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Abstract: The fundamental principles, essential functions, and optional functions of a virtual
synchronous machine (VSM) to make power electronic converters standardized for different
applications and suitable for single-unit operation, multi-unit operation, islanded/off-grid operation,
and grid-tied operation, facilitating the large-scale utilization of DER and the integration of power
electronic converters into the grid, and advancing energy freedom and energy access are defined
in this standard.

Keywords: black-start, centralized control, damping, democratized interaction, distributed energy
resources (DER), droop control, electrification, energy access, energy freedom, fault ride-through,
frequency regulation, fundamental challenge, grid-following, grid-forming, IEEE 2988™, inertia,
islanding detection, paradigm shift, phase-locked loop, power electronic converters, rate of change
of frequency (RoCoF), reclosing, solar energy, stability, storage systems, synchronous machines
(SM), synchronization, virtual synchronous machines (VSM), voltage regulation, wind energy

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2025 by The Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 24 January 2025. Printed in the United States of America.

IEEE is a registered trademark in the U.S. Patent & Trademark Office, owned by The Institute of Electrical and Electronics Engineers,
Incorporated.

PDF:  ISBN 979-8-8557-1598-9 STD27557
Print:  ISBN 979-8-8557-1599-6 STDPD27557

IEEE prohibits discrimination, harassment, and bullying.

For more information, visit https://www.ieee.org/about/corporate/governance/p9-26.htmi.

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior written permission
of the publisher.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 09:20:06 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 2988-2024


https://www.ieee.org/about/corporate/governance/p9-26.html
http://www.avadocuments.com/doc/ieee-2988-2024
http://www.avadocuments.com/doc/ieee-2988-2024

Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html), appear in
all IEEE standards and may be found under the heading “Important Notices and Disclaimers Concerning IEEE
Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. IEEE develops its standards through an accredited consensus
development process, which brings together volunteers representing varied viewpoints and interests to
achieve the final product. IEEE standards are documents developed by volunteers with scientific, academic,
and industry-based expertise in technical working groups. Volunteers involved in technical working groups
are not necessarily members of IEEE or IEEE SA and participate without compensation from IEEE. While
IEEE administers the process and establishes rules to promote fairness in the consensus development process,
IEEE does not independently evaluate, test, or verify the accuracy of any of the information or the soundness
of any judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning all standards, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement IEEE Standards documents do not guarantee safety,
security, health, or environmental protection, or compliance with law, or guarantee against interference with
or from other devices or networks. In addition, IEEE does not warrant or represent that the use of the material
contained in its standards is free from patent infringement. IEEE Standards documents are supplied “AS IS”
and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document should rely upon their
own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

The IEEE consensus balloting process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English language version published by IEEE is the approved IEEE
standard.

Use by artificial intelligence systems

In no event shall material in any IEEE Standards documents be used for the purpose of creating, training,
enhancing, developing, maintaining, or contributing to any artificial intelligence systems without the express,
written consent of IEEE SA in advance. “Artificial intelligence” refers to any software, application, or other
system that uses artificial intelligence, machine learning, or similar technologies, to analyze, train, process, or
generate content. Requests for consent can be submitted using the Contact Us form.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations
Manual is not, and shall not be considered or inferred to be, the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE or IEEE SA. At
lectures, symposia, seminars, or educational courses, an individual presenting information on IEEE standards
shall make it clear that the presenter’s views should be considered the personal views of that individual rather
than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group. Statements
made by volunteers may not represent the formal position of their employer(s) or affiliation(s). News releases
about IEEE standards issued by entities other than IEEE SA should be considered the view of the entity issuing
the release rather than the formal position of IEEE or IEEE SA.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, consulting
information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of interests.
For this reason, IEEE and the members of'its Societies and subcommittees of the IEEE SA Board of Governors
are not able to provide an instant response to comments or questions, except in those cases where the matter
has previously been addressed. For the same reason, IEEE does not respond to interpretation requests. Any
person who would like to participate in evaluating comments or revisions to an IEEE standard is welcome to
join the relevant IEEE SA working group. You can indicate interest in a working group using the Interests tab
in the Manage Profile and Interests area of the IEEE SA myProject system.! An IEEE Account is needed to
access the application.

