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1 Introduction
1.1 Motivation
Electric power systems must remain stable at all times. The power systems of the different
synchronous areas in Europe supply millions to hundreds of millions of customers, and instabilities
can affect a substantial amount of them. Therefore, one of the most important tasks of
Transmission System Operators (TSOs) is to secure power system stability within their own control
areas as well as within the whole interconnected system.
According to general definitions, an electric power system is stable if it has the “ability […], for a
given initial operating condition, to regain a state of operating equilibrium after being subjected to
a physical disturbance, with most system variables bounded so that practically the entire system
remains intact” [1].
When subjected to a disturbance, the resulting stability condition depends on the nature of the
disturbance (e.g. location, type, and duration) and the initial operating condition (e.g. power flow
profile and topology of the system). Traditionally, power system stability is categorised according
to the classification shown in Figure 1 [2].

Time frame of
interest

Size of
disturbance

Physical
nature

Power System
Stability

Figure 1

Rotor Angle
Stability

Small-Disturbance
Angle Stability

Frequency
Stability

Transient
Stability

Short Term

Voltage
Stability

Large-Disturbance
Voltage Stability

Short Term

Short Term

Small-Disturbance
Voltage Stability

Long Term

Long Term

IEEE/CIGRE classification of power system stability [1]

This classification distinguishes three aspects of power system stability with respect to their
physical nature and the system variable reflecting it [1]: rotor angle stability, frequency stability
and voltage stability. For further distinction, it also considers the size of the disturbance and the
time frame of interest after a disturbance.
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Severe disturbances, such as the tripping of transmission lines or large generators, relate to
transient stability, frequency stability and large-disturbance voltage stability. On the other hand
small-disturbance angle stability and small-disturbance voltage stability relate to small continuous
disturbances, e.g. load changes. The time frame of interest is strongly dependent on the time
constants of the relevant facilities and control systems as well as their interactions. It usually
ranges from seconds to tens of seconds for short-term stability aspects and tens of seconds to tens
of minutes for long-term stability aspects [1]. As normally all described aspects of power system
stability interact, they cannot be considered independently, but particular situations can often be
assigned to one of the aspects [1]. The classification can help to understand the mechanisms and
sources of instabilities and hereby to identify measures to maintain stability. Nevertheless, it must
not lead to a narrowed view – the stability of the whole power system must always be taken into
account and all measures must be assessed regarding their impact on the other aspects of power
system stability. In the past, these measures were largely sufficient and led to a very high security
of supply [3].
Apart from the classification of stability phenomena shown in Figure 1, stability phenomena can
also be classified according to the time constants of their causes [4]. Large time constants are
associated with maintaining the power balance in the system. This includes the scheduling and
optimisation of generation, and in fact also the long-term frequency control. Medium time
constants are associated with the kinetic energy in the system. This is mainly the kinetic energy
stored in the large rotating machines within the system. Typical phenomena are power oscillations
and the associated transient stability of the system [4]. Short time constants are caused by the
exchange of energy stored in the electric field and capacitances on the one hand and the magnetic
field and inductances on the other hand. Typical phenomena are switching transients, lightning and
transient overvoltages [4]. Various causes of instability and their time constants are illustrated in
Figure 2. The definition of power system stability and the classification as described are prevalent
and will also be used in this Task of the MIGRATE project (i.e. Task 1.1).
All over Europe, the grid penetration of Power Electronics (PE) increases quickly [5]. The most
important reason for that is the on-going expansion of Renewable Energy Sources (RES)
generation often connected through PE (esp. wind and photovoltaics). By now, this has led to a
significant share of RES generation already, causing PE-connected generators to cover the major
part of the load in some control areas in times of high wind or Photovoltaics (PV) generation [6].
Aside from RES generation, PE penetration increases by newly-built High-Voltage Direct Current
(HVDC) lines, Flexible Alternating Current Transmission Systems (FACTS) devices and PEconnected loads [5], [7].
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Figure 2

Overview of AC and HVDC grid dynamics [4]

Power electronics devices are used to alter the characteristics of electrical energy. In general, PE
devices are often used to dynamically create desired voltages or currents. Unlike transformers, PE
also enable the controlled power flow between unsynchronised Alternating Current (AC) systems,
Direct Current (DC) and AC systems or within DC systems of different voltage levels. By using
Voltage-Source Converters (VSC) (self-commutated inverters), AC systems can be flexibly created
and controlled. Based on these features, power electronics are often used to couple DC power
generators like PV or unsynchronised AC power generators [1] to the grid.
A common application is the variable-speed Doubly-Fed Induction Generator (DFIG), where only a
small part of the generated power is grid-coupled using PE [1]. Besides a widespread use in wind
turbines, this concept can also be used in machines with higher maximum capacity like hydroelectric generators [8]. It is not uncommon to use a full-scale converter in wind turbines, as it
allows the use of different machine types and designs without gearbox [9]. As PE devices can be
regarded as controllable voltage or current sources with high dynamics, they can be used within
FACTS, enhancing the controllability of the power system.
Many existing HVDC converters are Current-Source Converters (CSC), usually realised as thyristorbased Line-Commutated Converters (LCC). These converters require large amounts of reactive
power and a pre-existing grid voltage [10]. As an alternative, VSC concepts are often used in new
facilities. VSCs do not need reactive power and can even provide reactive power to the grid.
Common topologies are two-level converters, three-level converters and Modular Multilevel
Converters (MMC) [10]. The output voltage of MMCs can be set in fine steps, significantly reducing
the size of the necessary harmonic filters. The voltage limit for a single semiconductor valve is
usually too low for high voltage applications, thus HVDC converters are usually based on a large
quantity of cascaded semiconductors, making the design scalable for higher voltage levels and
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therefore higher power classes [11]. The high controllability of VSCs facilitates their integration
into weak grids and can even be used to actively generate and control an unsynchronised grid.
Therefore, they are of high interest for HVDC connections, which are often used to connect offshore
wind farms or transfer large amounts of electrical power between different synchronous areas [12].
There are major differences between synchronous generators, which are predominantly used to
directly connect conventional power plants to the grid and PE-connected generation. The reaction
of synchronous generators on disturbances is based on their physics. They mechanically store a
considerable amount of energy in their rotating mass and can be significantly overloaded for a
short time. On the contrary, PE reaction on disturbances is mainly influenced by their controls.
There is no considerable amount of energy stored within the PE, and it usually cannot be
overloaded substantially. Compared to a synchronous generator, the thermal time constant of PEdevices is very low and has practically no influence within the timeframe of system faults.
Therefore, overload conditions have to be considered in the converter’s sizing. As a rule of thumb,
the overload capability of PE devices can be expected to be about 1.1 times the rated power 4.
Power electronics generally use fast switching semiconductor valves. Due to the periodic switching
operation with high slew rates, the output contains additional harmonics, which have to be limited
using filters. The dynamic and controlled voltage or current output of PE allows wide and less
dependent operating points of active and reactive power within the device’s voltage and current
limits.
These differences have an impact on the time constants to be considered in stability analysis and
the kind of modelling which is applied. The difference in time constants and in the origin of the
various phenomena requires different study methods. Whereas for long time constants steadystate analysis (like power flow, contingency analysis, optimal power flow) is performed, stability
phenomena related to kinetic energy are studied by programs suited for the simulation of
electromechanical transients assuming that the electric values can be expressed with their Root
Mean Square (RMS). The short time constants caused by electromagnetic energy exchange are
analysed using Electromagnetic Transient (EMT)-type programs. The increasing use of PE causes
new challenges to the stability analysis of power systems. The main issues are that the switching
nature of PE and the much higher bandwidth associated with the control loops can lead to very
small time constants (see Figure 2) [4]. As comparison, Figure 2 also shows the time constant
related to some typical DC phenomena.
An electric power system, modelled in terms of differential equations, is built up with several types
of components, each with their own characteristics. The dynamic behaviour of the system is
determined by these differential equations, in which a large variety of time constants occur (see
Figure 2). These time constants range from microseconds (e.g. PE switching actions) to minutes
(e.g. frequency control). Because of this very wide range, it is not feasible to solve all these
equations for large power systems. In practice, the focus is on the time constants in which events

4

I.e., the output current is 10% larger than the rated current.
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occur: interactions which are much slower than the event under study are considered as constants.
Within the time domain simulations, a distinction is made between EMT programs and
electromechanical stability programs. A fundamental difference between these two types is that
within the EMT programs the currents and voltages are regarded in time domain and partly as
state variables, while in the electromechanical programs these are regarded as quasi-stationary
expressed by their RMS. This last simplification can be justified by the fact that the system
behaviour is dominated by the large time constants associated with the inertia of generators [13].
Figure 3 and Figure 4 [14] show the voltage and active power at a node with a Static Var
Compensator (SVC) during a fault situation. In Figure 3 the simulation is carried out using EMT
simulations. In Figure 4 an electromechanical stability program (RMS-based) was used.
Depending on the goal of the simulations the required level of detail can be determined, on the
basis of which a certain time domain simulation program can be used. Power electronics have
switching time constants which are in the bandwidth of EMT. Power systems with increasing
amounts of PE might exhibit a dynamic behaviour which cannot be investigated using
electromechanical stability programs. To account for the transient behaviour, in particular after
fault occurrence and fault clearing (e.g. see spikes at t = 200 ms and t = 450 ms in the EMT
diagram), the use of EMT programs becomes necessary for PE dominated grids.

Figure 3

Voltage and active power at a node with a SVC during a fault situation calculated using
EMT simulations [14]
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Figure 4

Voltage and active power at a node with a SVC during a fault situation calculated using
RMS simulations [14]

To conclude, due to the increasing share of PE, the dynamic behaviour of the electrical power
system changes significantly. Stability risks related to the classification types need to be identified
and analysed for increasing levels of PE in the grid. Grid resonances and interactions between the
controllers have become an additional concern that might not be covered by the conventional
power system stability classification, as pictured in Figure 1. Capturing all effects of PE requires
simulations with small time constants, which is computationally intensive. Therefore, necessary PE
model modifications or novel simulation methods, e.g. [15], have to be assessed. The existing grid
control strategies, operation concepts and connection rules must be evaluated regarding future
applicability [5], [16].

1.2 Objectives and approach of Task 1.1
The Work Package 1 (WP1) of the MIGRATE project addresses power system stability issues of
transmission grids under high penetration of PE concerning the short- and medium-term future5.
Distinctive for this period under consideration is the requirement to operate the existing HighVoltage Alternating System (HVAC) system with its current rules and with technology either
currently or shortly available. The objectives of WP1 are:
 To identify and prioritise the stability-related issues faced by the TSOs considering different
network topologies, geographical locations and penetration levels of PE (generators, HVDC
converters, FACTS, loads).

5

The long-term future is covered by WP3 of the MIGRATE project, regarding a system with 100% PE
penetration and no remaining synchronous generators. For an overview of the entire MIGRATE project, please
refer to www.h2020-migrate.eu.
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 To develop novel approaches and methodologies able to analyse and mitigate the impacts of PE
penetration on power system stability based on simulations, laboratory scale experiments and
Phase Measurement Unit (PMU) measurements methods (data supplied by WP2).
 To propose control strategies so as to further tune and coordinate existing system controls in
order to maximise the penetration level of PE considering the current operating rules, the
existing control and protection devices and the available degrees of freedom in the Network
Codes (NCs).
 To validate the use of a monitoring approach of the PE penetration based on-line PMU
measurements methods developed in WP2.
Within WP1, the objectives of Task 1.1 (T1.1) are:
 To identify and prioritise power system stability issues brought by the increasing penetration of
PE in the different control zones covered by the TSOs of the consortium.
 To assess, in collaboration with PE manufacturers, the capabilities of existing (and to be deployed
in the near future) grid-connected PE devices considering requirements imposed by the existing
network codes, and establish the extent of potential improvement of current system control
practices and infrastructure (without modifying the control hardware) in order to facilitate the
integration of PE devices within the framework of the existing network codes.
In order to identify all relevant stability issues, a comprehensive survey is conducted. This survey
is based on two sources, namely a questionnaire sent to a majority of the ENTSO-E TSOs and a
complementing literature survey. To serve as a basis for further analysis, both for T1.1 and
subsequent Tasks, the identified stability issues are described in detail. The identified stability
issues are prioritised with respect to their impact on power system stability by means of the results
of a second questionnaire sent to all TSOs within the MIGRATE project.
Beginning with the stability issues of highest priority, a “model problem” is developed for each
issue, allowing a deeper understanding of the corresponding system dynamics. A “model problem”
is the description of the modelling and simulation needs to enable a suitable (i.e. accurate)
recreation of a given stability phenomenon when the studied system is close to or in an unstable
condition 6 . To serve as a basis for the “model problems”, the state-of-the-art modelling and
simulation approaches for each stability issue transferred to a “model problem” are documented.
Modifications in the state-of-the-art modelling and simulation required due to increasing PE
penetration are regarded when developing the “model problems”. Initially, a high level description
of the “model problems” is created to serve as a starting point for the investigations. These initial
“model problems” will then be reviewed in more detailed investigations. Within T1.1, the “model
problems” are analysed to get first findings on the extent of potential improvement of current
system control practices and infrastructure (without modifying the control hardware) in order to
facilitate the integration of PE devices within the framework of the existing network codes. Besides,
the “model problems” are input for subsequent Tasks within WP1.

6

Please refer to Section 1.4 for a more detailed definition of “model problems”.
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Both, the capabilities of PE in context of the network codes and estimating the possible range for
the retuning of existing control schemes, require an in-depth understanding of the network codes.
Therefore, the most relevant network codes with respect to PE, i.e. NC RfG7, NC HVDC8 and NC
DCC9, are summarised from a technical point of view. In order to assess the capabilities of PE with
respect to the network code requirements, two sources are used. A preliminary assessment based
on academic expertise and manufacturer consultations are combined, in order to verify the findings.
A review of the aforementioned network codes will be part of D1.2.

1.3 Outline of Deliverable 1.1
This Deliverable is structured into two parts. In Chapter 2, the relevant network codes are
described and a preliminary assessment of the PE capabilities with respect to the requirements set
in these codes is given10. The second part in Chapter 3 contains a description of the approach to
identify and prioritise the stability issues and a detailed description of all identified issues. The
Deliverable closes with a conclusion. An anonymised summary of the questionnaire issued to a
majority of the ENTSO-E TSOs can be found in Appendix A of this document. The high level
description of the “model problems” can be found in Appendix B. As a part of this introduction,
specific terms used in the context of WP1 are defined in Section 1.4.

1.4 List of definitions used in Work Package 1
Term

Definition

Stability

The resulting pattern (i.e. motion property) of the dynamic (non-linear)

phenomenon

behaviour of an electric power system after being subjected to a physical
disturbance. So far, there is a consensus in the international power
engineering and scientific community that there are different types of
stability phenomena that may occur in a power system, namely, voltage
stability, frequency stability, and rotor angle stability. Its occurrence and
level of excitation are criticality dependent on a number of factors,
including the network topology, system operating condition, the form of
disturbance, as well as the underlying set of opposing forces.
It has been also acknowledged that one stability phenomenon may occur in
its pure form, but it can also lead to another type of phenomenon,
especially in highly stressed operating conditions and in cascading events.

7

Network Code on requirements for grid connection of generators [22]
Network Code on requirements for grid connection of high voltage direct current systems and direct currentconnected power park modules [17]
9
Network Code on Demand Connection [19]
10
It should be noted that Deliverable 1.1 comprises only a part of the output of Task 1.1. The remaining output,
i.e. reports on the state-of-the-art modelling and simulation as well as required modifications in modelling and
simulation methods due to increasing PE penetration, the technical capabilities of PE in collaboration with
manufacturers and the extent of potential improvement of current system control practices and infrastructure,
is part of Deliverable 1.2.
8
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Unstable condition

A condition in which an electric power system cannot be brought into a

(instability)

state of operating equilibrium (balance between opposing forces, e.g.
mechanical vs. electrical torque) after being subjected to a disturbance.
The acceptable technical bounds of most of the system variables are
violated (e.g. uncontrolled increase or decrease), which may lead to
significant restrictions to system operation, cascading events, widespread
disruptions, or even blackouts.

Model problem

Description of the modelling and simulation needs to enable suitable (i.e.
accurate) recreation of a given stability phenomenon (stability issue) when
the studied system is close to or in an unstable condition.
The model problem encompasses three fundamental aspects: i) Modelling
depth (level of details of the models of the considered devices and their
associated controllers, as well as the grid size); ii) Case study (operating
conditions associated to a given topology, power flow profile, and possible
disturbances);

iii)

Simulation

approach

(numerical

algorithm

and

assessment criterion to quantify the proximity to or occurrence of
instability)
Sample software-based implementations (small size power system) of the
model problems associated to the top 5 ranked and prioritised stability
phenomena are provided in D1.2 for sake of illustration (i.e. understanding
of causes and propagation) of critical stability situations, which also serve
as reference for comparison against observed stability situations in the
generic test cases built upon the Great Britain system.
Generic test case

The actual implementation of a model problem in the Great Britain system
based on a software platform (e.g. DIgSILENT PowerFactory, PSCAD). A
generic test case may involve a single model problem or a combination of
model problems. The latter depends on applicability of the three aspects of
model problem to simultaneously recreate (via simulation) more than one
stability phenomenon and possible couplings between different stability
phenomena.

TSO questionnaire

A questionnaire sent to 33 ENTSO-E TSOs in Q2/2016. The TSO
questionnaire consisted of the two main categories “state-of-the-art” and
“future developments”. Within these two categories, nine questions were
posed relating to:
1. Stability problems
2. Dynamic studies
3. Load modelling
4. Composition of load
5. Monitoring of stability
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6. Modelling of power electronics
7. Hardware-in-the-Loop

(HIL)

testing

using

Real

Time

Digital

Simulation (RTDS)
8. Data management for RMS/EMT analysis
9. Network codes
Prioritisation

The prioritisation questionnaire is based on the results of the TSO

questionnaire

questionnaire and a literature survey on current and arising transmission
system stability issues caused by increasing PE penetration. In the
prioritisation questionnaire, a brief description of each identified stability
issue (stability phenomenon) was given, and the addressed TSOs were
asked to assess the expected impact of the respective issues on power
system stability. Three dimensions were given for the prioritisation:


Severity of impact on overall power system stability (Severity)



Probability of occurrence (Probability)



Expected timeframe, i.e. when is the issue expected to become
relevant? (Timeframe)

The TSOs were asked to give their rating for each dimension with a value
between 0 and 3, where 0 is the lowest and 3 the highest impact.
Power

Electronic

Device Capability

Technical capability of grid-connected PE, necessary to maintain reliable
operations of the power system. These capabilities can be, but not
exclusively, in relation to the requirements set out by the network codes.

Penetration level of

The amount of PE devices in relation to all devices with a common scope of

Power

application, for example generation, load or transmission.

Electronic

Devices
Network
requirement

code

Network codes are technical specifications defining the requirements for
facilities connected to the public transmission and distribution systems.
The requirements determine, for example, voltage and frequency ranges,
voltage and frequency regulation and the behaviour during and after shortcircuit faults.
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2 Existing requirements for grid connected power
electronics
The legal bases defining requirements for grid-connected power electronics in the ENTSO-E
synchronous areas are manifold. There are network codes issued by the relevant local system
operator, local and European technical standards, local laws and network codes issued by
associations of system operators – each in different versions dependent on the date of grid
connection. In the course of the European Union (EU) harmonisation process, the ENTSO-E has
been established as an association of European TSOs and, among others, commissioned to develop
network codes applicable in the entire EU and the European Economic Area. The development
progress of the ten ENTSO-E network codes is depicted in Figure 5 [21], [22], [23].

Figure 5

Status chart of ENTSO-E network code development process as from June 2016 [23]
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It can be seen that the development process is divided into various steps comprising, amongst
others, the involvement of regulation authorities, the European Commission, the European Council,
the European Parliament and a public consultation involving all stakeholders. After entry into force,
the network codes become law (EU Regulation) in nearly all ENTSO-E member countries and
substitute local laws and rules [21]11.
Some network codes contain non-exhaustive requirements and are therefore not applicable
immediately [21]. At least for these requirements, local rules or laws are still required, but the
harmonisation had to consider the diversity within the ENTSO-E area, e.g. in generation and load
structure and in the size of the synchronous areas. In comparison to the conditions before entry
into force of the network codes, for most of the non-exhaustive requirements parameters to
describe the desired behaviour are defined and ranges for parameterisation are given, which is a
big advantage [21].
The network codes, identified to be most relevant for the grid connection of PE, are the
 Network Code on requirements for grid connection of generators (NC RfG),
 Network Code on requirements for grid connection of high voltage direct current systems and
direct current-connected power park modules (NC HVDC) and the
 Network Code on Demand Connection (NC DCC).
The important technical regulations specified by these network codes concerning transmission
system stability are described in this Chapter. The development process of the codes has come
very far: the NC RfG entered into force in May 2016 as Regulation (EU) 2016/631 and the NC
HVDC as well as the NC DCC are expected to enter into force in the 3rd quarter of the same year
(see Figure 5)12.
Generally, the NC RfG [22] and the NC DCC [19] are applicable to new facilities. The NC HVDC [17]
splits up into rules only applicable to new facilities and rules applicable to existing and new facilities.
But each described NC provides the possibility to extend rules to existing facilities under certain
circumstances, e.g. if power system stability is jeopardised. On that account and based on the fact
that this project is future-oriented, it is assumed for this report that the above-mentioned network
codes are the most relevant for grid-connected PE.
The network codes utilise several definitions, which are also used within this report. These
definitions are given in the next Section. In the following Sections, the NC RfG, the NC HVDC and
the NC DCC will be summarised from a technical point of view. Afterwards, the requirements are
preliminary assessed to identify those, which are most difficult to fulfil for PE devices. A review of

11

For exceptions please refer to [24].
The editorial deadline of this part of the document was in June 2016. Since then, the NCs HVDC and DCC
entered into force in September 2016 as Regulation (EU) 2016/1447 [18] and Regulation (EU) 2016/1388 [20].
Due to differences in Article numeration between the actual Regulations [18], [20] and their final drafts [17],
[19], this document still refers to the Article numeration of the final drafts.
12
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the preliminary assessment including manufacturer collaboration and details to the technical
capabilities of PE devices will follow in Deliverable 1.2.

