ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Critical comparative review of international standards on wireless charging for light-duty electric vehicles

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Cirimele, V., Freschi, F. (2024). Critical comparative review of international standards on wireless charging
for light-duty electric vehicles. IEEE [10.1109/IAS554024.2023.104065438].

Availability:
This version is available at: https://hdl.handle.net/11585/955641 since: 2024-03-06
Published:

DOI: http://doi.org/10.1109/1AS54024.2023.10406548

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

21 July 2026



http://doi.org/10.1109/IAS54024.2023.10406548
https://hdl.handle.net/11585/955641

Critical comparative review of international
standards on wireless charging for light-duty
electric vehicles

Vincenzo Cirimele
Department of Electrical, Electronic, and
Information Engineering “G. Marconi”
University of Bologna
Cesena Campus, Cesena, Italy
vincenzo.cirimele @unibo.it

Abstract—This paper presents an overview of the most im-
portant international standards developed in the recent years to
regulate inductive-type wireless charging systems for electric ve-
hicles. 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 transmission, standardization, batteries

I. INTRODUCTION

The technology for inductive wireless charging of electric
vehicles, typically referred to by wireless power transfer
(WPT) has become an interesting option to recharge the vehi-
cle batteries. Many reasons are in favor of wireless charging:
the low aesthetic impact, in particular where charging spots
have to be located in places of historical interest in hystorical
sites; the simple charging procedure, limited to the correct
parking of the vehicle, of particular interest especially for
people with motor disabilities increased the public interest in
the advent of such systems is growing.

The attention in this technology and its application in high-
power systems was renewed in the early 21st century. This was
due primarily to the work of researchers at the University of
Auckland, which demonstrated its applicability in industrial
systems over distances of the order of several centimeters
by taking advantage of the ever-increasing capabilities of
modern static conversion devices to switch at higher and
higher frequencies and with increasing voltage and current
levels [1]]-[3]]. These early works focused primarily on rail and
autonomous guided vehicles (AGVs), that is, toward systems
in which both the air gap and the lateral position of the
vehicle are fixed. Worldwide, the interest in such technology
was definitely ignited with the work of the Korea Advanced
Institute of Technology (KAIST) and the evolutions of various
applications referred to under the acronym OLEV (Online
electric vehicles) [4], [5].

To date, several prototypes were developed around the
world for both static (i.e., with a stationary vehicle during
the charging phase) and dynamic systems (i.e., the power
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transfer occurs during the vehicle movement) [[6]—[9]]. Several
products are to date already available on the market, with some
car manufacturers already offering WPT charging systems as
an option for electric models [10]—[12]. The development of
the market has been naturally accompanied with the need to
create standards that could define the basic characteristics,
constraints, and validation criteria for this technology in the
automotive field.

Although the major regulatory bodies have already produced
standards, work on arriving at an initial regulatory framework
has only begun in the past decade. This has often resulted in a
general non-uniform and sometimes conflicting content. These
contradictions are still evident in some points in the current
standards, and this often result in a practical difficulty for the
certification bodies that are supposed to ensure the compliance
with the international regulatory framework.

This paper aims to provide an overview of the current
international regulatory framework and a summary of the main
aspects on which non-uniformity still exists. The standards
analyzed are those issued by the Society of Automotive En-
gineers (SAE), the International Electrotechnical Commission
(IEC) and the International Organization for Standardization
(ISO). An overview of the standardization work of the Guo-
Biao (GB) standard, the Chinese standardization body, is also
provided.

The examined standards cover different aspects of the
technology ranging from general definitions, security aspects,
implementation of equipment for testing, and compliance
verification to communication aspects. In this paper, only
aspects related to general definitions and the main operational
parameters will be analyzed. A more extensive and detailed
analysis will be provided in an extended version of this paper.

