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ABSTRACT Individual mobility vehicles are revolutionizing transportation in the urban environment.
Among them, e-scooters are one of the fastest growing vehicles. However, these vehicles have some
drawbacks such as incompatibility among different chargers or reduced autonomy, which especially affects
e-scooters rental. Wireless charging is presented as a solution to these drawbacks since it allows the batteries
to be charged without user intervention. This paper addresses the design process and implementation details
related to a magnetic-resonance charger for an e-scooter. In contrast to the previous works, we present a
comprehensive approach that addresses the design of the coil topology, the dimensions of the ferrite tiles, the
definition of the gap and the optimised control for a CC-CV charge. The main contribution of the work is the
consideration of all these issues jointly while we also take into account the vehicle’s materials and structure
for an accurate design and implementation. The dimensions of the vehicle impose a strong restriction on
the coil design. Therefore, a detailed analysis about the location of the secondary and primary coils in
a real e-scooter is executed with Ansys Maxwell. The study about the geometries of ferrite tiles is also
performed considering the particularities of this type of vehicle. This study led to an optimal solution for the
coil geometries and ferrite placement that minimizes the costs. The proposed system has been validated with
the implementation of a real prototype of 100 W, to which a CC-CV control has been incorporated to achieve
a safe charge for different battery states. The control can be easily adapted for a wide range of e-scooters.
In this way, the use of this type of chargers on public installations can be maximized.

INDEX TERMS Wireless power transfer, coil design, e-scooter, ferrite layout, CC-CV control, magnetic
field.

I. INTRODUCTION

The United States Environmental Protection Agency and the
European Union state that light vehicles are causing a relevant
contribution to the greenhouse gas emissions (nearly 20%
of the total) [1]. In order to reduce this effect, governments
are favouring Electric Vehicles (EVs) with specific regulatory
policy and economic incentives. There are multiple types of
EVs and their suitability depends on the number of passen-
gers, journey distances, type of routes, etc. The number of
electric scooters, bicycles and motorcycles has increased in
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recent years as they represent a comfortable solution for per-
sonal mobility in cities, especially in those cities that suffer
from high congestion rates. Due to this problem, last-mile
mobility based on EVs is becoming a fundamental piece in
urban management [2]. It is expected that the congestion rates
will be greater in the future, according to the Coordinates
Institute for Governance and Applied Economics, 60% of the
world population will reside in large cities by 2050. In this
context, strategies that promote personal mobility transport,
such as electric scooters, are being developed. These vehicles,
both owned and temporarily rented, have significant advan-
tages such as low cost, reduced energy consumption, easy
parking and practicality [3]. In addition, the use of e-scooters
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in urban routes increasingly fosters complementing the trav-
els with other means of public transport (metro, bus, train,
etc.), which further reduces the use of private vehicles [4].

Nowadays, most of the scooters batteries are based on
lithium-ion technology [5]. For its charging, conductive
charging is mainly used, which are provided with different
connectors. According to [6], the main disadvantages in order
to own an EV, like an e-scooter, are the battery price, the
vehicle autonomy and the minimal charging infrastructure
in the urban environment. This last limitation restricts the
procedure followed by some companies that operate rent-
ing e-scooters. Multiple cities already have agreements with
companies so that they can offer their electric scooters for rent
for a short period of time. The charging process is currently
carried out with an inefficient process that reduces the avail-
ability of EVs. An operator collects the scooters and transfers
them to a specific charging point where there are multiple
chargers. Once recharged, an operator must carry out the
reverse operation by placing them in the EV “parking lots™.
Proceeding in this way is mainly motivated by the risks that
plug-in unattended platforms will represent as they could be
accessed without any precaution by non-expert people. Users
with their own electric scooter also find that there are no grid
connection sockets easily available in the urban environment.
As described by the report on micromobility prepared by EIT
InnoEnergy [7], it is recommended to adopt a systemic and
sustainable approach to improve the platforms for charging
personal vehicles.

It is evident that electric scooters can benefit from
advanced chargers integrated in cities. These chargers must
enable safe, controlled and autonomous recharging. Wireless
chargers are highlighted as one of the potential solutions for
personal mobility transport [8], which provides a safe charg-
ing while it avoids dealing with different grid connectors [9].
In this paper, we present a wireless charger for an e-scooter.
Wireless Power Transfer (WPT) is already being used in other
EVs [10]. These chargers avoid the existence of electrical
connections to the electrical network that could cause health
problems for users due to improper operation. The wireless
connection could also reduce the fraudulent use of these facil-
ities, even without an operator supervision. Wireless chargers
are mainly based on resonant inductive WPT techniques.
Unlike the conductive charger that operates at 50 Hz, the
wireless charger must increase the operating frequency to
achieve the levels required by the EV battery. To do this,
both the charging platform and the wireless charger in the EV
consist of power converters, filters and capacitors, in addition
to a pair or air-coupled coils. The efficiency of the power
transfer is related to the coupling coefficient of the coils.
Since the power range required by the e-scooters is lower than
1 kW, their wireless chargers could be easily integrated into
current power systems with minimal infrastructural modifi-
cations. This capability enables the strategic deployment of
the chargers for high utilization.