2.1 Definitions
 “’Closed distribution system’ means a distribution system classified pursuant to Article 28 of
Directive 2009/72/EC as a closed distribution system by national regulatory authorities or by
other competent authorities, where so provided by the Member State, which distributes
electricity within a geographically confined industrial, commercial or shared services site and
does not supply household customers, without prejudice to incidental use by a small number of
households located within the area served by the system and with employment or similar
associations with the owner of the system” [19];
 “’Connection point’ means the interface at which the power-generating module, demand facility,
distribution system or HVDC system is connected to a transmission system, offshore network,
distribution system, including closed distribution systems, or HVDC system, as identified in the
connection agreement” [22];
 “’DC-connected power park module’ means a power park module that is connected via one or
more HVDC interface points to one or more HVDC systems” [17];
 “’Demand aggregation’ means a set of demand facilities or closed distribution systems which can
operate as a single facility or closed distribution system for the purposes of offering one or more
demand response services” [19];
 “’Demand facility’ means a facility which consumes electrical energy and is connected at one or
more connection points to the transmission or distribution system. A distribution system and/or
auxiliary supplies of a power generating module do no constitute a demand facility” [19];
 “’Demand response active power control’ means demand within a demand facility or closed
distribution system that is available for modulation by the relevant system operator or relevant
TSO, which results in an active power modification” [19];
 “’Demand

response

reactive

power

control’

means

reactive

power

or

reactive

power

compensation devices in a demand facility or closed distribution system that are available for
modulation by the relevant system operator or relevant TSO” [19];
 “’Demand response system frequency control’ means demand within a demand facility or closed
distribution system that is available for reduction or increase in response to frequency
fluctuations, made by an autonomous response from the demand facility or closed distribution
system to diminish these fluctuations” [19];
 “’Demand response transmission constraint management' means demand within a demand
facility or closed distribution system that is available for modulation by the relevant system
operator or relevant TSO to manage transmission constraints within the system” [19];
 “’Demand response very fast active power control’ means demand within a demand facility or
closed distribution system that can be modulated very fast in response to a frequency deviation,
which results in a very fast active power modification” [19];
 “’Demand unit’ means an indivisible set of installations containing equipment which can be
actively controlled by a demand facility owner or by a closed distribution system, either
individually or commonly as part of demand aggregation through a third party” [19];
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 “’Droop’ means the ratio of a steady-state change of frequency to the resulting steady-state
change in active power output, expressed in percentage terms. The change in frequency is
expressed as a ratio to nominal frequency and the change in active power expressed as a ratio to
maximum capacity or actual active power at the moment the relevant threshold is reached” [22];
 “’Fast fault current’ means a current injected by a power park module or HVDC system during
and after a voltage deviation caused by an electrical fault with the aim of identifying a fault by
network protection systems at the initial stage of the fault, supporting system voltage retention
at a later stage of the fault and system voltage restoration after fault clearance” [22];
 “’Frequency response insensitivity’ means the inherent feature of the control system specified as
the minimum magnitude of change in the frequency or input signal that results in a change of
output power or output signal” [22];
 “’Frequency response deadband’ means an interval used intentionally to make the frequency
control unresponsive” [22];
 “’HVDC converter station’ means part of an HVDC system which consists of one or more HVDC
converter units installed in a single location together with buildings, reactors, filters, reactive
power devices, control, monitoring, protective, measuring and auxiliary equipment” [17];
 “’HVDC interface point’ means a point at which HVDC equipment is connected to an AC network,
at

which

technical

specifications

affecting

the

performance

of

the

equipment

can

be

prescribed” [17];
 “’HVDC system’ means an electrical power system which transfers energy in the form of highvoltage direct current between two or more alternating current buses and comprises at least two
HVDC converter stations with DC transmission lines or cables between the HVDC converter
stations” [17];
 “’Island operation’ means the independent operation of a whole network or part of a network that
is isolated after being disconnected from the interconnected system, having at least one powergenerating module or HVDC system supplying power to this network and controlling the
frequency and voltage” [22];
 “’Low frequency demand disconnection’ means an action where demand is disconnected during a
low frequency event in order to recover the balance between demand and generation and restore
system frequency to acceptable limits” [19];
 “’Low voltage demand disconnection’ means a restoration action where demand is disconnected
during a low voltage event in order to recover voltage to acceptable limits” [19];
 “’Maximum capacity’ or ’ 𝑃max ’ means the maximum continuous active power which a powergenerating module can produce, less any demand associated solely with facilitating the operation
of that power-generating module and not fed into the network as specified in the connection
agreement or as agreed between the relevant system operator and the power-generating facility
owner” [22];
 “’Maximum HVDC active power transmission capacity’ (𝑃max ) means the maximum continuous
active power which an HVDC system can exchange with the network at each connection point as
specified in the connection agreement or as agreed between the relevant system operator and
the HVDC system owner” [17];
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 “’Maximum import capability’ means the maximum continuous active power that a transmissionconnected demand facility or a transmission-connected distribution facility can consume from the
network at the connection point, as specified in the connection agreement or as agreed between
the relevant system operator and the transmission-connected demand facility owner or
transmission-connected distribution system operator respectively” [19];
 “’Minimum HVDC active power transmission capacity’ ( 𝑃min ) means the minimum continuous
active power which an HVDC system can exchange with the network at each connection point as
specified in the connection agreement or as agreed between the relevant system operator and
the HVDC system owner” [17];
 “’Minimum regulating level’ means the minimum active power, as specified in the connection
agreement or as agreed between the relevant system operator and the power-generating facility
owner, down to which the power- generating module can control active power” [22];
 “’Offshore power park module’ means a power park module located offshore with an offshore
connection point” [22];
 “’On load tap changer’ means a device for changing the tap of a winding, suitable for operation
while the transformer is energised or on load” [19];
 “’On load tap changer blocking’ means an action that blocks the on load tap changer during a low
voltage event in order to stop transformers from further tapping and suppressing voltages in an
area” [19];
 “’P-Q-capability diagram’ means a diagram describing the reactive power capability of a powergenerating module in the context of varying active power at the connection point.” [22];
 “’Power-generating module’ means either a synchronous power-generating module or a power
park module” [22];
 “’Power park module’ or ’PPM’ means a unit or ensemble of units generating electricity, which is
either non-synchronously connected to the network or connected through power electronics, and
that also has a single connection point to a transmission system, distribution system including
closed distribution system or HVDC system” [22];
 “’Relevant system operator’ means the transmission system operator or distribution system
operator to whose system a power-generating module, demand facility, distribution system or
HVDC system is or will be connected” [22];
 “’Relevant TSO’ means the TSO in whose control area a power-generating module, a demand
facility, a distribution system or a HVDC system is or will be connected to the network at any
voltage level” [22];
 “’Remote-end HVDC Converter Station’ means an HVDC Converter Station which is synchronously
connected via an Interface Point to DC-connected Power Park Module(s). For the purpose of this
network code, in case of back-to-back schemes the requirements for the Remote-end HVDC
Converter Station apply at the Interface Point with the DC-connected PPM(s)” [25].
 “’Synchronous area’ means an area covered by synchronously interconnected TSOs, such as the
synchronous areas of Continental Europe, Great Britain, Ireland-Northern Ireland and Nordic and
the power systems of Lithuania, Latvia and Estonia, together referred to as ‘Baltic’ which are part
of a wider synchronous area’ [22];
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 “’Synchronous power-generating module’ means an indivisible set of installations which can
generate electrical energy such that the frequency of the generated voltage, the generator speed
and the frequency of network voltage are in a constant ratio and thus in synchronism” [22];
 “’Transmission-connected demand facility’ means a demand facility which has a connection point
to a transmission system” [19];
 “’Transmission-connected distribution facility’ means a distribution system connection or the
electrical plant and equipment used at the connection to the transmission system” [19];
 “’Transmission-connected distribution system’ means a distribution system connected to a
transmission system, including transmission-connected distribution facilities” [19].

2.2 Requirements for grid connection of generators
Regulation 2016/631 (NC RfG) distinguishes power-generating modules with respect to their
maximum capacity and the voltage level of their connection point 13 . Four generator types are
introduced: Type A, B, C and D. Table 1 gives an overview of the generator types and their
definitions. The thresholds 𝑃A , 𝑃B, 𝑃C and 𝑃D can be proposed by the relevant TSO to the relevant
regulatory authority or, where applicable, Member state, but shall not be above the limits shown in
Table 2.
Table 1

Generator types defined in Regulation 2016/631 [22]

Generator type

Voltage level

Type A

< 110 kV

and

≥ 0.8 kW and < 𝑃B

Type B

< 110 kV

and

≥ 𝑃B and < 𝑃C

Type C

< 110 kV

and

≥ 𝑃C and < 𝑃D

Type D

< 110 kV

and

≥ 𝑃D

Type D

≥ 110 kV

Table 2

Maximum capacity

Upper limits for generator type definition for different synchronous areas [22]

Synchronous area

Threshold 𝑃B

Threshold 𝑃C

Threshold 𝑃D

Continental Europe

1 MW

50 MW

75 MW

Great Britain

1 MW

50 MW

75 MW

Nordic

1.5 MW

10 MW

30 MW

Ireland and Northern Ireland

0.1 MW

5 MW

10 MW

Baltic

0.5 MW

10 MW

15 MW

Beside the distinction with respect to the generator type, Regulation 2016/631 provides general
requirements applicable to all power-generating modules, requirements only applicable to
synchronous power-generating modules, requirements only applicable to power park modules
(PPM) and requirements only applicable to AC-connected offshore power park modules.

13

Cf. Article 5 of Regulation (EU) 2016/631.
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As this Section shall only give a brief overview of the important technical requirements related to
power system stability from a TSO point of view defined by Regulation (EU) 2016/631 and also
omits certain exceptions and alternatives described there, it can only be seen as an introduction to
Regulation (EU) 2016/631 and not as a replacement. Instead of that, the descriptions refer to the
respective Articles of Regulation (EU) 2016/631.

2.2.1 Requirements applicable to all power-generating modules
An overview of selected general requirements applicable to all power-generating modules
distinguishing between the different generator types is given in Table 3. In addition, a classification
of the requirements regarding their intended effect on power system stability is given.
Frequency ranges
Frequency ranges and related time periods, within which power-generating modules shall be
capable of remaining connected to the network, are given. The bigger the deviation to nominal
frequency the shorter the time period that has to be guaranteed. The specific values are minimum
requirements that can be extended, if it is required to preserve or restore system stability and vary
between the different synchronous areas14.
Rate of change of frequency withstand capability
The relevant TSO can define a Rate of Change of Frequency (ROCOF) below which powergenerating modules shall have the capability to remain connected to the network15.
Limited frequency sensitive mode – overfrequency
The Limited Frequency Sensitive Mode – Overfrequency (LFSM-O) requires power-generating
modules to be able to reduce active power output with a defined droop, if a frequency threshold is
exceeded. The response shall be as fast as possible. The frequency threshold shall be between
50.2 Hz and 50.5 Hz, the droop shall be between 2% and 12%, each defined by the relevant TSO16.
Constant output at target active power
Whenever no rule described above or below is applicable, the power-generating module shall be
capable of maintaining its target active power output value regardless of changes in frequency17.
Maximum active power reduction at underfrequency
Power-generating modules which are not able to provide full active power during underfrequency
due to technical reasons can be allowed by the relevant TSO to reduce their active power output
with falling frequency beginning at 49.5 Hz. The permitted active power reduction is specified by
the relevant TSO18.

14
15
16
17
18

Cf.
Cf.
Cf.
Cf.
Cf.

Article
Article
Article
Article
Article

13(1)(a), Article 14(1), Article 15(1) and Article 16(1) of Regulation (EU) 2016/631.
13(1)(b), Article 14(1), Article 15(1) and Article 16(1) of Regulation (EU) 2016/631.
13(2), Article 14(1), Article 15(1) and Article 16(1) of Regulation (EU) 2016/631.
13(3), Article 14 (1), Article 15(1) and Article 16(1) of Regulation (EU) 2016/631.
13(4) and (5), Article 14(1), Article 15(1) and Article 16(1) of Regulation (EU) 2016/631.
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Table 3

Requirements applicable to all power-generating modules [21]
Requirement

Classification

Generator Type
A

B

C

D

Frequency ranges

Frequency stability

x

x

x

x

Rate of change of frequency withstand capability

Frequency stability

x

x

x

x

Limited frequency sensitive mode – overfrequency

Frequency stability

x

x

x

x

Constant output at target active power

Frequency stability

x

x

x

x

Maximum active power reduction at underfrequency

Frequency stability

x

x

x

x

x

x

Remote switch on/off

Frequency stability

Active power reduction

Frequency stability

Active power controllability and control range

Frequency stability

x

x

Limited frequency sensitive mode – underfrequency

Frequency stability

x

x

Frequency sensitive mode

Frequency stability

x

x

x

Frequency restoration control

Frequency stability

x

x

Disconnection of load due to underfrequency

Frequency stability

x

x

Fault-ride-through capability of power-generating

Robustness of

modules connected below 110 kV

generating units

Fault-ride-through capability of power-generating

Robustness of

modules connected at 110 kV or above

generating units

Control schemes and settings

General system

Loss of stability

General system

x

x
x

x

x

x

x

x

x

x

x

x

x

x

management
management
Rate of change of active power

General system
management

Steady-state stability

Robustness of
generating units

Auto-reclosures

Robustness of
generating units

Black start capability

System restoration

x

x

Capability to take part in isolated network operation

System restoration

x

x

Quick re-synchronisation

System restoration

x

x

Voltage ranges

Voltage stability

x

Remote switch on/off
Power-generating modules of Types A and B must be equipped with a logic interface that allows to
receive the instruction to cease their active power output within 5 seconds following the
instruction19.

19

Cf. Article 13(6) and Article 14(1) of Regulation (EU) 2016/631.
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Active power reduction
Type B power-generating modules must be equipped with an interface that allows instructions to
reduce active power output. In addition, the relevant system operator can impose the installation
of further equipment to allow remote control of active power output20.
Active power controllability and control range
The control systems of power-generating modules of Types C and D must be capable of adjusting
an active power setpoint instructed by the relevant system operator or the relevant TSO. The
adjustment has to be completed within a certain period defined by the relevant system operator or
the relevant TSO21.
Limited frequency sensitive mode – underfrequency
Taking into account the current ambient conditions, the operating conditions and the availability of
primary energy sources, Type C and D power-generating modules must be able to increase active
power output with a defined droop, if the frequency falls below a certain threshold. The response in
this so-called Limited Frequency Sensitive Mode – Underfrequency (LFSM-U) shall happen as fast
as possible. The frequency threshold shall be between 49.5 Hz and 49.8 Hz, the droop shall be
between 2% and 12%, each defined by the relevant TSO. The increase shall not end until the
maximum capacity of the power-generating module is reached22.
Frequency sensitive mode
Power-generating units of Types C and D must be able to provide active power frequency response
in a so-called Frequency Sensitive Mode (FSM). As a reaction to frequency deviations, the powergenerating unit must be able to increase active power output in case of underfrequency and
decrease active power output in case of overfrequency. In opposite to LFSM-O and LFSM-U, the
active power output adjustment shall start as soon as an over- or underfrequency is measured
which exceeds frequency response insensitivity and frequency response deadband. Beside the
frequency response insensitivity and the frequency response deadband, the relevant TSO can
determine the droop and the active power range for the FSM – all within certain limits set by
Regulation 2016/631. Further parameters to be determined by the relevant TSO are the initial
delay of active power frequency response activation, the time for full activation and the maximum
time of full active power provision. For the definition of all parameters, the relevant TSO can
distinguish between power-generating modules with respect to different technical characteristics
(e.g. with or without inertia) of the modules23.
Frequency restoration control
Type C and D power-generating modules have to comply with specifications related to frequency
restoration control issued by the relevant TSO24.
20
21
22
23
24

Cf.
Cf.
Cf.
Cf.
Cf.

Article
Article
Article
Article
Article

14(2) of Regulation (EU) 2016/631.
15(2)(a) and Article 16(1) of Regulation (EU) 2016/631.
15(2)(c) and Article 16(1) of Regulation (EU) 2016/631.
15(2)(d) and Article 16(1) of Regulation (EU) 2016/631.
15(2)(e) and Article 16(1) of Regulation (EU) 2016/631.
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Disconnection of load due to underfrequency
Power-generating units that are capable of acting as a load have to be able to disconnect their load
in case of underfrequency. This includes hydro pump-storage power-generating facilities but not
auxiliary supply of power-generating units25.
Fault-ride-through capability of power-generating modules connected below 110 kV
Type B and C power-generating modules must be capable of staying connected to the network and
operate stably after a secured symmetrical fault in the transmission system, if a certain voltageagainst-time-profile specified by each TSO is maintained. Figure 6 shows the Fault-Ride-Through
(FRT) profile given by Regulation (EU) 2016/631 as a lower limit for the concrete voltage-againsttime profile defined by each TSO. In the diagram, 1.0 pu is the pre-fault voltage, 𝑈ret the voltage
during the fault and 𝑈clear the voltage at the moment of fault clearance. The fault appears at t=0 s
and is cleared at 𝑡clear . The points in time 𝑡rec1 , 𝑡rec2 and 𝑡rec3 and the corresponding voltages specify
certain lower limits of voltage recovery after fault clearance. Certain ranges for the parameters are
given in Regulation (EU) 2016/631, distinguished according to whether the power-generating unit
is a power park module or a synchronous power-generating module26.

Figure 6

Fault-ride-through profile of a power-generating module [22]

Fault-ride-through capability of power-generating modules connected at 110 kV or above
As described above for power-generating units connected below 110 kV, Type D power-generating
modules must be capable of staying connected to the network and operate stably after a secured
symmetrical fault in the transmission system, if a certain voltage-against-time-profile specified by

25
26

Cf. Article 15(2)(f) and Article 16(1) of Regulation (EU) 2016/631.
Cf. Article 14(3)(a) and Article 15(1) of Regulation (EU) 2016/631.
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each TSO is maintained. The voltage-against-time-profile given in Figure 6 is qualitatively identical,
but the ranges given for parameterisation are more rigorous27.
Control schemes and settings
If the schemes and settings of the different control devices of the power-generating modules affect
transmission system stability, these schemes and settings have to be coordinated and agreed
between the relevant TSO, the relevant system operator and the owner of the power-generating
module28.
Loss of stability
Power-generating modules of Type C and D must be able to disconnect automatically from the
network in case of loss of angular stability or loss of control. The criteria for detecting loss of
stability or loss of control shall be agreed between the relevant system operator in coordination
with the relevant TSO and the power-generating facility owner29.
Rate of change of active power
For power-generating units of Type C and D, the relevant system operator in coordination with the
relevant TSO specifies minimum and maximum limits for rates of change of active power output in
both up and down direction taking into account specific characteristics of the prime mover
technology30.
Steady-state stability
Type C and D power-generating units must be able to retain steady-state stability in the event of
power oscillations when operating in any operating point of the 𝑃-𝑄-capability diagram31.
Auto-reclosures
If applicable to the network to which they are connected, Type C and D power-generating units
shall be capable of remaining connected to the network during single-phase or three-phase autoreclosures on meshed network lines32.
Black start capability
Regulation 2016/631 does not oblige power-generating units to be black start capable, but Type C
and D power-generating unit owners shall provide a quotation for providing black start capability, if
the relevant TSO requests it due to system security reasons. Power-generating units with black
start capability have to be
 capable of starting from shutdown without any external electrical energy supply within a time
frame specified by the relevant system operator in coordination with the relevant TSO,
 able to synchronise within certain frequency and voltage ranges,
27
28
29
30
31
32

Cf.
Cf.
Cf.
Cf.
Cf.
Cf.

Article
Article
Article
Article
Article
Article

16(3)(a) of Regulation (EU) 2016/631.
14(5)(a) of Regulation (EU) 2016/631.
15(6)(a) and Article 16(1) of Regulation (EU) 2016/631.
15(6)(e) and Article (16)(1) of Regulation (EU) 2016/631.
15(4)(a) and Article 16(1) of Regulation (EU) 2016/631.
15(4)(c) and Article 16(1) of Regulation (EU) 2016/631.
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 capable of automatically regulating dips in voltage caused by connection of demand,
 capable of regulating load connections in block load,
 capable of operating in LFSM-O and LFSM-U
 able to control frequency in case of overfrequency and underfrequency within the whole active
power output range between minimum regulating level and maximum capacity as well as at
houseload level,
 able to operate in parallel with a few power-generating modules within one island, and
 able to control voltage automatically during the system restoration phase33.
Capability to take part in isolated network operation
If required by the relevant system operator in coordination with the relevant TSO, Type C and D
power-generating modules shall be capable of taking part in island operation. In island operation,
the frequency and voltage limits described above still apply. Power-generating modules in island
operation shall be able to operate in FSM, LFSM-O and LFSM-U34.
Quick re-synchronisation
Power-generating modules of Type C and D have to be able to re-synchronise to the network
quickly in case of a disconnection, if demanded by the protection strategy applied. If the minimum
re-synchronisation time of the power-generating unit after a disconnection from any external
power supply is longer than 15 minutes, the power-generating module must be able to trip to
houseload from any operating point in its 𝑃 - 𝑄 -capability diagram and remain in houseload
operation for a minimum operation time specified by the relevant system operator in coordination
with the relevant TSO35.
Voltage ranges
Power-generating modules of Type D must be capable of staying connected to the network and
operate at least within certain voltage ranges for given time periods. These voltage ranges and
time periods differ with respect to the synchronous area and the voltage at the connection point36.

2.2.2 Requirements applicable to synchronous power-generating modules
The requirements solely applicable to synchronous power-generating modules are shown in Table 4
and are briefly described in the following.

33
34
35
36

Cf.
Cf.
Cf.
Cf.

Article
Article
Article
Article

15(5)(a) and Article 16(1) of Regulation (EU) 2016/631.
15(5)(b) and Article 16(1) of Regulation (EU) 2016/631.
15(5)(c) and Article 16(1) of Regulation (EU) 2016/631.
16(2) of Regulation (EU) 2016/631.
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Table 4

Requirements applicable to synchronous power-generating modules [22]
Requirement

Classification

Reactive power capability at maximum active power
Reactive power capability below maximum active

Generator Type
A

B

C

D

Voltage stability

x

x

Voltage stability

x

x

power
Voltage control system

Voltage stability

x

Reactive power capability at maximum active power
Synchronous power-generating modules of Type C and D operating at their maximum capacity
shall be able to provide reactive power within the boundaries of a 𝑈- 𝑄/𝑃max -profile specified by the
relevant system operator in coordination with the relevant TSO on request of the relevant system
operator. The shape of the 𝑈- 𝑄/𝑃max -profile can be defined freely within the boundaries described
below, considering the potential costs of delivering the capability to provide reactive power
production at high voltages and reactive power consumption at low voltages. The specified 𝑈𝑄/𝑃max -profile shall not exceed the 𝑈- 𝑄/𝑃max -envelope given by the inner envelope in Figure 7, and
the position of the 𝑈- 𝑄/𝑃max -profile envelope shall be within the limits given by the fixed outer
envelope in Figure 7. The voltage at the connection point in Figure 7 is expressed by the ratio of its
actual value and the reference 1 pu value. The parameters 𝑄/𝑃max Range and Voltage Range for the
different synchronous areas are given in Table 537.

Figure 7

37

𝑈- 𝑄/𝑃max -profile of a synchronous power-generating module [22]

Cf. Article 18(2)(b) and Article 19(1) of Regulation (EU) 2016/631.
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Table 5

Parameters for the inner envelope in Figure 7 [22]
Maximum range of steady-

Synchronous area

Maximum range of 𝑄/𝑃max

Continental Europe

0.95

0.225

Nordic

0.95

0.150

state voltage level in pu

Great Britain

0.95

0.225

Ireland and Northern Ireland

1.08

0.218

Baltic

1.0

0.220

Reactive power capability below maximum active power
If synchronous power-generating modules of Types C and D operate at an active power output
below maximum capacity (𝑃 < 𝑃max ), the synchronous power-generating modules shall be capable
of operating at every possible operating point in the 𝑃-𝑄-capability diagram of the alternator of that
synchronous power-generating module. The reactive power provided at the connection point shall
also correspond fully to the 𝑃-𝑄-capability diagram of the alternator of that synchronous powergenerating module38.
Voltage control system
Type D synchronous power-generating modules have to be equipped with a voltage control system
whose parameters and components shall be agreed between the generating facility owner, the
relevant system operator and the relevant TSO. Beside specifications for an Automatic Voltage
Regulator (AVR), the agreement shall specify an excitation control system with the following
characteristics:
 bandwidth limitation of the output signal,
 underexcitation limiter,
 overexcitation limiter,
 stator current limiter, and
 Power System Stabiliser (PSS) function (if maximum capacity is above a value specified by the
relevant TSO)39.

2.2.3 Requirements applicable to power park modules
The requirements solely applicable to power park modules are shown in Table 6 and are briefly
described in the following.

38
39

Cf. Article 18(2)(c) and Article 19(1) of Regulation (EU) 2016/631.
Cf. Article 19(2) of Regulation (EU) 2016/631.
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Table 6

Requirements applicable to power park modules [21]
Requirement

Classification

Synthetic inertia capability

Frequency stability

Post-fault active power recovery

Robustness of

Generator Type
A

B

C

D

x

x

x

x

x

x

x

x

generating units
Provision of fast fault current

Voltage stability

Priority to active or reactive power contribution

Voltage stability

x

x

Reactive power capability at maximum active power

Voltage stability

x

x

Reactive power capability below maximum active

Voltage stability

x

x

Reactive power control modes

Voltage stability

x

x

Power oscillations damping control

Voltage stability

x

x

power

Synthetic inertia capability
Power park modules of Type C and D have to be capable of providing synthetic inertia during very
fast frequency deviations due to a sudden infeed loss, if specified by the relevant TSO. In this
regard, the relevant TSO can specify the operating principle of control systems and the
performance parameters with respect to synthetic inertia capability40.
Post-fault active power recovery
Type B, C and D power park modules have to provide post-fault active power recovery capability
specified by the relevant TSO. The relevant TSO can specify a maximum allowed time, a magnitude
and accuracy for active power recovery together with a voltage criterion to identify the beginning
of post-fault active power recovery41.
Provision of fast fault current
If specified by the relevant system operator in coordination with the relevant TSO, power park
modules of Types B, C and D have to be capable of providing fast fault current either at the
connection point or at the terminals of the individual units of the power park modules in case of
symmetrical faults. The relevant system operator in coordination with the relevant TSO can specify
the fault identification criterions together with the characteristics, the timing and the accuracy of
the fast fault current. The relevant system operator in coordination with the relevant TSO can
further specify the requirements for asymmetrical fast fault current in case of asymmetrical faults42.
Priority to active or reactive power contribution
The relevant TSO shall specify for power park modules of Types C and D whether active power
contribution or reactive power contribution has priority during faults for which fault-ride-through

40
41
42

Cf. Article 21(2) and Article 22(1) of Regulation (EU) 2016/631.
Cf. Article 20(2)(b) and (c), Article 21(1) and Article 22(1) of Regulation (EU) 2016/631.
Cf. Article 20(3), Article 21(1) and Article 22(1) of Regulation (EU) 2016/631.
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capability is required. If priority is given to active power contribution, this provision has to be
43

established no later than 150 ms from the fault inception .
Reactive power capability at maximum active power
Power park modules of Type C and D operating at their maximum capacity shall be able to provide
reactive power within the boundaries of a 𝑈 - 𝑄/𝑃max -profile specified by the relevant system
operator in coordination with the relevant TSO. The requirements are identical to the requirements
described above for synchronous power-generating modules except for the parameterisation.
Figure 8 and Table 7 show the corresponding boundaries and parameters of the 𝑈- 𝑄/𝑃max -profile44.

Figure 8
Table 7

43
44

𝑈- 𝑄/𝑃max -profile of a power park module [22]
Parameters for the inner envelope in Figure 8 [22]
Maximum range of steady-

Synchronous area

Maximum range of 𝑄/𝑃max

Continental Europe

0.75

0.225

Nordic

0.95

0.150

state voltage level in pu

Great Britain

0.66

0.225

Ireland and Northern Ireland

0.66

0.218

Baltic

0.8

0.220

Cf. Article 21(3)(e) and Article 22(1) of Regulation (EU) 2016/631.
Cf. Article 21(3)(b) and Article 22(1) of Regulation (EU) 2016/631.

