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Abstract—Bidirectional chargers are required to fully
integrate Electric Vehicle (EV) into the smart grids. Additionally,
wireless chargers ease the charge/discharge process of the EV
batteries so that they are becoming more popular to fulfill a V2G
scenario. When considering the load of wireless chargers, it is a
requirement to know the real output power that these systems
offer. The designed output power may differ from the real one as
components suffer from tolerance. This paper defines six
sensitivity factors to model the severity of the effects of tolerance
into the output power. To do so, an electric circuit analysis is used
and a mathematical formulation is derived. The six sensitivity
factors are computed for a laboratory prototype.
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I. INTRODUCTION

Smart grids must cope with the impact of new loads and, in
particular, with Electric Vehicles (EV) [1,2]. Electric vehicles
will play a fundamental role in a future V2G (Vehicle-to-Grid)
scenario as it may act as a consumer, when being charged, and
as a producer, when it delivers energy to the electrical network
[3, 4]. This double functionality is expected to enhance the grid
efficiency as it allows to flatten the demand curves [5]. Specific
agents are incorporated in order to support the way the EVs
interact with the grid.

Electric Vehicles can be charged/discharged by a conductive
or a wireless based technology [6-8]. The traditional conductive
approach relies on the physical connection between the charger
and the EV. As an alternative, wireless chargers are becoming
more popular as they reduce the user’s intervention during the
charge process and it also allows to recharge the vehicle even
when it is moving [9, 10]. Wireless and conductive chargers
must be bidirectional if we aim to work with EV in a V2G
scenario, that is, that the EV battery receives/delivers energy
from/to the grid [11].

In order to assume correct EV loads when planning smart
grids, a precise understanding on the way EV chargers work and
how efficient they are required [12]. This comprehension should
consider the realistic behavior of wireless chargers, which are
affected by the tolerance of their components. Tolerance makes
the nominal of the discreet elements vary from the design
parameters, which is a feasible consequence in high volume
manufacturing. By means of simulations, the work in [13]
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analyses the effects of the components’ tolerance in the behavior
of unidirectional wireless chargers.

In contrast to the previous work, this paper focuses on
bidirectional wireless chargers and it follows a mathematical
approach. Specifically, we study the power delivered to the
battery by real wireless chargers when the tolerance of the EV
components is considered. In this sense, we formulate a
sensitivity analysis of a Series-Series bidirectional wireless
charger. The mathematical formulation provides with six
sensitivity factors. From this study, we conclude by which
components” tolerance, the power delivered to the battery is
affected more. This study gives some insights about which
components should be selected carefully in order to get the
desired output power and, as a consequence, the expected load.
The conclusions may help designers to adapt control schemes in
the wireless chargers to reduce the effects of tolerances in a
similar way to the approach in [14], which is intended for
conducive charger. As an illustrative application of our derived
study, we have applied the sensitivity analysis to a 3.7 kW
wireless charger with a resonant frequency equal to 85 kHz.

The remainder of the paper is structured as follows. Section Il
explains the basics of a resonant wireless charger for EV.
Section Il includes the sensitivity analysis. The application of
this study into a designed prototype is presented in Section IV.
Finally, Section V draws the main conclusions of the paper.

Il.  WIRELESS CHARGER FOR AN EV

The core of a resonant wireless charger is two coupled coils,
named transmitter and receiver. Both coils are adapted with
reactive structures so that the whole system is on resonance
conditions at a specific designed frequency. In this way, the
battery gets the maximum real power from the grid.

Depending on the components of the reactive structures, the
compensation topologies can be classified into single-resonant
and multi-resonant [15]. The single-resonant structures adds a
capacitor to each coil whereas multi-resonant topologies use
multiple reactive components in the transmitter and/or the
receiver coil.

Due to their robustness, single-resonant compensation
topologies are frequently used. In this category, there are four
compensation topologies: Series - Series (SS), Series - Parallel
(SP), Parallel - Series (PS) and Parallel - Parallel (PP). The first
word stands for the connection between the primary capacitor
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and the transmitter coil while the second word refers to the type
of connection between the secondary capacitor and the receiver
coil. When working with bidirectional chargers, it is preferred to
opt for symmetric compensation topologies that ease the control
implementation, that is, the procedures that generate the signals
to tune complementary power converters to work in one sense
(energy flowing from the grid to the battery) or another (energy
flowing from the battery to the grid). SS compensation topology
presents an additional advantage: the design of the capacitors are
independent in the primary and in the secondary side. That
means that the designed values for these two reactive
components are exclusively derived from their corresponding
coils and it is not necessary to take into account other
components, which will make the design process more
complicated. Figure 1 shows the core of a resonant wireless
charger with a SS compensation topology. The sinusoidal source
is derived from a power converter which is able to transform the
electrical input frequency (50-60 Hz) into a higher frequency (85
kHz in our study) and vice versa. The load is modeled as a
resistance (RL) as it imposes a constant voltage and it demands
a pre-defined real power.
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Fig. 1. SS compensation topology for an EV wireless charger

The design process of a SS-based wireless charger starts by
setting an operational frequency at which the coils will be
resonant. The angular operational frequency is w,. Then, we
should select the coils geometry and their material. Their
inductance (which is based on the number of turns in the coil)
and the associated capacitors are set taking into account some
design guidelines such as avoiding bifurcation, supporting a
specific current density or using a reduced amount of material.
Multiple potential solutions are obtained in this step. In all of
them, there is a relationship between the inductance and the
capacitor of both sides. To guarantee the resonance operation,
the values in the primary and in the secondary resonant tanks are
related as follows:
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where L, stands for the auto-inductance of the primary coil, L,
for the auto-inductance of the secondary coil, C; is the capacitor
of the primary side and C, is the capacitor in the secondary side.