Inductive WPT chargers, in some specific electric cars, are
already available in the market, so we can conclude that they
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have reached a mature status [11]. However, a limited number
of experiments have been conducted so far with other types
of vehicles such as e-scooters. As can be observed in Table
1, some previous works have addressed a preliminary design
of inductive wireless chargers for e-scooters. However, the
proposed designs have not fully considering the materials
and effects of the scooter. Moreover, they were not imple-
mented on a real and functional vehicle [12], [13], [14], [15],
[16]. Since magnetic field is modified with metallic objects,
design and implementations without the real e-scooter may
not derive realistic conclusions. In addition, it is necessary
to charge the e-scotter batteries conveniently with a Con-
stant Current-Constant Voltage (CC-CV) method in order to
prolong their lifetime. This type of control has only been
implemented in [16] but without an optimization to achieve
maximum efficiency in the power transfer. As for the fre-
quency of the magnetic field, references [12], [13] opted for
6.78 MHz whereas [14], [15], [16] based their design on 200,
400 and 150 kHz frequencies, respectively. Concerning the
operational frequency, previous works do not comply with
SAE J2954 [11], which is the standard for wireless chargers
for light-duty EVs. Series-Series (SS) compensation is the
usual reactive network in these works.

The comprehensive application of WPT to e-scooters,
including optimal coil design and enhanced control, is not
straightforward, as it has been demonstrated by some pre-
vious designs of wireless chargers for e-bicycles [17] or
wheelchairs [9]. The particular position of the surrounding
materials, the location of the battery and the temperature of
the vehicle are key elements that affect the WPT. In addition,
weight and physical stability are critical in an e-scooter. These
two conditions may not be fulfilled with the incorporation
of bulky and heavy electronic components for the power
receiver. The power receiver must also be economic, to be a
convenient solution for these low cost EVs. The same criteria
must be the basis for the CC-CV control that these batteries
require.

Considering these premises, we have proceeded with a
complete design of a wireless charger for an e-scooter. The
design takes into account the materials and structure of the
e-scooter. The coil design is based on a realistic model of the
vehicle using a Finite Element Analysis (FEA) tool. Then, the
complete design is used for the implementation of the charger
in a real e-scooter, where some valid conclusions are derived.
In addition, a CC-CV control has been included to charge the
e-scooters appropriately for different battery states. The con-
trol adapts the configuration of a DC/DC converter to achieve
maximum efficiency during the whole charging process. In
the previous works (as summarized in Table 1), we cannot
find the implementation of all these features altogether.

The main contributions of this work are:

o The design of the wireless charger is carefully performed
to consider the physical stability, the weight restrictions
and minimal costs imposed by conventional scooters
while achieving an appropriate efficiency in the WPT.
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TABLE 1. Previous implementations of e-scooters chargers.

Reference Frequency Compensation Coils Vehicle effect in design | Vehicle effect in implementation | CC-CV charging | MEPT
[13] 6.78 MHz SS Square v
[12] 6.78 MHz SS Circular
[14] 200 kHz SS Mixed v
[15] 400 kHz SS Square
[16] [140-200 kHz] SS Square v
Our proposal 85 kHz SS Circular v v v v

These criteria impact on the determination of the coils’
dimensions and the size of the ferromagnetic materials.

o Assummarized in Table 1, this is the first contribution to
the related literature where a precise design of a wireless
charger is validated with a real scooter. The character-
ization of the coupled coils with an FEA software is
also carried out considering a model which includes the
dimensions and materials of this type of vehicle.

o The working frequency is adapted to the SAE J2954
standard [11]. Once this standard is widely deployed,
we believe that components for wireless chargers com-
plying with SAE J2954 are expected to be cheaper and
it will probably decrease the costs associated with the
implementation proposed. For this frequency range, the
WPT coils are made of litz wires to reduce losses due
to skin effect. The material is accurately modelled in the
FEA tool.

o A CC-CV control is incorporated to the charger to guar-
antee a safe charge for the different battery states asso-
ciated with a complete charge. The control configures
the secondary DC/DC converter and the input voltage
according to a Maximum Efficiency Point Tracking
(MEPT) algorithm. The control operates on the sec-
ondary side, and it sends information to the primary
side in order to set the input voltage that gives maximum
efficiency. The DC/DC converter can be easily adapted
to different battery models. In this way, the primary
circuit is valid for a wide range of e-scooter models.

The remainder of the paper is structured as follows. Sec-
tion II describes the coil design, which prioritizes maximizing
the coupling coefficient. Based on the coil design, Section III
explains how the compensation topology was selected. Sec-
tion IV shows the implementation on a real e-scooter and
includes some experimental results (electrical, thermal and
magnetic measurements). Finally, Section V concludes the

paper.