Page 36 of 137

REPORT

Reactive power capability below maximum active power
Regarding reactive power provision capability of Type C and D power park modules operating
below maximum capacity, the power park modules must be able to provide reactive power at the
connection point within a 𝑃- 𝑄/𝑃max -profile specified by the relevant system operator in coordination
with the relevant TSO. The shape of the profile can be specified freely within the boundaries
following below. The specified 𝑃- 𝑄/𝑃max -profile shall not exceed the 𝑃- 𝑄/𝑃max -profile envelope given
by the inner envelope in Figure 9, and the position of the 𝑃- 𝑄/𝑃max -profile envelope shall be within
the limits given by the fixed outer envelope in Figure 9. The active power in Figure 9 is expressed
by the ratio of its actual value and the maximum capacity 1 pu, the reactive power by the ratio of
its actual value and the maximum capacity. The 𝑄/𝑃max Range for the different synchronous areas
is given in Table 7, the active power range of the 𝑃- 𝑄/𝑃max -profile at zero reactive power shall be
1 pu45.

Figure 9

𝑃- 𝑄/𝑃max -profile of a power park module [22]

Reactive power control modes
Three reactive power control modes can be specified by the relevant system operator, in
coordination with the relevant TSO and the power park module owner, for Type C and D power
park modules: voltage control mode, reactive power control mode and power factor control mode 46.

45
46

Cf. Article 21(3)(c) and Article 22(1) of Regulation (EU) 2016/631.
Cf. Article 21(3)(d) and Article 22(1) of Regulation (EU) 2016/631.
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Power oscillations damping control
The relevant TSO can specify that power park modules of Types C and D must be capable of
contributing to the damping of power oscillations. The voltage and reactive power control
characteristics of power park modules must not adversely affect the damping of power
oscillations47.

2.2.4 Requirements applicable to AC-connected offshore power park modules
Regulation (EU) 2016/631 also specifies requirements for AC-connected offshore power park
modules. These are power park modules whose connection point is located offshore and where the
connection to shore is carried out using AC lines. The requirements are broadly identical to the
requirements for onshore power park modules of Type D and differ only in the parameterisation
regarding voltage ranges and reactive power capability at maximum active power48.

2.3 Requirements for grid connection of high voltage direct current systems
The “Network Code on HVDC Connections” [17] establishes guidelines for grid connection of HVDC
systems and DC-connected power park modules. The code does not apply to HVDC systems whose
connection point is below 110kV, unless a cross-border impact is demonstrated49. The guidelines
include frequency, voltage and reactive power ranges, as well as requirements for active power
control and fault-ride-through capability. It is structured in three parts. In addition to the
requirements for HVDC systems, the code has further Sections on remote-end HVDC converter
stations and DC-connected power park modules. The requirements for DC-connected power park
modules consider a situation, in which the modules are part of a meshed offshore AC grid
connecting to more than one synchronous area using HVDC systems [17]. The “Network Code on
HVDC Connections” [17] utilises several definitions, which are used within this Section, see
Section 2.1 for details. The most relevant are illustrated in Figure 10.
In the following Sections, the guidelines will be summarised from a technical point of view.

47
48
49

Cf. Article 21(3)(f) and Article 22(1) of Regulation (EU) 2016/631.
Cf. Articles 23 to 28 of Regulation (EU) 2016/631.
Cf. NC HVDC Article 3(7a) [17].
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DC-connected power park module

(Remote-end) HVDC
converter station

≈
=

HVDC converter station

HVDC system

HVDC interface point

=
≈

AC connection point
(and HVDC interface point)

AC Grid (synchronous area)

Figure 10

Example configuration of a grid connection of a HVDC system and DC-connected power
park modules

2.3.1 General provisions
The following Sections correspond to HVDC systems, including multi-terminal HVDC systems. DCconnected power park modules will be described in Section 2.3.7 and remote-end HVDC converter
stations in Section 2.3.8.
Scope of application
Generally, existing or nearly completed HVDC systems are not subject to the new requirements,
except the following50:
 Fault-ride-through capability (Post fault active power recovery) 51;
 Subsynchronous Torsional Interaction (SSTI) damping capability52;
 HVDC system robustness53;
 Power quality54.

50
51
52
53
54

Cf.
Cf.
Cf.
Cf.
Cf.

NC
NC
NC
NC
NC

HVDC
HVDC
HVDC
HVDC
HVDC

Article
Article
Article
Article
Article

4 [17].
25-26 [17].
31 [17].
33 [17].
50 [17].
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In this context, HVDC system robustness means, that the HVDC system has to find a stable point
of operation after any planned or unplanned change in the HVDC system, the AC network or
transient faults on the AC lines53.
Power quality refers to the requirement, that a remote-end HVDC converter stations may not cause
an inadmissible level of distortion or fluctuations of the supply voltage at the connection point. This
includes interaction with other HVDC converter stations or equipment that is in close electrical
proximity54.

2.3.2 Requirements for active power control and frequency support
Frequency ranges
An HVDC system’s time periods for operation at different frequency ranges within the short circuit
power range, as specified by the system operator, are represented in Table 8 55 . Generally, the
periods are set to be longer than those of the connected power park modules, grid-connected
generators [22] and demand [19]. In case of a frequency change, the HVDC system has to remain
operable for a rate of change of frequency up to ±2.5 Hz/s56.
Active power controllability, synthetic inertia
The HVDC system has to be capable of following the transmission system operator’s instructions
regarding active power output. This includes a fast power reversal and, if the system links various
control or synchronous areas, control functions for cross-border balancing. The TSO may specify
how an HVDC system shall infeed active power into the connected AC networks in case of
disturbances. Furthermore, automatic remedial actions including stopping the ramping, blocking
FSM and frequency control may be requested57.
Table 8

Minimum time periods an HVDC system shall be able to operate for different frequencies
deviating from a nominal value without disconnecting from the network [17]

Frequency range
HVDC system -

47.0 Hz–

47.5 Hz–

49 Hz–

51.0 Hz–

51.5 Hz–

47.5 Hz

49.0 Hz

51 Hz

51.5 Hz

52.0 Hz

60 seconds

Unlimited

Time period for

Longer than established times for generation

operation

and demand
Longer than for DC-connected PPMs

PPM

58

-

20 seconds

90 minutes

Unlimited

90 minutes

15 minutes

Time period for
operation

55
56
57
58

Cf. NC HVDC Article 11(1) [17].
Cf. NC HVDC Article 12 [17].
Cf. NC HVDC Article 13 [17].
Power park modules are described in Section 2.3.7.
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Based on studies undertaken by the TSO, a minimum synthetic inertia may be specified. In this
context, synthetic inertia means a rapid adjustment of active power output in response to
frequency changes59.
Requirements relating to frequency sensitive mode, limited
overfrequency and limited frequency sensitive mode underfrequency

frequency

sensitive

mode

The principles of the FSM are represented in Figure 11. They do not differ significantly from those
outlined in [22], but the specific parameters shown in Table 9 reflect some major differences. For
HVDC systems, the droop can be defined differently for upward and downward regulation and has a
lower allowed limit of 0.1%, which is significantly smaller than for grid-connected generators [22].
A smaller droop causes a larger change in active power in response to a frequency change.
Additionally, the admissible time for a full activation of active power frequency response is set to
30 s with an initial delay of under 0.5 s, requiring a faster initiation, compared to generators with
physical inertia.
Unlike the requirements for generators, the upper and lower active power output limit is not
defined by a fixed percentage around a reference power, but by the minimum and maximum active
power transmission capability of the HVDC system.
The requirements for limited frequency sensitive mode under- and overfrequency (LFSM–U, LFSM–
O) coincide to a great extent with those for grid-connected generators [22], except for a lower
minimum droop of 0.1%.
If specified by the TSO, the HVDC system has to be equipped with a control that modulates the
active power output of a HVDC converter depending on the frequencies at all connection points of
the HVDC system60.
Table 9

Parameters for active power frequency response in FSM [17], [22]
Parameters

HVDC system [17]

Frequency response deadband

Grid-connected generators [22]
0 to ±500 mHz

Droop s1 (FSM, upward regulation)

Minimum 0.1%

2% to 12% (identical for both

Droop s2 (FSM, downward regulation)

Minimum 0.1%

directions of regulation)

Droop (LFSM-U and LFSM-O)

Minimum 0.1%

2% to 12%

Frequency response insensitivity

Maximum 30 mHz

10 to 30 mHz

Maximum admissible initial delay

0.5 seconds

2 seconds61

Maximum admissible time for full

30 seconds

activation

59
60
61

Cf. NC HVDC Article 14 [17].
Cf. NC HVDC Article 16 [17].
Valid for generators with inertia, otherwise specified by the TSO.
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Figure 11

Illustration of active power frequency response capability of an HVDC system in
FSM [17]; ∆𝑃 is the change in active power output from the HVDC system. 𝑓𝑛 is the
target frequency and ∆𝑓 is the frequency deviation in the AC network where the FSM
service is provided.

2.3.3 Requirements for reactive power control and voltage support
Voltage ranges
The minimum time periods an HVDC system shall be capable of operating at voltages deviating
from its reference value are similar to those defined for generators [22]. The time periods are
depicted in Table 1062.
Reactive power capability
The system operator and the TSO have to specify the reactive power capabilities at the connection
points in accordance with Figure 12. The 𝑈- 𝑄/𝑃max -profile may take any shape, as long as its
ranges do not exceed the boundaries of the inner envelope. The inner envelope is limited in size by
a voltage range and range of 𝑄/𝑃max -ratio, but can be placed arbitrarily within the limits of the
outer envelope, as long as the 𝑈- 𝑄/𝑃max -profile does not exceed the limits of the outer envelope 63.
Considering the capabilities of HVDC systems, the TSO can specify, whether the system shall
prioritise active or reactive power output, depending on the present conditions64.

62
63
64

Cf. NC HVDC Article 18 [17].
Cf. NC HVDC Article 20 [17].
Cf. NC HVDC Article 23 [17].
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300 kV

≥20 min65

Unlimited
-

Great Britain

-

Ireland

and

Unlimited

60 min

-

Unlimited

-

-

Unlimited

Northern Ireland
Baltic

-

Unlimited

Power park modules

66

Remote-end
HVDC
69
converter stations

60 min

Unlimited

60 min

Unlimited

20 min
Unlimited67

To be specified68

400 kV

HVDC systems

Continental

≥60 min65

Unlimited

Europe

specified68

1.0875 pu

1.05 pu

0.9 pu

≤ 𝑈 ≤

0.88 pu

0.85 pu

Voltage ranges
300 kV

To be

Unlimited67

1.15 pu

Nordic

1.1 pu

Europe

1.097 pu

HVDC systems

Continental

1.15 pu

1.118 pu

1.1 pu

≤ 𝑈<

1.05 pu

100 kV

0.9 pu

0.85 pu

Voltage ranges

1.12 pu

Table 10 Minimum time periods an HVDC system, power park module or remote-end HVDC
converter station shall be capable of operating at voltages deviating from the reference 1
pu value at the connection points without disconnecting from the network [17]

60 min

-

Nordic

-

Unlimited

≥60 min65

-

Great Britain

-

Unlimited

15 min

-

-

Unlimited

-

Ireland

and

Northern Ireland
Baltic

-

Power park modules
Remote-end

HVDC

converter stations

Unlimited

20 min
68,70

60 min

Unlimited

To be specified

60 min

Unlimited

To be specified68,70

65

To be established by each relevant system operator, in coordination with the relevant TSO but not less than
the given value.
66
Power park modules are described in Section 2.3.7.
67
Unless specified otherwise by the system operator and TSO.
68
To be specified by the system operator and TSO.
69
Remote-end HVDC converter stations are described in Section 2.3.8.
70
Various sub-ranges can be specified.
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Figure 12: Boundaries of a 𝑈 - 𝑄/𝑃max -profile with 𝑈 being the voltage at the connection points
expressed by the ratio of its actual value to its reference value in 1 pu, and 𝑄/𝑃max
being the ratio of the reactive power to the maximum HVDC active power transmission
capacity [17]; the ranges are defined in Table 11.
Table 11 Parameters for the inner envelope of Figure 12 [17]
Maximum range of

Synchronous area

𝑄/𝑃max

Maximum range of
steady-state voltage level
in pu

Continental Europe

0.95

0.225

Nordic

0.95

0.15

Great Britain

0.95

0.225

Ireland and Northern

1.08

0.218

1.0

0.220

0.95

0.1–0.225

0.95

0.225

Ireland
Baltic States
Power park modules

71

Remote-end HVDC
converter station72

2.3.4 Fault-ride-through
The requirements regarding the fault-ride-through capability basically match those of gridconnected generators [22]. In addition, the TSO may specify voltages 𝑈Block , where the HVDC
71
72

Power park modules are described in Section 2.3.7.
Remote-end HVDC converter stations are described in Section 2.3.8.
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converter station may operate in blocking mode. In blocking mode, the HVDC converter station
remains connected, but does not exchange any active or reactive power with the AC network. The
fault-ride-through profile for HVDC converter stations has some minor differences compared to the
profile for grid-connected generators, see Figure 13 for details. The parameters of Figure 13 are
specified in Table 12.
The requirements for fault-ride-through capability apply to existing systems73.

Figure 13

Fault-ride-through profile of an HVDC converter station [17]; the diagram represents
the lower limit of a voltage-against-time profile at the connection point, expressed by
the ratio of its actual value and its reference 1 pu value in per unit before, during and
after a fault. 𝑈ret is the retained voltage at the connection point during a fault, 𝑡clear is
the instant when the fault has been cleared, 𝑈rec1 and 𝑡rec1 specify a point of lower limits
of voltage recovery following fault clearance. 𝑈block is the blocking voltage at the
connection point. The time values referred to are measured from 𝑡fault [17].

Table 12 Parameters for Figure 13 for the fault-ride-through capability of an HVDC converter
station [17]
Voltage parameters in pu

Time parameters in seconds

𝑈ret

0.00–0.30

𝑡clear

𝑈rec1

0.25–0.85

𝑡rec1

1.5 s–2.5 s

𝑈rec2

0.85–0.90

𝑡rec2

𝑡rec1 –10.0 s

73

0.14 s–0.25 s

Cf. NC HVDC Article 4 [17].
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2.3.5 Requirements for control
If several HVDC converter stations or other plants and equipment are within close electrical
proximity, studies may be requested by the TSO, investigating possible interactions. If adverse
interaction is identified, mitigation actions have to be specified and undertaken by the system
operator74. Furthermore, the HVDC system is required to have SSTI damping capability and shall
contribute to electrical damping of torsional frequencies 75 . This requirement is applicable to
existing systems50. If necessary mitigation actions are identified, they are to be undertaken by the
system owner.
In terms of system robustness76, the HVDC system has to find a stable point of operation after any
planned or unplanned change in the HVDC system or AC network with a minimum change in the
active power flow and voltage level. The HVDC system shall withstand transient faults on HVAC
lines and shall not disconnect due to auto-reclosure of lines. The tripping or disconnection of one
converter station within an HVDC system may not cause inadmissible transients at the connection
points.

2.3.6 Requirements for protection devices and settings
The system operator shall specify protection schemes in coordination with the TSO. The electrical
protection of the HVDC system takes precedence over operational controls 77 . Furthermore, the
HVDC system owner shall organise its protections and control devices in compliance with the
following priority ranking, listed in decreasing order of importance78:
(a) network system and HVDC system protection;
(b) active power control for emergency assistance;
(c) synthetic inertia, if applicable;
(d) automatic remedial actions;
(e) LFSM;
(f) FSM and frequency control;
(g) power gradient constraint.
The relevant TSO may obtain a quote for black start capability from the HVDC system owner79.

2.3.7 Requirements for DC-connected power park modules
Power park modules, which are connected to the HVDC system, are subject to several
modifications regarding the requirements for HVDC systems. The guidelines, which specify
parameters for AC characteristics, are applicable, if the power park module is connected to the
HVDC system interface by an AC collection network with a nominal frequency of 50 Hz. Guidelines
for AC connections with variable frequency or a nominal frequency different from 50 Hz can be
found in [17].

74
75
76
77
78
79

Cf.
Cf.
Cf.
Cf.
Cf.
Cf.

NC
NC
NC
NC
NC
NC

HVDC
HVDC
HVDC
HVDC
HVDC
HVDC

Article
Article
Article
Article
Article
Article

29
31
33
34
35
37

[17].
[17].
[17].
[17].
[17].
[17].
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Frequency stability requirements
If a frequency response at one of the connection points of the HVDC system to the synchronous
area AC network is required, the power park module has to activate its response within 0.1 s after
a fast signal has been sent from the mentioned connection point to the power park module 80.
The required time periods of operation at different frequency ranges are shown in Table 8. The
maximum rate of change of frequency the power park module has to withstand is ±2 Hz/s.
In accordance with the guidelines given in [22], the power park modules shall have the following
capabilities regarding the AC collection network, subject to the requirements for generators 81:
1. Limited frequency sensitive mode – overfrequency82;
2. Maintaining constant power regardless of changes in frequency, unless covered by other
requirements, e.g. LFSM83;
3. Active power controllability;
4. Limited frequency sensitive mode – underfrequency84;
5. Frequency sensitive mode;
6. Frequency restoration control85.
The actual delivery of active power frequency response in LFSM-U may depend on the ambient
conditions and availability of primary energy sources, especially when operating near maximum
capacity at low frequencies84. Based on specifications by the TSO, the power park module shall
provide functionalities to restore frequency to its nominal value and the power flow to its scheduled
value85.
Reactive power and voltage requirements
The voltage ranges and corresponding minimum time periods for operation for power park modules
are shown in Table 10.
With regard to reactive power capability at maximum HVDC active power transmission capacity,
the 𝑈- 𝑄/𝑃max -profile of power park modules is subject to the same principles as the HVDC system,
shown in Table 11. The possible ranges of the 𝑈- 𝑄/𝑃max -profile are similar to the ranges of the
HVDC system and are described in Table 11.
The power park module owner shall ensure that their connection does not cause a level of
distortion or fluctuation of supply voltage at the connection point to the AC network86.

2.3.8 Requirements for remote-end HVDC converter stations
Remote-end HVDC converter stations have to fulfil the requirements for HVDC systems stated in
Section 2.3.1 to 2.3.6 and shall have the capability of a fast response with active power to a signal
sent by the connection point to the synchronous AC grid, as mentioned in Section 2.3.7. The
remote-end HVDC converter station shall have the capability of providing the network frequency of
80
81
82
83
84
85
86

Cf.
Cf.
Cf.
Cf.
Cf.
Cf.
Cf.

NC HVDC Article 39 [17]; the time is measured from sending to activation of response.
NC HVDC Article 39 [17].
Article 13(2) of Regulation (EU) 2016/631.
Article 13(3) of Regulation (EU) 2016/631.
Article 15(2c) of Regulation (EU) 2016/631.
Article 15(e) of Regulation (EU) 2016/631.
NC HVDC Article 44 [17].
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the connection point as a signal 87 . The parameters for minimum time of operation at different
frequency ranges are depicted in Table 8, and those for voltages deviating from the reference
value are summarised in Table 10.

2.4 Requirements for demand connection
The “Network Code on Demand Connection” [19] focuses on guidelines for new transmissionconnected demand facilities and new transmission-connected distribution facilities and their
demand units88. Non-transmission-connected facilities are not within the scope of the network code.
Existing facilities or distribution systems can be subject to all or a subset of the requirements, if
decided by the relevant regulatory authority 89 . The network code will be summarised in the
following Sections with regard to technical aspects of system stability.
Section 2.4.1 describes general requirements for demand facilities and distribution facilities.
Section 2.4.2 outlines additional requirements for demand response services.

2.4.1 General requirements for transmission-connected demand facilities,
transmission-connected distribution facilities and distribution systems
The time periods a demand facility shall be capable of staying connected and operable, regarding
frequency and voltage deviations, are in general identical to those set out for generators operating
at a voltage between 110 kV and 300 kV90. For voltages below 0.9 pu of the reference voltage, a
time period of operation is not specified.
The power factor of demand facilities or distribution systems shall not be below 0.9 for import and
export of reactive power. The TSO may require distribution networks to actively control the
exchange of reactive power and not to export reactive power, if the active power flow is below
25% of the maximum import capacity91.
The TSO and the demand facility owner or distribution system operator shall agree on schemes and
settings of the following control devices, relevant for system security92:
 isolated (network) operation;
 damping of oscillations;
 disturbances to the transmission network;
 automatic switching to emergency supply and restoration to normal topology; and
 automatic circuit breaker re-closure (in case of one-phase faults).
In case of an underfrequency situation, distribution systems shall have the capability to
automatically disconnect a proportion of their demand 93. The TSO can specify this requirement for
demand facilities. The trigger can be based on a combination of the measured frequency and the
rate of change of frequency. The demand disconnection functional capability has to be provided at
least for frequencies between 47–50 Hz and has to be activated within 150 ms. If the voltage is

87
88
89
90
91
92
93

Cf.
Cf.
Cf.
Cf.
Cf.
Cf.
Cf.

NC
NC
NC
NC
NC
NC
NC

HVDC Article 47 [17].
DCC Article 3 [19].
DCC Article 4 [19].
DCC Article 12 [19].
DCC Article 15 [19].
DCC Article 17 [19].
DCC Article 19(1) [19].
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within 30 to 90% of the reference voltage, blocking of this functional capability shall be possible.
The TSO may specify requirements for on-load tap-changer blocking94. The conditions under which
a demand facility or distribution system is entitled to reconnect after a disconnection shall be
specified by the TSO95. Additionally, the demand facility or distribution facility shall be capable of
being remotely disconnected when required by the TSO.

2.4.2 Requirements for demand units used by a demand facility or a closed
distribution system to provide demand response services to system
operators
Demand facilities and closed distribution systems may offer demand response services to the TSO,
which are distinguished based on the following categories96:
 remotely controlled:
o demand response active power control;
o demand response reactive power control;
o demand response transmission constraint management.
 autonomously controlled:
o demand response system frequency control;
o demand response very fast active power control.
Demand units providing the demand responses active power control, reactive power control or
transmission constraint management shall comply with the following requirements, either
individually or as part of a demand aggregation97.
The power consumption has to be controllable within the contracted limits, with a maximum delay
specified by the TSO98. Additionally, the demand unit or demand aggregation has to be capable of
executing a TSO’s instruction to modify its power consumption within the limits of electrical
protection safeguards99. The rate of change of frequency has to be specified by the TSO and is
measured in a time frame of 0.5 seconds100.
Demand units providing the demand response system frequency control shall comply with the
following requirements, either individually or as part of a demand aggregation 101.
The control shall have a deadband around the nominal system frequency of 50 Hz and upper and
lower frequency limits, as specified by the TSO 102 . After returning to a frequency within the
deadband, normal operation shall be resumed after a random delay of up to 5 minutes103.
Demand units providing the demand response very fast active power control shall be capable of
changing their active power corresponding to the rate of change of frequency with a response time
of less than 2 seconds104.
94

Cf. NC DCC Article 19(3) [19].
Cf. NC DCC Article 19(4) [19].
96
Cf. NC DCC Article 27 [19].
97
Cf. NC DCC Article 28 [19].
98
Cf. NC DCC Article 28(2d) and 28(2f) [19].
99
Cf. NC DCC Article 28(2g) [19].
100
Cf. NC DCC Article 28(2k) [19].
101
Cf. NC DCC Article 29 [19].
102
Cf. NC DCC Article 29(2d) and 29(2e) [19].
103
Cf. NC DCC Article 29(2e) [19].
104
Cf. NC DCC Article 30 [19].
95
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2.5 Preliminary assessment of the requirements for grid connected power
electronics
The NC RfG, as discussed in the previous Chapters, implies that some of the requirements placed
on power electronic converters in generator installations are going to change, and some new
requirements are added. This Chapter discusses in brief where action is necessary on the power
electronic converters (including their internal control) in order to make them compliant to the new
network codes.
The following table gives a first preliminary assessment of the impact of the new requirement in
relation to already existing requirements from network codes. It is based on the assumption that
industry has developed products that comply with the existing network codes. Otherwise, it would
not be possible to deliver acceptable installations. It is good practice in industry to define type tests
according to the most demanding requirements a product has to comply with. If passed, the type
tests also cover weaker requirements. In this sense, as long as the new requirements are not more
demanding than the worst of the old requirements for European countries, it can be assumed that
the new requirement will also be met without changing the product. This can be different if a
supplier decided not to cover the complete European market with his product.
If a new requirement is more demanding than the old one, or if it is completely new, it cannot be
considered as already met, and a deeper discussion is necessary in the course of this project.
For reference, the ENTSO-E documents ([26] : Requirements applicable to all generators –
requirements in the context of present practices, 26.6.2012) and ([24]: Frequently asked
questions, 19.06.2012) were used.
The categories provided in Table 13 and Table 14 indicate the following:
Cat. 0:

Not relevant to type C and D generators or non-technical requirement.

Cat. I:

Probably no change to present power electronic converters needed.

Cat. II:

New or changed requirement that probably needs some action by the PE manufacturers.

Cat. III: Very likely requires a greater effort for PE manufacturers.
tbd:

No assessment at this stage, needs further discussion.

Table 13 Requirements applicable to all power-generating modules
Requirement ENTSO-E: NC RfG
(Requirements to all power-generating

Cat.

Comment

modules)
Frequency ranges

I

Currently, less and more onerous
requirements are established [26].
It is assumed that the new requirement is
already met.

Page 50 of 137

REPORT

Requirement ENTSO-E: NC RfG
(Requirements to all power-generating

Cat.

Comment

II

Value specified by TSO. Should be possible to

modules)
Rate of change of frequency withstand
capability

meet for power electronics if requirement is
not over exaggerated.

Limited frequency sensitive mode –

I

overfrequency

In line with practices in those countries that
already require this capability [26].
It is assumed that the new requirement is
already met.

