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Executive summary
Research on electrical subsystems and grid integration testing under laboratory conditions for
offshore renewable energy devices started in the former FP7 MaRINET project. Until then, testing of
the electrical viability of the concepts in the broadest sense, was a side issue. Four deliverables were
produced, covering aspects such as numerical modelling for PTO systems [1], dynamic test
procedures in “Hardware In the Loop” facilities [2], grid integration and power quality testing [3], and
demand side grid compatibility [4]. That work analysed the current electrical testing of offshore
renewable energy systems.
From that starting point, tasks in T4.4 of MaRINET2 were developed to go a step further in
standardising electrical laboratory testing with a view to the future demands.
This deliverable covers the work developed in four subtasks. These were;
•

T4.4.1 Harmonisation of test standards and models

Provides guidelines about dry testing of offshore renewable energy devices, based on the design
requirements being set in the ongoing IEC groups. The reference groups considered here are the
IEC-TC-114 for Marine Energy – Wave, tidal and other water current converters and the IEC-TC88 for Wind energy generation systems.
This subtask covers concept development which is broken down into the design model (stage 2)
and the sub-systems model (stage 3) which correspond to TRL 4-6 in terms of technology
readiness levels.
Furthermore, the subtask describes the grid Impact issues related to Offshore Renewable
Systems and carries out a review of applicable regulation in grid connection from national grid
codes, IEC standards and ENTSO-E. It defines standard grid profiles for testing and gives
recommendations for the required equipment for fulfilling the tests.
•

T4.4.2 Research for realistic grid interaction under laboratory conditions

The objective of this subtask was to perform a grid connection test campaign based on the
standard grid profiles defined in previous subtask. However, facilities available within the
consortium are not prepared for these additional tests. Therefore, the current state of the
facilities and the upgrades they require to become capable of performing this kind of testing has
been documented. This work has been included in D4.1 [5].
•

T4.4.3 Research into improvements for the test infrastructure for future test requirements

The objective in this subtask was to anticipate the future needs of the electrical testing facilities,
covering, future hardware requirements and new testing procedures (in accordance to the
development of future European grid codes (ENTSO-E)). This subtask analyses the challenges
related to future grid development to identify the new requirements for future test facilities.
•

T4.4.4 Research on adaptable components for real test capability
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This subtask is intended to communicate the capabilities of the Partner’s various test
infrastructures, describe desired future testing to be completed, and identify the key adaptable
components to realise these desired testing capabilities. The high adaptability of test benches is
often obtained by using real time digital simulations to emulate the behaviour of physical
components that the Device under Test (DUT) is connected to. Therefore, this report focuses
mainly on Hardware in the Loop (HIL) and Power Hardware in the Loop (PHIL) capabilities of the
partner laboratories.
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1. Introduction
1.1

Scope of report

Research on electrical subsystems and grid integration testing under laboratory conditions for
offshore renewable energy devices, started in the former FP7 MaRINET project. Previously, testing of
the electrical viability of the concepts in the broadest sense, was a side issue. Work in FP7 MaRINET
project made an analysis of the current situation regarding electrical testing of offshore renewable
energy systems.
From that starting point, tasks in T4.4 of MaRINET2 were developed to go a step further in
standardising electrical laboratory testing with a view to the future demands.

1.2

Outline of report

The present deliverable covers the work developed in four subtasks and will be described in the
following sections:

Section 2 Harmonization of Test Standards and Models
Provides guidelines about dry testing of offshore renewable energy devices, based on the design
requirements being set in the ongoing IEC groups. The reference groups considered here are the
IEC-TC-114 for Marine Energy – Wave, tidal and other water current converters and the IEC-TC-88
for Wind energy generation systems.
The work here described covers concept development which is broken down into the design model
(stage 2) and the sub-systems model (stage 3) which correspond to TRL 4-6 in terms of technology
readiness levels.
Furthermore, the work describes the grid impact issues related to offshore renewable systems and
makes a review of applicable regulation in grid connection from national grid codes, IEC standards
and ENTSO-E. It defines standard grid profiles for testing and gives recommendations for the
necessary equipment for fulfilling the tests.

Section 3 Research for realistic grid interaction under laboratory conditions
The objective of this subtask was to perform a grid connection test campaign based on the
standard grid profiles defined in previous subtask. However, facilities available within the
consortium are not prepared for these additional tests. Therefore, the current state of the
facilities and the upgrades they require to become capable of performing this kind of testing has
been documented. This work has been included in D4.1 [5].

Section 4 Research into improvements for the test infrastructure for future test
requirements
Here the objective was to anticipate the future needs of the electrical testing facilities covering future
hardware requirements and new testing procedures according to the development of future
European grid codes (ENTSO-E). This part analyses the challenges related to future grid development
to detect the new requirements for future test facilities.

Page 6 of 107

MaRINET2 – Present and Future grid connection testing

Section 5 Research on adaptable components for real test capability
This part is intended to communicate the capabilities of the Partner’s various test infrastructures,
describe desired future testing to be completed and identify the key adaptable components to
realize these desired testing capabilities. The high adaptability of test benches is often obtained by
using real time digital simulations to emulate the behavior of physical components that the Device
under Test (DUT) is connected to. Therefore, this report focuses mainly on Hardware in the Loop
(HIL) and Power Hardware in the Loop (PHIL) capabilities of the partner laboratories.

Section 6 General conclusions and remarks
The section presents summaries of the conclusions of the individual sections before giving some
overall general conclusions and thoughts.
Further information has been collected in the following appendixes:

Appendix A General Requirements according to RfG-NC
The main objective of this appendix is to summarize the main requirements for power park modules
defined in RfG-NC [6] to facilitate its reading and to identify the main aspects to be taken into
account. The aim is to contextualize the compliance tests described in section Appendix B.

Appendix B Compliance testing for power park modules according to ENTSO-E
In this appendix the compliance tests for power park modules according to ENTSO-E [6] are
summarised.

Appendix C Survey responses from partners
At the beginning of Section 5 a questionnaire was sent to each of the partners to capture their current
infrastructure capabilities, desired future testing and identified components for PHIL enhancement.
For reference the responses are collected here
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1.3

Terminology

Cross-references within this document are specified as “Section 0”, whereas references to specific
parts of guidance documents use the section mark, i.e. “§1”.

Abbreviations and acronyms
AC

Alternating Current

DC

Direct Current

DER

Distributed Energy Resource

DFIG

Doubly Fed Induction Generator

DRR

Dynamic Reactive Response

DSO

Distribution System Operator

DSP

Digital Signal Processor

DTS

Draft Technical Specification

DUT

Device Under Test

EMI

Electromagnetic Interference

ENTSO-E

European Network for Transmission System Operators for Electricity

EQUIMAR

Equitable Testing and Evaluation of Marine Energy Extraction Devices in
terms of Performance, Cost and Environmental Impact

FACTS

Flexible Alternating Current Transmission System

FFR

Fast Frequency Response

FMEA

Failure Mode and Effects Analysis

FOWT

Floating Offshore Wind Turbine

FPFAPR

Fast Post Fault Active Power Recovery

FPGA

Field-Programmable Gate Array

FSM

Frequency Sensitive Mode

HIL

Hardware In the Loop

HV

High Voltage

HVDC

High Voltage DC

HW

Hardware

IEC

International Electrotechnical Commission

IEC TC

International Electrotechnical Commission Technical Committee

LFSM-O

Limited Frequency Sensitive Mode — Overfrequency

LFSM-U

Limited Frequency Sensitive Mode — Underfrequency

LTI

Linear Time-Invariant

LVRT

Low Voltage Ride Through

MRED

Marine Renewable Energy Device

NC RfG

Network Code on Requirements for Generators

ORE

Offshore Renewable Energy

PCC

Point of Common Coupling

PF

Power Factor

PGMD

Power-Generating Module Document
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PHIL

Power Hardware in the Loop

PLL

Phase-Locked Loop

Pmax

Maximum Power

POR

Primary Operating Reserve

PPM

Power Park Module

PSD

Power Spectral Density

PTO

Power Take Off

PU

Per Unit

PV

Photovoltaic

PWM

Pulse Width Modulation

PWTHD

Partially Weighted Total Harmonic Distortions

RAO

Response Amplitude Operator

RES

Renewable Energy Systems

RfG-NC

Network code on requirements for grid connection of generators

RM

Ramping Margin

RMS

Root Mean Square

RoCoF

Rate of Change of Frequency

RRD

Replacement Reserve – Desynchronised

RRS
SCADA

Replacement Reserve – Synchronised
Supervisory Control And Data Acquisition

SI

Synthetic inertia

SIR

Synchronous Inertial Response

SONI

System Operator for Northern Ireland

SOR

Secondary Operating Reserve

SSRP

Steady State Reactive Power

SW

Software

TEC

Tidal Energy Converter

THD

Total Harmonic Distortion

TOR

Tertiary Operating Reserve

TRL

Technology Readiness Levels

TSO

Transmission System Operator

ULS

Ultimate Limit State

VFD

Variable Frequency Drive

VSC

Voltage Source Converter

WEC

Wave Energy Converter

WPP

Wind Power Plant

WT

Wind Turbine
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1.4

Glossary

Definitions
Hardware in the Loop

The Hardware in the Loop (HIL) methodology is used in the testing of
complex systems in the offshore renewable industry. It allows for the
virtual replication of a dynamic system that serves as the environment
around the equipment being tested. It integrates physical hardware and
software models in a single closed – loop simulation.

Power-generating module

Either a synchronous power-generating module or a power park module.

Power-generating facility

A facility that converts primary energy into electrical energy and which
consists of one or more power-generating modules connected to a
network at one or more connection points.

Power-generating facility
owner

A natural or legal entity owning a power-generating facility.

Power-generating module
document (PGMD)

A document provided by the power-generating facility owner to the
relevant system operator for a type B or C power-generating module
which confirms that the power-generating module's compliance with the
technical criteria set out in [6] demonstrated and provides the necessary
data and statements, including a statement of compliance.

Power Hardware in the
Loop

PHIL adapts the original HIL concept to allow for a test bed of
electrical devices such as motors, inverters, converters etc at full
electrical power.

Relevant TSO

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.

Relevant system operator

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

Connection point

A contract between the relevant system operator and either the powergenerating facility owner, demand facility owner, distribution system
operator or HVDC system owner, which includes the relevant site and
specific technical requirements for the power-generating facility,
demand facility, distribution system, distribution system connection or
HVDC system

Maximum capacity (Pmax)

The maximum continuous active power which a power-generating
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

Power park module (PPM)

A unit or ensemble of units generating electricity, which is either nonsynchronously 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

Offshore power park
module

A power park module located offshore with an offshore connection point
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Droop

The ratio of a steady-state change of frequency to the resulting steadystate 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

Minimum regulating level

The minimum active power, as specified in the connection agreement or
as agreed between the relevant system operator and the powergenerating facility owner, down to which the power-generating module
can control active power;

Frequency sensitive mode
(FSM)

The operating mode of a power-generating module or HVDC system in
which the active power output changes in response to a change in system
frequency, in such a way that it assists with the recovery to target
frequency

Limited frequency sensitive
mode — overfrequency
(LFSM-O)

A power-generating module or HVDC system operating mode which will
result in active power output reduction in response to a change in system
frequency above a certain value

Limited frequency sensitive
mode — underfrequency
(LFSM-U)

A power-generating module or HVDC system operating mode which will
result in active power output increase in response to a change in system
frequency below a certain value

Inertia

The property of a rotating rigid body, such as the rotor of an alternator,
such that it maintains its state of uniform rotational motion and angular
momentum unless an external torque is applied

Synthetic inertia

The facility provided by a power park module or HVDC system to replace
the effect of inertia of a synchronous power-generating module to a
prescribed level of performance

Equipment certificate

A document issued by an authorised certifier for equipment used by a
power-generating module, demand unit, distribution system, demand
facility or HVDC system. The equipment certificate defines the scope of
its validity at a national or other level at which a specific value is selected
from the range allowed at a European level. For the purpose of replacing
specific parts of the compliance process, the equipment certificate may
include models that have been verified against actual test results

Offshore grid connection
system

The complete interconnection between an offshore connection point and
the onshore system at the onshore grid interconnection point

Onshore grid
interconnection point

The point at which the offshore grid connection system is connected to
the onshore network of the relevant system operator

Installation document

‘installation document’ means a simple structured document containing
information about a type A power-generating module or a demand unit,
with demand response connected below 1 000 V, and confirming its
compliance with the relevant requirements
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2. Harmonization of Test Standards and Models
This section describes the work carried out in T4.4.1.
The objective of this section is to define the standard load regimes and grid profiles to be shared
and tested in the electrical infrastructures.
The section is divided into two different parts: 1) the definition of the standard load regimes will be
focused on the technology of the device to be tested and provide guidelines for dry testing. 2) grid
connection testing related issues and profile definition. The behaviour of any device, with regard to
grid connection, is more related to the design of the power conversion (power electronics) system
than to the prime mover technology. In many cases, the grid connection requirements do not depend
on the input and the device must comply with the regulations irrespective of the load regime.

2.1
2.1.1

Staged development approach for dry testing
Definition of the stages for tank testing (see IEC TC 114)

The stages of development of offshore renewable energy devices are commonly described in the
marine renewable industry in terms of technology readiness levels. TRLs 1-3 generally correspond to
proof of concept aiming at verifying that the device works and the trends previously estimated are
validated. The scale of the tested device is typically between 1:25 and 1:100 depending on the
technology and characteristic dimension. TRLs 4-5 correspond to system and subsystem validation,
testing both operational and survival conditions, typical scales are between 1:10 and 1:25. TRLs 6-9
correspond to prototype demonstration in operational environments, real and uncontrolled tests are
performed at large or full scale.
In the first stage, no PTO or an extremely simplified PTO is used and no applicable conclusions can
be drawn from a grid integration perspective. However, the second stage is fully oriented to
operational condition testing, and detailed PTO and control strategies are to be designed, tested,
and validated. The latter stage is carried out for real condition validation of the previously designed
PTO forces and strategies, providing accurate predictions of the system performance in a real
environment.
The work described in this section aims at providing guidelines about dry testing of offshore
renewable energy devices, based on the design requirements being set in the ongoing IEC groups.
The reference groups considered here are the IEC-TC-114 for Marine Energy – Wave, tidal and other
water current converters and the IEC-TC-88 for Wind energy generation systems.

2.1.2

Stage 2 and Stage 3– dry testing for wave energy technologies.

The staged scale testing for wave energy devices is proposed in IEC TS 62600-103 [7]. It should be
noted that in the IEC standard the staged approach does not cover the prototype and multi-device
demonstration stages at full scale.
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Figure 1: Staged development approach [7]

It is recommended to carry out an advanced PTO simulation prior to stage 2 physical testing,
exhibiting an accurate representation of the proposed full-scale unit. Introducing a PTO control
mechanism in the physical model to be scaled, enables control strategies to be also evaluated, is
encouraged. A key purpose of Stage 2 is validating the results gained in Stage 1. It is recommended
to test similar ranges of height, period, and PTO forces as use in Stage 1. Energy absorption appraisal
shall be based on response transfer function (Response Amplitude Operator RAO) and a power
capture of at least 15 sea states. This enables a first estimation of the power matrix [7].
In stage 3, it is expected to verify the device performance in uncontrolled weather and seas with an
electrical load applied. PTO real efficiency and the power matrix are evaluated and verified in this
stage.
In this case for both device motions and power performance, the system should be scaled according
to Froude scaling.
Environmental conditions for dry testing should be in accordance with the design requirements for
wave energy devices, specified in IEC DTS 62600-2 [8], at each design category, i.e. normal operation,
parked, survival etc.
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Table 1: Design Load Cases for Wave Energy Converters [8]

2.1.2.1
Optimal operating conditions
Optimal operating conditions are covered by the design conditions and are termed “normal
operation” (see Table 1). All design conditions (Table 1) are to be tested to assess the power
production and the obtained loads with the fully functional device.
Dry testing is most relevant for stages 2 and 3 as discussed in the previous section. However,
preparing for the dry testing might involve carrying out an intensive simulation task during stage 1
concept validation testing, or immediately after.
For stage 2, dry testing an accurate numerical model of the PTO is required and coupled to the Wave
Energy Converter (WEC) model. Control strategies are then designed and implemented in the PTO
numerical model for the power production optimisation. This also ensures that none of the failure
modes can critically increase the resonant response of the structural mechanical or electrical
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elements. Also, realistic implementation of the PTO control is tested, taking realistic sensor inputs in
the dry tests and assuming the control model is physically isolated from the dynamic model of the
WEC.
Stage 2 dry testing should therefore consider:
-

-

Decoupling hydrodynamic-PTO from the control numerical model so that real signals are
received in the controller instead of integrating both models together in a single numerical
model
Different control strategies implementation testing, verifying stage 1 results
Build electrical-power matrix simulating a set of 15 sea states with different control strategies

In this case, stage 2 dry testing should accurately reproduce the PTO performance, enabling testing
of non-linear control strategies, electrical efficiency and grid connection issues. At this stage, a
screening of suitable control strategies can be carried out and the electrical power output optimised.
Stage 3 dry testing should also provide electrical efficiency and test grid connection issues but using
a refined model of WEC dynamics, fed with the real testing results at stage 2. The real controller is
to be loaded with the most optimised control strategies. A power matrix with 15 sea states is required
and should consider the influence of the grid connection, energy yield and absorption in the case of
reactive control strategies. A set of realistic sea states is recommended to be tested (if Power Spectral
Density, PSDs available) to verify the uncertainty of the forecasted electrical power with theoretical
ones.
The power matrix shall be built following the method of bins of the capture length, where the bins
for significant wave height shall have a maximum width of 0.5m and for the energy period of 1s. The
power can either be normalised with respect to the mean wave energy flux, therefore, in terms of
capture length [9] or directly computing the mean power. These values should be scaled according
to the scale of the corresponding stage of development.
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Figure 2: Wave Energy Converter example power matrix [9]

The sea states to be tested at operating conditions shall be between the cut-in and cut-out sea states
(Hs-in and Hs-out), commonly defined in terms of a minimum and maximum Hs threshold values. Any
design should aim at producing as much energy as possible, around the most occurrent sea states
of the site in which it will be installed. More specifically, the most energy carrying sea state along the
year should be slightly shifted to larger energy periods and significant wave heights, since the mean
power is higher with both period and wave height. Bearing this in mind, the most common
production thresholds (cut-in and cut-out) are usually set at around Hs≈0.5-1m and Hs≈5-6m
respectively. Additionally, developers may decide to start/stop producing depending on the energy
period, and the cut-in and cut-out thresholds. Therefore, the set of sea states selected for operational
conditions shall be enclosed within the defined thresholds.
2.1.2.2
No-load conditions
No-load conditions can be determined by the environmental conditions relating to very low
incoming energy and to the device start-up/shut-down in the cut-in threshold of the device (Hs-in in
Table 1).
These conditions have two main purposes, to assure that the PTO (or the corresponding mechanism)
guarantees safe personnel boarding and working conditions in low energetic sea states, and, as to
smooth and safe start/stop of the device at low energetic sea states.
The properties provided to the structure through the PTO or the equivalent mechanism to assure
safe personnel boarding and working, does not necessarily fit the optimal power production since
the incoming annual energy will not be significant. The PTO (or the equivalent mechanism) must
provide the device with the most appropriate conditions to assure the platform to be as stable as
possible.
When the environmental conditions approach the cut-in threshold and the device initiates the startup, there might arise transient loads on the start/stop mechanisms. It is recommended to test these
scenarios, starting at representative instants within the sea state under analysis to account for the
presence of wave groups.
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Therefore, the transient loads arisen on start/stop/boarding mechanisms are to be accounted for in
its design and quantified both at stage 2 and 3 dry testing. Stage 3 may also consider grid aspects
as the numerical models tend to be more accurate and detailed.
2.1.2.3
Extreme load conditions
The largest loads on the -working- PTO are very likely to be found close to the cut-out threshold,
and these are the corresponding extreme load conditions on the PTO. These loads are covered by
normal operation plus fault, emergency shutdown procedures, normal start/shutdown procedures
and parked design conditions, that make the PTO (and the start-up/shut-down mechanism where
applicable to) work in transient conditions and loaded at its highest capacity.
Within the operational ranges (Hs-in < Hs < Hs-out), the PTO is usually designed to produce an
increasing mean power up (ramp up) to a certain mean power (Hs-rated), which is kept constant until
it reaches the upper limit Hs-out. This is defined as the device rated power. The resulting power curve
will show a plateau in the operational range (Hs-Te) in which the PTO may be subject to varying loads.
It is in this range that the design conditions defined in this section shall be tested/analysed.
Normal start-up and shut-down include all events resulting in loads during the transitions device
state (standstill or idling to power production, and power production to a stand-by condition). Parked
conditions shall be tested in case the device cannot be started-up in operational conditions. The
loads arising in all sea states are to be accounted for in the design of the PTO or the corresponding
mechanism, to assure that the device is in the parked condition. These conditions shall be tested in
the sea state range mentioned in the previous paragraph.
The normal start-up and shut-down, as well as the emergency shut-down conditions, are classed as
transient procedures. These transient procedures should be carried out at different periods within
each sea state, to account for the probability of being at the beginning or in between wave groups.
Any WEC design should be tested in accordance to Failure Mode and Effect Analysis (FMEA).
However, in case it is predicted that the device will continue producing power during any of the
identified fault conditions, it is recommended that the corresponding power matrix is also built. The
power matrix will follow the same procedure as recommended for the device during no fault
conditions. The loads derived are also to be considered for the design of the PTO. If a fault causes
an immediate shut-down or the consequent loading is predicted to cause significant damage to the
device (or components), the probability of this occurring, and the estimated duration should be
considered.
Stage 2 dry testing should identify the worst-case scenarios. The ULS (Ultimate Limit State) loads can
be derived for the conditions here defined and the control system can be tested to account not only
for maximisation of energy production, but also for all transient and considered fault cases. All
gathered data in stage 2 can then be used to assist in the design of the stage 3 dry test regime.
During stage 3 dry testing, additional issues can be detected, such as the influence of the grid on the
control availability or the influence of the transient operations and operation with fault on the energy
delivered to the grid.
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2.1.2.4
Extreme safety conditions
Extreme safety conditions are covered by the design conditions in Table 1, defined as
parked/survival. Additionally, loads derived from abnormal conditions might fall in this category if
some PTO (or the equivalent mechanism in these conditions) loads arise due to these environmental
states. Nevertheless, abnormal conditions are out of the scope of this work.
All loads obtained when the device is in the survival mode are to be considered under this section.
The simulations and dry tests are to be carried out using the most representative sea states within
the 50-year return period contour of the installation site. The survivability mode, once defined for
the WEC, needs to be included in the numerical model and tested.
Dry tests of these conditions should provide loads for the braking system of the rotor and the amount
of energy, if required, to safely keep the device in survivability mode.

