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EXECUTIVE SUMMARY

Over the past decades, inverter-based generators (IBGs) such as modern wind turbine generators
(WTGs) and photovoltaics (PVs), have spread around the world in response to the commitment by
numerous governments to increase renewable energy production to deal with the global warming and
other environmental concerns. In the past, the dynamics and resulting security of power systems were
largely determined by the characteristics of (large) synchronous generators connected at the
transmission system level, whereas nowadays, the impact of IBGs and their specific characteristics can
no longer be neglected and they are beginning to dominate the dynamic performance of the power
system.

In the past when the percentage penetration of IBGs was low, their impact on power system security
and performance was minimal or even negligible. In contrast, Transmission System Operators (TSOs)
are today facing operational situations where the penetration of IBGs is reaching over 50%. A number
of power systems are now operating at times with over 60% of the instantaneous load demand being
supplied from IBGs'. The increasing penetration of IBGs affects the resilience of networks to withstand
a wide range of contingency events if they are not integrated appropriately. This is in part due to the
displacement of conventional large synchronous generators with their stabilising controls (such as AVR
and PSS). The dynamic response of synchronous generators is defined by their physics (flux linkage
etc.) and controllers, whereas the dynamic response of IBGs is defined by their controllers or control
algorithms only i.e. without the physics of synchronous generators, which in turn, is specified to meet
the requirements of the relevant grid code. Such difference is likely to be a trigger to evolve some grid
codes to require new IBGs to contribute to grid stability and operation by mandating certain ancillary
service capabilities such as voltage and frequency controls. In other words, grid codes have driven the
development of IBGs.

Dynamic simulations have played an important role for many years in assessing the stability and security
of power systems. Such studies are usually performed by power system planners and operators by
means of mathematical simulation models within commercially available software tools. With this
purpose, tailored dynamic models representing all critical elements in the power system are developed,
with model complexity adjusted to account for the physical phenomena being investigated. Models for
synchronous generators and their associated controls have been developed over many years, especially
by IEEE, and are well understood and standardised. In comparison, the development and availability of
public and generic models for representing the various types of IBGs has only recently been achieved
for large utility scale IBG power plants [1], [2], and is still in its infancy for mini and micro installations
that represent a growing percentage of embedded (distributed) generation connections. In fact, for
representing IBGs for the distributed generation, industry research indicates that around one third of
utilities and system operators still model IBGs through negative loads in bulk power system dynamic
studies, effectively neglecting their dynamic behaviour [3]. According to the results of the questionnaire
survey performed as part of this Joint Working Group (JWG), the rationale behind this approach is
described as follows:

Lack of defined modelling requirements for IBGs specific to particular power system phenomena.
Limited access to well-validated, detailed IBG models.

Lack of widely accepted generic IBG models for distributed generation and associated parameters.
Varying grid code requirements.

A lack of information about the power system at the lower voltage levels associated with distribution
and sub-transmission networks.

A lack of an accepted (agreed) methodology for the aggregation of distributed IBGs.

e Insufficient knowledge and experience about the practical operation of IBGs in the power system.

Significant efforts have been made in the past by modelling experts to establish generic Root Mean
Square (RMS) type models through organisations like the International Electrotechnical Commission
(IEC), CIGRE and the Western Electricity Coordinating Council (WECC) in the United States [2],[4],[5].
The recent activities of the IEC working group have focused on the development of generic wind turbine
generator and wind power plant models, while the WECC have focused on large-scale IBGs connected
to the transmission system level. However, these generic models are not yet widely applied to power

1 Which may in some power systems include HVDC import from neighbouring regions or countries.
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system dynamic studies which are regularly performed by TSOs and DSOs, especially in Europe. In
regards to IBGs connected to distribution networks (e.g. residential PVs), there are still no generally
accepted aggregated dynamic models available for use that adequately capture the dynamic
performance of such equipment and the impact it may have on the bulk power system.

The objective of this CIGRE and CIRED Joint Working Group is to review and report on the latest
developments relating to IBG modelling for power system dynamic studies. The scope has included both
large-scale IBGs connected to a single point of common coupling at the transmission level as well as
distributed IBGs on the medium and low voltage level. Given previous work on the modelling of WTGs,
special focus has been given to PV and battery system modelling. The Technical Brochure (TB) provides
guidance on the selection of appropriate IBG models and the required characteristics/functions that
should be represented. Model structure and functionality are described in terms of the type of dynamic
study to be undertaken and the general characteristics of the associated power system.

This TB identifies and categorises the main differences of characteristics between IBGs with minimum
functionalities and with no advanced capability and the conventional large capacity synchronous
generators which will be displaced by IBGs where there is a high level of penetration of renewables.
The major differences are summarised as follows:

e The short-term dynamic response of synchronous generators is mainly defined by physics (flux
linkage etc.)

e The short-term dynamic response of IBGs is defined by their control algorithms, which in turn
follows the requirements established in technical specifications.

It may be concluded that system inertia, short-circuit current/strength, synchronising capabilities
(existence of a synchronous torque component) and a constant internal voltage source (grid forming
capability) are inherent to synchronous generators but cannot always be easily emulated (if at all) by
IBGs from either technical or commercial perspectives. Based on these differences, the main features
that the Joint Working Group concluded that needs to be integrated into future IBG designs are identified
and detailed in the TB. Moreover, a comprehensive list of functions already offered by IBGs has been
reported, as well as the corresponding model components required to emulate the resulting
performance characteristics. The components have been categorised into three: a) Inverter control, b)
Inverter protection, c) Grid support capability.

This TB investigates two types of models: Electromagnetic Transient (EMT) and Root Mean Square
(RMS), the latter also being referred to as positive sequence modelling of the fundamental frequency
dynamic response. The benefits and limitations of each model type are presented, along with the
functionalities that need to be implemented depending on the dynamic study being undertaken. EMT
models are capable of incorporating significant levels of detail. They are typically more complex than
RMS models and generally require advanced knowledge of the equipment componentry and control
system design. They are generally unsuitable for large scale studies (incorporating hundreds or even
thousands of IBGs) due largely to the computational burden that comes with running complex models
at time steps typically in the order of ‘tens of microseconds’, as well as the difficulty of the post-
processing more complex output data from detailed 3-phase EMT models. On the contrary, RMS models
are computationally efficient and allow large scale simulations to be performed in minutes rather than
hours. Furthermore, the data inputs and post-processing of output data for RMS models is far less
burdensome. Nevertheless, RMS models have their limitations and have been identified in this TB as
being inadequate to accurately model IBGs in the following circumstances:

e Weak system conditions (typically characterised as having very low short-circuit ratio (SCR)).
For undertaking detailed inverter and collector system design.
For performing certain system interaction studies such as those involving sub-synchronous
resonance (SSR) and sub-synchronous control interactions (SSCI).

e For analysing the response of IBGs to unbalanced faults and resulting voltage phase angle shifts.

It remains the responsibility of the power system engineer setting out to perform dynamic simulations,
to understand the benefits and limitations of each modelling method and tool. Judicious selection of
model type is required if the power system dynamics of interest are to be properly identified and
analysed. It is emphasized that the above remarks related to the selection of the model type are more
critical especially when the penetration of IBGs becomes high.

This TB has catalogued the components and functions that need to be included in the IBG model,
depending on the power system phenomena being studied. Twenty-five functions are classified into the
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three categories as outlined above. While the classifications are not without any ambiguity, they do
provide a reasonable indication of the relevance of each function for different types of power system
dynamic studies. The necessity of each function is examined for the following five power system
phenomena that are of common interest to system operators:

Frequency deviations.
Large signal voltage deviations (large voltage deviations associated with transient network faults
and temporary over voltages).

e Small signal voltage deviations (smaller magnitude but longer duration changes in network
voltage).
Small signal analysis (oscillatory stability & damping studies).
Examining network performance during unintentional islanding events.

The TB discusses how certain functions may be critical for performing one type of study, but can be
reasonably neglected when performing another. A selection of representative power system dynamic
simulation studies is also illustrated to demonstrate how certain power system phenomena interact. For
example, large voltage deviations are relevant when considering short-term voltage stability, transient
stability and LVRT/HVRT studies and there may be overlap between these issues depending on the
characteristics of the power system being considered. The necessity of each model component is
discussed, with focus on the impact that omitting certain functionalities may have when performing
specific types of analysis. Secondary modelling components, i.e. unnecessary model components to be
modelled are also identified in the TB. It is noted that so long as the IBG dynamic behaviour is sufficiently
accurate for the type of phenomenon being studied, applying appropriate simplifications which exclude
secondary components can help to reduce the computational burden and resulting time to perform
simulations.

In this TB, the model components used to represent key functionalities are further classified into two
sub-categories: a) Local, b) Plant level. This categorisation recognises the fact that single IBG
installations (such as rooftop PVs) will typically rely only on local controls within a single inverter,
whereas utility scale IBGs that potentially combine tens of hundreds of individual inverters to form an
aggregated generating system, will apply over-arching plant level controls to enable a coordinated
response to be delivered at the point of connection. When considering the structure of each model
component, there is also a need to differentiate between the RMS and EMT model types. While the
high-level controls are usually the same both for RMS and EMT models, the representation of low-level
control equipment could be significantly different depending on what the EMT model is to be used for.
Various EMT models and the corresponding positive sequence (RMS) representations are presented in
each chapter. This TB provides block diagrams for both existing functionalities already known to be in-
service, as well as future (planned) functionalities that are likely to become more common going
forward. Two complete examples of generic RMS models with representative model parameters are
provided as an appendix.

