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Executive Summary 
This report summarizes the proceedings of the First International Workshop on Grid Simulator 
Testing of Wind Turbine Drivetrains, held from June 13 to 14, 2013, at the National Renewable 
Energy Laboratory’s National Wind Technology Center, located south of Boulder, Colorado. 
The workshop was sponsored by the U.S. Department of Energy and cohosted by the National 
Renewable Energy Laboratory and Clemson University under ongoing collaboration via a 
cooperative research and development agreement. 

Grid simulators are a new, emerging testing capability that is becoming a critical step in overall 
wind turbine generator testing portfolios in many countries throughout the world. Grid 
simulators allow wind turbine generator manufacturers to test both the mechanical and electrical 
characteristics of their machines in a controlled grid environment by replicating many electrical 
scenarios that were previously only partially available by field demonstrations. Such grid 
simulators give manufacturers a platform upon which to ensure that their systems meet stringent 
national and international electrical standards and grid codes and test grid compliance of new, 
innovative electrical topologies and controls. This will increase reliability and lower the cost of 
energy delivered by wind power. An important aspect of grid simulator testing is a capability to 
provide electrical testing beyond fault ride-through, including a complete suite of electrical 
testing solutions at the multi-megawatt level for the wind power industry. 

Another benefit of grid simulator testing comes from the inclusion of hardware-in-the-loop 
testing capabilities that provide a platform above and beyond present standards for compliance 
testing (a static system) by simulating a detailed dynamic power system model in real time in 
which the device under test actually interacts with the simulated power system at full-scale 
power levels. Hardware-in-the-loop testing is particularly beneficial for performing parallel 
model verification, in which the differences between an actual device behavior and a detailed 
dynamic model of the device can be reconciled to provide a more robust and accurate model. 
This type of testing can identify and prevent costly and dangerous failures upon deployment. It 
also allows the customer to demonstrate their product in a safe and controlled environment, 
accelerate its introduction into the market, and reduce the risk of new-market introductions. 

The purpose of the workshop was to provide a forum to discuss the research, testing needs, and 
state-of-the-art apparatuses involved in grid compliance testing of utility-scale wind turbine 
generators. This includes both dynamometer testing of wind turbine drivetrains (“ground 
testing”) and field testing grid-connected wind turbines. Four sessions followed by discussions in 
which all attendees of the workshop were encouraged to participate comprised the workshop. 

Discussions during the workshop identified several conclusions and priority action items for 
coordinating and improving the present set of testing equipment and methods: 

1. Power electronic grid simulator test stands similar to those at the National Renewable 
Energy Laboratory and Clemson University are being pursued by all major test facilities 
in Europe and Asia involved in the testing and certification of wind power technologies; 

2. Coordination and data sharing between labs is needed for improved safety, better 
understanding of testing methods and priorities, and more-realistic mimicking of failure 
modes and field events, etc. 
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3. The addition of hardware-in-the-loop testing capabilities to power electronic grid 
simulators enables a new area of research and testing to estimate the impacts of a wind 
turbine generator and its controls at various scales from a single wind power plant to an 
entire power system. 

4. Standardization has been identified as a necessary future step to ensure valid and reliable 
grid simulator testing methods and conditions that can be replicated from lab to lab. (This 
is especially important for hardware-in-the-loop wind farm/power system level testing.) 
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Figure 2. CU 15-MVA grid simulator 

 

 
Figure 1. NREL 7-MVA CGI 

 

1 Introduction 
The United States and its territories are integrating renewable energy resources at an increasing 
rate each year. At the same time, utilities and other electricity industry stakeholders are facing 
challenges that slow the progress of integration.  

The National Renewable Energy 
Laboratory (NREL) is positioned 
to help industry meet and solve 
these challenges. With the 
opening of NREL’s 7-MVA 
controllable grid interface (CGI) 
grid simulator (Figure 2) facility 
in late 2013, NREL has the ability 
to test wind and solar energy 
technologies, and energy storage 
in a utility-scale grid 
environment. This capability 
allows industry to partner with 
NREL to test, optimize, and 

visualize the grid integration–related performance of the unit under test long before it is deployed 
in the field, saving time and resources while minimizing integration issues.  

A 15-MW grid simulator is under construction at 
Clemson University’s (CU’s) Restoration Institute in 
North Charleston, South Carolina (Figure 2). The 
hardware-in-the-loop (HIL) simulator is designed to test 
multi-megawatt equipment at full scale for grid-code 
compliance, to validate electrical models, advance 
smart-grid technology, examine energy storage and 
converters, and integrate distributive resources more 
efficiently into the power system. Additionally, 
researchers will be able to investigate unique aspects of 
grid and cyber security, wireless sensors, high-current 
calibration, and energy storage. 

