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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.

This report is available at no cost from the
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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.)

This report is available at no cost from the
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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.

7TMVA | =4
AC ;
Grid g e L
AL LR 13.2 kV
182 k¥ }_@_‘_ A ..L, L . Tehsl
: e T o ; Article
i R i
: Ac ;
L

Figure 1. NREL 7-MVA CGI

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.

This report is available at no cost from the

National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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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

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

e 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.)

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.)

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 2
at www.nrel.gov/publications.



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,
US4

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

This report is available at no cost from the
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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/CGlI-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.

This report is available at no cost from the
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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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 8
at www.nrel.gov/publications.



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?

How can participants learn from each other?
4. TIs there a need for standardization of grid simulator testing methods and protocols?
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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 15
at www.nrel.gov/publications.



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.
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10Future 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

11.1Introduction

11.1.1 Overview of Grid Integration Aspects of Utility-Scale Wind Turbine Generators — Vahan Gevorgian, NREL,
USA
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Workshop Agenda

* Day1

Badging and breakfast — 8:00 a.m.-8:45 a.m.
Morning sessions — 8:45 a.m.-12:00 p.m.

o Lunch-12:00 p.m.-1:00 p.m.

Afternoon session - 1:00 p.m.-5:00 p.m.

o

Q

[e]

o Group dinner in Boulder area (7 p.m.) — please let us know if you

are coming
* Day2
o Arrival and breakfast — 8:00 a.m.-8:45 a.m.
o Morning sessions — 8:45 a.m.-12:00 p.m.
o Lunch—-12:00 p.m.-1:00 p.m.
o National Wind Technology Center tour — 1:00 p.m.-3:00 p.m.
o Adjourn—3:00 p.m.
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U.S. Wind Power by State Impacts on Testing
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* Large-scale integration of wind energy will present new
challenges for testing community
* Evolving grid codes and interconnection requirements (often
utility specific)
* Existing wind turbine testing practices “in isolation” from other
parts of power system need improvements
o Interaction with other wind turbines in the plant
o Interactions between grid and power plants
o Impacts on power system reliability

* Ancillary services by wind (various forms of active and reactive
power control)

* New generation of testing methods and equipment

* Hardware-in-the-loop (HIL) testing

* Specifics of offshore operation (AC and DC)

* Grid simulator testing can become a useful tool for the industry
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Evolution of Wind Turbine Electrical Topologies History of Wind Turbine Dynamometer Testing

Constant Speed *« Megawatt-scale dynamometer testing capabilities emerged i
around mid-1990s

* HALT/reliability testing
*  Proven to be an effective tool to validate new designs
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* “Model-in-the loop” approach to simulate wind rotor w
dynamics (rotor, pitch, yaw, tower)
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IEC 61400-21 Power Quality Testing Standard Grid Simulators for Dynamometer Testing

Grid Simulator (CGI)

* Field testing standard (not applied to dynamometer testing) - Dyno. environment
* Provides unified methodology to grid compliance testing o Weaker grids
. " " o No disturbance to utilities is
« Early years: Reactive power, Flicker, Harmonics etarwiat
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: be the best soluti
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* Ed. 3: Some additions are expected:
o High-voltage ride-through (HVRT)

* Advantages of power
electronics solution
o Fast, flexible control (HIL)
o Control of voltage (LVRT/HVRT, low-frequency modulations) and frequency

o Inertia G o 50-Hz/60-Hz operation
o Voltage control o Recreation of field events
* Two separate pieces of equipment needed for LVRT and + Disadvantages of power electronics solution
HVRT tests o Possible harmonic interactions (topology dependent)

5 Sequence capabilities (topology dependent)
* Frequency response testing can be conducted only by 5

feeding a frequency signal into turbine controller

NATIONAL RENEWABLE ENERGY LABORATORY NATIONAL RENEWABLE ENERGY LABORATORY

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 21
at www.nrel.gov/publications.



Realistic Simulation of Wind Farm Conditions

Esoctrical Grig it K Ced 348KV Bus

230 KV Line 2

34.5 kV Collector
* Typical land-based wind turbine in United S
States:
Average size of single WTG - 2.5 MW
« 690 VAC on wind turbine terminals
690-V/34.5-KV pad-mount transformer

* Typical offshore wind turbine in Europe
is connected to 33-kV collector system
= Of'fshore HVDC Individual WTGs

Power electronic grid simulator
seems to be a good match

Different operation compared to AC !‘-\anc {1, /%

- Harmonic interactions % a1
S 8

@
L

NATIONAL RENEWABLE ENERGY LABORATORY

Benefits of Grid Simulator Testing

* Many electrical testing scenarios can be conducted in

safe, controlled environment

* Provides testing capabilities platform beyond present
gird compliance standards

* Can be used as a platform for new standards
development and validation

* Platform for dynamic model validation

* HIL capability to test controls of a single wind turbine ™ soure: e

as part of a large wind power plant (onshore and
offshore)

* Value and capabilities beyond needs of the wind
industry

~— Mo tnarila, o Droc

TME fsecl

W ow w
o

NATIONAL RENEWABLE ENERGY LABORATORY

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

* Establish collaboration between testing labs worldwide to
identify testing needs and capability gaps
Establish a framework for sharing testing experience, test
protocols and procedures, etc.
* Explore needs in having unified testing methods
* Further dialogue with wind O&Ms and plant operators to
identify and meet their testing needs
* Next steps:
o Future workshops
o Engaging larger stakeholder groups (utilities and independent system
operators)

o Going beyond wind (photovoltaic inverters, energy storage testing,
MHK, etc.)

* Success requires your active participation and discussion

NATIONAL RENEWABLE ENERGY LABORATORY

Thank you.

Questions?



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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 23
at www.nrel.gov/publications.



Overview of Grid Integration Testing

GICLEMSON

W ONITVE LT v

1st International Workshop on Grid Simulator Testing of Wind
Turbine Drivetrains - NWTC, Bolder, CO

June 13, 2013

J. Curtiss Fox - Clemson University
1

G CLEMSON

- UNI VERSITY

Transforming the electrical grid into
an energy efficient network requires:

« new technologies that must play a significant role in power system stability.

= the ability to replicate a complex dynamic system like the electrical grid for testing
purposes.

= extensive testing of hardware and software to meet safety and quality assurance
requirements through ‘fully integrated’ system testing.

« parallel model verification and validation of physical hardware to ensure higher
reliability and stability once deployed on the electrical grid.

Advanced Testing Lowers the Risks and Costs of
New Technology Introduction into the Market

Time to Market

Total Costs Deployment Risks

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

Steady State and Envelope

Evaluations

* Power Set Points
s Voltage and Frequency Variations
« Controls Evaluation

= Voltage Flicker
= Harmonic Evaluations
= Anti-Islanding (Software)

Hardware-In-the-Loop
Testing

= Frequency Response
* Active Volt-VAR Control
« Active Frequency Regulation

* Low Voltage Ride-Through {LVRT}
» Unsymmetrical Fault Ride-Through
* High Voltage Ride-Through (HVRT)

« Recreation of field events with
captured waveform data

= Simulated dynamic behavior and
interaction between grid and the
device under test

@CLE

u I VER S I TXY

Steady State Envelope Testing -

'”\A),ma!,qu Jo |a/\a|.8u!seamu-|

MSON

» Active and reactive power set points, limits and ramp rates as
commanded by operations

* Voltage and frequency trip limits and time to trip
— IEEE 1547 limits and/or those specified in specific grid codes

2
13

EEERES

I

¢

cEBEE

Frequency and voltage trip points for various TSO's in Europe

BELGIUM

“Grid Cade Requirements for Large Wind Farms: A Review of Technical Regulations and Available
‘Wind Turbine Technologies” M. Tili, Ch. Patsiouras, 5. Papathanassiou



Power Quality:
Harmonic Evaluations

Power Electronic Grid Simulators must have a low noise floor with respect to harmonic
ranges required by standards
— IEC requires measurement out to the 9 kHz
— Filtering or very fast switching frequencies are desirable to meet this challenge
Harmonic Evaluations:

1 Injected harmonic current by the DUT
« |EEE 519 current limits
2. Harmonic susceptibility
« Background harmonic voltages, DUT susceptibility and trip limits
3. P ble system i jance for quasi-stationary harmonic analysis
* Harmonic voltage adjusted by the amplifier in order to converge on a specified system and filter
impedances

Envisioned harmonic evaluation control schemes are similar to those used in active
filtering

Example IEC Harmonic Voltage Compatibility Plot
5 I e e

IEC Planning Levels

Harmonic Veltage [%)

i £ ST M B o ) B i o i b
1011121314 151617 18192021 222324 252627 829303132334 3535 37 38 3 40 41 42 43 44 45 45 47 28 49 &

Power Quality: Active Voltage PCLEMSON

Regulation and Voltage Flicker

w

Volt/VAR Control:

* Presently limited to extreme circumstances such as fault ride-through events and
includes a wide dead band around nominal voltage

* The future standards can involve devices regulate their own voltage through
Volt/VAR control (slow acting droop mode control)

esctve cuent site

Voltage Flicker Susceptibility and Mitigation ey . s

rowme < 20

mtaton of e votaga s
by volage conrol Voo sppen

* Voltage flicker could be mitigated
through fast acting Volt/VAR control

— May promote voltage instabilities in actual
systems

* Voltage flicker testing should include both
rectangular and sinusoidal modulation
across a wide band of sub-harmonic
frequencies

wiin ho doad band
speciication 1 acc. wih chopéar 3262

E.ON Netz Grid Code: The principle of voltage support in
the event of grid faults

CLEMSON

ERS I TY

Inertial Frequency Response
and Active Frequency Regulation

What role can renewable devices have on inertial frequency response?

— Wind Turbines
— Photovoltaic Converters
— Utility Scale Energy Storage

The need has been recognized to coordinate inertial response testing with drivetrain
testing dynamometers

Hub and blade simulation could provide ‘rotor inertia simulation’ for kinetic energy
capture during times of emergency frequency response.

bx] A - Frequency of grid
_—W before event
P 1 |
E n L B - Frequency after
H ‘1 T o B B . S initial stabilization
P + |
’? C - Frequency Nadir
"
= (s,
= Em e BEE E § w e
FERC Frequency Response Characteristic Fi

Anti-Islanding (Software) e

*  What is Anti-Islanding?

— Unintentional islanding of distributed generation can cause equipment damage, power
quality issues and safety hazards.

— |EEE 1547 “Standards for Interconnecting Distributed Resources to Electric Power
Systems”. Established testing protocol for Upper/Lower Voltage and Frequency
thresholds used to detect islanding.

Real RLC Load

-
* Detection Schemes | s 1 1

— Primarily voltage and/or frequency variations

Simulated
Area EFS

« Software Implementation

— Advantages {}
* Lower Power Requirements (no physical components)
« Flexibility of RLC components __ Simulated RIC Load
— Challenges —g'_l__l
* Control Methodology | 2
+ Test Method Validation Sirulated L5 Eur

Area EPS

l

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 25
at www.nrel.gov/publications.
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Present Fault Ride-Through WCLEMSON

Testing Requirements

¢ The electrical active power (MW) of the generator is reduced by reducing
the available voltage

— Depending on generator design, a drive train torque transient may be
established

+ Fault Ride-Through Depth
— IEC 61400-21 levels are 70% and 20% of nominal voltage
— Designed primarily for DFIGs
— FERC 661-A : 0% nominal voltage - _i”"

+ |Impedance divider is the most
common technique and is
outlined in the IEC Standard heneens t ----------- .

Il
1

« Every country and/or regulatory
authority has their own LVRT/ZVRT
withstanding curves

Time
IEC 61400-21 Tolerance of voltage drop (50 Hz)

o 100

g

Fault Ride-Through (FRT) Withstanding * ="

Curves from Around the World

V(%)

0 0s 1 15 ftime (s) 8 5
—USA-Irehnd-AESO Gernmany == = = Denmark (<100 kV)
- == UK Nordel Belgium (large vohage dips)
Belenun (small voliage dips) Sweden (<100 MW) Sweden (>100 MW)
New Zealnd Hydro-Quebec Ttaly

Spain

Modified to reflect the present FERC Order 661A standard. From: “Grid Code Requirements for Large Wind Farms: A Review of
Technical Regulations and Available Wind Turbine Technologies” M. Tsili, Ch. Patsiouras, 5. Papathanassiou

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Present State of the Art in WCLEMSON
Fault Ride-Through (FRT) Testing

FRT Container: FGH Test Systems GmbH

+ Commercial containerized solutions for field testing

+ High amount of fault duty available due to typical collector bus designs
* Manually tapped reactors used to set the voltage depth

* Fixed source voltage limits realistic
slow voltage recoveries

X1

208
busbar

current imiting
inductance.

ABB Factory Testing Facility % Tnsomer "
+ Utility connection used for 50 Hz and an ” Tmmm

S sunchgenr

~ e
3

|| 4
. % /.
o P

FGH Test Systems GmbH Web Flyer - Electrical One-line
(top) and Reactor container (bottom)

8 MVA synchronous generator for 60 Hz
* Motor driven no load tap changers used
on oil filled reactor banks
* Designed to test a 2 MW machine

Vestas and NWTC (Converter Only)

* Converter must handle DUT fault duty

+ Converter topologies limit more refined
testing scenarios

W CLEMSON

¥ UNI VERSITY

High Voltage Ride Through
(HVRT) Requirements

Highest HVRT Limits: Hydro Québec: Supplementary
requirements for wind generation — May 2003
1.25 <V < 1.40 p.u.* oy =0.10's

V>140p.u.* t,.,=0.03s
* Power electronics allowed to temporarily block above 1.25 pu.

* High voltage ride-through poses an
inefficient use of resources and the
utilization of transformer voltage
taps may be required.

Per Unit Voltage

* Proposed solution includes +10 %
high voltage taps on the step-up
transformers to achieve 1.45 pu
undistorted overvoltage.




Fault Induced Delayed Voltage WCLEMSON
Recovery (FIDVR)
* Predominately caused 14
by the stalling and =
subsequent tripping of ‘? TRl
a high penetration of o [ / sl
line connected 0
induction motors. g T e /
* Builtin HVRT b /

capabilities makes

simulation of this type 5

of event possible o1

Power Hardware-In-the-Loop (HIL)

Utility Bus (23.9 kV)

Real Time Digital dos
| Simulator
Commanded Voltlage

E _, from Simulation

Gonverter State Gontrol l
HIL Grid Simulator
Interface Controller

° Ts3 L

w0 20
Time (seconds)

FERC FIDVR Report: WECC FRT Boundaries 13

W CLEMSON

¥ UNI VERSITY

imulated Power System

Device
Current
Feedback =

adeyjopn Inding wiansAs 1531 TIH

LVRT/ZVRT
Test Equipment |

RN ulated Grid ‘

2 iy

——-——......)r!! | Device Under Test I

o
s The closed-loop system allows the
DUT behave as if it were actually
connected to the power system
being simulated

Grid
Experimental Bus

This report is available at no cost from the

National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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HIL Testing Capabilities: Microgrid @

« Use HIL capabilities to emulate loads, generation,

or a combination of the two

« Simulate whole sections of a ‘microgrid’ at once

« The larger capacity allows
for testing of several
pieces of equipment
simultaneously

* Microgrid controllers,
DG inverters and
controllers, load
controllers, etc.

Microgrid Graphic

1)

LEM

vV E

AT

SON

T e




11.2Introduction 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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 28
at www.nrel.gov/publications.
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FSU-CAPS Experiences with Large
Scale Power Hardware-in-the-Loop
(PHIL) Testing

Michael “Mischa” Steurer
Leader Power Systems Research Group at FSU-CAPS

Email:

1st International Workshop on

Grid Simulator Testing of Wind Turbine
Drivetrains

, phone: 850-644-1629

June 13, 2013, Boulder, CO

FSU Center for Advanced Power Systems

.