Aggregation methodologies for IBGs, specifically distributed PV installations, are not adequately defined
at the present time. This TB reviews one of the most advanced and recent aggregation methodologies
proposed by the WECC. The methodology is categorised into the following two sub-groups:

e Aggregation principles suitable for steady-state power flow and simplified short-circuit studies.
e  Aggregation principles for dynamic simulations.

Prior to aggregating multiple individual IBGs, consideration needs to be given as to what functionalities
are provided by the units and whether there is an adequate level of commonality. For instance, as there
may be different grid code requirements for MV and LV connected IBGs, it may not be appropriate to
aggregate all units across multiple voltage levels to create a single model. Depending on the analysis
being undertaken, this TB asserts that it may be more appropriate to capture the individual
characteristics of MV and LV IBGs as two separate aggregated models. The same principle applies when
the rated capacity of a single IBG exceeds a certain threshold, irrespective of its connection voltage. As
a dominant source in a particular area of a network, consideration needs to be given to representing
such plant separately, using specific models.

This TB summarises the main IBG model validation methodologies that are currently used by industry.
Given that relevant work is still ongoing within the IEC [6] and has already completed in Germany [7]
to define the process of validating IBG models, this TB focuses more on available mechanisms that can
be used for validation purposes. These include the use of dedicated testing facilities, as well as the use
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of real time monitoring systems to capture the performance of in-service equipment during actual power
system disturbances to validate the IBG model output provided by simulation tools. A “general model
validation iterative procedure” is provided in this TB.

This TB reviews state-of-the-art and current industry practices relating to the modelling of IBGs. It adds
to the existing narrative by providing recommendations for the ongoing development and use of IBG
models in power system dynamic studies. It has been identified that the functionality that needs to be
incorporated into IBG models is different depending on the type of dynamic study being undertaken, as
well as the characteristics of the connection point and/or power system being analysed, e.g. ‘system
strength’ as one consideration. The control block diagrams introduced in this TB are provided as
examples and are not the only way of modelling various IBG functionalities. As such, the TB does not
recommend the application of any specific dynamic model for a given power system dynamic study, but
rather identifies models which can be applied and provides some fundamental information and guidance
on their use. Based on the key findings and observations coming from the Joint Working Group activities,
this TB emphasises the necessity and importance of the proper use of the various IBG models that are
available. The objective is to encourage utilities, system operators, research institutes and academia to
focus on selecting what functionalities need to be properly represented in IBG models as well as the
type of model that is most appropriate. The need to appropriately capture the response characteristics
of embedded IBG units is also highlighted noting that, in aggregate, they may represent a substantial
contribution to the overall generation of a grid.
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1. INTRODUCTION

1.1 BACKGROUND

With the sudden uptake of renewable energy sources (RES) in many power systems around the world,
the demand for high quality, validated dynamic models to capture their performance characteristics has
dramatically increased. While significant efforts have been made recently to document and validate wind
turbine models [1], [2], [3], other types of RES are just starting to gain attention. These include
photovoltaics (PVs), micro-turbines of various configurations, as well as battery storage systems, either
forming part of a renewable energy generating system or standing alone. A common characteristic of
RES is that they are typically interfaced to the grid through power electronic inverters. As a result, they
have a different dynamic response characteristic when compared to that of classical synchronous
generators. None-the-less, there are a few recent examples of both wind and PV model validation using
recently developed generic models for large scale winds and PVs at the transmission system level [1],

2].

A notable observation is the variety of RES, both in terms of scale as well as diversity of network
connection points. Transmission connected wind and solar plants are now relatively common place, with
single network connection points facilitating many hundreds of megawatts (MW) or more of installed
capacity. However, rooftop PV has also found favour in many countries but is comprised of a multitude
of small installations ranging from a few kilowatts (kW) to tens or hundreds of kW at a single location.
This type of RES is normally connected to the local distribution network. While individual unit sizes may
be small, the aggregate capacity can be very significant and can represent a major generation source
for the broader power systems. For example, the total installed capacity of rooftop PV in the Australian
National Electricity Market (NEM) has reached approximately 5 gigawatts (GW) in 2017 and continues
to grow. This compares with a typical NEM wide system load demand of approximately 25-30 GW.

The existing and forecast prevalence of RES has provoked serious concerns in the industry as to how
these new technologies can and should be represented in dynamic simulations. In practice, there is a
lack of validated dynamic models available for many individual RES technologies such as photovoltaics,
fuel cells, micro turbines and other inverter-based sources. In addition, there is no agreed methodology
as to how to aggregate and represent the enormous number of distributed RES so that their response
characteristics can be accounted for as part of system-wide dynamic simulations.

As the penetration of such RES technologies continues to increase, the stability and dynamic
performance characteristics of the power system will change as will the impacts on network protection
systems and various aspects of power quality. Higher penetrations of RES will also make real time
system operation more challenging than in the past, for both transmission system operators (TSOs) and
distribution system operators (DSOSs).

TSOs routinely perform dynamic time-domain simulations to assess the stability of their power systems.
The requirements to do so are often embedded within grid codes, systems standards or rules that govern
e.g. the connection to their networks and the operation of the electricity system. While technical
information (including modelling data) is generally available for the transmission system and the large
centralised generating systems that connect to it, the models that are currently used to represent
distribution networks (and any RES embedded within) are typically based on a very limited amount of
information. In many cases, TSOs simplify the sub-transmission and/or distribution network down to a
‘net load’ representing the power exchange at the HV-MV boundary. The ‘net load’ is assigned a model
which attempts to capture all of the downstream dynamic response characteristics including embedded
RES and all load devices.

DSOs may or may not have a detailed representation of their network for use in simulation software
packages and often rely on load flow analysis rather than dynamic studies. They typically have steady
state data available for electricity consumers and (to some extent) embedded generators which may
include load profiles, equipment ratings, installed capacities etc, however these data are generally not
suitable for developing dynamic models. Larger DSOs may have access to significantly more technical
information depending on the complexity of the networks they are responsible for.

In order to better understand what information is available to various parties and explore what IBG
models are currently being used for dynamic time-domain simulations by TSOs and DSOs, a
comprehensive questionnaire was developed by the JWG and distributed in 2015 [4],[5]. The
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questionnaire was sent to 63 utilities and system operators covering some 21 countries on all continents.
The results of the survey, based on 45 responses (71% response rate) are summarised in this TB.

The survey revealed that the ‘negative load model? is still the most widely used IBG representation
within dynamic simulations intended to investigate frequency stability and rotor angle stability. It also
showed that Root Mean Square (RMS) IBG models are more likely to be used for frequency stability
studies and rotor angle stability studies, while the Electro-Magnetic Transient (EMT) type IBG models
are more likely to be used for short-term voltage stability studies, fault ride through (FRT) studies, and
various EMT studies. A full analysis of the survey results is given in Appendices 1-A and 1-B.

It should be emphasised that it is necessary to use simplified models for most bulk power system
dynamic studies so that the simulation run times can be maintained in a reasonable range (See also
Sub-Chapter 6.1). This TB discusses the importance of understanding the impact that various functions
and characteristics embedded in IBGs can have on different types of power system studies and ensuring
that they are suitably represented in any model that is then applied when performing those studies. An
acceptable model should capture what is important and apply simplifications where appropriate in the
interests of being efficient.

It can be seen that there are a number of important issues facing the power industry:

¢ Increasing penetration of IBG technologies.

e Lack of validated dynamic models available for many IBGs including PV, the installed capacity
of which is already significant and growing in a number of countries3.

e Lack of understanding as to what functionalities are important for different types of power system
studies, i.e. what should be modelled explicity and what can be reasonably ignored or
represented in a simplified way. This issue inherently includes a consideration of when RMS or
EMT models are most applicable for use.

e No agreed or well documented methodology to perform aggregation of embedded IBGs.

e Given that detailed design information may simply not be available to develop explicit models
of some types of IBGs, there is a need for more generic modelling information with appropriate
guidance provided on its use.

On the other hand, no particular guidance for the model selection is also seen as an important issue
facing the academia. Inappropriate model selection with inappropriate model parameter(s) can be
observed even in journal papers, which can cause further inappropriate model selection in other
research studies.

Itis in this context that this TB has been developed.
1.2 SCOPE

The CIGRE and CIRED JWG, “Modelling and dynamic performance of inverter based generation in
power system transmission and distribution studies” was established in 2014. The aims of this JIWG, as
described in its terms of reference, were to address the following issues:

e Provide a critical overview of existing RES dynamic simulation models and modelling
methodologies, focusing primarily on photovoltaics and some other inverter-based sources. The
review should include relevant model parameters for both distribution and transmission system
studies.

e Generation technologies for which adequate dynamic simulation models do not presently exist or
are not appropriate for the expected purposes will be identified. The activities of existing working
groups within the IEC and WECC will be considered. Suggestions will be offered on potential
improvements to existing models and modelling methods as appropriate.

e Develop a set of recommendations and step-by-step procedures for developing dynamic models
for RES and consider how such models may be validated.

e Provide recommendations for developing equivalent aggregated models for simulating clusters of
similar types of RES technologies.