NREL is in the final stages of commissioning, and CU is 
completing the construction of advanced, multi-
megawatt, power electronic grid simulator systems 
capable of many types of grid compliance testing 
(including voltage fault ride-through, frequency 
response, and voltage support) for wind turbines. Both 
facilities are expected to be valuable testing assets for 
the wind industry to further improve wind turbine 
reliability and the development and testing of advanced 
grid-friendly controls.  
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2 Workshop Motivation 
In anticipation of the opening of the CGI and grid simulator facilities, NREL and CU held a 1.5-
day workshop from June 13 to June 14, 2013, and invited participants from other testing 
laboratories and institutions throughout the world, wind turbine manufacturers, certification 
organizations, utilities, and academia to discuss testing challenges of wind turbine technologies 
related to grid integration and discover new ways to meet them by taking advantage of NREL’s 
and CU’s capabilities, as well as capabilities of other testing organizations. The workshop was 
divided into four different sessions, with a different topic of emphasis for session. 

The participation of testing laboratories from the United States, Europe, and Asia in this 
workshop is a step toward establishing broader international collaboration (and possibly 
standardization) in grid simulation testing of renewable energy technologies. 

Knowledge from the workshop is expected to help guide the research and testing conducted at 
NREL, CU, and other organizations. The workshop brought together experts in wind turbine 
testing, wind turbine manufacturers, wind power plant operators, and representatives from 
utilities to exchange knowledge, discuss experiences, and identify needs in wind power grid 
compliance testing that can be served by these test facilities. The workshop also provided 
valuable guidance in the development of advanced testing methods and procedures that will 
benefit the entire renewable energy industry.  

3 Workshop Objectives 
NREL and CU had three primary objectives for the Grid Simulator Testing workshop:  

• Gain an understanding of the challenges faced by industry stakeholders in integrating 
wind power into the grid and identify crosscutting areas between testing needs and test 
apparatus capabilities 

• Prioritize the list of critical challenges in grid simulator testing of wind turbine 
technologies  

• Develop an action plan for addressing challenges, particularly by partnering with the 
wind industry and taking advantage of these advanced testing capabilities  

To achieve these objectives, NREL developed the workshop agenda around five key topics:  

1. Overview of the existing test facilities and methods  

2. Overview of new test facilities under development (capabilities, hardware, testing 
portfolios, etc.) 

3. Wind turbine manufacturer perspective on grid compliance testing needs and methods  

4. Wind power plant operator/developer perspective on grid compliance testing needs and 
methods 

5. Advanced testing concepts (HIL, real-time digital simulator, multi-lab testing schemes, 
etc.)  
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4 Agenda 
Day 1: Thursday, June 13, 2013, 8:00 a.m. – 5:00 p.m. 

Introduction: 8:30 a.m. – 10:00 a.m. 

Welcome to NREL 

Introduction and Purpose of Workshop, NREL and CU, USA 

Overview of Grid Integration Aspects of Utility-Scale Wind Turbine Generators – Vahan Gevorgian, NREL, 
USA  

Overview of Grid Integration Testing Requirements for Wind Power – J. Curtiss Fox, CU, USA  

 

Introduction to Existing Capabilities and Testing Experience in Grid Simulator Area: 10:15 a.m. – 12:00 p.m. 

Moderator – J. Curtiss Fox, CU, USA  

Florida State University Center for Advanced Power Systems Experience – Michael Steurer, Florida State 
University, USA  

CENER Dynamometer/Grid Simulator Experience – Carlos Garcia de Cortazar, CENER, Spain  

Inductive Fault Simulator Field Testing Experience – Carlos Alvarez, Barlovento/E2Q, Spain  

NREL Controllable Grid Interface – Vahan Gevorgian, NREL, USA  

Discussion (summary of existing capabilities, field versus lab testing, existing limitations, etc.) 

 

New/Upcoming Test Facilities: 1:00 p.m. – 3:00 p.m. 

Moderator – Andrei Mander, CU, USA 

CU Dynamometer and Grid Simulator Facilities – Andrei Mander and J. Curtiss Fox, CU, USA  

National Renewable Energy Centre Drivetrain Test Grid Emulator – Alex Neumann, National Renewable 
Energy Centre, United Kingdom  

Fraunhofer Institute for Wind Energy and Energy System Technology DyNaLab Grid Simulator – Jersch 
Torben, Fraunhofer Institute for Wind Energy and Energy System Technology, Germany 

Wind Power Certification in China – Zhang Yu, China General Certification Center, China 

Wind Turbine Certification – Brian Gregory, Intertek, USA 
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ABB Grid Simulator Product Line – Pieder Joerg, Ester Guidi, ABB Medium-Voltage Drives, Switzerland  

Discussion 

 

Wind Turbine Manufacturer Perspective: What Are the Values for Wind Industry? 3:20 p.m. – 5:00 p.m. 

Moderator – Hal Link, NREL 

Advanced Wind Power Plant Controls – Nick Miller, General Electric 

Grid-Friendly Controls of Full-Converter Wind Turbines – Robert Nelson, Siemens  

Discussion (any testing needs missed in the proposed facilities, any additional requirements to increase the value of 
proposed facilities for the wind industry, etc.)   

 

Day 2: Friday, June 14, 2013, 8:30 a.m. – 12:00 p.m. 

Wind Power Plant Operator/Developer Perspective: 8:45 a.m. – 10:15 a.m. 