II. OVERVIEW OF THE CURRENT MAIN STANDARDS

The IEC was the first institution to publish a standard related
to 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. However, the complete standard body had to wait for
the release of Parts 2 and 3 in June 2019. All three parts
underwent updates and changes in 2020 and 2021. Currently,
the standard consists of three parts:

o IEC 61980-1:2020 Part 1: General requirements

e IEC TS 61980-2:2019 Part 2: Specific requirements for
communication between electric road vehicle (EV) and
infrastructure

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

Although considered as a reference in the scientific litera-
ture, the SAE standard is the runner up in the standardization
process. In fact, the first draft of the SAE J2954 standard was
issued in May 2016, while the first stable version was released
in November 2017. The standard has been updated several
times in 2019, 2020 and the latest available version has been
updated in August 2022. It consists in a single document SAE
J2954 Wireless Power Transfer for Light-Duty Plug-In/Electric
Vehicles and Alignment Methodology.

ISO publications have followed those of the IEC and SAE
and the first version of the ISO 19363 standard came out
in 2017. The current version has been issued in 2021 with
the title EN ISO 19363 Electrically propelled road vehicles
— Magnetic field wireless power transfer — Safety and
interoperability requirements.

Starting in 2020, China also began developing its own
regulatory reference on wireless charging, the GB/T 38775
Electric vehicle wireless power transfer standard. This stan-
dard consists of seven different documents, each focusing on
a specific aspect of charging systems:

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

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

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

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

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

o GB/T 38775.6-2021 Part 6: Interoperability requirements
and testing-Ground side

o GB/T 38775.7-2021 Part 7: Interoperability requirements
and testing-Vehicle side

The acronym GB/T in Chinese language means ‘“recom-
mended” (tuijian), “national standard” (guojia biaozhun), im-
plying that this standard is not considered mandatory because
the standardization process has not yet reached a stable stage.
Moreover, in the parts covered in this analysis, the content of
the GB standard is based on that of the IEC standard. For this
reason, it is not further discussed in this paper.

All standards mentioned so far address only stationary light
electric vehicle systems with maximum system supply voltage
in the low voltage range (i.e., 1000 V rms in AC or 1500 V
in DC). However, the SAE is currently the first standard
organization to have published a technical document related to

dynamic charging. It is an Information Report that is, however,
mainly devoted to systems at powers above 22 kW. The
document is titled Wireless Power Transfer for Heavy-Duty
Electric Vehicles and was issued in December 2022.

III. GENERAL REQUIREMENTS

The standards analyzed below were intended from the outset
to offer continuity from the standards already developed for
plug-in type charging systems. As will become clearer in
subsequent sections, this continuity is based primarily on the
power levels already used for both charging stations and in-
vehicle converters referred to as AC Level 1 and Level 2 in
the international standards [[13].

A. Definitions

A WPT charging system consists of the components shown
in Fig. [I] The transfer is based on the magnetic coupling of
two coils, the transmitter coil placed in or on the ground and
the receiver coil installed on the vehicle. The transmitter coil
is powered by a DC/AC converter that may interface toward
the power grid via a power factor correction 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 [15], [[16].

The set of such components and their subsets are catego-
rized differently in the different standards as it can be seen in
the different subsets sketched from Fig. [2] to Fig. 5}

It can be seen that in the IEC, the general outline of the
WPT system is introduced in Part 1 on general requirements.
However, a more detailed definition of the different compo-
nents and their subsets are provided only in Part 3, which is
not general in character.

In the case of SAE, all off-board elements are referred
to by the acronym GA which stands for Ground Assembly
while in-vehicle elements are referred to by the acronym
VA which stands for Vehicle Assembly (see Fig. 2] Fig. {4
Fig. [5). Differently, the IEC has adopted the subdivision into
Supply (side) and EV (side) (see Fig. 2} Fig. 3] Fig. @) while
for coils alone it proposes a nomenclature reminiscent of
transformers, indicating the transmitter as Primary and the
receiver as Secondary (see Fig. [3).

As indicated by the row labeled as WPT flow in the figures,
at present all standards only address unidirectional charge.
This is clearly stated in the scope section of SAE and IEC
standards, in which the bidirectional transfer is indicated as
a possible future development, while it is left implicit in the
ISO standard.