2 Load voltage characteristics and load frequency characteristics are not specified in the survey.

3 There are now validated models of relevant manufacturers of WTGs and PVs which are available. For example, the list of
validated models currently includes over 1000 models of different manufacturers in Germany.
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e Provide an overview of new system performance issues that may arise as a result of very large
penetration of IBG (and load) technologies.

It should be noted that models for distributed generation will be aggregated models as seen at the MV-
LV and/or HV-MV interface and should therefore try to account for;

e Extension, configuration and composition (bare conductors, cables, etc.) of the LV and MV
networks.

e Characteristics of any embedded generation (types of IBG, installed capacity, built-in protective
functions, control capabilities and associated settings, etc.).

e Automated operation and/or protection systems such as load-shedding functions, self-healing
characteristics, etc.

e Issues associated with islanded operation of MV networks.

The appropriate characterisation of loads is also important in these activities. Much of this work has
already been completed by CIGRE WG C4.605 “Modelling and aggregation of loads in flexible power
networks” [6]. The intent of this JWG has not been to significantly expand upon the work of C4.605 but
rather focus on the modelling of embedded generation that may form part of the overall aggregate
response at the point of common coupling (PCC).

1.3 STRUCTURE

In addition to the introductory chapter, this TB contains further seven chapters and a number of
appendices. The appendices include further detailed analyses, case studies and descriptions of different
IBG models (with sample parameters).

1.3.1  Characteristics of IBG (Chapter 2)

Originally, IBGs were designed with a minimum set of functions, driven by the limited technical
requirements necessary for their connection to the network at the time. As a result, key capabilities
which contribute to system reliability and security were not implemented. Because synchronous
generators (which inherently offer many of these capabilities) are now being displaced with IBGs, the
increasing levels of RES integration is beginning to have negative impacts on power system security
and dynamic performance.

In recent years, grid code requirements have evolved such that new connected IBGs need to provide
more functionalities and capabilities, similar to that offered by synchronous generators. Nevertheless, a
significant percentage of existing IBGs in many countries still remain connected without necessarily
complying with the technical requirements unless a retrofitting campaign is enforced.

Chapter 2 examines the important technical characteristics of IBGs that need to be accounted for when
developing dynamic models for use in power system simulation studies.

1.3.2 Necessary functionalities of IBG for key phenomena (Chapter 3)

To decrease the computational burden involved in large-scale stability studies, Chapter 3 lists which
functions should be represented in a dynamic model for each type of power system phenomenon
typically studied. It also notes which functions can be reasonably neglected. Trying to include all
functionalities in every type of study could be inefficient and is unnecessary. Once the engineer selects
the type of study to be performed, the TB helps to define the necessary IBG functions that should be
included in the dynamic model.

1.3.3 EMT models for IBG (Chapter 4)

When the phenomena to be studied is significantly outside the bandwidth of RMS models, i.e.
fundamental frequency models (for example analysis of switching transients or sub-synchronous
torsional interactions, etc.), then EMT simulations should be conducted using detailed, equipment
specific models. EMT analysis tools solve the differential-algebraic equations of a three-phase electrical
network (as compared to transient stability analysis which generally uses RMS positive sequence
phasor equations to represent the fundamental frequency response of the electrical network).

This distinction means that EMT analyses using appropriately detailed models are capable of
representing the non-linear response of electrical devices (e.g. transformer saturation or surge
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arresters) and are suitable for investigating issues such as harmonic instability phenomena, sub-
synchronous resonances, AC transient overvoltages, lightning surges, and the control interactions of
power electronic devices. Chapter four investigates some of these issues in the context of IBG impacts
on AC power systems.

1.3.4 RMS models for IBG (Chapter 5)

RMS models are mainly used to study the stability of large interconnected power systems, including
phenomena such as electromechanical oscillations (small-signal stability), rotor-angle stability of
synchronous generators and voltage and frequency stability. Phasor simulation methods, using RMS
models, are used when the fundamental frequency behaviour is of interest.

The network is simulated with fixed complex impedances for modelling its fundamental frequency
behaviour. Converters are included in RMS programs using their positive sequence equivalent models.
They capture the fundamental frequency behaviour of the converter while ignoring fast switching
transients and simplifying control and protection functions that would otherwise require a more detailed
representation to capture the behaviour and their operation fully. Chapter 5 explores the benefits and
limitations of RMS modelling techniques in the context of representing IBGs in power system simulation
studies.

1.3.5 Modelling of aggregated distributed IBG (Chapter 6)

It is well known that wind and solar plants (parks) may contain many individual wind turbine generators
(WTG) and individual PV inverter units, respectively. As different IBG could have different dynamic
behaviours following faults, the individual modelling of each IBG type is an ideal solution for accurately
representing such dynamic behaviours. However, as the number of RES increases, it is becoming more
challenging to model the huge number of individual generators as part of large-scale dynamic stability
studies (mainly due to the high computational burden and the limited assigned time for completing
analysis activities).

Therefore, aggregation techniques need to be applied to achieve a reasonable balance between the
accuracy and the computational burden of the time-domain simulation. The key observations for the
modelling of aggregated IBGs are summarised in Chapter 6 including that provided by the WECC [7].

1.3.6 Validation of IBG models (Chapter 7)

Model validation is an important aspect of any model development process. It is important for the model
vendor to ensure the validity of its products as well as the end-users who rely on the models for a host
of reasons, including maintaining power system security and reliability. It should be noted that there are
often many differences between the models used by manufacturers and the ones made available to
utilities. The former can be built on the individual cell-inverter level with very detailed and complicated
control and protection logical circuits for equipment design. The model used by utilities and system
operators is often simplified with many devices being represented by a lumped element in the model.

The guidance provided in this chapter on model validation approaches applies only for lumped models
representing an aggregated PV power plant connected to the grid. It may be partially applied to wind
farms, too.
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2. CHARACTERISTICS OF INVERTER BASED

GENERATION

MAIN DIFFERENCES OF CHARACTERISTICS BETWEEN AN INVERTER BASED
GENERATOR AND A SYNCHRONOUS GENERATOR

As interconnection requirements (grid codes) evolve, inverter-based generator (IBG) functionalities and
their behaviours will approach that of large capacity synchronous generators but at the present time, i.e.
as of 2017, their behaviours are quite different as detailed in the following paragraphs. The term, “IBG”
which is used in Sub-Chapter 2.1 only denotes IBGs with minimum functionalities and with no advanced
capability*. The term, “synchronous generator” which is used in Sub-Chapter 2.1 only denotes large
capacity synchronous generators and which it is assumed will be replaced with the IBGs where there is

a high level of penetration of renewables. The main difference of characteristics and behaviours between

the IBG and the conventional synchronous generator are summarized as follows:

(1) Rotating mass/inertia: Inverters do not have a rotating mass component; i.e. there is no inherent

inertia. The prime mover behind the inverter might have the inertia, but its “usage” has to be
achieved via the inverter controls and the inverter size because all IBGs are limited in terms of
maximum current through the power electronics devices, as well as maximum voltage. To use the
real available inertia, if any, of the “prime mover”, a significant oversize of the inverter generator®
or room to increase output may be necessary because the available energy reserve in IBGs is very
limited and thus the inertial response of IBGs is eventually withdrawn. Moreover, synthetic inertia
cannot be considered completely equivalent to the inertia provided by conventional synchronous
generators which are directly connected to the grid as measuring devices and controls introduce
delays to the synthetic inertia reaction to events in the grid. Although the fast frequency response
has been commercially available, the synthetic inertia is still carefully evaluated and not in practical
use.

One of the promising schemes for representing the synthetic inertia captures the Rate of Change
of Frequency (ROCOF) and increases or decreases the IBG output so that the frequency change
is mitigated. This concept enables the reduction of the mismatch between the mechanical output
and the electrical output when ROCOF is not zero. When a generator tripping is considered as an
example, the power output of remaining synchronous generators shows the stepwise increase right
when the generator tripping occurs (See Figure 2-1).

It should be noted that the ROCOF is zero at the moment the generator trip occurs because the
system frequency is the pre-disturbance/initial frequency at the moment. Even if the primary
frequency response can be ideally emulated in IBGs, the immediate increase in the IBG output
cannot be observed without the inertia effect (See pink dotted line of PG2 in Figure 2.1). Such
stepwise increase in the synchronous generator output will definitely alleviate the frequency drop.
Synthetic inertia cannot achieve this behaviour mainly due to delay in ROCOF measurement,
filtering and control. Therefore, the synthetic inertia concept of modifying the controls dependent
on the measured ROCOF cannot be currently considered completely equivalent to the inertia
provided by conventional synchronous generators. It should be noted that other concepts for
inverter controls are also under discussion [8], [9], which may offer other means of control in the
future, e.g. concepts such as using a battery system for providing the fast frequency response
and/or the synthetic inertia. (See bullet point 4).

