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Abstract—This paper presents an overview of the most impor-
tant international standards published in the last years to regulate
inductive-type wireless charging systems for electric vehicles.
The main contents related to electrical power components are
presented in comparative form and some of the critical points
not yet resolved are highlighted.

Index Terms—Electric vehicles, inductive charging, wireless
power transfer, standardization, batteries

I. INTRODUCTION

The advent of inductive wireless charging technology for
electric vehicles, commonly referred to as wireless power
transfer (WPT), has rendered it a valuable option for recharg-
ing vehicle batteries. There are numerous advantages to wire-
less charging. Firstly, it has a minimal aesthetic impact, par-
ticularly when charging stations must be installed in historical
sites. Secondly, the charging process is straightforward and
requires only the correct parking of the vehicle. This is of
particular interest to individuals with mobility disabilities.
Thirdly, the absence of a visible charging structure makes such
systems less susceptible to vandalism [/1].

In the first decade of the 2000s, renewed attention was given
to this technology and its application in high-power systems.
This was primarily due to the work of researchers at the
University of Auckland who demonstrated the applicability
of this technology in industrial systems over distances of the
order of a few centimeters by taking advantage of the ever-
increasing capabilities of modern static conversion devices to
switch at high frequencies and at relatively high voltage and
current levels [3]-[5]]. This initial research concentrated on
rail and autonomous guided vehicles, where both the air gap
and the lateral position of the vehicle are fixed. The work
of KAIST, the Korea Advanced Institute of Technology, was
a significant factor in the global interest in wireless power
technology. This was evidenced by the development of various
applications referred to under the acronym OLEV (OnLine
Electric Vehicle) [6], [[7].

To date, several prototypes have been developed around the
world for both static (i.e., with a stationary vehicle during
the charging phase) and dynamic systems (i.e., the power
transfer occurs during the vehicle movement) [[8]-[11]. Some
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automobile manufacturers have recently begun offering wire-
less power transfer (WPT) charging systems for their electric
models [[12]-[14]. The development of the market necessitates
the availability of international standards that could define the
fundamental characteristics, constraints, and validation criteria
of WPT for automotive applications.

Although major regulatory bodies have already produced
standards, the harmonization of different standards is still in
its early stages. This has frequently resulted in a general
lack of uniformity and, at times, conflicting content. These
discrepancies are still apparent in certain aspects of the cur-
rent standards, which often presents practical challenges for
certification bodies tasked with ensuring compliance with the
international regulatory framework.

This paper aims to provide an updated overview of the
current international regulatory framework highlighting sim-
ilarities, differences, and conflicting areas. The objective is
to provide support for designers, researchers, and stakehold-
ers dealing with the wireless charging of light-duty electric
vehicles, assisting them in understanding the technical is-
sues underlying the requirements and recommendations of
the standards [2]. This work complements, complete, and
updates previous efforts to organize all contributions to WPT
standardization for automotive applications [43]], [44]. In order
to facilitate comprehension of the numerous and complex
pages of the documents, specific references to sections of
the different standards are provided. The standards analyzed
are those issued by the Society of Automotive Engineers
(SAE), the International Electrotechnical Commission (IEC),
and the International Organization for Standardization (ISO).
In light of the significant technological advancements, substan-
tial financial investments, and expansive market penetration of
wireless charging systems, the overview also includes an ex-
amination of the standardization efforts in China, specifically
the national standardization body, the Gué Biao (GB).

The examined standards cover a range of different aspects of
the technology, including general definitions, security aspects,
the implementation of equipment for testing, and compliance
verification in terms of power quality and communication in-
tegrity. This paper will specifically address the aspects related
to general definitions and the main operational parameters
of the components dedicated to the management of power.
The analysis does not include the aspects of electromagnetic



compatibility and communications management.

II. OVERVIEW OF THE STANDARDS
A. International Electrotechnical Commission - IEC

The IEC was the first institution to publish a standard on
static inductive charging for light electric vehicles. The first
document was Part 1 of the standard IEC 61980 - IEC Electric
vehicle wireless power transfer (WPT) systems released in July
2015. The complete standard body had to wait for the release
of Parts 2 and 3 in June 2019. All three parts were updated
and changes in 2020 and 2021 and Part 2 alone was updated
again in May 2023. The standard currently consists of three
parts:

o IEC 61980-1:2020 Part 1: General requirements [[15]

o IEC TS 61980-2:2023 Part 2: Specific requirements for
communication between electric road vehicle (EV) and
infrastructure [[16]]

o IEC 61980-3:2022 Part 3: Specific requirements for mag-
netic field wireless power transfer systems [17].