2.1.3

Stage 2 and Stage 3– dry testing for tidal energy Technology.

For tidal energy converters testing the same stages as for WECs is considered, as recommended in
[10]. However, it is called the research stage to TRLs 1-3, equivalent to what has been considered as
stage 1 for wave energy. Also, the components, subsystem and system validation correspond to TRL
4-5, which can be interpreted as similar to stage 2 for wave energy. Prototype demonstration
corresponds to TRL6-9, and the corresponding stage 3 for wave energy can be equivalent to the first
step in this prototype demonstration. Therefore, the same correspondence is kept here for tidal
energy converters (TEC) relating the stages of development with the TRLs.
Stage 2 testing involves validation of device design, advanced numerical model development and
Power Take Off (PTO) control strategies implementation for improved power production. In addition,
loads are quantified/estimated subject to the corresponding design cases. Validation of stage 1
results is one of the key purposes of stage 2 and it is recommended to test similar ranges of current
speeds and turbulence. Energy absorption appraisal shall be based on mean tidal current velocity
averaged over a period, typically set to 10 minutes [10].
Stage 3 tests are typically carried out at large or full scale, through field test sites at sea or in inland
waters. In these tests, realistic loads, motions, and performance are to be obtained. Dry tests are to
be carried out to verify that real control devices are working as expected.
Tidal devices’ power performance is strongly dependent on rescaling, and it is recommended that
scale tests are performed at chord-based Reynolds number above a critical value of 500,000. When
evaluating the performance of shallow depth, floating, or mid-water turbine devices in a wavecurrent environment, the Froude number should be considered [10].
Environmental conditions for dry testing should be in accordance with the design requirements for
tidal energy devices, as specified in [8], at each design category, i.e. normal operation, parked, survival
etc.
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2.1.3.1
Optimal operating conditions
Optimal operating conditions are covered by the design conditions as defined in Table 2: Design
Load cases for Tidal Energy Converters Table 2 as normal operation. All conditions are to be tested
within the range of operational conditions, in order to assess the power production and the obtained
loads with the fully functional device.
Dry testing is most relevant for stages 2 and 3. However, preparing the concept ready for dry testing
might involve carrying out an intensive simulation task during stage 1 (concept validation testing),
or immediately after.

Table 2: Design Load cases for Tidal Energy Converters [11]
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For stage 2 dry testing, an accurate numerical model of the drivetrain is required and coupled to the
TEC performance model. Control strategies are then designed and implemented in the drivetrain
numerical model, for power production verification. This also determines the torque that maximises
the generated power within the optimal current velocity range and keeps the power constant within
the rated power velocity range for ebb and flood tidal conditions. Additionally, the control should
ensure that none of the failure modes can critically increase the resonant response of the structural
mechanical or electrical elements. Also, realistic implementation of the drivetrain control is tested,
taking realistic sensor inputs in the dry tests and assuming the control model is physically isolated
from the dynamic model of the TEC.
Stage 2 dry testing should therefore consider:
-

-

Decoupling the power performance model from the control numerical model so that real
signals are received in the controller, instead of integrating both models together in a single
numerical model
Power optimisation control strategies implementation testing for maximum and constant
power production ranges, verifying stage 1 results
Building the electrical power curve to simulate a set of current velocities both for ebb and
flood conditions

Stage 2 dry testing should accurately reproduce the drivetrain performance, enabling non-linear
control strategies, establishing an insight into the electrical efficiency of the device, and identify any
grid connection issues. At this stage, a screening of the most suitable control parameter settings
should be carried out.
Stage 3 dry testing should identify the electrical efficiency and test grid connection issues but using
a refined model of the TEC performance, which in turn will feed into stage 2 with the corresponding
scale. The controller should be loaded with the most suitable control settings. A power curve covering
close to the 100% occurrence of mean current velocity, and assuming 100% availability of the TEC,
is to be built considering the influence of the grid connection, energy yield and absorption (in the
case of reactive control strategies). A set of realistic turbulence spectra is recommended to be tested
(if PSDs available) to verify the uncertainty of the forecasted electrical power with theoretical spectra.
The power curve shall be built following the method of bins (see example in Figure 3). It is suggested
that the power time series is averaged over the opposing surface and, subsequently averaged over
the time (10-minute average). The bins for mean current velocity shall have a maximum width of
0.1m/s or a divisor of it [11]. These values should be scaled according to the scale of the
corresponding stage of development. Data might be normalised and presented in terms of power
coefficient CP and thrust coefficient CT plotted against tip-speed ratio

[10].

The current velocities to be tested at operating conditions shall be between the cut-in and cut-out
mean current velocities (Uin and Uout), providing two data sets, one associated with flood operation
and one with ebb operation. These datasets should cover a range from 50% the cut-in velocity to
120% the cut-out velocity.
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Figure 3: Tidal Energy Converter example power performance curve [11]

Any design should aim at producing as much energy as possible, at the most occurrent current
velocities of the site in which will be installed. The most energy carrying current velocity along the
year should be slightly shifted to larger velocities. Bearing this in mind, the most common production
thresholds (cut-in and cut-out) are usually set at around Uin≈0.5m/s and Uout≈2.5m/s respectively.
Therefore, the set of current velocities selected for operational conditions shall be enclosed within
these defined thresholds.
2.1.3.2
No-load conditions
No-load conditions are understood as all environmental conditions related with very low incoming
energy, and with the start-up/shut-down of the device in the cut-in threshold of the device (Uin in
Table 2).
These conditions have two main purposes, to assure that the drivetrain (or the corresponding
mechanism) guarantees safe working conditions, for maintenance operations in low energetic
currents, and to smooth start/stop of the device at low energetic currents.
When the environmental conditions approach the cut-in threshold the device initiates the start-up
and there might arise transient loads on the start/stop mechanisms. These scenarios are
recommended to be tested, starting at representative instants within each mean current to account
for peaks of current velocities.
Therefore, the loads arisen on start/stop/maintenance mechanisms are to be accounted for in its
design and quantified both at stage 2 and 3 dry testing. Stage 3 may also consider grid aspects as
the numerical models tend to be more accurate and detailed.
2.1.3.3
Extreme load conditions
The largest loads on TECs are very likely to be found close to the cut-out threshold, and these are
very likely to be the corresponding extreme load conditions on the drivetrain. These loads are
covered by normal operation plus fault, emergency shutdown procedures, normal start/shutdown
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procedures and parked design conditions, that make the drivetrain (and the start-up/shut-down
mechanism where applicable) work in transient conditions and loaded at its highest capacity.
Within the operational ranges (Uin < U < Uout), the drivetrain is usually designed ramp up to a certain
value (Urated), which is kept constant until Uout, defined as the device rated power. It shows a plateau
in the operational range (Urated < U < Uout), in which the drivetrain may be subject to varying loads
and it is in this range that the design conditions defined in this section shall be tested/analysed. This
velocity range usually includes a blade pitch control which makes the tidal turbine only capture a
fraction of the incoming current energy.
Normal start-up and shut-down include all events resulting in loads during device transitions such
as standstill or idling situation to power production, and from power production to a stand-by
condition. Parked conditions shall be tested in case the device cannot be started-up in operational
conditions. The loads arising in all current velocities are to be accounted for in the design of the
drivetrain, the blade pitch regulation or the corresponding mechanism to assure that the device is in
the parked condition. These conditions shall be tested in the current velocity range mentioned in the
previous paragraph with the corresponding turbulence.
The normal start-up and shut-down, as well as the emergency shut-down, are classed as transient
conditions and should be carried out starting at different instants within each current velocity to
account for the influence of the turbulence.
Any TEC should be tested in accordance to Failure Mode and Effect Analysis (FMEA). However, in
case it is determined that the device will keep producing power with any of the identified faults, it is
recommended that the corresponding power curve is also built. This power curve should follow the
same procedure as recommended for the intact device (method of bins), and the loads derived are
also to be considered for the design of the drivetrain. If a fault causes an immediate shut-down or
the consequent loading can cause significant damage its probability and duration shall be
considered.
Stage 2 dry testing should provide an insight into the worst-case scenarios. ULS loads can be derived
for the conditions, and the fully implemented control system can be tested to account not only for
maximisation of energy production but also for all transient and considered fault cases. All data
gathered in stage 2 can be fed into the stage 3 dry test campaign.
During stage 3 dry testing additional issues can be detected such as the influence of the grid on the
control availability or the influence of the transient operations and operation with fault on the energy
delivered to the grid.
2.1.3.4
Extreme safety conditions
Extreme safety conditions are covered by the design conditions in Table 2 named as parked/survival.
Additionally, loads derived from within the abnormal conditions might fall in this category if some
drivetrain (or the equivalent mechanism in these conditions) loads arise subject to these
environmental states. Nevertheless, abnormal conditions are out of the scope of this work.
All loads obtained when the device is in the parked/survival mode are to be considered under this
section. The simulations and dry tests are to be carried out subject to the 50-year return period

Page 22 of 107

MaRINET2 – Present and Future grid connection testing

current velocity of the installation site. The survivability mode, commonly set as with a blade pitch
angle that generates very low lift forces, needs to be included in the numerical model and tested.
Dry tests of these conditions should provide design loads for the braking system of the rotor and
the amount of energy, if required, to safely keep the survivability mode.

2.1.4

Stage 2 and Stage 3– dry testing for offshore wind energy Technology.

The staged development of offshore wind turbines, covering both bottom fixed and floating wind
turbines (WT), are detailed in [12]. Stages are grouped by research stages (TRL 1-3), concept
development (TRL 4-6), prototype demonstration (TRL 7-8) and commercial demonstration (TRL 9).
Following the staged development proposed for wave energy converters, the research stage
corresponds to the concept model (stage 1) and the concept development is broken down into the
design model (stage 2) and the sub-systems model (stage 3). The demonstration and precommercial
stages are therefore out of the scope of this document, however, the guidelines for dry testing can
be adapted to be applied in these stages.
It is generally recommended that the tests are performed following the Froude scale so that wave
forces can be verified, though the designer should be aware that the viscous forces may be
overestimated in the scaled model. Model tests of Floating Offshore Wind Turbines, FOWTs, might
be carried out without realistic rotors at the stage 1, however for the whole concept validation phase
(stages 2 and 3) at least a simplified model of the rotor should be included. This is due to the strong
coupling between rotor and platform dynamics, in particular, the gyroscopic effect induced by the
rotor velocity combined with the platform motions.
Stage 1 modelling should therefore be used for numerical model concept validation and initial
implementation of the coupled rotor-foundation (either fixed or floating). Initial dry testing might
be performed within the stage 1 in order to specify the stage 2 physical tests in case control strategies
are to be implemented. Control strategies are designed to maximize the power production at lower
velocities than the rated and keep constant power for higher velocities up to the cut-out.
Additionally, it shall be remotely shutdown prior to maintenance operations either by air or onboard
maintenance vessel. In case of floating platforms, control of the support structure shall meet
recognized standards (e.g. ballast control system), interactions between multiple control systems
should be considered, resonance of motions due to control system actions shall be avoided and a
protection system shall be designed to be activated in case large motions are detected.
Stage 3 dry testing should therefore have a clear control architecture defined. It should also be fed
with stage 2 physical testing improving the accuracy of the numerical model, to be implemented in
the dry testing facility. Stage 3 dry tests should aim at quantifying accurately the impact of the control
strategies both on the power performance and on loads on the wind turbine and the support
structure. In the case of floating platforms, modes of motion, as well as motions subject to the load
cases, are to be considered.
Environmental conditions for dry testing should be in accordance with the design requirements for
offshore wind turbines, specified for bottom fixed wind turbines in the reference [13] and additional
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load cases for floating wind turbines are specified in the reference [14], at each design category, i.e. normal
operation, parked, survival etc.

2.1.4.1
Optimal operating conditions
Optimal operating conditions are covered by the design conditions defined in Table 3 and Table 4
as “power production” and “power production plus occurrence of fault” for all offshore wind turbines,
and the additional load cases for floating platforms defined as “power production plus occurrence
of fault”. All conditions are to be tested within the range of operational conditions (Vin-Vout) in order
to assess both the power production and the obtained loads, with the device fully functioning.
Table 3: Design Load cases for bottom fixed wind turbines [13]
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Table 4: Specific design load cases for floating wind turbines [14]

Considering what has been mentioned in the previous section, dry testing is most relevant for stages
2 and 3. However preparing for the dry testing might involve carrying out an intensive simulation
task during stage 1 concept validation testing, or immediately after.
For stage 2, dry testing an accurate numerical model of the drivetrain is needed and is coupled to
the offshore wind turbine performance model. Control strategies are then designed and
implemented in the drivetrain numerical model for power production verification in addition the
torque that maximises the generated power within the optimal production wind speed range whilst
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keeping the power constant within the rated power speed range for the conditions indicated Table
3 and Table 4 should be determined. Additionally, the control should ensure that none of the failure
modes can critically increase the resonant response of the structural mechanical or electrical
elements. Also, realistic implementation of the drivetrain control is tested, taking realistic sensor
inputs in the dry tests and assuming the control model is physically isolated from the dynamic model
of the wind turbine.
Stage 2 dry testing should therefore aim at:
-

-

-

Decoupling the power performance model from the control numerical model so that real
signals are received in the controller instead of integrating both models together in a single
numerical model
Control strategies implementation and testing for maximum and constant power production
ranges, verifying stage 1 results
Control strategies implementation and testing for platform static stability (very low
frequency, e.g. ballast platform control). Specific for floating platforms
Control strategies implementation and testing for platform dynamic stability (low/wind and
wave frequency which may excite dynamic motions of the platform). Specific for floating
platforms
Build electrical power curve simulating a set of wind velocities with multiple combinations of
sea states-current speeds as suggested in Table 3 and Table 4.

The power curve should be built following the method of bins for wind turbines [15]. It specifies that
wind speeds are grouped in bins of 0.5m/s width averaging the wind speed over periods of 10
minutes (see example in Figure 4).

Figure 4: Floating Offshore Wind Turbine example power performance curve [16]

Due to the range in wind turbine size and manufacturers, the cut-in and cut-out wind speeds are
variable. However, there are four clear regions:
•
•

low wind speeds (up to the cut-in),
power maximization wind speed range,
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•
•

constant power wind speed range
high wind speeds (over the cut-out wind speed).

Stage 3 dry tests should be performed with a very accurate numerical model accounting for loads
on blades, tower, drivetrain, and foundation. An in-depth verification of the control strategy both in
the power maximisation range and in the constant power range with a coupled scheme is to be done.
Time delays of signals as well as the impact of the grid are considered in dry tests in order to obtain
as reliable as possible control devices for real wind turbines.
2.1.4.2
No-load conditions
No-load conditions are understood as all environmental conditions related to very low incoming
energy and to the start-up/shut-down of the device in the cut-in threshold of the device (Vin in Table
3 and Table 4).
These conditions have two main purposes, to assure that the drivetrain guarantees safe working
conditions for maintenance operations in low wind speeds, and to smooth start/stop of the wind
turbine at low wind speeds.
When the environmental conditions approach the cut-in threshold the device initiates the start-up
and there might arise transient loads on the start/stop mechanisms. It also applies to wave groups
in case of floating platforms.
Therefore, the loads arisen on start/stop/maintenance mechanisms/brakes are to be accounted for
in its design and quantified both at stage 2 and 3 dry testing. Stage 3 may also consider grid aspects
as the numerical models tend to be more accurate and detailed. The control of the brake release
combined with the start-up mechanism of the generator might be accounted for in the design loads.
2.1.4.3
Extreme load conditions
The largest loads on the WT are very likely to be found close to the cut-out threshold, and these are
very likely to be the corresponding extreme load conditions on the drivetrain. These loads are
induced by power production, power production plus occurrence of fault, start up, normal shut down,
emergency stop and parked and fault design conditions, that make the drivetrain (and the startup/shut-down mechanism where applicable) work in transient conditions and load at its highest
capacity.
Within the operational ranges (Vin < V < Vout), the drivetrain is usually designed to produce an
increasing mean power up to a certain value (Vrated), which is kept constant until Vout, defined as the
device rated power. It shows a plateau in the operational range (Vrated < V < Vout), in which the
drivetrain may be subject to varying loads and it is in this range that the design conditions defined
in this section shall be tested/analysed. This velocity range usually includes a blade pitch control
which makes the wind turbine only capture a fraction of the incoming wind energy. In addition to
the power capture, in floating support platforms this region is to be carefully designed and tested to
avoid the controllers induce resonance in the WT and/or the floating platform.
Normal start-up and shut-down include all events resulting in loads during the transitions from any
standstill or idling situation to power production, and from power production to a stand-by
condition. Parked conditions shall be tested in case the wind turbine cannot be started-up in
operational conditions. The loads arising in all wind speeds are to be accounted for the design of the
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drivetrain, the blade pitch regulation or the corresponding mechanism to assure that the device is in
the parked condition. These conditions shall be tested in the wind speed range mentioned in the
previous paragraph with the corresponding turbulence.
The normal start-up and shut-down, as well as the emergency shut-down, are classed as transient
procedures and should be carried out starting at different instants within each current velocity to
account for the influence of the turbulence. These cases are recommended to be tested starting at
representative periods within each wind speed to account for wind gusts, considering at least four
events for each mean wind speed. Wind gust start times are recommended to be also considered [14].
The first timing shall be chosen so that the beginning of the gust occurs when the power production
reaches 50% of the maximum power. The last timing shall be chosen so that the beginning of the gust
occurs when the power production reaches 95% of maximum power and at least two additional timings
shall be chosen evenly distributed within the interval from 50% and 95% of maximum power.

Any wind turbine design shall be in accordance to the failure mode and effect analysis (FMEA). In
case it is determined that the device will keep producing power with any of the identified faults, it is
recommended that the corresponding power curve is also built. The power curve should be created
follow the same procedure as recommended for the intact device (method of bins), and the loads
derived are also to be considered for the design of the drivetrain. If a fault causes an immediate shutdown, or the consequent loading can cause significant damage, its probability and duration shall be
considered.
Stage 2 dry testing should provide an insight of what the worst-case scenarios are, ULS loads can be
derived for the conditions here defined and the control system can be tested fully implemented to
account not only for maximisation of energy production but also for all transient and considered
fault cases. All data gathered in stage 2 are useful for the design of the stage 3 dry test campaign.
During stage 3 dry testing, additional issues can be detected such as the influence of the grid on the
control availability or the influence of the transient operations and operations with fault on the
energy delivered to the grid. The influence of faults on electrical network is to be considered and
tested in stage 3.
2.1.4.4
Extreme safety conditions
Extreme safety conditions are covered by the design conditions in Table 3 and Table 4 named as
parked/parked plus fault.
All loads obtained when the device is in the parked mode are to be considered under this section.
The simulations and dry tests are to be carried out subject to the extreme wind speed model, with
the corresponding 50-year return period of the installation site. The parked mode, commonly set
with a blade pitch angle that generates very low lift forces, needs to be included in the numerical
model and tested.
Dry tests of these conditions should provide design loads for the braking system of the rotor and
the amount of energy, if required, to safely keep the parked mode.
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2.2
2.2.1

Grid Connection of Offshore Renewable Systems
Grid Impact issues related to Offshore Renewable Systems

Offshore renewable energy power plants are generally deployed off remote areas where network
availability is restricted [17], [18]. As they depend on the resource availability, marine generation
plants are connected to distribution systems or in areas where power generation was originally not
planned. This provokes several capacity limits and critical power quality issues, and special regulatory
requirements may occur [19]. These problems are due to the fact that distribution systems are usually
weaker than transmission systems.
Different grid issues can emerge in offshore renewable energy farms (especially associated with wave
and tidal current turbine farms) which depend on their size and Point of Common Coupling (PCC) as
shown in Figure 5. Although many of these factors are interdependent and cannot be completely
separated, this approach differentiates between the effects of small projects against large
deployments (though currently only realistic for offshore wind [19]). Main issues pertaining to marine
energy systems and related to their grid impact, can be due to resource intermittency and variability
[17], [20], [21]:

Figure 5: Possible grid impact issues pertaining to marine energy systems [19]

•

Limited dispatchability: according to system operators, variable generation sources, such as
wind, tidal or wave, can be difficult to adjust with present or predicted load demand with
insufficient prior knowledge (predictions from 1 to 40 hours in advance [21]) on estimated
generation and when a certain timeframe of operation cannot be ensured. Resource
intermittency and interactions with network control equipment may aggravate the levels of
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•

•

voltage flicker for ocean energy devices [61]. Apart from affecting the power quality of the
grid, the limited dispatchability of marine energy systems also impacts the grid. Thus, as
presented in Figure 5, it compromises voltage and frequency stability at a system analysis
level in medium-high plant capacities and increases the difficulties associated to transmission
planning stages and unit-commitment problems, among others at system wide level in high
plant capacities.
Stress on the electrical grid: a sudden output power increase or drop from one or more of
the surrounding generation sources may cause the neighbouring grid to reach its critical
thresholds for continuous operation, given the direct dependence of many RES (Renewable
Energy Resources) on the alterations of the environmental conditions. Thus, due to “wave
grouping” at a given sea state, a large number of devices deployed in an array can be required
to reduce the short-term variations relative to the average power. When several WECs are
connected in a wave farm, the large variations of power extracted from the waves can be
reduced. However, it may still be a challenge for the power quality [64], as presented in Figure
5. The impact of these variations depends on the grid strength at the PCC [61]. Wave energy
converters with intermediate energy storage mechanisms are expected to generate a more
time-averaged output when compared to non-storage processes. As a consequence of
energy storage, flicker levels will decrease. However, energy buffering may represent a
serious issue for wave energy converters, as the raw power produced by a single unit may
cause continuous voltage variations at the connection node [61]. Therefore, severe flicker risk
will be present, because such variation occurs at a much higher frequency compared to
typical wind turbines.
Apart from this, operational challenges may be introduced by the effect of harmonics and
thermal overload. Regarding harmonic distortion, the use of directly-coupled induction
generators in marine energy devices may not contribute to the problem. However, they may
consume a significant amount of reactive power (35% to 40% at idling, 60% at rated capacity)
and have limited power injection control which makes their use marginal. Alternatively,
Doubly Fed Induction Generators (DFIGs) are being considered for variable speed operation
of tidal and wave devices. Also, another option is the use of permanent magnet generators
(rotary or linear) through direct-drive or gear-coupled arrangements. Unfortunately, power
electronic systems (full-sized for permanent magnet generators and partially rated for DFIGs)
used in such grid-interfacing schemes may inject harmonics into the network, but greatly
improve active and reactive control capabilities.
Thus, as shown in Figure 5, it can be stated that the stress on the electrical grid is related to
power quality and system analysis issues at both transmission and distribution networks, but
also more related to capacity limits and system-wide issues when considering the connection
to transmission networks. As well as the generators and power electronics, the new offshore
farm cables on the network exacerbate the problem by changing the network impedance
and amplifying any harmonic emissions present.
High penetration effects: generation time-variations are hidden in the overall generation mix
with a minimal level of renewable generation integration into the bulk power system.
Nonetheless, as RES integration levels increase, system inertia decreases. Thus, occasional
mismatches between generation and demand levels may cause higher instability in the
system. Resource intermittency and variability have been considered as the main obstacle
towards the integration of many RES. Marine plants of medium and large capacity connected
in distribution grids may cause impacts such faults, transient voltage and frequency stability
issues and small signal oscillations. Voltage stability is defined as the maintenance of
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acceptable voltage levels at all system buses during normal operating conditions and after
disturbances. The impacts of the latter at transmission grids increase capacity limits issues,
such as thermal limits. Regarding high capacity marine plants, the most critical aspects
observed at both distribution and transmission levels, are system wide issues such low
voltage ride through capability, transmission planning, market operations, unit commitment
and ancillary services. Thus, high penetration effects would be responsible for every impact
presented in Figure 5 namely power quality, capacity limits, system analysis and system wide
issues. In fact, those effects are amplified for scenarios with higher contribution of renewable
generation.
Although most of the aforementioned aspects have an impact in all marine energy generators
similarly, some issues tend to be more critical for a specific technology. For example, in the case of
ocean installations in remote areas where the grid is weak, power quality becomes often an issue.
Therefore, thermal limits and fault protection need to be strengthened.