Established at Florida State University in
2000 under a grant from the Office of
Naval Research

Organized under FSU VP for Research
Affiliated with FAMU-FSU College of
Engineering

Lead Member of ONR Electric Ship R&D
Consortium

Focusing on research and education
related to application of hew
technologies to electric power systems
~$8 million annual research funding from
ONR, DOE, Industry

DOD cleared facility at Secret level

——

~

Research Groups

* Electric Power Systems

« Advanced Modeling and Simulation

* Advanced Control Systems

s Power Electronics Integration and Controls
* Thermal management

* High Temperature Superconductivity

* Electrical Insulation/Dielectrics

Staffing

Employing 102, including

* 54 Full-time staff of scientists, engineers and
technicians, post-doc.’s and supporting personnel

* & FAMU-FSU College of Engineering faculty

* 41 Students

Facility

» 44,000 square feet, laboratories and offices,
located in Innovation Park, Tallahassee;

« Over $35 million specialized power and
energy capabilities funded by ONR, DOE

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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Overview

+ FSU-CAPS 5 MW PHIL
test facility
— 0...4.16 kV AC “amplifier”
— 0...1.1 kV DC "amplifier”
« De-risking of PHIL
experiments
— Controller HIL of “amplifier”
— Protection elements in RT
simulator
« Past and future PHIL
experiments
— Superconducting fault
current limiter
— High speed generator
— 500 kW PV converter
— Active rectifier for Naval
applications

FSU-CAPS High Bay PHIL Lab

Potential Role of HIL Simulation:
Stages of Development

+ Modeling and Simulation dominates
the entire process

+ CHIL contributes heavily from proof
of concept through PHIL testing
— De-risk early development of
+ Hardware (fast) controller
« Application (slow) controller
— De-risking PHIL experiments

* PHIL supports model building and

integration phases

— Experimental data for model
construction and validation

— Stimulation of component through
controlled transients

— Integration testing through emulation
of the target environment(s)

HV:-’ In situ
Power E';g
. HIL esting
Relative Limited
Effort Hardware
Testing
Control
HIL
Modeling and Simulation
Proof of Develnrment and Integration ~ Time
Concept Model Building Testing

29



CAPS 5 MW PHIL Test Facility

« Real Time Simulator (RTDS, OPAL-RT)
— Electromagnetic transient simulator
— Typical time step: 50 ps and 2 ps (RTDS dual)
— 756 electrical nodes (RTDS)
— Hundreds of control and other simulation blocks
— Numerous analog and digital Input/Outputs (RTDS)
— Communication interfaces (RTDS: IEC 61850, DNP3,
MODBUS, custom)
+ 5MW variable voltage source (VV8) converter
- VVS operates at 4.16 kV, 45-65 (240) Hz, bandwidth of
1 kHz
Can be split into a 2.5 MW AC unit and a 2.5 MW DC
unit (both bi-directional)
— The DC output is up to 1.15 kV
— VVS can be dynamically controlled by sending
reference voltage (current) from the RTDS
+ 2 X 2.5 MW dynamometer set

— Rated for 450 rpm, two-stage gearbox allows operation
up to 3600 rpm and 24,000 rpm

— Dynamically controlled from RTDS

+ 5 MW, 24 kV MVDC Amplifier (Sep 2013)

FSU-CAPS Power Testing Facility

5 MW MVAC and
LVDC facility Offices and labs

5 MW MVDC facility
(future)

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

Expected Sept 2013

S S

35/418kV

0 DL

MVDC Experimental Bus
Parallel: 8 kV, 0.8 kA,
Series: 24 kV, 0.21 kA

0.8 MW PCM4
416KV 11 KV (DC)

DC Bus

500-1150 VDC
LSMW @ 600VDC
2ENW @ 1150VDC

4.16 kV Exp. Bus (Starboard) “Iag{\fd\k;'l\
us

5 MW VWS AC — Main Circuit Diagram

rEfefaz~ 4.16 Kk, 60 Hz, 700 A

= |

Design drawing
by ABB

= (...4.16 /8.2 KVAC, 850/ 425 A —



Challenges: Accuracy, Stability, Protection

* Interfaces

= Time delays |Flexible Protection of experiment|
— Input/Qutput
— Controllers [ Device

— Limited bandwidth of [Under Test T LATRITE! interace, |1 |
amplifiers and actuators N ; Component

. . . . DuUT Amplifier

Real-time simulation Controller PHIL )

— Fixed time-step with minimum Interface Real Time
achievable time-step size Controls i

— Limitations on the size and Simulator
complexity of simulated systems PHIL Interface

— Protection of experiment

i + Amplifiers and actuators
Lo + Maximum power, torque, speed, etc.
> - « Assessment of the impact of HIL interfaces
0.05...1.1 kV « Accuracy of models used for surroundings
0...2500 A — Common issue — establishing confidence in the models
DC “ungrounded”
v 412013 1

CHIL Simulation of VWS PHIL for Fault Current Limiter (FCL)

Testing
PEBB-INT —
Simalnk / RTW Mies ik —— Need to VE:;V SCFCL eIEameVn*‘. under test 2
system ani FoL 5
device f_—\\’ Zuaurce lsim Fault 2
4 i E stics \ =
Optical u X
Fiber [&] [s]
|Ememet % E
[ e mcoqbcali -E 8
rA“ AC BOOPE! i‘ & 1 E
‘ ‘Real Harlfwhfd FCL modules/elements | 7
« under different grid conditiorlsq=gror 3-ph faults)
Simulated VWS Converter + system parame| inti i in source imged;
Losd = Modification of FCU ceofigurgtion/design parallel shunt) )

| = withutcadifional hardwadlt€8ting setups
nvironments are costly an séﬁﬁﬁﬁm}ﬁaﬁw&ef fal

conditions are difficult to reproduce (e.g. reclosing)

saBv 152300
(%.=0.108p0)

+ Fast and inexpensive changes of test conditions within virtual test circuit
-, Faults* only occur in virtual environment

06/26/2007 Example with PEBB system for WG-18 @ San Antonio Mtg 10 5/23/2011 CAPS_Overview_with_PS_and_HIL_7july2011.ppt 12

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 31
at www.nrel.gov/publications.



Results from PHIL Experiment with FCL

Veouree=1 KV, 1,=15 KA ) loim =07 kA

j Voim=1.8kV
08 T T T T 2.0
0.6+ 1.5
0.44 1.0
FCL g 02 s
l g 007 0.0

5
O -0.24 -0.5
-0.4 4.0
-0.6 ~ = Reference current (simulated current) | -1.5
— = FCCIII::‘;:T%T;:)W Pl-controller
Cryostat (77K) 0.8 P a = = = 50-2.0
Time [ms]

C. Schacherer, J. Langston, M. Steurer, M. Noe, “Power Hardware-in-the-Loop Testing of a YBCO Coated Conductor Faulk Current
Limiting Moduie®, IEEE Trans. on Applied Superconductivity, Volume 19, Issue 3, Part 2, June 2008 Page(s):1801 - 1805

Voltage [kV]

Dynamic HIL Testing of Large Inverters

52312011 CAPS_Overview_with_PS_and_HIL_7july2011.ppt

Megawatt Scale High-Speed Generator

Substation

S 3WIVAPariablegiphtage Source(VVS)

PHIL testing of
MW-scale
converters is
possible today!

o Bus: 0-11sovpc  Anti-islanding

)
1 ]
! : Unbalanced voltage
]
! [}
' Imax= +-25KA

r
Real Time Simulator RTDS

up to
PV Inverter 15mw
ACgPus2: 0-0.48)V

kg ” Low voltage ride through
PV Array Simulation  Fault current contribution

Ifppx= 18 kA
Power Grid Simulation 4584160V )
Lauva &m0 53 steousov
1814 B 1.5MVA
416KV ACHuUS AN
funded SOUTHERN CALIFORNIA
AC Bust: 0-4.16 kV by I EDISON
| max= 0.433 kA e SRS

412013

DC-side: Photovoltaic Emulation

RTDS
Voltage| Measured
Trigger/Synch Open/Close Quantities
Voltage/
Current/ i
Duty Cycle Did Voltage Speed
Current =9
Speed! O
Rectifier Torque
Py k
= < '

.,

This report is available at no cost from the

Moved from Model to CHIL to full
1+ Offline models used nano-second time step
» Startup, shutdown procedure
- Steady-state and dynamic loading (ramping)

funded oy SLECTRODYNAMICS =
LASFOSIATES . FNG. ]

National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.

-scale PHIL

1.6, Current (ka) Power(MW) 0.7
o s
12hh -05

1 04
0.8} 03
Maximum power point

06~ -0.2

a |

=} 04 0.1

s | I

3 -/—9_ 0z R — o

“ | -&65 (I) Q.05 0:1 015 02 0.;25 053 DI35 0.4 .

o F Voltage (kV)

o~

a9

il Ensure that DC-amplifier

2 controls allow PV-emulation

o | in conjunction with PV

o T T T T T T i 1

030 G0h2 034 o036 oss oa  Inverterdynamics.
Vollage (kV)
412013 16



Full PHIL Testing of 500 kW PV Inverter

@ Satcon®
funded

Grid-side PHIL Interface

« Collaboration between Quanta By e ; PeC N :
Technology, Satcon, SCE and FSU EDISON = U Feeder « Choice:
CAPS sponsored by NREL. 'Q_ . L An EDISON INTERNATIONAL® Compan :% Vmag-sim Voltage €<-> Current,
- Test and evaluate the capability of S o = but impacts stability
inverter implementing advanced ) ’ (% = o o
functions (PF control, volt\Var control) E Magnitude « Know your limits:
+ Simulate PV array and utility grid b= Controller Sekene Filters for bandwidth
: ) s adjustment
* Quantifyi, g |gborator ¥ Setting the Lo
mitigation of high-penetration PV impacts = gt 0 S E N =000 eesssescsdssstessseees e - ———— -
using advanced inverter functions. E [Hardware * Protect: :
" ibl sl ith E Currehts Vollage Open loop operation
st e e el el < a - " _— through feedback gain
VAr fold-back control was identified. 3| | owerter [P U Soriiar ACVVS adjustment
« Constant PF control worked flawlessly. b
500 kW PV converter in
FSU-CAPS lab
412013 17 412013 19

Challenges: Grounding can be tricky... Inverter with 0.8 PF lagging

« PHIL testing of a 500 kW solar inverter SOUTHERN CALIFORNIA 022
+ RTDS + VVS simulates solar ungrounded panels EDISON

+ Inverter grounds the DC rail through a 10 A fuse RakDISON INTSRNATIONALS Conpaty 0.21
+ Fuse blew when VVS was energized (w/o DUT energized)

—Vsim

Voltage (kV)

0.2 s

Transformer . . DUT (Inverter) ! :
—] H — S, | 1 > 3 AV required to drive — 7 m
= : reactive current
Active Power (MW),
—] 0.5, Reactive Power (MVAR) through T5 B
— | ‘ J Vr

Un Simulated
grid
| | ! impedance
¥ | | I X<X
0% 2 3 4 5 6 7 T
Time (min)

See J. Langston, et al. “Power Hardware-in-the-Loop Testing of a 500 kW Photovoltaic Array
Inverter”, in Proc. of IECON, Mentreal, Canada, 2012

4/2013 18 4/2013 20

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 33
at www.nrel.gov/publications.



PHIL testing of SiC converter
4.16 kVe-1 KV

.., AC side DC side

418 kV .
+ Simulates surrounding

system (sources, loads)
+ Provides ultra-fast
protection

Center for

. v o =X r Advanced

RTDS

Power Systems

s 1 Voltage Current ARy . How to do Business with CAPS
g Voltage &  Voltage & ws 2 How To Do Busines
Ref Current Current Ref | WithCAPS i The Center for Advanced Power Systems (CAPS) currently serves several industry clients and is well positioned to
(Vab (1), ik i | "CAPS Porsonnel | 3ccommodato othars. A bif background, history, and capabilties are deseribed i the oveniew and capabilies.
Vbe (1)) Graduato Study 1 document
I unities | CAPS provides a secure infrastructure and environment for all types of sensitive research. Physical, technical, and
agministrative measures ensure the secuity of our facilly. on-Site equipment and data. CAPS' research facilties feature
p— controlled entry and compuling equipment configured to accommadate only authorized users and appropriate use. In

0..1150 vV

2.5 kA max

0...approx. 100 Hz
Device Small signal bandwidth
0...4160V under test limit approx. 1 kHz

438 A max (cont.)

45 Hz - (approx.) 100 Hz

Small signal bandwidth limit approx. 1 kHz

addition, staf are regularly trained in security procedures. These measures provide controlled, auditable access to our
facility and secure storage of data. Leam more about our Document Control procedures

" CAPS Home Pag
EAE Somec Fage For additional information about doing business with the CAPS, contact Steve McClellan at (850) 645-2157

814

funded
by

Concluding Remarks

 PHIL testing is advancing rapidly
— Atool to address several challenges associated with
transitioning technology (de-risking)
— Emulate a wide range of surroundings and scenarios,
simulate yet unrealized systems

* Impact of PHIL interface more pronounced at MW Team at work in FSU-
scale experiments CAPS contral room
— Aim for close coupling between reference and amplifier
— Faster switching amplifiers
— Real time simulation of models

» Simulation based preparation of MW scale
experiments save time and money
— Improve development cycle
Discover hidden issues early

500 kW PV converter in
— Model construction and validation FSU-CAPS lab

4/2013 22

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 34
at www.nrel.gov/publications.



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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 35
at www.nrel.gov/publications.



CENTRO NACIONAL DE
ENERGIAS RENOVABLES

GRID SIMULATOR TESTING OF WTG

Carlos Garcia de Cortazar

15t International Workshop on Grid Simulator Testing of Wind Turbine Drivetrains - Boulder, June 13, 2013 1. CENER LEA
WTG Test Laboratory
= =
CENTRO NACIONAL DE
e CE N E R ENERGIAS RENOVABLES
Wind Turbine Test Facility
indice

1.  LEA — Wind Turbine Test Laboratory
2. BEG Electrical Generator Test Bench
3. 5 MW in a Grid Simulator Experience

oy memen e e Gobierno R ;‘ :
iz = | = S b CENER i = === = G Navarra

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 36
at www.nrel.gov/publications.



Overview
LEA — WTG Test Laboratory

% Complements the research work of CENER in wind energy
Dedicated to Tests of components, subsystems & full systems

S Activities
] Blade tests

O Experimental Windfarm
O Power Train tests and Electrical Testing

i = = ==
= == = =

e CENER  smaiaits

BLADE TEST PLANT
1. LEA —WTG Test Laboratory

g

Gobierno
de Navarra

|
GCENER —— = m. = =

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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BLADE TEST PLANT Capabilities
1. LEA —WTG Test Laboratory

= Perform structural tests on WTG blades
O |EC TS-61400-23 standard / GL Guidelines
O Static/Fatigue
O Up to 75 m blade full length
O Sections of up to 100m blades

= Static Tests
O Mass, COG, moments of inertia
O stiffness bending/torsion
O Ultimate strength

s Fatigue Tests
O Modal analysis
O Endurance/fatigue
0 Biaxial + Multipoint (UREX, GREX)

e CENER  smaiaits

Chhasdt: Gobierno
f== = = g,

EXPERIMENTAL WINDPARK
2. CENER LEA - WTG TEST LABORATORY

A N A

GCENER e e mme.  mmr 2= ﬁmﬂ



EXPERIMENTAL WINDPARK
2. CENER LEA - WTG TEST LABORATORY

= 6 calibrated positions
- WTG prototypes for up to 30 MW evacuation capacity
— Field tests on complex terrain (Wind Classes IA, [IA)
— Fully CFD Characterised

= Wind Park features

-~ 120 m high Met Masts instrumented at 5 different heights & Lidar

- Field Offices & Redundant communications
- Substation 20KV/66KV
= Technical Services

- IEC Certification tests (Power Curve, Noise, PQ, Mechanical Loads)

- Verification of response to voltage dips (LVRT)
- Others (design, optimization, validation, etc.)
= Energy Production Income RD661/2007

GCENER s e mme. iy

POWER TRAIN Facilities
3. LEA —WTG Test Laboratory

GCENER R Wi = oy

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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TEST BENCHES Configuration
3. CENER LEA - WTG TEST LABORATORY

i e
B -

o o —— |

TEST BENCHES Capabilities
3. LEA —WTG Test Laboratory

% Power Train test bench
O Test of WTG power train up to 8MW
O Functional tests on mechanical parts
1 Functional/load test of brake/coupling at high speed shaft HSS
O Concentrated life test and HALT
» bearings in the main shaft (LSS)
> gears and bearings in the gearbox

= Generator test bench
» Functional test of generator and power electronics
#» Electrical transient simulation (voltage dips)
» Functional tests, vibration, acoustic noise, heating, etc.
» Overspeed tests and transients surges

B
de Navarra




TEST BENCHES Capabilities
3. LEA —WTG Test Laboratory

¢ Nacelle test bench
O functional, emergency stop, overspeed, climatic conditions, etc.
0 electrical transient simulation “Voltage dips”
0O EMC and acoustic test
0 Reactive power measurements

= Nacelle assembly bench
» WTG erection and nacelle setup procedures
» Use of auxiliary assembly cranes
» Simulation of maintenance exercises, including major corrections
» Staff training in the assembly and maintenance of WTG
» Training in evacuation and security operations in WTG

0 CENER i

2.BEG
Electrical Generator Test Be

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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BEG
Electrical Generator Test Bench Overview

GCENER Shouigy Hhm e = P @mﬂ

BEG
2. Electrical Generator Test Bench

% Adavantages

0 Not depending on Wind conditions: maximum productivity

0 Development laboratory conditions: measurement devices,
communication, working conditions, etc.

0 Easily different working points reproducibility

= Disadvantages
» High frequency wind and mechanical forces not considered
» On the field certification still required

CENTRO NACIONAL DE G g o =~ ie
GCENER SRR %‘im EESR. EERL = %i”hm“’"a"’m



3. Grid Simulator Test Experi§
5 MW full converter generat§

Grid Simulator Test Experience
3. Hardware involved equipments

o CENER  smasiiss

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Grid Simulator Test Experience
3. Electrical Configuration

i
j

el

T—
0

T

= i =

(B0 BEFEETD (6T
B

18572-8KT-001600z ALTERNATIVE GPERATION MODE SCHEME

== = g,
Grid Simulator Test Experience
2. Conclussions
% Proposal for Discussion
0 Laboratory Tests accepted for certification
O Bidirectional influence in Grid Simulator Tests
o CENER smumus e e = s ﬁmﬂ
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ENERGIAS RENOVABLES

This report is available at no cost from the
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11.2.3 Inductive Fault Simulator Field Testing Experience — Carlos Alvarez, Barlovento/E2Q, Spain

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 42
at www.nrel.gov/publications.



Testing Wind Turbines Generators
with ULYSSES

"*"*:-. Barlovento - Energy to Quality
109 .
d .'. . Spain

wf
Contents

= Qur company
* |ntroduction

How our unit works

Some technical procedures that requires field tests
+ Spain

« Germany

+ |IEC

= | ogistics experiences

»++ & Conclusions

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
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Our company

ENERGY TO QUALITY: WHAT WE DO

»  FIELD MEASUREMENT: ACCREDITED LVRT REPORTS OF WIND
TURBINES ACCORDING TO SEVERAL GRID CODES (USA, Germany,
Denmark, Ireland, UK, United States, etc...) AND POWER QUALITY
ACCORDING TO IEC 61400-21 ed2, FGW TR3 rev 22 AND MEASNET

*  NUMERICAL SIMULATIONS: RMS/EMT MODELING OF WIND
TURBINES (POWERFACTORY, MATLAB, PSSE), ACCREDITATION OF EXISTING
WIND FARMS AND NEW INSTALLATIONS.

;' ». MODEL VALIDATION: WIND TURBINES, FACTS. ...