Il. DESIGN OF THE COUPLED COILS

In our approach, we intend to have a realistic performance
of the coils once it is installed on the e-scooter. Thus, for
the coil design, Ansys Maxwell software is used [18]. This
FEA software lets us include the structure and materials of
the e-scooter so that their effect on the WPT can be accurately
modelled. A 3D model was developed for this purpose. This
model represents a generic e-scooter and can be seen in
Figure 1. However, the model is too complex for FEA analysis
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FIGURE 1. 3D e-scooter model.

due to multiple details and pieces which does not affect
significantly. A simpler model is developed in this work to
reduce computational costs and provide realistic results. The
final model is composed of the basic structure of the e-scooter
without the parts whose size is insignificant compared to the
structure or are far from the coils. Other components whose
materials do not interfere with magnetic fields, such as tires,
are also not included.

The main goal of the coil design is to select the ideal
pair of coils which maximizes the coupling coefficient while
minimizing their cost. The position of the coils on the scooter
is the first decision to be taken. Multiple positions could be
suitable for this component. This decision is affected by three
main constraints: the available space, which is limited in an
e-scooter, the interference with the user, and the surrounding
materials, which affects the magnetic field and the power
transfer. The bottom of the scooter is the selected position
because interference with the user is almost non-existent
and the primary coil can be located on the ground without
any additional structure. Multiple authors also consider this
position as the most convenient option [12], [13], [15], [16].

As commented, geometrical constraints must be taken
into account for the design. These constraints are presented
in Figure 3. Considering these space limitations, multiple
options for the coil sizes are analyzed. Misalignment is not
considered in the analysis since we assume that the parking
of the e-scooter is fixed by a structure that ensures the correct
position of the receiving coil. Figure 2 shows a representative
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FIGURE 2. Generic e-scooter parking lot [19].

parking lot for e-scooters where this condition can be guar-
anteed.

The topology of the coils affects their complexity and costs.
The lower the complexity, the lower the cost. Some complex
geometries are proposed in the related literature for wire-
less chargers when some factors (such as misalignment) are
present [20]. However, these particularities are not present in
our application and simple coil geometries provide a similar
performance than complex and more expensive coils. Thus,
we only considered simple coil geometries. The simplest coil
geometries are the circular and the rectangular ones [21].
In [22] the authors conclude that for aligned positions, cir-
cular coils give higher coupling coefficient than rectangular
ones. Following this analysis, circular coils are considered
for our design. Taking into account the space restrictions,
multiple options for circular coils are possible. We have
evaluated which one is the best in the particular application of
an e-scooter. For this operation, FEA simulations have been
done with the potential solutions of circular coils and the
adapted 3D-model for the e-scooter.

The design of this charger is partially based on the SAE
J2954 standard. One of the main requirements of this standard
is the operating frequency, which is established at 85 kHz
with a tolerance margin. This frequency requires the use of
a special type of cable (litz wire) for the coils to minimize
losses due to the skin effect. FEA simulations with litz wire
are time-consuming since their multiple strands make compu-
tational cost increase. To model the coils in Ansys Maxwell,
an homogenization process will be executed. The homoge-
nization process consists in simplifying the litz wire as an
equivalent layer with the same electrical properties [23]. This
process allows reducing computational costs while improving
simulation times. Multiple options are possible considering
the space constraint of the e-scooter base. It is important to
note that a wide set of simulations has been performed to find
the optimal design that meets the requirements so reducing
the computational time provides a notable advantage to the
design.

Due to the effect of the scooter on the magnetic field, the
secondary coil requires as much space as possible in order to
maximize the coupling coefficient between the primary and
secondary coils. For a litz wire of 200 strands of AWG-38,
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(a) Vertical distance.
70cm
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(b) Horizontal distance.
FIGURE 3. Geometrical restrictions.

FIGURE 4. Different layouts for ferrite tiles. a) Without, b) Completed,
c) Radial mixed tiles, d)Radial wide tile, e) Radial thin tile, e) Ring.

the selected coil has 20 turns with an inner radius of 1 cm.
The diameter of the litz wire is 3 mm.

In order to choose the optimal combination of coils, the
primary coil is configured with the same geometry than the
secondary coil. Its final configuration is decided analyzing
the effects of the ferrite layouts and different number of turns
(from 20 to 50 turns). These two issues will be explained next.

A. FERRITE LAYOUT
Ferromagnetic materials are sensitive to external magnetic
fields as their inner ions easily orientate in the same direction
than the external field. This property makes them a suitable
option to improve wireless power transmission. The distri-
bution of ferrite tiles is important in terms of effectiveness-
cost. The works in [24] and [25] show that radial positions
have high relation amount of ferrite-effectiveness for in-
wheel applications and electric cars respectively. In contrast
to our application, the coils in these previous works are larger
so we have evaluated this assumption for our specific case.
For an e-scooter, the layout of the ferrite tiles in the coils is
crucial in order to optimize the amount of material used for
the power transfer, the costs and weight. Different layouts can
be considered as shown in Figure 4.