IV. POWER CLASSIFICATION

The main classification of WPT systems is made by taking
into consideration the level of power required at the point of
connection to the grid. In this case, the ISO does not propose



SAE: WPT system
IEC: WPT system (in Part 1) = MF-WPT (in Part 3)
1SO: MF-WPT
T T T T EEEEEEEEEEEEEEEEE- ~
2 IMN  Transmitter Receiver [IMN \
1 filter coil coil filter

= ac/pc
GRID[] " (pr() I

DC/DC
converter

Fig. 1. WPT system general description.
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Fig. 2. Main WPT system subsets.
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Fig. 3. Main WPT system subsets related to the only components managing
the power flow.
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Fig. 4. Main WPT system subsets related to the power conversion stages.
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Fig. 5. WPT system subsets related to the only coils.

its own classification but refers directly to the IEC standard.
Based on these power levels, the IEC defines the transfer
power classes or MF-WPT classes while the SAE defines the
WPT Power Classes. In both cases, these classes are denoted
by the abbreviation WPT followed by an increasing number.
A summary of this classification is given through Table [}

Two differences appear immediately evident. The first con-
cerns the units of measurement adopted: while the SAE stan-
dard proposes to adopt the kilovolt-ampere, the IEC standard
has adopted the kilowatt. This means that while the SAE
refers to the apparent power required by the system, the IEC
refers to the active power only. In the authors’ opinion, the
reference adopted by the IEC provides a clearer indication
since the use of the kVA does not allow the active and reactive
components of the power to be distinguished. The adoption
of the kW, instead makes it possible to directly correlate
the nameplate power value of the WPT system to the power
transferred to the battery (efficiency aspects are discussed
in Section Section |V_HI) However, it is fair to note how in
practical applications, and even more in the presence of PFC,
a proper design of the system should allow reactive power to
be considered negligible [17]. On the other hand, it is worth
noting as the PFC is explicitly referred to as an element of
the Ground Assembly in the SAE standard only.

The second, and more substantial difference, concerns the
extreme values of the power ranges considered. For both
SAE and IEC, the upper level of each class is given by

TABLE I
POWER CLASSES FOR SAE J2954 AND IEC 61980.

SAE WPT power classes rated power (in kVA)

WPT1 WPT2 WPT3 WPT4 WPTS
0to 3.7 0to 7.7 0to 11 0 to 22* 0 to 60*
IEC MF-WPT classes rated power (in kW)

WPT1 WPT2 WPT3 WPT4 WPT5
<3.7 >37and <7.7 >77and <11.1 > 11.1 and <22** > 22**

*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”.



the maximum power drawn from the grid. And that level
constitutes the lower limit for the next class. In contrast, for
the SAE the lower limit of each class is zero. This can in
some cases make the classification unambiguous since the
rated power can be chosen at any value in the range and all the
ranges that define the WPT classes have an extensive region
of overlap.

V. Z-CLASS CLASSIFICATION

Before discussing this categorization based on construction
characteristics, it is necessary to see how the parameters
characterizing the mutual position of coils are defined.

Also in this case, the definitions are not unique, and different
standards also have different numbers of defined parameters.
To provide an overall picture, the various distances considered
have been sketched in the Fig. [6] In general, the part indicated
as GA and VA coils in the SAE or Primary and Secondary
devices in the IEC and ISO are considered to consist of a
coil that can be wound on one or more layers, one layer
of ferromagnetic material (typically ferrite), and one layer of
conductive material (typically aluminum or steel) which act
as an electromagnetic shield. The assembly is enclosed in an
insulating material casing.

SAE: ND
IEC: Operational air gap
ISO:  ND

SAE: VA coil ground clearance

@ I @ IEC: Secondary device ground clearance
® 150:

Secondary device ground clearance
SAE: ND
IEC: Mechanical air gap

ISO:  ND
SAE: GA coil mounted height
IEC: Mounting height

ISO:  ND

Fig. 6. Definitions of the different mechanical distances for coil assemlies.