Constant output at target active power

II

Requirement set by NC RfG for all generator
types. Although not mentioned in the NC RfG,
actual delivery of active power has to depend
on the available primary energy resources.
“Target active power” is not specified in
Article 2 “Definitions”.

Maximum active power reduction at

II

underfrequency

In some network codes already addressed
but not in all of them [26]. In wind turbines
with DFIG, slip increases at underfrequency if
the rotor speed (and power) is kept constant
at maximum level. Reducing the power level
in such operation releases the requirements
on the converter.

Remote switch on/off

0

Active power reduction

0

Active power controllability and control

II

Applies only to generator types A and B;
requires communication interface
Applies only to generator types B; requires
communication interface

range

“The relevant TSO shall specify a tolerance
(subject to the availability of the prime
mover resource) applying to the new
setpoint…” [Article 15(2)a of Regulation (EU)
2016/631]. As necessary, this relates the
requirement to the available power of
renewable energies.

Limited frequency sensitive mode –
underfrequency

II

New to many countries [26]. Actual delivery
of active power depends on the operating and
ambient conditions when triggered, like
available primary energy resources.
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Requirement ENTSO-E: NC RfG
(Requirements to all power-generating

Cat.

Comment

modules)
Frequency sensitive mode

II

In line with most present practices
throughout Europe [26].
Actual delivery of active power depends on
the operating and ambient conditions when
triggered, like available primary energy
resources.

Frequency restoration control

tbd

Subject to specification by TSO; no
assessment possible here

Disconnection of load due to

I-II

underfrequency

Not relevant to wind farms or PV farms but
for large energy storage; certainly possible to
comply with.

Fault-ride-through capability of power-

I-II

The NC RfG requirements on FRT cover

generating modules connected below

presently prescribed FRT requirements across

110 kV

Europe [26]. Can be assumed to be already
met.

Fault-ride-through capability of power-

I-II

The NC RfG requirements on FRT cover

generating modules connected at 110 kV

presently prescribed FRT requirements across

or above

Europe [26]. Can be assumed to be already
met.

Control schemes and settings

0

Organisational requirement, suppliers may
have to discuss their control schemes and
settings with the TSO.

Loss of stability

II

Loss of stability or loss of control needs to be
detected, and generator has to be able to
automatically disconnect. Depending on the
specific criteria and requirements of the
relevant TSO. Flexibility required for the
detection algorithms.

Rate of change of active power

I

Probably already met, depending on the
specific requirements of the relevant TSO.

Steady-state stability

III

Should be self-understood but may be very
difficult to proof in advance and under all
circumstances.

Auto-reclosures

tbd

Needs further consideration and discussion in
the course of the project.
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Requirement ENTSO-E: NC RfG
(Requirements to all power-generating

Cat.

Comment

modules)
Black start capability

III

A quote can be requested by the relevant
TSO. Black start is not a standard feature in
renewable energy installations. Can be solved
on a system level only, but requires gridforming capabilities from the PE converter,
among other.

Capability to take part in isolated

III

network operation

Depends on FSM, LFSM-O and LFSM-U and to
some extent on synthetic inertia capability.
With present control schemes for wind
turbines, a grid-forming generator is required
in the system that provides voltage and
frequency to synchronize to. In offshore
installations, this is usually provided by the
HVDC station. Can also be solved changing
the control regime to “voltage source”
behavior where the generator is capable to
form a grid on its own. However, this
requires a greater effort.

Quick re-synchronisation

tbd

Needs further consideration and discussion in
the course of the project.

Voltage ranges

I

Currently, less and more onerous
requirements are established [26].
It is assumed that the new requirement is
already met.

Table 14 Requirements applicable to power park modules
Requirement ENTSO-E: NC RfG
(Requirements to power park modules)
Synthetic inertia capability

Cat.
III

Comment
New

requirement

that

needs

extra

precautions by the supplier for the active
power or energy that is needed. For instance
in wind turbines, energy can be taken from
the rotational energy of the rotor. Limited
energy is available. Can also be provided by
recently proposed frequency stabilizers with
ultracapacitors or by energy storage devices.
Post-fault active power recovery

I

Depending on the specific requirements of
the TSO. Can be assumed to be already met.
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Provision of fast fault current

III

A new requirement. Current cannot be much
larger

than

rated

current

under

normal

conditions. With this limitation, can probably
be implemented, depending on the definition
of “fast”. However, many open questions
concerning specification and implementation.
Priority

to

active

or

reactive

power

II

contribution

Maybe a new requirement, but rather easy to
meet. Limitations apply due to current limits
of the converters.

Reactive power capability at maximum

II

active power

A matter of

design

of

power electronic

converters. Requires somewhat larger power
rating. Not difficult to meet but increases cost
per MW.

Reactive

power

capability

below

I

maximum active power
Reactive power control modes

Probably already met, depending on the
specific requirements of the relevant TSO.

I

Probably already met, depending on the
specific requirements of the relevant TSO.

Power oscillation damping control

tbd

Needs further consideration and discussion in
the course of the project.

As a conclusion from this preliminary assessment, it can be stated that the following issues will
have to be considered thoroughly: Proof of steady-state stability, capability to take part in isolated
network operation, synthetic inertia capability, provision of fast fault current, and black start
capability.
The following requirements have to be discussed further because no assessment was possible at
this time: Frequency restoration control, auto-reclosures, quick synchronization, and power
oscillation damping control.
It is also important that many of the requirements are subject to further specification by the TSOs.
Where no limits are set in the NC RfG, it is an open question how demanding these requirements
will become in the future. Some of them may become a Cat. III issue, depending on the
specifications of the relevant TSOs.
The requirements for grid connection of high voltage direct current systems according to NC
HVDC [17] have been summarized in Section 2.3 of this report. Some of them have an impact on
the dimensioning of the HVDC converter units. The requirements on active power controllability,
synthetic inertia and (limited) frequency sensitive modes do not state clearly if a relation exists
between the active power available to the remote-end HVDC converter station and the active
power that is required for control purposes or for synthetic inertia. The timing requirements
associated with, for example, initial delay and full activation of active power frequency response
also need a closer consideration.
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The requirements for demand connection, as summarized in Chapter 2.4, are not so much related
to power electronic converters, but to larger facilities or distribution systems connected to a high
voltage grid. The requirements for demand units that are used to provide demand response
services are not very specific in comparison with requirements for generators. If power electronic
converters are used to achieve such demand response, it is not so much a requirement to the
converter but to the process that is supported by that converter. One of the few specifications, the
requirement that a very fast active power control shall have a response time of less than two
seconds, is a good example for that.
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3 Current and arising issues caused
increasing power electronics penetration

by

One of the major objectives of Task 1.1 is to identify and prioritise power system stability issues
brought by the increasing penetration of PE in the different control zones covered by the TSOs of
the MIGRATE consortium. This Chapter concerns a comprehensive survey and ranking of issues
that might jeopardise the stability of power systems, with the focus on transmission level. The
survey is based on two sources, namely a questionnaire sent to 33 TSOs within ENTSO-E in
Q2/2016 (denominated henceforth as “TSO questionnaire”) and a complementing literature survey.
Stability issues are only considered, if there is a clear, direct or indirect relation to the increasing
PE penetration. A prioritisation of the identified issues is done based on the results of a second
questionnaire sent to all TSOs within the MIGRATE project (denominated henceforth as
“prioritisation questionnaire”).
The TSO questionnaire consisted of the two main categories “state-of-the-art” and “future
developments”. Within these two categories, nine questions were posed relating to:
1. Stability problems
2. Dynamic studies
3. Load modelling
4. Composition of load
5. Monitoring of stability
6. Modelling of power electronics
7. HIL testing using RTDS
8. Data management for dynamic (RMS)/(EMT) analysis
9. Network codes
The questions in the TSO questionnaire addressed aspects that are relevant to all Tasks in WP1.
Nevertheless, this Chapter considers and elaborates only the questions related to the identification
of critical stability issues. For this Task, basically the answers to questions 1-4, 6 and 8 were used.
The questionnaire was sent to 33 TSOs and answered by 21 TSOs. A summary of the results of the
TSO questionnaire is given in Appendix A of this report. The responses in the summary are
anonymised to prevent retracing of individual TSO answers. In case concrete control zones,
synchronous areas or TSOs are mentioned within this Chapter, this is not directly based on the TSO
questionnaire answers but on publications dealing with the respective issue.
In the prioritisation questionnaire, a brief description of each stability issue was given, and the
addressed TSOs were asked to assess the expected impact of the respective issues on power
system stability. In order to specify this impact, three dimensions were given for the prioritisation:


Severity of the impact on overall power system stability (Severity)



Probability of occurrence of the specific issue (Probability)



Expected timeframe, i.e. when the issue is expected to become relevant (Timeframe)
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The TSOs were asked to give their rating for each dimension using the scheme depicted in
Figure 14105. As this questionnaire was not sent to all addressees of the TSO questionnaire but
solely to the TSOs within the MIGRATE project, the participants were asked to consider their
knowledge about other control zones within ENTSO-E into their rating. The prioritisation
questionnaire was answered by eight TSOs, five from ENTSO-E Regional Group Continental Europe
(RG CE) and three from other RGs, i.e. RG Ireland, RG Nordic and RG Isolated Systems (RG IS).
For anonymisation reasons, only mean values of all ratings given for the respective dimension are
depicted together with the description of each issue as prioritisation result.

Figure 14

Rating scheme of prioritisation questionnaire

Increasing PE penetration can affect power system stability both directly and indirectly. For
example, directly by the controls and protection settings of PE, and indirectly by replacing
conventional devices like synchronous generators, AC lines or induction motor loads by PE-based
alternatives. This loss of conventional AC power system components comes along with an altered
system behaviour for which the remaining AC power system equipment was not designed for or
tested to cope with. Hence, this change also impacts the remaining conventional AC power system
components. A further indirect effect is the impact on power flows, as renewable generation, often
PE-interfaced, is installed in areas with good availability of their primary source (e.g. wind or sun),
which is not necessarily near the load centres of the system, in whose proximity the replaced
conventional generation often was installed. As will be described within this Chapter, this effect on
the operating point of the power system and especially on the line loading can be of high relevance
for certain stability issues.

105

The prioritisation does not intend a quantitative evaluation of the absolute impact of the stability issues.
Instead, its primary objective is to create a ranking of all identified issues. Although the validity of the
(subjective) absolute rating values is limited, a comparison between the ratings assigned to the particular
issues is possible and enables to rank them. For reasons of usability and simplicity, similar scales were used for
all dimensions, although they have a different physical meaning. When results of the prioritisation questionnaire
are discussed within this report, the mean values of ratings are categorised according to the rating scheme (00.5 = none; 0.5-1.5 = low; 1.5-2.5 = medium; 2.5-3 = high) of the prioritisation questionnaire. In order to
enable a comparison between the ratings for the respective issue and the ratings for all issues, both the mean
values of the ratings of the respective issue and the mean values of the ratings of all issues are depicted for
each dimension.
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The TSO questionnaire and literature survey resulted into eleven identified issues, which are
described in detail below (numbering of the issues is only adopted for sake of referencing and does
not imply pre-prioritising). When applicable, they were associated to one of the stability types
defined before in Section 1.1 (cf. Figure 1). For each issue, a concise general explanation of the
respective stability type is also given. This is complemented, if feasible, by a description of the
effect of increasing PE on the respective stability issue, the results of the two questionnaires,
concrete examples from literature (preferably grid studies comprising past events or future
developments of real transmission grids) and mitigation measures mentioned in literature in the
context of the concrete examples. The Chapter closes with a ranking of all issues with respect to
their impact on power system stability, which is based on the results of the prioritisation
questionnaire.

3.1 Rotor angle stability
Rotor angle stability is a concern of synchronous machines directly coupled to the grid. It
“[…] refers to the ability of synchronous machines of an interconnected power system to remain in
synchronism after being subjected to a disturbance” [1]. This entails that for each synchronous
machine, the equilibrium between its electromagnetic torque and its mechanical torque must be
maintained or restored whenever a disturbance occurs. Otherwise, the machine can lose
synchronism and will consequently be disconnected from the system. The loss of synchronism can
either occur between one machine and the rest of the system or between groups of machines
maintaining synchronism within their respective group after a system split separating these
groups [1].
As long as the system is in equilibrium, for each synchronous machine the input mechanical torque
equals the output electromagnetic torque, and the generator speed remains constant [1].
Whenever this equilibrium is disturbed by a perturbation, the machines accelerate or decelerate. In
case the system is rotor angle stable, the resulting dynamic angular difference transfers load from
the slower to the faster machines and the resulting restoring torques get the system to a new
equilibrium. Instability occurs, when the restoring torques are insufficient [1].
The change of the electromagnetic torque of a synchronous machine after a disturbance consists of
two components [1]:


Synchronising torque component (in phase with rotor angle deviation)



Damping torque component (in phase with speed deviation)

To maintain system stability, for each synchronous machine both components of torque must be
sufficient. Insufficient synchronising torque following a perturbation results in non-oscillatory
instability, insufficient damping torque leads to oscillatory instability [2].
Issue 1: Introduction of new power oscillations and/or reduced damping of existing
power oscillations
In each power system, electromechanical oscillations between interconnected synchronous
machines are possible [2]. These oscillations of rotor shafts are accompanied by fluctuations in
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RMS values of electrical variables, like voltage, current and power flows. Considering the frequency
domain, each power system entails various modes of oscillation with different damping. Insufficient
damping of one or more modes can lead to severe stability issues, e.g. (cascaded) generator or
line tripping [27].
Power oscillations can either be local or global. Oscillations between one or a few generators and
the rest of the power system are termed local, as they affect only a small part of the power system.
They have frequencies between 0.7-2.0 Hz [2]. In contrast, interarea modes affect larger parts of
the power system, as they are oscillations between machines in one part of the system and
machines in another weakly coupled part. Typical frequencies for interarea oscillations are 0.10.7 Hz [2]. As power oscillations are concerned with the ability of the power system to maintain
synchronism under small disturbances (small-signal disturbance), they depend on the initial
operating point of the system [1].
Power oscillations are no issue exclusively raised by grid-connected PE devices. They have been
observed for decades, and damping was increased by several means, such as [27]:


Installation of PSS devices in power plants. They act as a supplementary control on the AVR
and are the most cost-efficient method to improve damping.



Installation of new or modification of existing FACTS such as SVCs with supplementary control
that aim at the damping of power oscillations.



Modifying existing HVDC converter stations with supplementary control that aim at the
damping of power oscillations.



Reduction of power exchange along the main direction of oscillations.

However, as the modes and their damping are dependent on the whole system configuration
including all control systems, alterations of this configuration due to increasing PE penetration
affect the modes and their damping by several means [28], [29]:
1. Affecting the modes by displacing synchronous machines
2. Displacing PSSs by displacing the associated synchronous machines
3. Affecting the synchronising forces by impacting the major path flows (by an altered relative
position of generation and load)
4. Interactions between PE controls and the damping torque of large synchronous generators.
While 1 and 2 are mainly caused by PE generation (indirectly by replacing synchronous generators
with PE-interfaced generation), 3 is also influenced by PE transmission devices such as HVDC links
and FACTS. Finally, 4 is caused by all grid-connected PE. Also, due to the introduction of PE
interfaced equipment and their control loops, new oscillation modes may arise.
In the answers to the TSO questionnaire, the TSOs have mentioned the existence of power
oscillations in several synchronous areas within the past ten years. They also mention the
expectation that the damping of existing modes might decrease, and new poorly damped modes
might be introduced with increasing PE penetration. The prioritisation results show a medium
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rating for all dimensions (cf. Figure 15). The expected severity is rated lower than the mean value
of the ratings of all issues for this dimension. Probability and timeframe are rated slightly higher.

Issue 1
3,50
3,00

Mean value issue

Mean value all issues

Rating

2,50
2,00
1,50
1,00
0,50
0,00
Severity
Figure 15

Probability

Timeframe

Mean values of ratings for issue 1 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

A concrete example for interarea oscillations in the past is given by the oscillations in the CE
system on 19 February 2011 (that recurred on 24 February 2011 almost in the same way) reported
in [30]. Their frequency was 0.25 Hz, and they lasted about 15 minutes. The maximum amplitude
of the measured frequency oscillations was 100 mHz in Southern Italy (cf. Figure 16, Brindisi) with
related oscillations of power flows on several North-South corridor lines with an amplitude of up to
150 MW (cf. Figure 17). The resulting voltage oscillation on the 400-kV-level had an amplitude of
5 kV (cf. Figure 18). A clear cause for the oscillations was not identified. According to the official
report, possible causes were the scheduled changes at every full hour (the oscillations started at
8:00 a.m.) in the European system and the low industrial load which decreased damping in general.
Modal calculations in [30] showed that two modes superimposed at 0.25 Hz, one between Northern
Europe and Turkey/Italy and the other between Northern Europe and Turkey/Spain/Portugal. The
calculations also showed that the dominant modes were displaced through the synchronous
connection of Turkey (from 0.3 Hz to 0.25 Hz). No direct negative impact of wind and PV
generation was observed, but an indirect effect due to the subtraction of generation equipped with
PSS. As a consequence of the event, the Italian TSO reinforced PSSs in Italy.
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Figure 16

Detailed view of system frequency (measurements) for 19 February 2011 - Brindisi (IT)
in phase with Sincan (TR) and Recarei (PT) opposite to Portile de Fier (RO) and Kassoe
(DK) [30]

Figure 17

Active power oscillation (measurements) on the CH-IT border, 19 February 2011 [30]
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Figure 18

Swiss substation voltages (measurements), 19 February 2011 [30]

So far, no general statements can be made about the absolute impact of increasing PE penetration
on power oscillations, since this is dependent on multiple criteria, especially on the indirect effects
caused by the displacement of synchronous generators with their PSSs and the alteration of load
flows. Studies with a detailed model of the Western Electricity Coordinating Council (WECC) system
showed little influence of PE-interfaced generation (in-service active power generation up to 13%
of total active power generation) controls on existing modes [28]. However, the increased PE
penetration introduced two new types of modes dominated by PE-interfaced generation. The first
type is exclusively dominated by a single type of PE-interfaced generation (e.g. type 3 wind
turbines), and the second type originates from interactions between PE-interfaced generation and
synchronous generators through control loops (reactive power control) [28]. Another study
comprising the transmission system of Ireland and Northern Ireland showed improved damping of
oscillations in case of an increasing share of PE-interfaced generation [31]. The positive effect was
mainly caused by a lower line loading and synchronous generator loading, which induced an
increasing coupling of the synchronous generators. However, due to model limitations, the authors
of [31] only made qualitative statements.
Notwithstanding the above, PE devices can be used to actively damp power oscillations [32]. An
advantage of this option is the direct access to some PE devices (esp. HVDC and FACTS devices),
as they are often owned (or at least operated) by the TSO, while the synchronous generators’
ownership is generally decoupled from transmission system operation. However, this requires
appropriate controller extensions and accurate parameter tuning [32].
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Issue 2: Reduction of transient stability margins
Transient stability is concerned with the ability of synchronous machines to maintain synchronism
after a severe disturbance [1]. This disturbance, e.g. a 3-phase short-circuit on a transmission line,
results in large deviations from the pre-fault operating point of the affected synchronous machines
and is dominated by the nonlinear power-angle relationship. Furthermore, it is often accompanied
by changes in the transmission system, and therefore, the system tends to a new steady-state
different from the pre-fault state (large-signal disturbance). In case of a nearby short-circuit, the
voltage at the synchronous machine terminal is significantly reduced. This reduces the electrical
torque while the mechanical torque remains constant, which leads to an acceleration of the
machine. After the fault is cleared, the synchronous machines tend to a new operating point or lose
synchronism due to insufficient synchronising torque. Thus, transient stability is distinctly
dependent on the fault-clearing time. The maximum fault-clearing time of a three-phase short
circuit, for which the rotor does not slip poles, is called Critical Clearing Time (CCT) and constitutes
a widespread Key Performance Indicator (KPI) for transient stability. Furthermore, transient
stability depends on the initial operating point of the system, the severity of the disturbance and
the associated post-fault system state [1], [33].
Increasing PE penetration affects transient stability in various, interdepending ways, and whether
the absolute impact is negative or positive depends on the superposition and interaction of these
influencing factors. However, even at a more detailed level, the effect can either be positive or
negative. In [34], a detailed differentiation with respect to the dimensions of impact of PEinterfaced generation on transient stability is given:
1. Technology-dependent impact
There is a positive effect on transient stability, if modern generation devices are able to
ride through faults and provide fast voltage support. Hence, it must be made sure that the
controls of PE interfaced generators and loads are able to ride through even severe faults
and do not trip.
2. Penetration level-dependent impact
While a moderate penetration level of PE-interfaced generation can improve transient
stability due to decreased loading of (still grid-connected) conventional power plants and
their synchronous generators, decreased loading of transmission lines and additional
voltage support by PE-interfaced generation, a higher penetration can reverse this impact.
The displacement of conventional power plants and their synchronous generators can
reduce the transient stability margin, i.e. the distance to transient instability. Likewise, a
higher transmission line loading due to higher distances between PE-interfaced generation
and load centres can decrease transient stability margins. The absolute impact is
dependent on further parameters, as for instance pre-fault operating point, reactive power
support and location of PE-interfaced generation.
3. Pre-fault operating point-dependent impact
The pre-fault loading of synchronous generators and transmission lines affects transient
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stability margins (cf. penetration level-dependent impact). Likewise, the loading of PEinterfaced generation is relevant. Their voltage support contribution, which has a positive
effect on transient stability, cannot exceed the rated current of the converter, and
therefore, a lower loading enables better voltage support by injecting higher reactive
currents without reducing the active currents. In some cases, the active current injection is
even decreased to zero during the fault in order to inject maximum reactive current (which
can imply another positive effect on transient stability, cf. 6. ‘Control system-dependent
impact’). However, the actual voltage support of PE-interfaced generation is dependent on
the controller settings. Another aspect is the probability of crowbar ignition of DFIG Wind
Turbine Generators (WTGs, type 3). Crowbar ignition in case of nearby faults is dependent
on the wind turbine generator’s pre-fault loading. If a high loading causes crow-bar ignition,
the wind turbine generator acts like an asynchronous generator, and its reactive power
consumption decreases transient stability. Otherwise, it can increase transient stability by
voltage support.
4. Location-dependent impact
PE-interfaced generation installed electrically close to synchronous generators can increase
transient stability by voltage support in case of faults. The more electrically distant the PEinterfaced generator is installed to a synchronous generator, the lower its voltage support
and hence the short-circuit power regarding the synchronous generator’s connection point.
The electrical distance concerns more distant installations at the same voltage level as well
as installations at the underlying lower voltage levels. Besides, as already mentioned above,
the location of PE-interfaced generation relative to load centres and remaining synchronous
generators determines the impact on power flows. Increasing power flows, respectively
increasing voltage angle differences between synchronous generators affect transient
stability in a negative way, especially in case of long distance transmission.
5. Protection-dependent impact
The most relevant protection system with respect to transient stability is the undervoltage
protection relay of PE-interfaced generators. It disconnects them in case terminal voltage
falls below a threshold for a defined duration. This inhibits low-voltage fault-ride-through
both with and without active voltage support. While voltage support in fault situations can
improve transient stability, fault-ride-through without voltage support can be worse than
an undervoltage trip regarding transient stability, because the continued active power
infeed contributes to synchronous generator acceleration.
6. Control system-dependent impact
As mentioned above, voltage support provided by PE-interfaced generation in fault
situations can improve transient stability. The higher the terminal voltage of synchronous
generators during and after faults, the higher the electrical torque which leads to a lower
acceleration during faults and a higher deceleration afterwards. A reduced active power
infeed during and after faults can further improve transient stability, as it can increase the
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synchronous generators’ electric torque by a shifting of load supply from the devices with
reduced active power infeed to the synchronous generators.
Apart from PE-interfaced generation, HVDC links, FACTS and PE-interfaced load influence transient
stability. Their absolute impact on the power system’s transient stability depends on various factors,
similar to PE-interfaced generation. The main factors are active power and voltage control strategy
resp. response, technology (e.g. LCC or VSC HVDC), pre-disturbance loading, device location and
fault location [35], [36], [37].
Several TSOs from different synchronous areas mentioned transient stability to be a past or current
issue. They report that transient stability limited or still limits transfer capacity of certain lines or
between certain areas. Asked for their expectations, several TSOs also mentioned transient
stability to be an issue in the future. The prioritisation results show a medium rating for all
dimensions (cf. Figure 19). The ratings for all dimensions are slightly higher than the mean values
of the ratings of all issues for the respective dimension.

