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ABOUT MARINET
The MaRINET2 project is the second iteration of the successful EU funded MaRINET Infrastructures Network, both
of which are coordinated and managed by Irish research centre MaREI in University College Cork and avail of the
Lir National Ocean Test Facilities.
MaRINET2 is a €10.5 million project which includes 39 organisations representing some of the top offshore
renewable energy testing facilities in Europe and globally. The project depends on strong international ties across
Europe and draws on the expertise and participation of 13 countries. Over 80 experts from these distinguished
centres across Europe will be descending on Dublin for the launch and kick-off meeting on the 2 nd of February.
The original MaRINET project has been described as a “model of success that demonstrates what the EU can
achieve in terms of collaboration and sharing knowledge transnationally”. Máire Geoghegan-Quinn, European
Commissioner for Research, Innovation and Science, November 2013
MARINET2 expands on the success of its predecessor with an even greater number and variety of testing facilities
across offshore wind, wave, tidal current, electrical and environmental/cross-cutting sectors. The project not only
aims to provide greater access to testing infrastructures across Europe, but also is driven to improve the quality
of testing internationally through standardisation of testing and staff exchange programmes.
The MaRINET2 project will run in parallel to the MaREI, UCC coordinated EU marinerg-i project which aims to
develop a business plan to put this international network of infrastructures on the European Strategy Forum for
Research Infrastructures (ESFRI) roadmap.
The project will include at least 5 trans-national access calls where applicants can submit proposals for testing in
the online portal. Details of and links to the call submission system are available on the project website
www.marinet2.eu

This project has received funding from the European Union’s
Horizon 2020 research and innovation programme under grant
agreement number 731084.
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1 Introduction & Background
1.1

Introduction

Offshore wind energy is foreseen to play a significant role in the future energy portfolio. Development trends of
Wind Energy Conversion Systems (WECS) span from mechanical and electrical technologies to grid integration
and control theory. Rapid development of new solutions addressing these trends is crucial to allow for timely
increase of WECS in the energy portfolio. In the context of future development of grid integration of offshore wind
energy conversion systems, Voltage Source Converter (VSC) based High-Voltage Direct Current (HVDC) technology
is envisioned as the backbone for interconnection approach, as it provides both economical and technical benefits.
Offshore wind farms, as high-power WECS, are expected to provide performance indices like the conventional
generators such as voltage and frequency regulation, active and reactive power control and short-circuit capability.
To this end, advanced control strategies for offshore wind farms are proposed, such as a control strategy to
provide inertia support to the main grid based on utilization of wind turbines inertia [1]. The requirements and
advances of grid integration call for holistic studies and interaction analysis between offshore wind farms and
HVDC interconnections as well as their interactions with onshore grid. It becomes difficult to perform high-fidelity
testing of devices, such as HVDC substation or power converter of WECS within such interconnected system. Field
testing is limited in terms of testing closed loop interactions with the system.
Real-time simulation (RTS) and Power Hardware-In-the-Loop (PHIL) can provide the environment for high-fidelity
testing of power devices and their system interactions [2][3]. However, such simulation and testing environment
requires detailed simulation models, specialized PHIL setups and relatively large RTS resources. To allow
interconnection of multiple PHIL setups and to meet demanding computational requirements for system-wide RTS
of interconnected grids with high penetration of power electronics, the concept of Geographically Distributed RTS
(GD-RTS) has been proposed by the user group.
GD-RTS refers to distributed simulation across long distance, where Digital Real-Time Simulators (DRTS) located
at geographically dispersed facilities are virtually interconnected. Each DRTS simulates a subsystem of a monolithic
model and DRTS exchange only interface quantities as illustrated in Figure 1. GD-RTS allows for integration of
PHIL setups or Controller Hardware-In-the-Loop setups hosted at different facilities into a joint experiment [7].

Figure 1 – Geographically Distributed Real-Time Simulation (GD-RTS) [9]

GD-RTS allows for large-scale electromagnetic transient real-time simulation based on detailed models. This novel
concept supports fulfilling higher and higher requirements for rapid development of novel energy conversion
systems and power converter solutions by enabling holistic and system integration testing at earlier stage and in
a more flexible way than field testing. It is particularly of interest for studies of grid integration of HVDC connected
offshore wind farms as holistic analysis involves multiple actors – researchers, operators, converter vendors. GDRTS allows their joint work without sharing proprietary knowledge.
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1.2

Development So Far

The initial testing activities of GD-RTS concept were carried out within two MaRINET projects in 2014 and 2015.
Over the past years, the user group was continuously developing a framework for geographically distributed realtime co-simulation, named VILLASframework. Active research work was carried out in the context of co-simulation
interface algorithms, with the latest work on application of bilateral teleoperation approaches for distributed
simulation of HVDC systems.