In Table 2 the coupling coefficient for the different layouts
can be seen. For a simplicity purpose, we consider that the
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TABLE 2. Parameters for different ferrite layouts.

Layout Li(puH) | La(pH) K Area (mm?)
Figure 4 (a) 25.235 25.246 0.156 0
Figure 4 (b) 41.219 41.233 0.196 15393
Figure4 (c) 31.579 33.635 0.174 5405
Figure 4 (d) 31.572 31.565 0.172 5776
Figure4 (e) 33.513 33.499 0.176 5035
Figure 4 (f) 28.619 28.734 0.166 6283
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FIGURE 5. Quality factor versus the modification of the size of the ferrite
tiles.

primary and the secondary coils have the same dimensions.
The simulations carried out with Ansys Maxwell show that
radial layouts (Figures 4 ¢, d and e) are capable of increasing
the coupling coefficient with less material used, thus being
these the most efficient in order to reduce the amount of
material, costs and weight. Layouts like those in Figure 4b
achieve maximum coupling coefficient although it needs a
great amount of material, which increases the costs and
weight of the charger.

One of the main drawbacks of including ferrite tiles could
be the extra weight added by ferrite tiles in the secondary
coil. However, it is insignificant (few grams) compared to the
weight of the vehicle (around 12 kg) and the user’s weight
(around 70 kg). The layout with radial positions (Figures 4.c,
d and e) provide a good weight, cost and performance ratio.
To further analyse the radial layouts, we will consider other
parameters affecting the WPT. First, we will study how the
size of the ferrite tiles impacts on the quality factors of the
coils. Figure 5 illustrates the evolution of the quality factor
with the variations of height and width for different number
of turns. For a generic ferrite tile with width x and height
v, as depicted in Figure 4.e, we increase the width by Ax
and decrease the height by Ay. We assume that Ax = Ay.
The variation in Figure 5 forces moving from rectangular
tiles to square tiles. As expected, for higher number of turns
the quality factor of the coil is higher than for smaller ones.
An important conclusion from these results is that the varia-
tion of quality factor is not so relevant for lower number of
turns: for 20 turns of the coil, the reduction is 9.29 %, but for
a 10-turn coil the reduction is 21.15 %. These results show
that rectangular tiles are more suitable for smaller coils but
some additional analysis could be done for larger coils as the
variation of the quality factors is not so severe. This study
will be done next once the dimensions of the primary coil are
determined.
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B. DIMENSIONS OF THE PRIMARY COIL

The decision about the number of turns to build the primary
coil is based on an iterative process in which the coupling
coefficient and the costs are analysed. Thus, for each potential
design solution (number of turns) of the primary coil, we have
studied four compositions of the coils: (i) no ferrite included,
(i1) ferrite incorporated only on the primary coil, (iii) ferrite
added exclusively on the secondary coil and (iv) ferrite tiles
are installed on both the primary and secondary coils. The
ferrite tiles are incorporated with a radial layout using wide
tiles for the primary coil and thin tiles for the secondary coil
(see Figure 4c). The study is performed with Ansys Maxwell,
being the model of the coils depicted in Figure 6.

The distance between the primary and the secondary coil
is another constraint. Most scooters have a vertical distance
between the ground and the base of 9 cm approximated so
this distance will be considered as a starting point for our
analysis. The simulations are initially performed with this air
gap for the four types of configurations. Results in Figure 7
show a maximum coupling coefficient of 0.1139 with a 35-
turn primary coil with ferrite tiles in both coils. This coupling
coefficient can be considered low for this application because
typical coupling coefficients are between 0.1 and 0.3 [26] and
the value is very close to the lower side of the range.

In order to improve the coupling coefficient while reduc-
ing the costs, the air gap between the primary and the sec-
ondary coil was reduced to 6.5 cm. With this configuration,
we assume that the parking lot could be equipped with a
higher platform where the primary coil is embedded. This is a
feasible assumption considering that typical parking lots have
the structure to keep the e-scooter in vertical positions and
the front wheel static. The results for this new configuration
are presented in Figure 7. As can be observed, the maximum
coupling coefficient was 0.199 with a 28-turn primary coil.
The result shows that with an air gap reduction, we are also
able to reduce the necessary number of turns of the primary
coil and, therefore, its cost and weight. This reduction helps
saving around 4.66 m of litz wire.

In order to select the final coil configuration, we have to
attend two main requirements: coupling coefficient and costs.
Although the maximum value is reached for 28 turns with a
coupling coefficient of 0.199, the final solution was adopted
for a 25 turns coil as it has a similar coupling. The coupling
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FIGURE 7. Coupling coefficient with different configuration of the
primary coils and gaps.

coefficient with this configuration is 0.197, which is very
close to the optimal value. The difference on the coupling
is almost insignificant but we achieve to further reduce the
amount of wire needed in 1.71 m.

Finally, a comparative between thin and wide ferrite tiles in
the primary coil has been performed. Previously, in Figure 5
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FIGURE 8. Comparative of the performance with wide and thin ferrite
tiles in the primary coil.