2.2.2

Applicable Regulation in Grid Connection

Given that no standards existed for certification or testing of wave and tidal energy converters,
EQUIMAR (Equitable Testing and Evaluation of Marine Energy Extraction Devices in terms of
Performance, Cost and Environmental Impact ) protocols [22], [23] set out a list of good practices for
testing wave and tidal devices in a controlled laboratory environment with the intention of
supporting the process for development and securing funding for development or promotion of
devices. The methods suggested by these protocols were adapted from various industries including
the aerospace and maritime industries. The structured development plan [24] sets out the
development stages required for a marine renewable energy concept to achieve commercial reality
and uses Technology Readiness Levels (TRLs) and other metrics [25].
A general difficulty in the power quality and grid impact assessment of any Marine Renewable Energy
Device (MRED) is that the main applicable provisions have been developed with focus on wind
energy. National and international groups are now in the process of adapting these regulations to
the marine particular case where special conditions have to be taken into account. Therefore, there
is not a well-established regulation to follow, since the reference documents are still a draft in an
attempt to adapt the wind energy regulation or to remain unmodified by keeping the wind energy
regulation unaltered.
The work developed in [26] provides an updated overview and systematic comparison of the
connection requirements included in Grid Codes by Transmission System Operators (TSOs) of eight
European countries and the Network Code on Requirements for Grid Connection applicable to all
Generators (NC RfG) developed by the European Network for Transmission System Operators for
Electricity (ENTSO-E). Only two of the consulted Grid Codes, TenneT [27], [28] and National Grid [29],
have a special focus on offshore wind and in the case of National Grid, the code considers in a general
way “offshore power generating units powered by intermittent sources”.
Apart from national Grid Codes that establish the grid connection mandatory requirements, the
International Electrotechnical Commission (IEC) technical committee 114: Marine energy - wave, tidal
and other water current devices, is currently working on the TS62600-30 Electrical power quality
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requirements for wave, tidal and other water current energy devices [20]. This document is based on
[30]. This standard will have the form of recommendations for international use and will focus on:
•

•

Power quality issues and parameters (non-device specific and non-prescriptive) for
single/three-phase, grid-connected/off-grid (including micro-mini grid) marine wave, tidal
and other water current converter-based power systems.
Establishing the measurement methods, application techniques and result-interpretation
guidelines.

Therefore, the technical specification only evaluates the power quality of the marine installation. It
does not give indications about the compliance of the installation regarding power quality criteria
but only general rules. For that purpose, the user should refer to the local Grid Codes.
Besides, the IEC technical committee 88 [31]: Wind energy generation systems is working on the
standardization of the latter and is focused on giving a general basis for design, quality assurance
and technical aspects for certification. This guide of recommendations is focused on:
•
•

Dealing with requirements corresponding to specific sites.
Addressing all subsystems of wind farms, including communication systems and
environmental aspects of wind power development.

ENTSO-E: Network Code on Requirements for Generators (NC RfG) is developed by ENTSO-E to
increase cooperation and coordination among member TSOs. The network (grid) code aims to set
out clear and objective requirements for grid connection of power generation units

2.3

Grid Connection requirements

These principal issues described in Section 2.2.1 make grid connected marine energy systems prone
to have limitations, in terms of voltage and reactive power control, frequency and active power
control, LVRT, and power quality issues such as flicker and harmonics among others [32].
New grid codes adapted for marine energy farm connection will deal with these and many other
aspects. This section will go through these specific requirements since they are the most challenging
for marine energy farms to maintain fixed voltage and frequency in a reliable way becomes difficult
especially in the case of variable and intermittent sources.
Resource predictability is a key factor in the operation of grid-connected ocean farms, since limited
control is available at their primary power capture stage and thus ocean energy farms are generally
non-dispatchable. However, partially dispatchable (e.g., tidal hydro-turbine with blade pitching
capability) are also found. Since wind energy technology and their control strategies are in a more
advanced research state than other marine energy technologies, the following control structures are
based on those developed for wind energy technology context and are extended to all marine energy
technologies.
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2.3.1

Voltage and reactive power control

There are different factors that affect the amount of reactive power that needs to be generated:
1) Machine parameters.
2) Reference value of the voltage controller.
3) Values of resistance (R and reactance (X of the grid connection. In Figure 6, the 3-phase
Thévenin equivalent circuit of the grid connection at the PCC is showed, where the phase
impedance of the PCC is composed by a phase resistance (R) and a phase reactance (X):

Figure 6: Thévenin Equivalent of the grid connection at the PCC [33].

4) The amount of the active power flowing through the grid connection. Based on Figure 6, part
of the amount of active power flowing through the grid connection at the PCC is lost
depending on the value of the impedance of the grid connection at the PCC.
The third factor is usually analysed by means of the X/R ratio, which adopts different values for
distribution and transmission systems. Transmission systems present high voltage and short-circuit
levels, meshed topology and high ⁄ ratio which lead to the well-known
decoupling,
whereas distribution systems typically present radial topology, low levels of voltage and ⁄ ratio
[34]. By means of a simplified model of electrical transmission systems, which namely fulfil ≫ , it
can be demonstrated that the magnitude of the voltage is controlled by the reactive power exchange,
whereas the active power exchange determines the phase difference [35]. Therefore, in order to keep
the voltage constant at the reference value, usually the connection point, marine energy installations
must be capable of controlling the reactive power exchange.
Typically, the reactive power control has three, mutually exclusive, control modes, presented in Figure
7. Several methods for voltage control have been adopted in wind energy technologies and might
be considered for application to ocean energy [36], [37].
a) Reactive power control: it refers to keeping the amount of reactive power exchange constant
independently of the instantaneous active power generation (Figure 7 a)).
b) Power Factor control: it refers to keeping the power factor constant or within certain limits at
an agreed point in the network (Figure 7 b)). It is achieved by varying the reactive power
output, proportional to the active power of a generating plant, within its reactive power
capability region.
c) Voltage control mode: it refers to the automatic adjustment of reactive power output from a
generation unit with the aim of maintaining the voltage constant at the reference value
(Figure 7 c)). To govern the control actions the voltage at a certain node is measured
(normally its own terminal voltage). The measured voltage is fed into the voltage controller
that, according to its transfer function, determines the necessary amount of reactive power
to inject or consume. When the measured voltage is too low, reactive power generation is
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increased and when too high, decreased. In the case of DFIG and direct drive wind turbines,
in order to enable their operation in voltage control mode, power electronics must have a
higher rating than when operating in the unity power factor mode [37].

a)

b)

c)
Figure 7: Reactive power control functions for a wind power plant: a) Reactive Power Control, b) Power Factor
Control and c) Voltage Control Mode

On the other hand, in Figure 8 a typical curve that defines the minimum and maximum reactive
power capabilities of ocean installations is presented as a function of the active power produced:
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P(MW)
100%
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← A2

50%

B1→

← B2

10%

C1→

← C2

Q(MVar)
Figure 8. Typical limiting curve for reactive power [21].

As the picture shows, below 10% of the installed active power of the plant there are no obligation of
providing reactive power capability. From this level onwards the limits of reactive power capability
are detailed in Figure 8.

2.3.2

Frequency and active power control

The control of active power with a view to stabilise the grid frequency is called frequency regulation
or frequency response and is accounted as an important ancillary service to be provided by the
generation units to contribute to the power system stability. Frequency regulation ancillary service is
composed of three functions [35]:
1) The primary control: typical of an AC grid is in charge of limiting the frequency variation
provoked by sudden power unbalances in the grid. The control actions are performed by the
speed governor of each generating unit, within 15–30 s. However, in marine applications this
function is not generally used. In any case, in marine energy devices only the implementation
of a synthetic inertia may allow performance of such a task.
2) The secondary control: restores the frequency and interchange power to their scheduled
values. This type of control involves units controlled by an automatic central regulator and
its control actions are performed within 15 min.
3) The tertiary control can start, stop, or vary the output of generating units in operation, in
order to support the secondary control and to re-establish the power reserve consumed by
it. This is carried out within 60 min whenever a supplementary reserve is considered.
The grid codes consider that all power plants should be able to operate without interruption within
a range around the nominal frequency of the grid. They are also allowed to operate for different
periods of time when lower/higher frequencies are below/above a minimum/maximum limit.
Whenever these limits are exceeded the generating units would suffer damage, so, even very short
deviations from the nominal frequency would activate load shedding relays and this would lead to a
generation capacity loss. This implies further frequency deviation and a black-out may occur.
Figure 9 shows a typical grid code-limiting curve for frequency controlled regulation of the active
power. High-frequency response can be provided from full output to a reduced output as long as
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the frequency exceeds 50 Hz and the grid codes require that generating plants decrease their output
at a given rate.

Figure 9. Typical frequency controlled regulation of active power in primary control [35].

At nominal frequency, the wind farms would be required to restrict their power output below the
maximum achievable power level. By doing so, if frequency starts to drop, the farm would increase
the power output to the maximum achievable power, trying to sustain frequency. A power plant
should be capable of providing frequency response, and it would only be utilized if the system
operator needs it. The system operator determines the active power levels of the wind farm
depending on the load in the system.
Depending on the local Grid Code and the state of the grid, at least five additional types of power
regulation may occur (Figure 11) [35]:
a) Absolute power constraint. The power output of the wind farm is limited by a pre-set
maximum, even if more power can be extracted as seen in Figure 11 a). Therefore, the power
plant power can be controlled to extract maximum power below that maximum available
power. One of the main reasons for this requirement is to prevent network congestion or
line overloading issues.
b) Delta production constraint. The power production is limited below the available power by a
fixed amount (MW delta) as seen in Figure 11 b), allowing the wind farm to take part in the
frequency control. This may also help to reduce the power fluctuations due to high variations
in wind speed and therefore the need for spinning reserve. Figure 10 shows the frequency
control function in a downward delta power constraint PDelta scheme (the nomenclature used
in the Danish Grid Code). This illustrates the location of the various parameters and limits for
the frequency control function where different downward droop slopes, a dead-band and a
band of regulation are presented. Those parameters named as droop are defined as
percentages of the plant nominal power output and they correspond to the change in active
power as a function of the grid frequency. In the figure below PDelta is the active power setpoint to which the available active power has been reduced in the case of falling grid
frequency in order to provide frequency stabilisation [36].
- If the active power of the wind power plant is commanded below Pmin, the individual
wind turbines are allowed to shut down.
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Figure 10. Frequency control for wind power plants shown with a large PDelta downward regulation [36].

c) Balance Regulation. In this case, the wind farm must be able to reduce or increase very rapidly
its power, to meet a desired MW power difference and MW/min a desired power gradient
(Figure 11 c)). This kind of regulation helps to balance the production and consumption of
active power in the grid.
d) Power gradient constraint (or ramp rate constraint). The power increase/decrease gradient
of conventional plants is slower than that of wind turbines, since the former cannot increase
or decrease their power output at any speed (Figure 11 d)). In order to keep the power
balance during a conventional power plant shut-down, a maximum wind power gradient is
specified when the wind power fed to the grid increases to compensate for the loss of
generation.
e) System protection. The grid operator will ask the wind farm to rapidly reduce its power
output in case of an overload in the grid, and the power reduction will continue while the
external protection signal is active (Figure 11 e)). If the protection signal becomes inactive,
the power will be kept at the value it had at the instant the protection signal was disabled.
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a)

d)

b)

c)

e)

Figure 11. Active Power regulation modes: a) Absolute Power Constraint, b) Delta Production Constraint, c)
Balance Regulation, d) Power Gradient Constraint and e) System Protection [35].

2.3.3

Low Voltage Ride Through capabilities

The capability of generators to operate during short periods of voltage dips is important in order
not to disconnect from the grid since this may lead to substantial problems regarding active and
reactive power control [38]. The term Low Voltage Ride Through is referred to the capability of a
generator to stay operational and not to disconnect from the grid in the event of a voltage dip and
by supporting the grid with reactive power [39].
A voltage dip is a sudden voltage drop at a particular point in the electrical grid below a specified
threshold (for at least a period of 10 ms) followed by its recovery, as shown in Figure 12 [40].The
threshold value is defined in order to determine the start and end of a voltage dip. Values of the
start and end thresholds of voltage dips can be identical or different.
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Figure 12. Characteristics of voltage dip [40].

A voltage dip is characterized in terms of voltage level (depth or residual voltage) and duration. The
depth of a voltage dip is the difference between the reference voltage and residual voltage and is
often expressed as a value in volts or as a percentage or per unit of the reference voltage. The
duration of a voltage dip is determined by the instants at which the voltage drops below and rises
above the dip start and end thresholds, respectively.

2.3.4

Different Grid Codes in Europe

Work in [26] analyses and compares Grid Codes from TSOs in eight European countries (Denmark,
Ireland, Germany, UK, Finland, Italy, Spain and Norway). The analysis is focused on the most
important grid connection requirements as described in Section 2.3 for the normal operating
conditions as well as the regulations affecting operation under grid disturbances. The work provides
an analysis of major similarities and differences among them. As expected, the differences are not
only on the established limits for each connection requirement. Some grid codes consider Wind
Power Plants, WPP, others go further considering offshore wind farm connections, while others, do
not take into account the source of the incoming energy.
Depending on the grid code, the connection requirements are defined for particular categories of
generators, and the categories are formed based upon generation capacity (as in Denmark, Ireland,
and Finland), voltage level at the connection point (as in Italy and Norway) or year of commissioning
and control area (as in UK). Therefore, a comparative analysis is not straightforward.
Due to this great disparity, the work developed in MaRINET2, will be focused on the standard carried
out by ENTSO-E, the “Network Code on Requirements for Grid Connection applicable to all
Generators (NC RfG)”. It entered into force on 17 May 2016, although only a very small part of the
provisions applied before 27 May 2019.
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2.4

Network Code on Requirements for Grid Connection applicable
to all Generators (NC RfG) by ENTSO-E

ENTSO-E is an association of all TSOs in European Union (and others connected to their networks)
and represents all their market and technical issues.
Network Code on Requirements for Generators (NC RfG) is developed by ENTSO-E to increase
cooperation and coordination among member TSOs. The network (grid) code sets out clear and
objective requirements for grid connection of power generation units. In addition, it provides
transparent access to the transmission networks across borders, and to ensure coordinated and
forward-looking planning. The NC RfG defines a common framework for grid connection
requirements for power generating facilities such as synchronous generating facilities, generating
facilities connected to the network non-synchronously or through power electronics interface (power
park modules), and offshore generating facilities. It provides for various requirements to be defined
by the relevant TSOs/DSOs.
The requirements apply to new generating units and to existing generating units to the extent of
applicability decided by the national regulatory authority or TSO.
Grid Codes are prepared in such a way that depending on the requirement, leave room for terms
and conditions for connection and access to networks to be established by the relevant TSOs with
principles of transparency, proportionality and non-discrimination.
The basic content of the ENTSO-E network code is summarized in Appendix A. The ENTSO-E Grid
Code defines limit values in ranges and not with a specific value and leaves several requirements to
be defined by the relevant TSOs/DSOs. In addition, the requirements are for four types of generation
units/plants in five synchronous areas. According to the ENTSO-E Grid Code, generating units are
classified into four types (see Table 5).
Table 5: classification of generating units according to the ENTSO-E Grid Code

Type A
Type B
Type C
Type D

Connection point
voltage
<110 kV
<110 kV
<110 kV
>110 kV

Appendix B gives guidelines on what kind of tests must the power parks undergo in order to fulfil
the requirements described in Appendix A.

2.5

Power Quality requirements

Power quality defines the properties of the power supply system as delivered to the user in normal
operating conditions. Power quality is evaluated in terms of a set of parameters that assess the
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continuity of supply and characteristics of voltage (symmetry, frequency, magnitude, waveform) as
defined in [41] and is considered by many grid codes.
In order to assess the impact of marine installations on power quality, different parameters at PCC
(or at the Connection Point in case of Irish Grid Code) are defined [36]:
•

DC content: The DC content of the supplied AC current at the PCC. DC content is a feature
of power quality distortion whose production may be increased by HVDC systems, when AC
and DC transmission lines are in close proximity and by Static VAr Compensators, or in
general, in cases where anti-parallel power electronic switches are used [81].

•

Asymmetry (unbalance): The asymmetry between the phases during normal operation or in
the event of faults in the electricity-generating unit.

•

Rapid voltage changes: A Rapid voltage change is defined as a transitory single voltage dip
usually defined in root-mean square values (RMS) and expressed as a percentage of normal
operating voltage.

•

Flicker: Flicker is the impression of unsteadiness of visual sensation induced by voltage
fluctuations. Flicker occurs if the luminance or the spectral distribution of the light fluctuates
with time. At certain intensity, flicker becomes an irritant to the eye. Flicker is measured as
described in IEC 61000-4-15 [42].
Flicker emission must be documented for continuous operation as well as for switching of
capacitors that occur during continuous operations. It must be verified that flicker emission
from continuous operation of the ocean power plant and from switching operations is lower
than the limit value for the PCC.
denotes the 'short-term' flicker emission from a plant and is assessed over a period of 10
minutes.

denotes the long-term flicker emission from a plant and stands for 'long-term'

and is assessed over a period of two hours [43].
•

Harmonic distortions: Harmonic distortions are defined as electrical disturbances caused by
over-harmonic currents and voltages. Harmonic distortions are also referred to as overtones,
over-harmonic tones, over-harmonic distortion or simply harmonics. The Total Harmonic
Distortion (THD) is defined as the ratio between the RMS value of the current
for the

( : 2-40) harmonic and the RMS value of the current

or the voltage

or the voltage

from

the fundamental frequency.
The Partially Weighted Total Harmonic Distortions (PWTHDi) are defined as the ratio between
the RMS value of the current
of higher harmonics ( : 4
voltage
•

or the voltage
40

for the

harmonic of a selected group

harmonic) and the RMS value of the current

or the

from the fundamental frequency [44].

Inter-harmonic distortions: further frequencies can be observed which are not an integer
multiple of the fundamental and appear as discrete frequencies or as a wide-band spectrum.
Besides, the importance of inter-harmonics is also increasing due to the widespread
introduction of power electronics, arcing loads, variable-load electric drives, static direct and
indirect frequency converters and ripple controls [45].
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•

Distortions 2-9 kHz-30MHz: Harmonic distortions in frequency range up to 9kHz are
characterized in standard [46] as a result of grouping of harmonics by discrete Fourier
transform obtained for 5 cycles within 200Hz sub-bands using a rectangular window. The
new emerging faster power electronic switches are increasing the switching frequency
significantly, which results into an improvement in power conversion efficiency and the
reduction of harmonic and inter-harmonic current distortion in frequency range up to 2 kHz.
However, this provokes the displacement of harmonic and inter-harmonic spectrum towards
higher frequencies and involves the extension of typical harmonic analysis up to 9 kHz, which
is the lowest frequency of typical electromagnetic interference (EMI). One of the technologies
related to this phenomenon is the recently introduced PWM (Pulse-Width Modulation) boost
rectifier [47], whose PWM modulation carrier frequency often belongs in the 2-9 kHz range.

2.6

Definition of standard grid profiles for testing

This section will present several testing procedures for standard grid profile testing. These standard
grid profiles represent extreme events common to electrical distribution grids. The tests represent
grid connection requirements that must be met before an energy generation system can connect
and feed power to the grid. There is a large disparity in these requirements across various countries
grid codes. Due to these discrepancies, international standards developed by ENTSO-E, the IEC, and
the IEEE are used in place of regional grid codes for developing these testing procedures. The profile
testing requirements for grid connection that are described in this section are Low Voltage Ride
Through (LVRT), Frequency Ride Through (FRT), and anti-islanding tests. Included along with these
tests are the testing procedures for active and reactive power control. The active and reactive power
control tests are not direct grid profile tests, but the ability for energy converters to control active
and reactive power flow is required for grid connection and to perform LVRT and anti-islanding
testing.