1.2.1

Passivity and energy conservation observer for co-simulation interface in GD-RTS

Although there is an increasing interest in GD-RTS and multiple successful demonstrations of GD-RTS including
PHIL setups have been performed [7][8], there is a lack of systematic approaches for fidelity evaluation. Fidelity
represents a degree of similarity of a system response in GD-RTS environment compared to a response of a
monolithic RTS simulation model. Evaluation of simulation fidelity typically requires monolithic model to obtain
reference results. However, a monolithic model typically is not available, that is why GD-RTS is required in first
place.
A method for evaluation of simulation fidelity without incorporation of a monolithic model is critical to enable
applicability of GD-RTS. In addition, model-free method to ensure stability of GD-RTS is of importance to provide
generalized solution for the stability without knowledge of dynamic models of the system. The user group proposes
passivity and energy conservation observer to address these challenges. Passivity and energy conservation
observer utilizes only interface quantities in GD-RTS. It does require monolithic model nor details of the
subsystems.

Figure 2 – Passivity and energy conservation observer

Passivity observer for co-simulation interface illustrated in Figure 2 is defined as following:
𝐸

(𝑛) = 𝑇

𝑖 (𝑘)𝑣 (𝑘) − 𝑖 (𝑘)𝑣 (𝑘)

If 𝐸 (𝑛) ≥ 0, ∀𝑛, the co-simulation interface dissipates energy and does not contributed to the instability of the
simulation. If the monolithic model under study is stable, which is typically the case, stability of distributed
simulation is ensured as well. Otherwise, if ∃𝑛 for which 𝐸 (𝑛) < 0, co-simulation interface generates energy
and it might contribute to the simulation instability. In this case, the amount of the energy generated by the cosimulation interface until time instant 𝑛 is −𝐸 (𝑛). This does not imply that the simulation is unstable, but the
system is not passive, and stability is not guaranteed.
The same indicator can be utilized as energy conservation observer which can be utilized as a measure of
simulation fidelity without reference to the monolithic model. The main system characteristic of the monolithic
model that should be preserved in GD-RTS is to ensure conservation of energy between subsystems. Following
this requirement, energy conservation observer is based on analysis of the energy of the interface. Due to system
decoupling, time-varying delay and other characteristics of the communication interface between subsystem such
as packet loss and packet reordering, conservation of energy at the interface is violated in GD-RTS. Namely,
interface between subsystem either stores or generates the energy which degrades simulation fidelity with respect
to the monolithic model. Simulation fidelity is degraded for any 𝐸 (𝑛) ≠ 0 as in this case conservation of energy
between the subsystems is not preserved. Thus, passivity observer can be considered for a fidelity metric based
on energy stored/dissipated at the co-simulation interface. We will use two fidelity metrics – total energy generated
at the interface and total energy stored at the interface.
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1.2.2

Stage Gate Progress
Previously completed: 
Planned for this project:



STAGE GATE CRITERIA
Stage 1 – Simulation models
Develop co-simulation interface algorithm for partitioning HVDC models across DC link
Design start-up procedure of the decoupled simulation of HVDC models
Apply the developed interface algorithm for HVDC models developed by SINTEF within ProOfGrids
project
Select suitable simulation use case and define simulation scenarios 



Stage 2 – Distributed lab setup
Establish VPN connection between SINTEF Smartgrids laboratory and ACS lab
Deployment of VILLASnode gateway at SINTEF Smartgrids laboratory
Validate the distributed lab setup based on a generic co-simulation model for OPAL-RT targets
Validate the GPS-based synchronization of the two labs






Stage 3 – Simulation stability and fidelity
Design model-free stability and fidelity indicators based on the energy of the co-simulation
interface (passivity and energy conservation observer)
Validation of passivity and energy-based metrics on simple offline simulations
Distributed implementation of passivity and energy conservation observer for OPAL-RT and RTDS
Application of passivity and energy observer for distributed simulation of HVDC systems

1.1.1

Status









Plan For This Access

The main objectives of the access project are the following:






Objective 1:
Establish a distributed simulation setup based on the components of VILLASframework and virtual
interconnection of SINTEF Smart Grid Lab, Trondheim, Norway, and the laboratory at the Institute for
Automation of Complex Power Systems (ACS), Aachen, Germany
Objective 2:
Utilize the distributed simulation setup for interaction studies of VSC-HVDC link interconnecting an offshore
wind farm and an onshore AC transmission grid
Objective 3:
Investigate application of passivity and energy conservation observer for stability and fidelity metrics in
GD-RTS

