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ABOUT MARINET
MARINET (Marine Renewables Infrastructure Network for emerging Energy Technologies) is an EC-funded network
of research centres and organisations that are working together to accelerate the development of marine renewable
energy - wave, tidal & offshore-wind. The initiative is funded through the EC's Seventh Framework Programme (FP7)
and runs for four years until 2015. The network of 29 partners with 42 specialist marine research facilities is spread
across 11 EU countries and 1 International Cooperation Partner Country (Brazil).
MARINET offers periods of free-of-charge access to test facilities at a range of world-class research centres.
Companies and research groups can avail of this Transnational Access (TA) to test devices at any scale in areas such
as wave energy, tidal energy, offshore-wind energy and environmental data or to conduct tests on cross-cutting
areas such as power take-off systems, grid integration, materials or moorings. In total, over 700 weeks of access is
available to an estimated 300 projects and 800 external users, with at least four calls for access applications over the
4-year initiative.
MARINET partners are also working to implement common standards for testing in order to streamline the
development process, conducting research to improve testing capabilities across the network, providing training at
various facilities in the network in order to enhance personnel expertise and organising industry networking events
in order to facilitate partnerships and knowledge exchange.
The aim of the initiative is to streamline the capabilities of test infrastructures in order to enhance their impact and
accelerate the commercialisation of marine renewable energy. See www.fp7-marinet.eu for more details.
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ABOUT THIS REPORT
One of the requirements of the EC in enabling a user group to benefit from free-of-charge access to an infrastructure
is that the user group must be entitled to disseminate the foreground (information and results) that they have
generated under the project in order to progress the state-of-the-art of the sector. Notwithstanding this, the EC also
state that dissemination activities shall be compatible with the protection of intellectual property rights,
confidentiality obligations and the legitimate interests of the owner(s) of the foreground.
The aim of this report is therefore to meet the first requirement of publicly disseminating the knowledge generated
through this MARINET infrastructure access project in an accessible format in order to:
• progress the state-of-the-art
• publicise resulting progress made for the technology/industry
• provide evidence of progress made along the Structured Development Plan
• provide due diligence material for potential future investment and financing
• share lessons learned
• avoid potential future replication by others
• provide opportunities for future collaboration
• etc.
In some cases, the user group may wish to protect some of this information which they deem commercially
sensitive, and so may choose to present results in a normalised (non-dimensional) format or withhold certain design
data – this is acceptable and allowed for in the second requirement outlined above.
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LEGAL DISCLAIMER
The views expressed, and responsibility for the content of this publication, lie solely with the authors. The European
Commission is not liable for any use that may be made of the information contained herein. This work may rely on
data from sources external to the MARINET project Consortium. Members of the Consortium do not accept liability
for loss or damage suffered by any third party as a result of errors or inaccuracies in such data. The information in
this document is provided “as is” and no guarantee or warranty is given that the information is fit for any particular
purpose. The user thereof uses the information at its sole risk and neither the European Commission nor any
member of the MARINET Consortium is liable for any use that may be made of the information.
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EXECUTIVE SUMMARY
Real-time simulation of power systems interconnected with offshore wind farms requires large
computational resources. To this aim, DistSimOffshoreWind project performed a feasibility study of geographically
distributed real-time simulation realized through the connection of two OPAL-RT real-time digital simulators, located
at SINTEF's Renewable Energy Lab - SmartGrids and at the Institute for Automation of Complex Power Systems
(RWTH Aachen University, Germany).
Simulator-to-simulator interface in time-frequency domain is proposed to improve simulation fidelity and to
compensate the impact of time-varying delay and packet loss of the Internet connection between the two
simulators. Transmission system with 23 buses interconnected with an offshore wind farm consisting of eight wind
turbines was selected as a case study within this project. Results obtained for this particular case study demonstrate
viability of geographically distributed simulation and encourage further development.
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1 INTRODUCTION & BACKGROUND
1.1 INTRODUCTION
Due to the integration of intermittent renewable generation, such as offshore wind farms, electric power systems
are challenged to operate under more volatile conditions and closer to system physical limits than before. This
transition requires greater awareness of local system state affected by system-wide disturbances [1]. Therefore, new
methodologies, particularly developed for detailed numerical simulation of large-scale power systems, are necessary
to meet demanding computational requirements. An innovative approach to simulation of large-scale systems is the
concept of geographically distributed simulation [2][3]. Geographically distributed simulation refers to the concept
of connecting remote laboratories over communication medium with the goal to allow for sharing of simulation
resources. Large scale system is divided into subsystems which are simulated separately and concurrently on
geographically distributed simulators while exchanging data over communication medium.
DistSimOffshoreWind project was focused on development of a geographically distributed simulation platform that
connects two OPAL-RT real-time digital simulators, located at SINTEF's Renewable Energy Lab - SmartGrids and at
the Institute for Automation of Complex Power Systems (ACS), RWTH Aachen University, Germany. The only feasible
communication medium for connecting the two simulators over long distance is Internet, in particular over national
research and education networks. However, the Internet communication between the simulators and the splitting of
the power system model into subsystems affect the simulation stability and fidelity. This project deals with these
issues and demonstrates the viability of the geographically distributed simulation concept applied to simulation of
power system interconnected with an offshore wind farm.
The first objective of the project is to design, test and evaluate the Internet-distributed simulation platform. To
enable security with respect to simulators, OPAL-RT simulators are not directly interfaced to Internet but to a server
PC at each laboratory which acts as a gateway. Furthermore, a Virtual Private Network (VPN) is established. The
second major objective of the project is to develop simulator-to-simulator interface, and in particular to analyse
different possibilities for representation of interface quantities. Finally, to evaluate the overall Internet-distributed
simulation platform, simulation of 23-bus transmission system with offshore wind farm consisting of eight wind
turbines is performed.