# In other words, IBGs which were in their infancy and the size of which was unlikely to be categorized as large utility scale.
5 Air-cooled IGBT converters have substantial short-term overload capability (for around up to 1 s).
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Figure 2.1 Image of generator output and frequency reponses in case of generator tripping.

Fault current contribution: Inverters predominately lack inductive characteristics that are
associated with rotating machines because it is controlled by power electronic equipment and not
by electrical machines. The classical short circuit current contribution expected from synchronous
machines does not apply (as caused by the law of constant flux in rotating machines). Instead, a
short circuit contribution is possible by means of inverter control. However, this contribution is
typically limited to slightly above 1 p.u. current (limited overload capability of a semiconductor power
electronics device), provided that all the active power supplied to the network is reduced to zero
and all the current which is able to flow through the power electronics devices without damaging
them is turned into reactive power. Of course, a certain oversize of IBGs would help to reduce also
this gap with respect to traditional synchronous generators. If the voltage at the PCC during a fault
is very low, the phase angle of the current injected by the inverter may be ill defined, which means,
the expected fault current is unlikely to be provided no matter how oversized IBGs are applied.
Therefore, many grid codes exempt IBGs from providing reactive current and allow to cease the
current injection when the residual voltage is below a threshold value, such as 20% of rated voltage.
It is noted that the limited infeed of the fault current is revealed when the PCC is located near the
fault point only. In other words, if the voltage at the PCC during a fault is not too low, the substantial
infeed of the fault current may be expected regardless of the electrical distance between the PCC
and the fault point.

Control response capability: The control response of inverters can be extremely fast (certainly
faster than a rated frequency cycle). This offers the opportunity to design the inverter response to
be quite flexible. Thereby, both the needs of distribution and transmission system can be taken into
account, even implementing different behaviours/responses in the inverter generators according to
external signals/commands, voltage/frequency measurements, presence of local fault or
perturbation on transmission system, etc. Conversely, inadequate design of controls may result in
abnormal behaviours affecting the power system, both in normal operation and unintentional
islanding (described in Chapter 3), e.g. because of a too fast response by the control loops to even
small voltage and frequency variations.

Constant voltage source®: The voltage induced in the windings of a synchronous generator (also
known as internal induced voltage) is typically larger than the grid voltage. Moreover, this internal

6 The voltage denotes the synchronous internal voltage. It does not denote the terminal voltage of synchronous generators.
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induced voltage is independently regulated from the grid voltage. It will cause increased current
injection as the grid voltage sags and hence typically contributes positively to network stability.
IBGs do not have such an inherent internal voltage source. The current that can be provided to the
grid during a voltage sag is dominated by the IBG control behaviour and typically limited to 1 p.u. It
should be noted that the operation mode of IBGs typically cannot change without stopping the
inverter, although the IBGs also have the ability to create voltage through U-F mode (also called
isolated operation mode [10]7) instead of P-Q mode.

(5) Transmission-level voltage support: Large capacity synchronous generators generally operate
in AVR mode. That means such generators have an ability to regulate the terminal voltage and the
system voltage in HV network (e.g. typically equal to or higher than 200 kV) near the generator bus.
Small capacity synchronous generators generally operate with Automatic Q Regulator (AQR) or
Automatic Power Factor Regulator (APFR) mode (this means they do not regulate the terminal
voltage but the reactive power or the power factor coming from the terminals). That is because the
reactive power injection of these units is limited, thus they do not have a capability for changing the
terminal voltage and regulating the system voltage (See Appendix 2-A). The IBGs are generally
assumed to operate with a unity power factor. That means most of the IBGs operate with AQR
mode, the power factor of which is one®. Thus, actual voltage control for transmission-level voltage
support cannot be expected or achieved. However large-scale IBGs can support the transmission-
level voltage with the aid of other external voltage controls such as reactive power compensator
and/or Static Var Compensator (SVC). The IBGs themselves can change the reactive power output
through the oversized inverter and/or through the reduction of active power output. Modern grid
codes such as VDE4120 in Germany have required the voltage control® at the IBG’s PCC.

(6) Synchronization (torque) capability: The synchronous generators have the synchronizing torque

capability which is a very important factor for angle stability [11]. The synchronizing torque index,
Kj is proportional to the internal voltage of the synchronous generator and the equivalent
synchronous generators and/or the angle difference between the synchronous generators and the
equivalent synchronous generator (See Equation 2.1). Such generators can automatically change
their active power output so as to mitigate the change in the angle difference. It is noted that this
capability does not denote the ability which tells how the IBGs in general capture the voltage angle
through a Phase Locked Loop (PLL) algorithm in order to output the active power and reactive
power in a correct phasor form. This capability reacts not to the voltage angle itself but the angle
difference between two different points in order to contain such angle difference within 180 degrees.
This ability is one of the important contributions especially for rotor angle stability.
It should be emphasized that this capability is not literally required for IBGs because they have no
rotor-angle stability issue. On the other hand, the IBGs might be required to have the synchronizing
torque capability in the future although IBGs do not need to be synchronized. In such a case, this
is not easy to be achieved because the communication infrastructure for measuring the
aforementioned angle difference is basically required. Even such angle difference is assumed to
be measured nearly in real time, tremendous number of measurements are required in wide area,
because the equivalent synchronous generator to be measured for calculating the angle difference
is not always the same and significantly changes especially when a synchronous generator in a
network of equivalent synchronous generators is disconnected (See Figure 2.2).

V. xV. V. xV.
ij:d_P:i ' Jsing; |=——1coss;
dé do X X
Equation 2.1

Where, Kj denotes synchronizing torque coefficient induced between generator i and j,
P denotes active power output of a generator
Vi denotes internal induced voltage of generator i,

7 Recent developments in power electronics allow for the inverters to operate in U-F mode (also called voltage-frequency mode
and grid-forming), giving them the ability to start and maintain the system frequency and voltage using the appropriate controls.
It should be noted that this mode of operation is not widely used and it requires inverters with increase capabilities. Moreover,
in general, the operation mode of IBGs typically cannot promptly change without stopping the inverter.

8 In some countries, the power factor has been set as a value less than 1 even for IBGs which are connected to LV networks.
9 For example, this voltage control is known as fast voltage control in German grid code, VDE4120.
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V; denotes internal induced voltage of generator j,

X denotes reactance between internal induced voltages of generators i and j,
gj denotes angle difference between internal induced voltages of generators i and j.
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Figure 2.2 Example transition of synchronizing torque coefficient in case of a generator tripping.
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Loss of synchronism: Synchronous generators cannot avoid loss of synchronism when angle
stability cannot be maintained, while the IBGs do not have a rotor angle and keep synchronism
inherently. As mentioned earlier, IBGs in general capture the voltage angle through a PLL algorithm
in order to output the active power and reactive power in a correct phasor form. These
characteristics can be also treated as a sort of synchronization capability. IBGs are required to be
synchronised with the AC grid by PLL. The characteristics of these PLL algorithms, in particular
during system disturbances, might impact the inverter response. It is noted that the IBGs might also
lose synchronism i.e. might be disconnected due to the significant voltage dip, but do not have
transient stability problem.

Damping torque capability (power oscillation damping: POD): Oscillations can be damped
when extra power is injected into the system in phase with the rotor speed deviation, which is
instantaneously decelerated, and/or when extra power is consumed in the system, which is
instantaneously accelerated. In real power systems, the damping power is obtained by the
modulation of load or generation for a period of time, typically in the range of 5 to 10 seconds.
This damping torque can be achieved in two ways?°. Inherently, synchronous generators have
short-circuited damper, or amortisseur windings, to help damp mechanical oscillations of the rotor
if the rotor speed deviates from synchronous speed, the flux will not be stationary with respect to
the rotor and currents will be induced in the damper windings. According to Lenz’s law, these
currents will oppose the flux change that has produced them and so help restore synchronous
speed and damp the rotor oscillations. Supplementary controls, called power system stabilizers
(PSS), can be used to further enhance the damping of local and inter-area modes of rotor oscillation
among generators [11].

In the case of IBGs, the modulation of active power dampens the oscillation directly, whereas
modulation of reactive power dampens indirectly by modulation of the system voltage and therefore
by modulation of the voltage dependent loads. The way this modulation achieves mitigation of
oscillations is by means of active and reactive power injection, which can be implemented in a POD
controller. The control scheme of the active power injection is the same as the PSS which is often
applied to large capacity synchronous generators. For example, an additional control loop could be
used to modulate the voltage at the PCC and to achieve the damping effect via the connected load
with the load voltage characteristics.