2.6.1

Active and Reactive Power Control Testing

Power control testing is required to determine how well an energy converter can meet the needs of
the grid for voltage and frequency responses as detailed in Sections 2.3.1 and 2.3.2. For renewable
energy converters, testing of active and reactive power control requires the ability to manipulate the
grid side Variable Frequency Drive (VFD) of the energy converter, while the grid itself remains
constant. Active power testing includes set-point control and ramp rate limitation, while reactive
power testing determines reactive power capability and is followed by set-point control based on
reactive power capability. As these tests are carried out in a laboratory environment, the converters
should be tested in steady state conditions. For all active and reactive power tests, the output should
be measured at the unit terminals of the energy converter, and the sampling frequency should be
no lower than 5 Hz.
The testing strategies are based on those documented in IEC Technical Specifications 61400-21 and
62600-30 which characterise power quality standards for wind turbines and marine energy
converters respectfully. These tests are to determine the ability of offshore energy converters to meet
voltage stability requirements, such as those detailed in ESTON-E. Only after successfully completing
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the active and reactive power control tests, more direct grid interaction-based testing can be
performed to determine if an energy converter can meet local grid requirements.
2.6.1.1
Active Power Control Testing
The active power tests for both set-point control and ramp rate limitation should be no less than
10-minutes in duration. At the beginning of a set-point test, the active power set-point of the
converter should be at 100% of device rated power. At the beginning of the test, the set-point is
reduced from 100% to 20% of rated power. Throughout the duration of the test, the set-point should
be increased in constant steps every two minutes of operation. In the event of a 10-minute test, the
set-point should be increased by 20% per step, and for a 20-minute test, the set-point should be
increased by 10% per step.
The ramp rate limitation tests should be performed during start-up of the energy converter. The
active power ramp rate should be set to a fixed percentage of rated power per minute. The active
power output should reach at least 50% of rated by the end of the test, and the test should be
performed with at least three different ramp rates.
2.6.1.2
Reactive Power Control Testing
The reactive power testing is a two-step process. The first step is to determine the reactive power
capabilities of the energy converter. The converter should be tested for both inductive and capacitive
(lagging and leading) reactive power in separate tests. Each test should be at least 10-minutes in
duration, starting at 10% rated active power and increasing by 10% steps each minute until 100%
rated active power is reached. At each step, the VFD of the converter should be controlled to
maximise the reactive power output. The active and reactive power is measured at the terminals of
the VFD, and the measurements for each 1-minute time-step should be averaged.
The second step is to preform reactive power set-point control tests based on the average reactive
power capabilities for each time-step. The ramp rate limitation tests can be performed with available
active power at 50% of rated power or above. Tests should be at least 10-minutes in duration, and
the available active power should not though out the test. The reactive power set point can be varied
from Qmax to -Qmax for the percentage of active power available, as determined by the process in step
one. The set point should start at 0% reactive power and be adjusted in fixed step changes in
2-minute time periods. The reactive power should be measured at the terminals of the energy
converter VFD.

2.6.2

Low Voltage Fault Ride Through Testing

Low voltage fault ride through capabilities are required for grid code compliance in most major
national grid networks. As described in Section 2.3.3, fault ride through is the capability of a
generator to stay operational and not to disconnect from the grid in the event of a voltage dip and
by supporting the grid with reactive power [48]. For marine renewable energy converters to be
commercially successful, they must be able to meet international standards of fault ride through
capabilities. Field testing of fault ride through for individual renewable energy converters is
expensive, time consuming, and often difficult to safely perform. The ability to perform these tests
in a laboratory environment is an important aspect for the research and development of offshore
renewable energy converters. Fault ride through regulations vary from country to country, so for
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clarity, the focus is on the ENTSO‑E regulations and the testing specifications laid out by IEC Technical
Specification 61400-21 and 62600-30.
According to ENTSO-E, transmission system operators, or grid operators, specify a voltage-againsttime-profile that matches Figure 13 and describes the conditions where the marine energy converter
is capable of staying connected and operating stably after a fault [6] . In Figure 13, the lower limit of
the profile is expressed as the ratio of the voltage value and its reference 1 pu value before, during,
and after a fault, where Uset is the retained voltage at the connection point, tclear is the instant when
the fault has been cleared, Urec1, Urec2, trec1, trec2, and trec3 specify certain points of lower limits of voltage
recovery after fault clearance. Additionally, ENTSO-E states that asymmetrical faults shall be specified
by the grid operators.

Figure 13. ENTSO-E fault-ride-through profile [6]

As ENTSO-E does not specify testing procedures for low voltage ride through testing, the testing
procedure described in IEC 62600-30 shall function as a guide for developing laboratory tests. The
response of the offshore renewable energy converter will be stated for operation from 10-100% of
rated power of the converter. There are six test cases identified in IEC 62600-30, which are presented
in Table 6Table 8, where the magnitude represents the pu value of the voltage achieved during the
fault. The voltage magnitude represents the voltage value of the grid without the marine energy
converter, but during fault testing the measured voltage may be higher than the magnitudes listed
as the converter stabilises the voltage at the PCC.
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Table 6. Specification of put unit voltage drops for fault ride through testing of marine energy converters
[49]
Magnitude of voltage
phase to phase

Magnitude of positive
sequence voltage

Duration (s)

VD1 – symmetrical three-phase
voltage drop

0.90 ± 0.05

0.90 ± 0.05

0.5 ± 0.02

-----

|__|----

VD2 – symmetrical three-phase
voltage drop

0.50 ± 0.05

0.50 ± 0.05

0.5 ± 0.02

-----

|__|----

VD3 – symmetrical three-phase
voltage drop

0.20 ± 0.05

0.20 ± 0.05

0.2 ± 0.02

-----

|__|----

VD4 – two-phase voltage drop

0.90 ± 0.05

0.95 ± 0.05

0.5 ± 0.02

-----

|__|----

VD5 – two-phase voltage drop

0.50 ± 0.05

0.75 ± 0.05

0.5 ± 0.02

-----

|__|----

VD6 – two-phase voltage drop

0.20 ± 0.05

0.60 ± 0.05

0.2 ± 0.02

-----

|__|----

Case

Shape

There are 4 common methods to perform low voltage fault ride through tests:1) shunt impedance,
2) rotating generator, 3) transformer, and 4) power converter [50]. The shunt impedance testing is
the most common method for creating voltage dips necessary to simulate voltage fault conditions
for testing purposes [51]. The most malleable method is the power converter testing method, which
would make this method ideal for laboratory facilities. These two methods were investigated in
Deliverable D4.1, but the laboratory equipment available was unable to successfully perform these
tests, and as a result, laboratory upgrades are required before these testing procedures can be
successfully achieved. As the shunt impedance and power converter methods have been previously
investigated, the testing procedure for each is described further in this section.
2.6.2.1
Shunt Impedance Fault Ride Through Testing
Shunt impedance-based testing relies on the basic electrical circuit principle of a voltage divider. The
testing apparatus requires two high power impedances, one in series with marine energy converter
and the grid connection, while the secondary impedance connects the line between the series
impedance and the energy converter being testing with a high speed switch between the secondary
impedance and ground, as shown in Figure 14. The values of the impedances Z1 and Z2 are
determined by the line voltage and the desired voltage dip.
In the testing arrangement, impedance Z1 will remain the same for all voltage drops, while impedance
Z2 should be calculated that the magnitude of the phase to phase voltage should match the values
in Table 6, if the energy converter is not present in the circuit, i.e. for a magnitude of 0.50 Z1 = Z2.
For testing cases VD1-VD3, the impedance for all three phases shall be equal, while testing VD4VD6, one phase should not include any impedance.
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Figure 14. Shunt impedance low voltage ride through testing configuration.

The procedure for administrating the tests is simple and straight forward. The energy converter
should be operating using a HIL emulator, so that the energy converter is behaving under normal,
live conditions. During normal operation, the switch, S, shall be closed for the duration listed in Table
6. The voltage and current signals for all three phases shall be measured at the terminals of the
energy converter. The sampling rate for the measurements should be 20 kHz, as directed in IEC
61400-21 and IEC 62600-30. Measurements should begin no less than 1 second prior to the closure
of switch S and continue for no less than 1 second beyond when the magnitude of the voltage on
all three phases has settled at approximately 1.00.
2.6.2.2
Power Converter Fault Ride Through Testing
Research in the wind energy field published in 2019 concluded that power converter-based testing
provides a satisfactory replacement for shunt-based low voltage ride through testing at power levels
over 1 MW [52]. Power converter-based fault ride through testing offers more flexibility than shunt
impedance testing, and it requires no circuit rewiring between test cases. It does require more
expensive equipment, but if a power converter is successfully installed in a laboratory, such that it is
compatible with the laboratory energy converter, it will allow for a wide range of grid interaction
testing, including frequency ride through testing.
In this arrangement, a power electronics-based power converter is installed between the energy
converter being tested and the local grid. The power converter works as a PHIL system which allows
for full control of the voltage signal that feed the input terminals of the energy converter being
tested. The PHIL system includes a software grid emulator, that allows for realistic changes to grid
that the energy converter can experience, while completely decoupling the energy converter from
the real local grid. This arrangement provides protection for both the energy converter and the local
grid, particularly when performing testing like low voltage ride through.
For testing with using a power electronics-based power converter, additional equipment is necessary
to ensure compatibility between the grid forming power converter and the energy converter being
tested, as was detailed in Deliverable D4.1. As both the power converter used to emulate the grid
and the energy converter use pulse width modulation to create voltage signals, properly sized LC
filters must be installed for bother converters. Without these additional LC filters, the pulse with
modulation high frequency switching of the power converter and the energy converter would lead
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to a virtual short between the two devices. A condition that occurred during testing for Deliverable
D4.1. An example of the electrical configuration of power converter based low voltage ride through
testing is shown in Figure 15.

Figure 15. Electrical diagram of power converter-based system for LVRT testing, including LC filters [51].

With adequate filters in place, low voltage ride through testing can easily be performed for all six
cases identified in Table 6 can be performed without needing to make any physical changes to the
electrical system. The testing procedure for power converter-based testing is the same as the
procedure applied in shunt-based testing. However, rather than closing a switch to create the voltage
drop at the terminals of the energy converter, the software controlling the power converter is used
to force it to create the voltage drop.

2.6.3

Full Frequency Ride Through Testing

The operating frequency of European grids is 50 Hz, however disturbances in the distribution system
can cause the operating frequency to sag or swell beyond 50 Hz. Due to the possible variations in
grid frequency, frequency ride through capabilities of offshore renewable energy devices are also
required by grid operators. The ENTSO-E states that all A-type generating modules operate
continuously from 49.0 Hz-51.0 Hz, with operation without disconnection times at frequencies
outside of that this range varying by region [6]. While the IEC Technical Committee 114 has addressed
voltage fault ride through testing, it has not addressed frequency ride through testing. However, the
IEEE Standard 1547 establishes a technical standard for interconnecting distributed energy resources
with electrical power systems, which includes marine renewable energy generating systems, does
address response to abnormal grid frequencies.
Both ENTSO-E and IEEE 1547 identify the frequency band for continuous operations. For frequencies
outside of continuous operation, a minimum time-period of operation is stipulated. These frequency
ranges and minimum operation periods can vary from region to region. Table 7 shows the frequency
ride through requirements for Type-A generators in continental Europe.
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Table 7. Example of frequency ride through requirements stipulated by ENTSO-E [6]
Synchronous area

Frequency range

Time period for operation

Continental Europe

47,5 Hz-48,5 Hz

To be specified by each TSO, but not less than 30 minutes

48,5 Hz-49,0 Hz

To be specified by each TSO, but not less than the period for
47,5 Hz-48,5 Hz

49,0 Hz-51,0 Hz

Unlimited

51,0 Hz-51,5 Hz

30 minutes

Frequency disturbances within grids are usually caused by sudden losses of large loads, which lead
to frequency increases, or the loss of generating systems, which lead to frequency decreases. To
preform frequency ride through testing in laboratory conditions, the ability to manipulate the grid
frequency is necessary. The power converter-based electrical testing system like that shown in Figure
15 would be best suited for administering frequency ride through testing.
The frequency ride through tests are performed to confirm that the energy generation system being
evaluated can operate as required by the ENTSO -E for the given synchronous area it would be
feeding. The test requires a PHIL system to control the power converter, and an HIL renewable energy
converter emulator system like those described in Deliverable D4.1 and available at testing facilities
like Tecnalia and University College Cork. The PHIL would be required to manipulate the grid
frequency. The HIL would emulate a renewable energy converter, including fluctuations in energy
production common to those types of energy converters. The HIL emulator is necessary because of
the long periods of operation required by the ENTSO -E for frequencies outside of the continuous
operation band, and because of the length of these tests, the offshore renewable energy converter
must behave as though it is under optimal operating conditions.
The testing procedure for frequency ride through testing is simple. The power converter-based grid
emulator begins the test operating in the continuous, or unlimited, operation frequency band, with
the HIL renewable energy converter emulator providing power to the grid under normal conditions.
The HIL emulator must be programmed to operate as a renewable energy converter longer than the
scheduled testing period. Once the grid and energy converter are stable, the grid frequency should
be altered by the PHIL system so that it is within the range being tested and must remain there for
a specified period. As an example, the grid frequency is set to 48 Hz for 30 minutes to match the
conditions presented in Table 7. The voltage and current signals of the HIL emulator shall be
measured at the terminals of the device, the signals shall be sampled at a rate of no less than 150
Hz, and the signals must be monitored for at least one minute prior to the change in frequency and
one minute after the frequency are returned to normal.
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2.6.4

Anti-Islanding Testing

Anti-islanding testing is similar low voltage ride through testing. The difference for anti-islanding
testing is that the grid connection is lost entirely and a balanced RLC load is required [53]. For
distributed energy generation systems like offshore renewable energy converters feeding larger grid
networks, anti-islanded testing is used to ensure that a local islanded, or microgrid, is not formed in
the event of a disconnection from the main grid. Unintentional islanding carries several risks,
including damage to sensitive equipment, impediment to restoration of normal grid service, and
potential health and safety risk because lines believed to be dead are energized. Anti-islanding is not
specifically identified in ENTSOE-E or IEC TC 88 or TC 114. However, it is described in IEEE 1547
Section 8, and IEC Technical Commission 82, which sets standards for photovoltaic energy generation
systems.
The anti-islanding test configuration is shown in Figure 16. The RLC load must create a load with a
power factor of 1.0, and the load impedance must match the average power generated by the energy
converter being tested. The load must first be energised by the grid before the energy converter is
introduced to the system to avoid backfeeding the source grid [54]. The energy converter, controlled
by an HIL system, is then added to the circuit, and the entire power circuit should run for at least 5
minutes. The grid connection is then dropped by opening the connecting breaker. The current and
voltage signals shall be measured from the terminals of the energy converter, and the sampling
frequency of the measurements shall be 20 kHz. The energy converter should shut itself down, and
the time taken for the islanded system to deenergise shall be recorded. This procedure shall be
carried out for at least three different power levels.

Figure 16. Anti-islanding testing configuration.

2.7

Required equipment

To successfully execute the tests described in Section 2.6, the laboratories performing the tests
require a range of electrical equipment, some of which are not currently in the inventory of the
laboratories involved in this project. This section is to serve as a list of the necessary equipment. This
is not an exhaustive list, but rather it focuses on the expensive, high-level equipment, while foregoing
more common equipment like cabling, switches, and related.
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2.7.1

Hardware-in-the-Loop based Energy Converter

The HIL energy converter is the device used to emulate the energy converter that is being tested in
the laboratory. This device can be used to emulate any offshore energy converter, including wind,
wave, tidal, or current based energy converter. Typically, a laboratory HIL marine energy converter
has four main systems: real-time device modelling software, hardware emulator, electrical power
take-off system, and a fully controllable grid-facing inverter.
2.7.1.1
Real-time Device Modelling Software
The real-time device modelling software is required to simulate the behaviour of the marine energy
converter. The software model is developed from numerical modelling that is then verified through
scaled laboratory tank or wind tunnel testing. The model should include real input data collected
from testing sites where the device being tested would be deployed. Examples of a real-time
oscillating water column software model are found in [55] and [56].
2.7.1.2
Hardware Emulator
The software model must be able to accurately interact with hardware emulator in real time. A
hardware emulator of marine energy converter usually includes a linear or rotary mechanical system
control by the software model. While the model heavily influences the behaviour of the hardware
emulator by driving the emulator inputs, the hardware emulator also influences the software model.
Typically, the hardware emulator is driving an electrical power take-off system that also influences
its behaviour, and in turn the software model’s behaviour.
2.7.1.3
Electrical Power Take-off System
The electrical power take-off system for laboratory based HIL energy converters typically involves
electrical generator operating with a VFD that is used to control the behaviour of the generator. The
generator should be sized appropriately for the hardware emulator it is coupled with. The VFD is
itself controlled by the software controller like a PLC. To perform the tests described in the
Section 2.6, the software controller should represent the controller that would be used in a field
deployment of the device being tested as precisely as possible. Accurately applying the controller to
the VFD will maximise the validity of the testing results. The testing facilities at Tecnalia and UCC
MaREI described in Deliverable D4.1 are excellent examples of a the HIL energy converters described
in Sections 2.7.1.1, 2.7.1.2, and 2.7.1.3. However, as noted in D4.1, inadequacies with the grid facing
inverters at both facilities made testing difficult.
2.7.1.4
Fully Controllable Grid-facing Inverter
The marine energy converters that are required to be tested as part of the MaRINET2 project rely on
asynchronous generators, that allow the system to maximise mechanical power take-off efficiency.
To allow for the use of fully controllable asynchronous generators, a second VFD is required to
convert electricity generated by the asynchronous generator to a frequency that matches the local
grid frequency. All the tests outlined in Section 2.6 require that the grid facing VFD be able to fully
control active and reactive power flow. The VFD will also need to be able to quickly synchronize with
changes to the grid profile while maintaining a clean signal that does not exasperate the initial grid
disturbance. Without this level of control, active and reactive power control testing cannot be
completed in their entirety, and low voltage and frequency ride through tests cannot be
administered. Smaller, off-the-shelf grid facing inverters often do not allow for full power-flow
control, as was noted in Deliverable D4.1 with the Tecnalia power take-off testing equipment. To
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address these problems for laboratory testing, a grid facing inverter will require an ability to alter the
internal software algorithms that controls the inverting IGBTs, a robust positive sequence detector
that can quickly flag changes in the grid voltage phase angle, and the ability to quickly implement
the necessary changes to the switching algorithms.

2.7.2

Compatible Controllable Grid-Forming Power Converter

The low voltage ride through tests and the frequency ride through tests require the ability to control
and manipulate the grid to simulate the desired grid profiles, events, and conditions. The most
effective means for administering these tests under laboratory conditions is to rely on a PHIL based,
grid forming power converter. The PHIL system allows for software-based grid modelling that can
be applied to the laboratory testing via the power converter.
Like the grid-facing inverter used in the HIL energy converter, the grid-forming power converter
relies on IGBTs and PWM stitching to create the desired electrical signal. However, unlike the HIL
energy converter, the grid-forming inverter does not synchronise to an existing grid, but rather it
can create and maintain a power grid as desired through frequency, voltage, and power flow control.
To a grid-facing inverter, the grid-forming power converter should appear as a typical stable grid.
For the testing outlined in Section 2.6, the grid-forming power converter should be rated for at least
50% more power than the energy converter being testing, and it must include LC filters designed to
maintain compatibility between the power converter and the grid-facing VFD of the energy converter
being testing.
The power converter serves two functions. It allows for the grid that is connected to the device being
testing to be manipulated to match the grid profile, event, or condition required, and by separating
the local grid from the laboratory grid via a DC-bus, it protects the local grid from the various
disturbances that occur during laboratory testing. The PHIL system must be able to alter the base
frequency of the grid it creates, simulate symmetrical and asymmetrical voltage sags, radically alter
power factor, and respond to changes in active and reactive power flow.

2.7.3

Data Acquisition System

An import aspect in administering testing of any kind is data collection and retention. A robust DAQ
is mandatory for successfully performing the testing described in Section 2.6. There are three
important pieces of the DAQ required for testing: 1) signal monitoring equipment, b) data collecting
equipment, c) and data storage equipment. For these tests, the signals that must be monitored are
the voltage and current signals for all three phases of the electrical grid, and all three phases at the
terminals of the energy converter being tested. Ideally for every test, the instantaneous values of the
voltage and current signals will be monitored at a sampling frequency of at least 150 Hz.
2.7.3.1
Voltage and Current Transducers
Voltage and current transducers are simple transformers that step-down voltages from generation
levels to monitoring levels that can be used as input to a DAQ. There are various types of transducers
available, and the ones required here should be direct signal transformers that only alter the
magnitude of the signal while leaving the rest of the signal unchanged. Figure 17 shows a basic
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diagram for both types of transducers to indicate how simple the transduces should be. By using
these simple voltage and current transducers, an accurate and instantaneous representation of the
voltage and current signals can be collected by the DAQ, allowing for system behavioural analysis
following testing.

Figure 17. Symbol for a current transducer (red) and a voltage transducer (blue).

2.7.3.2
SCADA System
The most common DAQ in electrical laboratory facilities are supervisory control and data acquisition
(SCADA) systems. The allow for local system control, and more importantly real-time data collection.
The SCADA system must be compatible with the voltage and current transducers installed in the
laboratory testing system, so it is important that the transducers and SCADA monitoring equipment
match. The SCADA system for grid profile testing must be able to collect data at a very high sampling
frequency. For the low voltage ride through testing, that sampling rate should be 20 kHz, though not
all SCADA systems are equipped to sample at such high frequencies.
SCADA systems typically include data storage capability, but the data storage capacity can vary by
system and cost. Due to the high frequency sampling required for some of the testing procedures,
large amounts of data can be generated in a single test. The SCADA system required should have a
capacity of at least 4 GB of data. A secondary data server is also required, so that testing data can be
removed from the SCADA regularly and stored on the server to avoid over writing data from pervious
tests.