Bett—

Our company
BARLOVENTO: HISTORICAL OVERVIEW

Barlovento is an independent technical assessor and laboratory in wind and
solar energies:

1998 - Creation Barlovento Recursos Naturales S.L.
2002 - Start-up testing laboratory
2004 - MEASNET membership
2005 - Energy to Quality, S.L. (E2Q)
2009 - Barlovento Renovables Latinoamérica, S.A.C.
2011 - Barlovento Dacia (Romania), Barlovento Brasil
2012 - Bolivia, E2Q de México, Chile

80, ov

Xy

e ®

.. [ ]
Y - 6
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Our company Our company

BARLOVENTO GROUP IN THE WORLD BARLOVENTO: AREAS OF WORK

Orange countries; Where we have projects

N

RUMANIA
Blcacast - Barlovento Recursos Naturales has six main areas of work.
= Resources and Environment (measurement campaigns, site certification, site
assessment, Wind Class studies, micrositing, production studies, ... )

= Test and Measurements (Power Curve test, Power Quality test, Grid code

MEXICO certifications, LVRT test, noise measurements, ..)

Guadalajara i
» Due Diligence ("purchase and sale” audits, technical audits, normative
consultancy, arbitration,...)

Enf;'.‘au ' . - \ = Engineering (engineering projects, wind farms basic/execution projects, tender

BOLIVIA m']-aneim preparation, technical specification for tenders, projects supervision and certification,
Sta.Cuz : remote operation of installations, . .)

= Electrical Laboratory (test of equipment like inverters and solar panels, design and

So0e,, #©%e, commercialization of measurement equipment like LVRT test equipment, ..)

L]
' e @ =‘Special Projects (meteorological studies, problem diagnosis, complex flow
&) .characterization‘ R&D experiments, preparation of technical in-house courses,...)

ton

ton

Our company Our company

BARLOVENTO: ACTIVITIES BARLOVENTO: EXPERIENCE OVERVIEW

- Barlovento Recursos Naturales is an Independent Technical Consultant on Renewable Energies:
- Site Assessment: More than 1.500 Wind Farms worldwide
- Wind resource consultancy : More than 15.000 MW already built
- Solar resource consultancy: More than 500 MW already built
- Lenders advising for project finance: More than 1600 MW
- Wind measurement campaign: More than 1650 mast installed
- Post-Construction Yield Analysis: More than 1000 MW

- Barlovento has more than 70 employees, 90% of then Renewable Energy specialists.

- Barlovento has been awarded on several international tenders as Morocco, Colombia, Peru, Egypt, Ecuador ...
- Independent verification of performance guaranties, availability, power curve, power quality, ... on wind and
photovoltaic installations.

- Energy to Quality S.L. — E2Q (100% owned by Barlovento) is a Laboratory dedicated to Electrical Consultancy

and Tests for Renewable Energy:
- LVRT Test, Power Quality test, Grid code validations, ...

LLE TN LLE TN - Grid simulation,

M M e = :

e, e, - Grid integration expertise.
L ]

) . . ) . . - Active member of international organizations and Normalization bodies (IEC, Measnet, ...)

® ®
. .. o . .. o
Y - B Y - B

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 44
at www.nrel.gov/publications.
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Our company

BARLOVENTO: ACTIVITIES OVERVIEW

= WIND ENERGY
sMeasurement Campaigns
mResource and Production Reports
=Regional Planning and Development
wWind Farm Design
mTechnical Advising and Assistance
mFinance Due Diligence
=\Wind Turbine Testing
=Post-Construction Analysis

=Wind Farms in Exploitation: Guarantees

=Engineering
mEnvironmental Impact Assessment

= SOLAR ENERGY
sMeasurement Campaigns.
wResource and Production Reports
=Regional Planning and Development
wWind Farm Design
wTechnical Advising and Assistance

bl L wFinance Due Diligence -Modeling of electric integration
e ° =inspection of operating plants -Design and sizing of hybrid systems and generation
) ® @ sTesting and Monitaring micro-grids

=PV CONTROLERGY: WEB monitoring

@
' mOperation
. @ °

Bttt

BARLOVENTO: QUALITY ACCREDITATIONS

Certificate of R&D&i Management AENOR?® UNE 166002.

Test Laboratory, accreditation ENAC following 1SO 17025:

« Wind Turbines (Power curve'2), member of MEASNET
+ Wind Turbine noise measurements’

+ Condition Monitoring

* Meteorological measurements’?
* Photovoltaic systems menitoring’
* Power Quality'-? (E2Q)

Our company

GRID INTEGRATION (E2Q)

-Integration studies of renewable energies
-Impact studies of wind farms in weak grids
—Grid Integration of offshore wind farms
-Monitoring of grid incidences

—Electrical test

~Power Quality

-Voltage dip test

-Simulation models of Grid Integration

METEOROLOGY & ENVIRONMENT

-Accredited Measurement Campaign
-Wind & Solar Campaigns
-Agrometeoralogy and environmental measurements

DISTRIBUTED GENERATION

-Energetic potential calculaticn
—Feasibility studies
-Measurements

—Installation of hybrid systems and generation
-Web applications

« Electrical model validation' (E2Q) e
« LVRT test' (E2Q) B @D
loo... o I:u‘u‘xv;ﬂ;;ﬂ;;;
[ ] ‘e
i ) PY Barlovento and E2Q are members of MEASNET

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

SPANISH FIGURES

Spain is an example when talking about wind power integration due to:
= Huge experience in all technologies. First wind farm in 1986

= Wind power installed: more than 20% of the total power installed

= Spain is an island (in terms of electric energy production). That

means that the Spanish power system is sensitive in terms of stability

i

»§ :

Source: ENTSOE

Import capacity / net generation capacity

-
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Introduction

SPANISH FIGURES

Spain is an example when talking about wind power integration due to:

= Spain is the first country with a control center dedicated to renewable
energies (CECRE).

Bett—

Introduction

RECORDS IN SPAIN

Wind power hits:

= Coverage of power demand: 64.25% (24/Sep/2012 - 3:03 am)
= Power production: 17056 MW (06/Feb/2013)

= Month generation 5632 GWh (april 2012)

= |nstant production 16636 MW (18/04/2012)

= 2011: 22e6 tons of CO, saved

Pee,
@

L ]
L ]
L]

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

ORIGIN OF PO12.3

= Wind turbines affected by voltage dips
» Mechanical stress

« Increasing of the current through power electronics

| il

= Disconnections not allowed anymare

= The operational procedure appeared
®oe,y o,

» PO 12.3 (2006)

Bett—
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LVRT UNIT

ULYSSES DESIGN
1.- INNOVATION: 3.- SAFETY OPERATION:
- Prototype Remote control
Mobile equipment 2» Not site-specific - Testing WT ride trough

- Restrictions on the size of components capabilities, not the NETWORK

ride through capabilities >

2.- ELECTRICAL CONSIDERATIONS: VERSATILITY imi
- Voltage level?2(12kY 20KV, 30kV)
- Rated power of the equipment under test??
- Contribution to the Icc from the WT??

«_ - Selectivity of the protection scheme??

cc network

ettings of the internal

protection system: site-

dgpendent and test-Depgae®nt

- Measurement at MV level
See,,

L]
) ® .. - Protection against Short-Circuits/allowing
& _Circuits??
. . .Short Circuits??

ot

LVRT UNIT

ULYSSES

The unit is able to perform short
circuits of the desired residual
voltage with precise duration.

Finished at the end of 2005 in
Madrid, Spain
[ X ]
LY o,
[ ]
. L]
) ®
'e.®
.. o
Y - B

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 47
at www.nrel.gov/publications.

LVRT UNIT

SCHEME OF THE LVRT UNIT DESIGNED BY E2Q

. AEG
X2 O FACTS
1

Poe

o PWC (2007)

. L]

'e
) .. 3 ®

o

LVRT UNIT

SCHEME OF THE LVRT UNIT DESIGNED BY E2Q

WT
Zy
} —
Sk, Wi
Z3
b
IEC 1299/08
[ X X ]
Wiy IEC 61400-21 (2008)
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INSIDE THE TRUCK

LVRT UNIT

PRE FIELD-TEST STUDIES

LVRT UNIT

L I
wam 0za0 0at0
Tt V1 Saco 200080 Phase Vktage AMJ-Side g

00
210

g

;§

FARO FARELO

Y ‘ erBdo e LG5 | D Dicntre 2005
i Muaco Tafsico 20% LVENT Cont 06 =1 6TAAN; O=0M/ArOmega=1 2 pu. Anna 001 17
LY T aniert ) ' ’
., After finishing these simulations, we can start the LVRT test campaign
. L]
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This report is available at no cost from the
National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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FIELD TESTS

LVRT UNIT

LVRT UNIT

FIELD EXPERIENCE, AN EXAMPLE

1
Example of measurement

04
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1
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LVRT UNIT

FIELD EXPERIENCE, DIFFERENT TYPES OF VOLTAGE DIP

2-Phase voltage dip
Phase A

Two-phase fault capabilities of ULISES
T

3-Phase voltage dip
Phase A

Three-phase fault capabilities of ULYSSES

Voltage:dip treshold: 0,85 p.u.

Phase A Vollage (p.u)
Phase A Voltage (p.u)

o 02 04 o8 1 12 14

06
Time (s)
v

¥

ANALYSIS OF THE RESULTS

Energy to quality has developed his own software
tool for analyzing the results of the voltage dip test
campaign. It's called Dipoffice 4.0 and it is possible
to analyze results according to any grid code by

introducing the requirements in an easy way.

LVRT UNIT

0 02 04 06 08
Time (s)

DIPVIEW REPORT

IEC 61400 - 21 Edition 2.0
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Bett—

TECHNICAL PROCEDURES
SPAIN

= Inthe P.O. 12.3, the requirements to be fulfilled are defined. However,
it is not defined the way of testing.

= The Spanish Wind Energy Association (AEE) wrote the technical
document where the way of testing according to PO 12.3 was defined.
It is called “Procedure for verification validation and Certification of the
requirements of the PO 12.3 on the response of wind farms and
Ll o.Qhotovoltaic plants in the event of voltage dips” (PVWC)
P
10 g &
phy’ W
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TECHNICAL PROCEDURES

SPAIN

= The PWC offers two ways for certifying wind farms:

 Particular procedure

. The fulfillment of LVRT is proved by means of field test carried out by an

accredited laboratory

« General procedure

. The fulfillment of LVRT is proved by means of a simulation. The model must be

validated by means of field tests
Seeo,,

Bttt

TECHNICAL PROCEDURES

GERMANY

= |n Germany field test are required as well

= FGW is a set of technical rules for renewable energy measurements.
« TR3: regarding power quality measurement (similar to IEC 61400-21)

« TR4: regarding validation of the model by using field tests of TR3
(similar to IEC 61400-27)

Pee,
[ ]

L ]
L]
L]

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

INTERNATIONAL

= |EC 61400-21 ed2 (2008) defines a set of power quality measurements
to be carried out in a wind turbine generator. With those, the wind

turbine generator can be characterized.

= |EC 61400-27 (draft) will define the way of validating models of wind
turbine generators through the results obtained by measuring
according to IEC 61400-21

Bttt
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LOGISTICS EXPERIENCE

FIRST VISIT

\

Bttt

LOGISTICS EXPERIENCE

AND AFTER
sometimes the roads are not in the same conditions

. :
LOGISTICS EXPERIENCE

PLACING THE UNIT

Bttt

LOGISTICS EXPERIENCE

WAREHOUSES

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 51
at www.nrel.gov/publications.
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LOGISTICS EXPERIENCE

RECEPTION OF THE MATERIAL & FENCE AROUND

LOGISTICS EXPERIENCE

INSTALLING THE UNIT

ot

LOGISTICS EXPERIENCE LOGISTICS EXPERIENCE

BAD WEATHER MULTIBRID AND ULYSSES

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 52
at www.nrel.gov/publications.
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SUMMARY

TO TAKE INTO ACCOUNT

= Field tests needed for a complete characterization of the WTG (IEC -21)

Field tests guarantee accurate information to TSO

Field tests avoid inappropriate results and derived problems

Accredited entities guarantee quality results

Field tests are a quality mark in the renewable energy market

I—

FACT

SUCCESS AFTER FIELD TESTS

= Number of losses of more than 100 MW of wind energy per vear (red
columns) and wind energy without LVRT capability (blue line)

100 16000
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Bett—

Testing Wind Turbines Generators
with ULYSSES

.. Thank you for your attention!

"' 0.. info@energytoquality.com
o A

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 53
at www.nrel.gov/publications.



11.2.4 NREL Controllable Grid Interface — Vahan Gevorgian, NREL, USA
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National Wind
Technology Center
Controllable Grid Interface

o

Vahan Gevorgian

June 13, 2013

NWTC Test Site

* Total of 11 MW of variable renewable generation currently at the National Wind Technology
Center (NWTC) test site

* Many small wind turbines (less than 100 kW) installed as well

* 2.5-MW and 5-MW dynamometers

* 7-MVA controllable grid interface (CGI) for grid-compliance testing

* Multi-megawatt energy storage testing capability under developrllsnt -

Siemens 2.55MW-Dyhamometey

2.3 MW
. Photovoltaic >
Array 1.1 MW e

Source. Dave Simms, NREL

Two Research Al GE
Turbines stom 1.5 MW
3IMw .
650 kw

NATIONAL RENEWABLE ENERGY LABORATORY

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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2.5-MW Dynamometer Facility

NATIONAL RENEWABLE ENERGY LABORATORY

_Gearbox

Non-Torque Loading
System

Adaptor
Flange

Low-Speed Shaft

g

Auxiliary
Hydraulic
Equipment

Test Article
Bed Plates



CGI Facility Status

* Installed at NWTC test site in November 2012

* Commissioning and initial testing is scheduled from April 2013 to September 2013

New 5-MW Dynamometer

CGl Installed on Foundation

Photo by Mark McDade, NREL

CGI Arrival

Photo by Mark MeDade, NREL

NATIONAL RENEWABLE ENERGY LABORATORY

CGI Main Technical Characteristics

Power rating
* 7-MVA continuous
* 39-MVA short-circuit capacity (for 2 sec)

Possible test articles
* Types 1, 2, 3, and 4 wind turbines

* Capable of fault testing world’s largest, 6.15-MW Type 3

wind turbine
* Photovoltaic (PV) inverters, energy storage systems
+ Conventional generators Grid

* Combinations of technologies
132 kV

Voltage control (no load THD <5%)

* Balanced and unbalanced voltage fault conditions (LVRT, ZVRT :
and 130% HVRT) — independent voltage control in each phase

* Long-term symmetrical voltage variations (+/- 10%) and
voltage magnitude modulations (0 Hz to 10 Hz) — SSR

* Programmable impedance (strong and weak grids)

* Programmable distortions (lower harmonics 3, 5, 7)

Frequency control

* Fast output frequency control (+/- 3 Hz)

= 50-Hz/60-Hz operation

* Simulate frequency response of various power systems

« Real Time Digital Simulator/hardware-in-the-loop (HIL)
capable

Controllable Grid Interface (CGI)

B2V 1o
Article

Power electronic grid simulator

based on three-level VSC VFD technology
(ABB ACS 6000 module — same hardware
used in NWTC 5-MW dynamometer)

MATIONAL RENEWABLE ENERGY LABORATORY

This report is available at no cost from the

National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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CGI Design Allows Testing for All
—Fault Ride-Through Requirements

144 spomcsany
134 oy :,
1.2 4 ‘.n.. . sy '.‘.‘“‘:_‘..“‘
11 F) “"L.---L Ly p—

Federal Energy Regulatory Commission
Low-Voltage Ride-Through

1 Requirements (Order 661-A)
No Trip Zone

pesessscecaze

0.7
= = = NERC PRC-024-1 No Trip Zone
= HECO

. = = = PREPA
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Interconnection (%)
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600ms
150ms

TIME (s)

IEC Low-Voltage Ride-Through Testing

Fault Type Voltage drop (fraction of | Fault Duration (ms)
nominal L-to-L voltage)
Three-phase, balanced 0.9 500
Three-phase, balanced 0.5 500
Three-phase, balanced 0.2 200
TwoLine-to-Line (L-L), unbalanced 0.9 500
Two Line-to-Line, unbalanced 0.5 500
Two Line-to-Line, unbalanced 0.2 200

NATIONAL RENEWABLE ENERGY LABORATORY

Recreation of Frequency Events

Western Interconnection

Eastern Interconnection
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Testing Wind Power to Provide Frequency Response

CGl is a useful tool for testing wind, PV, and storage
to provide inertial and primary frequency response.

