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Abstract: The penetration rate of electric vehicles (EVs) will experience a relative increment in
the future, so easy to use ways to recharge will be demanded. In this sense, wireless charging
represents a safe charging method that minimises user intervention. In a similar way to conductive
charge, wireless charging requires some information exchange between the charger primary side
and secondary side (battery) for safety and operational reasons. Thus, wireless chargers depend
on a communication system for their controlled and correct operation. This paper analysed the
communication performance of a wireless EV charger in which the communiction device is part of the
wireless power transfer system. Particularly, this work studies how the communication system reacts
to power coil displacements, which commonly occur in their conventional performance. The results
show that the compensation topology selected to ensure the resonant operation clearly impacts
on the communication performance. In particular, the theoretical model and the simulation results
demonstrate that the asymmetrical compensation topologies are more stable in terms of the wireless
communication channel capacity.
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1. Introduction

Wireless charging is now a reality and a wide range of commercial low-power products are
equipped with this technology [1]. In addition to common mobile phone devices and some biomedical
electronics, the commodity of use associated with wireless power transfer also makes it attractive
for medium power devices (kW level). In this range, electric vehicles (EVs) are clear candidates that
could benefit from the wireless power transfer, to charge their batteries in a safer and easier way.
Inductively Coupled Power Transfer (ICPT) technology is the most mature mechanism applied to
the wireless charge of EVs [2]. It basically consists of a pair of loosely coupled coils. The one in the
pavement (referred as the primary side) is excited with a time-varying current, which induces a voltage
in the secondary coil, that is, the coil placed in the EV chassis. This voltage is employed to charge the
battery that is connected to the secondary coil [3]. To enhance the power transfer, reactive components
(typically named compensation networks) are added to both coils. Power converters are also inserted
in the chargers to ensure a high-frequency magnetic field [4].

The adequate operation of the EV wireless chargers requires some mechanisms that control the
correct current and/or voltage, which are provided to the battery once permitted. Thus, the primary
and the secondary side need some information exchange [5] (e.g., some billing information or some
electrical status about the battery). This information does not only occur during the charge, but it can
also occur with no charge. For instance, in a V2G (Vehicle-to-Grid) scenario, the vehicle and the grid
need to exchange some data about prices or the battery State-Of-Charge (SOC) to decide whether it is
convenient or not to perform a charge or a discharge [6].
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For this information exchange, wired communication is advised against, as it will eliminate the
main benefits reported by the wireless chargers. Several wireless-based communication techniques
have been proposed as alternatives. The more straightforward strategy consists of opting for
some commercial wireless modules, which could be inserted in the primary and secondary sides.
Coordination between the modules and some security drawbacks are the main concerns which
could make this solution inoperative [7]. To obtain more reliable communication, these solutions
can be complemented, or even avoided, by using the same wireless link that is involved with the
wireless charger.

Several papers have been published regarding the use of the coils for the simultaneous
transmission of data and power in EV wireless chargers. In [8], the authors designed a scheme
where both data and power are transmitted at the same time. Specifically, data and power are
generated at different frequencies (1.6 MHz and 22.4 kHz, respectively). A similar scheme was
published in [9]. Both schemes are complex to implement, as they have to add high-frequency data
communication modules, extra coils and filters to separate the power and data processing accordingly.
As demonstrated in [10,11], additional costs can be avoided if the power converters employed to create
the high-frequency signal generate the data signal too. According to this strategy, data and power
are transmitted at the same frequency. The work in [10] included experimental results which show
how this kind of combination is feasible for a 700-W wireless charger operating at 22 kHz. In fact,
the spectrum of the data signal is centered at the frequency in which the wireless charger resonates.
On the other hand, the data protocol is based on the BFSK (Binary Frequency Shift Keying).

As demonstrated in [10], when the data and the power are transmitted at the same frequency,
a data protocol needs to then be designed. To do so, some features of the wireless link over the
inductive channel need to be characterised. Among these characteristics, it is necessary to know the
communication capacity of the link, which limits the bit rate that the wireless channel can support.
In contrast to other wireless communication schemes, the inductive link involved in ICPT technology
is based on near-field transmissions. Moreover, it is specially designed to maximise the efficiency
of power transfer on specific conditions, such as the coil positions and their relative distances [12].
This design goal differs from the one employed in traditional wireless communication systems, which
aim to maximise the power transfer with an efficiency equal to 50%.