B. Society of Automotive Engineers - SAE

Although regarded as a reference in the scientific literature,
the SAE standard is the second in the standardization timeline.
In fact, the initial draft of the SAE J2954 standard was released
in May 2016, while the first stable version was made available
in November 2017. The standard underwent several updates in
2019, and 2020 and the latest available version was published
in August 2022. The standard is comprised of a single docu-
ment entitled SAE J2954 Wireless Power Transfer for Light-
Duty Plug-In/Electric Vehicles and Alignment Methodology
(18]

C. International Organization for Standardization - ISO

ISO publications have followed those of the IEC and SAE.
The first version of the ISO 19363 standard was issued in
2017. The current version of the standard was issued in 2021
and is entitled EN ISO 19363 Electrically propelled road
vehicles - Magnetic field wireless power transfer - Safety and
interoperability requirements [19].

D. Guo Biao - GB

In 2020, China initiated the development of its own regula-
tory reference on wireless charging, the GB/T 38775 Electric
vehicle wireless power transfer standard. The standard is com-
prised of seven distinct documents, each of which addresses a
distinct aspect of the charging system:

o GB/T 38775.1-2020 Part 1: General requirements [20]]

e GB/T 38775.2-2020 Part 2: Communication protocols
between on-board charger and wireless power transfer
device [21]]

o GB/T 38775.3-2020 Part 3: Specific requirements [22]

o GB/T 38775.4-2020 Part 4: Limits and test methods of
electromagnetic environment [23]]

o GB/T 38775.5-2021 Part 5: Electromagnetic compatibil-
ity requirements and test methods [24]]

o GB/T 38775.6-2021 Part 6: Interoperability requirements
and testing-Ground side [25]
o GB/T 38775.7-2021 Part 7: Interoperability requirements
and testing-Vehicle side [26]
o GB/T 38775.8-2023 Part 8: Special requirements for
commercial vehicle applications [27].
In the Chinese language, the acronym GB/T stands for
“recommended” (tui jian), “national standard” (gué jia biao
zhiin). This designation implies that the standard is not
mandatory but rather voluntarily adopted. Nevertheless, the
standards referred to as T already serve as a widely accepted
technical foundation for economic operators engaged in the
relevant production field. In the sections of this paper that
address the matters under consideration, the content of the
GB standard is largely based on the IEC standard, with some
exceptions highlighted in the following sections.

All standards mentioned thus far address only stationary
electric vehicle systems with a maximum system supply
voltage in the low voltage range (i.e., 1000 V rms in AC or
1500 V in DC). All standards are applicable to light electric
vehicles, with the exception of the GB standard which refers
to general electric vehicles. This broader applicability is also
evidenced by the power levels considered, as highlighted in
Section

In December 2022, the SAE published the Information Re-
port J2954/2 - Wireless Power Transfer for Heavy-Duty Elec-
tric Vehicles with the intention of extending the applicability of
the standardization to power ratings above 22 kW. With this
document, the SAE is the first standard-setting organization
to consider dynamic charging [28[]. According to the SAE
website, once they reach their final form, SAE J2954/2 will
be limited to static charging of heavy-duty vehicles, whereas
SAE RP J2954/3 [29] will be dedicated to dynamic wireless
power transfer (denoted by D-WPT) of both light and heavy-
duty vehicles. Heavy-duty vehicles are also referenced in the
IEC standard, but with only minimal information and in a
purely informative annex [17, Annex CC]. In contrast, there
is no reference to dynamic systems.

III. GENERAL REQUIREMENTS

The standards for WPT were designed to maintain consis-
tency with the standards that had already been established for
plug-in type charging systems. As will become evident in the
subsequent sections, this continuity is primarily based on the
power levels that have been utilized for both charging stations
and in-vehicle converters, which are referred to as AC Level
1 and Level 2 in the SAE J1772 Standard [30], [31]].