Objective 1 builds on the outcomes of previous MaRINET projects executed in 2014 and 2015 where virtual
interconnection of the laboratories was established. Over the past years, ACS developed further and extended
VILLASframework, a toolset for real-time co-simulation. The objective 1 aims to update VILLASnode gateway and
deploy VILLASweb, a web-based interface for monitoring and interactions with simulations in real time at SINTEF
Smart Grid Lab. Objectives 2 and 3 should be realized based on utilization of the distributed lab setup for
connection of OPAL-RT at ACS laboratory and OPAL-RT system at SINTEF Smart Grid Lab.
The long-term objective of the access project is to establish distributed environment for interaction studies of
multi-terminal VSC-HVDC grids interconnecting offshore wind farms and onshore grids. Such environment would
be of interest for system operators and vendors. In addition to digital real-time simulators, PHIL setups can be
integrated.
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2 Outline of Work Carried Out
2.1 Simulation setup
1.2.3

Simulation models

Simulation model utilized in this project is a simple VSC-based HVDC link that interconnects two AC systems. The
initial model of HVDC link interconnecting two AC systems has been provided by SINTEF Smartgrids as a result of
the ProOfGrids project [5].
AC systems are represented in the model with ideal voltage sources and equivalent impedances. Converter 1
refers to the onshore converter interfacing onshore AC system, while converter 2 refers to the offshore converter
interconnecting an offshore wind farm. Outer control loop of the converter 1 regulates the voltage at the DC
terminal by means of a simple PI controller. Outer control loop of the converter 2 regulates the active and reactive
power at the terminal. The switching effect of the power electronics converter is neglected in the simulation
models and averaged converter models are used. In the model a symmetrical configuration of the grounding of
the DC link is assumed. The models used in this project utilize monopole configuration of the power conversion
station.
User group has adjusted the models according to the requirements of the simulation use case and scenarios
described in the following sections. In addition, the user group developed decoupled model based on the initial
monolithic model. Decoupled simulation model is required to perform GD-RTS. Partitioning of HVDC link
interconnecting two AC systems based on Ideal Transformer Model (ITM) is illustrated in Figure 3. Detailed analysis
of the decoupled model and start-up procedure has been described in [6].

Figure 3 – Partitioning the HVDC link interconnecting AC systems

1.2.4

Simulation use case

As already described, VSC-based HVDC technology is suggested for grid integration of offshore wind farms. Recent
field experiences indicate that it is important to analyze interactions between offshore wind farms and HVDC
interconnections as well as their interactions with onshore grid. Namely, a subsynchronous oscillation (SSO)
phenomenon between wind farms and HVDC systems has been observed in the real world [4].
GD-RTS environment that ensures high simulation fidelity for SSO studies would be beneficial. Such RTS requires
large computational resources. Thanks to GD-RTS, simulation and testing resources of multiple facilities can be
utilized in a joint experiment. In addition, only interface quantities are required to be exchanged between facilities,
thus, it is not required to share the models of subsystems among groups. Therefore, this project analyzes
application of GD-RTS for simulation of SSO phenomenon.

1.2.5

Passivity and energy conservation observer

Application of passivity and energy conservation observer in GD-RTS requires its distributed implementation
because of the communication between subsystems. Namely, interface signals are available only with the delay
at both simulators. Furthermore, availability of observer values is required at both simulators and the central node
for collecting all measurements should be avoided.
The user group analysed application of passivity and energy conservation observer for simulation stability indicator
and simulation fidelity metric for a use case o SSO phenomenon.
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2.2 Distributed Lab Setup
Distributed simulation setup has been established based on the VILLASframework, a co-simulation framework
developed by the user group member. OPAL-RT systems at SINTEF Smart Grid Lab and at ACS laboratory are
virtually connected via public Internet. To this end, an instance of VILLASnode has been deployed at each lab.
VILLASnode provides a variety of interfaces to digital real-time simulators and acts as a gateway for simulation
data and measurements of interests. User Datagram Protocol (UDP) is used for data exchange among OPAL-RT
systems and VILLASnodes. Distributed simulation setup is illustrated in Figure 1.

Figure 4 – Distributed lab setup for GD-RTS

The setup incorporates GPS-based synchronization available for OPAL-RT systems at both laboratories. GPS-based
synchronization is utilized for timestamps of the exchanged signals. It is a critical feature for distributed
implementation of passivity and energy conservation observer.