All the distances defined in the figure develop along the
z-axis of the reference system common to all three standards
and shown in Fig. [/| for the reader’s convenience.

In early versions, this reference differed among standards
because the IEC adopted a left-handed triad in which the x-axis
was oriented according to the direction of vehicle movement
and the y-axis was leftward oriented. From 2020 onward,
all three standards harmonized by adopting the coordinate
reference system defined by the ISO 4130 [18] based on
a right-handed triad in which the z axis is oriented in the
direction opposite to the direction of vehicle movement. The
(z,y) = (0,0) coordinate is set in the geometric center of the
GA coil/Primary device and the coordinate z = 0 is coincident
with the ground surface.

From the definitions of the quantities along the z-axis, a
second type of classification arises following categories called
Z classes. This classification specifically refers to the quantity
b of Fig. [7] and it is used to specify what is the minimum
and maximum distance between VA and GA within which the
system can operate.

Both standards indicate how this classification applies to
the off-board system (i.e., GA Ground subsystem or supply

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

device in Fig. ). The ranges for the different Z classes are
given in Table [[] according to the nomenclatures used in the
respective documents. For both standards, these values refer
to a maximum GA height (i.e., the mounted height, parameter
s in Fig. [6) of 70 mm.

From the latest versions of both standards the same lower
value is proposed for all Z classes (Table [[). However, this
concept is continued in Annex B of the SAE standard in which
all the electrical and mechanical specifications are given for
the realization of the so-called Universal GA i.e., a WPT3-Z3-
class system capable of operating with a VA ground clearance
over the entire range 100 mm — 250 mm.

TABLE II
Z CLASSES FOR SAE J2954 AND IEC 61980.

SAE GA Z classes / IEC Supply device Z classes

Range of VA Ground Clearances (mm) /

Z-class/GA Z-class Secondary device ground clearance range (mm)

Z1 100 — 150
z2 100 — 210
73 100 — 250

The Z classification does not appear at all in the ISO stan-
dard, which provides a single range indication of Secondary
device ground clearance ranging from 100 mm to 250 mm.
ISO points out 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 (called Class B) that are tested
with supplier-specified supply power circuits.

VI. OPERATING FREQUENCY

Even with regard to the operating frequency, an agreement
between the different standards has been reached only in
recent editions. At present, all documents indicate a range
for the frequency between 79 kHz and 90 kHz. Indeed, the
latest version of the IEC standard still also reports the range
81.38 kHz — 90.00 kHz indicating in a note how the lower
value of the range needs to be confirmed by the ITU-R i.e., the



Radiocommunication sector of the International Telecommu-
nication Union. The narrower range was also the one indicated
until 2021 by the ISO standard, but it disappeared in the latest
version of 2020.

The SAE and IEC indicate a specific nominal frequency of
85 kHz and the IEC alone also reports a tolerance of +50 Hz
on that value. The IEC specifies that this tolerance should be
respected for systems operating at a fixed frequency. In the
case of variable-frequency operation, both the IEC and the
SAE indicate the possibility of varying the frequency within
the range, but the SAE recommends that the frequency remains
fixed during the entire charging session with a variation no
wider than 50 Hz.

Lastly, the SAE standard alone allows for the possibility
of going outside the specified frequency range in cases where
such variation is necessary to operate under optimal condi-
tions. In such cases, the power drawn from the grid must be
less than 25% of the rated power of the system. It should
be noted, however, that the SAE does not provide any details
about the operating conditions that may require a frequency
variation so far outside the indicated range, and it is therefore
difficult to understand the operating limits resulting from this
statement.

Eventually, the SAE and the ISO standards specify that
the frequency is imposed solely by the GA/Supply device,
but that it is essential that there is an agreement between the
GA and VA operating frequency. The ISO specifies that such
an agreement must be reached prior to the start of charging
following “negotiations” with the EV device.

VII. EFFICIENCY

For all three standards analyzed, efficiency is always defined
as the ratio between the power delivered to the battery (output
from the EV power circuit, Fig. , and the power drawn at
the point of grid connection (toward the Supply power circuit,
Fig. [3).