A. Definitions

Fig. describes the structure of a WPT system (also
designated as magnetic field WPT, MF-WPT, by ISO [19}
Sec. 1], GB [20, Sec. 4], and part 3 of IEC [17, Sec. 1]). The
power transfer is based on the magnetic coupling of two coils,
the transmitter coil placed in or on the ground and the receiver
coil mounted on the vehicle. The transmitter coil is powered
by a DC/AC converter that may interface with the power
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Fig. 2: Main WPT system subsets.

grid via a power factor correction (PFC) converter. In the
vehicle, the receiver coil is connected to one or more AC/DC
converters that also serve as an interface to the battery. Both
coils are connected to reactive elements, mainly capacitors,
referred to as impedance matching networks (IMNs). These
elements are necessary to tune the impedance matching toward
the converters, maximize the transferred power, and allow the
converters to operate in soft-switching conditions [33], [34].

The set of such components and their subsets are catego-
rized differently in the different standards as can be seen in
the different subsets sketched in Figs. 23]

In the case of the SAE standard, all off-board elements are
referred to as ground assembly (GA) while in-vehicle elements
are referred to as vehicle assembly (VA) Sec. 1.1] (see
Fig. ). Differently, the IEC and ISO standards have adopted
the subdivision into supply (side) and EV (side) Sec. 7.1],
Sec. 5.1], Sec. 7.101], and Sec. 4]. The GB
standard refers to ground (side) and on-board (side)
Sec. 5.2], Sec. 5.1], and Sec. 5.1].

Regarding coils alone, the IEC, ISO, and GB standards pro-
pose a nomenclature reminiscent of transformers, indicating
the transmitter as primary and the receiver as secondary.

At present, all standards address unidirectional charge only.
This is explicitly stated in the scope section of SAE and IEC
standards, in which the possibility of bidirectional transfer is
indicated as a possible future development. Neither the ISO
nor the GB standards explicitly refer to bidirectional power
flow, nor do they provide any indication of it within the
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Fig. 3: WPT system subsets related to the only coils.
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Fig. 4: Main WPT system subsets related to the only compo-
nents managing the power flow.

scope. Nevertheless, in the diagrams used for the definitions,
power flow is indicated with a double arrow, thereby explicitly
indicating the potential for reversible power exchange between
the vehicle and the ground side.

The nomenclature related to the different subsystems re-
sponsible for power management and power conversion stages
is reported in Fig. [] and Fig. 3] respectively.

Unless otherwise stated, in this paper the SAE terminology
will be used to avoid any potential confusion.

IV. POWER CLASSIFICATION

The main classification of WPT systems is determined
by taking into consideration the level of power required at

SAE: GA electronics SAE: VA electronics
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Fig. 5: Main WPT system subsets related to the power
conversion stages.



the point of connection to the grid. In this case, the ISO
standard does not propose its own classification but instead
refers directly to the IEC standard. Based on these power
levels, the IEC standard defines the transfer power classes
shortly indicated as MF-WPT classes [17, Sec. 6.3] similarly
to the GB standard that uses the wording input power levels
[20, Sec. 6.2]. In contrast, the SAE standard defines the
WPT power classes |18, Sec. 5.1]. In all documents, these
classes are denoted by the abbreviation WPT followed by
an increasing number. A summary of this classification is
provided in Table [T

A comparison of the values in the table reveals three
significant discrepancies in the standards. The first discrepancy
pertains to the definition of power. While the SAE standard
references apparent power, measured in kilovoltamperes, the
IEC and GB standards utilize real power, measured in kilo-
watts. In the authors’ opinion, the IEC and GB standards
provide a more straightforward indication, as the use of real
power allows for a direct correlation between the rated power
value of the WPT system and the power transferred to the
battery. Further discussion on efficiency aspects can be found
in Section Section . However, it is fair to note that, in
practical applications, and particularly in the presence of a
PFC (which is only mentioned in the SAE standard as an
element of the GA), a correct design of the system allows for
the reactive power to be considered negligible in comparison
to the real power [35]].

The second, and more substantial, difference concerns the
bounds of the power ranges under consideration. For all
standards, the upper bound of each class is defined as the
maximum power that can be absorbed from the grid. This
level represents the lower bound for the subsequent class. In
contrast, in the SAE standard, the lower limit of each class
is always zero. This can, in some cases, result in ambiguity
regarding the classification, as the rated power can be selected
at any value within the range. Furthermore, the ranges that
define the WPT classes exhibit extensive overlap.