Frequency control capability (primary, secondary and tertiary): Turbines directly linked to
synchronous generators can have primary, secondary and tertiary frequency control capabilities.
This capability strongly depends on the prime mover characteristics, not the generator. In order to
emulate those capabilities, the IBGs need to increase or decrease their active power output.
However, the energy sources connected to the grid via inverters are in the majority of cases not
controlled. IBGs can rather easily decrease their active power output but it is not easy for them to
increase their active power output. An option is to reduce their active power reference intentionally

10 Another proven means of damping such oscillations, is through the use of power oscillation dampers (POD) installed on
active power electronic devices such as SVCs and HVDC.
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at steady state in order to ensure an adequate upper margin or headroom. This has obvious
economic implications, particularly for RESs where curtailing the IBG means essentially lost
opportunity costs that cannot be recovered since the energy source is variable. Another option is
to marry an energy storage option with the IBGs. It should be noted that this could cause additional
burden to the IBG owners. Also, it has to be considered that even for traditional power plants with
synchronous generators keeping additional generation margins available for regulation represents
an additional cost.

(10) Limited frequency sensitive mode: In the case of significant frequency rise, power plants need
to decrease their outputs. This emergency corrective action is called "Limited Frequency Sensitive
Mode — over frequency" It is important to note that any kind of generator can operate in the limited
frequency sensitivity mode, but their prime movers may not be able to provide this operating mode.
(For example, in the case of gas turbine power plants, the sudden decrease of fuel input will
increase the air-fuel rate and could cause the undesired/unintentional flame-out of the combustion
system.11). This capability strongly depends on the prime mover characteristics, not the generator.
For many IBGs, this is not a limitation. For example, PV can easily reduce its output if the inverter
is controlled according to this mode.

(11) Maintenance: The periodical maintenance for synchronous generators is more onerous as longer
down time and more expensive intervention is required than compared to IBGs

(12) FRT capability: Synchronous generators are required to withstand without failure a short circuit of
any kind at its terminals by IEC Standards (IEC 60034-3 Clause 4.16). On the other hand, the prime
movers do not always have the fault ride-through capability. While most of the representative prime
movers of large-scale hydro power plants, coal-fired power plants and nuclear power plants have
such capability, some prime movers of medium-scale thermal power plants have a shear pin
embedded in the rotating shaft and designed to break during severe voltage dip (when the shear
pin breaks during severe voltage dip, the power plant is tripped). To date, distributed IBG typically
do not ride through severe three phase faults because the voltage phase angle could not be
detected when the line voltage is very low, e.g. less than 30% because the magnetic contactor
which is placed between the inverter and the grid will open due to the loss of its excitation of the
magnetic coil. It is noted that this is the issue of the contactor and not of the inverter. New
techniques such as higher resolution frequency calculation, and the use of the off-delay release
type magnetic contactor or the UPS can now achieve the fault ride-through capability*2.

(13) Reactive power support:

() V-Q control during steady-state: The rated power factor of the synchronous generators is
generally in the range of 0.80 - 0.95, with the higher value being typical of modern units. The rated
power factor for distributed IBGs is not often provided, which means the rated power factor is
assumed to be unity?3. Distribution-connected PVs are still operated at unity power factor over their
entire active power output range in many countries. Most of these inverters are not sized to provide
any reactive current at full output. In order to provide reactive power support at full output, larger
inverters will be required. On the other hand, system operators usually require that IBGs include
reactive power control at the PCC. In addition, this reactive power control to be independently
activated by such multiple alternatives as voltage regulation, reactive power regulation or power
factor regulation?4.

(b) Reactive current control during network incidents: A synchronous generator can
dynamically support the reactive power output from the moment when the system fault occurs thus
providing an immediate/instant increase of reactive power output. In contrast, it cannot be
guaranteed that the IBG can increase the reactive power output from the moment when the fault
occurs to mitigate the voltage drop mainly because the detection time of the voltage magnitude of

11 As the countermeasure, there is typically a rate limit on how quickly a gas turbine can reduce its output.

12 pye to the advanced technologies, most large scale (many tens of MWs) utility scale wind power plants connected to the
transmission system do have FRT capability and some WTGs are able to ride through solid faults up to 3 s, which is most
unlikely to be achieved by synchronous generators from mechanical point of view and from transient stability point of view.

13 Nowadays, the power factor in some countries has been set as a value less than 1 even for IBGs which are connected to LV
networks.

14 Large scale IBGs do provide these same capabilities, i.e. voltage regulation, however, this requires more work and research
to identify the proper and suitable means of providing such capabilities at the distribution level. One such effort is the current
revision of the IEEE Standard 1547 in North America.
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the IBG cannot physically be instantaneous. The IBG enables an increase in the reactive power
output with some delay during the fault by decreasing the active power output within the rated
current. Therefore, no matter how quickly the IBG is able to control voltage and current, the IBG
cannot show the same immediate/instant increase of the reactive power support provided by the
synchronous generator. In addition, a synchronous generator allows a negative sequence current
to flow, whereas the IBG is often designed to block negative sequence currents. In the future a
TSO may require that the IBG provides a negative sequence current in case of unsymmetrical faults
mainly to ensure sufficient voltage recovery for all three phases?s.

(14) Harmonic emission: Inverters may produce non-sinusoidal currents that can be described and
guantified as harmonic emission in frequency domain. The harmonic emissions need to be
assessed and controlled before the connection is permitted. The IEC has standards of harmonic
emissions and some countries impose their own limits for connection of nonlinear appliances to the
grid. Harmonic currents emitted by synchronous generators (airgap flux harmonics, slot harmonics,
etc.) are usually negligible. The harmonic current emission of IBGs depends on the following; type
of technology used, control strategy of the DC/AC-inverter, existence of high- or low-frequency
coupling transformer and the harmonic voltages prevailing in the AC-power system.

(15) Harmonic voltage reduction: Since the effective impedance of synchronous generators for low
order harmonics is based on the small sub-transient reactance, synchronous generators provide a
rather low impedance path for harmonic currents and thus tend to reduce harmonic voltages. All
voltage source converters absorb harmonics because inverters can act as an impedance using the
voltage source converter technologies.

(16) Black start: is the ability of the power system to restart itself after a full or partial system black out.
Most conventional generators are designed to require an electrical supply from the power system
to start up. Normally this is provided from the transmission or distribution system, however under
black start this supply is not available. Therefore, to restart the system it is required to some power
stations have their own auxiliary supplies to they can restart themselves. These power stations can
then be used to restart other power stations and thus the whole system can be restarted.
Traditionally black start capability relies on large transmission-connected synchronous generators.
Over the coming years the trend of reduction in the number of these plants is expected to continue
leading to fewer traditional black start providers being available. For an IBG the ability of the
technology to achieve black start is more limited under extreme network conditions due to factors
such less inertia, less overload capacity to provide inrush current for energization and the use of
PLL technology [12].

Most of the power systems around the world are undergoing fundamental changes. This includes strong
moves away from heavy reliance on fossil fuels as the primary energy source mainly provided by large
synchronous generators connected to the transmission systems, towards a decarbonised future supply
relying increasingly on variable renewable energy sources (RES) using non-synchronous generation
predominantly connected to the network via power electronics and extensively connected deeply
embedded in the distribution networks. Some countries in Europe have already experienced times in
which in some periods the national demand for electricity has been exceeded by the RES production
alone [13] That means the functionalities which the conventional generators have and which the IBGs
do not have, will be lost and the system stability could be affected. In order to cope with this, such
functionalities have been required by the IBGs through updating of grid codes. It should be noted that
the aforementioned advanced functionalities and capabilities could usually be require to newly installed
IBGs.

In general, if equipped with proper control logics, the IBGs could offer to the grid many flexible features,
like:

Frequency regulation
Reactive power/voltage regulation
Insensitivity/immunity to large electrical torque variation (i.e. due to automatic reclosing near the
plant)
e Low Voltage Ride-Through (LVRT)

15 This is now regulated in Germany (See VDE-AR-4120).
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Table 2-1 summarizes the main existing and/or potential differences between IBGs and conventional
synchronous generators.

In terms of simulation models for IBGs the following challenges and requirements can be highlighted:

Recently a lot of new capabilities (with reference to IBGs, because many of these were common
for traditional synchronous generators) have been required for IBGs in grid codes, some of them
are still at the definition stage, to comply with both DSOs and TSOs needs. Those capabilities have
to be represented in each model (at least according to the specific simulation to be performed).
Specific capabilities are already available on the market (e.g. simulation of inertia), even if obtained
by additional devices (storage). However, they are not described in detail in any standard approach
in terms of algorithms, performance, implementation, compliance assessments, etc., making it
difficult to develop appropriate and generic models.

From a “model definition” perspective, it is very important to be aware that IBGs have no “natural’
features (because the feature can depend on how the IBG controller is designed), while the
synchronous generators have these.

The scope of application (area of validity) of any given model has to be defined. For example, a
specific capability (frequency support, voltage support etc.) might be represented in a Root Mean
Square (RMS) model for stability analysis, but the model is only valid under certain conditions (e.g.
no smaller than the minimum short circuit ratio).
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Table 2.1 Major existing and/or potential differences between IBGs and synchronous generators

Relevant
phenomena

Conventional
synchronous
generator with
standard AVR and
turbine governor

IBG with minimum
functionalities
(before
interconnection
requirements are
evolved)

Advanced capability /
Advanced feasibility of
IBG

(after interconnection
requirements are
evolved)

Rotating
mass/inertia

Frequency
Stability

Yes

No

Yes (prime mover
dependent), but enough
headroom (or unloaded
synchronized capacity) is
required (The use of
battery energy storage
could be needed
depending on the type of
devices). The capability
might also depend on the
direction of frequency
deviation (over- or
under-frequency). In
addition, exact emulation
cannot be performed?®.
See (1) above.