Moderator – Vahan Gevorgian, NREL  

Grid Interconnection Aspects for Offshore Wind Power – Bo Hesselbaek, DONG Energy 

An Overview of Grid Requirements in Denmark and the Technical University of Denmark’s Advanced Grid 
Test Facility in Osterid – Tom Cronin, Technical University of Denmark 

Fault Ride-Through and Other Compliance Tests – Michael Frydensjberg, Siemens Wind Power A/S, Denmark 

Underwriters Laboratories Certification Requirements for Renewable Generation – Tim Zgonena, 
Underwriters Laboratories 

Discussion 

 

Advanced Testing Concepts (HIL Testing): 10:30 a.m. – 11:30 a.m. 

HYPERSIM Real-Time Simulation Platform – Richard Gagnon, IREQ, Canada  

Real-Time Digital Simulator for HIL Testing – Tom Baldwin, Idaho National laboratory, USA 

Super Lab HIL Testing Concept – NREL, CU, Idaho National Laboratory, USA 

Discussion 
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Closing Panel/Going Forward: 11:30 a.m. – 12:30 p.m. 

Moderator – Andrei Mander, CU  

 

Lunch and Tour: 12:30 p.m. – 3:00 p.m. 

Lunch (served by NREL) and National Wind Technology Center Overview: 12:30 p.m.  

National Wind Technology Center Tour: 1:30 p.m. – 3:00 p.m. 

Adjourn: 3:00 p.m. 
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6 Summary of Presentations 
This section provides a summary of all presentations at the workshop. The full set of presentation 
slides is shown in the appendix.  

6.1 Day 1 – Opening Session 
The workshop started with introductory presentations by Vahan Gevorgian of NREL and J. 
Curtiss Fox of CU. Gevorgian welcomed participants on behalf of NREL, gave an overview of 
NREL’s vision of workshop goals and objectives, introduced attendees to testing activities and 
capabilities sponsored by the U.S. Department of Energy and developed at NREL, talked about 
U.S. perspective on grid integration for wind power, and outlined the framework and format of 
discussions. Fox presented a general overview of grid simulator testing rationale, 
implementation, and challenges. Both Gevorgian and Fox stressed the importance of grid 
simulator testing of wind turbine drivetrains from both fault response (voltage and frequency) 
and grid-friendly control standpoints. Both presenters also emphasized the advantages and issues 
related to the advanced testing concepts based on HIL/real-time digital simulator hardware and 
software platforms. 

6.2 Day 1 – Session on Existing Grid Simulator Capabilities 
This session was opened by Dr. Michael Steurer of FSU CAPS. Steurer presented FSU’s 
experience and ongoing research using their 5-MW HIL grid simulator and dynamometer test 
facilities. For many years, FSU CAPS has been a flagship of grid simulator testing in the United 
States, mainly for naval applications. Steurer shared many important insights on megawatt-scale 
generator and inverter testing, real-time dynamic simulation, and other aspects of his facility 
operation that were relevant to the topic of the workshop. 

The next presenter was Calros Garcia de Cortazar of CENER, Spain. CENER operates an 8-MW 
wind turbine dynamometer facility with power electronic grid simulator designed mainly for 
continuous 50-/60-Hz operation. Cortazar shared CENER’s experience in testing megawatt-scale 
wind turbine drivetrains, operating the facility, and outlined future upgrade plans. 

The third presenter in this session was Carlos Alvarez of Barlovento/E2Q, Spain. E2Q operates 
an inductive fault simulator for field testing of megawatt-scale wind turbines under low-voltage 
fault conditions. Alvarez provided an overview of Spanish grid codes and presented a summary 
of field testing activities involving technical details and safe operation of a mobile inductive fault 
emulator. His presentation provided important input, allowing participants to fully understand 
the challenges they might face in integrating similar testing capabilities in a laboratory 
environment. 

The last presenter in this session was Dr. Vahan Gevorgian of NREL, who gave an overview of 
the ongoing dynamometer/CGI-related facility developments at NREL’s National Wind 
Technology Center and shared technical specifications, design aspects, and testing capabilities of 
CGI. Gevorgian also talked about other gird simulation related activities at NREL, including the 
Energy Systems Integration Facility and future energy storage testing facility at the National 
Wind Technology Center. 

Participants engaged in a group discussion at the end of this session.  
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6.3 Day 1 – Session on New/Upcoming Test Facilities 
This session was opened with a presentation by Andrei Mander and J. Curtiss Fox of CU with a 
detailed summary of their new 15-MW test facility featuring a 15-MVA HIL grid simulator and 
two dynamometer test stands. CU’s unique combination of power converter and reactive divider 
network provides a unique and flexible testing environment for grid compliance testing of wind 
turbine drivetrains and other generation technologies. Both presenters shared detailed 
information on the facility’s mechanical and electrical design, control architecture, and data 
acquisition. 