Example of Island Grid HIL Testing

el —Nanartia, No Droap
was — inertis Only
- —veop oy
- —tnertia smd Droop
Controllable Grid Interface (CGI) s
s V To00 15
sor

TME(sec)

—nio inertia, Mo Droop
—inartia only
~—Drocp only
—inertia and Droop

HIR

Source: Dave Simms, NREL, 6/6/13

Proposed Electrical and Facility Infrastructure for Grid Energy Storage (GES) Test Pads and

Row 4 Turbine Interconnection to CGI
Notes:
- Graphical infrastructure depiction enly, not to scale — locations shown are approximate; final siting should be based on cost/ practical considerations
- GES test pads sized to house customer-supplied GES test articles (pictured) plus customer-supplied transformer and other equipment
- Translucent items depicted are optional depending an bud, p\an and install as much as nuwb\eturimm\ ann:.\pamvg fu\ure expanswn

CGI fr Wmd Turbme, Energy Storage,
—and PV Inverter Testing

NWTC’s Unique Role in Energy Storage Testing

= . Large overcurrent capacity is needed for some wind turbine topologies * CGl-connected tests for storage inverter LVRT testing, frequency response testing
Link with Energy Systems and conventional generation low-voltage ride-through (LVRT) testin i ; f f i il
. gl B £ g 4 * Utility connected tests in parallel with real megawatt-scale wind and PV resource variability
Integration Facility (ESIF) iMultiple inverters ot 4 i
@ cal ifor short term overcurrent * |deal conditions to test energy storage for frequency regulation and ramp limiting
for advanced HIL testing | capacity (2 sec @ 39 MVA) i
applications
Visualization 1000
. Voltage is controlled
Nu!-rh-um at this
? oo 132kV }—( O— [r—" y
ESIF 1 MW Grid Simulator Y o0 | P - sew
777777777777777777777777 3y RTDS / HIL T POWER SYSTEM ~ RESERVE
Short tre 228 MVA or 18 s0c 1000 ELARERY
Short term & 39 MVA for 2 sec - 17254 E
i = i
Voltage Dip S 10 NREL's unique
1521V '“‘7/“"““" E ....... Gk oty N niche in energy
; R "
! ,Mw = |TM%%]}‘J = g FREQUENGY e : g
Tys 3 Wik = a REGULATION storage testing area
e POWER i
RS h = z 1.0 — QUALITY ol .
| - o oo ~; ISLAND, STAND-ALONE
e g \ i APPLICATIONS
it
-
Current Response of Type 3 WTG 0.1 T T T T T
0 Cycle 10 Cycle 10 Sec 10-15 min 1hr 56 hr

DISCHARGE TIME

NATIONAL RENEWABLE ENERGY LABORATORY 0 NATIONAL RENEWABLE ENERGY LABORATORY
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PV Inverter Testing Concept Using NWTC CGlI

Interface (CGI)

Possible tests
* MMPT algorithms
* 50-Hz/60-Hz operation
* Voltage fault tests
* Advanced testing
* Operation with reserves
* Frequency response
* Voltage control
¢ Testing with energy storage

13.2kV

PV Array Simulator

 oltage s controlied
at this point

(130% overvoliage Is possible)
Under Test
+
Controlles
DC bus:

" Example of inverter | Transformer Integrated System

HPPT Algasitn

Vimious P peafin from Fld da o models

iy Coro

NATIONAL RENEWABLE ENERGY LABORA

NREL's ESIF

* HIL 1-MW power electronic grid simulator
* High-performance computing data center
» Data analysis and visualization

Photo by NREL

== Research Electrical Distribution Bus (REDB) - AC and DC
=== Thermal Distribution Bus

e Fuel Distribution Bus
=== Supervisory Control and Data Acquisition (SCADA) System

NATIONAL RENEWABLE ENERGY LABORA

NWTC Two-Bus Test Site Concept

Most components are already in place. Switchgear upgrade is underway.

2.5 MW Dynamometer
. . (exisiting) 10 MW line capacity
NWTC Wind Turbines 5 MW Dynamometer Xcel Bus {upgrade to 50 MW by 2014)
g:ktnm z;. ;‘a‘w (exisiting)
GELS MW €61 Bus
2 -
CART2 and CART3 e BV Inverter
- Testing with DC Xcel
Ny il Substation
1MW PV Array % %
[existin| 1
( 8) i N e ﬂ s
Permanent Switchgear
Storage T Building
%

_ Link with ESIF HPC and
. HiLcapabilities

Controllable Grid Interface (CGI) .
for Grid and Fault Simulation
(7 Mmva)

Testing
Facilities* ’:— .....

Future addition of
load bank will enable
full microgrid testing

Temporary (mobile)
storage testing facilities
(under development)

Research Electrical
Distribution Bus (REDB)
AC and DC

*Permanent storage facility concept is under evaluation

E ENERGY LABOR

MATIOMAL RENE!

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)

at www.nrel.gov/publications.
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11.3New/Upcoming Test Facilities

11.3.1 Clemson University Dynamometer and Grid Simulator Facilities — Andrei Mander and J. Curtiss Fox,
Clemson University, USA

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 59
at www.nrel.gov/publications.



The Clemson University
Grid Simulator

1st International Workshop on Grid Simulator Testing of Wind
Turbine Drivetrains - NWTC, Bolder, CO

June 13, 2013

J. Curtiss Fox - Clemson University
1

Grid Simulator Founding Partners™ =

o, ©SRNL

.

Power FOR LIVING

QPSantee
Cooper.

TECO ®@Westinghouse

Cscann. “I. Underwriters

®

Laboratories

U.S. Department 0-1 Er_lergy
Energy Efficiency
and Renewable Energy

Bringing you a prosperous future where energy
is clean, abundant, reliable, and affordable

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

Hardware-In-the-Loop
Testing

* Power Set Points
s Voltage and Frequency Variations
« Controls Evaluation

= Voltage Flicker
= Harmonic Evaluations
= Anti-Islanding (Software)

= Frequency Response
* Active Volt-VAR Control
« Active Frequency Regulation

» Low Voltage Ride-Through (LVRT})
= Unsymmetrical Fault Ride-Through
* High Voltage Ride-Through (HVRT)

« Recreation of field events with
captured waveform data

= Simulated dynamic behavior and
interaction between grid and the
device under test

Markets and Applications

EV Charging Stations

MW Scale Power Conversion
e

15MW HIL Grid Simulator .
Wind Energy

Large Solar PV Converter

3N2IIP JO |af\é| guiseaou|

\A

Utility Scale Energy Storage

Micro-Grid Applications

- o



Facility Layout

@CLEMSO

Grid Integration Test Facility “ "=

23.9 kV Utility Bus

15 MW HIL

Grid Simulator - I

Graduate Education Center
500 kW Solar Array

15MW Test Stand

4.16 kV 5 MVA Test Bus
e

23.9 kV 20 MVA Test Bus

Up to three independent & .

grid integration tests can run I—

simultaneously in each of
Experimental Bay #2

the three experimental bay’s B ]

Experimental Bay #3 Experimental Bay #1

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

61

Facility Single Line Diagram

23.9 kV (60 Hz) Utility Bus

¥

CL

MSO

U N

I VERS I T

<

csAut

Large Test
Stand

cerri[ ] cerai[] [Jceria[]cerm

Large Test Stand

S
CSRid ceRtm

Recirculation Bus

[] ceu

7

k3

=i
W

Small Test
Stand

® Hardware-In-
the-Loop Grid
Simulator

Simulated Grid
Experimental Bus

Variable 23.9 kV (50/60 Hz)

Grid Integration Evaluations

valuations

Power Quality Evaluations
Ancillary Services
Grid Fault

Ride-Through Tes

Open Loop Testing
a he-Loop
Testing

* Power Set Points
* Voltage and Frequency Variations
* Controls Evaluation

= Voltage Flicker
* Harmonic Evaluations
= Anti-Islanding (Software)

* Frequency Response
* Active Volt-VAR Control
= Active Frequency Regulation

* Low Voltage Ride-Through (LVRT)
= Unsymmetrical Fault Ride-Through
= High Voltage Ride-Through (HVRT)

= Recreation of field events with
captured waveform data

« Simulated dynamic behavior and
interaction between grid and the
device under test

cerRzin  CeRza

Small Test Stand

Recirculation Bus 7

\/\1|n3!;;!p }JO |9A3] Suisealou)




WT-DTF Utility Bus  (23.9 kV) - ~
) . e TECO Westinghouse Motor PSLEMSON
Electrical Capabilities ] ]

0 Company: Power Amplifier

Three Independent Test Bays

5 * Phase Shifted Carrier PWM

o o [ 3 > ARG
Overall Facility Electrical Capabilities N —~ High degree of harmanic cancelation zk AN > 1
Main Test Bay E due to multilevel architecture .

Nominal Voltage 24 KV (50/60 Hz)

15 MVA (7.5 MVA) — Increased reference sampling fidelity
st e . ‘

Sequence Capabilities 3and 4 wire operation * Samplmg flde“W is further increased 3

Overvoltage capabilities 133% Continuous Overvoltage by using asymmetrlcal sampllng of 5.

Fault Simulation Yes (includes Reactive Divider) L " H

AT Yes (imit 1 HIL total] each individual carrier i

Small Test Bay 1 ' |

Nominal Voltage 4160 V/ (50/60 Hz) e A N . N T S R
375 MVA (3 MW @ 0.8 PF) Power Amplifier Gutput Harmonic Spectrum (Fs = 2 kHz) Synchronous Sampling up to 12 kHz

Frequency Range 45 to 65 Hz B - r T T T
3and 4 wire operation 5 P i Preliminary simulations

Overvoltage capabilties 133% Continuous Overvoltage H 4 : § = show excellent results with 2
Limited to Canverter Only = kHz switching frequencies
Yes imi 1 HiL ora] 5o ; j .

g ; ;

Small Test Bay 2 Reactive i : ; -m H M First noise mode is at 16 kHz
4160 V (50/60 Hz) 'n "“'I 1 2 3 4 B (Fs x 2 x Carriers) , 8 times
3.75 MVA (3 MW @ 0.8 PF} Frequency (10's kiz} the switching frequency
5wesH 0

Sequence Capabilities 3 and 4 wire operation El Reference resolution also at

Overvoltage capabilities 133% Continuous Overvaltage 15 MW WTDTF 7.3 MW WTDTF e ! i i

_ - Test Rig Switchgear Test Rig Switchgear £ o 16 kHz using asymmetrical

Fault Simulation Limited to Converter Only ~ -—————~——=— . = e = ¥ sampling

Hardware-In-the-Loop. Yes (limit 1 HIL total) g ) Disconnect it B 0

coar | BRzse | CoR: >

11

Simulated Grid Experimental Bus 3

TECO Westinghouse Motor PCLEMSON Fault Ride-Through Options WCLEMSON
with the Grid Simulator

» Clemson’s unique combination of a power converter and reactive divider network
TWMC Power Ampl Power Module provides several different testing options

Company: Power Amplifier

I

20 MVA (15 MW @ 0.8 PF) e 3
15 MVA (12 MW @ 0.£67) c || J_ . . _
Pl el - +  Forsmaller machmles‘ Cl_emson appro_ac:h to Fault Rlde-Througr_m (FRT) testing is
0-4160V 5 r) r — backwards compatible with the two existing methods of performing FRT evaluations
133 % Rated Output Voltage i "
7- Levels (3 - Le;::I;Z Overvoltage) Jsolton Avorion | o5 | S0 PlRse +  The first test article will provide the platform for Clemson researchers to evaluate
E ! il iri
110% for 60 5 (10 min duty eycle) Individual power module with three phase input advantages of.all free methods and’iheirimpston-the:DUT
24KV Uty Bus and single phase output
}j—l': Tama \Al‘J 2aMvA m
o] m— s ] il =1
L 1 ’ . Controlled
| cobinat1 Cablner2 Cablnet et Reactive Divider s ST
| cabiez | 1 1l i | Converter Only Reactive Divider
Uncontrolled :
Clemson Solution

o B
= W— Ee— ]

Well established More flexible test Increased In-Fault

| Sl g | il method method voltage accuracy
el et et 4 Power Slices per Amplifier Section kIR disls Exposes converter Allows for high
T M P P method with low B 8

to DUT fault duty DUT fault duties

4KV Simulated Grid Bus

SC ratios
8 Parallel Amplifiers arranged into 4 Cabinets 10
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Reactive Divider Network

« Safety Considerations

— Access controlled room From Power Amplifier
— Automatic grounding system when not in service
* Voltage Isolation RO WS
Brastar

— 35 kV insulation system
— 2500 A (100 MVA) DUT fault duty

« Performance and Flexibility I-E“Lmi oam

A8 Ctwe Breaker
Series Bypass iﬁ'
— Remote control of all elements allows for setup and BOR Bvikiy

operation without the need for room access
— Individual phase operation allows for thousands of three
phase impedance combinations

o028 mH
H

RON-PCC
Breaker

To Grid Simulator

Table of Fixed Reactance Combinations

Fixed Switch | Shunt Fixed | Series Fi Total Experimental Bus
Pasitions (mH) (mH) Series (mH)
0 25 025 25-50
0 50 025 5075
Looo.

1-0-0-0 0 75 025 75-100 i Q
25 [ 2550 025 =
o T oo Reactive

0-01-1 50 o 5075 c!zs ey

- Network

| o010 [ 25 50-75 25-50
75 0 75-100 025 13

Reactive Divider Network

+ Safety Considerations
—  Access controlled room From Power Amplifier
— Automatic grounding system when not in service
+ Voltage Isolation
— 35 kV insulation system
— 2500 A (100 MVA) DUT fault duty
* Performance and Flexibility
— Remote control of all elements allows for setup and
operation without the need for room access
— Individual phase operation allews for thousands of three
phase impedance combinations

To Grid Simulator
Experimental Bus

Table of Fixed Reactance Combinations

Fixed Switch | Shunt Fixed Total
Pasitions (mH) Series (mH)
0 25 0-25 25-50
0 50 025 50-75
0 75 025 75-100
1-1-1
110

1
0- 5 Sk 025
0-

| 25 25 25-50 25-50 >
O-L-u-u

ELM

suirer  Reactive

% o sn o o0x e
- Network
[ o010 [N 25 5075 2550
0-0-0-1 75 o 75100 025 14

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

G CLEMSON
Interface Controller and DAQ =~

* Detailed specifications developed through coordinated efforts between:

Savannah River Clemson National
National Laboratory University Instruments

* Significant amount of hardware and software shared with the WTDTF systems
* The design allows for custom sub-configurations by the repurposing of hardware

+ Provides a powerful and flexible platform for the development of custom control
systems to meet the various grid integration evaluation scenarios

Streaming wxi-Express  [INURRUREIIN ctnornet |cmmam
Storage
e | wn Dasioscer | | repci)
Ethemet Reflective Memory and 1588 Etheret (Fiber Opiic)

Gigel
Fiber

Custom-FO
FlexRIO
TWMC Master NI-PXIIC-DAQ

Analog-in 64 Ch
Analog-Out 64 Ch
2010 100 kHz

Real Time Digital
Simulator (RTDS)

Grid Simulator Interface Control and DAQ Hardware Platform 16




Interface Controller HIL Testing ~

* The RTDS simulates the physical Grid Simulator
hardware and DUT hardware and control systems in
real time

+  Ascaled version of the NI Interface Controller is used EE 5’5
for real time control of the simulated hardware and
DUT to aid in:

— Control algorithm verification and tuning
— Startup and operational procedures

— Emergency stop conditions and shutdown
methods

— Human Machine Interface (HMI) design :
— |dentifying commissioning activities and protocols P>

— Segmenting and testing of communication
interfaces and protocols

4

Real time control and
measurement signals

National Instruments Real Time Power System
Interface Controller Simulator RTDS®

 PCLEMION
Interface Controller HIL Testing "=
¢ The RTDS simulates the physical Grid Simulator 4

hardware and DUT hardware and control systems in
real time

* Ascaled version of the NI Interface Controller is used
for real time control of the simulated hardware and
DUT to aid in:

— Control algorithm verification and tuning
— Startup and operational procedures

— Emergency stop conditions and shutdown
methods

— Human Machine Interface (HMI) design
— ldentifying commissioning activities and protocols s

— Segmenting and testing of communication
interfaces and protocols

Real Time Power

<System Data & >
F \/ < :
' Real timefcontrol and
i siprils
SRNL RTDS* National Instruments Real Time Power System
Simulating a Power System Interface Controller Simulator RTDS®

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



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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 65
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National Renewable Energy Centre (Narec)
An Introduction to the Narec Grid Emulator
Alex Neumann, Director of Specialist Services 13 June 2013

; narec JJ

The National Renewable Energy Centre (Narec)

Overview
Open- access, independent, quality assured translational research, development and testing facilities for
offshore wind, wave, tidal and electrical network technologies.

Clients and Collaborators
Manufacturers, project developers, utilities, universities, research organisations and supply chain
companies.

Services

+ applied research and technology development services
* Specialist consultancy

* Certification and development testing

* Demaonstration

* Systems integration

« Performance verification

R BIS e

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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A Controlled and Independent Development Platform

Existing New =
*50m blade test *3MW tidal turbine drive train s

+5till water tank +Offshore anemometry hub o=

“Wave flume +100m blade test m ™
*Simulated seabed *15MW wind turbine drive train

*Wind turbine training tower *99MW offshore wind demo site :g
*Electrical and materials laboratories +Narec Grid Emulator and LVRT g

15MW Nacelle Test Rig - Fujin

urbine Nacelle
ion - grid ¢ i




15MW Fujin Facility Build Status 15MW Fujin Build Status

15MW Turbine Drive Train Testing Facility

15MW Fujin Build Status

Objective

To perform independent testing of wind turbines to de-risk infield activities by allowing Narec to perform
reliability and performance appraisal of new devices and system components through accelerated lifetime
testing.

Key Characteristics

* 15MW capacity for testing entire systems

* Representative variable torque (max 14.3MNm) and speeds (max 30rpm)
* 6degrees of freedom for applying load forces

= Bending moment (max 56MNm)

* Force Application System (FAS) frequency response 2.5Hz

Typical Testing Activities

* Entire nacelle prototype test capability (system or major component within system)

= New supplier validation testing (major component)

* Internal manufacturing conformance testing (system or major compenent within system)
* Endurance testing

* Improvements to models physical and numerical — condition monitoring validation

* Research and development

Timescale

* Construction of facility almost complete
* Commissioning July/August 2013

* First test to start August/September

E V || I \r L ’T narec

oy
technologie

narec JJ

This report is available at no cost from the
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3MW Tidal Turbine Nacelle Test Facility - Nautilus

3MW Turbine Drive Train Testing Facility

Objective

* Perform accelerated lifetime testing of integrated turbine nacelle systems and the individual drive train components
of prototype tidal power generation devices.

* Simulate the environmental loads likely to be experienced by a tidal device offshore, to reduce the financial risk and
improve reliability for I before full d ion and deployment at sea.