Regarding efficiency requirements and its measurement,
the guidance in the IEC standard and ISO about minimum
requirements specifies that, for all classes WPT1, WPT2 and
WPT3 the minimum system efficiency must be 85% under
ideal alignment conditions (i.e., with the centers of mass of
transmitter and receiver coils lying on the z-axis) and that this
efficiency must still be greater than or equal to 80% over the
entire permissible range of misalignment. This range is defined
by offsets along the x and y coordinates (Fig.[7) as shown in
Table [Tl

TABLE III
ALLOWED MISALIGNMENT OFFSETS ALONG & AND y AXES FOR IEC, ISO
AND SAE STANDARDS.

Misalignement  Maximum
direction offset

X +75 mm

y +100 mm

Regarding the power to which to refer when evaluating
the efficiency, there appears to be a slight discrepancy in the

indications. In fact, the IEC specifies that “the measurement
of the efficiency shall be done at rated input power” while
ISO refers to the conditions of compliance with the efficiency
requirements, in a more generic way, “at power levels below
the rated output power”.

Finally, ISO gives an indication that reads “Typical local
supply network connections should be considered”. However,
this statement appears to be very qualitative, and it is diffi-
cult to define the operating condition corresponding to this
statement and especially to ensure the repeatability of the test
conditions.

In the efficiency specifications, the SAE standard appears to
be the most consistent and structured. Also the latter standard
indicates a minimum required efficiency of 85% under perfect
alignment conditions and a minimum efficiency condition in
the allowable misalignment range of 80%. However, these
indications refer specifically to situations where a generic
VA Product is tested having as reference the GA test bench
described in Appendix B of the standard. Under conditions of
perfect alignment, compliance with the minimum efficiency
limits should be verified with the VA placed 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 power to which refer
is assumed to be equal to the lower of the rated input power
to the GA or the rated output power of the VA. In contrast,
a set of more specific and differentiated threshold values for
each WPT class is provided in the case where a GA system is
tested. In that case, the power is again given as the lower of
the rated input power to the GA or the rated output power of
the VA. The minimum efficiency values under all alignment
conditions are given in Table

TABLE IV
MINIMUM SYSTEM EFFICIENCY REQUIREMENTS FOR SAE J2954
REFERRED TO PUBLICLY USABLE WPT SYSTEMS (CLASS I GA)

At centered  In alignment

WPT class .
position tolerance area
WPT1 80% 75%
WPT2 82% 7%
WPT3 85% 80%

VIII. CONCLUSIONS

The present work reviewed the contents of the latest
versions of SAE, IEC and ISO standards related to power
components of inductive wireless transmission systems for
light electric vehicles.

It has been seen how, in the evolution of the various editions
of these documents, there is a trend toward general uniformity
of content and how the nascent GB standard is also being
drawn upon this content. However, it was pointed out that, on
many points, there is still disagreement and in some cases,
the guidance provided is not unambiguous and leaves itself
open to different possible interpretations. Such differences can
already be seen in the first parts devoted to the definitions



of the different components of the system. The nomenclature
appears to be non-uniform and the WPT system is divided
into a different number of subsets in the different standards.
This nomenclature problem is also reflected in the definition
of the mechanical parameters. In this case, the IEC appears
much more detailed by defining twice as many parameters as
the SAE. Also in this case, the nomenclature is different in
several cases. However, it should be noted that the parameters
actually used for the following operational definitions are only
two namely mounting height and ground clearance.

One of the points on which there is general agreement is
the nominal operating frequency and the permissible range of
variation of the latter. However, it should be noted that the
IEC still indicates the need for confirmation with respect to
the lower value of this range. This need is not highlighted in
the other standards. Even with regard to the maximum power
levels that define the WPT classes, there is general agreement
(although there is a difference in the units of measurement
adopted). However, there is still no such agreement regarding
the minimum values of the power ranges.

There remain additional aspects that differentiate the various
standards that will be addressed in future extensions of this

paper
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