry and layout. The speed has a
relevant impact on the output power profile when the vehicle
is traversing several primary coils and the power transfer has to
be transferred from one primary coil to another. A smaller dis-
tance between the primary coils results in a power profile with
shorter periods of no energy due to the switching of the primary
coils. However, it also amplifies the interaction between the pri-
mary coils, making it a complex issue to deal with in the control
algorithm. Larger primary coils even more separated contribute
to a more stable power profile but they also reduce the coupling
coefficient. We focus on the design of the primary and the sec-
ondary coils without analysing the distance between the primary
coils, as it is out of the scope of this work. Several topologies will
be considered for the primary and secondary sides. All the simu-
lations and analysis bellow will be done considering an operating
frequency (f) of 85 kHz. The incorporation of ferrite tiles will
not be considered for this study as it adds more complexity to
the analysis (identification of the best arrangements of the fer-
rite tiles and more time-consuming simulations). Anyway, some
preliminary works [38] shows that the shape of the profile of the

FIGURE 2  Analysed coil geometries. (a) DD-DD. (b) Square—square. (c)
Rectangular—square. (d) Rectangular—bipolar.

coupling coefficient is not affected. The main variation when
including the ferromagnetic matetial is the vertical displacement
of the curve due to an increment in the coupling coefficient.

One of the major requirements in this paper is achieving a
low cost prototype, for this reason ferrite will not be considered
in the analysis. Figure 2 show £; ; for the tested combinations
of coils. These configuration ate: square—squate, rectangular—
square, DD-DD and rectangular—bipolar. These topologies
have been selected as they are widely used in the related work
as summarized in Table 1.

The magnetic field of these geometries is altered differently
when there is coil misalignment, as illustrated in Figure 3.

In order to choose the best option for this solution we will
attend to the capability of achieving the higher coupling fac-
tor between coils and maintaining it as constant as possible
throughout the displacement of the secondary coil. For this
analysis, we consider the specific features where the DWPT will
be installed (960 mm length and 300 mm width according to the
prototype considered in this work).

Figure 4 shows the effect of misalignhment in the X-axis
direction (displacement direction) on the coupling factor for
the analysed geometries. This analysis has been done consid-
ering the same coil sizes condition of sizes in order to have
a realistic comparison, that is, 15 turns 350 X 500 mm? for
the primary coil and 15 turns 300 X 300 mm? for the sec-
ondary coil. Although it can be seen that the most constant
coupling factor occurs for the DD—DD geometry, its average
value is poor when compared to the other three geometries.
The squate—square geometry achieves the highest coupling fac-
tor but it cannot be maintained constant throughout the entire
range of misalignment. Regarding rectangular—square geometry,
its behaviour is an intermediate option between the two previ-
ous geometries. Finally, rectangular—bipolar geometry achieves
a high coupling factor while being able to maintain it constant
for a wide range of misalignment. Thus, this last geometry is
considered the most suitable one and will be used in the rest
of the design process. This analysis has been considered with
cost-effective coils in which no ferrite tiles have been incor-
porated. It is expected that the use of ferromagnetic materials
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FIGURE 3  Magnetic field distribution. (a) 0-mm misalignment for
DD-DD geometry. b) 200-mm misalignment for DD-DD geometry. (¢) 0-mm
misalignment for square—square geometry. d) 200-mm misalignment for
square—square geometry. ¢) O-mm misalignment for rectangular—square
geometry. f) 200-mm misalignment for rectangular—square geometry. g) 0-mm
misalignment for rectangular—bipolar geometry. h) 200-mm misalignment for
rectangular—bipolar geometry.
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FIGURE 4  Coupling factor of the analysed geometties for misalignment
in the X-axis direction.
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FIGURE 5 Tolerance of bipolar pad to lateral misalignment.

would change these profiles by raising the coupling but not the
shape of the coupling profile.