Key Characteristics

3MW shaft input power rotary test rig

Max torque SMNm (<6rpm)

Max speed 30rpm

Load application system

Grid connection

Comprehensive range of data measurements

Max bending moment applied by Force Application System (FAS) — 15SMNm

Typical Testing Activities

New supplier validation testing (major component)
Internal manufacturing conformance testing (system or major component within system)
Improvements to models physical and numerical — condition monitoring validation
Research and development

Power curve assessment

Design verification of control system
System performance and endurance
Highly Accelerated Lifetime Testing (HALT)

\

=

narec JJ

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Blyth Offshore Wind Demonstration Site

Objective

¢+ Allow developers and OEMs to demonstrate and test prototype and pre-commercial full-
scale offshore wind turbines

* Opportunity to study alternative foundation types, construction methods and remote
monitoring

Key features

¢ Total of 15 turbines, 3 arrays, max number of 5 turbines in each array
* Water depths range from 35m - 58m

* Site can accommodate machines up to 195m tip height

* Distances from the coast range from 5.7km - 13.8km

* Total facility capacity up to 100MW

+ Offshore Anemometry Hub

* Grid connection agreement with distribution network operator

Timescale

+ Construction expected between 2015 - 2016

+ Timescale for single array construction around 3-6 months
+ The Offshore Anemometry Hub installed Q3 2012

s MECROWN
BIS =it o ESTATE

narec JJ




Narec Grid Compliance
Micro renewables: ER G83 certification

Engineering Recommendation (ER) G83/2 — 2012 revision - technical requirements for the
connection of small scale embedded generators in parallel with public low voltage
distribution networks. This recommendation covers small scale generator equipment
connected at LV up to and including 16A per phase.

Over/under frequency and voltage

* Loss of mains protection E;m
* Harmonic emissions, and flicker to BS EN 61000-3-2/3

4 touce
* Over current protection to BS7671 EE
* Power factor range ot | fli} e
* Short circuit contribution frequeney measurerent for VVVVRTS
* DC injection vt e | o P N
* Environmental testing .
* Wiring regulation compliance R Gidcurnt Diconicton

Py e

Wind Turbine Blade Testing Centre

Pevelopment and certification . LV electrical lab also used for conducting small-scale LVRT testing (up to 100kW)...

Can test blades up to 100m, three test stands, static and fatigue capability

narec JJ

ewable Energy

Certification, development,

" n H H
accelerated lfetime, endurance. D Narec “Large System” Grid Conformance Testing

Independent and accredited
P Narec operates a number of cutting edge facilities to accelerated validation of wind and

HV: Cables, insulating materials, marine renewable energy devices in a controlled environment reducing time to market,
generator windings, switchgear,

transformers. etc... improving reliability and mitigating the risks associated with deployment of these devices.

LV: grid conformance, network The Grid Emulator and Low Voltage Ride Through (LVRT) test rigs will allow Narec to perform

simulation endurance testing and power quality validation for the wind turbines based on the

requirements of:

¢ International Grid Codes

* Standards (e.g. IEC, BS, etc.), and

* Guidelines (e.g. IEEE, GL, DUV, etc.)

Design and procurement underway, Narec electrical test systems in place Q3/4 2014.

narec JJ

This report is available at no cost from the
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Narec Grid Emulator jettor

Outline Functional specification

Fupn Faciny 118 Buster Nt Facity 118V Busbr

* Rated at 10MW

Tost pice uckaros Buing
Auctaries " iy Seroms
ieh ey

* Cross functionality, i.e. able to switch

between testing on the 3MW Nautilus test

facility and the 15 MW Fujin test facility

A A\ssousens ot Emutace i o cornaction n Fulin (A) and Nautha (8)

* Equipped with power quality supervisory system to monitor and log the quality of power at the

output of the test piece (DUT) and incoming 11kV supply

+  Ability to perform electrical “Hardware in the Loop” (HIL) operation (optional at this stage) to

simulate virtual grid applications

+ Capable of generating 140% overvoltage (test piece end) for at least 500ms to allow High

Voltage Ride Through (HVRT) test

\

=

Narec Grid Emulator
Capabilities =i “

+  50/60Hz grid voltage condition
* Asymmetrical/unbalanced condition
+ 3 and 4 wire operating condition

* Symmetrical voltage dip

« Grid voltage distartion
* Voltage fluctuation
« Lagging and leading reactive power grid condition

«  Grid fault level condition (i.e. simulate different grid Z)

* Harmonic distortion condition replication (i.e. THD and ind)

* Both symmetrical and asymmetrical voltage dip feature to perform Low Voltage and Zero Voltage
Ride Through (LVRT and/or ZVRT)

LVRT testing at Narec

+ Developing the capability to accept mobile LVRT rigs to

perform testing on the Narec drive train test stands.

+  BMVA rating now available through third parties, for operation

at 33kv, 20kV or 11kv J

bt
1)

i
®))

*  Procurement underway to Narec LVRT system, also able to

work with (some) third party mobile test facilities

[3 P
+  Grid connection agreement expected July 2013 P

I \/ ]| Deviceunder
st
sctuaton system

Testhig [
oupling

narec JJ

Summary

*  3MW FAS drive train test operational
*  15MW FAS drive train test rig imminent commissioning
+  Grid connection expected soon to allow LVRT through third parties

+  Procurement underway for grid emulator and mobile LVRT, both

expected to be in-service by end 2014...

Ambition/Opportunity

Mechanical and electrical drive train testing with HIL on both sides to

provide realistic control system testing and system validation...

What level of certification can we realistically achieve on these“-

facilities?

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 70
at www.nrel.gov/publications.



Thanks for listening,
any questions?

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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11.3.3 Fraunhofer Institute for Wind Energy and Energy System Technology DyNalLab Grid Simulator — Jersch
Torben, Fraunhofer Institute for Wind Energy and Energy System Technology, Germany

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 72
at www.nrel.gov/publications.



Welcome

WIND.ASSURING CONFIDENCE
THROUGH COMPETENCE

LVRT Testing on DyNalLab
Electrical certification of Windturbines on Test Benches?

Torben Jersch
1st International Workshop on Grid Simulator Testing of Wind Turbine Drivetrains

-_—
~Z Fraunhofer
13.06.2013 @ Fraunhofer IWES

Contents of Presentation

Short Introduction

General overview of DyNalLab test bench and objectives
Electrical certification of wind turbines — LVRT Testing
Derive of electrical requirements for DyNaLab test bench

Derive of mechanical requirements for DyNalLab test bench

Summary

Z Fraunhofer

©® Fraunhofer IWES

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Short profile Fraunhofer IWES Northwest

Direction: Prof. Dr. Andreas Reuter

Research Spectrum: Wind energy from material development to grid
integration

Overall Budget 2012: around 11 million €

Personell: 130 employees

Previous investments in the 50 million €

establishment of the institute:

. (- ) Strategic Association with ForWind and
Research Alliance .|~/ German Aerospace Center (DLR)

Wind Energ ==
~Z Fraunhofer

3 © Fraunhofer IWES

Short profile dept. Drive and System Technology

Head of Dept.: Prof. Dr. Jan Wenske
Research Spectrum: Key - Understanding of Power-Mechatronics
Test Bench DyNaLab OO ‘ ® G

==
Personell: 18 employees - ‘g b o -
9 mechanical engineers N —

——
5 electrical engineers —— {Tr “‘l'\ ‘
7 I i D I’A 9

4 control engineers

Research Network: Universities of Bochum, Freiberg
Saarbrlcken, Bremen 2 Frau n hOfer
©® Fraunhofer IWES



HIL Testing on DyNaLab

Load Model Real-time Hardware:
fa Ty Data Acquisition
o Wind Test bench model

Personal Information

Name : Torben Jersch
Age: 32 years

' [ ! WEATHIL Suboy P
{ : : Test bench & DUT & Grid |¢—] ‘[
Status:  Married i i =

DyNaLab
;‘I.'est Bench Control

1 Child

Rotor

i = Swell

Online-Wind &

WEC Simulation ‘ { Foundation &
. 1 Ground

Interactions

Profibus,
ProfiNiet

Degree of electrical Engineer 2007

Diploma Thesis: Design and control of a
grid-forming inverter (100 kVA)

Working as power electrical engineer 3,5 years
Dimensioning of power electronics and control of inverters and drive trains

Since 2011 Fraunhofer IWES dept Drive and System Technology
Sensorless control of drive train, DyNaLab: Test bench control system

Since 2013 Group manager Systems and Control

-—
~Z Fraunhofer / Fraunhoter

© Fraunhofer IWES IWES

Overview of Fraunhofer IWES DyNalLab Scope of nacelle testing on test rigs

Multifunctional

= 10MW / 8.6 MNm EESM Prime Move

= 44MVA-MV- Artificial Grid

= Hardware in the loop Test-Environment

= Optimized DUT rigging/handling solution
= Test range of specimen 2-7,5MW

B Development testing / optimization
B Design verification / analysis / model validation
B End of Line" Tests / production conformity testing

B Accelerated lifetime tests / reliability testing

B Full lifetime and fatigue testing

X —degrees of freedom

= Dyn. bending moments (20MNm)

= Dyn. thrust forces (2MN)

= Dyn. radial forces

= High dyn. torsional moments (16Hz)
= 100% 3-phase dyn. MV-Grid control
= RT aeroelastic Rotorsimulation

B Partly wind turbine certification / support (savings at field tests)

B Electrical certification of wind turbines Big Benefit

SRS RN

B Complete Wind turbine certification testing

Source: IDOM

Z Fraunhofer Z Fraunhofer

® Fraunhofer IWES IWES

This report is available at no cost from the
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Testing of LVRT of Wind turbines on Test
benches

B For electrical certification fulfill
IEC 61400-21

Technische Richtlinien

fiir Erzeugungseinheiten
B Key features for LVRT testing

Bestimmung der
Elekirischen Eigenschafien von

B Requirements of test benches for testing LVRT | sewuoscnsten

Mitiel, Hoch- und Hachstspannungnetz

=t
B Technical guideline for power supply units G
=

Voltage, Current, Inertia e

B Short circuit current of WEC connected to grid B
e N R —

Inverter Ik = 2.2 X |gaTeD e

Synchronous & DFIG  Ix =7 X |gatep

\

~ Fraunhofer

© Fraunhofer IWES

Testing of LVRT of Wind turbines on Test
benches LVRT of different Grid Codes ‘

95%

B Inverter based grid simulation

B Voltage control downto OV | A
B Dynamics of voltage change il
Rise and Fall a5 i
B | ow leakage impendence of 7 /
&

Transformers 20 ‘| l !5/

B Future of grid codes:

Multi dlpS 01 04 09 14 19 2;4 1;9 34
Time [s]
e D utschland e I3l Italien
Unbalanced voltages Portugal — —usa Spanien
—Schweiz e DN EMATK Grofibritannien
Changlng phase angle e Sl af Fika yydm China
Z Fraunhofer

IWES

This report is available at no cost from the
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Specification and concept of Grid Simulation

B Rated voltage
0-36 kV S f
up to 47 kV for HVRT L

B Rated power 15 MVA
B Transient reactive power up to 44 MVA ~ Tr—————
Source: ABB
B High dynamic for voltage control
B Independent control of voltage and phase angel of each phase
B Voltage THD < 2% overall = /7 (A
1RV ALY - I
B Controllable grid impedance ../ /.y v/ AL AL
R W San® % % sBurée: ABB”
B Frequency 45 - 65 Hz ==
Z Fraunhofer

IWES

Artificial Simulation of Rotor Inertia

B Necessity of rotor inertia simulation

B Estimation of torque curve at flange between hub and shaft during
LVRT event

B Simulating 5 MW WEC with gearbox

10 Torque Slope at 5 MW WEC during LVRT
] I

Torque at Flange

1B
\ %

I
VAWV

Torque [Nm]

L o o m w .
L
—

e/ |
approx. Dynamic
500 m¥ 100 101 Miﬂgher 03 104 — 105 106
than 2 Hz Z Fraunhofer
©® Fraunhofer IWES



Atrtificial Simulation of Rotor Ine

rtia

B Simulating 5 MW WEC with direct drive and flexible rotor

T T T
il N |:|:|
— 3L i...|——Torque at shaft flange
[ ) -
3
g ot =
o
[aE] S .
N Detailed View on Torque slope
o , : : ‘ ‘
B [ — Torque at shaft flange
£
Z 2 |
S
5o
2
El
approx. 2 2505 than10 Hz 2515 252
100 ms maifE]

© Fraunhofer

y‘
“Z Fraunhofer
IWES

Derive of mechanical Requirements

B High dynamic at the flange between test bench and nacelle for

simulation of rotor and hub inertia

B Reducing mass of the shaft and increase stiffness of the drive train

® Fraunhofer

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

Source: IDOM

Z Fraunhofer

IWES

Derive of mechanical Requirements

B High dynamic at the flange between test bench and nacelle for

simulation of rotor and hub inertia

B Reducing mass of the shaft and increase stiffness of the drive train

Bode Diagram

Transferfunction: Terque at Airgap <> Torque at Flange of Nacelle
1 TTTTTT -

D

of

2013

| Design Mai 2013 with active damping

tarsion

AR

Magnitude (dB)

y il

A %d l'\lﬁf"r.-ﬁﬁc (6]
orque control\

First eige nf*"aqueLcL_aer&x. ll‘b MZ

Active damping of torsional oscill&tisn

© Fraunhofer

o

-_—
~Z Fraunhofer
IWES

IWES Nacelle Test rig - Summary

Being
prepared
for?

LVRT Testing — Requirements for DyNalLab

Voltage

OV up to 47 kv High dynamic voltage

Inverter controlled

control
Current
7 X lparen 700 A, transient Low impendence
Inertia

8.6 MNm rated

Very stiff drive train 13 MNm <3605

Dynamic of torque control
at flange > 16 Hz

Prepared for HIL-Testing

= Fraunhofer
IWES




Questions ?

Thank you for your attention!

k.~
ABOVE STANDARD

Wind turbines need intelligent solutions !

-_—
~Z Fraunhofer
IWES

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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11.3.4 Wind Power Certification in China — Zhang Yu, China General Certification Center, China

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 78
at www.nrel.gov/publications.



Who's CGC (@LIT

More than A Certificate

More than A Certificate

B Accredited since 2008 by China National Accreditation Service for
Conformity Assessment ( CNAS ) - a IAF member

Introduction on Certification and Testing , e ,
£ Wind Turbi i1 Chi BFor wind turbine certification and type testing,.
" L Milane 10 il W According to IEC standards.

China General Certification Center ( CGC )
June ,2013

Zhang Yu

JEF A China General
Ay 5

ES D China General Cerification Center i
18 Creating Values Through Certification

#1{ Creating Values Through Certification

Content i Who's CGC (€L i3
More than A Certificate More than A Certificate

We focus on For wind energy we provide:
Wind Solar »Standards Development

BWho's CGC a- ﬁ i

»Certification
B ertification requirements and »Testing
standards. G Energy Y Bio-energy #Industry Study & Consulting

»Wind farm services (due diligence etc.)
@HS m c:?:fa—n #Training

WFounded in 2003 with the authorization of the government

BGrid connection requirements

HTrends.
MEarliest and biggest in wind

BNamed as National Energy Lab for Wind & Solar Simulation, Testing & Certification
WLocated in Beijing with 130+ employees.

BIEC TC 88 and CAC CBC member.

s C

E @ iLiEha
UL EIE 478 Creating

This report is available at no cost from the
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Who's CGC

More than A Certificate

EH M Wind Turbines Testing :

O I E 14 Power performance
measurement

®EL AL B Power quality measurement
@ fif Mechanical load measurement
®LE S Acoustic noise measurement

B4 MiXComponent Testing :

Rotor blade test facility:
¥ Static testing and Fatigue testing
> The blade length up to 100m
®Blade Material testing

®Cenerator, bearing and drive chain testing

facility ( under construction )

Content

More than A Certificate

BWho's CGC

B Certification requirements and

standards.

BGrid connection requirements

ETrends.

Certification requirements in China

More than A Certificate

B JEC series standards

B Not compulsory
B Required by all the developers

B Design evaluation will do currently

B International certificate recognition well implemented

tion Center

ugh Certification

Main standards comparing with IEC

More than A Certificate

B Main references for wind turbines :

IEC WTO01, 2001

System for Conformity Testing and
Certification of Wind Turbines. Rules
and procedures.

GB/Z 25458-2010,
NEQ

TEC 61400-22 Edition
1.0 2010-05

Wind turbine-Part 22:Conformity
testing and certification

TEC 61400-1 Second
Edition 1999-02

Wind Turbine Generator Systems-
Part1: Safety Requirements

GB 18451.1-2001,
IDT

1EC 61400-1 Third
Edition 2005-08

Wind Turbines-Part1: Design
Requirements

GB/T 18451.1-2012,
DT

Turbines

1EC 61400-2 Second Wind Turbines-Part2: Design GB/T xxxxx-xxxx,
Edition 2006-03 Requirements for Small Wind Turbines | IDT(just approved )
1EC 61400-3 First Wind Turbines-Part3: Design GB/T 18451.3-xxxx,
Edition 2009-02 Requirements for Offshore Wind IDT (Progressing)

eneral Certification Center

hrough Certification

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 80
at www.nrel.gov/publications.



Main standards comparing with IEC @ smu Situation Cemsz
More than A Certificate More than A Certificate
B Main references for wind turbines :
TEC 61400-11 Wind Turbine Generator Systems-Part11: GB/T22516 - 2008, * Temporarily required by the government
Consolidated Acoustic Noise Measurement Techniques IDT T .
Edition2. 1(incLam1) * Work scope under discussion
2006-11 * For the moment Power Quality, LVRT & Active/reactive
IEC 61400-12-1 First | Wind Turbines-Part12-1: Power Performance | GB/T 18451.2-2012, r rforman ine are r ir he en f
Edition 2005-12 Measurements of Electricity Producing Wind | IDT power performance testing are required (by the end o
Turbines 2014)
IEC TS 61400-13 First | Wind Turbines Generator Systems-Part13: GB/Z 25426 - 2010, ¢ Test labs: CEPRI and CGC
Edition 2001-06 Measurements of Mechanical Loads MOD
IEC 61400-21 Third | Wind Turbines-Part21: Measurement and GB/T 20320-xxxx,
Edition 2008-08 Assessment of Power Quality Characteristics | IDT(just approved)
of Grid Connected Wind Turbines
IEC TS 61400-23 First | Wind Turbines Generator Systems-Part23: GB/T 25384 — 2010,
Edition 2001-04 Full-scale Structural Testing of Rotor Blades | MOD

ULER 0 China General Certification Center

JAER 0 China General Certification Center

{{& Creating Values Through Certification |:#%41{&# Creating Values Through Certification

Content G Standards (@ELiT
More than A Certificate More than A Certificate
¢ [EC 61400-21-2008 Wind turbines - Part 21 Measurement
BWho's CGC and assessment of power quality characteristics of grid

connected wind turbines

e GB/T 19963-2011 {Technical rule for connecting wind
farm to power Svstem>>

¢ Q/GDW 392-2009 ¢ Technical Rule for connecting
wind farm into power grid)

B ertification requirements and
standards.