Frequency
response
capability
(primary,
secondary and
tertiary)

Frequency
Stability

Yes*

No

Yes (prime mover
dependent), but enough
headroom and/or upper
margin need to be
ensured. See (9) above.

Limited
frequency
sensitive mode

Frequency
Stability (over-
frequency)

Yes**

No

Yes (prime mover
dependent). See (10)
above.

Constant
voltage source?’

Voltage
stability

Yes, internal
induced voltage

No, if connected to
the grid (inverter is
synchronized to
external grid
frequency/phase)

Yes, but isolated system
is required. Stiff voltage
and stiff frequency (U-F
mode) are required for
inverter). Oversized IBG
may be required. See (4)
above.

Transmission-
level voltage
support (steady
state)

Voltage
Stability

Yes, but large
capacity machines
with AVR only

No

Yes (large-scale IBGs
only) often with large
capacity reactive power
compensators such as
shunt capacitor/reactor,
SVC. See (5) above.

Reactive power
support (V-Q
control during
steady state)

Voltage
Stability
/support

Yes, according to
PQ-capability

No

Yes, but larger IBG is
required or active power
needs to be reduced
according to PQ
capability characteristics.
See (13) above.

16 None-the-less, studies have been shown that so-called “synthetic inertia” for wind turbine generators can be an effective
means of helping to reduce system ROCOF during frequency events. See https://www.nerl.gov/grid/wwsis.html

17 The voltage denotes the synchronous internal voltage. It does not denote the terminal voltage of synchronous generators.
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Relevant Conventional IBG with minimum | Advanced capability /
phenomena synchronous functionalities Advanced feasibility of
generator with (before IBG
standard AVR and interconnection (after interconnection
turbine governor requirements are requirements are
evolved) evolved)
Reactive power | Rotor angle Yes No Yes, usually during faults
support stability IBGs may be able to
(reactive Voltage provide a reactive
current control | Stability current injection with
during network some delay which helps
incidents) keeping them grid
connected, as per
TSO/DSO requirements.
See (13) above.
Synchronization | Rotor angle Yes No Yes (but almost
(torque) stability infeasible), angle
capability!® difference needs to be
observed without time
delay. See (6) above.
Damping torque | Rotor angle Yes, damper No Yes, POD functionality.
capability stability windings and See (8) above.
(power addition of PSS
oscillation
damping
capability)
Loss of Rotor angle Yes Not applicable to See (7) above.
synchronism (transient) IBGs
stability
Protection
FRT capability Rotor angle Yes*** Nor Yes (prime mover
(transient) dependent). See (12)
stability above.
Frequency
stability
Harmonic Power quality Low Yes, including the See (14) above.
emission frequency band
dedicated to utilities
for PLC based
communications
Harmonic Power quality Yes, for low order | Yes Yes. See (15) above.
voltage harmonics
reduction
Short-circuit Protection, Yes No Yes, but contribution is

contribution in
case of
symmetrical
and
unsymmetrical
faults

limit voltage
decline

limited to around 1 p.u.,
unless inverter has short-
term rating to exceed 1
p.u.). See (2) above.

18 Note that this capability is NOT literally required for IBGs because they have no rotor-angle stability issue.
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Relevant Conventional IBG with minimum | Advanced capability /
phenomena synchronous functionalities Advanced feasibility of
generator with (before IBG
standard AVR and interconnection (after interconnection
turbine governor requirements are requirements are
evolved) evolved)
Control Voltage and Fast, depending Inverter itself very See (3) above.
response frequency on the time fast (faster than
capability stability constants involved | generator controllers
or other external of synchronous
dependencies**** | generators),
limitations possible
due to measurement
delay, prime mover
or other external
dependencies****
Overload misc. Yes Limited (nearly Yes, but significant
capability (up to negligible), oversized IBGs are
few seconds) depending on required. See (2) above.
semiconductor
devices*****
Maintenance misc. regularly Low for inverter See (11) above.
itself, prime mover
depending on the
type
* Generator with enough headroom and/or upper margin.
*k Depending on rotating prime mover characteristics.
ok Generators with damper windings are for local modes of oscillations, while generators with the PSS are
for inter-area modes of oscillations.
**x%  E.g. industrial process supplying primary energy to be converted in electricity
**xx% Air-cooled IGBT converters have pretty good short-term overload capability (E.g. up to 1s), while water
cooled MV-connected converters have almost no short-term overload capability.
2.2 INVERTER CHARACTERISTICS
2.2.1 Topology and controller structure

There is a variety of inverter topologies available on the market, developed by different manufacturers
and optimised for specific applications. Optimisation targets generally consider reliability, maintenance,
losses, overall costs etc. For example, 3-phase connected wind-turbines may be equipped with 2 level
voltage sourced back-to-back inverters or multilevel voltage sourced back-to-back inverters, depending
on the wind-turbine rated power.

Using different primary energy sources, the inverter topology remains substantially the same even using
different energy sources. The following is an example of the topology for a PV plant. As regards PV
inverters, among different possible topologies [14], two typical inverter families are:

e H-bridge topology
e Neutral point clamped topology

Most of the inverter topologies for PV available today have been derived from these basic design
structures. It is not the aim of this TB to describe all inverter topologies and their specifics for the different
energy resource. The principal scheme of a photovoltaic power plant with H-bridge as a representative
example is described in Figure 2-3 (a)

The PV plant consists of the following elements [14]:

e Photovoltaic array: The array of photovoltaic modules forms the solar generator. Several modules
can be connected in series, forming a so-called string. Strings in turn can be connected in parallel.
It is possible to connect either a common inverter to the entire array, with an inverter per string or
to connect a single inverter for each module.

e Chopper: Boost DC voltage, among others, to ensure Maximum Power Point Tracking (MPPT),
measuring the PV voltage (Vev) and PV current (Ipv)
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e DC link: Filter/Energy storage
e Inverter: Conversion of DC power to AC power with the output filter (denoted as LCL filter in Figure
2-3 (a)).
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(b) Example of control circuit of PV [16]
Figure 2.3 General control circuit structure of PV.

The inverter control enables the AC (active) current waveform to match with the voltage at the PCC in
terms of the frequency and the phase at unity power factor. The inner current control monitors the
voltage at the PCC and creates the current waveform with the same frequency and the same phase of
the voltage at the PCC with the aid of the PLL. At the DC side, the Maximum Power Point Tracking
(MPPT) control maximizes the active power output. As shown in Figure. 2-3 (b), DC-ACR monitors input
active power and changes the input DC current periodically in order to control the input DC current via
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controlling the switching action of the chopper. The DC-AVR monitors the internal DC voltage and
amplifies the reference voltage waveform (created via PLL) which results in the AC (Active) current
control signal. The power electronic device switching action is controlled by comparing the
aforementioned AC current control signal with the measured AC current.

For most of the phenomena described in this technical brochure, the modelling of the switching action
is generally not necessary. An average model, i.e. a model where all the variables are averaged over
the switching period, is able to precisely reproduce most of the phenomena reported in this chapter.
Only a few of them, such as the prediction of harmonic distortion and electromagnetic interference (EMI)
compliance, require a more precise switching model.

2.2.2 Ancillary functions

Because of the flexibility of the inverter control design, IBGs may be required from either the technical
standards and/or from grid codes, to provide some additional capabilities for grid support, among them:

Negative sequence current injection; (ref 4.7.4.1.2) [15]

Reactive current control calculated by mean of power factor input;
Maximum reactive current injection;

Reactive current level depending on voltage depth (ref 4.7.4.1.1) [15]

Table 2-2 shows the most relevant required IBGs capabilities from the EU Regulation 2016/631
“establishing a network code on requirements for grid connection of generators” [17] and the IEEE 1547
“Standard for Interconnecting Distributed Resources with Electric Power Systems” [18]. As IEEE
1547 and UL1741, “Standard for Inverters, Converters, Controllers and Interconnection System
Equipment for use with Distributed Energy Resources” [19] have been evolved, the latest requirements
coming from IEEE 1547-2018 are also introduced in this table.

Table 2.2 Requirement for IBG in grid code and standard

Requirement EU 2016/631 IEEE 1547-2014 | |IEEE 1547-2018
P(f) (over/under) X X
Voltage control by means of reactive power (Q(V)) X (x) X
Voltage control by means of active power (P(V)) X
Synthetic Inertia (x)
ROCOF immunity X
FRT (LV/HV) X (LVRT only) (x)
Inverter internal protections
Anti-islanding active detection methods x (ROCOF) X X
Dynamic voltage support during faults and voltage
steps (x) (x)
Power Oscillation Damping (x)
Black start Capability (x)
Capability of Islanding Operation
Automatic Disconnection with Abnormal Voltage X X
Automatic Connection with active power recovery
speed X X
Constant Power at Low Voltage X
Constant Power at Low Frequency X

Note: The sign “x” means one or more classes/categories of the IBGs are required to meet with the designated requirement.
( ) denotes a non-mandatory requirement.