2.8

Conclusions

Section 2 relies heavily on international standards developed by organisations including the IEC, the
IEEE, ENTSO‑E, and EQUIMAR. The IEC TC 114 and TC 88 for the bases for the staged development
approach for dry testing. The dry testing stages focus on stages 2 and 3, which are general TRL 4-6.
While there are device specific differences between the wave, tidal, and offshore wind testing
procedures, the basic protocol for all three are the same. They focus on optimum operation
conditions, no-load conditions, extreme load condition, and extreme safety conditions, which aim to
ensure that all potential conditions are accounted for in dry testing prior to full deployment in
TRL 7-9 testing.
The connection of offshore renewable energy systems to the grid at TRL 7-9 can cause instability
within the grid that they are providing power for. This instability will depend on the size of the device
or the farm providing the power. The grid impact causes are highlighted in this section. Limited
dispatchability, which is related to the uncontrolled resources of renewable energy, can compromise
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voltage and frequency stability. These sudden changes and cause high stresses on the electrical grid,
and these stresses can be magnified by high penetration for offshore renewable energy. Groups
including the IEC, the IEEE, ENTSO‑E, and EQUIMAR have worked to develop grid connection
standards for offshore renewable energy converters where none previously existed to address power
quality concerns and developed standardized methods for evaluating devices and device parks
connected to the grid.
Grid connections requirements for non-wind based offshore renewable energy converters have been
developed based on onshore wind requirements. The requirements address voltage and reactive
power control, frequency and active power control, and low voltage ride through capabilities. These
requirements are all focuses on maintaining a stable and reliable grid in the face of changing load
and power production regimes. There are difficulties in developing these requirements because of
the wide variety of grid standards throughout Europe as well as worldwide. Due to these variations,
this document relied on the ENTSO‑E standards. The ENTSO-E is an association of all TSOs in
European Union and represents all their market and technical issues. The appendix of this report
summarizes the grid codes developed ENTSO-E.
An important aspect of grid code requirements are power quality requirements. Power quality
definitions, requirements, and testing have been addressed by ENTSO-E, the IEC, and the IEEE in
various documents, which highlights their importance. Power quality concerns include DC content,
asymmetry, rapid voltage change, flicker, and harmonic distortion. Any of these concerns can create
problems for grid operators and must avoided by power provider, including offshore renewable
generation systems, as they can directly affect the grid profile, and can be exasperated by certain
existing profile conditions.
Therefore, grid profile testing is a necessary aspect for developing marine and offshore renewable
energy from the research and development stage into a fully commercialised field of energy
generation. Due in large part to a lack of demand, consideration, and funding opportunities, the
publicly available laboratories that specialise in marine and offshore renewable energy research are
not fully equipped to perform the necessary grid testing. The basic tests required include active and
reactive power control, low voltage fault ride through, frequency ride through, and anti-islanding
testing. Some of the equipment already necessary to perform these tests, but some of the equipment
needs to be procured and installed in the relevant laboratories.
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3. Research for realistic grid interaction under
laboratory conditions
3.1

Laboratory testing for device and grid interaction

Ascertaining device and grid connection compatibility is an important step in the development and
eventual commercialisation process for renewable energy generation systems. If a renewable energy
generator cannot be successfully connected to the grid for transmission, then it cannot be
commercially effective. The electrical laboratories available through MaRINET2 are not currently
equipped to perform realistic grid testing.
The facilities available were designed to match researching needs when they were initially developed.
The facilities have been incrementally improved upon; however due to limited demand and available
capital, the improvements were made to satisfy specific projects. There has been some cross-facility
collaboration, where institutions were working together on EU funded projects, but the majority of
the partners developed their facilities to meet their specific needs.
Within the marine renewable energy sector, there has been little demand for grid interaction testing,
particularly testing requiring grid manipulation. As a result, none of the partner test facilities had
previous experience with full grid interaction testing. While trying to implement various testing plans,
several limitations were encountered that indicated that the facilities were not prepared to perform
the necessary testing. These limitations include the incompatibilities between laboratory equipment
and limited control of power electronics, such as lower power rated equipment that does not include
the capabilities of larger power electronic systems. Further details of the limitations encountered by
the partner testing facilities can be found in Deliverable D4.1 [5].
The attempts at realistic grid interaction testing within the available laboratories indicate that
electrical laboratories dedicated to offshore renewable energy research and development require
significant structural upgrades to perform the necessary testing. Section 2.7 briefly describes some
of the equipment required for these upgrades.
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4. Research into improvements for the
infrastructure for future test requirements
4.1

test

Introduction

Since its development at the end of the 19th century, the structure of electrical networks has not
undergone major changes. The energy is generated in large generation centres that connect to a
high voltage AC transport network. This transport network extends from the generation centres to
the vicinity of the consumption centres. Here the voltage level is reduced through the use of
transformers, and the energy is distributed in medium voltage through a distribution network to the
final consumers. This structure is shown schematically in Figure 18. All of it is based on the majority
use of AC (alternating current) due to the possibility of modifying voltage levels efficiently and
robustly through the use of transformers. This does not mean that there have been no technological
advances, it is only related to the structure and associated control scheme.

Figure 18: Traditional structure of electrical networks.

However, today, electricity networks face a revolution that will involve modifying their own structure
and modes of operation. Fundamentally, this change comes from the use of distributed generation
sources of renewable origin and an increasingly widespread use of power converters used to
integrate energy storage systems, install Flexible Alternating Current Transmission System (FACTS),
develop DC (direct current) systems, etc. This change, which has already begun and will be developed
incrementally, is leading to ac networks with a high share of renewable energy sources and strongly
invested with electronic power systems (see Figure 19).
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Figure 19: Modern structure of electrical networks.

In fact, we are already talking about the development of integrated DC networks and operating in a
coordinated manner with the AC network, forming what is known as AC / DC hybrid networks (see
Figure 20). The common denominator of all these changes is the network integration of a large
number of power converters.

Figure 20: Structure of an AC / DC hybrid network.

Based on the recent developments, it can be assumed that the future grid will have the following
characteristics:
-

Large share of power electronic converters
Distributed generation
Fast changes in power productions (wind, solar)
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The following section lists and describes possible challenges that arise from the above developments,
their background, possible solutions and the requirements it will pose on the testing infrastructure.

4.2

Challenges related to future grid development

The integration of a large amount of Offshore Renewable Energy (ORE) to the electrical grid has
several consequences that can affect grid stability, operation and testing methods. Some of these
are:
-

Distributed generation
Large share of devices interfaced though power electronics converters
Large amount of renewable power that is less predictable and varying fast

These changes result in new challenges in the grid. This chapter lists and describes many of the main
challenges.

4.2.1

Power system frequency stability and inertia

4.2.1.1
Background
The frequency of the power system is an indicator of the balance between production and
consumption (active power). For the correct operation of the system, the frequency must be stable
and remain close to its nominal value.
As stated by ENTSO-E [57], system inertia is an essential parameter for frequency stability of the
electricity system as it is a determining factor for frequency changes in case of load imbalances in
the system (frequency sensitivity). Inertial response is a property of directly grid-connected electrical
machines, where the kinetic energy stored in the rotating masses of the rotors acts as a buffer to
overcome the immediate imbalance between power supply and demand for electric power systems.
This response is mostly provided by large synchronous machines. In case of a disturbance (active
power imbalance), the inertia influences two distinct aspects [57]:
1. Rate of Change of Frequency (RoCoF) – df/dt
2. Nadir of the frequency excursion - Δf
4.2.1.2
Challenge
Technology progress has led to an increasing number of electrical machines that are connected to
the power system via a power electronic interface displacing directly grid-connected machines.
Power electronics are used to decouple the machine rotor speed from the grid frequency. This allows
better controllability and is a positive feature for the device.
On the generation side, this is mainly wind power plants replacing other (synchronous machine
based) power plants. On the load side, this is mainly classical motors being replaced by modern
power electronic motor drives. On top of that, the share of loads and sources that do not involve
rotating electrical machines is also increasing. This on the generation side is mainly photovoltaic (PV)
solar power plants, while on the load side a large variety of different power electronic loads
(computers, battery chargers, etc.) are getting connected.
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This decoupling hides the inertia of the machine rotor to the grid. Wind Turbines (WT) have a lot of
kinetic energy stored in the big rotors, but the decoupling of the power converters leads to the lack
of inertial response. While directly connected machines' rotating masses inherently contribute to
system inertia, the converter-connected machines do not.
These developments lead to a decrease of the total power system inertia. Considering grid frequency
being the inertia-weighted average of the rotor speed of the directly grid-connected machines, one
sees that if such decoupling was to be realised for all machines, grid frequency would disappear as
a singularity.
4.2.1.3
Possible solutions
This inertia decrease will accelerate with the continuous changes of the generation portfolio,
resulting in increased frequency sensitivity if no countermeasures are taken. Possible
countermeasures can be separated into three categories:

Faster proportional control response
As the decreasing power system inertia leads to an increasing speed of frequency dynamics, a natural
approach to counteract this is to increase the speed of frequency control. In an ideal linear timeinvariant (LTI) system, behaviour characteristics do not change if all time constants are changed with
the same constant factor. If inertia is reduced by e.g. 50%, possible consequences could be
counteracted by increasing the response speed of all (a majority of) facilities taking part in frequency
control by a factor of two.
Differential control response
Inertia response is related to the Rate of Change of Frequency (RoCoF). If this RoCoF is used as a
control input parameter, an inertia-like response can theoretically be realised in control. Active power
control response being controlled proportional to RoCoF is the most natural inertia-like response.
The main challenge of this approach is the difficulty to measure RoCoF, as a differential operation
on a measured signal is highly sensitive to noise, demanding a low pass filter. Such filtering, however,
slows down the response speed, possibly to a degree where it counteracts the control response's
purpose. There is not yet an established method as to how such RoCoF response should be realised
in practise.
Synthetic inertia
Any rotating electrical machine has a rotor with inertia, that rotates at any moment at a defined
speed. This rotor speed is an important part of what defines the electrical behaviour of a machine at
its terminals. This behaviour can be replicated in control by a defined virtual rotor inertia, with rotor
speed as an inner state. Such a control does imitate the behaviour of a real rotating electrical
machine. Most efforts so far have imitated synchronous machines, although also other machine types
could be imitated similarly. The degree of detail of that imitation is subject to discussion, ranging
from focussing on the virtual rotor speed to completely replicating the behaviour of a synchronous
machine as closely as possible.
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4.2.1.4
State of the art
ORE devices are usually variable speed electrical machines connected to the grid through power
electronics. Each ORE technology may have more or less of its own inertia, but inertia response will
happen if realised with control.
Synthetic inertia (SI) may become an essential aspect in context of frequency stability. Reference [6]
defines synthetic inertia as the facility provided by a power park module or HVDC system to replace
the effect of inertia of a synchronous power generating module to a prescribed level of performance.
This "prescribed level of performance" is essential here, as all three different approaches mentioned
above may achieve a control response within the specifications, possibly without actually emulating
inertia or determining RoCoF. In a system that still has a sufficient amount of inertia, all methods
could contribute to frequency stability. Method one is the easiest to implement, as it does not differ
significantly from the state of the art in control. This method is also the one that has made its way
into the industry.
However, when planning for the future, the amount of grid inertia may become low, RoCoF can
become high, which is a problem that method one can hardly address. At even lower amounts of
system inertia, implying very fast changes of the grid frequency, the process of measuring the
frequency becomes tricky. Method three may be the best alternative, as it does not rely on a
frequency measurement. In future inertia-less grids, only method three may be viable.
Up to now, the synthetic or virtual inertia aspect is only briefly mentioned in ENTSOE-E and other
grid codes. As the share of power electronic connected technology grows the need for synthetic
inertia is likely to become formalised as a stringent requirement for frequency regulation [57].
4.2.1.5
Other aspects
There are mainly 3 inertial response release alternatives [58]:
1. Provide a supplementary signal on the detected grid frequency variations or its differential
to the torque/power or speed references. This emulates the inertial response by changing
the response behaviours of the commonly designed power control system when triggered
by frequency events, by altering the reference value of either the active power/torque or
speed.
2. As a measurement and synchronization unit, the performance requirement for Phase Locked
Loops (PLLs) currently is as fast and accurate as possible to capture the phase angle of grid
voltage. As a result, the inertia of WTs is hidden without any response to the
electromechanical disturbance in the grid. To release the inertial response of WTs, the
dynamic response of the PLL can be optimized and the PLL’s dynamic is utilized to enable
the inertial response. The inertial response released by this method is spontaneous, passive,
and natural. Though this inertial response is directly related the disturbance in the grid
without any closed-loop control, which can respond faster but may cause an over-inertial
response to threaten the safety and stability of WT’s operations.
3. Virtual synchronous control was developed to emulate synchronous generators to embed
inertial response in grid-connected voltage source converters (VSCs) as virtual synchronous
generators/machines. Essentially the virtual synchronous control regulates the magnitude
and phase of the VSC’s output voltage according to active and reactive power errors. The
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virtual synchronous control alters the synchronization and power control method of WTs
together. Due to the removal of the PLL, WTs can get more stability in weak grids based on
the virtual synchronous control. The virtual-synchronous-control-based inertial response is
spontaneous and natural without feedback or closed loop control, which can provide
excellent dynamic support capacity for the grid frequency, but overlarge grid disturbances
may arouse a quite sharp inertial response that can affect WT’s safety and stability.
4.2.1.6
Requirements for test infrastructure
• Hardware in the loop equipment
• Realtime simulated electricity grid, to be able to test frequency disturbances

4.2.2

Power system protection

4.2.2.1
Background
Existing protection systems are often based on the premises of an a priori known current flow
direction and the easy observability of a fault through a high current.
4.2.2.2
Challenge
Power electronic based distributed generation units are being installed in large numbers in the low
voltage grid. Also new kinds of power electronic loads (electric vehicle chargers) are growing in
numbers. This has consequences for the behaviour of the distribution grids:
•

•

The traditional power flow direction from higher to lower voltage levels is no longer valid,
and flows can have both direction on basically any power line. Direction can reverse
spontaneously at any moment.
The short circuit current level is reduced, as the power electronic converters do not (and
cannot) provide a short circuit current that is significantly larger than rated current.

4.2.2.3
Possible solutions
These developments significantly influence the protection schemes. The protection strategy and the
utilised devices have therefore to be redesigned and/or adapted to cope with the new conditions.
An example of an improved scheme is a fault localization and protection based on traveling waves
[59].
4.2.2.4
Requirements for test infrastructure
Accurate measuring of fast traveling waves requires measurement and processing devices with very
broad bandwidth.

4.2.3

Islanded operation of microgrids

4.2.3.1
Background
A microgrid is a group of interconnected loads and distributed energy resources (DER) with clearly
defined electrical boundaries that acts as a single controllable entity with respect to the grid. While,
there have been many discussions recently regarding microgrids, there is no clear definition of how
they are operated, but as long as they are connected to the regular electricity grid, operation does
not need to differ significantly from regular operation of a distribution grid. Such a grid connected
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microgrid could still rely on the main grid regarding various aspects on network control. An islanded
microgrid without connection to the main grid would need to solve all problems and provide all
services internally.
4.2.3.2
Challenges
The operation of islanded microgrids is challenging for a variety of reasons:
•
•
•
•

Solar power output can change quickly (incoming cloud)
Large single loads, significant load steps
No external slack bus to handle imbalances
Low or zero inertia

An additional challenge would be the procedures of connecting and disconnecting from the main
grid.
4.2.3.3

Possible solutions

Grid forming converter control
The traditional control scheme for power electronic converters "grid following control", with a PLL
that synchronises to the grid frequency only works when there are directly grid-connected rotating
electrical machines which define that grid frequency. The presence of such a frequency-defining
machine cannot be taken for granted in a microgrid. Improvements of grid following control, often
called "grid supporting control" do not help at all in that respect. Only grid forming control can be
applied, and an essential challenge here is that the control needs to function for both islanded and
grid-connected operation, ideally without a change in the control mode. Solar power with grid
forming control could be an essential asset in the operation of an islanded microgrid. Grid forming
control has many common aspects with section 4.2.1.3 “Synthetic inertia”.
Demand response
The usual strategy for keeping the active power balance in an electricity grid is that the generation
is responsible for matching the load; in this respect the load is seen as "given". If the main power
source in microgrids is PV-based solar power, this balancing strategy cannot be applied, especially
at night. The demand can therefore not be taken as "given, but it has to be flexible and take part in
achieving the power balance. There are various means as to how the load can take part in demand
response, especially power electronic converter loads as their response can be defined as desired by
controls. Also, SI as described in section 4.2.1.3 can be provided from loads.
Energy storage
For keeping the balance in an islanded microgrid, storage can play a major role. The main storage
technology today is batteries, but other technologies, like flywheels and gravity-based storage
options are being researched. It cannot be said that storage is absolutely necessary to achieve stable
control, but it does help. Storage also helps to improve the overall performance of microgrids in the
sense that loads can consume, and sources can produce to a larger extent as they desire. However,
when the microgrid is connected to the main grid, the operational scheme of a storage unit will be
different, as it will not be needed to help keep the local balance, but rather sell services and trade
energy to the main grid. An essential control challenge is to combine those two operational schemes
in a way that can handle a sudden unexpected disconnection event from the main grid without
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disruption of stable operation. Battery storage units with bidirectional converters are the most
common hardware platform for grid forming control with synthetic inertia.
4.2.3.4
Requirements for test infrastructure
• Complex lab setup representing the entire microgrid with a variety of devices
• Realtime-simulated main grid with sufficient short circuit capability (inrush currents during
grid-coupling)
• Energy storage options with bidirectional converters and changeable control

4.2.4

Harmonic stability and resonant interactions

4.2.4.1
Background
The majority of devices that are and will be connected via power electronics converters will use
voltage source converter (VSC) technology. VSC converters have multiple control loops working at
various frequencies, e.g. slow dc voltage control and much faster current control.
4.2.4.2
Challenge
The multiple control loops can act at various frequency relating to the system frequency and to the
switching frequency of the converter. This causes the equivalent impedance of the converter to be
frequency dependent. Depending on the specific control algorithm, at a particular frequency, the
real part of the admittance might not necessarily be positive, it might also be zero or even negative.
A negative real part defines an unstable system. When connected to an external electrical system, a
VSC might lead to a damped, under-damped, critically damped, or overdamped resonances at
various frequencies. With more VSC-connected devices, the interactions between the system and the
power electronic converters can be very difficult to understand, as they do not depend on the passive
system alone but also on the specific control algorithms and operating points of the devices. Such
interactions can cause power quality problems but, in some cases, it can also cause system instability.
This is often referred to as harmonic instability and it differs from the passive harmonic resonance
by its dependence on the control dynamics of converters, not only on the passive grid [60].
4.2.4.3
Possible solutions
• New or improved methods for stability assessment. This is a topic of an ongoing work in a
Cigré group WG C4.49i that started in 2018.
• Accurate models of power electronics converters. Often, detailed models (including control)
are not available as this is a proprietary information of vendors. This is one of the topics of
an ongoing work in a Cigré WG B4.81ii that started in 2019. There are many different possible
solutions, e.g.
o To create a black box model of the converter. A black-box model represents the
behaviour of the device at its terminals and does not reveal information on how this
behaviour is obtained (e.g. control algorithms)

i

Cigré WG C4.49: Multi-frequency stability of converter-based modern power systems.
Cigré WG B4.81: Interaction between nearby VSC-HVDC converters, FACTs devices, HV power
electronic devices and conventional AC equipment.
ii
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o

To measure the behaviour of a real device and to make a model based on the
measurements

4.2.4.4
Requirements for test infrastructure
• Grid representation with sufficient bandwidth to test harmonic interaction
• Detailed representation of a larger part of the grid to facilitate the resonant interactions
• High frequency data collection required to monitor harmonic systems
o The IEC 62600-30 standard on power quality can be used as a guide for required
equipment

4.2.5

Other issues particular to ORE systems

The transition from relatively few large-scale generation units, to orders of magnitude of smaller
distributed generation units in an offshore environment, gives rise to other issues like:
•

•

4.2.6

The increased difficulty in carrying out maintenance and inspection of the larger number of
generation units, often in remote hard-to-reach locations.
o While maintenance requirements for power converters are quite low, operation in an
offshore setting will likely mean that any ventilation for devices might experience
airflow with high saline content, possibly affecting lifetime. This environmental
condition also has implications for PTO and generator selection [61].
o To aid in planning and cost reductions for maintenance events, condition monitoring
systems are used. One conditioning monitoring strategy called Current Signature
Analysis, measures currents close to the renewable devices, to help identify
harmonics due to mechanical degradation.
To ensure robustness due to the short thermal time constant of power electronic
components, power converters for ORE systems should be sized and rated to handle any
possible power peak inputs [62]. In contras equipment like generators and transformers are
typically able to handle short periods of overload.

Other new technological developments

Cyber security
With the remote operation of ORE devices and managing power systems over internet connected
computers, the security of the power grid and ORE devices against cyber-attacks is an important
consideration in the development of the future grid. The importance of cyber security, careful data
management and operation was highlighted in recent cyber-attacks in the Ukraine in 2016 and 2015
which led to power cuts.
Standard validation laboratories
As recent grid codes come into force to protect the operation of the European grids, the operational
requirements for power converters in the distributed generation sector have been formalised. These
power converters will need to demonstrate functionality and achieve these standards requirements
like those in IEC and IEEE as well as standards specified in the ENTSO-E grid codes. As power
converters also increase in size, carrying out all standards tests (like HVRT and LVRT) in the field
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becomes more difficult. Suitable testing and validation laboratories will be required for these large
converters and these will give developers confidence in the operation of these devices and help derisk the ORE sector.
DC grids
DC grids for ORE technology has been researched before and one of the barriers to their
implementation was the availability of protection devices which has been addressed [63]. While there
are no operational DC grids, interconnecting an array/farm of ORE devices and interconnecting grids,
leads to a renewed interest in HVDC technology. If successful, this would change the typical standalone AC-AC power converters to AC-DCs where multiple devices are aggregated onto a common
HVDC bus. Transformers would be replaced by power converters.

4.3

Developments in test infrastructure

Simulation technology evolved from large analogue simulators to hybrid systems to fully real time
digital simulators. Large analogue systems were used in the 1960's for simulation of HVDC systems
and some analogue Transient Network Analyzers were used to simulate and study electric systems
even earlier (power flow, short circuit calculations, etc.). Development of modern digital computers
had a major impact on the speed and cost of calculations. The appearance of fast computational
systems, e.g. microprocessors, digital signal processors (DSP), FPGA (Field-Programmable Gate
Arrays), increased considerably computational speeds and allowed for reaching computational time
steps of nanoseconds in real time applications [64]. At the same time, development in switching
technology significantly increased switching frequency which improved interfacing with devices
under test. Moreover, recent developments in semiconductor devices, e.g. Gallium Nitride, promise
much higher switching frequencies with lower losses.
Fast development of both hardware and software of real time simulation and test platforms will most
probably further decrease the prices and increase availability. Cheaper multiple core processors will
allow representation of larger systems with more detail which will improve HIL testing. Improvements
in switching technology will allow for higher bandwidths of interface devices which will improve PHIL
testing.