BGrid connection requirements

ETrends.

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 81
at www.nrel.gov/publications.



Content

More than A Certificate More than A Certificate

Basic requirements in GB/T 19963-2011

LI A S WL BWho's CGC

/ B (Certification requirements and

standards.
25 R L LA . ’ .
AN [ 20232 17 BGrid connection requirements

SR HLAL O LM H 1 ) ey BTrends

Trends

More than A Certificate More than A Certificate

R S BT TE Wind energy development in China

« Voltage(%] 30000
100 - Germany
TS
‘70000
% -
8s e e M
80- R
40010
7s- . -
7| must remain  Deamark / -
connected DSATS / / - g 50080,
/ - -
sl / Ireland " Ireland 40010
os - - TS
- 30000
o
-
25- - 20000
20-
15+ [
L [msec]
3 A—t—+ JL! l_,;,l +—} 1 1 i e - - bl =
2001 2002 2003 2004 2005 2006 2007 2008 2008 2010 0L 2012
100 s00 700 1000 1200 1500 2000 3000 -

nEREUME 42 ¢ L] 197 507 1288 3311 6154 13303 L8B3 17431 12940
=ERRUMW 351 4e0 sS40 743 1280 2637 SB45 13002 25805 44733 62364 TS3i4
FUEFH: CWEA
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Trends (@LIT Trends (@LIT

More than A Certificate More than A Certificate
Wind energy development in China Certification and other
EPlan of installation by the government (Sep, 2012) EType Certification will be required by the market
WUnit: GW WSite-specific assessment may be demanded
MR S AR HRequirements of grid connection will be finalized
Year 2012 2015 2020 EWind power plants performance may be surveyed and
Onshare 74.9 99 170 data will be collected by a national supervisory center
Offshore 0.39 5 30
Total 75.3 104 200
Wind percentage 2% 3% 5%

EEUAESD China General Certification Center

WEUES D China General Certification Center

SiLES A4 1{E Creating Values Through Certification

SiLES A4 1{E Creating Values Through Certification

Trends @M

More than A Certificate

National Standards

ENew national standards are being developing

B As supplements to cover common environmental Thank you
condition which the IEC standards don't. such as,

~Low temperature; China General Certification Centre ( CGC )

»High altitude; ey
»Typhoon condition. Email:zhangyu@cgc.org.cn
. . I Tel: +86 10 5979 6665ext.3111

| ]
No conflicts with existing IEC standards B

WWW.CGC.0rg.cnt

hina General Cartific:

Creating Vialues Through Certification

This report is available at no cost from the
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11.3.5 ABB Grid Simulator Product Line — Pieder Joerg, Ester Guidi, ABB Medium-Voltage Drives, Switzerland
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Teststand applications for drives and power electronics

Test stand applications

single-drive multi-drive
motoring OR generating motoring AND generating
S :

AR AR 4
: ©

“ o

= |

products for wind-turbine testing

L] O Device under test
ABRB T ABRB
ERa AP 2 e A
Outline Teststand applications for drives and power electronics
’ « Teststand applications for drives and power electronics Test stand applications
« Modular drives and power-electronics platform ACS6000
« Power electronic grid simulator based on platform aingieenive
» Design considerations following windturbine testing motored device testing fixed installation
requirements
i, i,
& N
AC Dc ac |
oG + AC ﬂc :lF F AC
@ \/ND 8 | our
B O Device under test
ABRB ABRB
FAIPIP FAIPIP

This report is available at no cost from the
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ABB’s areas of activity

Test stand applications

Single drive

Device testing

- Compressor & turbo charger
= Pump

= Balancing plant

- Jet engine

= Gas Turbines

= Motor Generator set, ...

Fix installations

= Wind tunnel

= Human centrifuge (pilot training)
= Soft starters for high energy labs

© ABB Grous, A"
Jine 115013 Side’s

pplications

o s i e
ramaoanrTte
lirements

« High dynamic electric motor control over wide speed range
=« capability to control induction and synchronous motors

= base speed of electrical motor:
1Hz .. 75Hz / few rpm .. 3600rpm

= wide field-weakening range (... 1:5)

= high torque over-loadability (... 275%)

= air-gap-torque control bandwidth (... 400Hz)

« flexible automation integration (PLC, FB, fast /O ...)
» Versatile power electronic building blocks

- load-cycling capable (reliability)

= parallelable and multi-terminal capable (scalability)

Sna 1P sives All
This report is available at no cost from the

National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Outline

+ Teststand applications for drives and power electronics

« Modular drives and power-electronics platform ACS6000

« Power electronic grid simulator based on platform

« Design considerations following windturbine testing
requirements

© A8 Groug, "
Jine 115013 Sikde 7 A

ACS 6000

AN A A ilar e S
Modulz 1\
vioauilar ai

- Voltage range
+ 23..33kV

+ Power range
» 3...27 MVA continuous and 36 MVA short term

+ Qutput frequency range
= 0...75 Hz (higher on request)

+ Field weakening point
= 3.125...75Hz (lower / higher on request)

- Field weakening range
- 1:5

ABBR



ACS 6000 focus: Demanding applications

Special applications,
e.g. wind tunnels

ABB

Pulp & Paper

ACS 6000: Some building blocks

Inverter Unit Inverter Unit

Pre-defined
interfaces
for power,
cooling &
control

connections

- wcu

ABBR

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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ACS 6000 water cooled
3-36 MW

Terminal and Control Unit Capacitor Bank Unit
Contains the power terminals DC capacitors for smoothing
and the control swing frame the intermediate DC voltage

Active Rectifier Unit (ARU) Inverter Unit Water Cooling Unit
Self-commutated, 6-pulse, Self-commutated, 6-pulse, Supplies the closed cooling system
3-level voltage source inverter 3-level voltage source with deionized water for the main
with IGCT technology inverter with IGCT power components

technology

ABB

Inverter topology

12-pulse LSU single drive = 3-level voltage source inverter
1% SE{ L
i Thtdd +(m) . i
__534 L b|bdd] e = IGCT technology for maximal loadability
(X! t 1 in combination with minimal part count

= Fuseless design, ACS 6000 uses IGCTs
) ) for fast and reliable protection of power
S-pulse ARU single drive components instead of unreliable

T 1 1 medium voltage power fuses
e |[| e G
18t eppurestiofi i g

ABBR




Common DC bus

= Several motors (induction and
synchronous) can be connected to the
same DC bus = optimized energy flow

Optimized energy flow
with common DC bus,
o.g. cold reversing
steel mill

« Braking energy generated in one
motor can be transferred to other
inverters via common DC bus
without power consumption from
supply network

beaking driving driving

= Optimum configuration can be
reached by combining different inverter
and rectifier modules within one drive

ABB

ACS 6000: INU configurations

... of two units ... of three units ... of four units
Parallel = = = ] —]
Hard-parallel = = = = =

Parallel connection of inverter units:
9, 18, 27, 36MVA as standard

e.g. 9MVA unit

ABBR

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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ACS 6000: Flexible solutions from 2Q single ...

ACS 6105_L12_1a5

600 | 800 | 800 1400 800 "
N $
&
N AL "'"éi H
5MVA 8 H
F
bc ¥ ol M EEE
AC Q TEU[LSU |CBU | INUl COU e E2w
fleig
& % g

in. 500 mim for befier servic avalabily

L]
¥ §‘ i1
4 SIV SIV,§ &

ACS 6000: ... to 4Q multi drive

ACM 6209_A12_1s9_1s9_1s9

1500 | 1000 | 1500 | BOD | BOO | 60D 2100 2100 2100 2000 a00 | 800 | 80D
e a0l L2 B e — e e 20,0,
& Ry ceu [cau |viv iy [TEY Ny | TEY i [TEUlwey Exu [exu [exu
| 5 coul . (coul
000 4300 400 2400
]
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g ] J# ] 8] [\ e g 8 SIEIBIE
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QOutline
« Teststand applications for drives and power electronics
« Modular drives and power-electronics platform ACS6000
« Power electronic grid simulator based on platform
« Design considerations following windturbine testing
requirements
T S ABB

ACS 6000 grid simulator
Overview

e = Main benefit: Enables tests to be
carried out off-line in a cost- and time-
efficient manner

Customars
‘ovemicing contro

= Flexibility: suitable for any kind of
electrical equipment that needs to be
connected to the grid

= Wind and Tidal Turbines
= PV systems

- Solar power

- Fuel cells

- Motor Gensets

- Energy storage systems

ABBR

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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ACS 6000 grid simulator
Combined functionality

AC I SO0 HE AC Input 50/B0 HZ
430

Customars
‘oveniaing contre

=+ ACS 8000 grid smuator

ABB

Project example — test stand for wind turbine
Combined functionality drive train and grid simulator

=0 Integrated all
=~ |in one line-up
based on
ACS6000
platform
™
propea - [

Triplex PM Synahronous Motor AC Genarator
0w pLTEMN
Vi ra

0..12.28030) rpm

OO0 —

ABB



ACS 6000 grid simulator
Example of a layout and dimensions

Layout drawing / Converter line up

BBNI Sk i

© A8 Grou,
Sina 142015 Side 21

ACS 6000 grid simulator
Layout possibilies

« U-shape, L-shape, ...

— ABB

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

+ Teststand applications for drives and power electronics
« Modular drives and power-electronics platform ACS6000
« Power electronic grid simulator based on platform

« Design considerations following windturbine testing
requirements

BB Grous,
Jine 115013 Siie 23

ACS 6000 based grid simulator
Control and transformer engineered to application

= Grid simulator inverter control and the

S ot output transformer are dedicated
e e (“engineered”) for the grid simulator
M~ e application
I el 7 smulater
I aice

= Everything else is “off the shelf’

- Power electronic hardware

= Hardware protection

|
| ~
|

I
engineered ENE=E

- Supervisory control and sequencing
= Supply from public grid

@

|
|
|
|
|
|
| - Mechanical design and cooling
|
|
|
|
o

g

ABBR




ACS 6000 grid simulator
Control hardware overview

ACS00 PEC

AGSE000

1
PUB |
Meas
THT THT TNT ¥
INU2) INU3] INU4] poa

wf b
—— Optical ik pair == Anaiogus ——- Fiekbus —— Digital [kl

June 11,2013 Slide 25

ACS 6000 grid simulator
Control hardware features

= Main controller - PP D113
. 36 Opical fiber modules (25us)
- DDCS (DriveBus Comm)

« Communication to the upper control via
Anybus-Madules or CEX

+ Profibus-DPV1 Master
- CANopen Slave

= ControlNet Slave F
« DeviceNet Slave

+ Modbus-RTU S, -TCP §

= Profibus-DP S, -DPV1 S, EtherCAT &
= ProfinetRTI- IO

- FastlO — UA D149
- PowerLink (native protocol — 25 us)
- 32Dl (24V)
= 16D0 (24V)
- 121 @10V, £20mA)
- Isolated in groups of 3
« 4isolated AO (£10V, £20mA)

ABE Grou,
June 112013 | Sida 36

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

ABB

AbBR

ACS 6000 grid simulator
Functional diagram

ACS6000 Supervisor
+ Vreference genertion - dq
ARU INU AMC «  Tesier configuration - parameters.
« DC link control » Main state machine
+ NP balancing & Prosection

= RBU control PECB00
» Site control (WCU.etc)

Simuiink

«  Communication with supervisor
+ Stale machine aligned to AMC
+ OPP configuration

FPGA

o dx Modulator (OPP/PWM...)
INUINT + ASE control
= Switching logic & stale machine + Interlocking

s Zero vectoriphase disabling
« Switching control / lamp
intertecking

= Interiock control

A58 G, 'B
Jine 1120713 Sikie 27 A

Overview: Configurations of matching transformer
What is the function of the transformer

« Match the converter voltage to the desired testbus-voltage

« Sum-up the power (resp. currents) of the different inverters,
e.g. of 4 inverters

« Cancel inverter harmonics to improve THDv

« Provide galvanic insulation between DUT and simulator for
simpler test-design and protection

ABBR
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Overview: Configurations of matching transformer
What works and what not

« What doesn't work
= 3 winding transformer (,12-pulse“) = circulating currents
= Parallel transformers = circulating currents
« What basically works
= Series connection of HV winding for summing up
= Y configuration of LV winding with starpoint to NP
« Delta configuration of LV winding
= 3 single phase trafos with H-bridge driven LV winding

ABB

Overview: Configurations of matching transformer
HV side configuration: Series connection

« Series connection allows summation of voltages with
cancellation of harmonic voltages

+ This turns the separate inverter units into a multi-
level/multi-cell converter

« Tapings are relatively easy to implement

« The star-point is accessible and can be freely treated (hard
grounded, soft-grounded)

Al
Al

ABB

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

What you get as result
3 independent floating voltage sources

=« Lab setup option 2

s

« or any other configuration of 1, 2 or 3 sources

« Lab setup option 1

ABB

How does the voltage source look like
Potential and achievable short-circuit power

2 [
L J\ J
Y Y YJ
inverter is ideal transformer leakage transformer thermal
voltage source with inductance is visible rating defines the short-
no internal grid impedance during  circuit currents, that the

impedance normal operation grid simulator can really
sink or source

s

itcanrunuptoa minimum is ~5% of
maximum current  rated transformer power maximum is installed
power electronic power

e.g. eg. eg.
3.15kVc 1 / 2000A 16MW cont. rating converter will limit

11MVA per unit 5% = 320MVA short-circuit at

44MVAfor 4 units  short-circuit power 44MVA AlB
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Conclusion

« ABB builds the grid simulators on a platform, which is
widely used in demanding industrial applications

« The grid simulator is enabled by an application specific
control hardware and software, and a dedicated matching
transformer

« Compatibility with drives allows setups which include the
dynamometer on the same DC-bus, thus isolating it from
the local lab supply grid

« The used hardware and its configurations have been
(partly widely) used since the launch of ACS 6000 in 1998

= Dynamometer: High-power rolling-mill drive, direct drive
mine-hoist

- Grid simulator: Static VAR compensator, grid-interties
(16 2/3 Hz <-> 50Hz) and for large energy storage

BB Grous,
Jine 115013 Sikie 33

Power and productivity ‘
for a better world™ ’

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

93



11.4Wind Turbine Manufacturer Perspective: What Are the Values for Wind Industry?
11.4.1 Advanced Wind Power Plant Controls — Nick Miller, General Electric

This report is available at no cost from the
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GE Energy

1st International Workshop on .
Grid Simulator Testing of Wind Turbine 3£,
Drivetrains :

GE Wind Plant
Advanced Controls

Nicholas W. Miller

GE Energy Consulting

June 13,2013

@ imagination at work

As Wind (and Solar) Power Plants
increase in size and number ...

* Wind plants have a greater impact on the grid

* Displace other generation, so wind needs to provide its share
of system support

¢ Continuity of wind generation contribution becomes essential
to grid reliability

¢ Behavior during disturbances needs to be predictable

behaved performance of grids with high levels of wind

Plant Level and WTG Level Controls enable stable, well-
power

@ imagination at work

Grid Friendly Wind Power Plant

WindFREE™ Reactive Power

Reoctive Power even with no wind

WindRIDE-THRU™

Uninterrupted turbine operation

Utility Transmission System through grid distrubonces

WindCONTROL™ i
Violtage and power regulation 'E‘.
like a conventional plant

R = Operator/Technician Servi
Lam - sl
g i i =
System < f&‘,! Viower Station
U b2
WindSCADA™
Teols to operate, maintain, and manage thewind plant

C

GE Energy

What makes a Wind Plant “Grid Friendly”?

Not trip during Faults and other System Disturbances
... ride through capability

Regulate plant voltage and reactive power

React to Changes in Grid Frequency

Provide inertial response to large under-
frequency events: WindINERTIA™

Limit the amount and/or rate of change of
power from variations in wind speed

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 95
at www.nrel.gov/publications.



Eastern Frequency Response Study

** NREL REPORT RELEASED ** NREL/SR-5500-58077 Eastern Frequency Response Study

Eastern Frequency Response Study
(PDF 2.3 MB)

Authors:
N.W. Miller, M. Shao, S. Pajic, and R. D'Aquila - GE

NREL Technical Monitor:
Kara Clark .

Frequency and Governor Response to Loss of 4455 MW Generation -
Governor and Inertial Response from WTGS Case (with High Wind
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This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Active Power Control (APC) - Overview

Wind Farm Management
System

Commands
from System
Operators/

External Control

Interface Power
Demand

Frequency Response

Volt/var
sStartup/Shutdown

.

Active Power Control

Wind Farm
Commands for \
Individual -
WTGs

Power Command

(APC)

Control Setting

Maximum Ramp
Uprate

+Farm Maximum Power

Ramp Rate Control
Setting

+Delta/Reserve power
Function

*Maximum Ramp up
Rate Limits

+Off-nominal
Frequency Response

Measurements
from Individual
WTGs

Available Power

-B-N-0-

Generated Power

@ GE imagination at werk 7
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Frequency Droop

Available Power

NW Miller. 1st International Workshop on
Grid Simulator Testing of Wind Turbine Drivetrains

WTGs reduce power very

effectively. Symmetric
droops aren't required.