Issue 2
3,50
3,00

Mean value issue

Mean value all issues

Rating

2,50
2,00
1,50
1,00
0,50
0,00
Severity
Figure 19

Probability

Timeframe

Mean values of ratings for issue 2 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

Concrete system studies gained diverging results concerning transient stability. The German
“Netzentwicklungsplan 2025” [38], a network development plan issued by the German TSOs
looking ten years ahead, concluded that there is only little risk of transient instability in Germany.
Even in a scenario with high wind infeed, high load and no photovoltaics and therefore high transit
power flows from North to South, detailed calculations showed no transient stability issues for
normal fault clearing times (150 ms). However, simulations with higher fault clearing times, e.g.
caused by malfunctions of protection devices, showed that the remaining stability margins are
small, especially in TenneT’s control zone. Some short-circuit locations lead to a loss of
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synchronism between Denmark and parts of Northern Germany and the remaining network.
Though, this possible future issue has been known for years, and countermeasures (e.g. automatic
reduction of transits) are in preparation [39], [40], [41]. The study [38] explicitly mentions the
positive effects of the voltage support of modern HVDC links and wind turbine generators on
transient stability and the negative effect of high system loading due to transit flows (in the chosen
scenario significantly increased by wind generation).
A study of the Irish All Island Transmission System with a scenario for the year 2020 [31] foresees
transient stability issues for certain operating conditions with high wind power infeed. Though, it is
also stated that moderate wind generation increases transient stability. This is caused by the initial
decrease of synchronous generator loading due to wind power generation. Once the wind
generation leads to a displacement of large conventional power plants with their synchronous
generators and a higher loading of the remaining ones, the positive effect turns negative. The
negative effect is even intensified by increasing power flows due to the higher distance between
load centres and wind generation than between load centres and conventional power plants. The
described effect on transient stability of the Irish power system is depicted in Figure 20 [42].

Figure 20

The percentage of cases where CCT is below 200 ms versus wind penetration levels
(wind generation divided by load plus exports) for a year 2020 scenario of the Irish
power system [42]

In order to assess the relation between wind generation and transient stability, a KPI was defined
as ratio of wind infeed to load plus exports. Transient stability, quantified by the percentage of
cases (different short-circuit locations and dispatches) where the CCT is below 200 ms, decreases
significantly, if the value of this KPI exceeds 70% to 80% [42]. However, the issues are considered
solvable. Suggested and evaluated mitigation measures are [31]


the additional operation of existing synchronous machines at very low active power output,
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voltage support by WTGs according to the Irish network code provisions valid at that time
(active power provision in proportion to retained voltage and maximum reactive current) and



advanced voltage support by WTG with priority to reactive current before active current and
maximum reactive power provision106.

Figure 21 shows the impact of these different mitigation measures on the number of faults (as a
share of all simulated faults) that require a certain critical clearing time to maintain transient
stability of all synchronous generators simulated for a scenario with 75% wind power output, low
export and summer maximum load [31]. The depicted results differentiate between voltage
support only provided by Full Converter Wind Turbine Generators (FCWTGs, 15% of all wind farms)
and doubly-fed induction generators (DFIGs, 85% of all wind farms). In the Irish transmission
system, break times (including circuit breaker separation) are about 50-80 ms, and a share of
30%-40% of disturbances associated with critical clearing times <150 ms is tolerated [31].

Figure 21

Impact of different mitigation measures on the number of faults (as a share of all
simulated faults) that require a certain critical clearing time to maintain transient
stability of all synchronous generators for a scenario with 75% wind power output, low
export and summer maximum load [31]

3.2 Frequency stability
In case of imbalance between the entire load and generation in a synchronous area, the frequency
rises or drops [1]. An excess of generation accelerates the synchronous machines in the system
and leads to a rising grid frequency, a deficit in generation causes the opposite effect. Large
106

However, according to the experience of some RG CE areas, a massive reactive current prioritisation can
result in voltage stability issues: in case of operating in abnormal voltages but near to the normal range and in
steady state, the reactive current contribution shall be the maximum available but prioritising active current
contribution. This is needed to avoid the progressive voltage deviation that the active power infeed from more
distant areas to the demand would cause if the active power would be reduced.
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imbalances are caused by severe system disturbances, such as large load or generation tripping or
system splits. Frequency stable systems are able to maintain or restore the equilibrium between
load and generation with minimum unintentional loss of load. Frequency instability occurs in form
of sustained frequency swings leading to tripping of generating units and/or loads [1].
Frequency stability is an issue of the whole synchronous area and its global power balance [1]. The
ROCOF within the first seconds following an imbalance between load and generation is essentially
determined by the inertia of the system and the extent of the imbalance. TSOs provide Frequency
Containment Reserves (FCR, instantly activated and fully available within 30 s) to compensate the
imbalance and frequency restoration reserve (slower, fully available within a few minutes
dependent on synchronous area) to restore the system frequency. The positive dependence
between load and frequency is also beneficial (self-regulation effect of loads). Figure 22 shows
qualitatively the first period after a disturbance causing a frequency drop with the inertial response,
the response from the frequency-dependent load and the activation of FCR [43], [44]. The inertial
response starts immediately after the imbalance occurred and balances it until FCR is activated.
The energy stored in the rotating mass of the synchronous generators and therefore their angular
velocity decreases. As the grid frequency is synchronously linked to the angular velocity of
synchronous generators, it also decreases. The self-regulation effect is proportional to the grid
frequency. Hence, its largest effect is at the frequency nadir.

Figure 22

Frequency, inertial response, response from the frequency-dependent load and
frequency containment reserves (qualitative depiction) [43]

Additionally,

at

certain

frequency

thresholds

further

measures

are

provided,

such

as

underfrequency load shedding or limited frequency sensitive mode over- and underfrequency. All
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measures aim at retaining the frequency within a certain band defined for each synchronous area,
since exceeding the lower or upper threshold could lead to an uncontrollable tripping of generators
and load [43], [44].
Issue 3: Decrease of inertia
The inertia within today’s power systems is largely provided by synchronous generators and the
mechanically coupled turbines of conventional power plants. Another smaller portion is provided by
synchronous motors synchronously connected (i.e. not PE-interfaced) to the grid [2]. Conventional
power plants are increasingly replaced by RES generation which is grid-connected mainly via PE. As
long as there is no supplementary control, the PE decouples the electrical and the mechanical (or in
case of PV the photoelectric) part of the generating device which results in a lack of inertial
response to changes in grid frequency. Additionally, directly grid-connected motor load is
increasingly replaced by PE-interfaced motor load. Both aspects lead to a significantly reduced
remaining inertia of the power system [42], [43], [44].
While the power system’s inertia decreases, the potential power imbalance incidents, which is the
other main factor influencing the ROCOF and the frequency nadir, remains constant or even
increases. Severe incidents with respect to frequency stability are e.g. outages of large power
plants, loads and HVDC links between different power systems or even system splits [43].
Both effects, a decreasing inertia and constant or even increasing imbalance incidents, combined
lead to higher ROCOFs and dynamic frequency nadirs or peaks. As an example, Figure 23 shows
the frequency versus time for the same incident with three different amounts of inertia expressed
with the energy stored in the rotating masses in GWs. The dotted lines exclude FCR and load
reaction and therefore show a frequency decrease with the initial ROCOF. The solid lines include
FCR.
Depending on the severity of the incident, different criteria are relevant. Common incidents below
or at the size of the reference incident (is defined for each synchronous area, e.g. loss of largest
generator) shall be managed without losing load and thus without Underfrequency Load Shedding
(UFLS) [44], [45]. The UFLS leads to disconnecting large groups of costumers, therefore UFLS is an
emergency operating measure and it should be avoided in normal situations. The frequency nadir
is the main metric which determines UFLS and should therefore be above the minimum acceptable
frequency. More severe incidents, e.g. system splits into regions with formerly high imports or
exports, do not have to be managed without load shedding. In these very unlikely situations, the
main objective would be the prevention of a total breakdown of the system. The relevant criterion
for these incidents is the ROCOF [46]. Underfrequency load shedding devices as well as units with
activated LFSM-O or LFSM-U require a certain time (several hundred milliseconds) for frequency
measuring and acting. Therefore, the ROCOF must not exceed a certain value (several Hertz per
second) [45].
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Figure 23

The effect of the amount of inertia on the behaviour of frequency after the loss of
generation with (solid) and without (dotted) FCR [43]

This issue has been mentioned to be an arising issue in the TSO questionnaire answers. The
prioritisation results (cf. Figure 24) show a high rating for the dimensions severity and probability
and a medium rating in the dimension timeframe. The ratings for all dimensions are distinctly
higher than the mean values of the ratings of all issues for the respective dimension.

Issue 3
3,50
3,00

Mean value issue

Mean value all issues

Rating

2,50
2,00
1,50
1,00
0,50
0,00
Severity
Figure 24

Probability

Timeframe

Mean values of ratings for issue 3 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire
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The impact of inertia on frequency stability has been subject of several recent studies. Their results
strongly depend on the synchronous area considered. Below, studies on the Continental European
power system [44], the Irish All Island power system [31] and the Nordic power system are
summarised [43].
The study on the CE system [44] focused on two aspects: the reference incident during
interconnected operation with a loss of generation of 3000 MW and system splits. With respect to
the reference incident, the authors concluded that frequency stability is not endangered during
interconnected generation. The system’s acceleration time constant is allowed to decrease to 2.3 s
for a worst case off-peak load scenario, whereas it is currently higher than 10 s. On the contrary,
system splits endanger frequency stability of the CE system due to increasing active-power transits
over long distances and the remaining smaller synchronous areas with less inertia than the
interconnected system. While the current system cannot withstand imbalances greater than 20%
and a ROCOF higher than hundreds of mHz/s, the expected values for future system development
are in the range of 40% for maximum imbalance (of the resulting island) and a maximum ROCOF
of more than 2 Hz/s (The study performed simulation runs varying system parameters. The ROCOF
was varied between 0.5 and 3 Hz/s). For this reason, the study evaluates which time delays for
load shedding and which droop and starting frequency point for LFSM-O of PE-interfaced
generation has to be implemented in the future to withstand system splits under the
aforementioned conditions [44].
The RG Nordic TSOs expect considerably lower inertia in the future [43]. Scenarios for the year
2025 comprising low load situations and an expected expansion of wind and small-scale hydro
generation with much lower inertia than conventional hydro generation show this decrease in
inertia. The results are given in Table 15. For the purpose of comparison, the lowest historical
value of inertia in the system was 115 GWs. The study emphasises the need for further
investigations on this topic, e.g. on detailed consequences and handling of low inertia and on an
improvement of an online inertia estimation system. This system is currently in the implementation
phase and uses information on generators and their grid connection status to estimate the current
system inertia [43].
For the Irish All Island power system, a significant decrease of inertia with increasing wind
penetration is observed (cf. Figure 25) [31]. As the wind penetration is expected to increase even
more, this can lead to severe frequency stability issues. Figure 26 shows simulation results for the
loss of the largest infeed for different operating conditions of a year 2020 scenario. Especially high
imports combined with high wind generation lead to inadmissible minimum frequencies. If ROCOF
relays of distributed generation are additionally taken into account, the minimum frequency
reaches even lower values due to distributed generation tripping for values above 80% (of wind
plus import divided by load plus export). To maintain stable system operation, the authors
recommend operating the system below 70%-80% of wind plus import divided by load plus export,
if no further mitigation measures are applied [31].
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Table 15 Extreme production scenarios for 2020 and 2025 [43]
Production in MW
Scenario

2020
2020 part of conventional
hydro -> small-scale
2025
2025 part of conventional
hydro -> small-scale
2025 import, less nuclear

Figure 25

Other

Hydro

thermal

conventional

7,164

2,322

8,846

7,164

2,322

7,474

Nuclear

Kinetic

Hydro
small

energy

Wind

Total

0

5,510

23,841

97

6,346

2,500

5,510

23,841

90

2,463

9,383

0

7,182

26,502

102

7,474

2,463

6,883

2,500

7,182

26,502

95

5,420

2,463

6,883

2,500

7,182

24,448

80

-scale

in GWs

Decline of system inertia with increasing wind penetration in % of generation [42]
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Figure 26

Minimum frequencies after loss of largest infeed as a function of wind generation plus
imports divided by load plus exports [31]

All studies stress the possibility to provide so-called synthetic (also referred to as artificial, virtual
or emulated) inertia with PE devices [31], [43], [44]. If synthetic inertia shall be provided, a
supplementary control of the PE device emulates the inertial frequency response of synchronous
machines, increasing the active power output in case of descending frequency, and vice versa.
However, this control mode requires energy storage devices or the possibility to change the
primary power output, respectively load, very fast, because the inertial response of synchronous
generators reacts immediately107. For example, wind power generators can use their rotating mass
as energy storage. Though, changes in angular velocity typically change the operating point of the
wind power generator and affect its efficiency. Furthermore, the available inertia is, unlike
synchronous generators, dependent on the operating point of the PE device. PE devices generally
have a very low overload capability and therefore, synthetic inertia can only be provided within
their remaining capacity. Finally, synthetic inertia can also be provided by HVDC links connecting
different synchronous areas. Though, this propagates the power imbalance from one synchronous
area to the other [31], [43], [44]. For embedded HVDC links, the provision of synthetic inertia is of
no avail.

107

I should be noted that the currently build-in control concepts do not have an instantaneous inertial response,
because the system frequency has to be measured and processed [47], [48]. This leads to a not negligible
delay of the inertial response. The impact of this delay on the frequency increases with decreasing inertia and
therefore increasing ROCOF. An instantaneous inertial response can be achieved with new control strategies,
where system frequency does not have to be measured and processed [48]. However, this control concepts are
not state-of-the-art of the current PE-based generation in the system
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Issue 4: Missing or wrong participation of PE-connected generators and loads in
frequency containment
For an effective operation of the frequency containment plans, preferably no load or generation
shall trip unintentionally as long as frequency remains within the predefined band for the
respective synchronous area, as this might increase the imbalance between load and generation
even further. On the contrary, a participation in frequency containment by providing frequency
containment reserves or in LFSM-O or LFSM-U is beneficial. Some loads traditionally participate in
frequency containment by a positive dependence between frequency and power consumption, e.g.
electrical pump drives. This leads to a frequency dependence of the total load, the so-called selfregulation effect. In recent studies, this effect was estimated with 1-2% of total load per Hertz [44],
[46], [45].
Especially when distributed generation extension began,

network codes requirements for

distributed PE-interfaced generation concerning under- or over-frequency tripping and subsequent
reconnection as well as participation in frequency containment were less strict than for
conventional transmission-connected generation [49]. However, with their expansion, the absolute
rated power of distributed generation became relevant for transmission system operation and led
to wrong behaviour in case of frequency deviations within power classes of (several) large
conventional power plants. Besides, a planned participation in over-frequency containment was
planned at fixed thresholds instead of requesting a proportional reduction of power with increasing
frequency. This leads to the risk of a simultaneous generation tripping which could significantly
exceed the reference incident [49].
As grid connection of load and especially of drive systems via PE-interfaces increases, the selfregulation effect of load might decrease, because the power consumption of PE-interfaced drive
systems is not frequency-dependent in general108.
Regarding the TSO questionnaire results, issue 4 was mentioned by the TSOs several times when
they were asked for past and current issues. The system split in CE in November 2006 reported
in [50], though not caused by this issue, was strongly affected by it. A cascading line tripping
caused by overload tripping of a single line while the N-1 security criterion was not fulfilled led to a
split of the CE system into 3 synchronous areas, two underfrequency areas and one overfrequency
area. The frequency containment was distinctly complicated by distributed generation. In the
underfrequency areas, the frequency decrease was increased by the tripping of a significant
amount of distributed generation (beside PE-interfaced generation, small synchronous units, e.g.
some combined heat and power units, are also covered by this term), and load shedding of approx.
19 GW was automatically activated to stabilise the system. In the over-frequency area, the
automatic disconnection and non-controllable reconnection of wind power plants made it more
difficult to control the situation [49], [50].
108

Regarding this matter, further findings are expected within MIGRATE project, as T1.3 covers the modelling
of mixed PE and synchronous loads and a collection of measured data for load model parameter variations with
time of date, seasons, weather, etc. and other Tasks using these models.

Page 74 of 137

REPORT

The prioritisation results show a medium rating for all dimensions (cf. Figure 27). The expected
probability is rated lower than the mean value of the ratings of all issues for this dimension.
Severity and timeframe are rated higher.

Issue 4
3,50
3,00

Mean value issue

Mean value all issues

Rating

2,50
2,00
1,50
1,00
0,50
0,00
Severity
Figure 27

Probability

Timeframe

Mean values of ratings for issue 4 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

Due to further increasing grid penetration of distributed, mostly PE-interfaced generation, their
disconnection rules gained more importance [51]. The capacity at risk per frequency threshold in
the year 2014 is depicted in Figure 28. According to [51], these amounts significantly endangered
frequency stability, as there were scenarios which led to the activation of load shedding although
the reference incident was not exceeded. In two countries, Germany and Italy, where a
predominant share of devices was installed, a retrofit programme for existing devices had already
been started and was expected to be finalised by end of 2015 109 [52]. Additionally, they had
changed their grid connection rules for newly connected devices to meet the requirements set by
transmission system stability (based on the NC RfG, which had been in the comitology process of
the European Commission at that time). The installed capacity at risk (cumulated installed capacity
of generation still following the former disconnection rules with fixed frequency thresholds) after
the Italian and German retrofit is depicted in Table 16 [51], [52].

109

It was not possible to verify the current status of the retrofit programmes, because no information
concerning this matter was found.
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Figure 28

Capacity at risk of distributed generation in CE area per frequency threshold and per
technology in 2014 (before Italian and German retrofit is completed) [51]

However, after the retrofit in Germany and Italy, there still were probable scenarios with load
shedding activation after a single incident [51]. One of these scenarios is depicted in Figure 29 (the
values in Figure 29 do not match the values in Table 16 due to scenario assumptions regarding
simultaneity of RES generation). It shows the frequency over time after a trip of 2000 MW of load
(e.g. HVDC link) while steady-state frequency is already raised during normal operation. The
frequency first exceeds 50.2 Hz and the repeated generation tripping leads to the activation of the
automatic load shedding. Hence, [51] strongly recommended a retrofit programme for all other CE
TSOs which contribute to the risk.

Figure 29

Simulation of a 2 GW loss of load after Italian and German retrofit [51]

Page 76 of 137

REPORT

Table 16 Capacity at risk of distributed generation in CE area after Italian and German retrofit
in MW [51]
49.5 Hz

49.6 Hz

49.7 Hz

49.8 Hz

50.2 Hz

50.3 Hz

50.4 Hz

50.5 Hz

PV

3,985

0

307

959

6,657

1,337

0

4,804

Wind

1,333

201

10

388

415

690

201

2,513

Other

1,783

201

0

894

1,109

290

0

1,674

Total

7,101

402

317

2,242

8,182

2,317

201

8,992

3.3 Voltage stability
A power system is stable with respect to voltage stability, if it is able to maintain steady voltages
at all buses in the system after being subjected to a disturbance from a given initial operating
condition [1]. Similar to angular stability, this disturbance can either be small (e.g. small load
changes) or large (e.g. short-circuits, power plant outages), and the transients are partly
determined by strongly non-linear relations. To maintain steady voltages, the system must be able
to maintain or restore the equilibrium between load demand and load supply of the power system.
Instability occurs in the form of progressive voltage rise or fall at some buses. This can lead to the
(cascading) loss of devices due to their protective systems. If the sequence of events
accompanying voltage instability leads to a blackout or abnormally low voltages in a significant part
of the system, it is often referred to as voltage collapse. Although voltage instability mostly
appears as a progressive drop of voltages, the risk of overvoltage instability also exists [1].
Voltage stability is strongly influenced by loads in general and in particular by their dynamic
behaviour with respect to active and reactive power consumption in response to a disturbance [53].
This response is, amongst others, dependent on motor slip adjustments, distribution voltage
regulators, tap-changing transformers, thermostats and PE control systems in case of PE-interfaced
loads. Load recovery after decreasing voltages generally increases the stress on the transmission
system, as it causes additional active and reactive currents which increase the voltage drop of the
typically inductive transmission elements, in turn leading to decreasing voltages. The situation
remains stable, if the load dynamics do not attempt to restore power consumption beyond the
capability of the transmission system and the connected reactive power sources. As the reactive
power balance is of importance and reactive power cannot be transferred over long distances,
voltage stability is a local or regional issue [1], [53].
Issue 5: Loss of devices in the context of fault-ride-through capability110
During a short-circuit event on transmission level, the voltages of the affected phases near or at
the fault location are zero. Starting from the fault location, this voltage dip propagates through the
system. Due to the voltage drop caused by the short-circuit currents and the impedances of the
connecting lines, the voltage increases with increasing electrical distance to the fault location and
110

As there are strong interdependencies between large-signal short-term voltage stability and transient
stability, issues concerning fault-ride-through capability are not consistently categorised in literature. Following
the argumentation in [1], wherein the categorisation is based on the main system variable in which the
instability is apparent, issue 5 is assigned to voltage stability.
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short-circuit contribution. In significant parts of the system, the voltage drops below the values
permissible for steady-state operation.
Current and many recent network codes require fault-ride-through capability of PE-interfaced
generators above a maximum capacity (cf. definition in Section 2.2.1) determined for the
respective control area (e.g., NC RfG demands FRT capability from generators of type B, C and D).
This shall limit the potential loss of generation after a fault, which affects frequency stability and
causes unexpected power flows, which in turn can cause e.g. (cascading) overload line tripping,
system splitting or load shedding [21]. Earlier network codes – and also current network codes for
generators below a certain maximum capacity (e.g., NC RfG does not demand FRT capability from
generators of type A) – did not require fault-ride-through capability of PE-interfaced generation.
Therefore, a certain amount of generation still trips in case of low voltages [39].
Fault-ride-through capability is defined by a voltage-against-time profile for the time during and
after the fault. PE-interfaced generation has to be capable of staying grid connected and operating
stably for all conditions above this profile. A more detailed description and a depiction of the profile
are given in Section 2.2.1 of this report.
As the extent of the voltage gradient during a short-circuit event and therefore the number of
devices potentially affected by undervoltage is negatively dependent on the amount of short-circuit
power at the fault location, the influence of increasing PE penetration on the short-circuit power is
also relevant. Although a one-by-one replacement of a synchronous generator by a PE-interfaced
generator with the same maximum capacity would significantly reduce the short-circuit power at
the respective busbar, the overall effect of increasing PE penetration on the short-circuit power
remains unclear and is, amongst others, dependent on PE technology, penetration level, pre-fault
operating point, location, protection settings and controls (cf. issue 2).
Several TSOs reported a loss of devices in the context of fault-ride-through capability in the TSO
questionnaire answers. Asked for arising stability issues, they also mentioned fault-ride-through
capability. These TSOs expect a reduction of short-circuit power with the increase of renewable
penetration and therefore a larger propagation of voltage dips caused by short-circuit events,
which exposes a greater proportion of PE-interfaced generation to an undervoltage protection trip.
The prioritisation results show a medium rating for all dimensions (cf. Figure 30). The expected
severity is rated lower than the mean value of the ratings of all issues for this dimension.
Probability and timeframe are rated slightly higher.
The European Wind Integration Study [39] also stresses the necessity of fault-ride-through
capability for PE-interfaced generation. Simulations of scenarios for the year 2015 showed outages
up to 3000 MW of wind generation due to short-circuit events in Germany. Outages of this extent
affect frequency stability, as this is the size of the reference incident in CE. This issue can even get
more severe in smaller synchronous areas, because the electric size of the network affected by the
voltage dip remains in the same dimension, while the reference incident typically is smaller. The
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authors stated that without fault-ride-through capability of wind parks, the capacity of wind power
that can be securely connected to the system will be considerably lower. Hence, it is recommended
to firstly demand fault-ride-through capability from each newly grid-connected wind farm and
secondly to do reviews at national levels to evaluate whether retrofitting the capability is required.

Issue 5
3,50
3,00

Mean value issue

Mean value all issues

Rating

2,50
2,00
1,50
1,00
0,50
0,00
Severity
Figure 30

Probability

Timeframe

Mean values of ratings for issue 5 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

Issue 6: Voltage dip-induced frequency dip
This issue refers to the recovery phase of active power after short-circuit events [42]. The active
power recovery of transient stable synchronous generators follows the recovering voltage and is
therefore very quick. The active power recovery of wind turbine generators may be slower in order
to keep mechanical stress on the structure at acceptable levels. Figure 31 shows active power
recovery characteristics of a conventional and a wind power generator. The impact of this issue is
strongly dependent on the size of the synchronous area together with its inertia and the wind
power penetration. The issue is aggravated by decreasing inertia (issue 3) and a broader
propagation of voltage dips (issue 5). PE-interfaced generation without a mechanical prime mover,
such as photovoltaics, can be controlled in such a way that they do not significantly contribute to
this issue [21], [42], [54].
The issue was reported within the TSO questionnaire answers as an arising issue. The prioritisation
results show a medium rating for all dimensions (cf. Figure 32). The ratings for all dimensions are
lower than the mean values of the ratings of all issues for the respective dimension.
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Figure 31

Active power recovery characteristics of conventional and wind generators 111 [42]
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Figure 32
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Mean values of ratings for issue 6 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

In a study on the Irish All Island power system of the year 2020 [31], the issue was analysed. It
was assumed that all grid-connected wind farms were compliant with the EirGrid network code of
2009, demanding an active power provision in proportion to the retained voltage during the
111

It should be noted that current type 4 wind turbines with chopper do not reduce the mechanical power
actively during short voltage dips such as short-circuit events. The power surplus is fed into the dc link and
dissipated by the chopper instead. As soon as the voltage at the grid connection point recovers, the active
power output of the WTG can be restored proportionally without significant delay. However, type 3 generators
do delay the active power recovery to limit drive-train stress. Furthermore, older WTG had to fulfil less
demanding network code requirements regarding post-fault active power recovery.
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transmission system voltage dip and a provision of at least 90% of the wind power generator’s
maximum available active power as quickly as the technology allows and in any event within 1 s of
the transmission system voltage recovering to the normal operating range. Simulation results for
different dispatches and worst-case fault location showed temporary wind power output reductions
of 1000 MW-2000 MW which clearly exceed the largest infeed in this power system.
Figure 33 shows simulation results of [31] for situations after severe network faults with slow
active power recovery of wind generators. It depicts the minimum frequency over the quotient of
wind plus import and load plus export. It is distinguished whether ROCOF relays on distribution
level (used for protection against islanding) are enabled or not. The results imply that values above
50% of wind plus import divided by load plus export lead to severe frequency drops, if ROCOF
relays are enabled. With disabled or re-parameterised ROCOF relays, values above 60%-70% still
lead to inadmissible low minimum frequencies with activation of load shedding.
The authors of [31] conclude that this issue may impose operational limits on power system
developments similar to the 2020 scenario. However, due to modelling assumptions and
simplifications

some

effects

(e.g.

voltage

dependence

of

frequency

support

of

HVDC

interconnectors) were not regarded and therefore, further analyses are recommended. It is also
pointed out that mitigation measures, e.g. frequency-regulating capacities of wind generation or a
faster active power recovery due to technical progress, may improve system behaviour with
respect to this issue [31].