The conditions assumed in the design process do not always hold during the operation of the
wireless chargers. In fact, it is expected that there will be an increased number of scenarios where coil
misalignments will be present. This is due to the promotion of the use of wireless charge while the
vehicle is moving (dynamic charge) or temporally stopped due to traffic signals (stationary charge) [13].
The effect of coil misalignment has already been studied in regard to power transfer, but the analysis
regarding its impact on the communication channel is still missing [14].

This paper analyses the capacity of the wireless channel created between the two power coils.
In particular, it is based on the scheme proposed in [10] where both data and power signals are
transmitted at the same frequency in order to avoid filters, high-frequency communication modules
and extra coils to couple the data to the power circuits. Specifically, it studies how this parameter,
which represents an upper bond for the data bit rate, is affected by usual coil misalignments
(vertical and/or horizontal). The study is carried out for different compensation topologies in order
to derive conclusions about the impact of the compensation networks’ selections for wireless data
transfer. Some previous works have addressed the capacity of an inductive link [15,16]. However,
in these works the coils were intended for low power applications, so the systems have characteristics
that cannot be applied to EV wireless chargers. Firstly, they assume that both coils share the same
topology (number of turns and dimensions). In an EV, the coil in the pavement is usually bigger than
the one in the car in order to improve the coil misalignment behavior [2]. In addition, they work under
the assumption that the coupling between the coils is so weak that the primary current is not affected
by the impedance reflected from the secondary side. As shown in [17], this assumption is not valid
for EV wireless chargers. Moreover, low power applications relay on a Series-Series compensation
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network, but other matching topologies can be found in EV wireless chargers [18,19]. Thus, in contrast
to [15,16] this paper extends the study of the capacity offered by an inductive link with the following
main contributions:

(1). The coils are realistic for EV applications in terms of their dimensions and size.

(2). Four types of compensation networks are considered, as Series—Series is not the only option
considered in EV wireless chargers.

(3). The reflected impedance is not neglected when deriving the electrical magnitudes affecting the
computation of the channel capacity.

(4). The vertical, horizontal and joint vertical and horizontal types of misalignments are analysed.

This study is based on a theoretical approach for each of the four single-resonant compensation
networks. The theoretical models have been compared with simulation results, which show good
agreement. For all the types of tested misalignments, the Series—Series compensation network was
revealed to be the topology with the lowest stability in terms of variations of its channel capacity.
In contrast, the asymmetrical topologies (series-parallel and parallel-series) were the compensation
networks demonstrating better tolerance to coil misalignment from the communication point of view.

The rest of the paper is organised as follows: Section 2 overviews the structure of wireless
chargers for electric vehicles. Section 3 presents the theoretical model used to compute the capacity
of the wireless channel offered by the inductive link when considering misalignments and different
compensation topologies. Section 4 presents and studies the results obtained by the developed model
for a typically-designed EV wireless charger. The model is contrasted with some simulation results,
showing a good agreement. Finally, Section 5 presents the main conclusions of our work.

2. Overview of a Wireless EV Charger

The structure of an ICPT wireless charger for an EV is illustrated in Figure 1.

SECONDARY SIDE
Bter | | prcpics || Topology | )

) +dft)

130 Power | | Compensation ﬁl
50Hz [ Electromics | Topology
PRIMARY SIDE

Figure 1. Structure of an Inductively Coupled Power Transfer (ICPT) wireless charger for electric
vehicles (EV).

In this scheme, the inductive link formed by the EV wireless charger is used to transfer the
power (p(t)) and the data (d()), as done in [8-10]. The core of the charger is the pair of coils.
When a time-varying current traverses the primary coil, a magnetic field is then generated, according to
Ampere’s law. On the other hand, when this magnetic field is present in the secondary coil, a voltage is
induced in this element, as expressed by Faraday’s law. The induced voltage depends on the strength of
the magnetic field and how much of the magnetic flux traverses the secondary coil. Thus, the relative
distance between the coils as well as their misalignment have an impact on the induced voltage.
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In a lumped equivalent circuit, this phenomenon is modelled with the coupling factor (k) or the related
mutual inductance (M).