Another convenient feature of the chosen topology is its
tolerance to lateral misalignment (Y-axis misalignment). In
Figure 5 the coupling factor for 0, 100, and 175 mm lateral
misalighment is shown for the most suitable geometry that is
the rectangular—bipolar pad. It can be seen that it can maintain
the coupling factor at high levels and thus it can keep an effi-
cient wireless power transfer. Considering a 300 mm coil width,
the coupling coefficient decreases to the 75% of its maximum
value for a 33% of Y-axis misalignment. For a 58% of Y-axis
misalignment, & decrease to a 41.6% of its maximum value.
The dectease is no linear, for the decrease of £ is bigger for
higher misalignments.

Next step in the design process is optimizing both coils. Due
to the high air gap and the constructive constraints of the proto-
type the secondary coil will be fixed at its maximum achievable
size. Thus, the bipolar pad outer dimensions are 300 X 300 mm?
with 15 turns of 5 mm diameter AWG 38 Litz wire per coil. In
bipolar pads it is crucial to find the optimal width of the coils in
order to achieve zero coupling factor between them. This pre-
vents both coils from inducing each other resulting in power
losses on the secondary side. Figure 6 shows that the width of
the coils that causes the zero coupling factor between them is
196 mm.

For the primary coil, the number of turns and diameter of
the wire are the same as for the secondary coil in order to find
symmetry between inductance values. The parameters to change
in order to find the optimized size is the geometrical dimen-
sions of the coils. Regarding the length, its dimension must be
large enough to guarantee a high and constant coupling fac-
tor but small enough not to exceed the length of the vehicle.
Thus, the length of the primary coil has been fixed at 500 mm,
which not exceed the maximum length. According to this previ-
ous consideration the only geometrical dimension left that can
be optimized is the coil width. Figure 7 represents the coupling
factor for perfectly aligned coils as a function of the primary coil
width. As shown in the graphic the optimal width is in between
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400 and 450 mm but there is a wide range of high coupling fac-
tor (£, > 0.12) for width between 340 and 560 mm. Due to
geometrical restrictions of the prototype the width of the coil
cannot be larger than the distance between wheels and then
the width of the primary coil will be fixed at 320 mm allow-
ing the displacement of the prototype over the coils as shown in
Figure 10.

3 | COMPENSATION TOPOLOGY

Once the geometry of the coil is decided, it is necessary to
judiciously determine the compensation system because the
electrical parameters are greatly impacted by these structures.
In particulat, we analyse series—series, LCC-LCC and LCC-S,
as they are the most representative compensation topologies in
the literature related to DWPT. Their suitability will be evalu-
ated according to the peak values of the primary and secondary
currents. Excessive peaks could stress and even deteriorate
the power converters, leading to a poor performance of the
whole system in a short time. The compensation topology also

Series-Series
LCC-LCC
LCC-Series

90 -

80

60

40

30

Primary current I; [A]
[4)]
o

0 0.05 0.1 0.15 0.2 0.25 0.3
time [s]

FIGURE 8  Primary current for different compensation topologies.

determine the behaviour of the output, which can be constant
voltage (CV) or constant current (CC) [10]. In addition, a pre-
cise design of these compensation system will determine the
behaviour of the efficiency under changes in coupling, intrin-
sically present in DWPT. Since the coupling coefficient varies
when the secondary coil traverses the primary coil, we consider
that a time-domain analysis is more accurate than a phasor-
based study. In contrast to [11], we base the design of the
compensation topology in the time-domain analysis to study the
transient effects, which are omitted in the phasor-based analysis.
Table 2 shows the time domain analysis mesh equations for the
different compensation topologies considered in this paper. It
also shows the AC-AC (from inverter output to rectifier input)
equation for the proposed topologies. In order to achieve a pre-
cise excitation for the analytical process, the Fourier transform
of a square signal is used. This Fourier approximation considers
the first 9 harmonics. With this excitation we can obtain a close
approximation to the inverter output voltage and thus, predict
the performance of the system.

In order to select the right components, a mathematical
model is necessary. This model must determine the values of
current and voltages accurately. Most Papers make this analysis
using a model based on phasots, as a concatenation of static
solutions. With such approach, transient analysis is omitted,
which may derive in relevant conditions that must be considered
in the design. Accordingly, we have proceeded with a time-
domain analysis which includes the transient period. To simplify
the model, an equivalent load resistance (&) is defined. The
value of R depends on D, where D represents the duty cycle
of the secondary side DC/DC converter (boost type for this
analysis), Rp,, represent the equivalent resistance of the battery
and R, represents the battery equivalent resistance before the
boost converter.