Figure 33

Minimum frequency due to decreased wind power output after severe network faults as
a function of wind plus import divided by load plus export [31]
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Issue 7: Lack of reactive power
Traditionally, voltage regulation and therefore reactive power management in the transmission grid
were mainly managed with conventional power plants. Additionally, reactive power compensation
devices were and are being installed by TSOs to support reactive power management, where
necessary. If the reactive power demand of transmission system elements (mainly lines and
transformers) cannot be met, the voltages in the respective area decrease until either a new
operating point within the admissible steady-state voltage band is found due to e.g. control actions,
operational measures and voltage-dependent alteration of reactive power demand, or the voltages
further decrease due to the mechanisms described at the beginning of this Section [2].
Increasing PE-interfaced generation replaces synchronous generators, if a certain penetration level
is reached [42]. This reduces the voltage control capabilities within the transmission grid by the
capabilities of the replaced synchronous generators, if PE-interfaced generation does not provide
the same capabilities. Additionally, depending on the location of the PE-interfaced generation and
the replaced synchronous generators, the system might get higher loaded due to increased
distances between load centres and PE-interfaced generation [42]. Finally, PE-interfaced
generation is often installed at distribution level, so that voltage support for the transmission
system is impeded due to one or more transformer impedances [39], [42].
When the grid penetration of dispersed renewable generation began, reactive power or voltage
control capability was usually not required by the network codes. Hence, depending on the
different dynamics of network code adjustment and renewable generation expansion, a different
share of renewable generation in each control zone does not participate in voltage control [42],
[55]. However, there are several measures available to mitigate a lack of reactive power in the
transmission grid. The most common practice is the deployment of switchable or non-switchable
shunt condensers. But also synchronous condensers, tap-changing transformers and FACTS, e.g.
static var compensators, controllable series compensation, static synchronous compensators or
static series synchronous compensators can be used to directly or indirectly (e.g. by influencing
power flows and therefore local reactive power demand) provide reactive power. Additionally, VSC
HVDC converter stations can participate in voltage control. Finally, new PE-interfaced generation
compliant with current network codes and the on-going replacement of first-generation devices by
modern ones can improve voltage control capabilities in the transmission grid [55].
This issue was mentioned as an arising issue in the TSO questionnaire answers. Especially the
missing or insufficient voltage support of older devices and distribution-connected devices in
regions with high wind penetration combined with the effects of a higher transmission system
loading were addressed. The prioritisation results show a medium rating for all dimensions (cf.
Figure 34). The expected severity is rated lower than the mean value of the ratings of all issues for
this dimension. Probability and timeframe are rated slightly higher.
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Mean values of ratings for issue 7 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

Both [31] and [39] analysed this issue. In [39], it was reported that high amounts of shuntconnected reactive power compensation are required in countries with relatively high wind
penetration such as Great Britain, Ireland, Germany and Spain. The main reasons are increased
power flows and a reduction of reactive power sources in the respective transmission grids, which
in turn are mainly caused by increasing wind penetration. The authors recommended a
participation of wind power generators in voltage regulation, which is subject of current network
codes.
In [31], a 2020 scenario of the Irish All Island power system was analysed to evaluate reactive
power management and voltage control. Simulation results showed the need for additional reactive
power sources at transmission level, because the reactive power capability of wind farms, in
particular distribution-connected wind farms, was found to be lower than that of synchronous
generators. To mitigate voltage stability issues due to a lack of reactive power, a significant
amount of reactive power sources was recommended to be installed in the grid. Besides, the
authors recommended a participation of at least the transmission-connected wind power
generators in voltage regulation. In case this would prove insufficient, the authors recommended
the installation of additional reactive power sources and the definition of conventional generation
with low minimum loads as must-run units. The authors concluded that this issue can be mitigated
by the measures described above and therefore is no limiting factor for increasing PE penetration.
However, voltage regulation will become more complex with the increasing number of participating
devices and extremely different dispatches due to the strong variability of renewable generation.
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Issue 8: Excess of reactive power
The reactive power demand of transmission system elements like overhead lines, cables and
transformers is highly dependable on their loading. Overhead lines require reactive power provision
(they act like an inductance) in case they are highly loaded and provide reactive power (they act
like a capacitance) for low loading. Transformers always require and cables always provide reactive
power, but in either case the amount depends on the current and therefore on the loading. Most of
the load supplied by transmission systems is connected to the distribution systems. Hence, apart
from reactive power demand of transmission system elements, the demand at the grid supply
points (interface between transmission and distribution grid) mainly determines the reactive power
balance that has to be balanced by generators or reactive power compensation.
In case the reactive power demand of distribution systems at the grid supply points reduces or
even gets negative during times of low load, reactive power has to be consumed by generators or
compensation devices. As this capability is limited, the voltage rises above the permissible voltage
band in case of excessive reactive power. As increasing PE-interfaced generation penetration can
reduce the voltage control capabilities of transmission grids (cf. issue 7), this might increase the
issue, especially because the relative share of PE-interfaced generation (in particular wind
generation) can get higher in times of low load than of high load.
In the TSO questionnaire answers, this issue was neither mentioned to be a past or current nor a
future issue. Nevertheless, due to reported incidents in recent publications [56], [57], it was
included into the list of issues for prioritisation. The prioritisation results show a medium rating for
all dimensions (cf. Figure 35). The expected timeframe is rated slightly higher than the mean value
of the ratings of all issues for this dimension. Severity and probability are rated lower.
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Mean values of ratings for issue 8 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire
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In [56] and [57], overvoltage issues due to an excess of reactive power in the GB transmission
system were studied. In the control zone of National Grid, the absolute reactive power demand
during minimum load decreased from 7.5 GVAr in 2005 to 2.1 GVAr in 2013, while the
corresponding reduction of active power was 22 GW to 18 GW which means a significant decrease
of the Q/P ratio. Figure 37 and Figure 36 show the analysis results of load measurement series for
the years 2005 to 2012 at different grid supply points (typically 400/132 kV or 275/132 kV in GB).
Between 2005 and 2012, the reactive power behaviour distinctly changed from a mostly inductive
behaviour to a more capacitive behaviour (Figure 37). The monthly analysis (Figure 36) showed
that the Q/P ratio is negative for the whole year during minimum load conditions and that its
minimum values correspond to minimum seasonal loads.
To further analyse the altered reactive power behaviour at grid supply points, the underlying
distribution system was modelled in detail for a critical grid supply point [57]. The model
comprised 132-kV-, 66-kV- and 33-kV-level including the demand at the primary substations
(33/11 kV). Simulation results showed that a replacement of overhead lines by cables considerably
decreases the reactive power demand at the grid supply point. The higher the voltage level of the
cable installation, the higher the effect. Furthermore, load measurement series for primary
substations were analysed with respect to minimum active load points in time. A linear regression
showed a clear reduction of reactive power consumption and Q/P ratio while active power reduction
decreased more slowly (cf. Figure 38) [57].

Figure 36

Monthly analysis results for a grid supply point in South West of Great Britain for the
year 2012 [56]
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Figure 37

Reactive power to active power ratios (Q/P ratios) during minimum load across Great
Britain for a) year 2005, b) year 2010 and c) year 2012 [56]

Figure 38

Linear trends of aggregated demand at primary substations from May to July in 2012
and 2013 for: a) minimum daily P b) Q for minimum daily P and c) Q/P ratios for
minimum daily P [57]
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Issue 9: Altered static and dynamic voltage dependence of loads
The voltage dependence of loads can be distinguished with respect to the behaviour during the
time after a voltage variation [53]. If the alteration of active and/or reactive power consumption
caused by a varied voltage is permanent, the load is denoted static. In case the power
consumption changes with time without a further voltage variation, the load is denoted dynamic.
Typically, dynamic loads restore power consumption completely or to a certain extent. Classic
examples for dynamic loads are induction motors, loads connected to on-load tap-changing
transformers and thermostat controlled loads. Depending on its controls, PE-interfaced load can
either be static or dynamic [7], [53].
As load behaviour is a main factor influencing voltage stability, alterations in both static and
dynamic voltage dependence have an effect. Due to the complexity of current power systems with
its numerous highly nonlinear relations, the effects depend on several factors (e.g., composition
and location of load, location and type of devices with voltage regulation) and can only be
evaluated in detail by studies on the concrete system, e.g. by time-domain simulations with
detailed modelling of load dynamics and voltage regulation.
Besides voltage stability, frequency stability is also affected by the voltage dependence of load. As
the loss of generation or an importing HVDC link is often accompanied by voltage drops, voltage
dependence of load has a stabilising effect on frequency, because the loads affected by decreasing
voltages reduce power consumption. Depending on the power system, its specific configuration and
also type and location of a fault, the positive effect of voltage dependence of load can largely
exceed the effect of frequency dependence [43].
According to the TSO questionnaire answers, it is generally expected that the amount of PE load
will increase, though some TSOs did not expect changes in PE load or had no information about it.
The answers also showed that few TSOs have detailed information about the composition of loads
in their system including the share of PE load. In literature, an increase of PE load in several
sections of demand is expected [7].
It has to be considered that from a transmission system point of view, entire distribution grids are
regarded as loads. However, they do not only consist of loads but also of grid devices like overhead
lines, cables, transformers and reactive power compensation devices as well as generation devices.
This influences the behaviour at the interface between transmission and distribution grid and
therefore the voltage dependence [7].
In the TSO questionnaire answers, this issue was neither directly mentioned to be a past or current
nor a future issue. As the load behaviour is relevant for all voltage stability issues, it was still
included into the list of issues for prioritisation. The prioritisation results (cf. Figure 39) show a
medium rating for the dimensions severity and probability and a low rating in the dimension
timeframe. The ratings for all dimensions are lower than the mean values of the ratings of all
issues for the respective dimension.
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Regarding this issue, further findings are expected within the scope of MIGRATE project, as
Task 1.3 covers the modelling of mixed PE and synchronous loads and a collection of measured
data for load model parameter variations with time of date, seasons, weather, etc. and other Tasks
using these models.

3.4 Not classifiable within classic stability categorisation
Some of the issues mentioned in the TSO questionnaire are not classifiable by the classic stability
categorisation. Within this Section, harmonic stability, grid resonances and their influence on
system stability will be discussed. The increasing number of cables and their influence on grid
resonances may also be covered by power quality assessment. For a detailed investigation of
power quality, see “WP5: Power quality in transmission networks with high PE penetration” of the
MIGRATE project. These not classifiable phenomena also revealed that the assignment to system
stability or power quality needs further discussion, which is currently done by WP1 and WP5.
Issue 10: PE controller interaction with each other and passive AC components
“PE controller interaction with each other and passive AC components” was rated high in terms of
severity and medium regarding probability and timeframe by the TSOs. The expected severity is
rated higher than the mean value of the ratings of all issues for this dimension. Probability and
timeframe are rated lower. The results for this issue are shown in Figure 40.
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PE controller interaction is often addressed by the term “harmonic stability”. Even though the term
“harmonic stability” is broadly used in literature, there is no scientific consensus on a specific
definition. The Power System Dynamic Performance Committee of the IEEE Power & Energy Society
proposed to form a taskforce regarding “Stability definitions and characterisation of dynamic
behaviour in systems with high penetration of power electronic interfaced technologies” [58].
Within the context of this document, the term “harmonic stability” will be used to describe
interactions between PE’s controllers, the grid impedance and other equipment or filters. Different
parts of the PE control structure, i.e. the current control loop, power control loop or the PhaseLocked Loop (PLL), can cause poorly damped oscillations in the current or power output. The
phenomenon’s description will focus on the current control loop, as it is in close relation with
Issue 11 regarding grid resonances. The considered frequency range is within the bandwidth of the
controllers [59]. Effects in a higher frequency range, which cannot be addressed by controller
tuning, are not included.
Many converter systems are implemented using a constant DC-voltage at the link between the
input and grid-side converters, but they are usually controlled as a current source. The concept is
depicted in Figure 41. The bandwidth of the current controller depends on the switching frequency,
the sampling frequency of the control and the design of the output filter. In [60], the bandwidth of
a current controller is approximated with one twentieth of the switching frequency for Proportional–
Integral-controllers (PI-controllers). Additionally, the output filter is designed to block harmonics
around the switching frequency. The filter is often realised as a high order filter with a resonance
frequency between grid frequency and switching frequency. To increase the filter effect at the
switching frequency, a low resonance frequency is advantageous, but may impair the allowable
bandwidth of the current controller. The current controller may not be active in the range of the
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filter’s resonance frequency, as this would lead to high harmonic currents within the filter.
Therefore, the controller’s bandwidth may have to be reduced. The general bandwidth of PE current
controllers is expected to be in the range of a few hundred hertz [60], [61], [62].
Converter

Grid

I ≈ Isetpoint

=
UDC

Filter

Figure 41

-

Controller

Isetpoint

Block diagram of a VSC with constant voltage link and filter; controlled as a current
source

In the current controller design, the grid impedance can be represented as part of the feedback
loop and has therefore significant influence on the controller’s stability. Modelling the grid to the
necessary extent for controller tuning is a challenge itself, as many parameters are unknown,
varying with the grid configuration or change over time [63], [64]. An often used model is the
ohmic-inductive grid model, consisting of a resistance, inductance and ideal voltage source.
Figure 42 depicts a single-phase equivalent circuit diagram, often used in controller designs to
deduct the plant model. The converter acts like a current source with the output 𝑖grid (𝑡). The output
current is generated by a closed-loop current control, which rapidly adjusts the internal voltage
source 𝑢converter (𝑡) using Pulse Width Modulation (PWM) in combination with a constant DC-voltage
link. The converter is represented by a controlled voltage source and an output filter. The filter
depicted is a LCL filter. The filter consists of two inductances and a capacitance and is used to filter
the high frequency components of the PWM. Effects due to semiconductor switching are not
considered in the controller design, as they are expected to be in a higher frequency range than
the controller’s bandwidth. The transformer impedance has to be accounted for in either the filter
or the grid impedance. Depending on the location of the connection point, the transformer
impedance is often used as part of the LCL filter, often avoiding a discrete inductor 𝐿2 within the
converter.
A block diagram of the current controller loop, based on the single-phase equivalent circuit, is
shown in Figure 43. It consists of the controller’s transfer function 𝐺controller (𝑠), a transfer function
representing the converter 𝐺converter (𝑠) and a plant model 𝐺impedance (𝑠) . 𝐺disturbance (𝑠) depicts the
influence of the grid voltage 𝑈grid (𝑠) on the current 𝐼grid (𝑠). The current setpoint 𝐼setpoint (𝑠) is defined
by outer control loops, i.e. the power control loops. The converter’s transfer function usually
includes the time delays caused by the processing time and the switching operations. The plant
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model representation 𝐺impedance (𝑠) is derived from the combination of the output filter and the grid
impedance, therefore the grid impedance has a significant influence on the control loop’s behaviour.

L1

L2

igrid(t)

Rgrid

C

uconverter(t)

ugrid(t)

LCL filter
Figure 42

Lgrid

Ohmic-inductive
grid model

Single-phase equivalent circuit of a grid-connected converter with LCL filter and
aggregated grid model; the transformer’s impedance has to be accounted for in either
the filter or the grid model.

The transmission system is represented as an aggregated grid impedance and a voltage source.
Considering this representation, the grid impedance also represents all other equipment within an
appropriate electrical distance.

Ugrid(s)

Isetpoint(s)

Figure 43

-

Gcontroller(s)

Gconverter(s)

Uconverter(s)

Gdisturbance(s)

Gimpedance(s)

-

Igrid(s)

Block diagram of the converter’s current control loop. The grid impedance, as seen from
the converter terminals, has a significant influence on stability and performance of the
control loop.

With the increasing share of PE devices, the number of controllers and filters within the grid rises
and the share of conventional generation decreases, severely changing the grid dynamics. Newly
installed PE may influence the performance of existing equipment. The ohmic-inductive model may
not be sufficient to capture a high number of other PE or compensators in close electrical proximity,
including their controller’s dynamics and output filters [65]. Grid dynamics within the bandwidth of
the controller, which are not considered in the design or change over time, may impair the
controller’s performance and stability [66].
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In areas with a large amount of PE generation in close electrical proximity, additional attention has
to be paid to the neighbouring converter’s control and output filters.
Figure 44 shows measurements in a PV plant with an overall power of about 1.4 MW [67]. The
plant consists of 270 paralleled 5 kW, single-phase converters, which are configured as three
groups with 90 paralleled converters each to form a three-phase system. Individually, the
converters operate stably at the grid, but coupling effects have not been considered in the
controller’s tuning. The measurement shows the voltage 𝑣g at the Point of Common Coupling (PCC)
and the output current 𝑖2𝑖 of one converter. Due to the grid impedance, the output current of each
converter affects the voltage 𝑣g at the PCC. As a result, interactions between the nearby converters
may arise. Here, high frequency oscillations between current controllers and output filters of
nearby converters occur.

Figure 44

Experimental measurements of a PV plant, consisting of 270 paralleled 5 kW singlephase converters, configured as 90 paralleled three-phase converters. (a) Measured
voltage 𝑣g at the PCC and converter current 𝑖2𝑖 of around one grid period. (b) Zoomed
depiction. (c) Fast Fourier Transform (FFT) of the signal [67]

The dynamics of other converters and filters or underground cables are more complex than the
often used ohmic-inductive grid model. Interactions between controllers in a mid-frequency range
were reported by the TSOs [68]. If grid resonances occur at a frequency, at which the current
controllers are susceptible, voltage oscillations may emerge or the harmonic current content
increases. Controller interactions, i.e. current oscillations within the bandwidth of the controllers,
can also occur within a power park with paralleled converters, without influencing the grid voltage
at the connection point, but may cause a shutdown of the converters [62], [66], [67].
Issue 11 Resonances due to cables and PE
Within the TSO questionnaire issues related to cable resonances, which are expected to be of
particular importance for offshore grids, were mentioned by the TSOs. In addition to cable
resonances, an increase of harmonic currents due to the combination of additional HVAC
underground cables and the harmonic voltages emitted by PE were indicated by the TSOs and in
literature [69]. The prioritisation results for this issue are shown in Figure 45. This issue received a
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medium rating in all three dimensions. The ratings for all dimensions are slightly higher than the
mean values of the ratings of all issues for the respective dimension.
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Mean values of ratings for issue 11 and mean values of ratings of all issues for each
dimension as a result from the prioritisation questionnaire

Usually, the harmonics emitted by VSCs due to switching operations can be modelled as a voltage
source, yet it depends on the type and control of the PE. Many PE controllers are based on PWM
with a constant switching frequency and are assumed to be voltage sources in the range of the
switching frequency. Hysteresis-controlled converters can be modelled as current sources for
harmonics within the range of the switching frequency [64]. The inductive behaviour of overhead
power lines leads to an impedance increasing with frequency. The cable’s larger capacity results in
a smaller impedance at high frequencies, causing larger harmonic currents caused by the prevalent
voltage disturbances in the range of the switching frequencies, compared to overhead power lines.
The electrical power grid consists of a large number of different, frequency-dependent elements.
Viewed from each grid node, these elements form series and parallel resonances [70]. The
increasing share of cables at high voltages introduces large capacitances and resonances, changing
the dynamics of the grid. Generally, larger energy storages decrease the resonance frequencies of
the grid. If the resonance frequencies drop to a lower frequency range, the corresponding
harmonic content may be increased [71] or harmonic stability issues may arise.
A cable’s input impedance has an infinite number of resonance frequencies. For a lossless cable,
described with a distributed parameter model, these resonance frequencies occur as integer
multiples of the first resonance. The resonance frequencies and the resonant peak depend on the
capacitance and inductance per unit length, as well as on the length of the cable and the
loading [2]. With increasing length and capacitance per unit length, the resonances shift towards
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lower frequencies and may be excited by the harmonic content of PE. In case the resonance
frequencies are shifted to the range of the controller’s bandwidth, severe harmonic stability issues
may result [62], [71].
Figure 46 shows an open-loop transfer function 𝐺open (𝑠) of a converter with an LCL filter and a cable
connection of 15 km length, operated at 150 kV [72]. The transfer function shows resonant peaks
beginning at 1 kHz. In the depicted case, these resonances increase the open-loop gain above 0 dB
while the phase drops below -180°, therefore causing instabilities or oscillations in the closed-loop
transfer function, if they are neglected. The investigation presented in [72] shows the influence of
cable resonances on harmonic stability and controller performance, if they are shifted within the
range of the controller’s bandwidth.

Figure 46: Open-loop transfer function 𝐺open (𝑠) of an inverter with LCL filter and a cable
connection [72]
The influence of a large number of paralleled converter’s output filters on the harmonic stability
has already been depicted in Figure 44. Figure 47 shows the aggregated grid admittance as seen
from the converter’s output terminals towards the grid [73]. The calculation was done for the
offshore wind park Horns Rev II in Denmark in the dq-reference frame. The park has a maximum
capacity of 209 MW and is connected via a 100 km HVAC cable. The admittance, as seen from the
converter terminals, consists of the grid admittance and other equipment, as well as other wind
turbines and their controls. As all wind turbines are considered to be identical, an aggregated
turbine model was used. Stability-wise, the aggregated modelling of 𝑛 paralleled converters as one
large converter can also be represented as a single converter connected to the grid with 𝑛-times
larger grid impedance [67]. This representation neglects oscillations between the converters
themselves, but emphasises the influence of the grid impedance at the connection point. The
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aggregated admittance is shown for different numbers of wind turbines connected to the wind park.
The admittance changes significantly with the number of wind turbines operating, increasing a
considerable number of resonances. The investigation in [73] associates the resonant peak around
200 Hz to the wind farm transformer’s series reactance and the HVAC cables shunt capacitance.

Figure 47: Admittance, as seen from converter terminals towards grid and park; admittance
plotted for the offshore wind park Horns Rev II with different numbers of connected
wind turbines, as indicated by the colourbar in the lower figure [73]
The calculation shows the significant influence of other PE devices in close electrical proximity on
the aggregated grid admittance. Considering additional equipment, e.g. shunt reactors or other
compensators, manifold grid configurations have to be analysed for stability assessment.

3.5 Conclusion and prioritisation of issues
Increasing PE penetration impacts several aspects of power system stability in various ways.
Whether the impact is positive or negative depends, amongst others, on the type of disturbance,
the concrete layout of the power system and its operating point as well as several parameters
describing the concrete PE penetration, such as technology & grid connection interface, penetration
level and operating point, location, protection settings and control settings [34].
As the impact therefore is dependent on the actual system with its (expected) PE penetration, the
prioritisation gives valuable insight into the impact of the identified stability issues on the concrete
power systems of the participating TSOs with their different evolutions over time (e.g. with respect
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to topologies and operational policies). In order to assess the overall impact of each issue, the
mean values of the rating for each dimension (severity, probability and timeframe) were multiplied
by each other to arrive at a single ranking score 112 . This approach expresses the strong
interdependence of the dimensions with respect to the overall impact, as a low rating in one
dimension reduces the overall impact significantly113. The ranking scores for each issue are shown
in Figure 48 (please refer to Table 17 for issue names).
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Figure 48

Ranking score for each issue as a result from the prioritisation questionnaire

Finally, the ranking scores allow to sort the issues by their expected impact on overall power
system stability. In light of the volume of work that is needed to investigate each issue in detail,
the ranking results depicted in Table 17 will help to prioritize the issues to be investigated in the
subsequent Tasks of WP1.