In order to have reasonably-sized coils, the magnetic field involved in this process is in the
frequency range of 20-100 kHz [4]. This implies that the current injected to the primary coil must be in
the aforementioned frequency range. The frequency conversion from the one provided by the grid
(50-60 Hz) to the one required is performed by power converters, which are installed in the primary
and the secondary sides. Therefore, the EV wireless charger depends on an inverter in the primary
side and a rectifier in the secondary side. The topology of the inverter differs according to the power
requirements [20].

The works in [10] and in [8] incorporated a data signal into the inductive link. In particular,
the work in [10] incorporated one switch connected to the coil, to transmit the information. Both data
and power signals were transmitted at the same frequency in order to avoid additional components,
such as filters or extra coils. These elements are necessary to couple the data signal to the power one
when both are generated at different frequencies.

Other components of the EV wireless chargers are the compensation networks. These are reactive
elements that help to ensure resonant operation when a predetermined set of conditions holds
(e.g., the relative position between the coils). Although more complex compensation topologies [19,21]
exist, the single-resonant ones are the most common due to their simplicity. In these schemes, a primary
capacitor (C;) is installed on the primary side and a secondary capacitor (C,) is also placed on the
secondary side. The single-resonant compensation topologies are referred to as Series—Series (SS),
Series—Parallel (SP), Parallel-Series (PS) and Parallel-Parallel (PP). The first term refers to the type
of connection between the primary coil and the capacitor installed on this side. On the other hand,
the second term in this nomenclature describes the connection between the secondary coil and the
secondary capacitor.

The values of the capacitors depend on the topology and the relative positions of the coils.
In the design process, a certain distance between the coils is assumed so that a specific mutual
inductance (M) is utilised during the computation of C; and C,. An equivalent circuit, as shown in
Figure 2, can be used to determine the correct capacitors.

O B ¥
i W

Figure 2. Equivalent circuit of an ICPT system.

Rj and R; represent the Equivalent Series Resistances (ESR) of the coils, whereas R;, stands for the
equivalent resistance of the battery. V; can be the data or the power signal. In our study, Vs corresponds
to the information source.

As previously stated, the goal of introducing the capacitors is to allow the system to operate under
resonant conditions. When this condition holds, the input impedance seen by the source should have
a null imaginary part. The works in [22,23] show how the values of the capacitors are computed in
order to verify this condition under specific relative positions between the coils. Firstly, C; is computed
to resonate with the secondary coil at the resonant operational frequency (w). The value of C; does
not depend on the compensation topology. Then, the impedance reflected from the secondary to the
primary side is obtained. With the use of the reflected impedance, it is possible to derive the impedance
seen by the source by analyzing a non-coupled circuit, which depends on the compensation topology.
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C; is designed so that the imaginary part of the impedance seen by the source is null. The equations in
Table 1 show how the capacitors are computed for each single-resonant compensation topology.

Table 1. Values of the capacitors in the single-resonant compensation topologies.

Topology Ci Cy
1 1
Series—Series CUTL1 wTLz
2 1
Series—Parallel i ——
L1 Lz — M? w L2
_ LG .
Parallel-Series M4 i
L1+ —m 2],
' L GR2 Wl
(L1Ly — M?)13C, .

Parallel-Parallel M*R2C,

+ (Ll - M2)? @?Lo
L,

It is important to note that the process for defining the values of the capacitors only focuses on
obtaining an input impedance with a null reactance. Thus, it does not force impedance matching as
conventional communication systems do, because communication systems and wireless power transfer
chargers are designed based on two different goals. The goal of a wireless power transfer system is
to perform transmission efficiently [24]. In contrast, the impedance matching strategy followed by
communication systems derives the maximum power transmission but with an efficiency equal to 50%.