Req = (1 - D)ZRBat (4)
8

By, = F Req (5)

Figures 8 and 9 show the RMS currents on the primary
and secondary sides respectively for the same power transfer

85U8017 SUOWILLOD BA1IE8.1D) 3ot dde 8Ly Aq peusnob ke Sspie YO ‘8sn JO s3I 10j AIq1T 8UIUO 48]/ UO (SUONIPUOD-PUR-SWBI 0" A3 1M AReq) 18Ul [UO//:SdNL) SUORIPUOD pue sWwia | 841 89S *[5202/70/60] Uo AriqiauliuO 48] ‘'Sess10ljqig 8 01010suoD-endD Aq £//2T'Zed/6v0T 0T/I0p/Wod A8 | imArIq Ul U0 Yo Jessa . //:Sdny Wolj pepeojumoq ‘T ‘SZ0Z ‘SrSrSS.T



QUIROS ET AL. 7 of 12
TABLE 2  Mesh equations in a time-domain analysis for the proposed compensation topologies.
Topologies Schematics Electrical analysis
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/5 dr2 C/r Z ( ) C/; Z/:( ) L dr
. M (1 w*R;, 2
AC
Nee™ =
R; cu4L2 + QRR Ry w* + M, (t) w4RL)L§r +RRPR2 + M, (1)’ R.R2

©)

conditions, that is, 100-W power transfer at 10 m/s with the
coupler designed in the previous stage. It can be seen that LCC—
LCC and LCC-S have a similar behaviour under misalignment
conditions with a variation of A .(#). Series—series compensa-
tion has the disadvantage of increasing the current with low
values of M; ;. This behaviour is produced due to the low values
of impedance reflected on the primary side. This characteristic
makes the system achieve high values of current and thus
making this topology inappropriate for DWPT systems. On the
other hand, LCC-LLCC and LLCC-S rise the current values for
higher values of M; ;. This characteristic makes these topologies
a suitable option due to the fact that higher values of current do
not appear when there is no secondary coil, event with a high
probability in DWPT systems. For low values of A4, ; the current
maintain its value in a constant level. The relation between the
output power and the primary current depends directly on the

inductance filter values of the compensation. According to [39],
the values of the filter are selected to increase the efficiency
maintaining low values of input current. This filter value has to
be carefully chosen because high values also produce a rise of
harmonic distortion.

From the previous results, the LCC-S compensation will be
chosen because it has an acceptable variation of the primary
current and a similar performance of the secondary current
when compated to the LCC-LCC structure. Moreover, LCC—
S needs less components, which reduces the cost and weight of
the DWPT system. The series capacitor of the secondary topol-
ogy also gives a CV behaviour which can be interesting in this
kind of charger.

Finally the expression that defines the efficiency of the system
can be found in Table 2 for the three analysed compensation
topologies. The expression of the efficiency takes into account
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FIGURE 9 Secondary current for different compensation topologies.

TABLE 3 AC-AC efficiency comparative.

Coil geometry Peak efficiency Efficiency 50%
DD-DD 78.2% 55.96%
Square—square 93.36% 66.40%
Rectangular—square 92.13% 78.27%
Rectangular—bipolar 93.76% 85.44%

the losses due to the coil resistances. It can be seen that the
efficiency depends on the load resistance value, the filter coil
value (L ;) and the coupling coefficient given by 4/ ;.

To reaffirm the coil design, we have conducted a comparative
study of the system efficiency for the coil geometries analysed in
the previous section when LCC—series compensation is installed
in the charger. In this analysis the peak efficiency value and the
efficiency at a 50% of misalignment are compared under the
same conditions. The efficiency has been measured comparing
the output power of the primary inverter with the input power
of the secondary rectifier. As the coupling changes, the effi-
ciency also varies. Thus, we have measured the efficiency in two
conditions: with the coils perfectly aligned (peak efficiency) and
when the secondary coil has 50% displacement (Efficiencysg).
In Table 3, the main results are summarized. It can be observed
that the coil geometry selected previously still outperforms the
others when LCC-series is used. Specifically, it is notable the
reduced variation of the efficiency for misalignment conditions.