112

This score can be interpreted as work package-specific impact factor. In addition to calculating the risk of
system instability by multiplying severity and probability, the time horizon considered by WP1 (short- to
medium-term) is taken into account by multiplying the result with the rating in the dimension timeframe.
113
Additionally, a second approach was followed to calculate the single ranking score. Assuming equal
relevance of all dimensions, the sum of the results for each dimension was calculated (and thus, contrary to the
multiplication approach, without mutual biasing of the results for each dimension with respect to the single
ranking score). The second approach results in the same ranking as the multiplication approach.
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Table 17 Ranking of issues as a result from the prioritisation questionnaire
Rank

Ranking

Issue

score

1

17.35

Issue 3: Decrease of inertia

2

10.16

Issue 11: Resonances due to cables and PE

3

9.84

4

8.91

5

8.19

6

7.50

Issue 5: Loss of devices in the context of fault-ride-through capability

7

7.00

Issue 7: Lack of reactive power

8

6.91

9

6.09

Issue 8: Excess of reactive power

10

4.27

Issue 6: Voltage Dip-Induced Frequency Dip

11

3.87

Issue 9: Altered static and dynamic voltage dependence of loads

Issue 2: Reduction of transient stability margins
Issue 4: Missing or wrong participation of PE-connected generators and loads
in frequency containment
Issue 10: PE Controller interaction with each other and passive AC
components

Issue 1: Introduction of new power oscillations and/or reduced damping of
existing power oscillations
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4 Conclusion
In the first part of this report, the requirements for grid-connected PE devices were described. As
there are various legal bases defining such requirements – e.g. network codes issued by the
relevant local system operator(s) or by associations of system operators, local and European
technical standards and local laws – the description given based on the new ENTSO-E network
codes applicable in the entire area covered by ENTSO-E. The network codes, identified to be most
relevant for the grid connection of PE are the
 Network Code on requirements for grid connection of generators (NC RfG),
 Network Code on requirements for grid connection of high voltage direct current systems and
direct current-connected power park modules (NC HVDC), and the
 Network Code on Demand Connection (NC DCC).
Based on the requirements stated therein, the capabilities of PE-interfaced generation were
preliminarily assessed. For this, each requirement was categorised while each category meant a
qualitative evaluation of the necessary attention to meet the respective requirement. Many
requirements were assessed to be already met by current PE devices or to require little action.
Requirements which demand an active power reserve may impose larger effort. However, for a
more comprehensive and precise assessment, manufacturer collaboration is required. The final
assessment of PE capabilities with respect to the NCs described in Chapter 2 will be available in
early 2017 for broadcasting them to the other WPs and will be finally reported within
Deliverable 1.2.
In order to identify all power system stability issues brought by the increasing penetration of PE in
the different control zones covered by the TSOs of the consortium, a questionnaire (‘TSO
questionnaire’) was issued to all MIGRATE TSOs and the majority of TSOs within ENTSO-E. The
results obtained from the TSO questionnaire were complemented by a literature survey. Based on
these two sources, eleven power system stability issues were identified and described in detail.
Besides nine stability issues which could be assigned to the classic power system stability
categories rotor angle stability, frequency stability and voltage stability, two issues were not
classifiable within the classic stability categorisation (cf. Table 18). In order to prioritise the
identified issues, a second questionnaire (‘prioritisation questionnaire’) was issued to all TSOs
within the MIGRATE consortium. They assessed the stability issues with respect to three
dimensions of impact: severity, probability and expected timeframe. As a result of these ratings,
the issues were ranked with respect to their overall impact on power system stability to help
subsequent Subtasks of WP1 to prioritise the issues to be investigated. Rank 1 identifies the issue
with the largest overall impact. The ranking results are shown in Table 18.
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Table 18 Ranking and categorisation of identified stability issues
Rank

Stability category114

Issue

1

Frequency stability

Issue 3: Decrease of inertia

2

Not classified

Issue 11: Resonances due to cables and PE

3

Rotor angle stability

Issue 2: Reduction of transient stability margins

4

Frequency stability

Issue

5

Not classified

4:

Missing or wrong

participation

of PE-connected

generators and loads in frequency containment
Issue 10: PE controller interaction with each other and passive
AC components
6

Voltage stability

Issue 5: Loss of devices in the context of fault-ride-through
capability

7

Voltage stability

Issue 7: Lack of reactive power

8

Rotor angle stability

Issue 1: Introduction of new power oscillations and/or reduced

9

Voltage stability

Issue 8: Excess of reactive power

10

Voltage stability

Issue 6: Voltage-dip-induced frequency dip

11

Voltage stability

Issue 9: Altered static and dynamic voltage dependence of loads

damping of existing power oscillations

The description of the identified issues comprises, if feasible, the effect of increasing PE on the
respective stability issue, the results of the two questionnaires, concrete examples from literature
(preferably grid studies comprising past events or future developments of real transmission grids)
and mitigation measures (partly already applied and partly in a conceptual stage) mentioned in
literature in the context of the concrete examples. The results show that increasing PE penetration
affects power system stability in various direct and indirect ways. Whether the impact is positive or
negative depends, amongst others, on the type of disturbance, the concrete layout of the power
system and its operating point as well as several parameters describing the concrete PE
penetration, such as technology & grid connection interface, penetration level and operating point,
location, protection settings and control settings. Although there are recent studies addressing the
question “what is the maximum PE penetration level in which stability can still be ensured?” for
specific grid areas (e.g. [31]) or types of stability (e.g. [43]), the question has to be addressed in a
more general way to cope with the diversity within the MIGRATE TSOs’ grid areas. The research
work to be presented in D1.2 is expected to shed some more light on this.
The results of T1.1 and D1.1 will be used in the further Tasks of WP1. Table 19 shows an overview
of the subsequent Tasks in WP1 of the MIGRATE project.

114

According to [1].
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Table 19 Tasks of WP1 in the MIGRATE project
No.

Name

T1.1

Systemic issues within the existing pan-European power system

T1.2

Power system analysis and development of KPIs to measure distance to instability

T1.3

Modelling for mixed PE and synchronous loads

T1.4

Small set of generic test cases able to grasp system stability issues raised by PE

T1.5

Monitoring and forecasting of the penetration of power electronics

T1.6

Mitigation measures for stability issues facing a large diversity of configuration zones

T1.7

Retuned controllers at laboratory scale for a few types of instabilities zone

T1.8

Recommendations on network connection code implementation

In T1.2, new Key Performance Indicators (KPIs) will be developed to measure the distance to
instability. The main objectives of this Task are: to address each of the model problems as defined
in T1.1, to understand the sources of instability and to propose adequate indicators (KPIs) which
measure for each model problem the distance to instability. The stability issues and related model
problems as defined in T1.1 and D1.1 therefore are essential input information for T1.2.
In T1.4, a set of generic test cases will be developed. With these test cases, it must be possible to
study the stability issues as defined in T1.1 and D1.1. Tasks 1.6 and 1.8 focus on the development
of new mitigation measures and recommendations on network codes, respectively. Starting point
are the existing control strategies and requirements as specified in existing network codes, as also
described in this Deliverable (D1.1). The potential improvements of these are then investigated in
T1.6 and T1.8.
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Abbreviations
AVR

Automatic Voltage Regulator

BESS

Battery Energy Storage System

CCT

Critical Clearing Time

CHP

Combined Heat and Power

DFIG

Doubly-Fed Induction Generator

DSO

Distribution System Operator

DSR

Demand Side Response

EHV

Extra High Voltage

EMT

Electromagnetic Transients

ENTSO-E

European Network of Transmission System Operators for Electricity

ESS

Energy Storage System

FACTS

Flexible AC Transmission System

FRC

Fully-Rated Converter

FRT

Fault Ride-Through

GOV

(Speed) Governor

HIL

Hardware-in-the-Loop

HV

High Voltage

HVAC

High Voltage Alternating Current

HVDC

High Voltage Direct Current

KPI

Key Performance Indicator

LCC

Line-Commutated Converter

LV

Low Voltage

MV

Medium Voltage

NC RfG

Network Code on Requirements for Generators

OHL

Overhead Line

PCC

Point Of Common Coupling

PLL

Phase-Locked Loop

PMU

Phasor Measurement Unit

POD

Power Oscillations Damping

PQ-load

Constant Active/Reactive Power (P/Q) Load

PSS

Power System Stabilizer

PST

Phase-Shifting Transformer

PV

Photovoltaics

RES

Renewable Energy Source

RMS

Root Mean Square

SVC

Static Var Compensator

TSO

Transmission System Operator

UCTE

Union for the Co-Ordination of Transmission of Electricity

UEL

Underexcitation Limiter
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VSC

Voltage Source Converter

WACS

Wide Area Control System

WAMS

Wide Area Monitoring System

WPP

Wind Power Plant

ZIP-load

Constant Impedance/Current/Active-Power (Z/I/P) Load
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A1 Introduction
MIGRATE stands for Massive InteGRATion of power Electronic devices and is an EU-funded project
under the framework of Horizon 2020. The aim of MIGRATE is to find solutions for the technological
challenges the grid currently is and, especially, in the future will be faced with.
The detailed objective of MIGRATE is to develop and validate innovative, technology-based
solutions in view of managing the pan-European electricity system experiencing a proliferation of
Power Electronics (PE) devices involved in connecting generation and consumption sites. This
overarching goal is split into two components combining two time horizons:


In the short to medium term, incremental technology-based solutions are needed to operate
the existing electric High Voltage Alternating Current (HVAC) system configuration with a
growing penetration of PE-connected generation and consumption, based on novel methods
and tools.



In the long term, breakthrough technology-based solutions are needed to manage a transition
towards an HVAC electric system where all generation and consumption is connected via PE,
based on innovative control algorithms together with new grid connection standards.

In order to achieve the above stated goals, MIGRATE wants to build upon the most recent state-ofthe-art and the most recent issues observed by those people who may already be faced every day
with the challenges that come along in the operation of synchronous power systems under an
increasing share of PE-based devices. This is why we kindly asked the European Transmission
System Operators (TSOs) to fill out a questionnaire. This way, we can ensure that the recent
phenomena observed within the TSOs areas of responsibility/control zones are covered by the
MIGRATE project.
The questionnaire consists of the two main categories “State of the Art”

and “Future

Developments”. Within these two categories, we posed nine questions relating to:
1. Stability problems,
2. Dynamic studies,
3. Load modelling,
4. Composition of load,
5. Monitoring of stability,
6. Modelling of power electronics,
7. Hardware-In-the-Loop (HIL) testing using RTDS,
8. Data

management

for

Root

Mean

Square

(RMS)/

Electromagnetic Transients (EMT) analysis, and
9. Network codes.
In this report, the response of the TSOs to the questions of the questionnaire is summarized. The
responses are anonymized to prevent back-identification of individual TSO answers. We thank the
following TSOs for their response to this questionnaire: AST, EirGrid, Elering, ELES, Energinet,
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FinGrid, German TSOs 115 , Landsnet, LitGrid, MAVIR, REE, REN, RTE, SHET, Statnett, SwissGrid,
TenneT NL, TERNA.

A2 State-of-the-Art
A2.1 Stability Problems
What stability problems (such as rotor angle stability, voltage stability, frequency stability etc.)
have you experienced in the past 10 years? What lessons are learnt from that? Did you issue any
publication(s) describing these issues?
Some TSOs did not experience any major stability issues. The other TSOs mention several smaller
and larger instability issues:


The most severe might be the UCTE (union for the co-ordination of transmission of electricity)
system split on 4th November 2006. A large blackout was caused by cascading line tripping and
large frequency drop/rise in the respective areas. Finally, the European system was split up
into three parts with different frequencies. The conclusions of the ENTSO-E (european network
of transmission system operators for electricity) report stressed and encouraged the TSOs to
improve observability of the system via Phasor Measurement Unit (PMU) dissemination and the
achievement of modern Wide Area Monitoring System (WAMS).



High transit flows between areas and countries in combination with outages are mentioned as
possible threats for stability. High transit flows between network areas within one control zone
are mainly a result of the transformations in the generation portfolio currently taking place.
High transit flows between countries are mainly a result of the increased cross-border energy
trade. Phase-Shifting Transformers (PSTs) are often applied to control these transit flows. One
TSO mentions that transfer capacities of certain corridors are limited by stability limits (rotor
angle and voltage stability). Another TSO mentions the lack of transmission capacity in areas
with rapidly developing wind power after a critical line fault as stability risk.



Several isolated events were mentioned by the TSOs: insufficient damping of the output power
of a refurbished generator, large amount of generation at 380 kV at the edge of the grid which
after the tripping of a 380kV line remains connected only to the lower voltage grids
(220/150 kV), local oscillations at the edges of the grid, local mode oscillation of a hydro unit
due to missed Power System Stabilizer (PSS) reconnection after maintenance, loss of rotor
angle stability of a group of generators due to a switching event because of too less short
circuit power at the common point of infeed, tripping of two gas turbines by over-frequency.



The synchronisation of Turkey is mentioned as this introduced a new low-frequency poorlydamped interarea mode. The introduction of a defence scheme for Turkey, monitoring the
interarea oscillation and triggering load/generation in order to stabilise the grid, was studied

115

The four German TSOs 50Hertz Transmission, Amprion, TenneT TSO Germany and TransnetBW gave a
consolidated answer to the questionnaire.
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and certain local stabilising actions were applied (PSS finetuning, use of Static Var
Compensator (SVC) driven by interarea mode).


A TSO mentions system islanding due to a loss of large loads and/or transmission line tripping
as a possible risk. For this situation, WAMS/WACS (wide area monitoring system / wide area
control system) improves grid monitoring and analysis significantly. PSS tuning and governorfrequency control are mentioned as other solutions to avoid system islanding.



Loss of distributed renewable generation due to a short-circuit on transmission level. Some
distributed renewable generation (mainly wind power plants) were not compliant to network
code requirements (FRT (Fault Ride-Through) capability).



Combination of extreme weather conditions and severe short-circuit faults on the transmission
lines with subsequent outages. Extreme weather conditions causing high wind generation,
significant flows through the transmission grid and galloping Overhead Lines (OHLs).



Poor voltage recovery in situation with Line-Commutated Converter (LCC) import and high wind
power generation with fixed-speed turbines (type 1 machines).

Most TSOs have written internal reports about their stability issues. Some public reports were
mentioned for further reading. These are listed at the end of this summary [A1]-[A10].

A2.2 Dynamic Studies
How are dynamic studies currently performed: RMS or EMT? What is the frequency (times per
year) for performing these studies? What stability aspects are being studied? What is the
geographical size of the grid model you use for the different stability aspects? Which utilities are
modelled in which detail? Which control systems are modelled in which detail?
Dynamic studies are basically performed in RMS. Dynamic analysis is often performed regularly as
part of (long-term) transmission system planning, but also when required by specific projects and
developments. One TSO mentions that it performs RMS dynamic studies in realtime. For local
analysis, the national Extra-High Voltage (EHV) and High Voltage (HV) grid is normally considered,
while for wider area analysis, the grids of the surrounding countries are (partly) included or the
complete ENTSO-E dynamic model is used. Distribution grids are normally represented as
equivalents. Usually, all large generators (at EHV/HV level) are modelled in detail with their
controllers (turbine/exciter regulators, Automatic Voltage Regulator (AVR), PSS, Governor (GOV),
Underexcitation Limiter (UEL)). Models of national generators are often tuned, while large
generators abroad are modelled by standard models and parameters. Normally, generic models
and manufacturer models are used for High Voltage Direct Current (HVDC) connections and wind
farms.
Some TSOs perform EMT studies for the analysis of specific situations. The size of the considered
grid and the level of detail strongly depend on the studied situation and the goal of the study. EMT
studies are mostly local studies and are performed for new developments like the integration of
large PE devices, HVDC connections, Flexible AC Transmission System (FACTS) devices, large
offshore wind farms, mutual coupling of transmission lines, underground 380 kV cables. The level
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of detail also depends on the data available from manufacturers and power plant owners. EMT
studies are used to perform insulation coordination as well as to study harmonics, saturation and
other high-speed phenomena. In EMT studies, control systems of specific projects (wind farm
converters, HVDC link multi-terminal HVDC) can be modelled in detail.

A2.3 Load Modelling
How is the load currently being modelled for your dynamic studies? Do you have generic models? If
so, how is the parameterization being done? Do you have user defined load models? If so, how is
the parameterization being done?
Normally, the load is modelled as static load, with a typical breakdown into constant power,
constant current and constant admittance components (alternatively: ZIP-loads). This includes
some voltage dependency of the loads. User defined load models are possible, but normally not
used, except in specific situations for some large industrial load.

A2.4 Composition of Load
What is the level of motor load in your grid? What is the level of PE load in your grid?
For most TSOs, this is not known at the moment. Estimations are sometimes made by expert
judgement, where in general the level of PE is expected to increase significantly in the future. One
TSO mentions its level of motor load is about 50% (compared to the peak load) The installed
capacities of Photovoltaics (PV), wind and HVDC connections are 30%, 13% and 3% respectively
(compared to the peak load). Another TSO estimates 5% of (mainly PE connected) wind capacity
and 5 HVDC connections. A third TSO has about 65% of industrial load with PE rectifiers, while the
motor load is assumed to be so low that modelling would not have any impact. A fourth TSO
mentions about 10% wind capacity and a few percent motor load. A fifth TSO says that its level of
PE load is essentially 0, while the level of motor load is not known. Although this information is
thus not known for most TSOs, these five examples show that the level of motor and PE loads
differs much between TSOs.

A2.5 Monitoring of Stability
Which Key Performance Indicators (KPIs) do you use for monitoring the stability in your grid? How
do you define an acceptable level of stability? What is your current experience with KPIs for
stability: do you observe any missed detection, false alarm, etc.?
The TSOs mention several KPIs and criteria to monitor the stability, mostly used in offline dynamic
studies. Most of the KPIs and criteria are defined in the network codes.


Critical Clearing Time (CCT): the fault clearing time of the protection system must be shorter
than the CCT (with a certain margin).
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Poor damping: where electromechanical oscillations of generating units are such that the
resultant peak deviations in machine rotor angle and/or speed at the end of a 20 seconds
period remain in excess of 15% of the peak deviations at the outset (i.e. the time constant of
the slowest mode of oscillation exceeds 12 seconds).



Pole slipping: where one or more transmission system connected synchronous generating units
lose synchronism with the remainder of the system to which it is connected.



The voltages and currents are within predefined limits (critical voltage/current).



A minimum level of short-circuit power at connection points is available.



Voltage recovery after a fault clearance is within limits (FRT curve).



There is no risk of cascading failures noted in simulations.

Online, the stability of the grid is often monitored indirectly by monitoring the power flows, loads,
voltages and frequency, and comparing this to the results of offline studies. The TSO that performs
online dynamic analysis uses the following criteria:


Voltage stability: all transmission system bus voltages are within the security limits, and there
is no voltage collapse following any of real-time N-1, and some pre-defined N-2 contingencies.



Transient stability: there is no pole slip of any conventional generator and all renewable
generation rides through the three-phase transmission system faults cleared by emulated
protection actions.



Frequency stability: following the sudden trip of a generating unit or interconnector, or a threephase fault on the transmission system, frequency deviates within acceptable limits and returns
to normal.

One TSO mentioned the application of PMUs to measure the synchro-phasors. If there is a large
angle difference, the system is studied in an offline stability analysis. Another TSO mentions that it
uses PMUs at selected substations in combination with WAMS to monitor the system stability in
normal operation, during faults and during restoration. These results are then used to calibrate the
system simulator.

A2.6 Modelling of Power Electronics
How are PE (load an generation) currently modelled in your grid: user defined models, black box
models, generic models, static loads? What are the experiences with the current choice of
modelling?
For most TSOs, the PE load is not modelled as the level of PE load is limited. One TSO with PE load
uses generic models for the loads. Another TSO mentions that generic library models are preferred
in RMS studies because of easier maintenance of models and data exchange with other TSOs. A
third TSO mentions that it uses black-box models as provided by vendors. In EMT studies, blackbox and manufacturer models are often preferred because generic models do not provide the level
of detail required for the specific EMT study. For PE at generation and transmission level (SVC,

Page 114 of 137

REPORT

HVDC, PV, wind), various models are applied: generic, manufacturer, user defined/developed,
black-box, open models. This differs per TSO.

A2.7 Hardware-in-the-Loop Testing using RTDS
What experience do you have with hardware-in-the-loop testing using RTDS?
It is mentioned that RTDS is one example of a supplier and there are also other possibilities to
perform real-time analysis. Some TSOs do not have any experience with HIL testing in RTDS. It
would have been better if this question did not focus on RTDS simulation only, as TSOs might have
good experience with other real-time simulation systems as well. For HIL testing in RTDS, TSOs
mention the following applications:


Protection relay testing



Controller testing



HVDC connections (also including protection/control systems)



PMU simulation



SVC simulation



Training of system operator personnel and maintenance personnel



Testing of altered sets of control parameters

A2.8 Data Management for RMS/EMT Analysis
What gap do you experience for collection and management of data between RMS and EMT
models?
There is a large gap between RMS and EMT regarding data collection and management. Generic
RMS models are widely available, while EMT models of specific components have to be developed.
The data collection for RMS models and EMT models is performed separately because of the
different needs of each model and different software. The high level of detail of EMT models seems
to be the most challenging. Some TSOs mention that conversion software (e.g. E-TRAN) can assist
with the conversion of RMS models into EMT models, and seems to be quite acceptable. Some
typical data missing is:


Grounding



Induction effect between lines



Transformer types



Zero-sequence data

EMT models are often manufacturer models and black-box models. Open, transparent models are
hard to find. One TSO mentions that it is currently composing a database of all model data.
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A2.9 Network Codes
What is the current experience with the PE-based requirements as stated in the network codes?
Are the requirements sufficient?
Most TSOs regard the current network codes as sufficient for the present situation. The current
network codes provide a good starting point by specifying general requirements and specific
requirements for PE. The harmonisation of network codes in Europe and the implementation of
European network codes (e.g. NC RfG) into national network codes are currently running. For the
future, the definition of network codes for specific PE devices and especially for PE load are the
main challenges. It is mentioned that in general, there is a time delay between system needs and
the development of new network codes.

A3 Future Developments
A3.1 Stability Problems
What stability problems do you expect to encounter in your control area as a result of increasing PE
penetration in the future? Did you issue any publication(s) describing these issues?
Most TSOs expect a significant growth of the amount of PE in the power system. The impact on the
stability of the power system is currently being studied, but the following issues are expected:


Voltage stability: because of limited capability of voltage and reactive power regulation of
renewable generators. Local voltage instability at LV level caused by dispersed PV generation is
expected as well.



Rotor angle stability: because of less synchronous generators and the fact that renewable
generation often is located further from the load centres and at the edges of the grid.
Decreased levels of angle stability in distribution grids are expected too.



Fault-ride-through capability: because of a reduction of system strength, i.e. the amount of
inertia and short circuit current, the latter one also leading to voltage dip propagation.



Frequency stability: because of the lower inertia of a power system with less synchronous
generators. It is expected that frequency instability only occurs in the case of a system split of
the Central European System. No frequency stability issues are expected as long as the Central
European System stays connected.



Power oscillations and damping issues.



Very low frequency oscillations of generators.



Resonance problems and magnification of harmonics caused by the increased number of
underground cables at higher voltages, possibly in combination with increased level of PE.



Harmonic stability of the power system: interactions between the wide-band control of power
converters and passive components in the AC network.
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For the expected future stability issues, it is also referred to D3.1. Some TSOs mentioned public
reports describing the expected challenges for the future. These are listed at the end of this
summary [A11]-[A13].

A3.2 Dynamic Studies
How often do you expect to perform stability studies in the future? Do you expect to use RMS or
EMT models? What is the geographical size of the grid model you expect to use for the different
stability aspects? Which utilities do you expect to be modelled in which detail? Which control
systems do you expect to be modelled in which detail?
Most TSOs expect that the frequency at which they perform stability studies will not change
significantly in the coming years. Stability analysis will be performed regularly and whenever
required by new events and developments. The size and level of detail depends on the kind of
study. The stability studies will basically be performed using RMS models, while the application of
EMT analysis is expected to increase in the future. Some TSOs mention that they expect to perform
real-time stability analysis in the coming future.

A3.3 Load Modelling
How do you expect to model loads and their behaviour? For example, as aggregated equivalents at
the point of common coupling with the DSO?
Most TSOs expect to use about the same way of load modelling as present, i.e. aggregated
equivalents for distribution networks, and often a typical breakdown into constant power, current
and admittance. Some TSOs expect to use a more detailed load modelling, which depends on the
availability of data and the development of load characteristics in the future. Dynamic load
modelling is mentioned as possibility as well and will be considered in future research. One TSO
mentions that load modelling might change when Demand Side Response (DSR) will be applied
more regularly. However, more generally speaking, the most TSOs agree that at least the
parameter sets of the current load models need to be updated. While research on load modelling
was not in the focus of the last years, some TSOs deem new research activities necessary due to
the trend of an increased share of PE-interfaced loads.

A3.4 Composition of Load
How do you expect the evolution of motor and PE load in your grid (as percentage of the total
system load)?
Precise numbers are not known for the amount of motor and PE load in the power systems and its
development in the future. Generally, it is expected that the amount of motor load will decrease
while the amount of PE load will increase. Some TSOs do not expect any significant change in the
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levels of motor load and PE load. The TSO with already a large industrial PE-load, expects that its
level of PE load stays the same, 70% of the total system load.

A3.5 Monitoring of Stability
How will you define an acceptable level of stability? What needs to be adjusted/improved regarding
the visualisation of stability (either for offline or online analyses)? Do you expect to integrate
stability KPIs in the control room? If so, when? Do you already know which KPIs you intend to use?
This is not exactly known yet. Research is currently performed to define KPIs for the visualisation
of stability. The WAMPAC and MIGRATE projects are mentioned as currently running research.
Some TSOs mention that they will basically use similar stability criteria as they are using now. It is
suggested that future KPIs will probably be frequency-related, related to damping of (inter-area)
oscillations, and related to the short-circuit level. Other TSOs mention graphical coloured diagrams,
synchro-phasor angle (voltage value, angle and trend) or a minimum inertia criterion as indicator.
It is also mentioned that the number of stability studies should be increased to obtain more insight
into the stability behaviour and its relation to KPIs. Furthermore, it is questioned whether KPIs are
the right measure to monitor stability behaviour in general.

A3.6 Modelling of Power Electronics
What lacks in the current practice of PE modelling? What would you like to be improved in the
modelling of PE for future system integration studies?
Not all TSOs have experience with modelling PE and can answer this question. The other TSOs
mention that while there are good standardised models for conventional generation, standardised
models do not exist for PE devices because of the many different vendors with their own
approaches in control design and philosophy. Dialogue and collaboration with manufacturers and
standardisation organisations is very important here. Open models are preferred instead of blackbox models provided by manufacturers. These models should cover transient stability, short-circuit
and steady-state behaviour, and also cover all the technical capabilities that may be required in the
new network codes.