TABLE 3. Design parameters of the developed coils.

Primary coil Secondary coil
Ly 63.5747 uH | Lo 24.6846 uH
T1,iNn 1cm o, in 1cm
ri,out  8.5cm ro,out 7cm
N 25 No 20
M 78145 uH

it was proved that square ferrite tiles may be suitable for
coils that have higher number of turns. In Figure 8 the vari-
ation of the coupling coefficient with the number of turns of
the primary coil can be seen for wide and thin ferrite tiles
(with dimensions depicted in Figure 4. d and e, respectively).
Results show that wide tiles in the primary coil achieve higher
coupling coefficient than thin tiles. As we demonstrated pre-
viously, when the number of turns of the primary coil is
significant, the variation of the coupling coefficient is not
relevant (please refer to Figure 5). Thus, we will opt for the
cheapest and lightest version of the wide tiles which provides
an acceptable quality factor, that is, for square tiles.

The final ferrite layout will be square tiles in the primary
coil and rectangular tiles in the secondary coil. The size of the
ferrite tiles in the primary coil are 55 x 55 mm? while on the
secondary side, the dimensions are 65 x 23 mm?. The final
amount of litz wire used for this prototype is 12.9 m (7.70 m
for the primary coil and 5.2 m for the secondary coil). It can
be observed that the steps carried out during the design for
the reduction of the litz wire have a significant contribution
with 4.66 m with the selection of the gap and 1.71 m with the
definition of the number of turns for the primary coil.

The theoretical electrical characteristics of the circu-
lar coils for the selected configuration are summarized in
Table 3, where 7y, in and ry, out represent the inner radius
and outer radius respectively for x = 1 if the primary coil is
considered and x = 2 for the secondary coil. The outer radius
depends directly of the number of turns (Ny). The relation
between between M and k is determined by M = K/LiL;.

Ill. COMPENSATION SYSTEMS

One of the main requirements for e-scooter wireless charger
is to minimize the complexity and costs. There is a wide vari-
ety of e-scooters and their batteries have different electrical
features. There are some working at 42 V and others at 36 V.
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TABLE 4. Compensation capacitors value for different compensation
networks.

Compensation C1 Ca
T T
SS Liw? Low?
SP _L3Cy _ _1
LiLo—M?2 Low?
T5C5 1
PS Lo+ M4 Low?
L1LyCyR2
PP (L1Ly—M?)L3Cy
MAR2 Cy o2 Low?
— (L1La—M?2)

To ease the deployment of wireless chargers, the primary
circuit must be valid for all these types of batteries. Conse-
quently, we consider that including a voltage adaptation on
the secondary side is the most convenient approach.

With this premise, the most simple structure of an EV
wireless charger is depicted in Figure 9. As for the power
converters, only a rectifier and an inverter are included on
the primary side. The secondary side has a non-controllable
rectifier and a DC/DC converter to adapt the voltage levels to
the requirement of the battery of the e-scooter on which it is
installed. It is desirable that the specific voltage level required
by the battery can be configured with a software tool.

Regarding the compensation networks, uni-resonant
topologies offer a cost-effective solution, specially suitable
for wireless charging with null or not relevant coil misalign-
ments [16], [17]. This is the type of scenarios we are working
with the e-scooter, so we will study these compensation
networks.

Uni-resonant topologies can be classified in four cate-
gories, depending if capacitors are installed in series or par-
allel. These topologies, illustrated in Figure 10, are Series-
Series (SS), Series-Parallel (SP), Parallel-Series (PS) and
Parallel-Parallel (PP). Our design process consists of eval-
uating the potential configurations of the system with these
four topologies. In these schematics, the output inverter Vj is
a sinusoidal wave assuming a first harmonic approximation.
The impedance of the battery at the input of the secondary
rectifier is modelled as the resistance Ry (referred to as the
equivalent load resistance). The relation between the internal
resistance of the battery Rp,; and R; depends on the con-
figuration of the secondary DC/DC converter, as it will be
explained in Section I'V.

With the parameters of the designed coils, the electrical
performance of each compensation topology can be studied.
The procedure to compute the capacitors is different depend-
ing on the compensation topology. Table 4 summarizes the
equations of these elements, where w corresponds to the
operational angular frequency. Complying with SAE J-2954
requirements, we are working with an operational frequency
of 85 kHz.

The efficiency, the voltage and current on the primary side
(\71 and T 1) can be computed according to Table 5. In [21], the
authors present a complete description about how to derive
these equations.

For our design, the requirements of the charger include a
charging power of 100 W and a secondary voltage of 40 V.
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Uni-resonant topologies have been analyzed considering
these requirements and using Equations in Table 5. PP and PS
compensations need high voltage and low current to charge
at 100 W. SS and SP compensations use lower voltages so
they will be considered due to this levels of voltage are
more reachable and safer. Table 6 shows that SS and SP
compensations use almost the same levels of current and
voltage with a constant resistance on the secondary side. The
SS compensation is selected because of its easier design and
implementation.