The next presenter was Alex Nuemann of the National Renewable Energy Centre, United 
Kingdom, who gave an overview of their activities in the area of research and development, 
testing, demonstration, and deployment of renewable energy technologies. The National 
Renewable Energy Centre’s testing capabilities feature a 15-MW dynamometer for wind turbine 
testing and a 3-MW tidal turbine nacelle test facility. They are reviewing designs for a 10-MW 
power electronic grid emulator with inductive rig for fault simulation. This facility is undergoing 
commissioning and is expected to come online by the end of 2014. 

Torben Jersch of IWES/Fraunhofer, Germany, presented information on their DyNaLab test 
facility featuring a 10-MW dynamometer stand and a 15-MVA power electronic grid simulator 
made by ABB. This grid simulator has the exact same electrical topology as NREL’s CGI. The 
construction of DyNaLab started in July of 2013 and is expected to be completed by the end of 
2014. 

The next speaker, Zhang Yu, represented the China General Certification Center. His 
presentation focused on certification requirements and standards and grid interconnection 
requirements in China. Yu gave the audience a perspective on types of certification testing 
required by utilities in China and how the grid simulator testing facilities can help wind turbine 
manufacturers meet stringent grid code requirements. 

Brian Gregory of Intertek, United States, gave the audience a perspective on relevant compliance 
and certification requirements for large utility-scale wind turbines in North America. 

The last presenter in this session was Pieder Joerg of ABB, Switzerland. He provided a detailed 
overview of their power electronic grid simulator product line. ABB grid simulators are used by 
several testing labs throughout the world (NREL, CENER, IWES, etc.). He covered general 
aspects of using voltage-source power converters for mimicking realistic grid conditions for 
renewable technologies testing. 

Participants engaged in a group discussion at the end of this session.  

6.4 Day 1 – Session on Manufacturer’s Perspective 
Although representatives from several wind turbine manufacturers were present at the workshop 
(RePower, GoldWind, Northern Power, GE, Siemens), only two of them agreed to speak at the 
workshop. The first speaker, Nick Miller of GE, gave an overview of their grid-friendly plant 
and turbine-level controls and shared information about advanced drivetrain topologies, 
including built-in energy storage. Miller confirmed the importance of grid simulator testing for 
the industry and stressed the necessity in careful planning and implementation of such tests 
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involving power electronic grid simulators to avoid unwanted/unrealistic interactions between 
power converters. He also pointed out that there is very little to be learned from a single turbine 
test and emphasized that a turbine should be part of a wind power park as a whole.  

The same point was affirmed by the next presenter, Robert Nelson of Siemens, who talked about 
grid-friendly features of Siemens wind turbine generators (WTGs). 

The presentations were followed by a group discussion. At the end of the last session, Gevorgian 
joined participants at dinner, and they discussed the outcomes of the first day of workshop.  

6.5 Day 2 – Session on Wind Power Plant Operator/Developer 
Perspective 

Bo Hesselbaek of DONG Energy, Denmark, started the second day of the workshop. DONG 
Energy is the largest developer of offshore wind power plants in the world. Hesselbaek gave a 
detailed overview of DONG Energy’s activities and outlined technical challenges related to 
interconnection aspects of offshore wind power (alternating current versus direct current 
interconnection, harmonic issues, etc.). Hesselbaek stated that harmonics were the fundamental 
challenge for offshore wind power. He gave a perspective on how some such interconnection 
challenges can be mitigated and potentially resolved in testing stages using grid simulator test 
facilities. For this purpose, DONG ENERGY will send a postdoctoral (Jacob Gladsam) to spend 
several months at NREL’s National Wind Technology Center to work with NREL on this topic. 

The next presenter was Tom Cronin of the Technical University of Denmark. He gave an 
overview of Danish grid codes for wind power and presented the developments of the Danish 
National Test Centre for large wind turbines in Osterid, Denmark. This center will have a 16-
MW-scale grid simulator with MV switchgear for testing wind turbine generators installed at the 
Osterid test site. The Technical University of Denmark’s approach is similar to NREL’s National 
Wind Technology Center concept of testing wind turbines using a power electronic grid 
simulator. The Technical University of Denmark’s facility is expected to come online by mid-
2015. 

Next, Michael Frydensjberg of Siemens Wind Power form Denmark talked about experience in 
wind turbine fault ride-through testing and model validation. This presentation helped to improve 
understanding and opened a floor for discussion on potential challenges for reproducing the same 
testing scenarios in a laboratory environment using grid simulators. 

The last speaker in the session was Tim Zgonena of Underwriters Laboratories. He talked about 
Underwriters Laboratories practices and standards in certification testing of inverters, converters, 
and other grid-interconnected renewable generation equipment with stress on testing the safety 
aspects of such equipment. He gave the audience insight on the latest developments of the 
UL1741 and IEE1547 standards and their applicability for testing inverter-coupled renewable 
generation. 