As can be observed, the appropriate values for the capacitor, C;, depend on the coils’ relative
placements, which are modeled by M. The charger is constructed by imposing design conditions,
such as the distance between the coils. However, these conditions may not hold because of coil
misalignments. The consequences of this effect are explained in the next section.

3. Theoretical Analysis of the Coil Misalignment Effects on the Wireless Channel Capacity

Coil misalignment refers to the condition in which the two elements do not keep a relative distance
equal to the one considered in the design process for any part constituting them. There are three main
types of misalignments: vertical, horizontal and joint vertical-horizontal. Figure 3 illustrates these
misalignments for square coils, but it is also valid for other kind of coil. As in practical EV wireless
charger implementations, the primary coil (with dimensions al X b1) is bigger than the secondary coil,
which has a size equal to 42 x b2.

Center2

3
=
Cepterl °} o

xm,

(b) (c)

Figure 3. Illustration of the types of coil misalignments that may occur in an EV wireless charger:
(a) vertical misalignment; (b) horizontal misalignment; (c) vertical and horizontal misalignment.

In vertical misalignment, the centers of the two coils (Centerl and Center2) are placed in a line
perpendicular to the planes where the primary and the secondary coils are. In the design process
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of the coils to determine their features (numbers of turns, the dimensions, the cable section, etc.),
the centers of the coils are assumed to be separated at a distance equal to the gap of the design process
(g4). However, when vertical misalignment happens, this separation (gap) is modified. This could be
greater or smaller than the gap of the design process (gd). Conversely, in horizontal misalignment,
the minimum distance between the center and the plane of the opposite coil is the gd. However,
the centers are not aligned and the separation between Centerl and the reflection of Center2 in the
plane of the primary coil are xm. Finally, it is possible to have the two misalignments, as illustrated
in Figure 3c.

The promotion of wireless chargers and their extended use in dynamic or stationary scenarios [13]
inevitably imposes coil misalignments in most cases. Thus, it is necessary to analyse the performance of
the wireless charger taking into account this circumstance. As previously explained, coil misalignment
provokes changes in the magnetic flux that the coils concatenate. As a consequence, the mutual
inductance and the induced voltage in the secondary coil are altered [25]. This variation impacts the
performances of the power transfer and the communication system. Concerning the effects on the
power transfer, [14] demonstrated that the compensation networks have a relevant influence on the
capability to cope with coil misalignments. However, extension of this previous analysis is required to
determine the consequences for communication performance.

The appropriateness of a system to transfer data can be quantified by its channel capacity.
This parameter represents the limit of the bit rate that a data source should generate with advanced
modulation techniques. According to the Shannon-Hartley theorem, this magnitude is computed as:

_ Py
CBlog2<1+N0B> 1)

where B and Pp, correspond to the channel bandwidth and the power perceived in the receiver,
respectively. The bandwidth is defined as the double the difference between the central frequency and
the frequency at which the power is half of the power received at the central frequency. The central
frequency corresponds to the resonant frequency in the ICPT system. As in [15], this work assumes
that there is Additive White Gaussian Noise in the channel with a power density equal to N,.
Under this assumption, we consider that the system operates in a separate mode for the power
and the data transmission.

An EV wireless charger operating at realistic conditions could suffer from coil misalignments,
which will impact on both B and Pp. Consequently, the capacity is altered by these conditions.
Thus, the capacity, B and P; depend on the concatenated magnetic flux, that is, on the mutual
inductance (M). The previous equation is expressed as:

comp
(M) ) ?

C(M) = COW(M)'Zng(lJrPLcmn
p Nofg " (M)

where f;zmp(M) and fp""" (M) are the functions that relate to the power received at the load and
the system bandwidth to the mutual inductance. These two functions depend on the compensation
topology, comp, which can be any of the single-resonant compensation networks explained in Section 2.
Thus, comp can stand for SS, SP, PP or PP.

In order to derive f;zmp (M) and f5""" (M), a circuit-based analysis is conducted for each of the
single-resonant topologies. The equivalent circuit used for the analysis is represented in Figure 2.