All parameters can be
set/customized. Is easy to
selectively enable/disable

all frequency sensitive

controls.

Point Point B
'] LS (Fb.Pbc)  PointC
(Fe.Pbe)
5 08
g
H Genesis of present offering is
3 for systems with deeper
5 06 .
H frequency nadirs... may not be
& adequate for all grids.
£ 36mHz DB present NFRC
<04 e
quideline
02
0
095 09 087 098 098 1 101 102 108 104 105 108 107
Frequency (pu)
GE Product Description From PSLF manual
GE imagination at work 8

HW Miller. 1st International Workshap on
Grid Simulator Testing of wind Turbine Drivetrains

© 2013 General Electric Company



WindINERTIAand .. ™ BB e 2
APC in Turbine and == .

Turbine Control -
PSLF Model

Trip
under | signal
Speed [— =
Trip To
gotwg
(gimt)

Details

Antiwindup
Pitch  Pich Linis
ation

Finp

WindINERTIA
Control s 45}
{optional) +  wsho
NW Miller. 1st International hap on
Grid Simulator Testing of Wifedektwbine Drivetrains
orewtgf

@ GE imagination at work

© 2013 General Electric Company tvsig)

Frequency Droop- What's New

¢ Retrofit on plants in ERCOT

* Now required in AESO

¢ Some refinement associated with
- Reference (Available vs Rated Power)
- Reduced deadbands

Sleepy issue (in North America at least) is rapidly waking up...
“does it really work”

and

“what does it do to our machines?”

Will be asked more often and louder....

@ GE imogination ot work 10/

© 2013 General Electric Company

HW Miller. 1st International Workshap on
Grid Simulator Testing of wind Turbine Drivetrains

GE Energy

WindINERTIA™: Inertial Response
Option for GE Wind Turbine
Generators

Nicholas Miller
Kara Clark
Robert Delmerico
Mark Cardinal

WINDPOWER 2009
Chicago, IL, May 4-7

@ GEirragination atwork

Control Concept

* Use controls to extract stored inertial energy

* Provide incremental energy contribution during the
15t 10 seconds of grid events;

- Allow time for governors and other controls to act

e Target incremental energy similar to that provided
by a synchronous turbine-generator with inertia
(H constant) of 3.5 pu-sec.

e Focus on functional behavior and grid response:
do not try to exactly replicate synchronous
machine behavior

@ GE imogination atwork

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 97
at www.nrel.gov/publications.



Constraints

Not possible to increase wind speed

- Must avoid stall

e Must respect WTG component ratings:
- Mechanical loading
- Converter and generator electrical ratings

Must respect other controls:
- Turbulence management
- Drive-train and tower loads manage

@ GE imagination at work

How does it work?

Basic components of a GE Double-fed Asynchronous
Wind Turbine Generator:

Electrical Power Delivered to Grid

3 ¢ AC Windings

f

net

Psﬁmﬂr

Protor | Pconv
Frotor | F network

Converter

Wind Turbine

@ GE imogination atwork

Wound-Rotor
Generator

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

Slowing wind turbine reduces aerodynamic lift:

Machine Terminals

14/
GE Energy: AWEA 2009

How does it work? Part 2 Basic

3 . 4 : 5 Notation:
Basic machine equations for all rotating machines

Electrical Jis the
setmed inertia of the
Torque, T,

entire drive-
train in
physical

units
‘J o His the

inertia

Te constant - it

is scaled to

the size of

¥—\/—J the machine.
GENERATOR

dw 1 Jo?
J—=T, =T -T| [g= - Pm
2VAbase

Mechanical
Torque, T,

A typical
synchronous
turbine-
generator
has an H of
about 3.5
MW-sec/MW.

_ KineticEnergy Storedinthe Rotor (Watt -sec)
VAbase

H

@ GE imjagingtion at work

15/
GE Energy: AWEA 2008

Field Tests Approach and Constraints:

Not possible to drive grid frequency
Controls driven with an external frequency signal

- [very similar to frequency of previous example)

Performance a function of wind speed
- [(also, not possible to hold wind speed constant during tests)

Since WTG must respect other controls

- Turbulence & drivetrain and tower loads management
affect performance of individual WTGs at any particular
instant

- Exact performance of single WTG for a single test is not
too meaningful

- Aggregate behavior of interest to grid

WindINERTIA validation tests:
Multiple tests over varying wind conditions

@ GE imogination ot work 16/

© 2013 General Electric Company

HW Miller. 1st International Workshap on
Grid Simulator Testing of wind Turbine Drivetrains
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Simulations vs Field Test

1800

|woﬁ\ — N

"N
&0 —fv

Power (kW)

14m/s - 52 tests

N __

300 =38 mis Avg Meas =10 m/s Avg Meas =14 mis Avg Meas 10m/s - 19tests
— 5 mis PSLF 10 mis PSLF e 14 mis PSLF 8m/s - 19 tests
0
o 10 20 ) w 50 0 70 80 0

Time (Seconds)

WindINERTIA simulations capture key aspects of
observed field performance

NW Miller. 1st International Workshop on
Grid Simulator Testing of Wind Turbine Drivetrains

@ =
© 2013 General Electric Company

WIndINERTIA - What's New

* Present design based on hydro system

+ Explorations underway to “tune” these
parameters for other systems, e.g., faster but
shallower events

= Maintain due diligence on mechanical and
electrical stress

Limiter
Terminal Power | | Power T 1 Turbine
VR Shaping | | Coordination T Controls
I
WindINERTIA Generator
Reference i s
Frequency ecied
To
Converter
Controls

@ GE imagination at work 18/
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HW Miller. 1st International Workshap on
Grid Simulator Testing of wind Turbine Drivetrains

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

GE Hybrid Wind Turbine program

Incorporate battery storage into turbine
electrical and controls system

To enable new active power control
features and enhance existing ones
Wind Turbines, Battery

Included, Can Keep Power
Supplies Stable

What's different ???

snew by
energymore practical

By o B My .20

~
B, el

it forecaste slgorthe, wwnd frm s

‘o puarares a certaramount of power Ut

for 1o 0 .

What have we done?

Pyrid Pine Filter
M-(. ;
— / T
690 volts
AN = i.Jtl
Rotor-side Line-side
converter  converter

Bi-directional
Battery = DC-DC converter

World's 15t GE 1.6-100 Hybrid
powered by GE Durathon. Located
at Tehachapi, CA

@ GE imagination at work 20/
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HW Miller. 1st International Workshap on
Grid Simulator Testing of wind Turbine Drivetrains
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A different beast....

Why Incorporate battery storage into turbine electrical
and controls system?

Enhanced functionality:
+ Loads control
 further protection from mechanical stresses of
grid events
* drive-train damping
* Enhanced inertial control

GE storage "apps”
Short-term scheduling Frequency regulation

- P et sl L - o ’\' T; ,)\ ‘n‘ h ﬁ,

X ! ’ "v'u‘"\ H “hu ‘ iy MH w

; G

" » B
_ival i

n Ul Y N i g

Other applications
M ds NERC obligation

) Y P

Inertial response Far small or light systems

-
- WW‘(M W ‘Wi.\ Wuhwmw\‘*%'ﬂw. N
! P

Back up power Auxiliary power back up

i

Pausiabis amprots
ccutvol sty

N ~

Site specific, flexible solution i

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

By drawing on battery, Next
1800 Generation WindINERTIA
avoids short-term energy
d " recovery back-swing, even
1500 = when wind speed is below
rated

£
g 900
600
300 + ‘ =8 m/s Avg Meas =10 m/s Avg Meas =14 mis Avg Meas
Belp gty g : ;
0 10 20 30 40 50 60 70 80
Time (Seconds)
This enhancement would be
valuable in very high
B penetrdtion SyStemS with NW Miller, 15t International Workshap on

Grid Simulator Testing of Wind Turbine Drivetrains

limited or slow primary reserves

Closmg thoughts on CGI/DT testing
In real systems, voltage AND frequency both change

» Positive sequence fundamental frequency response is
critical: 60/50Hz power pays the rent

¢ More realism in testing is very welcome

¢ WTGs don't run in a vacuum: testing on complex integrated
systems is welcome

¢ Behavior of wind plants, not individual turbines is ultimately
what is important to the grid

¢ Unbalance and non-fundamental frequency behavior can be
very important, and even limiting:
¢ Unbalance; grounding,
» Natural frequencies (both subsynchronous and
supersynchronous)
 High-frequency control interaction
@ Great care is needed to create meaningful tests

GE imagination at work 24/ NW Miller. 1st International Worksh
Grid Simulator Testing of Wind Turhlne DI‘WG(?‘O[NS

© 2013 General Electric Company
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GE Energy \

Thanks

@ imaogination at work

GE Energy

For more infermation or to contact us pleasEVSI

Nicholas Wi Miller:

£

imagingtion at work :

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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11.5Wind Power Plant Operator/Developer Perspective
11.5.1 Grid Interconnection Aspects for Offshore Wind Power — Bo Hesselbaek, DONG Energy

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 102
at www.nrel.gov/publications.
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DONG Energy Wind Power | \WHEREE

DONG Energy’s strategy

The challenges of connecting offshore wind

Doubling EBITDA, DKK billion Halving CO, emissions, g CO, per kwh
Breaises  Brogel e Trend A\ Realised N Target
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DONG Energy is one of the leading Offsh ore Wind Power

energy groups in Northern Europe

45

Our business is based on procuring, producing, Wind Power develops, constructs

distributing and trading in energy and related ' and operates wind farms in
products in Northern Europe. & L Northern Europe.

/ Under construc!ion
DONG Energy has 7,000 employees . Anholt Off:hore 400

and is headquartered in Denmark

Comi projects 12

- Lirics 270
3 Londan Array 1 €20
b/ West of Duddon Sands 389
Borkum Riffgrund 1 n
Total 1978

T Target2020:6,5GW

I Exploration & Production
EN wind Power ; -
Energy Markels

] svles & Distribution

o=

S : =

DON

energy

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 103
at www.nrel.gov/publications.



The challenges of connecting

offshore wind

* Larger turbines
* Bigger wind farms
* Further from the power system

The challenges of connecting

offshore wind

@ A case _|%ﬂ )\)\\

%@M%L:I%ﬂ AN

Wind farm: 1 GW — 100mile from PCC

<

how to connect _|%>| ,S

i@ AN
=@ AA

1y
™ — “q

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

® Al

The challenges of connecting
offshore wind

-~ =
Harmonic resonance

The electrical challenges spmon e sabilly
Transient voltages
— HVDC voltage control

Protection

— Long HVAC Cables Emission

Cost of Energy

The grid code challenges Black-start

Artificial inertia,
— New requirements Stop-to-house-load,
High wind ride through,

— Ancillary services High voltage ride through,
Power Oscillation Damping

The challenges of connecting
offshore wind

" The wind farm

“amplifies”the
background
harmanics

Harmonic
issues

/a . V. cable
We need to @ ST ?
understand; | - 00—
WIG
converter ¥
controller T 1 on Y
M sublation

array design

export cable
power system
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The challenges of connecting S (HENSNN S |

offshore wind DONG Energy Wind Power
ifess o m!tlgate HhE The challenges of connecting offshore wind
R Actve harmonic issue: .
filtar in wind
turbines at the w=.l|0ru
4 substation - —
] {43) Pazshve fitter
il ! st the cfshere
substation
(3) Acthvefitter | . (e ) e Lt i 3
ingroup of | - e .re feHy |
wind turbines =5 e | de ™™ 1 1] o |

subtation
T MY

e (5] Active filter at
Passh ‘Wind farm & “‘Fﬂm‘i
ﬁ('ﬂ I’::’; ; offshore substation eI ORI
rin S :
turbines

The challenges of connecting
offshore wind

* Areas of interest
— Harmonic resonance and stability
— Mitigation of harmonics
— Wind Farms connected via long AC cables
— HVDC connected wind farms
— Multiple HVDC connected wind farms
— Multi terminal HVDC

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 105
at www.nrel.gov/publications.



11.5.2 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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 106
at www.nrel.gov/publications.



UL DTU Wind Energy m
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An Overview of Grid Requirements in
Denmark and the DTU Advanced Grid Test
Facility at Osterild
Tom Cronin
DTU Wind Energy 1 f17
Technical University of Denmark ) .
ALY+ e"=
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DTU Wind Energy
Department of Wind Energy
i 3 DTU Wind Energy, Technical University of Danmark 14 June 2013
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This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 107
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Overview of this presentation The Danish Grid Codes - structure
+ DTU Wind Energy + Tolerance of voltage and frequency deviations
* What's the reason for me being at this workshop? - Normal operation
* The Danish grid requirements i
— Abnormal operation
- Who, what and how?
+ Electricity quality
+ The DTU Advanced Grid Test Facility
+ Control and monitoring
- Why, what, where and when?
* Protection
+ Data communication and exchange of signals
All diagrams courtesy of Energinet.dk
5 DTU Wind Energy, Technical University of Denmark 14 June 2013 7 DTU Wind Energy, Technical University of Denmark 14 June 2013
L L
- . = = E b= [ b=
Danish grid codes EN[RG'NU/DK Tolerance of frequency & voltage deviations
. . . ; " “A wind power plant must be able to withstand frequency and voltage
® ’Technlcahl regul;tn:’J’n 3.2.5 for wind power plants with power output deviations in the point of connection under normal and abnormal operating
greater than 11kw conditions while reducing the active power as little as possible.”
« Issued by the Transmission System Operator: Energinet.dk Normal Operation
* Website: www.energinet.dk pmmmummm
« Due to history of Danish wind power, the Danish grid codes have been at o T
the forefront i
U 0%t = L i
« Comprehensive grid codes are needed if have high penetration =" 2
5 2 £
+ Occasions in Western Denmark when wind power exceeds consumption T E £ £ =
B Spe o5, 2 60100 % of
+ National annual average around 25% i d §a§ é%% 54 28 s
SEf 28E Fif 23
« Average wind production to increase to meet the goal of 50% by 2025. ;g& 583 SB[ 18 mn=s
us% 4 = = T
+ Grid codes need to keep in front of this development. E E E Noreq
o for produktion o
6 DTU Wind Energy, Technical University of Denmark 14 June 2013 8 ST DERMATK 14 June 2013

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 108
at www.nrel.gov/publications.
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Tolerance of frequency & voltage deviations

Abnormal Operation

[} 1

point of connection U
ut: PR g point of connection
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9 DTU Wind Energy, Technical University of Denmark 14 June 2013

Electricity quality
The grid codes consider:

« Voltage fluctuations

- Rapid voltage changes

- Flicker (continuous and switching)
» High frequency currents and voltages

- Harmonics

- Inter-harmonics

- Disturbances greater than 2 kHz

10  DTU Wind Energy, Technical University of Denmark 14 June 2013

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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Control & Monitoring: Active power control
* Frequency control
- Remotely set droop curves dictate active power vs. frequency
Active power
H ) Ca}qolhnd 8
Pavaiiable | ‘Lymad.“m’ \ I l
—Z : [ '
! Droop2 | | :
i Drnnp:: : g/r""
: [ S| l
) I I '
| . | Droop 4
! I 1 H
! I I :
Puu] ; : T
B kil
T ) W ] Jwm] | oo T~ P
i 2 6 fs fs
¢ 3 DTU Wind Energy, Technical University of Denmark 14 June 2013
01U
—
. . - =
Control & Monitoring: Active power control
* Absolute production constraint
- Used to prevent overload of system/power lines
» Delta production constraint (spinning reserve)
- To create a reserve in preparation of frequency control
« Power gradient constraint
- To prevent system instability dues to fast and large changes in wind
speed
12 DTU Wind Energy, Technical University of Denmark 14 June 2013
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Control & Monitoring: Reactive power control™

i

Active power control: example

Activation of active power
production constraint Deactivation of absolut * Q control
production constraint

A
Active power

Possible active power, - Reactive power is independent of active power

* Power factor control

- Reactive power is proportional to active power
Activation of delta

production constraint C « Voltage control

Spinning

- Controls the voltage at the voltage reference point , wrt reactive
reserve

power output

Deactivation of delta and

Activation of gradient activation of gradient
production constraint production constraint
Time
.
Lgl
13 DTU Wind Energy, Technical University of Denmark 14 June 2013 is DTU Wind Energy, Technical University of Denmark 14 June 2013
01U DTU
— —
. " = - PR ==
Active power control limits Reactive power control limits
* Must be able to down-regulate from 100% to 20% of power plant capacity H
« Near cut-out wind speed: additional control PiPh = Hominal olajes sea bl
Active power 10 --:5 (TR T/ ——
i e
100 %} os +1L Uest o
soup S | S SO S =< L NONE. SUS PP SR AU AN & .
680 %1
w i U
ol e ] e
02 o= U10%
200t
H u..
' 00 =i
L B e it et et o Tl - +
<0480
Vﬁn;’:r]eed o :
14  DTU Wind Energy, Technical University of Denmark 14 June 2013 16  DTU Wind Energy, Technical University of Denmark 14 June 2013

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 110
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Grid codes and the DTU Grid Test Facility

« In 2011, our feasibility study looked at

- Global grid codes

- Manufacturers’ requirements

- Developers’ needs ABB

- Research areas Siemens

) ) DTU

- Equipment alternatives Aalborg University

* Conclusion

Optimum facility combines a converter-based unit and an impedance-
based unit

Vestas

Siemens Wind Power
DONG Energy
Vattenfall

* The DTU Advanced Grid Test Facility
- 10MW, upgradable to 16MW
- Grid codes - verification of compliance esp. frequency control
- Wind turbine testing/development/proving
- Development of future standards and grid codes
- Simulation models - validation
- Wind farm testing

17 DTU Wind Energy, Technical University of Denmark 14 June 2013
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Wind Farm Performance Requirements

M

Set-points

'WTG feedback

SUBSTATION TRANSFORMER OLTC CON ”
SUBSTATION HV SG

Wind Farm TSO Interface.
Grid code requirements
apply HERE

HV GRID (TS0)

VATTENFALL o

DTU Wind Energy, Technical University of Denmark

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

Contract structures... ﬂ
->—
Set-points
Wind
MV ARRAY CABLES WG Fecdbadk

SUBSTATION MV SG

SUBSTATION TRANSFORMER OLTC CON ”
SUBSTATION HV SG

i

COMP CON

WTG CONTROL

VATTENFALL g

DTu

DTU Wind Energy, Technical University of Denmark

Wind Farm Test - scope

M

Set-points

'WTG feedback

WTG CONTROL

SUBSTATION HV SG

Legend:

Physical Hardware Grid Emulation Real Time Simulation

VATTENFALL 5

DTU Wind Energy, Technical University of Denmark
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TEST STAND 2

Overall schematic

TO PUBLIC
GRID

MAIN TRANSFORMER

=
=
=

i

MV SWITCHGEAR

Jn

TEST STAND 1

GRID EMULATOR

[

=

SHORT CIRCUIT

TEST UNIT

Test Centre
switchgear allows
turbines to be
connected to the grid
either directly or
through the Test
Facility

TEST STAND 3,
efe...