6.6 Day 2 – Session on Advanced Testing Concepts 
Richard Gagnon of Hydro-Quebec Research Institute, in Canada, opened this session with an 
overview of Hydro-Quebec’s HyperSim real-time digital power system simulator, which is used 
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for HIL testing of controllers for HVDC, FACTS, and protection relays. Hydro-Quebec’s 
Research Institute is currently evaluating options to develop a real-time grid power simulator for 
testing distributed renewable generation in grid-connected and micro-grid applications. Gagnon 
shared many ideas on  research-and-development opportunities for HIL grid simulators for 
testing and integrating wind power technologies.  

Tom Baldwin of INL talked about the U.S. Department of Energy’s “SuperLab” concept for 
multi-lab asset utilization and testing of grid integration aspects of renewable technologies and 
energy storage. 

Next, Mander of CU and Gevorgian of NREL presented a summary of workshop conclusions 
and results, prioritized the issues, and outlined the next steps and future plans. 

To conclude the workshop, the NREL team led a two-hour tour of the National Wind 
Technology Center site featuring CGI and dynamometer facilities. 

7 Discussions 
Many useful technical discussions took place during and after the presentations listed in the 
previous section. The workshop was structured to encourage maximum interaction among 
participants. Workshop discussions were guided by the following main framing questions: 

1. What are the critical challenges faced by utilities in integrating large-scale wind power? 

2. Which particular grid integration challenges can be addressed/mitigated by utilizing the 
unique testing capabilities offered by megawatt-scale grid simulator facilities? 

3. How can participants learn from each other? 

4. Is there a need for standardization of grid simulator testing methods and protocols? 

5. What is the role of HIL testing? 

The following secondary set of questions was also used to guide the discussions and receive 
feedback from workshop participants: 

1. What are the advantages and disadvantages of various electrical topologies used in 
particular grid simulator facilities (capabilities, controllability, safety, cost, etc.)? 

2. What are the optimum controller designs for grid simulators to create realistic testing 
conditions and avoid unwanted interactions between test apparatus and test article 
controllers?  

3. What are the capabilities of grid simulator facilities for testing other types of inverter-
coupled generation and energy storage? 

8 Conclusions 
Grid integration of wind power plants is complicated by wind resource variability and electrical 
characteristics of WTGs. The need for many types of ancillary services by wind power increases 
at higher levels of wind penetration, whereas the conventional generation that provide those 
services may become unavailable or less economic. Wind turbine manufacturers developed a 
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suite of advanced wind power plant controllers designed to improve overall power system 
performance and reduce the need for additional ancillary services by conventional generation. 
Instead, wind power can provide the same set of ancillary services. The advantage of modern 
wind power plant controls is that they can coordinate the active and reactive power controls from 
multiple wind turbines and make an entire plant function as a single generation source with 
characteristics similar (or better) to the conventional synchronous generators and maintain (or, in 
some cases, improve) the reliability of the electric power grid. 

According to information shared by the workshop participants, the grid simulator facilities in the 
United States and Europe were designed to accommodate testing of the whole suite of such 
“grid-friendly” controls by wind power and measure wind turbine response and impacts on 
individual components (both mechanical and electrical) under a controlled grid environment. 
Based on workshop discussions, the grid simulator testing portfolio can be segregated into two 
major areas in accordance with the nature of two basic types of ancillary services provided by 
wind power in the form of active and reactive power controls. The third major area of testing is 
testing the wind turbines under grid voltage fault conditions involving active and reactive power 
controls in a more transient manner. 

8.1 Testing Associated With Various Types of Active Power Control 
The active power output of wind power plants can be controlled in different timescales to 
provide several types of ancillary services related to system frequency response and frequency 
regulation. The ability of a power system to maintain its electrical frequency within a specified 
range is a crucial element to maintain a reliable and secure power system. An interconnected 
power system must have adequate resources to respond to a variety of contingency events to 
ensure rapid restoration of the balance between generation and load. Primary frequency 
response—also called primary control reserve and frequency responsive reserve—is the capacity 
available for automatic local response to frequency excursions through turbine speed governors 
and frequency responsive demand that adjusts to counter-frequency deviations to stabilize the 
frequency. System inertia is the cumulative synchronous generation and load inertia that slows 
the initial rate of change of frequency deviation. The combined response of primary frequency 
response and inertia is essential to arrest electrical frequency changes before triggering 
underfrequency load-shedding relays. In extreme cases, large deviations in frequency may result 
in generation protection relays or machine damage, or reaching unstable frequencies that could 
potentially lead to a blackout. 

8.1.1 Testing of Wind Turbine Inertial Response 
Modern variable-speed wind turbines utilize power converters to decouple a turbine’s rotational 
speed from system frequency and allow both increased energy capture and smoother power 
production. In standard operational practices, wind turbines do not have a primary control 
reserve because they are controlled to operate at maximum power for the wind condition. 
Therefore, wind turbines do not contribute primary frequency control in the conventional way 
using primary control reserve. However, the kinetic energy stored in wind turbine inertia allows 
supporting primary frequency response for short periods of time. The inertia constants of 
megawatt-scale wind turbines of 2 sec to 6 sec are compatible with inertia constants of large 
power plants, so even high wind penetration does not reduce the amount of kinetic energy in the 
power system. The variable frequency converters of wind turbines allow instantaneous control 
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over turbine electrical power. This fact in combination with large inertia allows the wind turbine 
to be controlled is such a manner that additional power from kinetic energy will be released to 
the grid during frequency drops. This can be achieved by implementing an additional control 
loop in the turbine power converter. 