By using Kirchhoff’s laws, it is possible to obtain flc,zmp (M) for the four compensation topologies

(Equations (3)—(6)).
2
wMV;

2 M2
(Ry+Ryp) (Rl + 1%;—&1-\/1[{;,)

fo2 (M) =R, ®)
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As can be observed, for the four compensation topologies, the dependence with M is not simple.
Alternatively, a closed-form equation for f" '/ (M) is not easy to obtain without incurring

simplifications. Thus, it is numerically computed in this study.

4. Analysis of the Results

Due to the difficulties of obtaining a closed-expression for fz"" (M), a numerical-based
approximation for this parameter was performed. Then, the previous equations were employed
to study the capability of the compensation networks to offer a stable inductive channel, in terms of
their capacity for different types of misalignments. To validate the previous model, a set of simulations
in PSIM (11, Power Simulation Technology, Rockville, MD, USA) was conducted with the equivalent
circuit of the ICPT system. In this simulation tool, the power delivered to the battery and the bandwidth
can be derived. To obtain the bandwidth, the frequency of the source is changed so that it concludes
when the voltage at a particular load is half of the voltage of this element at the resonant frequency.

For the present study, an EV wireless charger was analysed, which has been designed with typical
design procedures so that the conclusions derived in this work can be valid for other similar prototypes.
The main features of the charger are listed in Table 2. The charger works at 85 kHz, as recommended
by SAE TIR J2954. Regarding the communication system, the source provides a 1 V sinusoidal signal,
which is modelled by V; in the equivalent circuit represented in Figure 2.

The mutual inductance depends on the relative distance between the two coils. It can be computed
for any coil configuration by means of the equation expressed in [26]. Some specific values for M at
specific relative positions are listed in Table 2 too.

Figures 4-6 show the results for each misalignment separately. The lines correspond to the
numerical solution of the theoretical model exposed in Section 3. This was solved in a MATLAB
(R2017b, Mathworks, Natick, MA, USA) environment. In contrast, the points represent the results
obtained by simulations in PSIM. In particular, this tool simulates the electrical features of the four
circuits under analysis. For the central frequency, 85 kHz, the root-mean-square value of the voltage is
computed. Then, the frequency of the signal is manually varied in order to obtain the cutoff frequency,
that is, the frequency at which the voltage at the load decreases by /2.

It can be observed that both solutions show the same type of variation with misalignment.
However, it can be noticed that there some differences between the theoretical model and the simulation
results. This is due to the fact that the two methods (theoretical model and PSIM) lead to approximated
solutions. Firstly, in MATLAB we have developed a code to obtain the bandwidth in the theoretical
model. In particular, the proposed method computes the cutoff-frequency as the one in which the
power load divided by the load delivered at the operational frequency is between 0.48 and 0.52 W.
The exact cutoff-frequency should be the one in which this ratio is 0.50, but extensive computation
resources may be required for this determination. On the other hand, PSIM results are based on the



Energies 2018, 11, 538 8of 11

root-mean-square computation of the voltage at the load. This parameter is affected by the transient
period, so no exact solutions are derived from this tool either.

Table 2. Characteristics of the EV wireless charger.

Parameter Value
Output 3.7kW @300V
f [kHz] 85
Nj [number of turns in the primary coil] 11
Ny [number of turns in the secondary coil] 14
al x b1 [m?] 0.75 x 0.75
a2 x b2 [m?] 0.5 x 0.5
gd [m] 0.2
Ly [uH] 240.5
Ly [uH] 230.6
Ry [mQ)] 196
R, [mQ)] 143
Ry [OY] 30
Cy [nF] 15.20
Cy [nF] @SS 14.57
C1 [nF] @ SP 15.02
C1 [nF]@PS 15.02
Cy [nF] @ PP 14.36
M [pH] @ gap =15 cm, xm =0 cm 49.78
M [pH] @ gap = 20 cm, xm =0 cm 40.8
M [pH] @ gap = 25 cm, xm =0 cm 33.38
M [pH] @ xm =5 cm, gap = gd 40.39
M [pH] @ xm =10 cm, gap = gd 39.07
M [pH] @ xm = 15 cm, gap = gd 36.72
M [pH] @ xm =5 cm, gap = 10 cm 59.9
M [pH] @ xm = 10 cm, gap = 20 cm 39.07
? T T T T T T T A N
SS - theoretical analysis
SP - theoretical analysis
6| PS - theoretical analysis
— PP - theoretical analysis
@ *  SS-PSIM
E= SP-PSIM
=5 *  PS-PSIM
=
£ PP - PSIM
3
odr i
&
©
c
gap :
=
[*] e
@ ¥ # * * * * * * * +
0 *
o 2+ * _
s
*
1k #
O 1 1 1 1 1 1 1 1
0.15 0.16 017 0.18 0.19 0.2 0.21 022 023 0.24 025