A3.7 Hardware-in-the-Loop Testing using RTDS
Based on future developments (increasing PE penetration), which type of (PE) hardware would be
of priority for testing using hardware-in-the-loop in RTDS? Please specify a maximum of 3.
Not all TSOs gave suggestions for HIL testing (in RTDS). Some TSOs might not consider HIL testing
as a necessity, while other TSOs consider HIL testing as a useful approach to obtain more insight.
The following components are mentioned by the TSOs:


Replica HVDC controllers



PV inverter
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AC/DC/AC converter for wind generation



Battery Energy Storage System (BESS) inverter (Energy Storage System (ESS) converter)



Compliance of PE setting with respect to control behaviour and disconnection protection



SVC with Power Oscillations Damping (POD)



Wind Power Plant (WPP) control systems



Short circuit protection



Special protection schemes

Furthermore, HIL testing could be used for the demonstration of harmonic emission.

A3.8 Data Management for RMS/EMT Analysis
What would you like to improve in the data management of PE devices for RMS and EMT models?
The data exchange with manufacturers for both RMS and EMT models, the development of realistic
generic models and the construction of a database of all model information are mentioned as the
most desired improvements.

A3.9 Network Codes
What problems do you foresee (as a result of growing PE penetration) that are not covered in the
current network codes/guidelines?
The TSOs mention the following topics, which are currently not covered (enough) in the network
codes:


Voltage distortion



Harmonic stability issues



Frequency response of PE (lack of inertia in system)



Control philosophy of PE (from current controlling to voltage controlling)



Ability of operating in island systems



Robustness to system splits



Reactive power requirements



System inertia



Minimum short-circuit power



Negative-sequence injection



PLL stability

Some of these topics (e.g. voltage distortion and harmonic stability issues) might be not covered
intentionally because these are considered to be local issues while the network codes are supposed
to concentrate on cross-border topics. Other topics (e.g frequency response of PE, reactive power
requirements, synthetic inertia, negative sequence injection) are currently covered in network
codes to some extent. Still, some TSO state that these topics require attention if the level of PE
increases.
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Furthermore, standardised calculation methodologies for frequency, rate of change of frequency,
voltages and voltage angles are mentioned as important topics. It is also mentioned that network
codes describe requirements for data for stability assessment of new generation modules, while
guidelines for collecting data for the existing generation modules are not provided. And in general,
the translation of system wide requirements into the setup of individual device settings and
structure is a challenge.

A4 Conclusion
This survey described the stability issues related to the integration of Power Electronics (PE) in the
power systems. The survey was split into two main parts: one reflecting the currently faced issues
by European TSOs and the other reflecting the expected developments and challenges for the
future. In this way, this survey provides valuable information for the research as performed in the
MIGRATE project.
In the present situation, the level of PE in the power system is still small for most TSOs. Stability
analysis of the power systems is usually based on RMS models and is applied regularly as part of
future grid development plans and whenever required by specific developments. In system
operation, the stability is normally monitored by measuring voltage magnitudes, voltage angles
and power flows, comparing it with offline stability studies when necessary. One TSO mentioned
that it performs stability analysis in online system monitoring. For specific situations where PE is
applied (e.g. HVDC links, wind parks), stability analysis is performed using Electromagnetic
Transient (EMT) models, which mostly considers a local grid. Regarding EMT modelling, data
collection and the availability of black-box models only, are mentioned as challenges.
For the future, it is expected that the level of PE in the grid will increase while the number of
synchronous generators is expected to decrease. TSOs mention that this can lead to more stability
issues regarding voltage stability, rotor angle stability and frequency stability. Other system issues
like increased resonances and harmonics are expected as well. Improved monitoring of the system
and the development of Key Performance Indicators (KPIs) can be helpful for observation of the
system stability. Some TSOs mention that they expect to perform online stability analysis in the
future. The application of Phasor Measurement Units (PMUs) and a Wide Area Monitoring System
(WAMS) can facilitate this. KPIs will be developed (e.g. in the MIGRATE project), where attention
must be paid to ensure that these KPIs are an accurate representation of the system stability. For
EMT modelling, data collection and management will be main challenges, where open models are
preferred over black-box models as provided by manufacturers. It is mentioned that current
network codes already provide a good starting point for the integration of PE, but the
harmonisation and implementation of network codes and the translation of system needs into
network codes for PE can be challenging.
Within MIGRATE, the findings of this survey will be used in various Work Packages (WPs). For
example, in WP1 KPIs will be developed for several stability phenomena. Furthermore, the
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modelling of PE generation and load are discussed in WP1, while recommendations for future
network codes will be given as well. WP2 is related to the monitoring and control of transmission
networks with PE, while WP3 discusses the requirements for monitoring and control of a system
with 100% PE. Protection schemes of systems with PE are described in WP4, and power quality
issues will be discussed in WP5.
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Abbreviations
AVR

Automatic Voltage Regulator

CCT

Critical Clearing Time

DC

Direct Current

DFIG

Doubly-Fed Induction Generator

EMT

Electromagnetic Transient

FACTS

Flexible Alternating Current Transmission Systems

FRT

Fault-Ride-Through

HVDC

High-Voltage Direct Current

KPI

Key Performance Indicator

LCC

Line-Commutated Converter

PE

Power Electronics

PLL

Phase-Locked Loop

PSS

Power System Stabiliser

PV

Photovoltaics

RES

Renewable Energy Sources

RMS

Root Mean Square

STATCOM

Static synchronous compensator

ROCOF

Rate of Change of Frequency

RTDS

Real Time Digital Simulation

TSO

Transmission System Operator

UFLS

Underfrequency Load Shedding

VSC

Voltage-Source Converter

Page 124 of 137

REPORT

B1 Introduction
The prioritised stability issues as listed are now developed into model problems. These model
problems describe the proposed approach, methods and modelling techniques to be used to
analyse the stability phenomena. With the proposed model problems it shall be possible to
reproduce the system behaviour with respect to the stability phenomena and the corresponding
circumstances, taking Power Electronics (PE) capabilities and possible improvement of control
schemes into account.
As shown in Figure B1, the model problem consists of three main layers: modelling, case study and
simulation/quantification.

Model Problem
Modelling
‘How are the system and components modelled?’
- Simulation environment and duration
- Components to be modelled
- Geographical extend (system size)

Case Study
‘Under which conditions is instability going to occur?’
- Grid topology / power flow
- Occurrence of disturbance (type/situation)
- Operating conditions

Simulation/Quantification
‘How will the simulation be performed?’
- Simulation method (e.g frequency scan,
time domain simulations, etc)
- Assessment criterion to quantify proximity to instability

Figure B1

Overview of the model problem

The main objective of the modelling layer is to describe how the system and its components are
modelled. This includes the proposed simulation environment (Root Mean Square/Electromagnetic
Transient, RMS/EMT) to be used and the duration of the simulation. The modelling layer also
includes a description of the components to be included and a proposed system size.
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In the case study layer, it is described under which conditions instability is expected to occur. This
includes a specification of the grid topology, power flow scenario and operating conditions of the
case study. It is also mentioned which fault types are considered and in what situations these occur.
In the simulation/quantification layer, it is described how the simulation will be performed and how
the results will be presented. This includes a description of the simulation method to be used as
well as an initial suggestion for how the distance to instability can be measured. Further Key
Performance Indicators (KPIs) to measure the distance to instability will be developed in T1.2.

B2 Frequency stability
The increased penetration of renewable energy leads to including more and more PE components
at different levels of the power grid. The total inertia of the system is reduced due to the significant
penetration of PE in power systems as well as the decreasing number of synchronous generators
and in this way, the system reliability following large disturbances could be significantly affected.
That is why the decrease of inertia is ranked as the first prioritised issue by Transmission System
Operators (TSOs). The inertia helps to decrease the Rate-of-Change-of-Frequency (ROCOF)
deviation after a disturbance and hence has a positive impact on frequency stability. Moreover, the
rotor angle stability (transient stability) is also influenced by the inertia.
Considering the prioritised stability issues, issue 3 (decrease of inertia) and issue 4 (missing or
wrong participation of PE connected generators and loads in frequency containment) are highly
linked together, i.e. related to frequency stability. Therefore, the same model problem is defined
for both of them (called “model problem for frequency stability”). In this study, the frequency
stability is focused on three phases: the first phase called “inertial response” which takes place
during the first seconds after the frequency changes, and depends on the kinetic energy stored in
the rotor of the generators. The second phase is called “frequency containment phase”, that is
mainly provided by generators’ governors. Finally, during the last phase “frequency restoration“,
the remaining frequency error is compensated by adjusting the power setpoints of the generators.
Both issues (issue 3 and issue 4) have the same time horizon. The disconnection of PE interfaced
generation happens before the frequency nadir is reached, thus before frequency restoration phase
is activated. A reduced self-regulating effect of loads leads to a lower frequency nadir and is
therefore settled in phases 1&2. Phase 3 might be affected by issue 4 by uncoordinated
reconnection of PE-interfaced devices.

B2.1 Modelling
B2.1.1

Simulation environment

A RMS type simulation tool will be used for frequency stability studies, because there is no need for
modelling fast electromagnetic transients. In case Phase-Locked Loop (PLL) effects, e.g. delays in
the angular tracking in case of steps in the voltage’s phase at the connection point, need to be
captured in the simulation, simplified transfer functions within the RMS-domain can be used. One
of the advantages of using RMS simulation is that the simulation speed can be increased
significantly, which is needed for much longer time horizons.
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B2.1.2

Simulation duration

“Inertial response” will take place in 0-2 seconds after a disturbance, then “frequency containment
phase” will last till 30 seconds. Finally, “frequency restoration” has to be fully available within 15
minutes [B1].
The controller of PE considered for this time frame are as following:


Inertial response (“synthetic inertia”):
o

Controlled current source

o

Power controller

o

No PLL or simplified model


Modelled as filter on the correct voltage angle at the connection point to capture
the tracking delay





Frequency containment:
o

Controlled current source

o

Power controller

o

No PLL

Frequency restoration:
o

There is usually no secondary control in Renewable Energy Sources (RES)

o

Model: Constant power source / Not participating

B2.1.3

Components to be modelled

The following devices will be modelled in RMS:


Synchronous generator (6th order) including controllers such as excitation system, Power
System Stabilizer (PSS) and turbine governor



Transmission lines, buses, transformers



Induction and synchronous motor loads including static and dynamic model



Power oscillation damping in Flexible Alternating Current Transmission Systems (FACTS)
devices



FACTS devices (e.g. Static synchronous compensator, STATCOM) and High-Voltage Direct
Current (HVDC) converters (Line-Commutated Converter and Voltage-Source Converter, LCC
and VSC)



Wind turbines (type 3 and type 4)



Transmission connected Photovoltaics

(PV), other transmission connected PE interfaced

generation (e.g. some pumped storage hydro plants are PE interfaced)


Underfrequency Load Shedding (UFLS) with frequency measurement and disconnection settings
of all PE interfaced generation

B2.1.4

Range of frequency

As long as RMS simulation is sufficient, the suitable range for frequency study is the fundamental
frequency.
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B2.1.5

Optimal network size

Since all the generators are participating in the frequency control irrespective of the location of the
disturbance, the frequency stability is considered as a global issue. Therefore, the size of the
system will not be reduced which is applicable for small size system.

B2.2 Case Study
B2.2.1

Grid topology and power flows

In order to model the worst case scenario (i.e. the system is on the edge of instability), a trial and
error approach will be used. Different grid topologies (e.g. weak, radial connections) as well as
different dispatch scenarios (e.g. high load, low synchronous generation level, high renewable
energy generation level) will be used.

B2.2.2

Type of disturbances

For frequency stability, one can consider each of these disturbances:


Tripping of a large generator or a large load



Loss of a HVDC cable connection



System splits

B2.3 Simulation/ Quantification
B2.3.1

Assessment method

The following steps will be discussed for assessment method:


Review of network code requirement for frequency control



Implementing the model system including PE



Evaluating the impact of PE on different parts of frequency control

B2.3.2

Distance to instability

When there is an unbalance between generation and load, the inertia would limit the rate of
change of frequency. The ROCOF is a very important indicator because a slower change in
frequency guarantees sufficient response time for controllers and load respectively generation
shedding devices due to frequency deviations. Other KPIs to measure the proximity to instability
will be developed in T1.2.

B3 Transient Stability
Another model problem is investigated for issue 2 (reduction of transient stability margin) called
“model problem for transient stability study” since there are some differences between this issue
and frequency stability issues. For instance, the simulation time for frequency stability studies,
depending on the control level (inertial response, primary control or secondary control), may take
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up to 2 minutes while the time scale for transient stability studies would be up to 10-20 seconds.
Also, a more detailed model will be needed for transient stability studies.
Transient stability is concerned with the ability of the power system to maintain synchronism when
subjected to a large disturbance, such as a short circuit on a transmission line, loss of large
generating units, loss of critical network branches, or large load variations [B2]. Transient stability
depends on the initial operating conditions of the system as well as the type, severity, duration and
location of the disturbance. Instability that may result occurs either in the form of increasing
angular swings of some generators leading to their loss of synchronism with other generators or on
the form of first swing instability which causes aperiodic angular separation.

B3.1 Modelling
B3.1.1

Simulation environment

Typically for transient stability studies, RMS tools are applied since they allow representing the
electrical system by means of RMS values while the mechanical system can be represented with
differential equations.

B3.1.2

Simulation duration

The time horizon of interest for transient stability studies is 3-5 seconds following a disturbance,
but may extend up to 10-20 seconds for a very large system with dominant inter-area swings [B2].

B3.1.3

Components to be modelled

The following devices will be modelled in RMS:


Synchronous generator (6th order) including controllers such as excitation system, PSS and
turbine governor



Transmission lines, buses, transformers (load flow model)



Induction and synchronous motor loads (static and dynamic)



Power oscillation damping in FACTS devices



Power electronic components such as STATCOM, SVCs, FACTS and HVDC converters



Wind turbine (type 3 and type 4)

The following modelling depth for PE devices is estimated to be necessary:


Hardware Model: continuous, controlled current source



Control loops: Power control loop, PLL and reactive current control for voltage support

B3.1.4

Range of frequency

As several RMS models have been developed based on fundamental frequency component in order
to study the interactions between PE devices and Power Systems [B3], this study will be limited to
50 Hz.
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B3.1.5

Optimal network size

The model which will be assessed for transient stability will have the same size as the model for
frequency stability. Therefore, the size of the system will not be reduced which is applicable for
small size system.

B3.2 Case Study
B3.2.1

Grid topology and power flows

In order to model the worst-case scenario (i.e. the system is on the edge of instability), a
sensitivity analysis (e.g w.r.t. level of power transfer between different areas of an interconnected
power system in a highly loaded condition) will be used. Different grid topologies (e.g. weak, radial
connections) as well as different dispatch scenarios (e.g. high load, low synchronous generation
level, high renewable energy generation level) will be used.

B3.2.2

Type of disturbances

For transient stability studies the following disturbances can be evaluated:


Faults including 3phase or 1phase short circuit on transmission lines, transformers or buses



Topology changes such as loss of generators or loads



Step changes including changes in power produced by generators or consumed by loads

B3.3 Simulation/Quantification
B3.3.1

Assessment method

Time domain simulation method which power system equations are solved during the fault and
after the fault by using different numerical methods. The Critical Clearing Time (CCT) will be
calculated and considered as stability indicator for every simulation.

B3.3.2

Distance to instability

The CCT will be used as one of the KPIs. Other KPIs for proximity to instability will be developed in
T1.2.

B4 Voltage Stability
Voltage stability can be separated into short- and long-term stability and it deals with the ability of
a power system to maintain steady voltages at all buses in the system after being subjected to a
disturbance from a given initial operating condition [B4].
In a traditional power system, the main sources of electrical energy are the kinetic energy of water
and the thermal energy extracted from fossil fuels and nuclear fission. Prime movers convert these
energies into mechanical energy, which is then converted to electrical energy by the means of

Page 130 of 137

REPORT

synchronous generators [B4]. One criterion for voltage stability is that for every node in a power
system, the voltage increases when the reactive power injection at that node increases. Voltage
stability is to a large extent influenced by the reactive power capabilities of the generators in
different parts of the grid. In cases of changing operation conditions (load change, system
disturbances, etc.), the voltages at the nodes of the system will change. When the voltage is low
the Automatic Voltage Regulator (AVR) increases the generator field current, which results in an
increased reactive power generation by the synchronous machine. In this way, the synchronous
generators inherently support the voltage stability of a power system. The decrease in conventional
generation will have an impact on the voltage stability of the power system, taking into account
that the capabilities of reactive power support from wind farms are lower than that of synchronous
generators [B5]. As suggested by [B6], voltage stability will be the main cause of limitations in RES
integration and it requires further studies to assess the specific impacts and imposed limitations. In
[B5], the need to have sufficient reactive power compensation at the right locations in the
transmission grid is emphasized, else the voltage stability of the system deteriorates with
increasing RES. Transmission System Operators have already expressed their concerns regarding
insufficient reliable reactive power as a result of decreasing conventional generation.
The aim of this model problem is to analyse the short-term voltage stability (which will include the
Fault Ride Through (FRT) capabilities of devices) after being subjected to (mainly) large
disturbances.

B4.1 Modelling
B4.1.1

Simulation environment

In order to take into account the switching of converters, simulations will be carried out in the EMT
domain. For this purpose, PSCAD/EMTDC will be utilized.

B4.1.2

Simulation duration

To account for the effects of potential interactions between controllers of the converters (which
have a short time constant) and controllers of synchronous generators (which have a larger time
constant), simulations will be carried out for 10-15 seconds.

B4.1.3

Components to be modelled

The following components will be modelled (symmetrical models) in EMT:


Transmission lines



Transformers; including on load tap changers



Loads



Synchronous generators with excitation system, AVR and PSS



Wind turbines (Type 3 and Type 4)



It should be noted that Doubly-Fed Induction Generators (DFIGs, Type 3) and full converter
wind turbines (Type 4) have very different FRT capabilities.
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Power oscillation damping in FACTS devices



Power electronic components such as STATCOM, SVCs, FACTS and HVDC converters

Whereas the focus will be on short term voltage stability, high level modelling requirements for
long term voltage stability regarding PE are given below as well. The following modelling depth for
PE devices is estimated to be necessary:


Short- term stability
o

Hardware Model (Type 3): DFIG model, converter model including converter diodes,
Direct Current (DC)-link capacitor, chopper and crowbar. DFIGs can have severe issues
with large voltage dips.



o

Hardware Model (Type 4): continuous, controlled voltage source and output filter

o

Control loops: Current control loop, power control loop and PLL

Long- term stability
o

Hardware Model: continuous, controlled current source

o

Control loops: Power control loop

B4.1.4

Range of frequencies

The range of frequency corresponds to the smallest time constant. Here, the switching frequency of
the converters defines the range. It is estimated as 300 Hz – 3 kHz for wind turbines (and up to 20
kHz for small converters, e.g. domestic PV. The simulation time step is directly related to the range
of interested frequencies. It is often estimated as 10 times the smallest time constant. For this
specific case, the time step would be maximum 33 µs.

B4.1.5

Optimal network size

Initially the full grid will be modelled in PSCAD. Grid reduction will be applied based on the aim of
the study and using expert opinion.

B4.2 Case Study
B4.2.1

Grid topology and power flows

In order to model the worst case scenario (i.e. the system is on the edge of instability), a trial and
error approach will be used. Different grid topologies (e.g. weak, radial connections) as well as
different dispatch scenarios (e.g. high load, low synchronous generation level, high renewable
energy generation level) will be used. One variable for the case study might be the amount of
installed RES without FRT capabilities.

B4.2.2

Type of faults

The focus will be on single- and three-phase faults. Whereas three-phase faults are the most
severe ones in traditional analysis, single-phase faults can have a great impact on PE, as it causes
a 100 Hz voltage oscillation on the DC-link voltage. Additionally, for asymmetric faults, more parts
of the control have to be modelled:
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Specific type of the PLL



Negative sequence current-controller

B4.3 Simulation/Quantification
B4.3.1

Assessment method

The system behaviour will be observed and analysed using time domain simulations. Real Time
Digital Simulation (RTDS) will also be used.

B4.3.2

Distance to instability

The distance to instability is addressed using KPIs. The efficiency and accuracy of currently defined
KPIs in literature will be assessed.

B5 Controller Interactions
The introduction of power electronic based devices in the transmission grid provides the system
operator with increased controllability. This, however, has increased the possibility of unintended
interactions between devices. Interactions among devices are strongly determined by their controls,
which are usually neglected in system wide studies. The necessary level of detail depends on the
type of controllers involved. Interactions regarding current controllers require EMT simulations,
whereas interactions of PLLs or power controllers may be captured in RMS. Therefore, the
simulation environment may be chosen according to the expected frequency range of the
investigated phenomenon. This Chapter deals with controller interaction that might occur as a
result of increasing amounts of PE penetration in the electricity network.
Controls are designed for several levels of the power system:


Power plant level: excitation control, speed governor, reactive power control



Substation level: under load tap-changer, FACTS control, HVDC control, shunt reactor/capacitor
banks switching, series capacitors control



Power system level: power/frequency control, voltage control



PE level: current/power control, PLL

Different type of interactions exists in the literature:


Electromechanical (small and large disturbance): interactions between PSSs and FACTS device
stabilizers



HVDC controls interactions



Interactions in multi-infeed HVDC Systems



Interactions between PE controllers of several devices, i.e. current controller and PLL, and other
devices.
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B5.1 Modelling
B5.1.1

Simulation environment

Frequency domain based approaches have been developed and utilised in the literature to address
controller interactions in power systems [B7], [B8], [B9] and [B10] . One of the major
disadvantages is the exclusion of non-passive elements of the grid in the analysis.
The Impedance Based Stability Criterion [B11], which is also a frequency domain based approach,
only needs the converter's transfer function and an aggregated impedance model of the grid.
However, assessing each device separately might not be feasible. For this model problem the
applicability of PSCAD (EMT simulation) will be tested first (frequency domain based approaches
also cause large computational efforts).

B5.1.2

Simulation duration

For current controller interactions, several seconds are sufficient. Analysis will have an initial
duration of 10-15 seconds.

B5.1.3

Components to be modelled

Very detailed models of PE devices with controllers have to be used, including idealised switching
operations and the converter’s output filters. Furthermore (all EMT):


Transmission lines with frequency dependencies to capture damping



Transformers



Loads



Synchronous generators with excitation system, AVR and PSS



Wind parks (Type 3 and Type 4)



Power oscillation damping in FACTS devices



Power electronic components such as STATCOM, SVCs, FACTS and HVDC converters

B5.1.4

Range of frequencies

The range of frequency corresponds to the smallest time constant. Here, the switching frequency of
the converters defines the range. It is estimated as 300 Hz – 3 kHz for wind turbines (and up to 20
kHz for small converters, e.g. domestic PV. The simulation time step is directly related to the range
of interested frequencies. It is often estimated as 10 times the smallest time constant. For this
specific case, the time step would be maximum 33 µs

B5.1.5

Optimal network size

Initially, the full grid will be modelled in PSCAD. Grid reduction will be applied based on the aim of
the study and using expert opinion.
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B5.1.6

Case Study

Literature review will be carried out in task T1.2 to specify which faults trigger what types of
controller interactions. The same holds for the grid topologies and operation conditions that trigger
the interactions.
Reports on controller interactions in real power systems will be consulted (such as in Western
Australia and New Zealand, see [B12]).

B5.2 Simulation/Quantification
B5.2.1

Assessment method

Time domain simulations and testing of VSC controllers using RTDS
(Frequency domain simulations might be conducted for comparative analysis.)

B5.2.2

Distance to instability

In T1.2, a concept will be developed for determining the distance to instability as a result of
controller interactions. This is not yet investigated in the literature.

B6 Conclusion
In this Chapter, the model problems associated with the top ranked stability issues were specified
from a high level description point of view. The objective was to emphasize the minimum modelling
and simulation needs as seen from the current practice. Table B1 gives an overview of the top
prioritised stability issues and the related model problems.
Table B1

Ranked stability issues and related model problems

Rank

Stability issue

Model problem

1

Issue 3: Decrease of inertia

“model

problem

for

frequency stability”
2

Issue 11: Resonances due to cables and PE

power

quality

issue:

might be analysed in WP5
3

Issue 2: Reduction of transient stability margins

“model

problem

for

transient stability”
4
5
6
7

Issue 4: Missing or wrong participation of PE-connected

“model

problem

generators and loads in frequency containment

frequency stability”

Issue 10: PE controller interaction with each other and

“model

passive AC components

controller interactions”

Issue 5: Loss of devices in the context of fault-ride-

“model

through capability

voltage stability”

Issue 7: Lack of reactive power

“model

problem
problem
problem

for
for
for
for

voltage stability”
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Basically, there will be four model problems: for frequency stability, for transient stability, for
voltage stability and for controller interactions. The stability issues with the lowest ranking will not
particularly be investigated in the remaining tasks of WP1. The investigations revealed that the
assignment of phenomena regarding “harmonic stability” or resonances to power quality or system
stability requires further discussion, which is currently done by WP1 and WP5. The model problems
will be developed further in T1.2 and a more detailed description will be included in D1.2.
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