21 DTU Wind Energy, Technical University of Denmark

To be located at the Danish National Test

The Test Facility grid
emulation equipment allows

disturbing the main public
rid

tests to be performed without

The Test Facility
short circuit
equipment can also be
coupled in and out to
individual turbines

TEST FACILITY

TEST CENTRE

14 June 2013

=
—
=

M

Centre for Large Wind Turbines, @sterild

22 DTU Wind Energy, Technical University of Denmark

Test Centre:
+Opened

Oct 2012
+For turbines up
to 250m height
+Up to 16MW

Grid Facility:
+€4M secured
Further funding
negotiations
+Transportable
+Ready ‘mid
2015°

Courtesy of Siemens Wind Power

14 June 2013

This report is available at no cost from the
National Renewable Energy Laboratory (NREL)
at www.nrel.gov/publications.
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11.6 Advanced Testing Concepts (Hardware-in-the-Loop Testing)
11.6.1 HYPERSIM Real-Time Simulation Platform — Richard Gagnon, IREQ, Canada

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 113
at www.nrel.gov/publications.
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114

Une force d'innovation

Hydro-Québec Research Institute (IREQ)
Simulation and Distribution Testing

Facilities
Richard Gagnon, Pierre Giroux
IREQ
First International Workshop on Grid Simulator
Testing of Wind Turbine Drivetrains L~ Hygﬂ%bec

June 14th, 2013 Boulder, CO, USA

Contents
> Video: Hydro-Québec is ...

> Hydro-Québec Power System
Simulation Activities

> IREQ’s Distribution Test Line

> Ideas of some R&D Avenues
in an Open Innovation Perspective

ro.
2 Groupe - Technologie Q Québec

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

Hydro-Québec’'s Power .:.
System:
Major Generating and
Transmission Facilities gy ™
Hydro-Québec generates, R}f:.l

transmits and distributes
electricity, mainly using renewable
energy sources, in particular
hydroelectricity.

Installed capacity: 36 000 MW

15 interconnections with systems
in neighboring provinces and

states.
By 2015, HQ will be carrying Ontario /s,
about 4 000 MW of wind power ety L e R
PR Vermont
over the transmission system. e T
. New-York L=l X
i UsA

Hydro-Québec Power System
Simulation Activities

> Hardware-in-the-Loop (HIL) testing of controllers
for HVDC, FACTS (SVC, UPFC, ...) and protection
relays

> Developing power equipment models (FACTS, Wind
Generators, ...)

« Detailed 3-phase Electromagnetic Transient (EMT) models

« Phasor models for Stability Studies

> Developing simulation tools: HyperSim Real-Time
Simulator, Matlab/SimPowerSystems and EMTP-RV

ro
Groupe - Technologie Q. Québec



IREQ’s Power System Simulator

Mid-2012

Today

5 Groupe - Technologie

IREQ’'s Power System Simulator
2 * 30 MY Back-to-Back HVDC

Québec - USA Interconnection

6 Groupe - Technologie

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

Q: ‘Québec

HyperSim Digital Simulator

> Software

Based on nodal method (EMTP)
Graphical user interface
Automatic testing environment

Interface to MATLAB Real-Time
Workshop

> Hardware
« SGI multiprocessor computer

= Fast input/output modules
for HIL testing of real controllers

> Applications:
» HIL testing of real controllers
« Studies of very large power grid in
Off-line mode (like a very fast EMTP
simulation)
r] Groupe - Technologie Q Québec

Applications: Examples

> Protection system testing:

« HQ- TransEnergle et HQ-Production have their own HyperSim
facilities.

« Also in HQ substations for maintenance and training.

> HVDC Testing
« Qutaouais HYDC Interconnection, (Quebec-Ontario)
+ Chateauguay HVDC Interconnection (Quebec-USA)
« LG2-Nicolet-Boston Multi-terminal HVDC
« Champlain-Hudson Power Express Interconnection (?)

> Wind turbines and Wind Power Plants (WPP)
« Model Validation
« Ability to Simulate “Black Box" Manufacturer's Models
« Large-Scale Integration Studies (Real-time or Off-line)

QY 8pec

] Groupe - Technologie
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Hydia- Quobos Notwork

HVDC
Interconnection

New England

P GaspE |
O Reninsuia,
e )

780 bus

189 lines

25 WPPs (DFIG single-machine eq.)
35 synch. generators

7 SvC

6 synch. Condensers

Series compensation

1 Multi-Terminal HVDC
interconnection

CASIR :
IREQ’s High Performance Computing Data Center

» 84 TFlops of x86 processing

——

= 21 TFlops of GPU processing
» 4124 CPU cores (x86)
» 16 TB of distributed RAM

» 120 TB GPFS parallel
file system

> QDRIFDR (40/50 Gbps )
Infiniband network

» Ateam of 3 scientists
specialized in HPC

H
10 Groupe - Technologie Q. %

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

IREQ’s Distribution Test Line

Qe

Five technology areas:

s Advanced Protection &
Microgrid Controller

e Distributed Energy
Ressources (DER)

« Underground Infrastucture

* Metering &
Telecommunications

e Distribution Management

% }H{ System (DMS)

600 Vs
3167 kvA

Ligne
souterrain

Qe

Groupe - Technologie



Distribution Test Line - Details of DER

> Synchronous generators
« 400 kVA diesel, Caterpillar engine
> Induction generator
« 200 kVA dc motor driven Baldor IM
> Inverters
« 250 kVA SMA PV inverter, dc supply fed
« 135 kVA Satcon inverter, solar concentrator fed

« 250 kVA BESS converter with 100 kWh Li-ion FePO4
batteries

> Controllable RLC load - this could incorporate some
interruptible component

13 Groupe ~ Technologie Q Guébec
Ideas of some R&D Avenues
in an Open Innovation Perspective
» More Real-Time Performance
(very demanding power electronics applications, very large grid
simulation...)
#» More interoperability between simulation tools
(Common Models, Human Interface, ...)
» Multi-Domain Simulation
(Phasor — EMT, Telecommunications, Thermal, Magnetic ...)
#» Manufacturer Virtual Controller
("black box concept”, ...)
» RT- Grid Power Simulator
(Characterization of wind turbine, storage systems, electric car, ...)
14 Groupe - Technologie Q aﬁm

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

Up to now it’s just a concept, but ...

A RT — Grid Power Simulator

Wind Turbine

VSC 25 kV 10 MVA
IREQ's Controlled by Hypersim

ii it VSC " :
Distribution MMC vsc IREQ’s Substation

Pt voElc Sysh Test Line
otovoltaic System
i JF{F—4F
| meas
Diesel Generator -
7 Hypersim
meas
@ T P @
T I Large-Scale Real-Time
Energy Storage = 7 Simulated Power Grid

117
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RT - Grid Power Simulator
for Testing and Integrating of Wind Turbines

> Model validation and performance validation for:
« Low Voltage Ride Through
« High Voltage Ride Through
« Inertia Emulation
« Subsynchronous Resonances

e Subsynchronous Control Interactions
(series compensation and HVDC)

« Connection to Weak AC system

> Development and Validation of Advanced Protection Systems
in Distribution Network

> Development and Validation of Advanced Controllers for
Wind-Diesel-Storage Systems in Isolated Network

ro
Qe

Groupe - Technologie



Hydro
Québec

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 118
at www.nrel.gov/publications.



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

This report is available at no cost from the
National Renewable Energy Laboratory (NREL) 119
at www.nrel.gov/publications.
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DOE’s Research Goals

ion of energy while maintaining grid reliability,
security and resullency

+ Dr. Danielson’s goal is 80% renewable penetration by 2050
5 — Integrate energy ge sy g power and energy
RTDS and H”' TeSt'ng — Optimize integration of diverse energy resources
- Dr. Danielson’s goal is to increase clean energy sources
Improve utilization of delivery existing infrastructure

The INL Energy Systems Complex and the

DOE “SuperLab” Concept for Solving Grid Advance electric vehicle penetration
Integration of Renewable Energy

DOE EERE/OE Approach: The Grid Tech Team

Policies Markets
state RPS, The Grid business models,
federal CES, cost allocation,
FERC, PUC’s, wholesale power
environmental trading, utilities,
regulations, vendors, efc.
siting, etc. a _ﬁ_

|daho Nefional 0 ) i

ol oratory Technologies

generation, infrastructure, smart grid, X
electric vehicles, storage, etc.

' — ]
S o T . T
Vision 2020: INL will have established nationally recognized Energy Systems "

Testing Complex and Provided Leadership in Developing new Business Model
for DOE with the Energy and Power Systems Super Lab The Sup er Lab Structure To other labs, universities, etc.
Phase |: Develop integrated & differentiating INL Campus/Site Energy Systems Complex

Phase II: Establish resilient energy and power “systems super lab” with other DOE Labs T ESnet Inter-lab hlgh speed data link (fiber)
Phase Il Integrate nuclear and fossil energy research needs

Testing Center

/ ™% e al )
/ Lab A N -Lab B
Mmbsgznéne:mwums I SCADA - ‘l ’ SCADA
EMS i EMS
e el Controls Local ullly | | contrls e
Infrastructure. '
I

Dynamic Energy
Storaga HYTEST Lab

iofuels Process I i 1 1 ¥ :
Demonsistion Unt H 1 | 1 L w
= # A {F = . % —
(SN[ AR L= ==
Control Systams Tesfin . E—
and Cber Securty 9 | olar Fari Hydro Battery \ SMR PHEV Grid Loads
g Local energy and power A \ Local energy and power S
Energy Systems Laboratory ‘\ infrastructure and equipment e ‘\ infrastructure and equipment s .

This report is available at no cost from the

National Renewable Energy Laboratory (NREL) 120
at www.nrel.gov/publications.



sis, Testing & Optimization m B “Runtime integration and
of ic Svstems = cooperation of simulation

* Innovation tools & hardware assets™
* Collaboration
* HiL demonstration

* Dynamic Performance Analysis
+ Dynamic Cost Economic Analysis.
+ Muhidimentional Optimization

* Resilient Control Systems

+ Disgnostics & Prognostics
* Predictive Monitoring & Controls.

¢ INL Powergrid Test bed
+ INL Telecommunication Test Bed
«Power ' Thermal Conveners

s Realistic Electrical / Thermal Components
{e.3.. SCADA, wansformers, heat exchangers)

« Energy Sciences Network (ESnet)
+INLRTDS & communication: links
»Collaborators” assets

+Fortran, C/C++, Java, Python programs
+ MATLAB Simulink, LabView, Sciab
*RELAR ASPEN, HYSYS, FAST AcroDyn

lednhwmdhm ‘

INL Wind Site Areas

Legend:
+All wind data sites are numbered

+Bluo circles shaw NOAA sites
+Red fines show transmission lines

Initial 5 months of Sodar
data indicate long-term
estimate of 7.0-
7.3m/s@80m

- 74 6.7m/s @ 80m 6/10-

&1, long-term
] Z estimate 6.3-
.

6.5mis@

63-6.4m/s @ 80m

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

mum Nl oosloy ‘

The Super Lab Core p: 'evefaging INL and
NREL Assets to Form Initial Core of SuperLab Team

Real-Time Digital Simulation
ESnet Communications

wraeismet

| cuttural Resources Survey
F aves Twelve Sensitive
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EEIEEE tarmaTeso ussa 70

Area #6 Potential Turb’
Layout

G st =
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e
m‘duhu Nationol Loboratory

Project Description

« Total wind farm nameplate capacity is planned at 20MW
Potential for larger project size
This will be driven by project economics and turbine availability at time of
contract award

+ Total number of turbines combined from all areas will range between 8-

13 turbines

Depending on the nameplate size of the wind turbine chosen for the
project
Wind turbine nameplate size will range between 1.5-3.0MW.
Wind turbine hub height will be between 80-100 meters depending on
turbine chosen
Wind turbine rotor diameters will likely be between 82-117 meters
depending on turbine chosen

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

—
\I-nb\duhu National Loboratory

Overview/Status

Class 3 wind site identified: commercially viable

At area #6, with low wind turbine model, gross capacity factor
estimated between 38-40%.

Many locations around INL have been assessed to characterize the
wind resources, and best wind sites identified.

Possible alternatives identified for electrical interconnection

No anticipated fatal flaws
- Biological survey—mitigation looks promising
Cultural survey—mitigation looks promising
Power line connection design will not impact safety system

.

V\"\ ; ’ m\duhuNnHmllubofmy
Super Lab Capabilities

« Super Lab concept will pave the way for research testing of models
such as the Renewable Energy and SuperGrid Integration project

Issue Goal
Unable to meet demand Use ESS to control variable generation
if largely dependent Maximize transmission system
upon variable generation capacities at all times

@j 'hj% 7 om0

Pdemand = Pbase +

Pdispatchable +
Pvariable

Transmission system
capacity built to handle
peak demand, but is rarely
met ENERGY STORAGE SYSTEMS

GENERATION
TECHNOLOGY
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Super Lab Provides Full Scale Testing

ESnet Inter-lab high-speed data link (fiber) ——MM >

B e

Variable Transmlssmn Pumped Hydro
Generation System Energy Storage

NREL INL

Generation Side Energy Storage

Generation Side of Utility System Wind Penetration = 20%

T
.m s : —
_ Base Generation
% I Varizble Generaion |
—— Transmission Line
—e— Energy Storage System ||
'_/\“m_a_ .
z 0 g
Time(hours)
Energy Stored in the ESS
= = .
=
al- S
=

time(hours)

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

Using Energy Storage to Control Variable
Generation

1. Control variable generation through 2. Constant energy flow at nominal
use of energy storage rating for optimized transmission
capacity
. L
Variable Energy Storage Transmission
Generation System System
' v
3. Use energy storage to provide load
i following capability
Energy Storage
Loads System

Load Side Energy Storage

Load Side of Utility System Wind Penetration = 20%
T ‘_,,4.40——4’—“ ——— o __

0 T /;/v”"e e e
—e—y oo

e A —=— Demand 7

% il —— Load Side ESS il

e P N DISCHARGING | Transmission System |

o o i -

i >
e SN
i ' . o i

o W =

STORING methours] STORING

Energy Stored in the ESS
T

200 //_<—H— T —
= x5 s i
| s / \\\
= I 2 ~ .|
L — = Sl ] J
- ’/, \ -
O \\ 4
R - o
L | i i N

0
time(hours)
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Capability Summary
- Energy storage is required on both generation and load side of a
system
-~ Controls variable generation
— Optimizes transmission system capacities
Satisfies demands during both peak and off-peak time periods

+ Energy storage size/stability depends upon location:

Generation Side Load Side
5 = z
Size i vag:g:g:::;aﬂon Demand profile
Stability Transmissilon line Transmissi‘on line
capacity capacity

« Super grid enables full scale testing of energy storage and grid
integration

T o e oy

Backup
Slides

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

General Benefits

For DOE

.

.

Provides a new and needed business model
to help achieve greater national impact.

Leverage investments across the DOE

DOE-EERE: Addresses enhancing
penetration of renewable energy and EVs

+ For DOE-OE; Helps address grid integration

and cyber security challenges

« Provides new business model between two of

the three DOE “energy labs”

NI ke el oy

For INL
- Strengthens INL differentiator/offering

- Opens up new DOE and DoD market
opportunities

- Becomes focal point for next level of
integration and research

+ Creates INL national branding opportunity

+ Leverages INL / DOE complex assets -

strengthening position with DOE

« Strengthens INL's regional impact and
HES position

TR TS IO

e - M L TEST RANGE INC SITE] i
T e
T RSTEL uuxﬁ“} ="
- = _ e

5 =K

—tr

= lzi

100 TRICT I—-- i
st
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EEST Proposed Energy Systems Complex Hardware

NREL
+ Energy Systems Integralion Facilty
« National Wind Technology Center

INL
* Power System Grid Test Bed
«Wireless Test Bed
«SCADA | Cyber Security Test Bed ShL
* Energy Systems Laboratory « Energy Storage
Test Pragram
+ SCADA Test Bad

PNNL
*NorthiWest GridWise Testbed
+Grid Monitoring of the WECC

Additional Partners

Clemson University Wind - Utilities
turbine drive train testing facilty . DoD
+ GE Global Research Centers +  Universities
« Industry

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

[ || Y

N || N

= Pump Hydio Ensegy

ANL

Storage Systems.

ORNL
+ Fast Tennesses
Technology Park

m\m Natorolloborclory

EEST Proposed Energy Systems Complex e

Super Lab Capabilities
(Differentiating capabilities

» Grid-in-the-loop
— Integrate and test new technologies
— Use the NHS test grid and the RTDS lab
~ Simulation electric utility operations
— Provide a “real world” modeling, testing, and
validation environment

» Large-scale renewable generation integration
— Test concepts, controls, and integration-supporting
technologies

— Integrate power farms and energy storage systems
onto the test grid
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