1.2 DEVELOPMENT SO FAR
The concept of geographically distributed real-time simulation is a recent simulation methodology and the
formalization in terms of concrete challenges and issues is required. This work was performed in stage 1 of the
project. Furthermore, since the research topic of geographically distributed simulation is quite new, research areas
that deal with similar problems are identified, in particular Power Hardware-in-the-Loop (PHIL) simulation [4] and
theory of networked control systems [5]. Analytical analysis of the stability problem in geographically distributed
simulation was performed to formalize the impact of communication medium between the two simulators. Next,
possible methods for partitioning a power system model applied in PHIL and in locally distributed simulation are
analysed with respect to their applicability in geographically distributed simulation. Next, simulator-to-simulator
(sim-sim) interface implemented based on Ideal Transformer Model (ITM) [4] is evaluated based on power system
model separation within a single simulator and additional artificial delay. A comparison of two approaches to
represent interface quantities was analysed. Namely, the impact of the sim-sim interface on the simulation accuracy
and stability in case of representing the interface quantities by their instantaneous values and dynamic phasor
representation was evaluated. In stage 2 with reference to 1.2.1, Internet-distributed simulation platform was
designed and developed. Special focus was on protocols, data structure and VPN concept. Furthermore, initial tests
were performed in local environment of ACS laboratory based on communication network emulator before visit to
SINTEF's Renewable Energy Lab – SmartGrids.
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1.2.1 Stage Gate Progress
Previously completed: 
Planned for this project:
STAGE GATE CRITERIA
Stage 1 – Geographically distributed simulation concept
• Formalization of a geographically distributed real-time simulation concept in terms of requirements,
challenges and issues to be solved
• Identification of research areas with common issues to be solved
• Analytical formulation and analysis of a stability problem in geographically distributed simulation
• Review of methods for partitioning of power system model and evaluate applicability in geographically
distributed simulation
• Simulator-to-simulator interface based on ITM
• Comparison of sim-sim interface based on instantaneous values and time-frequency domain
representation of interface quantities
Stage 2 – Internet-distributed simulation platform
• Design of Internet-distributed simulation platform
• Development of Simulator-to-Simulator Server (S2SS)
• Upgrade of OPAL-RT Asynchronous process for data exchange with S2SS
• Setting up S2SS server and VPN at ACS laboratory
• Initial testing of S2SS based in framework of locally distributed simulation with communication emulator
(WANem) in ACS laboratory
• Setting up S2SS server and VPN at SINTEF's Renewable Energy Lab - SmartGrids
• Evaluation of Quality of Service (QoS) of the connection between the two simulators based on loopback
communication tests
Stage 3 – Internet-distributed simulation case studies
• Internet-distributed simulation of simple circuit with sim-sim interface based on instantaneous values
representation of interface quantities
• Internet-distributed simulation of simple circuit with sim-sim interface based on dynamic phasor
representation of interface quantities
• Internet-distributed simulation of 23-bus transmission system with offshore wind farm consisting of
eight wind turbines