Figure 5 – The user group and SINTEF staff at the SINTEF Smart Grid Lab

Page 9 of 12

2.3 Tests
2.3.1

Test Plan

Preparation activities prior to the transnational access period will be carried out to complete the stages indicated
in the Section Stage Gate Progress. The test plan for the access period of three weeks is given below:


Week 1:
 Deployment of VILLASnode gateway at SINTEF Smartgrids lab
 Validation of the distributed lab setup
 Getting familiar with HVDC models developed by SINTEF withing ProOfGrids project
 Apply co-simulation interface algorithm for partitioning HVDC model across DC link into two
subsystems



Week 2:
 Implementation of passivity and energy conservation observer for execution on distributed lab
setup
 Select and implement simulation use case and define simulation scenarios for GD-RTS
 Preliminary analysis of application of passivity and energy observer for distributed simulation of
HVDC systems in the context of the selected use case



Week 3:
 Application of passivity and energy observer for distributed simulation of HVDC systems
 Validation of the analysis on distributed lab setup

2.4 Results
Average round-trip time between the two labs is observed to be 52.3𝑚𝑠 with jitter of around 0.6𝑚𝑠. As described
above, simulation of SSO phenomenon across HVDC link has been selected as simulation use case. HVDC models
developed by SINTEF within the ProOfGrids project are modified to include this scenario. Following the literature
review, three use cases with different frequencies of SSO have been analysed. Simulations are performed for the
following frequencies of SSO: 4𝐻𝑧, 15𝐻𝑧 and 28𝐻𝑧. Results of monolithic simulation are illustrated in Figure 6.

Figure 6 – Monolithic simulation of SSO phenomenon
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Figure 7 illustrates the results of energy conservation observer for simulation scenarios with different frequency
values of SSO phenomenon. The result indicates that energy conservation observer can be used as fidelity measure
without reference to the monolithic simulation result. It is expected that simulation fidelity decreases with
increasing the frequency of SSO as the impact of time delay between two simulators increases for larger
frequencies.

Figure 7 – Energy conservation observer for simulation scenarios with different SSO frequencies

3 Main Learning Outcomes
3.1 Progress Made
Previously developed co-simulation interface algorithm for partitioning HVDC models across DC link has been
successfully applied on HVDC models developed by SINTEF as the result of ProOfGrids project. This indicates that
the developed co-simulation interface algorithm could be generalized. Next, the experience of SINTEF in HVDC
studies was helpful to define suitable simulation use case for GD-RTS from perspective of the real-world problems
and feasibility of dynamics that could be studied based on such a platform.
VILLASnode gateway has been successfully deployed at SINTEF Smartgrids lab and interfaced to OPAL-RT.
VILLASnode represents the main component of VILLASframework [10], a toolset for co-simulation developed by
the member of the user group. The distributed lab setup based on VILLASnode gateways and OPAL-RT systems
has been validated for a simple distributed project. The setup includes GPS-based synchronization available at
both laboratories.
As already mentioned, application of passivity and energy conservation observer in GD-RTS requires its distributed
implementation because of the communication between subsystems. This objective has been achieved during the
stay at the SINTEF Smartgrids laboratory. In addition, the passivity and energy conservation observer was used
to analyse simulation stability of decoupled HVDC model developed based on models provided by SINTEF.
Simulation fidelity of a use case with SSO phenomenon has been analysed with the proposed energy conservation
observer. The studies indicate its applicability to determine simulation fidelity without reference to the monolithic
model.
However, the studies showed that the observer structure has to be modified for applicability to indicate simulation
fidelity which was not envisioned based on the analysis of simple model prior to the lab visit. While for passivity
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observer it was sufficient to analyse total energy of the interface as previously described, energy conservation
observer has to be divided into two metrics to ensure consistent fidelity evaluation across different scenarios.
Namely, total energy generated at the interface and total energy stored at the interface should be observed
separately. Furthermore, the tests carried out showed the importance of the global time reference for time stamps
of exchanged signals for the calculation of passivity and energy conservation observer.

4 Further Information
4.1 Scientific Publications
A publication is planned with the following working title: Passivity and energy conservation observer for

distributed simulation of HVDC systems

4.2 Website & Social Media
Website with related projects of the user group:



VILLASframework: https://fein-aachen.org/en/projects/villas-framework/
Interface for Distributed Co-Simulation: https://git.rwth-aachen.de/acs/public/simulation/cosif
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