2.2.3 Inverter protection

An Inverter's protection may be separated into two main classes, internal and external. This
classification has nothing to do with the physical location of the protections. Internal protections are
primarily to assure the safety of the inverter itself and may be not in accordance with relevant standards
of protection relays (IEC TC 95 “Measuring relays and protection equipment” [20]) and are applied by
the manufacturers. External protection is required to serve a different purpose and considers the network.
Physically, in some cases, the external protection may be the same as the internal inverter protection,
but, despite this, they are not “monitoring” the inverter (internal), but the network (external). Although
protection functions based on pure electric measurements (passive protection methods) shall comply
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with requirements of IEC TC 95, other protections (not mentioned and/or based on active methods) are
not defined at all by IEC TC 95 at the present moment.

Internal protections are generally inserted in inverter models and do not affect IBG capabilities and
requirements. External protections, despite that they are physically inside the inverter control, may be
modelled separately, to allow for changes in the protection models or different regulation combinations
without any change in inverter model.

2.2.3.1 Internal Protection
Each IBG type has its own type of internal protections focused on avoiding damage to the inverter itself.

These internal protections are also known as generator protections (i.e. nothing to do with Interface
Protection).

Some examples of inverter internal protections are:

Reduction of maximum inverter current when the DC voltage exceeds a certain limit;
Limitation of inverter current’s variation rate after a fault;

Limitation of total reactive current;

Manual PV field shutdown with emergency stop;

PV field insulation detection;

DC overcurrent protection;

Over/under voltage protection;

Over/under frequency protection.

It should be noted that “Limitation of inverter current’s variation rate after a fault” and “Limitation of total
reactive current” are generally categorized as control instead of protection. Because their control
functions can operate for protection purposes as well as for control purposes, they are treated as the
internal protection in this technical brochure.

2.2.3.2 External Protection
IBGs may have external protections to:

e Detect uncontrolled local islanding situations and disconnect generators to shut down this island.
This functionally is also known as “Loss of Mains Protection”;

e Reduce the power production from the generating plant to prevent an over-voltage or over-
frequency situation in the network it is connected to;

e Assist the power system to reach a controlled state in case of voltage or frequency deviations
beyond corresponding regulation values.

These protections (or combination of different elementary protection functions) are usually referred to
as interface protection or interface protection system.

The interface protection system is generally based on combinations of over/under voltage and
over/under frequency protections.

It is not the purpose of the interface protection system to:

e Disconnect the generating plant from the network in case of faults internal to the power generating
plant. Protection against internal plant faults or abnormal operation conditions (short-circuits, earth
faults, overloads, etc.) is in charge of other external protection relays coordinated with network
protection, according to electric system operator protection criteria. Protection against electric
shock and against fire hazards are out of the scope of this TB;

e Prevent damages to the generating unit due to incidents (e.g. short circuits, asynchronous reclosing
operations) on the network. To avoid these possible damages, the generating unit shall have an
appropriate immunity level.

The interface protection system has to be coordinated with power system protections and power system
needs. Generator disconnection shall happen as fast as possible and with high reliability in case of local
faults or outside of normal operation conditions, and shall not happen in case of global perturbations
unless voltage and frequency values are far from normal operation conditions for a relatively long time.

The type of protection and the sensitivity and operating times of the interface protection system depend
on the electric system protections and on the characteristics of the network.
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The interface protection system is meant as a dedicated external device. Protection functions and other
features (e.g. EMC, mechanical, climatic requirements, etc.) shall be according to IEC TC 95 and other
relevant standards.

A good overview on external protection can be found in CIGRE TB 613 “Protection of Distribution
Systems with Distributed Energy Resources”[21] and CIGRE TB 421 “The impact of renewable energy
sources and distributed generation on substation protection automation” [22].

2.3 PRIMARY ENERGY SOURCES OF INVERTER BASED GENERATORS

Renewable Energy Sources (RES) are mainly connected to the grid via inverters. A power inverter, or
inverter, is an electric energy converter that converts direct current (DC) to single-phase or polyphase
alternating current (AC) [23]. These IBGs represent 100% of the total for the Photovoltaic (PV) plants
and an appreciable and continuously increasing percentage of wind plants (full inverter generators and
Doubly Fed Induction Generators (DFIG) reach sizes much higher than 4 MW). In addition, inverters
are also used in Organic Rankine Cycle (ORC) plants [24] and in micro turbines equipped with high
frequency permanent magnet synchronous generators. It is noted that the doubly fed technology has
originally been developed for hydro plants, e.g. variable speed pumped storage units [25]. The inverter
provides the interface between the grid and primary energy source to be transformed into electricity.
Although the inverter technologies may be similar to all devices, an appreciable difference may exist
related to the prime mover features, therefore influencing at least the inverter control. The response
and achievable performance of the combined system depends both on the capability of the inverter and
the capability of the primary energy source.

Examples:

e PV plants (PV array) neither have physical inertia nor mechanical/thermal processes involved.
Therefore nearly “real time” regulation is possible, limited only by inverter capabilities and inverter
control reaction time (for the whole chain, including measurement time of relevant quantities, such
as voltage, frequency, etc.; the theoretical reaction times may be some milliseconds or shorter).
There is no inherent energy storage (due to missing inertia) and thus, no possibility to support the
system in case of under-frequency due to incentive systems (unless additional storage devices are
foreseen or unless the generation is curtailed by several percent of the available active power [26]).

e  The prime mover of wind turbines (rotor blades) exhibits mechanical effects, including for instance
inertia. The inverter control has to take into account the dynamics of the prime mover. For example,
in case that such power cannot be delivered to the grid (e.g. during a fault), even though pitch
control may be very fast, some energy may be injected in the DC stage of the inverter causing an
increase of the DC voltage (possibly limited by the activation of a chopper or of electronic operated
short time duty resistors)

e In case of ORC generators (not widely used at present), the capability and the reaction time
depends on the thermal cycle of the “prime mover” from the ORC itself, which is usually an industrial
process, thus it is not easily controlled in a rapid manner without serious consequences to the main
process itself.

e As stated before, some of the RES capabilities might not be used due to existing economic
incentives (or the lack thereof): RES is mostly allowed to operate at maximum momentary available
power supplied from the primary energy source (there are some exceptions at present, for instance
Eirgrid, Hydro Quebec, ERCOT (for those IBGs participating in the primary frequency response
market), etc. have already introduced the requirement to operate RES at a power some % below
the available maximum power, to allow for primary frequency regulation). Moreover, the power
factor is often equal to one, the reactive power exchange with the network for voltage control on
distribution networks and power flows on transmission system, not being generally requested, (the
main reason for this is to avoid any oversize of the inverter or any momentary active power
reduction to allow the Q exchange)

The generation units that use different technologies can be characterized according to their primary
energy source and the existence, or not, of a prime mover and a rotating electrical machine as a
generator [27], [28], as shown in Table 2-3 and Figure 2-4. It is noted that the generator protection
somehow depends on the type of primary source (See Appendix 3-A.2.3).
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Table 2.3 Classification of inverter-based generator technologies

. Prime mover | Rotating machine as
Technology Primary source . .
(rotating) electrical generator
Wind energy conversion system Wind Yes Yes
Micro-turbine Diesel or gas Yes Yes
ORC (based or not on micro-turbines) Waste heat Yes Yes
Fuel-cells Hydrogen No No (Yes optional)
Photovoltaics Sun No No
Superconducting magnetic energy storage Storage No No
Battery energy systems Storage No No
Flywheel Storage Yes Yes
Vari
ariable speed hydro plants (VSC or cyclo Water Ves Ves
converter)
- - Grid
Primary Prime »lGeneratorl— Electronic
Source Mover Interface

Figure 2.4 Main components of generic inverter-based generator.

An example of a typical structure of a power source with a converter interface is shown in Figure 2-5.
The energy source may be: (a) a DC-power source by itself or (b) an AC source, which is rectified into
DC. In any case, the source itself may include other power electronics converters (AC/DC and DC/DC),
in order to create and/or regulate the DC voltage or current [27].
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Figure 2.5 PV systems, battery systems or fuel cells (a) micro-turbine or full converter WTG (b)
and DFIG (c).

Contrary to the modelling of the conventional generation sources, such as thermal or hydro generators,
where dynamics of generators play a very important role, for IBGs, the electrical control model
(generator and electronic interface) is of vital importance. The inverter serves as an interface between
the energy source and the electricity network. This electrical control model primarily determines the
dynamic performance of the IBG. Thus, from the system analysis point of view, the primary source and
its controls are often neglected.

C.

However, the primary energy source and the prime mover influence the capabilities of the IBG. The type
of the generator imposes some constraints on the electrical controls available and the generator
capabilities. For instance, regarding frequency response, the inverter can respond very quickly but its
primary source might be slower to follow, requiring a ramped change and thus constraining the mid- and
long-term behaviour.
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When studying the short-term, transient and dynamic performance of the inverters at the grid terminals
or when the generator is interfaced to the grid with the auxiliary help of a storage system to supply the
transient need of power, the details on the primary source behaviour tend to lose importance. We can
regard the system as an inverter connected to a stiff DC source which simplifies the design and analysis
of the power electronic interface. However, the controls, features and capabilities of the generator’'s
inverter following disturbances strongly rely on the type of its primary source.