The goodness of each potential solution may be evaluated
following a heuristic, which will help the designer to identify the
final configuration in the solution space.

Assuming a first harmonic approximation, the electrical
analysis of the resonant wireless structures is as follows. Firstly,
we identify three impedances: the secondary impedance Z,, the
primary impedance Z; and the total primary impedance Z,;. Z,
and Z, are computed assuming no coupling between the
transmitter and the receiver. Then, Z,; represents the impedance
seen by the source when coupling happens, that is, when Z, is
reflected into the primary side. The equations for these
impedances are the following ones:
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The coupling effect in the secondary side can be modelled as
an induced voltage. The value of the voltage is jw, MI; . So, once
the impedances are computed, we proceed to derive the currents
in the primary side (I;) and in the secondary side (I,).
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The real output power delivered to the load (P,) is:
P,=R, I} (9)

I11. SENSITIVITY ANALYSIS

Real components suffer from deviations in their nominal
values, effect which is known as tolerance. A sensitivity analysis
let us know how the tolerance impacts on the output power. In
the present work, the tolerances considered are the one associate
with the primary coil’s inductance and resistance, with the
primary capacitor, with the secondary coil’s inductance and
resistance and with the secondary capacitor. We derive six
sensitivity factors related to the output power: sensitivity to the
primary capacitance (Sc,), sensitivity to the secondary
capacitance (Sc,), sensitivity to the primary coil’s inductance
(S1,), sensitivity to the primary coil’s resistance (Sg,),
sensitivity to the secondary coil’s inductance (S;,) and
sensitivity to the secondary coil’s resistance (Sg, ).

The sensitivity of the output power to deviations in the
primary capacitance (Sc,) is expressed in Equation 10 and 11.
For this formulation, we assume that there is one variation
occurring in only one component of the wireless charger.
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By using Equations 7 and 8, we can further develop Eq. 10
leading to Eq. 11:
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We can extend this expression by considering Equations 8
and 5. As a result, we get the following sensitivity factor:
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Alternatively, the sensitivity factors S, and S, ,are derived
from the previous sensitivity factors and the resonant conditions
defined in Equations 1 and 2.
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Finally, we obtain the sensitivity of the output power to the
coils internal resistances. For the primary coil, this parameter is
computed as follows:
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On the other hand, the sensitivity of the output power of the
bidirectional wireless charger to the internal resistance of the
secondary coil is expressed as follows:
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IV. APPLICATION TO A PROTOTYPE

In this Section, we compute the sensitivity factors for a real
wireless charger prototype. In Table I, the values of the
components adopted for the final prototype are shown. For the
design process, the following specifications are considered: 3.7-
kW output power, 300-V output voltage specifications and 85-
kHz resonance frequency. We have opted for rectangular coils
built with Litz cable. The primary coil has N; turns of aixb; m?
whereas the secondary coil is composed of N, turns of azxb, m?.
The coil diameter for both structures is s. There is a distance
between the two coils equal to 20 cm.

TABLE |. EV CHARGER SPECIFICATIONS, DESIGN VALUES OF THE COMPONENTS

Charger specifications T)((;j:):i;:?aTue:;rs
Output | 3.7ZKW@300V | Li [pH] 271.0
fs [kHz] 85 L, [uH] 252.0

Coils geometry Ci1 [nF] 12.9

N1 11 Cz [nF] 13.9

N2 14 R1[mQ] 30.9

s [mm?] 20 Rz [mQ] 27.8

aixbs [m?] 0.75x0.75 M [pH] 40.8
axxbz [m?] 0.5x0.5

h [m] 0.2

Using the previous equations, we get the sensitivity factors
for this particular prototype. The obtained results are
summarized in Table I1.

TABLE Il. OUTPUT POWER SENSITIVITY FACTORS

Output power sensitivity factors
Se, [W/nF] 8.5:10°
SCz [W/nF] -27.8-10°
Sy 1 [W/uH] 166
Sy, (W/uH] 3750
SR1 [W/mQ] -3.10-10°
S, [W/mQ] 587

As can be observed, the tolerance of the reactive components
placed in the secondary side have a higher impact than the
deviations of the values of the primary reactive elements.
However, if we focus on the coils’ internal resistance, we can
conclude that the variations of the primary resistance is more
relevant than those occurring in the secondary coil.
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As a future guideline, the sensitivity factors may be considered
in the design process so that we opt for the configuration with
limited sensitivity factors among the solution space.

V. CONCLUSIONS

Wireless chargers are foreseen as the key to promote the use
of electric vehicles in the smart grid. The basic of this kind of
system relies on two coupled coils with compensation systems
to maximize the power transferred to/from the battery. This
paper formulates a mathematical study about the sensitivity of
the output power delivered by a bidirectional Series-Series
system to the variations of the components” nominal value. Six
sensitivity factors are analytically obtained. Their values are also
obtained in a prototype of an EV bidirectional wireless charger.

The results show that the deviations of the values associated
to the reactive components of the secondary tank greatly impact
on the system performance. In contrast, the internal resistance of
the primary coil should be carefully computed in the design
process as the deviations of this value lead to more severe
consequences than those due to the internal resistance of the
secondary coil.
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