Comments on standards should be submitted using the Contact Us form.?

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory

!Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
Available at: https://standards.iece.org/about/contact/.
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requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, neither IEEE nor its licensors waive any rights in copyright to the
documents.

Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license to
photocopy portions of any individual standard for company or organizational internal use or individual, non-
commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center,
Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400; https://www.copyright
.com/. Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit [IEEE Xplore or contact IEEE.> For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional
Resources Details section. Errata are also available in [EEE Xplore. Users are encouraged to periodically
check for errata.

3Available at: https:/ieeexplore.icee.org/browse/standards/collection/ieee.

“Available at: https://standards.iece.org/standard/index.html. Doc ume nts
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Patents
IEEE standards are developed in compliance with the IEEE SA Patent Policy.’

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE
SA Website at https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in ways
not foreseen during the standard’s development. IEEE standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, data privacy, and interference protection practices and all
applicable laws and regulations.

’Available at: https://standards.iece.org/about/sasb/patcom/materials.html.
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Introduction

This introduction is not part of IEEE Std 2988™-2024, IEEE Recommended Practice for Use and Functions of Virtual
Synchronous Machines.

Electrification is the greatest engineering achievement of the 20th century and power systems are arguably
the most important infrastructure that underpins social life and economic growth. The generation of electricity
has been dominated by centralized large power plants, but power systems are going through a paradigm shift.
Centralized large generating facilities are being replaced with distributed, incompatible, non-synchronous and
relatively small renewable wind turbines, solar panels, plug-in EVs, and energy storage units etc., interfaced
through power electronic converters (PECs). At the same time, different types of loads, such as motors,
lighting devices, and electronic devices, are connected to power systems at an ever-increasing speed, also
interfaced through PECs as well. This paradigm shift, referred to as the democratization of power systems,
is comparable to the great historical event of personal computers replacing mainframes in the technology
domain or republics replacing monarchies in the political domain. It brings unprecedented challenges to grid
stability, reliability, security, and resiliency. The fundamental challenge behind the scene is that future power
systems are power electronics based, rather than electrical machines based, with millions of non-synchronous
heterogeneous players (see Zhong).

While electrification is the greatest engineering achievement of the 20th century, about one billion people still
do not have access to electricity. Many of those who do still do not have the freedom to choose the supplier
of reliable and affordable electricity. The large-scale utilization of renewable distributed energy resources
(DERs), such as wind and solar energy, has provided an affordable means and freedom for these people to
access electricity.

It has been revealed that the synchronization mechanism of synchronous machines (SMs), which has
underpinned power systems operation and growth for over 100 years, can continue to be adopted to bring
backward compatibility to the current power systems, by turning PECs into virtual synchronous machines
(VSM). They can be controlled to mimic and, in some cases, to surpass the dynamics and behavior of
conventional SMs through the inherent synchronization mechanism of SMs, while accounting for equipment
limitations. This allows millions of non-synchronous heterogeneous players, including DERs and flexible
loads that have PECs at the front end, to unify and harmonize their interface and interaction with the grid. This
will significantly smooth the paradigm shift of power systems, transitioning from the centralized control of a
small number of large facilities to democratized interaction of a large number of relatively small generators
and flexible loads (see Zhong).

This standard defines the fundamental principles, essential functions, and optional functions of a VSM to
make PECs standardized for different applications and suitable for single-unit operation, multi-unit operation,
islanded/off-grid operation, and grid-tied operation. It does not describe or specify power semiconductor
devices, hardware topologies, or micro-controllers that are used to build a VSM.

This standard is about equipment operation rather than grid requirements. Equipment complying with this
standard are able to work individually, to form a grid, and to interact with the grid. This standard focuses on
VSM only, rather than generic criteria that apply irrespective of the specific control implementation. The
boundary of this standard is at the equipment terminal and, hence, anything outside of the equipment terminal,
such as the energy source, the load, and/or the grid, are not covered in this standard.
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IEEE Recommended Practice
for Use and Functions of
Virtual Synchronous Machines

1. Overview
1.1 Scope

This recommended practice defines the fundamental principles, essential functions, and optional functions of
a virtual synchronous machine (VSM). A VSM is a piece of equipment that includes a dc/ac power electronic
converter (PEC) controlled to mimic and, in some cases, to surpass the dynamics and behavior of conventional
synchronous machines (SM) through the inherent synchronization mechanism of SM. It does not describe or
specify power semiconductor devices, hardware topologies, or micro-controllers that are used to build a VSM.