The most apparent discrepancy is observed in the delin-
eation of higher power classes. Indeed, the definitions are very
different among the standards. The congruence is disrupted
at class WPT4 (for powers above 11.1 kW/kVA): in both
the SAE and IEC standards, classes WPT4 and WPT5 are
listed, but specifications are deferred to future versions. In
addition, the WPTS5 class has a 60 kVA upper bound for the
SAE standard, while it is unbounded for the IEC standard. The
GB standard employs a distinct classification for high-power
classes. In fact, the upper bound of WPT5 has a power rating
of 33 kW, but two additional classes are introduced, namely
WPT6 and WPT7, for powers in the range 33 kW — 66 kW
and above 66 kW, respectively. No further specifications
are provided, with the exception of the recommendation that
power classes above WPT3 must not be supplied with single-
phase circuits.

V. Z-CLASS CLASSIFICATION

The definitions concerning the mutual position of coils are
not harmonized among the different standards, and they also

Operational air gap

IEC:
GB:  Operational air gap
Secondary device ground clearance

IEC:
GB: ND
IEC:  Mechanical air gap

@ I@ a GB:  Mechanical air gap
@'ﬂ“m o am O &

IEC:  Covering secondary device
GB:  Enclosure and protection height of
secondary side equipment

Covering primary device
Primary side equipment enclosure and
protection height (including cover plate)

(@
SAE: ND
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1S0: ND
GB:  Operational air gap
@ SAE: VA coil ground clearance
IEC:  Secondary device ground clearance
@ 1SO:  Secondary device ground clearance
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{ - (® 150 ND
@ GB:  Mechanical air gap
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@ SAE:  ND @ SAE: ND
IEC:  Covering secondary device IEC:  Covering primary device
1SO:  ND 1SO:  ND
GB:  Enclosure and protection height of GB:  Primary side equipment enclosure and
secondary side equipment protection height (including cover plate)
(b)

Fig. 6: Definitions of the different mechanical distances for
coil assemblies: (a) flush ground mounting and (b) above
ground mounting.

use a different number of geometrical parameters, graphically
reported in Fig. E] [18, Sec. 5.2 and Sec. 7.2], [[17, Sec. 3.121
and Sec. 3.122], [20, Sec. 5.4.2 and Sec. 5.4.3].

In general, the GA and VA coils comprise a coil that can be
wound on one or more layers, one layer of ferromagnetic ma-
terial (typically ferrite), and one layer of conductive material
(typically aluminum or steel) which act as electromagnetic
shield. The assembly is enclosed in an insulating casing.
The GA coil assembly may be installed on the ground or
buried in the ground. The first case is referred to as above
ground mounting for SAE [18, Sec. 5.3] and GB standards
[20, Sec. 5.4.3] and surface mounted assembly for the IEC
standard [[17, Sec. 3.122] (see Fig. @I) In contrast, the second
case is referred to as underground in the GB standard [20}
Sec. 5.4.2] and as flush mounted in the IEC standard [17,
Sec. 3.121] (see Fig. [6a). The SAE standard distinguishes
between flush ground mounting, when the outer casing is
surfacing the ground, and buried mounting when the outer
casing is buried at a distance below the ground surface [[18}
Sec. 5.3]. However, the SAE explicitly states that only above-
ground installations are covered by the current version of the
standard. The ISO standard does not explicitly mention the
various mounting possibilities.

All the distances defined in Fig. [6] refer to the z—axis of
the reference system shown in Fig. [/, common to all three
standards.

In the previous versions, there was a discrepancy in the
reference system among the standards. The IEC standard
adopted a left-handed coordinate system in which the z—axis
was oriented according to the direction of vehicle movement
and the y—axis was oriented leftward. From 2020 onward, all



TABLE I: WPT power classes for SAE, IEC (same of ISO), and GB standards. Ranges are in kilowatt*. The upper bound of

the range must be considered as included in the range.

WPT1 WPT2 WPT3 WPT4 WPTS WPT6 WPT7
SAE* 0—3.7 0—-7.7 0-—-11 0 — 22%* 0 — 60** - -
IECISO 0-3.7 3.7-77 7.7—-11.1 11.1 —22%** > 22%** - -
GB 0-37 37-—-77 7.7-11.1 11.1—22%** 22-33 33-66 > 66

* SAE classification is in kVA

** WPT4 and WPTS indicated as “under consideration for the next version of the standard”.
*** Input power higher than 11.1 kW are indicated as “under consideration for further editions”.