Power electronic grid simulators represent a unique opportunity to test the inertial control of 
variable-speed wind turbines by reproducing real frequency events on wind turbine terminals. 
Historically, inertial response tests have been conducted in the field by feeding a fake frequency 
signal into the WTG controller. The real frequency seen by wind turbine components remains 
unchanged during such tests. The advantage of grid simulator testing is that the wind turbine 
drivetrain (power converter, generator, or both, depending on turbine topology) and all ancillary 
equipment can be exposed to a real frequency excursion that happens in the power system after 
the loss of a generation (underfrequency) or load (overfrequency). The real measured frequency 
events from various power systems (both large interconnections and smaller island systems) can 
be reproduced by the grid simulators to test the inertial response of a wind turbine. The NREL 
CGI can play a unique role in such testing because it is the only grid simulator facility that 
allows both dynamometer testing of wind turbine drivetrains and field testing of real wind 
turbines. Other existing and planned future grid simulator facilities do not have such dual 
capability. It was noted by workshop participants that conducting inertial test on dynamometers 
requires accurate simulation of wind rotor inertia in dynamometer controls. 

8.1.2 Testing Wind Turbine Primary Frequency Response 
The primary frequency response by wind turbines can be integrated into the rotor-side active 
power control loop and demonstrate behavior similar to conventional synchronous generators. 
The wind turbine must operate in curtailed mode to provide reserve for primary response when 
frequency drops, similar to conventional synchronous generator with speed governors. 
Nonsymmetric droop characteristics can be implemented in wind turbines. The primary response 
parameters (deadbands, up and down droops, reserve margin) can be tuned up for optimum 
system performance. 

The grid simulator facilities will allow testing wind turbine capability to provide primary 
frequency response and increase or decrease production in accordance to various droop 
characteristics. It was noted during the workshop that testing wind turbine primary frequency 
response controls on a dynamometer requires accurate mimicking of a turbine blade pitch 
controller. The NREL CGI will allow both dynamometer and field testing of wind turbines 
providing primary frequency response. 

8.1.3 Testing Wind Participation in Automatic Generation Control and Ramp-Rate 
Limiting Testing 

The ability of wind power plants to operate in a curtailed mode at a desired power set point 
creates opportunities for wind to participate in automatic generation control (AGC), and also 
provide a specified rate of change in power output between each successive step (ramp-rate 
limiting). AGC is also known as secondary frequency response. Such controls are usually tested 
in the field with wind turbines connected to the grid under real wind conditions. It was noted 
during the workshop that grid simulators add little value to such tests. However, implementing 
HIL/controls with power electronic grid simulators will allow testing the aggregate impacts of 
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wind power providing such services on larger simulated power systems. Such an approach will 
allow evaluating and optimizing various turbine and plant-level controller designs. 

8.2 Reactive Power/Voltage Control Tests 
Modern variable-speed wind turbines allow precise voltage/VAR control to provide two major 
benefits: first, the impact of active power variability on grid voltages can be minimized; second, 
the accurate voltage control improves overall power system stability. The VAR/voltage control 
of a wind power plant can be implemented on a local collector bus level or at a point of 
interconnection some distance away from a wind power plant.  

8.2.1 Testing Wind Turbines Providing Voltage Regulation 
The specifics and benefits of voltage regulation tests were discussed at the workshop. The power 
electronic grid simulators allow emulating a voltage source behind specified line impedance and 
X/R ratio. This feature allows testing WTGs connected to stronger or weaker transmission lines. 
This type of testing will require the implementation of an HIL/RTDS hardware solution to model 
the dynamics of a transmission or distribution line with given parameters. More-complicated 
HIL schemes can be implemented to simulate the aggregate voltage regulation characteristics of 
an entire wind power plant connected to a transmission system or as part of a smaller isolated 
island grid. The grid simulator facilities provide unique environments for testing voltage 
regulation aspects of wind power under controlled grid conditions. 

8.2.2 Testing Reactive Power Control Without Wind 
Power converters of WTGs are capable of providing reactive power/voltage control during 
periods of no wind or when stopped during periods of extreme winds or system disturbances. 
From a systematic perspective, the reactive power capability is similar to STATCOM and other 
reactive devices. As in previous cases, grid simulators provide a unique testing platform for 
wind-free reactive power control demonstrations. 

8.3 Grid Fault Testing 
Grid fault testing of WTGs is a fundamental benefit of the grid simulator facilities. The grid 
faults and abnormalities can be in the form of balanced and imbalanced voltage amplitude 
variations, frequency variations, and harmonic distortions. The capabilities of various grid 
simulator topologies to emulate specific types of grid faults were one of the main topics of 
discussions throughout the entire workshop. The voltage fault ride-through by wind power is 
essential for reliable operation of a power system with large amounts of wind power and is an 
interconnection requirement by essentially every utility throughout the world. 