Status



















1.2.2 Plan For This Access
The first objective of the access is to establish and evaluate the connection over Internet between the two real-time
digital simulators for power system simulation. The first step is to setup a server PC at SINTEF's Renewable Energy
Lab - SmartGrids and to test basic functionalities of described simulation platform. Next, loopback communication
tests between the two laboratories are planned to be performed to evaluate Quality of Service (QoS) of the
connection. This finalizes stage 2 with respect to 1.2.1.
The second objective of the project is to perform Internet-distributed simulations in order to evaluate the
performance and fidelity of the platform as well as feasibility of the geographically distributed simulation concept.
With reference to 1.2.1, stage 3 is planned to be carried out during the access. First, simulation of a simple circuit is
planned to be performed with sim-sim interface based on instantaneous values representation of interface
quantities. Next, Internet-distributed simulation for interface based on dynamic phasor representation is planned to
be tested for the same simple circuit. Finally, Internet-distributed simulation of 23-bus transmission system with
offshore wind farm consisting of eight wind turbines is planned in order to evaluate simulation fidelity based on a
comprehensive simulation case study.
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2 OUTLINE OF WORK CARRIED OUT
2.1 SETUP
2.1.1 Internet-distributed simulation platform
The Internet-distributed simulation platform connects two OPAL-RT real-time digital simulators, located at SINTEF's
Renewable Energy Lab - SmartGrids and at ACS laboratory (RWTH Aachen University, Germany). Laboratories at ACS
and SINTEF are connected to national research and education networks, DFN and UNINETT, respectively. Further
connection between the two laboratories is established via GÉANT and NORDUnet, high-bandwidth networks that
interconnect national research and education networks across Europe and Nordic countries. The OPAL-RT simulators
are not directly interfaced to the Internet, rather a Server PC in each laboratory takes care of exchanging data with
the local simulator and managing the Internet communication with a remote Server PC. The architecture of the
Internet-distributed simulation platform is illustrated in Figure 1.