Fig. 7: Reference three-dimensional coordinate system adopted
by SAE, IEC, and ISO standards from 2020.

four standards were harmonized by adopting the coordinate
reference system defined by the ISO 4130 standard [36]. This
system is based on a right-handed coordinate system in which
the x axis is oriented in the direction opposite to the direction
of vehicle movement and z-axis is oriented against the gravity.
The origin (z,y) = (0,0) of the coordinate system is set in
the geometric center of the GA coil and the coordinate z = 0
coincides with the ground surface.

In order to specify the vertical distance over which the
system can transfer power, SAE and IEC standards introduce
the Z-classes |18, Sec. 5.2], [17, Sec. 6.101]. This distinction
is referred to as ground clearance classification in the GB
standard [22] Sec. 5.4] and [25], [26l Sec. 5.2.3], but again the
same nomenclature is used. Z-classes make reference to the
distance between the lowest part of the VA insulating casing
and the ground (i.e. the quantity () in Fig. |§[)

A Z-class designation may pertain to either the VA or to
the GA. The rationale for this distinction lies in the fact that
the manufacturer of the VA may differ from the manufacturer
of the GA. Consequently, the two systems must be able to
permit power transfer in a similar way to that observed in
the charging of plug-in electric vehicles by means of a wired
connection.

The SAE and GB standards both report this differentiation,
while for the IEC standard, this classification applies to the
GA ground subsystem, Fig. ). It is however, worth noting
that the SAE standard explicitly states that 18, Sec. 5.2.2]:

TABLE II: GA Z-classes for SAE and IEC standards.

Z-class Range (mm)
Z1 100 - 150
72 100 - 210
73 100 - 250

TABLE III: VA Z-class for SAE J2954 standard (and ground
clearance for the GB/T 38775).

Z-class Range (mm)
Z1 100 - 150
72 140 - 210
73 170 - 250
74 > 250*

.. .a product VA does not need to be classified by
Z-Class, but rather by the range of VA coil ground
clearance over which it operates.

From this, it is possible to conclude that the only classification
that is of practical relevance is that referring to the GA.

The ranges of the different GA Z-classes for SAE and
IEC standards are presented in Table [l while the ranges of
the VA Z-classes (and ground clearance classification of the
GB standard) are summarized in Table The Z4 class is
considered only by the GB standard for the sole purpose of
categorization.

In accordance with the SAE and IEC standards, these
values refer to a maximum GA height (i.e., the parameter
@ in Fig. of 70 mm. In the GB standard, this specific
information is not reported. Instead, a minimum value of the
mechanical air gap (i.e., the parameter (© in Fig. [6b) is given
for different vehicle typologies: S, M, and L [22| Sec. 5.3]
(see Table [IV).

It can be observed that for all standards the same upper
extremes are considered for the different ranges while there is
differentiation for the lower extremes. In particular, the same
lower value of 100 mm is proposed for all Z-classes from the
latest versions of the SAE and IEC standards.

This concept is continued in Annex B of the SAE standard
and in Section 7 (Interoperability) of the IEC standard in which
all the electrical and mechanical specifications are provided



TABLE IV: Minimum mechanical air gap indicated in the
GB/T 38775 standard.

Typology  Mechanical air gap (mm)
S 80 £ 30
M 130 £+ 30
L 190 £ 40

for the realization of the so-called universal GA, namely a
WPT3 Z3-class system capable of operating with a VA ground
clearance over the entire range 100 mm — 250 mm.
Z-classes are not included in the ISO standard, which
provides a single range indication of secondary device ground
clearance ranging from 100 mm to 250 mm. The ISO standard
notest that this classification is functional for systems that
are intended for interoperability (which are categorized as
Class A), but that it is not required for devices that are not
intended for interoperability (namely Class B) that are tested
with supplier-specified supply power circuits [[19, Sec. 7.1].

VI. OPERATING FREQUENCY

The rated operating frequency is a parameter for which all
standards have agreed from the earliest drafts. Nevertheless,
the agreement on the operational frequency ranges was only
reached in the most recent editions. The current consensus
among the various standards is that the operating frequency
falls within the range 79 kHz and 90 kHz. However, the
latest version of the IEC standard reports a lower bound of
81.38 kHz specifying in a note that this value needs to be
confirmed by the Radiocommunication sector of the “Inter-
national Telecommunication Union” (ITU) [17, Sec. 7.108].
The same narrower range was also used by the ISO standard
before the last version, when it was harmonized with the IEC
standard.