IV. PROPOSED CC-CV CONTROL

Lithium-ion batteries need to be charged with a specific
method in order to extend their durability. This method con-
sists of a two-phase charging process known as CC-CV.
This method proceeds with charging at constant current until
the maximum voltage recommended by the manufacturer is
reached. The chosen current in this stage depends on the
power requirements of the battery. Using current levels under
the maximum one helps to increase the lifespan. In the second
phase of the charging process, the voltage level is regulated to
keep this parameter constant. In this second process, the cur-
rent starts decreasing until the battery is completely charged.

In this paper we propose the use of a complete CC-CV
charge in the wireless charging process. The control is only
installed on the secondary side and it does not require any
parameter/measurement from the primary side. The sec-
ondary side informs about the convenient setting of the pri-
mary side to work at maximum efficiency while providing the
appropriate voltage to the battery. In this way, the primary
circuit is simple and useful for different types of e-scooters.
When installing the charger on the e-scooter, the control must
be configured to update the reference values according to
the battery features. Figure 11 shows a theoretical CC-CV
charging application for a battery of an e-scooter. It has a first
constant-current stage at 2.5 A in which the voltage increases,
followed by a constant-voltage stage at 40 V in which the
charging current gradually decreases. These voltage and cur-
rent levels are typical for e-scooter batteries. It can be seen
that during the charging process the equivalent resistance of
the battery changes as a nonlinear function.

For our proposal, the CC-CV control technique is imple-
mented using a single PI controller, as depicted in Figure 12 .
This PI controller regulates both current and voltage charg-
ings simultaneously. A PI input error selector makes this
possible, preventing both voltage and current from exceeding
the limit values of the battery. The main advantages of this
solution are its simplicity of implementation and a seamless
transition from CC to CV.

The control works as follows. First, the voltage (V;;,) and
current (/,,,) on the battery are measured. These measurements
will not be sent via a wireless connection because the control
is only placed on the secondary side. Then a selector chooses
the charging mode depending on the voltage value. If this
level is under the maximum recommended by the manufac-
turer, the charging mode will be constant current and if this
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TABLE 6. Required voltage and current with uni-resonant compensation
networks.

Compensation topology | V1 Iy Vo 1o
SS 1242V | 8.68 A
SP 1231V 8.82 A
PS 20485V [ 037A | WOV | 218A
PP 288.14V | 05T A

value is equal or higher, the charging mode will be constant
voltage. Vs corresponds to the maximum indicated by the
battery manufacturer, which is configured in the controller
via software. It is important to highlight the fact that compat-
ibility with other e-scooter models is ensured as the charging

VOLUME 11, 2023

Battery Resistance

FIGURE 11. CC-CV charge.

references and the selector’s decision are based on the battery
parameters.

To comply with the CC-CV charging strategy of the pro-
posed control, the secondary current and voltage measure-
ments are required. The current and voltage control are made
by a boost converter on the secondary side, as depicted in
Figure 9.

In order to achieve the maximum efficiency in every stage
of the charging process, the control has to adapt its parame-
ters conveniently. For the next mathematical analysis, please
consider that there are three resistances associated to the load,
as shown in Figure 9. Rp,; models the battery with its internal
resistance. This parameter can be defined from the voltage
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and power requirements of the battery. R, represents the
resistance at the input of the DC/DC converter. The DC/DC
converter works as an impedance adapter so that Rp,; and
R, are related as a function of the duty cycle D. Specifically,
for the proposed DC/DC converter, the equivalent resistance
(Req) can be defined as:

Reg = (1 — D)’ Rpa (0

Finally, Ry is the resistance measured at the input of the
rectifier. The rectification stages makes that:

_ 81 —-D)

Ry
72

Rpar @
According to the equation in Table 5, the theoretical effi-
ciency nyy is:

1-Dy
8(7T—Z)RBat
Nih = 3

2

2

R2+@R3m 8(1—D)2

Ry (uf—M +Ry+ (nz " Rpar

It can be observed that the theoretical efficiency depends
directly on the duty cycle of the DC/DC converter. Thus, there
is an optimum D value to achieve maximum efficiency. How-
ever, tuning the duty cycle also changes the output battery.
In order to maintain constant this voltage, the input voltage
must vary accordingly. In particular, the voltage at the battery
(VBar) 1s:

167/2Rpa: ViwM (1 — D)
RiRy73 + wR18(1 — D)2Rpy + m3w?M?