8.3.1 Low-Voltage Fault Testing 
Low-voltage fault testing is a basic service that all grid simulators are built around. Historically, 
low-voltage fault testing was conducted in the field using inductive voltage dividers. This 
method has proven to be efficient for unbalanced zero-voltage ride-through (ZVRT) and low-
voltage ride-through (LVRT) testing of single grid-connected wind turbines. One disadvantage 
of inductive dividers is the dependence on a strong grid, and there are difficulties in conducting 
line-to-ground fault tests (risk of substation protection trip off because of a lack of isolation). The 
dynamometer laboratories are usually located in the urban areas in proximity to major load 
centers where using inductive voltage dividers for low voltage testing is not acceptable. From 
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this perspective, the power electronic grid simulators become useful to conduct such tests in a lab 
environment because they provide complete isolation between a test bus where the fault is 
emulated and the rest of the grid. Power electronic grid simulators bring additional flexibility to 
low-voltage fault testing because such tests can be conducted by the grid simulator itself, or by a 
combination of grid simulator and inductive voltage dividers. Various types of one-, two-, and 
three-phase fault tests can be conducted this way. The CU grid simulator is a combination of 
power electronic converters and an inductive divider network. The NREL CGI is a power 
electronic solution only, but it has the capability and terminations available to incorporate an 
inductive voltage divider if such need arises in future. 

Wind turbines with power electronic converters have a capability to control the magnitude of 
reactive current that turbines can feed into the fault from essentially zero to its current limit. 
Many utilities in Europe require wind power to control this reactive current in proportion to a 
magnitude of voltage drop (reactive current droop). The grid simulators are essential tools for 
testing such reactive droop capability for various types of wind turbine topologies. 

All workshop participants seemed to be on the same page in regard to their approaches to voltage 
fault testing. It appears that other testing labs adopted the voltage fault testing approaches similar 
to those of NREL and CU.  

8.3.2 High-Voltage Fault Testing 
One fundamental disadvantage of inductive voltage dividers is the inability to conduct high-
voltage fault tests. This is another area of testing in which grid simulators bring new capability to 
the wind industry. High-voltage ride-through (HVRT) is also an interconnection requirement in 
many utilities. In Europe, the rapid increase of offshore wind power brought the HVRT problem 
into a focus during recent years. The power electronic grid simulators provide unique platform 
for HVRT testing of various WTG topologies. The CU grid simulator is capable of 140% 
overvoltage tests, and the NREL CGI is capable of 130% overvoltage tests. Other test facilities 
have overvoltage capabilities similar to NREL and CU. 

8.3.3 Voltage Imbalance Testing  
Continuous voltage imbalances may exist in the power system. The power electronic grid 
simulators provide possibilities for reproducing such imbalances on wind turbine terminals for 
extended periods of time. This is a capability that was not possible with traditional testing 
methods. Another capability of power electronic grid simulators is to create low-frequency 
voltage modulations that mimic the sub-synchronous resonance conditions that might exist in the 
power grid. 

8.4 Harmonic Analysis 
Bo Hesselbaek of DONG Energy pointed out, and was reinforced by other industrial attendees, 
that among the primary limiting factors with developing offshore wind technologies are the 
challenges associated with the inherent harmonics created by the power converters of the WTGs. 
Because offshore applications require the use of submarine power cables that have significantly 
higher capacitances than overhead lines, the resonance frequencies seen in offshore applications 
tend to be much lower. The harmonic ranges shown in Hesselbaek’s presentation indicate 
harmonic orders in the high teens to low twenties as being the most prominent in DONG 
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Energy’s existing offshore wind power parks. To ensure confidence in the development and 
integration of offshore wind sites, detailed harmonic studies are needed for any WTG that might 
be deployed in these applications. Such harmonic studies would include both the susceptibility of 
a wind turbine to harmonic voltages and how the emission of harmonics from a WTG will 
impact the design of a complete offshore wind power park. 

With respect to grid simulator testing facilities, the capabilities of reproducing harmonic content 
must be weighed against the natural harmonic content created by the power electronic converters 
that are inherent to each testing facility. With this, it is clear that each of the testing facilities will 
be capable of creating some low-order harmonics to test some of the harmonic interactions a 
WTG may have with the grid. The CU grid simulator’s unique power electronic amplifier has the 
highest harmonic replication range (up to the 30th harmonic) and the least amount of background 
noise with respect to all of the technologies presented during the workshop. It should be noted 
that the frequency bandwidth of the power electronic converter utilized for the grid simulator 
will play a very important role in HIL testing scenarios. 

8.5 HIL Testing 
Participants agreed that HIL testing capability becomes an important part of grid simulator 
testing. The importance of HIL for dynamometer testing has been recognized by testing 
community for years to introduce impacts of “missing” turbine components (blade pitch system, 
wind rotor dynamics, etc.) into the testing process of wind turbine drivetrains. The same level of 
understanding is being developed for the grid simulator side of testing as well, in which HIL 
capability will allow introducing the impacts of “missing” components from the grid side. 
Creating a real-time HIL test system will also allow scalability when the dynamics of an entire 
wind power plant or entire power system can be emulated. All testing institutions present at the 
workshop are in the process of developing real-time HIL controls for their grid simulators and 
dynamometers. The input from Florida State University and Hydro-Quebec Research Institute 
was very important because it helped participants to understand the challenges of real-time HIL 
testing and gave guidance on possible hardware and software solutions for developing such 
capabilities. 