The SAE and IEC standards indicate a specific nominal fre-
quency of 85 kHz and the IEC standard additionaly reports a
tolerance of +50 Hz on that value. The IEC standard specifies
that this tolerance should be observed in systems operating at
a fixed frequency. In the case of variable-frequency operation,
both the IEC and the SAE standards allow the possibility of
varying the frequency within the range. However, the SAE
standard recommends that the frequency remain fixed during
the entire charging session, with a maximum variation of
50 Hz.

The GB standard does not directly report any frequency
value; however it makes reference to other documents [22]
Sec. 5.2]. In particular, it cites the “Interim Regulations on Ra-
dio Management of Wireless Charging (Power Transmission)
Equipment” [37] of “Regulations of the People’s Republic
of China on the Division of Radio Frequencies”. A note
specifies that such guidance should also comply with the ITU.
The GB standard does not define the frequency values for
systems above WPT4. A note explicitly states that these values
will be determined in subsequent editions of the standard.
In contrast, for all other power classes, a nominal value
and allowable range are provided. Document [37] indicates

that for wireless charging systems for electric vehicles with
power ratings below 22 kW, the expected working frequency
range is 79 kHz — 90 kHz with a nominal frequency of
85 kHz, as explicitly stated in all other standards Furthermore,
as indicated in [37], this frequency should remain constant
throughout the charging process, with a variation limited to
+50 Hz. The GB standard explicitly states that frequency
tuning can be employed to correct the power variations due
to misalignment or variation in the air gap. However, the
conditions and modalities under which the frequency variation
is permissible are not specified.

Among all standards, the SAE standard is the only one
that allows for the possibility of deviating from the specified
frequency range in cases where such variation is necessary to
operate under optimal performance conditions. In such cases,
the working frequency should be determined at the beginning
of the charging session and the power employed should not
exceed 25% of the lower between the GA input power rating
and the VA output power [[18 Sec. 6.4.2]. However, the SAE
standard does not provide any details regarding the operating
conditions that may require a change in frequency and how
much that frequency may deviate from the reference range.
Consequently, it is challenging to comprehend the operational
constraints that emerge from this assertion.

The SAE and the ISO standards specify that the frequency
is solely determined by the GA, yet it is imperative that there
is an accord between the GA and VA operating frequency.
The ISO standard specifies that an agreement must be reached
prior to the start of charging following negotiations with the
EV device.

In examining the operational frequency indications, it is
worth noting that [37], in the latest version of 2023, con-
siders operative frequency ranges for a very wide range of
wireless charging applications. In the context of automotive
applications, a frequency range of 19 kHz — 21 kHz is given
for all charging systems with powers between 22 kW and
120 kW. This indication appears to be closely associated with
the predominant technologies of static switches. In fact, while
for power ratings below a few tens of kilowatts, the industrial
world is moving toward silicon carbide devices, with switching
frequencies in the order of one hundred kilohertz, for higher
power ratings the most popular technology standard remains
silicon IGBTs with typical switching frequencies in the order
of ten of kilohertz [38]], [39].

In conclusion, it appears that the information regarding the
operating frequency and potential deviations from its rated
value is not consistent across the various standards. It is
therefore recommended that future revisions of the standards
include more detailed information about potential deviations
with respect to the operating frequency.

VII. EFFICIENCY

All standards agree on the definition of efficiency as the
ratio between the power delivered to the battery (output from
the EV power circuit, Fig. , and the power drawn from the
grid (toward the supply power circuit, Fig. ).

According to the IEC and ISO standards, the WPT system is
required to achieve a minimum efficiency of 85% for all power



TABLE V: Allowed misalignment offsets along = and y axes
for all analyzed standards.

Offset Maximum value
Ax +75 mm
Ay +100 mm

classes (WPT1-WPT3) under ideal alignment conditions, and
a minimum efficiency of 80% over the entire permissible range
of misalignment [[17, Sec. 7.104], [[19, Sec. 7.5]. This range is
defined by offsets along the x and y coordinates (Fig. [/) as
shown in Table [V

The definition of power required to assess efficacy reveals
notable divergences among the established standards. The IEC
standard specifies that “the measurement of the efficiency shall
be done at rated input power” [17, Sec. 7.104]. In contrast,
the ISO standard refers, in a generic way, to the conditions of
compliance with the efficiency requirements “at power levels
below the rated output power” |19, Sec. 7.5].