This standard is about equipment operation rather than grid requirements, which are covered by
IEEE Std 1547-2008 [B2] and IEEE Std 2800-2022 [B3].° Equipment complying with this standard are able to
work individually, to form a grid, and to interact with the grid.

This standard focuses on VSM only, rather than generic criteria that apply irrespective of the specific control
implementation.

The boundary of this standard is at the equipment terminals, which includes the phase terminals, plus a neutral
terminal, plus a ground terminal on the ac side and the dc-bus terminals on the dc side, while IEEE Std 1547-
2008 [B2] and IEEE Std 2800-2022 [B3] consider the point of connection (PoC) or point of common coupling
(PCC) as the boundary. As a result, anything outside of the equipment terminals, such as the energy source, the
load, and/or the grid, are not covered in this standard.

1.2 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).”*

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

®The numbers in brackets correspond to those of the bibliography in Annex A.

"The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.

8The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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The word may is used to indicate a course of action permissible within the limits of the standard (may equals
is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of the
referenced document (including any amendments or corrigenda) applies.

Heffron, W. G. and R. A. Phillips, “Effect of a Modern Amplidyne Voltage Regulator on Underexcited
Operation of Large Turbine Generators,” [includes discussion], Transactions of the American Institute of
Electrical Engineers. Part I1I: Power Apparatus and Systems, vol. 71, no. 3, pp. 692-697, August 1952 %10

IEEE Std 421.5™-2005, IEEE Recommended Practice for Excitation System Models for Power System
Stability Studies.

IEEE Std 1110™-2019, IEEE Guide for Synchronous Generator Modeling Practices and Parameter
Verification with Applications in Power System Stability Analyses.

IEEE Std 1662™-2016, IEEE Recommended Practice for the Design and Application of Power Electronics in
Electrical Power Systems.

IEEE Std C37.96™-2012, IEEE Guide for AC Motor Protection.
1IEEE Std C37.102™-2006, IEEE Guide for AC Generator Protection.

IEEE Std C50.13™-2014, IEEE Standard for Cylindrical-Rotor 50 Hz and 60 Hz Synchronous Generators
Rated 10 MVA and Above.

Kundur, P., Power System Stability and Control. New York: McGraw-Hill, 1994,

Liu, J., Y. Miura, H. Bevrani, and T. Ise, “A Unified Modeling Method of Virtual Synchronous Generator for
Multi-Operation-Mode Analyses,” IEEE Journal of Emerging and Selected Topics in Power Electronics, vol.
9,n0. 2, pp. 2394-2409, April 2021.

Machowski, J., J. Bialek, and J. R. Bumby, Power System Dynamics: Stability and Control, 2nd Ed. Chichester,
UK: John Wiley & Sons, 2008.

Paquette, A. D. and D. M. Divan, “Virtual impedance current limiting for inverters in microgrids with
synchronous generators,” IEEE Transactions on Industry Applications, vol. 51, no. 2, pp. 1630-1638, March/
April 2015.

Zhong, Q.-C., Power Electronics-Enabled Autonomous Power Systems: Next Generation Smart Grids. Wiley-
IEEE Press, 2020.

Zhong, Q.-C. and T. Hornik, Control of Power Inverters in Renewable Energy and Smart Grid Integration.
Wiley-IEEE Press, 2013."