4.4

Requirements for future test infrastructure. A summary

The majority of challenges presented in this report are related to the increased number of devices
connected to the grid via power electronic converters. Fast switching and fast control of the power
electronic devices will demand higher bandwidth and, possibly, higher flexibility of test setups.
Accurate representation of the complex interaction between converters and the grid, demand very
high processing power. The introduction of microgrids and smart grids (e.g. digital substation) will
increase demand for high speed communication.

4.4.1

Grid code requirements

To understand some of the future requirements and possible new testing procedures for renewable
energy generation according to the development of future European grid codes (ENTSO-E), the
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ENTSO-E network code for the “requirement for generators” is a primary reference [6]. In 2019 this
as well as other connection codes from ENTSO-E were implemented across the EU. These ENTSO-E
connection codes help consolidate and harmonise the various other national grid codes operating
in the EU.
There are different types of power generating modules specified in this code, from type A which is
for connection points below 110 kV and maximum capacity of 0.8 kW to at least 100 kW (if in the
Ireland and Northern Ireland synchronous area grid), to type D, which is at least 10 MW if in Ireland
or at least 75 MW in continental Europe. Each of these types of generating modules will have slightly
different code specifications to meet. For the most basic level, type A power generation modules,
these modules should ensure there is no large-scale loss of generation over system operational
ranges, thereby minimising critical events, and include requirements necessary for widespread
intervention during system-critical events.
To help plan for the testing and development of test infrastructures for offshore wind, tidal and wave
generating technologies, the aim should be to develop testing infrastructures that can recreate and
test the most stringent conditions as laid out in these grid codes [6], even though currently the code
states that generators that are classed as emerging technologies are exempt from most of the
conditions in the code.
•

•

•
•
•

There are a range of minimum time periods for which a generating module has to operate
on different grid frequencies without disconnecting. For example, these currently range from
at most 47 Hz to 52 Hz.
There are also a range of per unit voltages against time profiles to be specified by
Transmission System Operators (TSOs) where these generating modules should remain
connected to the grid and stably operate after the grid has been disturbed by secured faults.
The generators P-Q capability diagram should allow operation at any point so that operation
should be maintained at steady-state stability in the event of power oscillations.
Generators should also allow post-fault active power recovery.
Some generator types may require black start capability or operate in islanded mode
(regulating any dips in voltage caused by demand) while others need only synchronise to the
established grid.

In addition to these grid codes, some TSOs like EirGrid and SONI (System Operator for Northern
Ireland) in Ireland have put together a program named DS3 System Service to help ensure that the
system can operate securely with higher levels of non-synchronous renewable generation (up to 75%
instantaneous penetration). A range of System services are included which offer payments to device
owners for devices which are capable of fulfilling some of these services, from generators,
interconnectors, aggregated generation or demand side units, and energy storage systems. These
services include:
•
•

stored kinetic energy (SIR – Synchronous Inertial Response);
power delivered between time periods from 2 to 10 seconds, to between 20 minutes to 1
hour (FFR – Fast Frequency Response, POR – Primary Operating Reserve, SOR – Secondary
Operating Reserve, TOR1 – Tertiary Operating Reserve 1, TOR2 – Tertiary Operating Reserve
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•
•
•
•

2, RRS – Replacement Reserve - Synchronised, RRD – Replacement Reserve Desynchronised);
the certainty that an increased power output can be delivered to a given time horizon (RM1
– Ramping Margin 1, RM3 – Ramping Margin 3, RM8 – Ramping Margin 8);
active power over a certain percentage within 250 ms of voltage restored to a particular level
after a fault (FPFAPR – Fast Post Fault Active Power Recovery);
percentage capacity that reactive power capability is achievable (SSRP – Steady State
Reactive Power);
reactive power capability during large voltage dips (DRR – Dynamic Reactive Response).

It is noted that the ENTSO-E network code for the “requirement for generators” [6] states: “offshore
power-generating modules connected to the interconnected system shall meet the requirements for
onshore power-generating modules, unless the requirements are modified for this purpose by the
relevant system operator or unless the connection of power park modules is via a high voltage direct
current connection or via a network whose frequency is not synchronously coupled to that of the
main interconnected system (such as via a back-to-back convertor scheme).”
As part of compliance testing simulation of the performance of individual power-generating modules
within a power-generating facility shall aim at demonstrating that the requirements of the regulation
code have been fulfilled.
The code also specifies details with regard to information exchange, and that generating facilities
shall be capable of exchanging information with the relevant system operator or the relevant TSO in
real-time or periodically with time stamping as specified by the relevant TSO. With regards to
instrumentation, power-generating facilities shall be equipped with a facility to provide fault
recording and monitoring of dynamic system behaviour, recording the following parameters –
voltage, active power, reactive power and frequency.

4.4.2

Future trends

Large dispatchable fossil fuel based electrical generation is being replaced by more and more
distributed smaller alternatives included offshore renewables. This leads to additional difficulties with
the management of power balancing from the grid operator’s perspective. Aggregated generation
or aggregated demand side units is an area of research which is expected to play a bigger role in the
future grid as these distributed renewable energy systems including residential installations, EVs and
home battery systems installations continue helping decarbonise the grid [11].
Another future trend is the continued development of microgrids and smart grids to improve grid
robustness and flexibility. Developing grid testing methods for offshore renewables in the microgrid
and smart grid context, will aid in their increased market penetration.

4.4.3

Research into improvements for test infrastructures

To aid in the development and research of renewable energy systems from the point of view of future
grid compliance operation, a number of options are available for test centres. These include:
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-

-

-

-

Advanced simulation capabilities
o Simulations that encompass the interactions and performance of the renewable
energy device with the grid during start-up, steady state performance, transient
events, faults, and shut-down conditions. The required operation during the varying
grid voltage, and frequency events as outlined in the grid code above under a range
of resource availability for sites of interest can be investigated.
o Later simulations of devices can be improved after hardware or in-the-field testing.
o Simulations allow investigation of aggregations of various electrical energy sources
and sinks including wind/wave/tidal farms, battery systems, controllable loads.
Hardware testing
o To test various parts of the renewable energy systems’ PTO, different types of
equipment would be required.
 Devices to drive a generator in a lab setting.
 To recreate the varying conditions and events specified in the grid
regulations [6] back-to-back power converters can be utilised exchanging
power with the main grid connection to the test centre. These devices often
allow full control of voltage and frequency to satisfy most generator
operating conditions in the regulations.
 Many renewable energy systems employ back-to-back power converters too
to allow full controllability of their P-Q capability curve and test centres could
use these back to back converters to recreate the performance of various
renewable energy technologies. This could allow different control schemes
to be tested.
 Microgrids with a variety of loads, sources and energy storage capability
allow black start and islanded operation investigations.
Power hardware in the loop
o Power hardware in the loop (PHIL) combines simulation capabilities with hardware
testing. This allows recreation of the electrical hardware performance, including the
generator’s interaction with its controlling equipment and grid, with the simulated
turbine’s interaction with the renewable energy resource. Manufacturers of PHIL
equipment include:
 EGSTON Power
 OPAL-RT
 National Instruments
 SpeedGoat
 PLECS
 RTDS
 dSPACE
Data management and metering
o To measure harmonics, high resolution metering is required as part of the test
infrastructure. This metering will result in large datasets during testing, and data
management plans should be developed to backup and secure the data. The option
of access to the test data being made available on online repositories for further
investigation/validation in the research community in the future should be clarified.

Page 68 of 107

MaRINET2 – Present and Future grid connection testing

o

Smart meters are being installed throughout the world. Researching and testing the
capabilities and consequences of these smart meters in a microgrid and local grid
setting are opportunities for improvements for test infrastructures.

With simulation, hardware, or power hardware in the loop test infrastructures, the test infrastructure
is aiming to establish what a particular renewable device can and cannot do, based on its inherent
design, storage etc, with regard to grid code compliance and identify improvements that could be
made. For example, if the code states that a certain power output is required for a certain amount of
time during a fault, and that the device continue operating during the fault, testing may determine
that the renewable energy system is unable to satisfy this constraint without encountering a stall
speed and stopping, and the option of including extra energy storage may need to be investigated.
As well as grid code compliance testing, test centres could aim to allow their test labs to validate
equipment against industry wide specifications (including certification) as well as offer calibration
services.
Designing the test infrastructure to be flexible to allow many configurations and devices to be tested
is key. Using hardware that can be interconnected easily to a variety of points, and allows powers or
capabilities to be scaled up, treating each hardware system like an individual building block (e.g.
flexible loads, flexible metering, expandable data processing) should aid in future upgrades.
Constraints to this idea include:
-

Lack of money/funding to cover all configurations
Lack of space to house necessary equipment
Lack of time and personnel to maintain, operate and setup testing

Coordinating test infrastructure improvements with other European partners, as carried out here,
allows different configurations to be improved at different locations to ensure that most possible
marine renewable energy systems can be tested. Maintaining communication chains within these
centres also allow improved testing, ensuring gaps are identified and addressed during funding
sourcing. Training of personnel, encouraging attendance and organising networking events
consisting of test centre personnel and developers, and being part of standards and grid code
development committees would help ensure facilities and testing continues to be state of the art.
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5. Research on adaptable components for real test
capability
This section details the work completed involving the research on adaptable components for real
test capability. This section is intended to communicate the capabilities of the Partner’s various test
infrastructures, describe desired future testing to be completed and identify the key adaptable
components to realise these desired testing capabilities. The high adaptability of test benches is
often obtained by using real time digital simulations to emulate the behaviour of physical
components that the Device under Test (DUT) is connected to. Therefore, this report focuses mainly
on Hardware in the Loop (HIL) and Power Hardware in the Loop (PHIL) capabilities of the partner
laboratories.

5.1

Power Hardware in the Loop

Most renewables utilise power converters to connect to the grid, and as more renewables are
connected, there will be challenges in integrating these additional energy resources into the existing
electrical grid. The Hardware in the Loop (HIL) methodology is used to test complex systems in the
offshore renewable industry. It allows for the virtual replication of a dynamic system that serves as
the environment around the equipment being tested. It integrates physical hardware and software
models in a single closed – loop simulation. PHIL adapts the original HIL concept, to create a test
bed of electrical devices such as motors, inverters, converters etc at full electrical power. By using
software simulations to emulate the electric distribution network, PHIL testing ensures new electrical
hardware works seamlessly with the utility distribution network at current load levels before it is
integrated into the system. It allows for the real time simulation of environment exchanges, not only
of low-power analogue/digital signals and data through communication protocols with a control
device under test (DUT), but also offers the capability of emulating a physical plant or power device.
Virtual equipment can be further interfaced with a power-DUT, using a power amplifier on signals
provided by the real-time simulator. These simulations occur within a laboratory to ascertain no
damage to the equipment, utilities distribution network or its customers.
OPAL-RT, the main software provider of PHIL operations for the MaRINET2 Partners, succinctly
defines PHIL simulation as the integrated simulation of a complete system with one part simulated
numerically and the other part using real devices. Figure 21 illustrates the PHIL process schematically
where within the loop, the PHIL simulator receives feedback information from both the DUT and the
real time simulator of the grid or network and adjusts the testing power of the 4-quadrant (4Q)
amplifiers accordingly.
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Figure 21 Schematic of Power Hardware in the Loop operation source (opal-rt.com)

5.1.1
•

Benefits of PHIL testing
PHIL allows developers to test a wider range of scenarios than previous analogue benches
or dynos with less maintenance and setup time. This supports testing of hardware over a
wider variation of parameters, characteristics and fault types.

•

PHIL not only interacts with the hardware being tested, but can also simulate the
communication networks, allowing multiple protocols into a single system.

•

PHIL simulators are robust, flexible, and reliable, to allow for multiple investigations for
multiple programmes or research.

5.1.2
•

Challenges of PHIL testing
It is currently not a requirement from the grid to complete PHIL simulations, therefore there
are no demanded grid code tests using PHIL testing facilities.

•

The communication response time between the software and the hardware amplifier is
required to be less than the response time of the device under test.

•

5.1.3
•

Initial investment costs of the amplifier.

PHIL vs. HIL
HIL and PHIL are test platforms that use real time digital simulation platforms to emulate the
behaviour of devices/systems to which the DUT is connected.

•

In HIL tests, only control and measurement signals are exchanged between real time
simulator and the DUT. Therefore, this method is usually used to test control algorithms, e.g.
in controllers or protection system relays.
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•

PHIL extends the capabilities of HIL by adding power interface between real time simulator
and DUT. This allows testing electrical devices as close as possible to their real operating
conditions.

5.2 Test Facility Capabilities
In this section the capabilities of each of the testing infrastructures for T4.4 Partners is listed and
summarised in Table 8.

5.2.1

Marine and Renewable Energy Ireland

Ireland’s ocean energy test facility, Lir, is situated at the MaREI (Marine and Renewable Energy
Ireland) Centre. Within Lir there are numerous electrical test rigs and a microgrid for electrical testing
and research. The main turbine emulator is rated at 400V and 22kW nominal power. Its flexible design
allows for islanded, direct and indirect connection to the grid of various types of generator by means
of its adjustable generator configuration under various reprogrammable control schemes. This
flexibility also affords adjustable inertia testing requirements.
The microgrid is dual bus system allowing various electrical loads, sources and emulators to connect,
including a 30 kVA diesel generator. The microgrid is rated up to 480V AC with the battery voltage,
rated to 410V DC. In islanded mode, a back to back AC-DC-AC power converter has grid emulator
capabilities and is rated up to 90 kVA connection. The power hardware in the loop (PHIL) functionality
simulator present is an OPAL-RT or a Triphase devices interfaced with using Simulink. The minimum
simulation time step for the PHIL functionality is in the range of µs.

5.2.2

European Marine Energy Centre

The European Marine Energy Centre, EMEC, offers grid connected testing facilities for wave devices
and tidal devices. The grid connected wave test site at Billia Croo has an export capacity of 7MW,
whereas the grid connected tidal test site at Eday has a 4MW export capacity. Both are a 11kV
connection to the local distribution network.
There are no grid emulation infrastructures at EMEC, nor PHIL capabilities.

5.2.3

SINTEF

SINTEF, in partnership with NTNU, established and operate a new National Smart Grid Laboratory at
Trondheim. A key feature of the smart-grid laboratory is the ability to integrate real time simulations
with physical power system assets. The physical assets can range between induction
generators/motors, synchronous generators/motors and permanent magnet generators/motors.
The microgrid emulator infrastructure present is an AC/DC/AC topology, 400V AC voltage and 700V
DC voltage and power rated to 200kVA. The grid is capable of emulating low value ride through
disturbances and harmonic injections up to 5kHz.
The PHIL functionality simulator present is an OPAL-RT configuration, with a minimum time step of
30µs.

5.2.4

TECNALIA

At TECNALIA there is the Electrical Power Take Off (PTO) Lab, which focuses on emulating the
mechanical output of a primary mover such as an ocean device or a wind turbine. The motor is rated
15kW nominal speed, 28kW peak power. The generator test bed offers two options of an 11kW 400V

Page 72 of 107

MaRINET2 – Present and Future grid connection testing

squirrel cage induction generator or a 10kW 400V doubly fed induction generator. The prime mover
emulator can emulate the torque, speed, power, inertia etc. The generator is controlled with a PLC
generator controller loop with a minimum time step of 10ms.
The THOR lab at TECNALIA is a 1.25MW, extendable to 5MW, 3300V flexible grid to test power
electronic equipment. THOR allows for testing of whether a system complies with any Grid Code or
how its performance affects the grid quality.

5.2.5

Offshore Renewable Energy Catapult

At ORE Catapult there is the grid emulation system, eGrid. The topology present at eGrid is a back
to back AC/DC/AC converter system. The infrastructure is rated at 18MVA, with 5000V DC voltage
and two-tapping transformer that provides options of 11kV AC voltage or 14.5kV. It has an 11kV
connection to the local distribution network. Furthermore, is can offer transient 70MVA power for
250ms every 10 minutes.
The grid emulator is capable of emulating various grid disturbances including low voltage ride
through faults, high voltage ride through faults, change in grid frequencies from 45-65 Hz and 5th
and 7th harmonic injections. The real time simulator is an OPAL-RT system with a minimum simulation
time step of 1ms.
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Table 8: Summary of Partner testing capabilities

MaRINET2 Partner

Current Tes ng Infrastructure Capabili es

MaREI

•

Turbine emulator rated at 400V, 22kW nominal power

•

The microgrid is rated up to 480V AC, with mul6ple loads and sources
available for connec6on.

EMEC

•

The grid emulator is rated up to 90 kVA connec6on to the local grid.

•

PHIL func6onality present, OPAL -RT, minimum 6me step µs.

•

7MW export capacity to grid at wave test site, 4MW export capacity at 6dal
test site.

SINTEF

•

No grid emula6on infrastructure.

•

No PHIL capabili6es.

•

Physical assets of various motors/generators can be integrated with real
6me simula6ons.

•

Microgrid emulator is rated up to 400V AC, 700V DC.

•

Rated to 200kVA and capable of emula6ng low value ride through
disturbances and harmonic injec6ons up to 5kHz.

TECNALIA

•

PHIL func6onality present, OPAL-RT, minimum 6me step 30µs.

•

Primary mover replica6on up to 15kW nominal and 28kW peak.

•

The generator is controlled with a PLC generator controller loop with a
minimum 6me step of 10ms.

•

1.25MW ﬂexible grid lab extendable to 5MW, 3300V to test power
electronic equipment

ORE Catapult

•

No PHIL capabili6es stated

•

Grid emulator rated at 18MVA, 5kV DC, 11kV and 14.5kV AC.

•

11kV connec6on to local grid, produce 70MVA for 250ms per 10 mins.

•

Grid emulator capable of emula6ng low voltage ride through faults, high
voltage ride through faults, change in grid frequencies from 45-65 Hz and
5th and 7th harmonic injec6ons.

•

PHIL func6onality present, OPAL-RT, minimum 6me step 1ms.
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5.3 Future Desired Capabilities & Component Identification for PHIL
Enhancement
Within this section the desired future testing capabilities for each of the Partners is listed. The desired
testing capabilities range from grid compliance tests to advancements on current grid codes
including black start, islanding operation etc. The key component for PHIL has been identified. Table
9 summarises the capabilities and identified components for each Partner.

5.3.1

MaREI

MaREI has expressed a desire to further develop the grid testing capabilities of the current testing
infrastructure. Specifically, this is to include EirGrid grid codes and the IEC standard IEC62600-30
Marine energy - Wave, tidal and other water current converters - Part 30: Electrical power quality
requirements. MaREI are anticipating future testing to be HIL testing with grid fault/transient
emulation and wish to develop fault/transient models to be incorporated with future grid code
testing.
At MaREI, there are 3 power converters, one acting as the voltage source of the grid, the second acts
as a load or source emulator and the third is tied to a 5kWh lithium ion battery. There is a wish to
connect all these converters together for future test scenarios. The voltage source power converter
is hoped to be used as grid emulator connected to a prime mover test rig. These scenarios are
currently not possible.
The bi-directional voltage source converter can act as a power amplifier to the OPAL-RT based PHIL
digital simulator. Power amplifiers are selected, among other things, based on their closed-loop
performance and ability to generate and absorb power. This is envisioned to allow MaREI to simulate
actual/standard IEEE grid models.

5.3.2

EMEC

No questionnaire response received, no current grid emulation capabilities and no PHIL
enhancements can therefore be identified.

5.3.3

SINTEF

SINTEF has a micro grid emulator and PHIL capabilities using OPAL-RT software. SINTEF anticipates
future testing to offer frequency support from a wind turbine, HVDC control and inertia support.
WAMPAC (wide area monitoring, protection and control) is named as an expected future testing area
to improve grid planning, operation, maintenance, and energy trading. Support is requested for
additional standard communication protocols.
PHIL enhancement is identified for the additional communication protocols, leading way to multisite PHIL simulations. Similarly, power amplifiers are identified to increase the power level of the
current micro grid for future testing.

5.3.4

TECNALIA

TECNALIA anticipates their future testing scenarios to support time varying programmable tidal and
wind turbines. The need is to emulate the characteristics of differing under sea states, sea currents
and wind conditions using the variable inertia equipment.
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From this the component identified for PHIL enhancement is the need for a real time emulator, which
when considering Figure 21Figure 21 Schematic of Power Hardware in the Loop operation source
(opal-rt.com), is housed within the PHIL offerings of OPAL-RT. The real time emulator receives
feedback signals from the DUT and updates the power amplifier accordingly. Therefore, a power
amplifier may be required to emulate larger power testing scenarios.

5.3.5

ORE Catapult

ORE Catapult wishes to test BS EN IEC 61400-21-1: 2019, and the grid codes of the UK, Germany,
Denmark etc. Future expected test scenarios are multi-site PHIL simulations, and to achieve this, ORE
Catapult has identified that future testing will need to identify another PHIL facility at a different site,
select a methodology to link the PHIL’s at the multiple sites and assess the expected delay between
the two sites. Further to this, simulations will need to be defined for multi-site PHIL testing.
The area identified for PHIL enhancement is the grid emulator, with the aim of reducing the delay
between sites during communication. Furthermore, a real time simulator is identified to emulate grid
static and dynamic events.

5.3.6

Other testing capabilities

Although PHIL is the keypoint of the document, there are other capabilities that would increase the
testing options of the facilities. Two important debilities have been found in Partners infrastructures,
that would allow an improvement of the testing offer:
‐

Variable inertia would facilitate scaling. Because when users come to test, their device does
not match the power/speed/inertia of our testbench. Using Froude scale for one variable,
implies having to use a different scale for the others as our testbench has fixed limits. A
variable inertia would help in the task.

‐

Adaptable/ programable Power electronics: For grid connection testing capability, robust
grid synchronization methods must be implemented on the power converter (starting from
basic PLLs to other more advanced methods). Most power converters in the partners
testbenches are commercial and do not permit the access to the inner control loops, so
implementation of these algorithms is not possible. This problem has been widely described
in D4.1 [5].

Table 9: Summary of future testing capabilities and PHIL enhancement identification

MaRINET2 Partner

Future Testing Capabilities

Component for PHIL Enhancement

MaREI

•

Grid fault/transient emulation

•

Digital simulations developed

•

Grid codes

•

Accurate

•

All three converter topologies

interface

present connected.

tested.