In real implementations, the wireless charger may incorpo-
rate some shielding structures to prevent the magnetic field to
escape from the area of interest. Under these circumstances, the
electrical model of the coupler changes, as verified in [40]. Since
the chassis or other metallic structures have higher dimensions
than the coils, we state that the variation of the electrical model
is constant for all the misalignment conditions. This implies
that the self-inductances and the mutual inductances are decre-
mented by the same corresponding quantity for the whole range
of misalignment conditions. Similarly, the equivalent resistances
should experience a constant increment in the moving range.

Consequently, we consider that the inclusion of these struc-
tures would lead to similar conclusions as the ones derived in
our work.

4 | EXPERIMENTAL VALIDATIONS

In this section a series of experimental tests are conducted in
order to validate the design process. Specifically, the design is
applied to a HOMCOM 370-142V90u car, which is illustrated
in Figure 10. The inverter is made with a KIT8020-CRD-
8FF1217P-1 formed by SiC MOSFETs and the rectifier with
Schottky diodes. The activation pulses for the inverter are con-
trolled by a STM32. In this implementation, two primary coils
have been installed in order to create a lane for DWPT chatg-
ing. They have a distance between them to prevent interactions
between primary coils. Each coil is fed by its own inverter and
compensation network. These inverters are constantly working
so that the transmitter coils are always powered. As the power
consumption is low the losses when there is no receiver are neg-
ligible. The main aim of this decision is that there is no need
of complex control system to detect the receiver coil position,
which is out of the scope of this paper. The coils used for these
experiments are shown in Figure 11 and their electrical parame-
ters, which have been measured with a LCR HM812 meter, are
summarized in Table 4. Due to the low power in the system, the
magnetic fields will not be considered in this paper due to its
negligible level. The levels of the magnetic field involved in this
application do not represent any danger or interferences to the
equipment. Consequently, the measurements in this section will
consider only electrical parameters.

Figure 12 shows voltage (v (#)) and current (7 (#)) on the pri-
mary side for the entire range of movement whereas Figure 13
shows voltage and current in the primary and secondary cit-
cuits respectively for the perfect alignment condition. First, we
observe that the voltage is not a sine wave, which validates the
need for other types of analysis not restricted to one phasor. It
can be seen that when the secondary coil moves along the pri-
mary coil, current increases as the coupling factor does. On the
opposite side, when the secondary coil is no longer coupled with

FIGURE 10 Implemented prototype for DWPT.
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FIGURE 11 Implemented coils. (a) Primary rectangular pad. (b)
Secondary bipolar pad.

TABLE 4  Electrical parameters of the implemented coils.

Parameter Value
Ly (uH) 112.18
L (uH) 110.92
R, (mQ) 203.37
R, (mQ) 643.50
Ly (uH) 40
Cri (aF) 89.6
¢ (nb) 523
C. (nF) 31.8
J (kHz) 85
00v 2 3 500N 4 B400ms/  1.190s Stop 153V

# Summary

Normal
200kSa/s  100MHz

Channel 3 Menu

FIGURE 12  Voltage and current on a DWPT charging system with a
two-coil lane.

the primary coil current decreases to a constant value. It can
also be observed that there is no significant transient in current
when the secondary coil switches from one primary coil to the
next one due to the advantages provided by the compensation
systems selected and the coil geometry.