VBar = “

As expected, the output voltage also depends directly on
the duty cycle of the DC/DC converter and on the input
voltage of the system. In order to control the output voltage,
several combinations can be selected. For our MEPT imple-
mentation, a simple but effective approach will be followed.
First, the controller on the secondary side sets the duty cycle
which leads to the maximum efficiency. Then, it detects
which input voltage is required to get the expected voltage at
the battery. To determine the optimal D and V7, the controller
looks up in an internal table stored in the local memory.
For each battery resistance Rp,, the table stores the correct
values for D and V). As the relative position between the
coils do not change, these two parameters are constant for
the same Rp,;. Thus, we can make use of a recorded table
to identify the optimal configuration of the power converters.
This table is completed with an experimental evaluation in
a phase previous to the installation of the charger. With the
pre-stored table, the controller is simplified into the following
main steps. First, the equivalent resistance of the battery is
estimated from measurements V,, and I,,,. With this value,
the control looks up at the pre-stored table to identify the
optimal D and V. Since the control is on the secondary side,
it can directly adjust D. Finally, the controller communicates
with the primary side to inform about the input voltage it
must set.
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FIGURE 12. Control scheme for CC-CV charging.

Detecting foreign objects is indispensable for EV wireless
chargers. When an object appears between the primary and
secondary coils, the electrical parameters of the coils change.
These changes may affect the charging process degrading the
power transfer or even provoking some hazards due to the
heating of the foreign object. Considering the gap, foreign
objects such as coins, a piece of aluminium sheet or a nail
may be accidentally placed in the area between the two coils.
Algorithms for Foreign Object Detection (FOD) could con-
tribute to a safer charge. These algorithms can be classified
in three broad groups [27]: sensor-based detection, measuring
parameter variations and sensing pattern based. Sensor-based
variations can be implemented with several detection gad-
gets such as temperature sensors, pressure sensors or image
cameras. Their main advantages are high sensitivity and the
ability of detecting metal objects. On the other hand, imple-
menting this kind of detection systems can be expensive,
being their use impossible for some applications like light
weight vehicles wireless chargers. Alternatively, measuring
parameters variations is a cheaper solution to detect foreign
objects. Parameters like self-inductance, quality factor or
currents can be used. This method is limited by misalignment
and it can be only used for low power applications. Finally,
sensing pattern based presents high accuracy and sensitivity
being independent from misalignment or the environment.
This method uses an auxiliary coil to detect the object. Its lim-
itations include non detecting small ferromagnetic objects.
Considering the design premises of our e-scooter, measuring
the electrical parameters outstands as the most convenient
option for FOD.

This type of FOD technique is based on the fact that when a
metal object is placed between the primary and the secondary
coils, the self-inductances and mutual inductance of the coils
decrease their values [28] . On the other hand the resistance
of the coils increase their value. Some simulations have
been released in order to study the effect of these changes
on our designed wireless charger. For a simplicity purpose,
we assume that all the inductances are diminished by factor
Br and the resistances are increased by factor Sg. Figure 13
shows the voltage variations on the primary coil. Based on
these values, a FOD control may be included on the primary
so when relevant changes on the voltage of the primary coil
(VL) are detected, the charging process is interrupted. Addi-
tional parameters should be checked to verify that the wireless
charger is operating correctly. For instance, a current sensor
may be installed on the primary side to detect short circuits
on the secondary side. Under this condition, the current on
the primary side increases and it is necessary to disconnect
the primary coil.
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(a) Primary coil
FIGURE 14. Implemented coils.

V. EXPERIMENTAL RESULTS

In order to validate the simulated results, a prototype has
been implemented in the laboratory. The prototype is tested
with an e-scooter model OutSider E-Volution 8,5 Phoenix
at 100 W. According to the SAE J2954 standard, the operating
frequency is established at 85 kHz, which is the frequency
provided by the primary inverter. Short-circuits have been
avoided in the full bridge inverter by using PWM signals with
a duty cycle lower than 50%. By using a duty cycle close to
50%, we ensure that short-circuits do not appear. This can be
achieved in the programming stage, where this restriction can
be programmed in the microcontroller. Losses are not relevant
with this type of configuration [29].

Both coils have been made following the design of Sec-
tion II. The implementation of both coils (primary and sec-
ondary) can be seen in Figure 14. The coils include ferrite
tiles in the optimal layout as analysed in a previous Section.

The electrical parameters of the coils are measured with
a Rohde & Schwarz HM8118 LCR meter. The real values
of inductance are compared with the simulated values. The
measured values are 63.148 uH for the primary coil and
24.749 pH for the secondary coil. These values are very
close to the simulations, which validates the design process
followed in this work. Table 7 shows a comparison of the
simulated values and the measured ones.

The values of the capacitors are calculated using the
expressions presented in Table 4 for a SS compensation topol-
ogy. The theoretical compensation capacitors for 85 kHz were
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TABLE 7. Comparison of simulated and measured values for the coils.

Parameter | Simulated | Measured
L1(uH) 63.5747 63.148
Lo(uH) 24.6846 24.749
M (uH) 7.8145 6.314

TABLE 8. Compensation capacitors value.

Parameter | Theoretical value | Measured
C'1 (nF) 55.52 55.78
C'2 (nF) 142.03 143.84

Secondary Coi
&
-

FIGURE 15. Designed coils on real e-scooter.

TABLE 9. Electrical measurements of the e-scooter wireless charger.