PV plants that are fully interfaced by power electronic converters and have the ability to provide fast
response during frequency rise/drop have no rotating masses that introduce increased time responses.
The loss of stabilization effect due to the lack of inertia could be compensated from a much faster
reaction time. The fast reaction time may also have some adverse effects, which must be properly taken
into consideration in the dynamic studies, because these effects may affect different parts or levels of
the electric system from the one under consideration (for instance may increase uncontrolled islanding
on distribution systems).

Simple micro-turbines consist of a compressor, a combustor, a turbine, and a generator. The
compressors and turbines are typically radial flow designs that resemble automotive engine
turbochargers. Most designs are single-shaft and use a high-speed, permanent magnet generator to
produce variable-voltage, variable-frequency AC power.

Battery energy storages may heavily affect dynamic system behaviour according to the way they are
used [29].

For further detail, it is necessary to consider primary energy sources using inverters/converters to
interface with the network, but it is noted that providing the primary source model is out of the scope of
this TB. IBGs shall be considered as two components: inverter and generator which both have
independent requirements for frequency control and different frequency response characteristics.

2.4 CONCLUSION

Chapter 2 addressed the characteristics of IBGs focusing on the differences between IBGs with
minimum functionalities and large capacity synchronous generators. The representative natural feature
of synchronous generators is the inertia; fault current provision, synchronization capability and the
constant/fixed internal voltagel® source. They cannot easily be emulated (if at all or if needed) by IBGs
from technical or commercial perspectives?. On the other hand, many of the characteristics such as
limited frequency control capability and the reactive power control capability can be provided by IBGs.
Because of the increasing functionalities of IBGs, the IBG models have been further developed.
Although the synthetic inertia concept has emerged over the last few years, it is not completely
equivalent to inertia provided by synchronous machines mainly because the immediate/instant change
in active power is feasible by only synchronous generators. However, the control response of IBGs is
much faster than that of synchronous generators and such fast frequency response might be able to
compensate such lack of immediate/instant change in active power.

Chapter 2 also addressed the difference from a protection point of view, of the characteristics of IBGs
compared to synchronous generators. In general, IBGs are more likely to be disconnected due to the
high sensitivity of inverter protections. Therefore, modern grid codes are asking for IBGs to have FRT
capabilities. Because the operation of the inverter protection could result in the disconnection of the IBG,
the inverter protection models play an important role for most of the dynamic stability analyses. On the
other hand, the primary source and its controls may often be neglected for power system dynamic
studies.

Chapter 2 introduces in a basic fashion the type of models which is used for dynamic power system
analysis. The selection of the model type (EMT or RMS) is not discussed in Chapter 2 because it is very
dependent on the specific phenomena to be investigated. The selection of the model type with the
necessary model element for each type of phenomenon is discussed in Sub-Chapter 3.8. The addressed
characteristics in Chapter 2 are then used to extract the necessary functionalities of the IBG model
components which can be classified into three categories: 1) Control, 2) Protection and 3) Capability
(See Table 2.4). The definition of those categories will be provided in Chapter 3 (See also Appendix
A.2).

19 The voltage denotes the synchronous internal voltage. It does not denote the terminal voltage of synchronous generators.
20 Note that this capability is NOT literally required for IBGs because they have no rotor-angle stability issue.
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Table 2.4 List of functionalities of IBGs

Category Functionalities

Control DC Source Control

Control Current Control

Control PLL

Control MPPT
Protection Reduction of maximum inverter current when the DC voltage overcome a certain limit
Protection Limitation of inverter current’s variation rate after a fault
Protection Current limit
Protection DC Overvoltage Protection
Protection Over voltage/Under voltage Protection
Protection Over frequency/Under frequency Protection
Protection Protection for Detecting Balanced Fault
Protection Protection for Detecting Unbalanced Short-Circuit Fault
Protection Protection for Detecting Single-line-to-ground Fault

. ROCOF tripping: monitoring the power frequency variation rate and disconnecting the
Protection . . T
inverter when it reaches a certain limit [Hz/s]

Protection Vector jump
Protection Transfer trip
Protection Anti-islanding active detection method
Capability P(f) control (over/under frequency)
Capability Voltage control by means of reactive power
Capability Voltage control by means of active power [P(V)]
Capability Synthetic Inertia
Capability ROCOF immunity
Capability FRT (LV/HV)
Capability Active behaviour during voltage fast variations
Capability Power oscillation damping (POD)
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3. NECESSARY FUNCTIONALITIES OF INVERTER BASED
GENERATORS FOR KEY PHENOMENA

3.1 INTRODUCTION

The list of functionalities of inverter-based generators (IBGs) has been described in Chapter 2. It should
be noted that those functionalities were developed in terms of the capability of the inverter and the
control and protections of the IBGs. That means, those functionalities were neither developed from
system phenomena perspectives nor modelling perspectives (RMS or EMT). lllustrating and ranking the
necessary functions for each type of phenomenon becomes important for many power system
studies/analysis because considering all functions in any study requires an extremely heavy
computation burden. Therefore, Chapter 3 lists the relevant phenomena simulated in power system
dynamic studies and provides the functions which should be considered for each type of phenomenon.
The list of the phenomena and the mapping to the type of studies are illustrated in Table 3.1. It is noted
that the type of studies shown in Table 3.1 are based on [30].

Table 3.1 Type of phenomena and type of studies

Sub-Chapter Type of Phenomena Relevant Key Words Type of Studies
3.2 Behaviour in response to eDevice protection eFrequency regulation
frequency deviations e System support e Frequency stability
ePlant level control e Transient stability
eSynthetic inertia
eFrequency Response
33 Behaviour in response to large |®Device protection against damage |®Short-term voltage
\voltage deviations o FRT capability stability
o Grid support e Transient stability
® (Synthetic inertia) e Provision of fault
current
eLow/High voltage ride
through
3.4 Behaviour in response to long- |eV/Q control Long-term voltage
term voltage deviations e<permanent> limits stability
ePlant level control
3.5 Modelling simplifications for Small-disturbance
small-disturbance stability stability
analysis
3.6 Unintentional islanding Unintentional islanding
operation detection
3.7 Other phenomena and studies |Low- and high-frequency interaction
of controller, switching transients

Many impact analysis studies of IBGs have been performed around the world [31]-[35] and TB 450 [36],
“Grid integration of wind generation” which introduces how WTGs could influence the system
performance for each type of power system studies. However, according to the questionnaire survey
(which was performed during this CIGRE/CIRED JWG activities), still over 30% of the utilities and the
system operators do not use any IBG models and just rely on the negative load model for their regular
power system dynamic stability studies. The reasons for this may be summarized as follows [4]:

e Lack of model requirements of IBG for specific power system phenomena:
As the penetration level of such IBG technologies increases, various aspects of power system
stability and dynamic performance in the grid may change. Therefore, requirements that address
the necessary functions that need to be modelled of IBG for specific power system phenomena
need to be developed. These functions include various aspects, such as control, protection and
the capability of IBG. Considering these requirements, utilities and system operators can select
specific models for each power system phenomenon.

e Lack of well-validated detailed IBG models:

@Elgl‘e 39 'CIRED



MODELLING OF INVERTER-BASED GENERATION FOR POWER SYSTEM DYNAMIC STUDIES

In recent years, there has been much effort in the development of validated models for IBG.
This work has been primarily related to wind generation but has extended to other types of IBGs
in North America. Now, further attention is starting to be devoted to PV systems and other
technologies world-wide. In North America, there is one set of approved generic models for
large utility scale IBGs that is starting to gain traction [37], however, in general, there is still a
lack of well-validated and generally accepted dynamic simulation models, particularly for
distributed PV systems, for the use in power system dynamic studies. Even in the case of large
utility scale generic IBG models, there is a continued effort to add more features and to refine
them.

Lack of widely accepted generic IBG models:

Usually utilities and system operators do not create their own (user-written) models. They
request validated models from manufacturers, either proprietary or adjusted generic models.
This request poses two main disadvantages: 1) the manufacturer wants to keep the
confidentiality of their proprietary user-written model; and 2) the extra effort for the manufacturer
to tune the parameters of the generic model which includes the validation of the simulations
against the field measurements. Thus, the importance of developing reliable and flexible generic
models for different technologies and manufacturers of IBG should not be underestimated. The
advantages of generic models include: vendor and manufacturer independent, grid code
compatible, public model structure (control block diagram), software simulation tool
independent, etc. For some technologies, like wind generation, these models are already being
widely used, however, the latest generic models had only recently been developed at the time
the questionnaire survey was conducted.

Lack of widely accepted range of IBG model parameters:

Even if widely accepted generic models are provided, the control model parameters are crucial
for power system dynamic studies. Because many grid codes do not yet define the detailed
specification/characteristics of the inverter control, the control model parameters could be
different depending on