Historically, all previous testing practices of grid compliance aspects of wind generation 
involved a single wind turbine connected to a strong power grid (IEC 61400-21 power quality 
testing standard for wind turbines). The increasing levels of wind penetration pose new 
requirements for such testing. A single wind turbine cannot be tested any longer in “isolation” 
from the other elements of the power system. The HIL-capable grid simulators will become new, 
unprecedented tools for testing the grid integration aspects of wind power. 

8.6 Development of Test Methods and Protocols 
One of the main important conclusions of the workshop was that the grid simulator testing 
community came to the realization that the interchange of nonproprietary information is 
important and mutually beneficial. Before the workshop, each testing organization was engaged 
with its relatively smaller group of stakeholders providing input and guidance in grid simulator 
capability development. Collaboration between labs will create an opportunity for interactions 
between many stakeholder groups from different countries and will lead to the development of 
better testing products. It was agreed among participants that some sort of “standardization” will 
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be needed in the grid simulator testing area similar to IEC 61400-21, which provides unified 
power quality testing methods for wind turbines in the field. This is especially important for 
HIL/testing in which standard models of power systems (such as IEEE 14-bus or 39-bus test 
systems) can be used for evaluating the performance of various grid-friendly controls of WTGs. 

8.7 Other Conclusions 
We are not alone. The grid simulator testing of wind turbine drivetrains is a global trend; it is a 
hot topic in many countries.  

We are not unique. Others are doing the same thing in a very similar way. 

Perfect timing. It is remarkable that the timing for developing and commissioning such grid 
simulator capabilities is basically within one to two years for many countries. 

Power electronics rule. All wind technology testing organizations adopted power electronic 
solutions for their grid simulators.  

Safety is the name of the game. All testing labs put enormous effort into ensuring personnel 
and equipment safety during grid simulator testing. 

Looking beyond wind. All testing organizations are looking into possibilities of expanding their 
grid simulator testing portfolios to other renewable technologies (PV, MHK, etc.) and energy 
storage. 

9 Workshop Benefits to NREL/U.S. Department of 
Energy 

The workshop provided the following benefits to NREL and the U.S. Department of Energy 
wind program: 

1. The workshop promoted cooperation and information among the participating research 
organizations. 

2. The workshop seeded new and hopefully lasting collaborations between NREL and CU 
as well as other testing organizations in Europe that are in the process of developing 
similar grid simulating capabilities. 

3. The workshop has proven that the U.S. Department of Energy investment in NREL and 
CU grid simulation capabilities is relevant and timely. Other countries are on the same 
track with approximately the same construction and commissioning schedules. 

4. The workshop established both NREL’s and CU’s role as leading institutions in grid 
simulator testing on a global scale. 

5. The workshop confirmed the high value proposition by grid simulator capabilities. This 
was confirmed through presentations and discussions with turbine manufacturers that 
seem to fully understand the benefit of grid simulator testing and are already 
incorporating such testing into their future testing plans. 



17 
This report is available at no cost from the 
National Renewable Energy Laboratory (NREL) 
at www.nrel.gov/publications. 

10 Future Steps 
Participants agreed to meet annually and share information on progress. CU agreed to host the 
next workshop in May 2014 in Charleston, South Carolina. NREL and CU will work together to 
provide participation of a larger group of stakeholders from the U.S. electrical utilities and wind 
power plant operators. 
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11 Appendix: Presentations 
11.1 Introduction 
11.1.1 Overview of Grid Integration Aspects of Utility-Scale Wind Turbine Generators – Vahan Gevorgian, NREL, 

USA  
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11.1.2 Overview of Grid Integration Testing Requirements for Wind Power – J. Curtiss Fox, CU, USA  
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11.2 Introduction to Existing Capabilities and Testing Experience in Grid Simulator Area 
11.2.1 Florida State University Center for Advanced Power Systems Experience – Michael Steurer, Florida State 

University, USA 
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11.2.2 CENER Dynamometer/Grid Simulator Experience – Carlos Garcia de Cortazar, CENER, Spain 
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11.2.3 Inductive Fault Simulator Field Testing Experience – Carlos Alvarez, Barlovento/E2Q, Spain
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11.2.4 NREL Controllable Grid Interface – Vahan Gevorgian, NREL, USA
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11.3 New/Upcoming Test Facilities 
11.3.1 Clemson University Dynamometer and Grid Simulator Facilities – Andrei Mander and J. Curtiss Fox, 

Clemson University, USA 
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11.3.2 National Renewable Energy Centre Drivetrain Test Grid Emulator – Alex Neumann, National Renewable 
Energy Centre, United Kingdom 
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