Figure 14 shows the experimental and simulated values
of mutual inductance between primary and secondary coils.
The mutual inductance has been measured with a LCR meter
HMS812. It can be seen that, as expected, the graphic is sym-

=) 200V 2 100A 3 4 5000us/  00s Auto
d AC RMS FS( ):
49378V
AC RMS FS(2):
1.0851A
AC RMS FS(3):
No signal

-20.0u -10.0u 0.0 10.0u 20.0us
Channel 3 Menu

(a)
1008/ 3 100V 4 5.000us/ 0.0s Auto

0.0V -

30.0 AC RMS FS( ):
Voltage No signal

AC RMS FS():
1.6742A

AC RMS FS(3):
22.466Y

-20.0u -10.0y 0.0 10.0u 20.0us

(b)

FIGURE 13 Voltage and current in the implemented prototype with
aligned coils. (a) Primary side. (b) Secondary side.
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FIGURE 14  Simulated and measured mutual inductance throughout
displacement.

metrical and the maximum values are achieved in the perfect
alighment conditions. In addition, experimental and simulated
results are significantly close to each other validating our pro-
posed design. The small difference between these results can be
produced by the LCR metet’s measurement accuracy.

In order to determine whether the load affects the systems
petformance or not, several experiments for different loads
have been conducted. It is worth noting that the equivalent
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FIGURE 15 Measured DC-DC efficiency for different loads.
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FIGURE 16 Measured DC-DC efficiency for 0 and 50 mm lateral
misalignment.

resistance of the battery changes during its charging process.
A range between 4.5 and 12 € has been chosen in order to
recreate a resistance variation with the state of charge of the
battery. 4.5 € would represent the maximum charging power
situation and the rise of Rp,, represents the decreasing charg-
ing power. As soon as the charging power decreases and SoC
rises, the equivalent resistance of the battery increases. Figure 15
shows the DC-DC efficiency (°¢) of the system for different
loads while the car is moving; This efficiency has been measured
taking data from the power source (input of the primary side
inverter) and the electronic load (working as a battery) through-
out the movement process. This data has been taken every 5
cm.. The efficiency (P©) is defined as the efficiency between
the AC/DC primary converter and the battery (see Figure 1). It
can be seen that the maximum values of efficiency are achieved
between values ranging 10 to 12 Q while lower load values, like
4.5 Q, imply lower efficiencies.

Finally, in the last experiment the performance of the system
under lateral misalignment is analysed. For this experiment a 10
Q load is selected and the efficiency ¢ for 0 and 50 mm lateral
misalignment is measured and compared. Figure 16 shows the

experimental results obtained in the laboratory. It can be seen
that the effect of a lateral misalignment of 50 mm is almost neg-
ligible when compared to non-lateral misalignment. Thus, it can
be concluded that the proposed system has an adequate perfor-
mance under lateral misalignment, which is an important feature
in DWPT systems.

5 | CONCLUSIONS

In WPT and DWPT systems, a thorough analysis of coil geome-
tries is essential to determine the most suitable design for
specific operating conditions. Our analysis concludes that the
rectangular-bipolar geometry is the most effective for the pro-
posed DWPT system. We have not considered the inclusion of
ferrites. While the incorporation of this material would reduce
coil size and improve petformance, its complex integration was
beyond the scope of this study.

The configuration of rectangular—bipolar coils requires the
careful determination of the coil width in order to avoid over-
lap and ensure a zero coupling factor between coils. Optimizing
the primary coil width also reveals a broad range of values that
maintain a high coupling factor, allowing flexibility in design
without significantly affecting performance under no misalign-
ment. However, lateral misalignhment tolerance decreases as coil
width narrows.

Regarding the compensation network, the LCC-S topology
is well-suited for DWPT systems, as it reduces primary current
when the coupling factor decreases, enabling a standby mode
that simplifies the control when there are switching of coils
along an electrified lane. The absence of current transients dur-
ing coil transitions further supports this conclusion. Overall,
the proposed design and its implementation through a proto-
type vehicle validate the feasibility of an LCC-S compensated
DWPT system.

Finally, our experiments demonstrate the existence of an
optimal load for the secondary circuit, crucial for maximiz-
ing system efficiency. This optimal load can be maintained
under varying battery conditions by using a DC-DC con-
verter between the rectifier and the actual load. Future research
will focus on developing control strategies to enhance over-
all system efficiency and manage power coil activation as the
vehicle moves along the dynamic lane. We will also explore
the use of ferromagnetic materials to further increase coupling
efficiency.
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