°IEEE standards or products are trademarks owned by The Institute of Electrical and Electronics Engineers, Incorporated.
TEEE publications are available from The Institute of Electrical and Electronics Engineers (https:/standards.ieee.org/).
" Available at http://dx.doi.org/10.1002/9781118481806.
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3. Definitions, acronyms, and abbreviations
3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The /EEE Standards Dictionary
Online should be consulted for terms not defined in this clause. 2

black-start: Black-start is the process of establishing the voltage from around zero, in terms of root mean
square (rms), when an energy source is available.

current-source converter (CSC): A current-source converter is a power electronic converter (PEC) that is
fed from a current source.

fault ride-through (FRT): Fault ride-through is the capability of staying connected during the occurrence of
a fault beyond the equipment output terminals.

grid-forming: Grid-forming is the capability of connecting one or more voltage sources to form a grid.
grid-following: Grid-following is the capability of following the grid frequency and voltage.

natural (abc) frame: A reference frame in which signals are represented as three-dimensional vectors in its
natural order.

power electronic converter (PEC): A power electronic converter utilizes semiconductor switching devices
to convert electrical energy from one type to another. Since there are de-type and ac-type electrical systems,
there are a total of three main types of PECs: ac/dc, de/dc and ac/ac.

proportional integral (PI) control: A controller that combines proportional control with integral control to
automatically compensate system changes. A PI controller can achieve zero steady-state error for a dc signal.

proportional resonance (PR) control: A controller that combines proportional control with resonant control
to automatically compensate system changes. A PR controller can achieve zero steady-state error for a
sinusoidal signal at the given frequency.

saliency: Saliency of a synchronous machine (SM) indicates the effect that a physical quantity is not evenly
distributed along all directions.

seamless mode change: Seamless mode change means the instantaneous voltage stays within the desired
range during the transition between different modes of operation, such as islanded mode, grid-connected
mode, and set mode.

set mode: set mode is the capability of exchanging set real power and/or reactive power with the grid.

stationary reference (aff) frame: A stationary reference frame in which three-dimentional variables are
represented as two-dimensional vectors for a balanced three-phase system. The vectors are converted from
their natural (abc) frame representations by a Clarke transformation, in which the third element is 0 or
neglected.

synchronization process: Synchronization process is the process of the equipment to synchronize its terminal
voltage with another voltage source, so that the difference between the two voltages is small, which includes
some or all of the following: frequency synchronization to have the same frequency, phase synchronization
to have the same phase, amplitude synchronization to have the same voltage amplitude, and phase sequence
synchronization to have the same phase sequence.

2JEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE Account is required for access to the dictionary,

and one can be created at no charge on the dictionary sign-in page. D O c u m e nt s
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synchronization mechanism: The mechanism that a voltage source keeps synchronization with another
voltage source.

synchronous machine (SM): A synchronous machine is an ac electrical machine operated with a constant
electromagnetic field. Its instantaneous speed of normal operation is exactly proportional to the frequency of
its ac voltage. An SM with a round rotor has a uniform air gap, so that the reluctance does not depend on the
flux position. Contrarily, the air gap of an SM with a salient-pole rotor varies circumferentially around the
rotor, resulting in a non-uniform reluctance.

synchronously rotating reference (dq) frame: A rotating reference frame in which variables are represented
as two-dimensional vectors for a balanced three-phase system. The vectors are converted from their stationary
reference (o) frame representations by a Park transformation. The rotating frequency of the synchronously
rotating reference frame is generally synchronized with the frequency of the variables, so that balanced three-
phase sinusoidal variables are expressed as two constants in this frame.

virtual damping: The damping effect that is implemented through a control function.
virtual impedance: The impedance that is implemented through a control function.

virtual inertia: The inertia that is implemented through a control function to emulate the physical inertia of
an SM.

virtual synchronous machine (VSM): A virtual synchronous machine is a piece of equipment that includes
a dc/ac power electronic converter (PEC) controlled to mimic and, in some cases, to surpass the dynamics and
behavior of a conventional synchronous machine (SM) through the inherent synchronization mechanism of
SM.

voltage-source converter (VSC): A voltage-source converter is a power electronic converter (PEC) that is fed
from a voltage source.

3.2 Acronyms and abbreviations

AVR automatic voltage regulator
CSC current-source converter
emf’ electromotive force
FRT fault ride-through
PCC point of common coupling
PEC power electronic converter
PI proportional integral (control)
PLL phase locked loop
PR proportional resonance (control)
PSS power system stabilizer
PWM pulsewidth modulation
rms root mean square
RoCoF rate of change of frequency
SG synchronous generator
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