Parameter Value
Vi 123V
Va 412V
I 139 A
I 3.17
Vbe 385V
Power 100.1 W
Efficiency 94.69 %

55.52 nF for the primary side and 142.03 nF for the secondary
side. The final values of the compensations capacitors can be
seen in Table 8. Minor differences are due to the tolerance of
the components.

The final configuration of the coils on the scooter is pre-
sented in Figure 15. The receiver coil perfectly fits in the
e-scooter base. In order to operate with the design gap, the
primary coil is elevated some centimeters from the ground.
The scooter stand helps this design requirement to be fulfilled
without any additional structure.

In order to achieve the target charging power, in this exper-
iment the input DC voltage to the charger is set to 15.12 'V,
leading to the voltage and current at the AC primary and
secondary sides in Figure 16 and 17 respectively. Specifically,
the electrical parameters are measured at the primary inverter
output and at the secondary rectifier input, referred to Vi, Iy,
V, and I as indicated in Figure 10.(a). The measurements can
be seen in Table 9. The results show an efficiency of 94.69 %
in the AC power transfer.

The proposed CC-CV control has also been implemented
in an Arduino Mega board. A digital output pin has been used
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FIGURE 18. DC/DC converter, sensors and controller.

for the PWM signal, which regulates the duty cycle D in the
boost converter. Two analog input pins are used to read I,
and V,,. With these two measurements, the algorithm control
shown in Figure 12 will be executed in order to adjust the
charging process. The converter used for the implementation
can be seen in Figure 18. In this implementation Vs and /¢
were constant to 40 V and 2.5 A respectively. Figure 19 shows
the charging process depending on the equivalent resistance
of the battery. It can be observed the two charging phases,
as expected.
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The efficiency of this converter has been studied in order
to check the performance of the system. The efficiency of
the converter is mostly above 90% for several equivalent
resistances. As for the complete system, the AC/AC effi-
ciency (measured at the output of the primary inverter and
the input of the secondary rectifier) is 94.69%. However,
the DC/DC efficiency (measuring at the input of the inverter
and at the battery terminals) was in the range from 62% to
67%. The exact quantity depends of the equivalent resistance
value of the load as can be seen in Figure 20. In this Figure,
the variations of the efficiency with the duty cycle can be
seen. When compared with wireless chargers for cars, this
value is low. This is due to the low power levels that we are
considering in this application. For the managed power, the
effects of the non-idealities of the components are more rele-
vant, so the parasitic resistances of the transistors and diodes
notably degrade the system efficiency. The same effects were
perceived in the low-power application described in [30].

For the implementation of the MEPT control, these experi-
mental results are used to complete the internal value that the
controller looks up to set the values of D and Vj in order to
maximize the efficiency while keeping the voltage constant at
the battery input. These parameters depend on the equivalent
resistance of the battery, which is estimated previously to
derive the appropriate configuration setting. As misalignment
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FIGURE 22. Magnetic field measurement at different positions from the
center of the primary coil.

conditions are not expected in our application, these data are
simple to store and to look-up.

As a valuable feature about the practicability of the wire-
less charger, thermal effects have been evaluated. The tem-
perature reached by the charger when the process has taken
30 minutes can be seen in Figure 21. It shows that wireless
charging does not affect the temperature in the e-scooter,
which makes the charging system feasible for its use even
when an immediate drive will take place. These effects of the
charging on the secondary side have been achieved thanks
to the design, which tries to minimize the current on the
secondary coil. The charger element that reaches the highest
temperature is the primary coil, with a maximum value of
31 °C. This does not constitute a significant limitation as the
primary coil is expected to be embedded.

In order to satisfy the ICNIRP exposure limits, the mag-
netic field around the coils was measured and its variation
with distance can be seen in Figure 22. The Gauss meter
SPECTRAN NF-5030 is used to measure EMI under different
distances away from the primary coil’s center. The magnetic
field strength is far below 27 uT, which demonstrates the
compliance of the proposed design with safety and EMI
restrictions for humans.
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VI. CONCLUSION
E-scooters are becoming an essential way of transportation
in our cities. For this reason, advanced techniques to ease
their charging are needed. In this article, we designed and
developed a magnetic resonant charger for a commercial
e-scooter. The design of the coils was made using Ansys
Maxwel software considering the effect of the vehicle on
the WPT charging. Important features such as the layout
of the ferrite tiles and the coil dimensions are addressed to
achieve an optimal solution that aims to get a high efficiency
and low costs. The selection of the compensation topology
was also carried out, showing that SS compensation is the
most suitable for this application. We have also included
a feasible CC-CV control to guarantee that the charger is
compatible with most common e-scooters, even when their
batteries have different voltage levels. The application of
all these design features in one real e-scooter has not been
reported in the related literature. The results obtained from a
real implementation showed an efficiency of 94.69% in the
AC transmission, no relevant thermal effects on the e-scooter
and compliance with the magnetic field restrictions.

Future works will be focused on the effective use of power
electronics for a platform with several wireless chargers as
well as the design of an optimal multi-coil system.
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