SINTEF

feedback
to

power

control
amplifier

•

WAMPAC

•

Amplifier to increase power level

•

Multi-site PHIL simulations

•

Communication

protocols

for

multi-site PHIL
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•

Frequency

support,

HVDC

control and inertia support
TECNALIA

•

Time varying inertia equipment

•

Real time simulator

•

Replication of various sea/wind

•

Amplifier

•

Communication

states
ORE Catapult

•

European grid codes

•

Multi-site PHIL simulations

protocols

for

multi-site PHIL
•

Grid emulator enhancements to
reduce delay

•

Real time simulator for grid static
and dynamic events.
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5.4 Conclusions
In this report the grid emulation and PHIL testing capabilities of each of the Partners has been
reviewed. It was found that:
•

For the Partners with PHIL capabilities, OPAL-RT was the opted for simulation provider.

•

Of the Partners with grid emulators, ORE Catapult was found to have the largest power
ratings (18MVA), with the others being micro-grid emulators. The minimum time step for the
varying emulators ranged from µs’s to 10ms.

•

EMEC has no grid emulation or PHIL capabilities.

The desired future capabilities for each of the Partners testing infrastructures was listed with the key
area or component that can be exploited with PHIL enhancement identified.
•

Multi-site PHIL simulations are predicted by a number of Partners for the future. To achieve
this, communication protocols between the different sites need to be developed and an
enhanced grid emulator to reduce the delays between the sites.

•

To achieve the grid code testing ambitions of the sites larger amplifiers may be needed to
produce the power required.

Real time simulators with PHIL enhancement are needed by some Partners to allow for generation
of various sea/wind testing states
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6. General conclusions and remarks
As the development of the offshore renewable technologies evolves, research on electrical
subsystems and grid integration testing, first under laboratory conditions, and then in real sea
environment is gaining growing interest. The present work has covered 4 subtasks with the aim of
improving laboratory testing knowledge, capabilities and functionalities in order to progress towards
standardized testing and pre-empt future demands.
A review on international standards developed by organisations including the IEC, the IEEE, ENTSO‑E,
and EQUIMAR has been done. First, the IEC TC 114 and TC 88 for the bases for the staged
development approach for dry testing focused on stages 2 and 3, which are general TRL 4-6 have
been described. They focus on optimum operation conditions, no-load conditions, extreme load
condition, and extreme safety conditions, which aim to ensure that all potential conditions are
accounted for in dry testing prior to full deployment in TRL 7-9 testing.
As the connection of offshore renewable energy systems to the grid at TRL 7-9 can cause instability
within the grid that they are providing power for, the grid impact causes have been also highlighted.
Work of different groups and organisations as stated above, in developing grid connection standards
for offshore renewable energy converters, has also been reviewed. The majority of these standards
have been based on existing onshore wind requirements.
Because of the wide variety of grid standards throughout Europe, this document relied on the
ENTSO‑E standards. The ENTSO-E is an association of all TSOs in European Union and represents all
their market and technical issues. The appendix of this report summarizes the grid codes developed
by ENTSO-E.
One of the objectives of this deliverable was to define and perform grid profile testing. The reality
has shown that due in large part to a lack of demand, consideration, and funding opportunities, the
publicly available laboratories that specialise in marine and offshore renewable energy research, are
not fully equipped to perform the necessary grid testing. Hence, this has not been possible.
The use of distributed generation sources of renewable origin among other causes, has highlighted
that electricity networks face a revolution to cope with this additional generation. This change will
mainly involve modifying their own structure and modes of operation. This change is leading to AC
networks with a high share of renewable energy sources and strongly invested with electronic power
systems. This task has described possible challenges that arise from the above developments, their
background, possible solutions and the requirements it will pose on the testing infrastructure.
Finally, user accesses in MaRINET FP7 showed that available test facilities had often physical
limitations that complicated the fulfilment of the desired tests. Section 5 has been devoted to review
the problems encountered trying to give possible solutions to improve the facilities.
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6.1

Future work

The integration of a large amount of Offshore Renewable Energy to the electrical grid has several
implications that can affect grid stability, operation and testing methods. Requirements will continue
evolving and testing will play an important role in these requirements. Necessity may increase the
demand and funding opportunities which might lead to an evolution of the existing facilities and
creation of specific new ones.
This review has shown that there is still much to accomplish.
Regarding the staged development approach for dry testing, future work will review duration of the
tests, number of repetitions, sampling frequency, analysis of the transient and treatment of data.
Grid codes will most likely evolve to adapt their requirements to each technology needs and
challenges, and the standardized work of ENTSO-E will be essential for a uniformed approach. Test
facilities will require upgrading to overcome the encountered limitations, to be able to fulfil grid
connection tests in a controlled environment. Furthermore, grid connection of complete arrays of
devices will have to be tested it those facilities including powerful simulation techniques for analyzing
aggregation effects.
Overall, grid connection of Offshore Renewable Systems is changing the grid itself. Energy sources
will have to accommodate to more demanding requirements and testing will be a crucial issue.
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Appendix A.
NC [6]

General Requirements according to RfG-

The main objective of this appendix is to summarise the main requirements for power park modules
defined in RfG-NC [6] to facilitate its reading and to identify the main aspects to be taken into
account. The information in this document should be used as a guide and not to replace the regulation.
The aim is to contextualise the compliance tests described in section Appendix B.
This Regulation establishes a network code which lays down the requirements for grid connection of
power-generating facilities, namely synchronous power-generating modules, power park modules
and offshore power park modules, to the interconnected system. It, therefore, helps to ensure fair
conditions of competition in the internal electricity market, to ensure system security and the
integration of renewable electricity sources, and to facilitate Union-wide trade in electricity.
This regulation also lays down the obligations for ensuring that system operators make appropriate
use of the power-generating facilities' capabilities in a transparent and non-discriminatory manner
to provide a level playing field throughout the Union.” [6].
In the regulation, four groups are defined in order to classify the generation and the related
requirements.
1

Synchronous power-generating modules: 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.

2

Power park modules: a unit or ensemble of units generating electricity, which is either nonsynchronously 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.

3

Offshore power park modules: a power park module located offshore with an offshore connection
pointiii.

4

Power-generating modules: either a synchronous power-generating module or a power park
module

As stated in RfG-NC Article 3(1): “The connection requirements set out in this Regulation shall apply
to new power-generating modules which are considered significant in accordance with Article 5” (Table
10).
Likewise, RfG-NC shall not apply to (Article 3(2)):

iii

An AC-connected power park module located offshore which does not have an offshore connection
point shall be considered as an onshore power park module and thus shall comply with the
requirements governing power park modules situated onshore.
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(a) Power-generating modules connected to the transmission system and distribution systems,
or to parts of the transmission system or distribution systems, of islands of Member States
of which the systems are not operated synchronously with either the Continental Europe,
Great Britain, Nordic, Ireland and Northern Ireland or Baltic synchronous area;
(b) power-generating modules that were installed to provide back-up power and operate in
parallel with the system for less than five minutes per calendar month while the system is in
normal system state. Parallel operation during maintenance or commissioning tests of that
power-generating module shall not count towards the five-minute limit;
(c) power-generating modules that do not have a permanent connection point and are used by
the system operators to temporarily provide power when normal system capacity is partly or
completely unavailable;
(d) storage devices except for pump-storage power-generating modules in accordance with
Article 6(2).
The power-generating modules, as defined in Article 5(1) shall comply with the requirements on the
basis of the voltage level of their connection point and their maximum capacity according to the
categories set out in Article 5(2).
Table 10: Determination of significance according to Article 5 of RfG-NC [6]

Maximum capacity iv
≥ 0.8 kW
At or above a threshold proposed by each relevant TSO in
accordance with the procedure laid out in Article5(3)
At or above a threshold specified by each relevant TSO in
accordance with Article 5(3)
-At or above a threshold specified in accordance with Article 5(3)
29 of TITLE III CHAPTER 1: “Connection of new power-generating modules”

Type
A
B

Connection point
< 110 kV
< 110 kV

C

< 110 kV

≥ 110 kV
< 110 kV
Additionally, Article
defines that:
D

1

The power-generating facility owner shall demonstrate to the relevant system operator that it
has complied with the requirements set out in Title II of this Regulation by completing
successfully the operational notification procedure for connection of each power-generating
module described in Articles 30 to 37

2

The relevant system operator shall clarify and make publicly available the details of the
operational notification procedure

iv

The threshold shall not be above the limits for each type power-generating modules defined in RfGNC Table 1.
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In the following sections general main requirements for power-generating modules, as well as,
specific requirements for power park modules are summarised v. Power park modules of type A do
not have additional specific requirements.

A. 1 Type A
A.1.1 General requirements for power-generating modules
General requirements for Type A are established in TITLE II CHAPTER 1 Article 13.
1

2

3
4

5

6
7

Frequency stability
(a) Frequency ranges
(i) Remain connected to the network & operate: Frequency range / Time periods.
(b) Rate of change of frequency.
(i) Stay connected to the network & operate at rates of change of frequency up to a value
specified by the relevant TSO.
Limited Frequency Sensitive Mode - Over frequency (LFSM-O).
(a) Shall be capable of activating power frequency response at a frequency threshold and droop
settings
(TSO).
Instead TSO may choose to allow within its control area automatic disconnection and
reconnection of power-generating modules of Type A at randomised frequencies, ideally
uniformly distributed, above a frequency threshold.
(b) Frequency threshold: 50.2-50.5 Hz.
(b) Droop settings: 2-12%.
(c) Frequency response initial delay <2s.
(d) Stable operation.
(e) Priority: LFSM-O setpoint will prevail over any other active power setpoints.
Constant output (active power) regardless changes in frequency (exceptions: LFSM-O & falling
frequency).
TSO: Admissible active power reduction (From max) with falling frequency as a rate of reduction
falling within the boundaries:
(a) <49Hz: each 1Hz reduction rate of 2% of maximum capacity at 50Hz.
(b) <49.5: each 1Hz reduction rate of 10% of maximum capacity at 50Hz.
The admissible active power reduction from maximum output shall:
(a) clearly specify the ambient conditions applicable;
(b) take account of the technical capabilities of power-generating modules.
Shall be equipped with a logic interface (input port) in order to cease active power output within
five seconds following an instruction being received at the input port.
TSO: conditions under which a power-generating module is capable of connecting automatically
to the network.
(a) Frequency range & delay time.
(b) Maximum admissible gradient of increase in active power output.

v

According to Article 23 (1) and, taking into account that most of the park modules will be connected to
an onshore grid, requirements specific for offshore power park modules have not been considered.

Page 88 of 107

MaRINET2 – Present and Future grid connection testing

A. 2 Type B
A.2.1 General requirements for power-generating modules
General requirements for Type B are established in TITLE II CHAPTER 1 Article 14. As stated in Article
14(1) type B power-generating modules shall fulfil most of the requirements define in TITEL II
CHAPTER 1 Article 13 in addition to additional specific requirements for type B.
1
2

3

4
5

TITLE II CHAPTER 1 Article 13 (except 13(2)(b)).
Frequency stability.
(a) Control active power output => shall be equipped with an interface (input port) in order to
be able to reduce active power output following an instruction at the input port.
(b) SO: requirements for further equipment to allow remotely operation.
Robustness.
(a) FRT.
(i) TSO: voltage (PCC) vs. time profile.
(ii) Lower limit of the VPCC (phase-to-phase) for a symmetrical fault: before, during & after.
(iii) Lower limits (II) according to: Figure 3, Table 3.1 & Table 3.2.
(iv) TSO: pre-fault & post-fault conditions terms.
- Pre-fault minimum SCC at the PCC.
- Pre-fault operating point (Ppcc&Qpcc) & Vpcc.
- Post-fault minimum short circuit capacity at the PCC.
(v) Shall be capable of remaining connected to the network and continuing to operate stably
when the actual course of the phase-to-phase voltages on the network voltage level at
the PCC remain above the lower limit specified in point (ii) of 3(a).
- Each TSO: FRT capabilities in case of asymmetrical faults.
System restoration.
Management requirements.
(a) Control schemes & settings (of the different control devices of the power-generating module
that are necessary for transmission system stability and for taking emergency action).
(b) Electrical protection schemes & settings.
(c) Protection & control devices in accordance with the priority ranking (from highest to lowest).
(d) Information Exchange (with SO).
(i) In real time or periodically with time stamping, as specified by the relevant system
operator or the relevant TSO.
(ii) OS & TSO: content of information exchanges including a precise list of data to be
provided by the power-generating facility.

A.2.2 Requirements for power park modules
Requirements for Type B power park modules are established in TITLE II CHAPTER 3 Article 20. As
stated in Article 20(1) type B power park modules shall fulfil most of the requirements define in TITLE
II CHAPTER 1 Article 13 (except for Article 13(2)(b)) and Article 14 in addition to additional specific
requirements for type B park modules.
1
2

CHAPTER 1 Article 13 (except for Article 13(2)(b)) and Article 14.
Voltage stability
(a) Reactive power capability can be specified by the relevant TSO.
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3

(b) Fast fault current at the connection point for symmetrical (3-phase) faults can be required,
by the relevant system operator in coordination with the relevant TSO, under following
conditions
(i) Activation of the supply either by:
- Ensuring the supply at the connection point, or
- At the terminals of the individua units of the power park module.
(ii) Relevant system operator in coordination with the relevant TSO shall specify:
- How and when voltage deviation is to be determined and the end of the deviation.
- The characteristics of the fast fault current, including time domain.
- The timing and the accuracy of the current.
(c) Asymmetrical fast fault current injection may be required at the connection point for
asymmetrical (1-phase, 2-phase) faults.
Robustness
(a) Post-fault active power recovery can be specified by the relevant TSO specifying:
(i) When the post-fault active power recovery begins.
(ii) A maximum allowed time for active power recovery.
(iii) A magnitude and accuracy for active power recovery.

A. 3 Type C
A.3.1 General requirements for power-generating modules
General requirements for Type C are established in TITLE II CHAPTER 1 Article 15. As stated in Article
15(1) type C power-generating modules shall fulfil most of the requirements defined in TITEL II
CHAPTER 1 Article 13 and Article 14 in addition to additional specific requirements for type C.
1

2

TITLE II CHAPTER 1 Article 15
(a) TITLE II CHAPTER 1 Article 13 (except 13(2)(b) & (6))
(b) TITLE II CHAPTER 1 Article 14 (except (2))
Frequency Stability
(a) Active power controllability & control range
(i) Shall be capable of adjusting an active power setpoint in line with instructions given to
the power-generating facility owner by the relevant system operator or the relevant TSO
(ii) TSO shall establish the period within which the setpoint must be reached
(iii) TSO shall specify a tolerance applying the new setpoint & the time within which it must
be reached (subject to the availability of the prime mover resource)
(b) Manual local measures shall be allowed (when automatic remote control out of service)
(i) The relevant SO or the relevant TSO shall notify the regulatory authority of the time
required to reach the setpoint together with the tolerance for the active power
(c) LFSM-U: Limited Frequency Sensitive Mode - Underfrequency (add. to Article 13(2))
(i) Shall be capable of activating the provision of active power frequency response at a
frequency threshold and with a droop specified by the relevant TSO in coordination with
the TSOs of the same synchronous area as follows
- Threshold (specified by the TSO): 49.8-49.5Hz (incl.)
- Droop settings (specified by the TSO): 2-12%
(ii) The actual delivery of active power frequency response (LSFM-U) shall take into account
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(d)

(e)

(f)
(g)

- Ambient conditions (when the response is to be triggered)
- Operating conditions (limitations near max. capacity at low frequencies)
- The availability of the primary energy resource
(iii) The activation of active power frequency response by shall not be delayed. If time delay
>2s justification (TSO) is needed
(iv) Power-generating module shall be capable of providing a power increase up to its max
capacity
(v) Stable operation during LFSM-U shall be ensured
When FSM is operating (add. to (2)(c)), following shall be applied cumulatively
(i) Shall be capable of providing active power frequency response in accordance with the
parameters (specified by TSO) within the ranges shown in Table 4
- OVERFREQUENCY: power frequency response limited by the minimum regulating
level
- UNDERFREQUENCY: power frequency response limited by the minimum regulating
level
(ii) Frequency response dead band of frequency deviation % droop must be able to be
reselected repeatedly
(iii) In the event of a frequency step change, the power-generating module shall be capable
of activating full active power frequency response, at or above the full line shown in
Figure 6 in accordance with the parameters specified by each TSO (which shall aim at
avoiding active power oscillations for the power-generating module) within the ranges
given in Table 5
(iv) The initial activation of active power frequency response required shall not be unduly
delayed. If time delay >2s justification (TSO) is needed. For power-generating modules
without inertia, the relevant TSO may specify a shorter time than two seconds. If the
power-generating facility owner cannot meet this requirement they shall provide
technical evidence demonstrating why a longer time is needed for the initial activation
of active power frequency response
(v) Shall be capable of providing full active power frequency response for a period of
between 15 and 30 minutes as specified by the relevant TSO
(vi) Active power control must not have any adverse impact on the active power frequency
response of power-generating modules
(vii) The parameters specified by the relevant TSO in accordance with points (i), (ii), (iii) and
(v) shall be notified to the relevant regulatory authority
Frequency restoration control: shall provide functionalities complying with specifications
specified by the TSO
(i) Aiming at restoring frequency to its nominal value
(ii) Maintaining power exchange flows between control areas at their scheduled values
Disconnection due to underfrequency: power-generating modules capable of acting as a
load shall be capable of disconnecting their load
Real-time monitoring of FSM
(i) The communication interface shall be equipped to transfer in real time and in a secured
manner at least following signals:
- Status signal of FSM (on/off)
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3

4

5

- Scheduled active power output
- Actual value of the active power output
- Droop & dead band
(ii) Relevant SO & TSO shall specify add. signals to be provided by the power-generating
module in order to verify the performance of the active power frequency response
provision
Voltage Stability: shall be capable of automatic disconnection when voltage at the connection
point reaches levels specified by the SO in coordination with the TSO
(a) The terms and settings for actual automatic disconnection of power-generating modules
shall be specified by the relevant system operator in coordination with the relevant TSO
Robustness
(a) Power oscillations: shall remain steady-state stability when operating at any operating point
of the P-Q-capability diagram
(b) Shall be capable of remaining connected to the network and operating without power
reduction, as long as voltage and frequency remain within the specified limits pursuant to
this Regulation (without prejudice Article 13(4)/13(5)
(c) Shall be capable of remaining connected to the network during single-phase or three-phase
auto-reclosures on meshed network lines
System restoration
(a) Black start capability
(i) Is not mandatory without prejudice to the Member State's rights to introduce obligatory
rules in order to ensure system security
(ii) Shall provide a quotation for providing black start capability
(iii) A power-generating module with black start capability shall be capable of starting from
shutdown without any external electrical energy supply within a time frame specified by
the relevant SO in coordination with the relevant TSO
(iv) A power-generating module with black start capability shall be able to synchronise within
the frequency limits (Article 13(1)(a)) and, where applicable, voltage limits specified by
the relevant SO or in Article 16(2)
(v) A power-generating module with black start capability shall be capable of automatically
regulating dips in voltage caused by connection of demand
(vi) A power-generating module with black start capability shall
- Be capable of regulating load connections in block load
- Be capable of operating in LFSM-O & LFSM-U
- 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
- Be capable of parallel operation of a few power-generating modules within one
island
- Control voltage automatically during the system restoration phase
(b) Capability to take part in island operation
(i) shall be capable of taking part in island operation if required by the relevant system
operator in coordination with the relevant TSO
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the frequency limits for island operation shall be those established in accordance
with point Article 13(1)(a)
- the voltage limits for island operation shall be those established in accordance with
Article 15(3) or Article 16(2), where applicable
(ii) power-generating modules shall be able to operate in FSM during island operation, as
specified in paragraph 2(d)
- In the event of a power surplus, shall be capable of reducing the active power output
from a previous operating point to any new operating point within the P-Q-capability
diagram.
- Shall be capable of reducing active power output as much as inherently technically
feasible, but to at least 55 % of its maximum capacity
(iii) the method for detecting a change from interconnected system operation to island
operation shall be agreed between the power-generating facility owner and the relevant
system operator in coordination with the relevant TSO
(iv) shall be able to operate in LFSM-O and LFSM-U during island operation, as specified in
paragraph 2(c) and Article 13(2)
(c) With regard to quick re-synchronisation capability
(i) in case of disconnection of the power-generating module from the network, the powergenerating module shall be capable of quick re-synchronisation
- in line with the protection strategy agreed between the relevant system operator in
coordination with the relevant TSO and the power-generating facility
(ii) a power-generating module with a minimum re-synchronisation time greater than 15
minutes after its disconnection from any external power supply must be designed to trip
to houseload from any operating point in its P-Q-capability diagram
(iii) power-generating modules shall be capable of continuing operation following tripping
to houseload, irrespective of any auxiliary connection to the external network
General system management requirements
(a) with regard to loss of angular stability or loss of control, a power-generating module shall
be capable of disconnecting automatically from the network in order to help preserve system
security or to prevent damage to the power-generating module.
(b) With regard to instrumentation
(i) shall be equipped with a facility to provide fault recording and monitoring of dynamic
system behaviour (parameters)
- Voltage
- Active power
- Reactive power
- Frequency
(ii) the settings of the fault recording equipment shall be agreed between the powergenerating facility owner and the relevant SO in coordination with the relevant TSO
(iii) the dynamic system behaviour monitoring shall include an oscillation trigger specified
by the relevant system operator in coordination with the relevant TSO, with the purpose
of detecting poorly damped power oscillations
-

6
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(iv) the facilities for quality of supply and dynamic system behaviour monitoring shall include
arrangements for the power-generating facility owner, and the relevant system operator
and the relevant TSO to access the information
(c) With regard to the simulation models
(i) at the request of the relevant system operator or the relevant TSO, the power-generating
facility owner shall provide simulation models which properly reflect the behaviour of the
power-generating module in both steady-state and dynamic simulations (50 Hz
component)
or
in
electromagnetic
transient
simulations.
The power-generating facility owner shall ensure that the models provided have been
verified against the results of compliance tests referred to in CHAPTERs 2, 3 and 4 of Title
IV, and shall notify the results of the verification to the relevant system operator or
relevant TSO
(ii) the models provided by the power-generating facility owner shall contain the following
sub-models (depending on the existence)
- Alternator & prime mover
- Speed & power control
- Voltage control (incl. if app. PSS function & excitation control system)
- Converter models
(iii) the request by the relevant system operator referred to in point (i) shall be coordinated
with the relevant TSO. It shall include
- the format in which models are to be provided
- an estimated of the minimum & maximum short circuit capacity at the CP (MVA), as
an equivalent of the network
(iv) the power-generating facility owner shall provide recordings of the power-generating
module's performance to the relevant system operator or relevant TSO if requested.
A.3.2 Requirements for power park modules
Requirements for Type C power park modules are established in TITLE II CHAPTER 3 Article 21. As
stated in Article 21(1) type C power park modules shall fulfil the requirements listed in CHAPTER 1
Articles 13, except for Article 13(2)(b) and (6), Article 14, except for Article 14(2), Article 15 and Article
20, except for Article 20(2)(a), unless referred to otherwise in point (v) of paragraph 3(d), in addition
to specific requirements for type C park modules.
1