Figure 1 – Internet-distributed simulation platform

2.1.2 Simulator-to-Simulator Server
As mentioned, each laboratory runs a server which acts as a gateway between local simulators and the Internet.
These servers, referred to as Simulator-to-Simulator Servers (S2SS), run a RT-patched [6] version of Linux with a
minimal Fedora installation to reduce impact of background noise caused by the operating system and other
processes. Only essential services like VPN, firewall and system management are running. Beside the mentioned
services a custom program was written to forward values between simulators and remote S2SS instances. The
software is used to drop invalid packets, collect statistics and run arbitrary operations on the forwarded data. To
guarantee an asynchronous, non-blocking operation the daemon is implemented as a multi-threaded server. Every
virtual connection between two simulators is modeled by a path which is handled in a separate thread. To make use
of the added real-time features of Linux the server process runs at high set priority and is pinned to isolated CPU
cores. The S2SS daemon uses the User Datagram Protocol (UDP) to transport simulation data. Each tuple of values is
prefixed by a header which holds additional fields like a sequence number and data format for further handling. UDP
is chosen because it is preferable to discard reordered and lost packets instead of waiting for retransmissions like the
connection-oriented counterpart the Transmission Control Protocol (TCP). On top of that UDP offers checksum
based validation of the payload which is desirable for this application.
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2.1.3 Tinc VPN
To provide security a Virtual Private Network (VPN) is used. The VPN solution is based on the open source VPN
software Tinc [7] which is running directly on the S2SS servers. This VPN daemon establishes a completely
decentralized and fully meshed virtual network on top of the Internet. Tinc does not distinguish between servers and
clients. Every node is equal in its role and creates symmetric Peer-to-Peer (P2P) connections to its neighbours. A
known client-server VPN does not scale for more than 2 distributed simulators because all data has to be forwarded
over a central server which necessarily adds delay.
Beside securing the connection, use of Tinc makes it possible to overcome firewalls by using a technique called NAT
traversal or hole punching [8]. Given that the S2SS nodes have access to the Internet, they are able to create
outgoing connections to a firewall-less Tinc node, the Orchestrator (as illustrated in Figure 1). This special node
supports the remaining nodes to communicate directly. It is important to note that the Orchestrator is only active
during the establishment of the P2P-communication and does not forwards data.

2.1.4 Simulator-to-Simulator interface
To allow for distributed simulation it is necessary to divide power system into subsystems whose solutions are
computed separately and concurrently. Sim-sim interface is implemented based on ITM with the goal to ensure
conservation of energy between the two subsystems. As illustrated in Figure 2 based on an example of simple circuit,
current and voltage quantities are exchanged through the interface.

Figure 2 - Simple circuit illustrating ITM sim-sim interface

Figure 3 – Sim-sim interface based on dynamic phasor representation of interface quantities

Rev. 02, 30-Dec-2014
Page 10 of 16

Infrastructure Access Report: DistSimOffshoreWind
Two different types of sim-sim interface are implemented. First, sim-sim interface based on instantaneous values
representation of interface quantities is tested. To improve fidelity of Internet-distributed simulation, before
transmitting data over Internet ITM interface quantities are transformed to their time-varying Fourier coefficients,
also known as dynamic phasors [9]. Inverse transformation is applied on received data and both simulators perform
simulation based on instantaneous values representation of system quantities as illustrated in Figure 3.

2.2 TESTS
2.2.1 Test Plan
The major objectives of the 3-week access to SINTEF's Renewable Energy Lab - SmartGrids are briefly described in
1.2.2. Table 1 gives the overview of major tests performed within the 3-week visit. Additional tests which were
performed as intermediate steps in order to verify functionalities of the Internet-distributed simulation platform and
to validate simulation models are not listed.
Title

Objective

Test 1

Loopback communication test

QoS analysis

Test 2

Internet-distributed simulation of the simple
circuit

Test 3

Internet-distributed simulation of the
transmission system with offshore wind farm

Test two types of sim-sim interface:
1) based on instantaneous values
2) based on dynamic phasor
Testing the applicability of the Internetdistributed simulation platform for
simulation of power system case study

Week
1
2

3

Table 1 - Test plan

2.2.1.1 Loopback communication test
The focus of the work within the first week of the access was to setup server PC at SINTEF's Renewable Energy Lab –
SmartGrids in order to finalize the Internet-distributed simulation platform. Next, the goal was to evaluate the
connection between the two laboratories based on a loopback communication test.
The loopback communication QoS test utilizes the complete architecture of the described Internet-distributed
simulation platform, i.e. both simulators and both Server PCs. The test is based on a sine waveform of 60 𝐻𝐻
generated and sent from OPAL-RT at ACS to OPAL-RT at SINTEF with sending rate of 2000 𝑝𝑝𝑝𝑝𝑝𝑝𝑝/𝑠. SINTEF OPALRT receives and sends back discrete values of the sine waveform. Round trip QoS characteristics are determined
based on generated reference data and received data at ACS OPAL.