Finally, the ISO standard states “Typical local supply
network connections should be considered”. However, this
statement appears to be of a very qualitative nature, and it
is challenging to define the operating conditions that corre-
spond to this statement, particularly in order to ensure the
repeatability of the test conditions.

In terms of efficiency specifications, the SAE and GB
standards appear to be the most consistent and structured.
Furthermore, the specification indicate a minimum required
efficiency of 85% under perfect alignment conditions and a
minimum efficiency condition in the allowable misalignment
range of 80% [|18| Sec. 8.2.8], [25] Sec. 6.4.4], [26, Sec. 6.4.4].

Regarding the SAE standard, these indications refer specif-
ically to instances where a generic VA product is tested with
the GA test bench described in the Appendix B of the standard.
Under conditions of perfect alignment, it is necessary to verify
compliance with the minimum efficiency limits by placing
the VA at the center position of the relevant Z range, at
rated power and when the GA input voltage and VA output
voltage are at their rated values. Under mismatch conditions,
the reference power is assumed to be equal to the lower of
the rated maximum input power to the GA or the rated output
power of the VA. Conversely, a set of threshold values for
each WPT class is provided in the case where a GA system
is subject to testing. The minimum efficiency values under all
alignment conditions for public installation and use (Class I
GA) are presented in Table In this context, it is necessary
for a GA to be capable of operating with a wide range of
interoperability between different power levels and air gaps
that may be presented by different VA.

The GB standard also provides two unambiguous minimum
efficiency levels, targeted for public use devices (referred to
as Class A), of 85% and 80% percent under conditions of
alignment and maximum misalignment, respectively. These
levels align with those set forth in the IEC and ISO standards.
The GB standard then indicates that the efficiency test should
be performed with power received at the battery within the
power range provided for the respective WPT class of the

TABLE VI: Minimum system efficiency requirements for SAE
referred to publicly usable WPT systems (referred to as Class
1 GA)

WPT class Centered position Misalignment
WPTI 80% 75%
WPT2 82% 7%
WPT3 85% 80%

Yaw (SAE)

Z1 Deflection (GB)

Roll

Fig. 8: Reference three-dimensional angular offsets indicated
by the SAE and the angular defection indicated by the GB
standard.

device to be characterized. In the case of the characterization
of GA and VA belonging to two different classes, the two
devices are tested together in the power range associated with
the lower class. In both cases, the lower bound of the WPT
class is reduced according to the minimum efficiency. For
example, the test of a WPT2 system is carried out with an
output power between 2.96 kW (i.e., 80% of 3.7 kW) and
7.7 kW. It should be pointed out that the GB standard requires
that power and efficiency are measured also with a deflection
(yaw) of 10° (see Fig. [).

The angular misalignment is also defined in the SAE stan-
dard, providing the maximum values tolerated [[18| Sec. 8.2.3].
These values are graphically defined in Fig. [§] and reported in
Table It should be noted, however, that these parameters
are not related in any way to evaluations of transmitted power
and efficiency differently from the translation offsets.

Among the various standards, the GB is the one that cur-
rently defines the test procedure for characterization in terms
of efficiency in greater detail, taking into account different
supply conditions and providing precise clearance values. In
the IEC standard, the sections System efficiency test and Power
transfer performance test are listed as “under consideration”.

TABLE VII: Maximum angular offsets by SAE standard.

Rotation Maximum value
Roll 2°
Pitch 2°
Yaw 3°




VIII. SAFETY

With regard to safety issues, the standards in question ex-
hibit a certain degree of variation in terms of the level of detail
they contain. The reasons for these discrepancies are primarily
attributable to historical factors and the technical background
of the standardization bodies. It is reasonable to expect that the
IEC standard will be more detailed than the others. The ISO
standard is the next more detailed, while the SAE standard
reports only a reduced set of requirements. In general, the
IEC prescribes protection against direct and indirect contacts
[15) Sec. 10] in accordance with the usual safety measures
for low-voltage electrical installations described in [40]]. In
particular fault protection is considered to be ensured through
the implementation of one or more of the following measures:

o automatic disconnection of supply;
¢ double insulation;

« clectrical separation;

o extra low voltage

A suitable residual current device is necessary for the pro-
tection of permanently connected supply devices. In order
to ensure protection against electric shock, the ISO standard
[19, Sec. 10.2] requires compliance with [41]]. Both standards
provide recommendations regarding the coordination of insu-
lation. In particular, within the vehicle the insulation must be
designed to withstand the maximum internal operational and
overvoltages.