Gap [m]

Figure 4. Variations in the wireless channel capacity due to vertical misalignments. SS, Series—Series;
SP, Series—Parallel; PP, Parallel-Parallel; PS, Parallel-Series; PSIM (Power Simulation Technology).
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Figure 5. Variations in the wireless channel capacity due to horizontal misalignments.
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Figure 6. Variations in the wireless channel capacity due to vertical and horizontal misalignments.

When a misalignment occurs, the separation between the coils is not the one assumed in the
design process. This will affect the flux concatenated by both coils, which can be measured by M.
As a consequence, f;imp (M) and f;""" (M) and the corresponding channel capacity will change.

Observing the results, the first important conclusion is that the PP topology offers the highest
communication capacity. This is due to the fact that this topology is the only one that is not working at
the maximum power transfer. In the other three compensation topologies, at the operational frequency
there is a peak in the power transfer to the load. Consequently, they are affected by the Q-factor
imposed by the circuit. This reduces the bandwidth of the circuits and, in turn, the capacity of the
wireless channel. In contrast, the PP compensation topology, even when designed according to [22],
does not lead to a peak in the delivered power at 85 kHz. Thus, the diminution of the power delivered
to the load is less severe if we compare it with the other ones. However, the power delivered to the
load is significantly lower than in the other topologies.
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The difference in the positions of the maximum frequencies at which the power delivered to the
load is maximum is explained by the fact that the design goal in EV wireless chargers is to maximise
the efficiency [24] and not the power transfer (as communication systems do).

On the other hand, the results demonstrate that the capacity of the wireless channel strongly
varies with different relative positions between the coils for the Series-Series and the Parallel-Parallel
compensation topologies. Specifically, for vertical misalignments, an increment in the gap of 5 cm
leads to a 50% reduction in the capacity of the SS topology. This change implies nearly a 10% reduction
in the channel capacity for the PP compensation network. Conversely, the variations in capacity due to
vertical misalignments are much less severe for the Series—Parallel and Parallel-Series topologies.

The communication capacity is less sensitive to horizontal misalignments. In Figure 5, it can be
observed that the effects are practically unnoticeable when the misalignment parameter, xm, is less
than 30 cm. For the joint vertical and horizontal misalignments, the effects are revealed with a shorter
distance (xm = 15 cm), as the increase in the separation between the coils reduces the magnetic flux
traversing the secondary coil earlier.

In conclusion, these results indicate that the communication channel capacity is more sensitive to
vertical misalignment than to horizontal displacement. The variations in the channel capacity cannot be
neglected, especially when symmetrical compensation networks are used in the charger. Consequently,
the data rate of the source should be carefully selected and spread-spectrum techniques, such as the
one proposed in [11], may not be suitable because of coil misalignment.

5. Conclusions

The inductive link offered by a wireless charger has been used in some recent papers as the
communication channel for the transmission of data. This work has studied how the communication
capacity of the wireless channel is altered by coil misalignments, which are typical in EV wireless
chargers. We have formulated a theoretical model to analyse this impact for three types of coil
misalignments and the four uni-resonant compensation topologies. The model has been contrasted
with the simulation results of an EV wireless charger prototype. The theoretical model and the
simulation results demonstrate that the capacity offered by the inductive link greatly depends on
the coil displacements for the SS and PP topologies. In contrast, the asymmetrical topologies were
shown to be less sensitive to these circumstances. Modulation information techniques should take into
account this behavior in order to transmit data efficiently.
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