2.2.1.2 Internet-distributed simulation of the simple circuit
Objectives of the second week of the visit were to perform tests of Internet-distributed simulation of a simple circuit
and to evaluate simulation fidelity based on different types of simulator-to-simulator interface.
Simple circuit illustrated in Figure 2 is used for this test. As described in 2.1.4, two types of sim-sim interface are
tested. Namely, the example circuit is tested for case of representing the interface quantities by their instantaneous
values and dynamic phasor representation.

2.2.1.3 Internet-distributed simulation of the transmission system with offshore wind farm
Finally, the work in the third week of access was focused on testing the applicability of the Internet-distributed
simulation platform for simulation of 23-bus transmission system with offshore wind farm. This simulation case
study is adopted from available examples provided by OPAL-RT [10]. The wind farm includes eight wind turbines
with detailed models of doubly fed induction generators. Offshore system including wind farm is simulated

on SINTEF OPAL-RT while 23-bus transmission system is simulated on ACS OPAL-RT. Sim-sim interface is
based on ITM with a decoupling point as indicated on Figure 4.
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Subsystem A

Subsystem B

Figure 4 - Distributed simulation of 23-bus transmission system with offshore wind farm
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2.3 RESULTS
2.3.1 Loopback communication test
Typical results of the loopback QoS communication test described in 2.2.1.1 are illustrated in Figure 4 and Figure 5.

Figure 5 - Round Trip Time statistics of loopback communication test

Figure 6 – Round Trip statistics of loopback communication test

Despite the fact that UDP protocol is selected for data transfer between the two simulators, the performed loopback
communication QoS test indicates relatively small probability of packet reordering and small jitter with respect to
delay. Internet connection established via national research and education networks, small size of UDP packets and
Tinc VPN could be the major reasons for the obtained performance.

2.3.2 Internet-distributed simulation of the simple circuit
Figure 7 shows results of Internet-distributed simulation of simple circuit illustrated in Figure 3 in case of sim-sim
interface based on instantaneous values representation of interface quantities. It can be concluded that, as a
consequence of interface delay, ITM current and voltage are shifted and conservation of energy at the interface is
not enforced. Furthermore, as expected, interface is very sensitive to time-varying delay and packet loss which
introduce additional dynamic that does not exist in original subsystem.
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Figure 7 – ITM current at subsystem 1 for sim-sim interface based on instantaneous values

Figure 8 illustrates results of Internet-distributed simulation for interface based on dynamic phasor representation.
Conservation of energy at the interface is enforced in steady state and the difference can be tolerated for slow
transient.

Figure 8 - ITM current at subsystem 1 for sim-sim interface based on dynamic phasor
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2.3.3 Internet-distributed simulation of the transmission system with offshore
wind farm
Results obtained from Internet-distributed simulation of simple circuit show that significant improvement with
respect to simulation fidelity is achieved with sim-sim interface in time-frequency domain compared to the sim-sim
interface in time-domain. Therefore, this test was performed only for sim-sim interface based on dynamic phasor
representation of interface quantities. Figure 8 and Figure 9 illustrate obtained results of Internet-distributed
simulation of 23-bus system with offshore wind farm.

Figure 9 - Internet-distributed simulation of the transmission system with offshore wind farm

During steady state and slow transient high degree of simulation fidelity is achieved.

2.4 CONCLUSIONS
Presented simulation platform and obtained simulation results demonstrate viability of geographically distributed
simulation. Sim-sim interface in time-frequency domain is proposed to improve simulation fidelity and to filter timevarying delay and packet loss of the Internet connection. Significant improvement is observed in simulation results
compared to the interface based on representing interface quantities by their instantaneous values. However, this
Rev. 02, 30-Dec-2014
Page 15 of 16

Infrastructure Access Report: DistSimOffshoreWind
also limits interface transparency and slow transient can be studied between the two subsystems only. To ensure
conservation of energy at the interface between the two subsystems during transient sim-sim interface must be
improved in order to compensate delay, jitter and packet loss.
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