It is imperative that accessible parts of the supply device
not exceed certain temperatures to prevent the occurrence of
skin burns in all operational scenarios. It is important to note
that the magnetic field used in WPT has the potential to
cause the heating of metallic objects in proximity to the GA.
Consequently, it is necessary to implement protective measures
in order to mitigate the risk of burns, to limit the probability
of ignition of flammable material, and to avoid damage to the
GA coil package surface.

All standards delineate specific requirements regarding ex-
posure to electromagnetic fields. In fact, due to the high
power and high current of these devices, the electromagnetic
fields can generate adverse effects due to heating or nerve
stimulation. The SAE, ISO, and GB standards make reference
to the exposure limits for specific frequencies, as outlined in
the ICNIRP Guidelines [45]]. The SAE standard refers to these
measures as living object protection [[18| Sec. 8.7.3.2]. In the
frequency range of 79 kHz—90 kHz the field levels prescribed
by the ICNIRP Guidelines are 27 p'T for the magnetic field and
83 V/m for the electric field. In order to assess the protection
of people against electromagnetic effects, three protection
areas (referred to as “regions” in the SAE standard [18| Sec.
10.1]) are identified:

o protection area 1: area underneath the vehicle. The GB
standard distinguishes between the space formed by the
outline of the GA and VA and the rest of the region
underneath the vehicle [20, Sec. 10.6];

o protection area 2: area surrounding the vehicle;

« protection area 3: vehicle interior.

All standards agree that in areas 2 and 3, the electric and
magnetic fields must comply with the limits provided by the

ICNIRP Guidelines. Area 1 is the region where the power
transfer occurs. Consequently, it is challenging to comply
with the ICNIRP exposure limits in this area. For this reason,
additional measures are suggested:
o measures to prevent people from entering the area
o measures to detect the presence of people (living object
detection and protection) and shutdown (or reduction
according to IEC) of the power transfer
All standards consider the possibility of protection of in-
dividuals with cardiac implantable electronic devices (CIED)
also known as active implantable medical devices (AIMD), in
accordance with the ISO standard. In areas 2 and 3, the limits
are reduced to 15 pT in order to ensure that the induced
voltage in the pacemaker leads is less than 180.31 mV at
85 kHz in accordance with [42]]. In this context, the GB
standard is less restrictive, with a field limit of 21.2 pT [23|
Sec. 5.1.2].

IX. CONCLUSIONS

This study examined the content of the most recent versions
of the SAE, IEC ISO, and GB standards pertaining to the
power components of inductive wireless transfer systems for
light electric vehicles.

It was demonstrated that, in the progression of the various
editions of these documents, there is a tendency toward a
general uniformity of content. This overall uniformity is also
evident in the nascent GB standard. Nevertheless, it was
observed that there persists considerable divergence of opinion
on numerous points, with the guidance provided on occasion
being open to different interpretations. Such discrepancies can
be observed in the initial sections that delineate the definitions
of the various components of the system. The nomenclature
appears to be non-uniform, and the WPT system is divided into
a different number of subsystems in the different standards.
This nomenclature issue is also evident in the definitions of the
geometrical parameters. In this instance, the IEC appears to be
more comprehensive, defining twice as many parameters as the
SAE. Moreover, the nomenclature differs in several instances.
It is important to note, however, that not all parameters are
actually used for operational definitions.

One of the points on which there is general agreement is
the nominal operating frequency and the permissible range
of variation of the latter. It is important to note, however,
that the IEC standard indicates the necessity for confirmation
with respect to the lower bound of this range. This necessity
is not explicitly stated in the other standards. Regarding the
maximum power levels that define the WPT classes, there
is general agreement, although there is a difference in the
units of measurement adopted. Nevertheless, there is still no
consensus regarding the lower limits of the power ranges.
The GB standard is the only one that considers and classifies
power levels greater than 22 kW but, as made explicit in the
paper, many of the parameters related to such power remain
under definition. It is also noteworthy that SAE is developing
a dedicated standard that will form part of the J2954 standard
series.

With regard to the minimum efficiency requirements under
different operating conditions, a general uniformity appears to



be evident. It is important to note that, with regard to the IEC
and ISO standards in particular, the procedures and conditions
for efficiency testing have not yet been fully established.
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