2

3

CHAPTER 1 Articles 13, except for Article 13(2)(b) and (6); Article 14, except for Article 14(2);
Article 15 and Article 20, except for Article 20(2)(a). Unless referred to otherwise in point (v) of
paragraph 3(d).
Frequency stability:
(a) Shall be capable of providing synthetic inertia during very fast frequency deviations (if
specified by the relevant TSO);
(b) The operating principle of control systems installed to provide synthetic inertia and the
associated performance parameters shall be specified by the relevant TSO.
Voltage stability:
(a) Reactive power capability: the relevant system operator may specify supplementary reactive
power if the connection point is neither located at the high-voltage terminals of the step-up

Page 94 of 107

MaRINET2 – Present and Future grid connection testing

transformer to the voltage level of the connection point nor at the convertor terminals, if no
step-up transformer exists.
(b) Reactive power capability at maximum capacity:
(i) the relevant system operator in coordination with the relevant TSO shall specify the
reactive power provision capability requirements in the context of varying voltage. It shall
specify a U-Q/Pmax-profile that may take any shape within the boundaries of which the
power park module shall be capable of providing reactive power at its maximum capacity;
(ii) the U-Q/Pmax-profile shall be specified by each relevant system operator in coordination
with the relevant TSO (as defined in Figure 8 and Table 9 of [6]);
(iii) the reactive power provision capability requirement applies at the connection point.
(c) Reactive power capability below maximum capacity:
(i) the relevant system operator in coordination with the relevant TSO shall specify the
reactive power provision capability requirements and shall specify a P-Q/Pmax-profile
that may take any shape within the boundaries;
(ii) the P-Q/Pmax-profile shall be specified by each relevant system operator in coordination
with the relevant TSO (as defined in Figure 9 and Table 9 of [6]);
(iii) the power park module shall be capable of moving to any operating point within its PQ/Pmax profile in appropriate timescales to target values requested by the relevant
system operator;
(d) Reactive power control modes:
(i) shall be capable of providing reactive power automatically by either voltage control
mode, reactive power control mode or power factor control mode;
(ii) shall be capable of contributing to voltage control at the connection point by provision
of reactive power exchange with the network with a setpoint voltage covering 0,95 to
1,05 pu in steps no greater than 0,01 pu, with a slope having a range of at least 2 to 7 %
in steps no greater than 0,5 %. The reactive power output shall be zero when the grid
voltage value at the connection point equals the voltage setpoint;
(iii) the setpoint may be operated with or without a dead band selectable in a range from
zero to ± 5 % of reference 1 pu network voltage in steps no greater than 0,5 %;
(iv) following a step change in voltage, the power park module shall be capable of achieving
90 % of the change in reactive power output within a time t1 in the range of 1 to 5
seconds, and must settle at the value specified by the slope within a time t2 in the range
of 5 to 60 seconds, with a steady-state reactive tolerance no greater than 5 % of the
maximum reactive power. The relevant system operator shall specify the time
specifications;
(v) the power park module shall be capable of setting the reactive power setpoint anywhere
in the reactive power range, specified by point (a) of Article 20(2) and by points (a) and
(b) of Article 21(3), with setting steps no greater than 5 MVAr or 5 % (whichever is smaller)
of full reactive power, controlling the reactive power at the connection point to an
accuracy within plus or minus 5 MVAr or plus or minus 5 % (whichever is smaller) of the
full reactive power;
(vi) the power park module shall be capable of controlling the power factor at the connection
point within the required reactive power range, specified by the relevant system operator
according to point (a) of Article 20(2) or specified by points (a) and (b) of Article 21(3),
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with a target power factor in steps no greater than 0,01. The relevant system operator
shall specify the target power factor value, its tolerance and the period of time to achieve
the target power factor following a sudden change of active power output. The tolerance
of the target power factor shall be expressed through the tolerance of its corresponding
reactive power;
(vii) the relevant system operator, in coordination with the relevant TSO and with the power
park module owner, shall specify which of the above three reactive power control mode
options and associated setpoints is to apply, and what further equipment is needed to
make the adjustment of the relevant setpoint operable remotely;
(e) the relevant TSO shall specify whether active power contribution or reactive power
contribution has priority during faults for which fault-ride-through capability is required. If
priority is given to active power contribution, this provision has to be established no later
than 150 ms from the fault inception;
(f) if specified by the relevant TSO a power park module shall be capable of contributing to
damping power oscillations. The voltage and reactive power control characteristics of power
park modules must not adversely affect the damping of power oscillations.

A.4 Type D
A.4.1 General requirements for power-generating modules
General requirements for Type D are established in TITLE II CHAPTER 1 Article 16. As stated in Article
16(1) type D power-generating modules shall fulfil most of the requirements defined in TITLE II
CHAPTER 1 Article 13, Article 14 and Article 15 in addition to additional specific requirements for
type D.
1

2

TITLE II CHAPTER 1 Article 16
(a) TITLE II CHAPTER 1 Article 14 (except 14(2))
(b) TITLE II CHAPTER 1 Article 13 (except 13(2)(b),(6) & (7))
(c) TITLE II CHAPTER 1 Article 15 (except 15(3))
Voltage stability
(a) With regards to voltage ranges
(i) a power-generating module shall be capable of staying connected to the network and
operating within the ranges of the network voltage at the connection point and for the
time periods specified in Tables 6.1 and 6.2
(ii) the relevant TSO may specify shorter periods of time during which power-generating
modules shall be capable of remaining connected to the network in the event of
simultaneous overvoltage and underfrequency or simultaneous undervoltage and
overfrequency
(iii) notwithstanding the provisions of point (i), the relevant TSO in Spain may require powergenerating modules to be capable of remaining connected to the network in the voltage
range between 1,05 pu and 1,0875 pu for an unlimited period
(iv) for the 400 kV grid voltage level (or alternatively commonly referred to as 380 kV level),
the reference 1 pu value is 400 kV; for other grid voltage levels, the reference 1 pu voltage
may differ for each system operator in the same synchronous area
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3

4

(v) notwithstanding the provisions of point (i), the relevant TSOs in the Baltic synchronous
area may require power-generating modules to remain connected to the 400 kV network
in the voltage range limits and for the time periods that apply in the Continental Europe
synchronous area
(b) wider voltage ranges or longer minimum time periods for operation may be agreed between
the relevant system operator and the power-generating facility owner in coordination with
the relevant TSO. If wider voltage ranges or longer minimum times for operation are
economically and technically feasible, the power-generating facility owner shall not
unreasonably withhold an agreement
(c) the relevant system operator in coordination with the relevant TSO shall have the right to
specify voltages at the connection point at which a power-generating module is capable of
automatic disconnection
Robustness
(a) with regard to fault-ride-through capability
(i) power-generating modules shall be capable of staying connected to the network and
continuing to operate stably after the power system has been disturbed by secured faults.
That capability shall be in accordance with a voltage-against-time profile at the
connection point for fault conditions specified by the relevant TSO (Figure 3).
(ii) each TSO shall specify the pre-fault and post-fault conditions for the fault-ride-through
capability referred to in point (iv) of Article 14(3)(a). The specified pre-fault and post-fault
conditions for the fault-ride-through capability shall be made publicly available
(b) at the request of a power-generating facility owner, the relevant system operator shall
provide the pre-fault and post-fault conditions to be considered for fault-ride-through
capability as an outcome of the calculations at the connection point as specified in point (iv)
of Article 14(3)(a)
(c) fault-ride-through capabilities in case of asymmetrical faults shall be specified by each TSO.
General system management requirements
(a) with regard to synchronisation, when starting a power-generating module, synchronisation
shall be performed by the power-generating facility owner only after authorisation by the
relevant system operator
(b) the power-generating module shall be equipped with the necessary synchronisation facilities
(c) synchronisation of power-generating modules shall be possible at frequencies within the
ranges set out in Table 2
(d) the relevant system operator and the power-generating facility owner shall agree on the
settings of synchronisation devices to be concluded prior to operation of the powergenerating module.

A.4.2 Requirements for power park modules
Requirements for Type D power park modules are established in TITLE II CHAPTER 3 Article 22. As
stated in Article 21(1) type C power park modules shall fulfil the requirements listed in Articles 13,
except for Article 13(2)(b), (6) and (7), Article 14, except for Article 14(2), Article 15, except for Article
15(3), Article 16, Article 20 except for Article 20(2)(a) and Article 21.
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Appendix B.
Compliance tes ng
modules according to ENTSO-E [6]

for

power

park

In this appendix, the compliance tests for power park modules according to ENTSO-E are
summarised. In addition to specific for power park modules compliance tests defined in TITLE IV
CHAPTER 3 Article 47, TITLE IV CHAPTER 1 Articles 42 and 43 define common provisions for
compliance testing and simulation, respectivelyvi.
The compliance tests depend, once again, on the type (A, B, C and D). Type A power park modules
do not have compliance tests defined.

B.1 Common provisions for compliance testing (TITLE IV CHAPTER 1 Article 42)
1

2
3

4

Testing of the performance of individual power-generating modules within a power-generating
facility shall aim at demonstrating that the requirements of this Regulation have been complied
with
Notwithstanding the minimum requirements for compliance testing set out in this Regulation,
the relevant system operator is entitled to
The power-generating facility owner is responsible for carrying out the tests in accordance with
the conditions laid down in CHAPTERs 2 (for synchronous power-generating modules), 3 (for
power park modules) and 4 (for offshore power park modules) of Title IV
The relevant system operator may participate in the compliance testing either on site or remotely
from the system operator's control centre. For that purpose, the power-generating facility owner
shall provide the monitoring equipment necessary to record all relevant test signals and
measurements as well as ensure that the necessary representatives of the power-generating
facility owner are available on site for the entire testing period

B.2 Type B
Compliance tests for type B power park modules are defined in TITLE IV CHAPTER 3 Article 47.
1

Power-generating facility owners shall undertake LFSM-O response compliance tests in relation
to type B power park modules
Instead of the relevant test, the power-generating facility owner may use equipment certificates
issued by an authorised certifier to demonstrate compliance with the relevant requirement. In
that case, the equipment certificates shall be provided to the relevant system operator.

2
3

vi

The LFSM-O response tests shall reflect the choice of control scheme selected by the relevant
system operator.
With regard to the LFSM-O response tests the following requirements shall apply:
(a) the power park module's technical capability to continuously modulate active power to
contribute to frequency control in case of increase of frequency in the system shall be
demonstrated. The steady-state parameters of regulations, such as droop and dead band,
and dynamic parameters shall be verified;

The compliance simulations are out of the scope of this document.
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(b) the test shall be carried out by simulating frequency steps and ramps big enough to trigger
at least 10 % of maximum capacity change in active power, taking into account the droop
settings and the dead band. To perform this test simulated frequency deviation signals shall
be injected simultaneously into the control system references;
(c) the test shall be deemed successful in the event that the test results, for both dynamic and
static parameters, comply with the requirements set out in Article 13(2)

B.3 Type C
Compliance tests for type B power park modules are defined in TITLE IV CHAPTER 3 Article 48.
1
2

3

4

In addition to the compliance to tests for type B (TITEL IV CHAPTER 3, Article 47), powergenerating facility owners shall undertake the compliance tests set out in paragraphs 2 to 9.
With regard to the active power controllability and control range:
(a) the power park module's technical capability to operate at a load level below the setpoint
set by the relevant system operator or the relevant TSO shall be demonstrated;
(b) the test shall be deemed successful if the following conditions are fulfilled:
(i) the load level of the power park module is kept below the setpoint;
(ii) the setpoint is implemented according to the requirements laid down in Article 15(2)(a);
(iii) the accuracy of the regulation complies with the value specified in Article 15(2)(a)
With regard to the LFSM-U response:
(a) the power park module's technical capability to continuously modulate active power to
contribute to frequency control in case of a large frequency drop in the system shall be
demonstrated;
(b) the test shall be carried out by simulating the frequency steps and ramps big enough to
trigger at least 10 % of maximum capacity active power change with a starting point of no
more than 80 % of maximum capacity, taking into account the droop settings and the dead
band;
(c) the test shall be deemed successful if the following conditions are fulfilled
(i) the test results, for both dynamic and static parameters, comply with the requirements
laid down in Article 15(2)(c);
(ii) undamped oscillations do not occur after the step change response.
With regard to the FSM response:
(a) the power park module's technical capability to continuously modulate active power over
the full operating range between maximum capacity and minimum regulating level to
contribute to frequency control shall be demonstrated. The steady-state parameters of
regulations, such as insensitivity, droop, dead band and range of regulation, as well as
dynamic parameters, including frequency step change response shall be verified:
(b) the test shall be carried out by simulating frequency steps and ramps big enough to trigger
the whole active power frequency response range, taking into account the droop settings
and the dead band. Simulated frequency deviation signals shall be injected to perform the
test;
(c) the test shall be deemed successful if the following conditions are fulfilled:
(i) the activation time of the full active power frequency response range as a result of a
frequency step change is no longer than that required by Article 15(2)(d);
(ii) undamped oscillations do not occur after the step change response;
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5

6

7

8

(iii) the initial delay is in line with Article 15(2)(d);
(iv) the droop settings are available within the ranges specified in Article 15(2)(d) and the
dead band (threshold) is not higher than the value chosen by the relevant TSO;
(v) the insensitivity of active power frequency response does not exceed the requirement
set out in Article 15(2)(d)
With regard to the frequency restoration control:
(a) the power park module's technical capability to participate in frequency restoration control
shall be demonstrated. The cooperation of both FSM and frequency restoration control shall
be checked;
(b) the test shall be deemed successful if the results for both dynamic and static parameters
comply with the requirements of Article 15(2)(e)
With regard to the reactive power capability:
(a) the power park module's technical capability to provide leading and lagging reactive power
capability in accordance with Article 21(3)(b) & (c);
(b) it shall be carried out at maximum reactive power, both leading and lagging, and shall verify
the following parameters:
(i) operation in excess of 60 % of maximum capacity for 30 min;
(ii) operation within the range of 30-50 % of maximum capacity for 30 min;
(iii) operation within the range of 10-20 % of maximum capacity for 60 min;
(c) the test shall be deemed successful if the following criteria is fulfilled:
(i) the power park module operates for a duration no shorter than the requested duration
at maximum reactive power, both leading and lagging, in each parameter specified in
paragraph 6(b);
(ii) the power park module's capability to change to any reactive power target value within
the agreed or decided reactive power range is demonstrated;
(iii) no protection action takes place within the operation limits specified by the reactive
power capacity diagram
With regard to the voltage control mode:
(a) the power park module's capability to operate in voltage control mode referred to in the
conditions set out in points (ii) to (iv) of Article 21(3)(d) shall be demonstrated;
(b) shall verify the following parameters:
(i) the implemented slope and dead band according to Article 21(3)(d)(iii);
(ii) the accuracy of the regulation;
(iii) the insensitivity of the regulation;
(iv) the time of reactive power activation;
(c) the test shall be deemed successful if the following conditions are fulfilled:
(i) the range of regulation and adjustable droop and dead band complies with the agreed
or decided characteristic parameters set out in Article 21(3)(d);
(ii) the insensitivity of the voltage control is not higher than 0.01pu (Article 21(3)(d));
(iii) following a step in voltage, 90% of the change in reactive power output has been
achieved within the times tolerances specified in Article 21(3)(d)
With regard to the reactive power control mode:
(a) the power park module's capability to operate in reactive power control mode, in accordance
with Article 21(3)(d)(v), shall be demonstrated;
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(b) the reactive power control mode test shall be complementary to the reactive power capability
test (6);
(c) shall verify the following parameters:
(i) the reactive power setpoint range & increment;
(ii) the accuracy of the regulation;
(iii) the time of reactive power activation;
(d) shall be deemed successful if the following conditions are fulfilled:
(i) the reactive power setpoint range & increment are ensures in accordance with Article
21(3)(d);
(ii) the accuracy of the regulation complies with the conditions set out in Article 21(3)(d).
9 With regard to the power factor control mode:
(a) the power park module's capability to operate in power factor control mode in accordance
with Article 21(3)(d)(vi);
(b) shall verify following parameters:
(i) the power factor setpoint range;
(ii) the accuracy of the regulation;
(iii) the response of reactive power due to step change of active power;
(c) shall be deemed successful if the following conditions are cumulatively fulfilled:
(i) the power factor setpoint range and increment are ensured in accordance with Article
21(3)(d);
(ii) the time of reactive power activation as a result of step active power change does not
exceed the requirement laid down in Article 21(3)(d);
(iii) the accuracy of the regulation complies with the value specified in of Article 21(3)(d).
10 With regard to the tests referred to in paragraph 7,8 & 9, the relevant SO may select only 1 of
the three control potions.

B.4 Type D
According to Article 49(1) type D power parks modules are subject to the compliance tests for type
B and C power park modules in accordance with the conditions set out in Articles 47 and 48.
Instead of the relevant test, the power-generating facility owner may use equipment certificates
issued by an authorised certifier to demonstrate compliance with the relevant requirement. In that
case, the equipment certificates shall be provided to the relevant system operator (Article 494(2))
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Appendix C. Survey Responses from Partners
At the beginning of Section 5 a questionnaire was sent to each of the partners to capture their current
infrastructure capabilities, desired future testing and identified components for PHIL enhancement.
For reference the responses are collected here.
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Marine and Renewable Energy Ireland
MaRINET Grid emulator testing rig
Partner
No. Topology AC
DC
Rated
(AC/DC or Voltage Voltage Power
AC/DC/AC
)

MaREI

1

AC
Up to
microgir 480 V
d
(include
s B2B
power
convert
ers, and
power
convert
er to dc
battery)

PHIL function
Emulated grid Real-time
Min.
Component
disturbances simulator
simulation adaptable to Grid codes
(LVRT, HVRT, (RTDS/OPAL- time step enhance PHIL
frequency,
RT/dSpace/Si
etc.)
mulink, etc.)

Harmonics,
Depen 90 kVA
dent on connection voltage and
battery to local
frequency
deviations
voltage grid.
– up to
Various
410 V
grid setups
dc
at various
specified
componen
t power
levels
available

OPAL-RT Simulink
Triphase Simulink

In the
range of
µs

Digital
implementati
on of an
actual
/standard
IEEE grid
model on the
simulator

EirGrid Grid
Code. IEC
standard
IEC62600-30
Marine
energy Wave, tidal
and other
water current
converters Part 30:
Electrical
power quality
requirements

Expecting
test
scenarios

HIL testing
with grid
fault/transi
ent
emulation

Next steps

- Develop
fault/transient
models to use with
grid code info
- Investigate
further issues with
main power
converter
connection to
wind/wave
emulator as well as
3 power converters
connected
together

Any other test scenarios cannot be performed due to the limitation of facilities, but you still want to perform not limited by grid emulator and
power hardware in the loop (PHIL):
Emulation of different grids using our power converter that acts as a voltage source and connect our wave and wind turbine emulator test rig to
it. Currently the drive in the test rig trips out and turns off in this scenario.
Our microgrid has 3 programmable power converters (one to act as voltage source of the grid, one as a load/source emulator, one tied to a 5
kWh lithium ion battery with bidirectional power flows. We’d like to be able to connect these together to allow for different test scenarios but
currently the power converters trip if connected together.
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European Marine Energy Centre
N/A

SINTEF
PHIL func6on
MaRINET Grid emulator testing rig
Partner
DC
Rated Emulated
grid Real-time
No. Topology AC
Min.
Component
(AC/DC or Voltage Voltage Power disturbances
simulator
simulation adaptable
to Grid
codes
AC/DC/AC)
(LVRT,
HVRT, (RTDS/OPAL- time step enhance PHIL
frequency, etc.) RT/dSpace/Si

Expecting
test
scenarios

Next steps

mulink, etc.)
SINTEF
Energy
Research

1

AC/DC/A 0.4kV
C
(6
controlla
ble
outputs)

0.7kV

harmonic OPAL-RT
200kVA LVRT,
injec6on up to 5
kHz

30us

-

Frequency
support
from WT,
HVDC
control,
Iner6a
support

Support
for
addi6onal standard
communica6on
protocols

WAMPAC
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TECNALIA
MaRINET Wind/tidal emulator testing rig
Partner
AC
No. Topology
DC
Rated Emulated
(AC/DC
or Voltage Voltage Power primary drive
AC/DC/AC)

Tecnalia

1

B2B
400V
(AC/DC/AC)

-

PHIL function
Component
Real-time simulator Min.
Grid
Expecting test
Next steps
(RTDS/OPALsimulation adaptable to codes scenarios
RT/dSpace/Simulink, time step enhance PHIL
etc.)

15kW Torque,
PLC?
speed, power,
28kW
variable
inertia, etc.

10ms

Variable inertia equipment

Time-varying
programmable
turbines
characteristics
under
sea
states/sea
currents/wind
conditions

Variable inertia
control subject
to
customer
requirement
Time-varying
primary drive,
reflecting actual
sea/wind
condition
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Offshore Renewable Energy Catapult
MaRINET Grid emulator testing rig
Partner
DC
Rated
No. Topology AC
(AC/DC or Voltage Voltage Power
AC/DC/AC
)

PHIL func6on
Emulated
grid Real-time
Min.
Component
disturbances
simulator
simulation adaptable
to Grid
codes
(LVRT,
HVRT, (RTDS/OPAL- time step enhance PHIL
frequency, etc.) RT/dSpace/Si

Expecting
test
scenarios

Next steps

mulink, etc.)
OREC

1

B2B
11kV,
5000V 18MVA LVRT, HVRT, 45- OPAL-RT
(AC/DC transform
65Hz, 5th and 7th
er Tap A;
harmonic injec6on
/AC)
14.5kV
Tap B

~1ms,
Grid emulator to
limited by further reduce the
grid
delay
emulator
Real-6me
simulator
to
emulate
grid
sta6c/dynamic
event

Find another PHIL at
BS
EN Mul6site
hardware
in
diﬀerent site
61400-21:
the
loop
2008. Also
Select link method
grid code
and iden6fy the
of the UK,
delay
Germany,
Deﬁne
the
Denmark,
simula6on scenarios
etc.
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