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= ~ MTS(Mechanical Testing & Simulation )
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Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing .

» Advanced MTS testing technologies are simulating the
complex and extreme loading environments of wind turbine
drivetrains, blades, bearing systems, towers and matenials.

Biade Statc Metais & Composies
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Wind Turbine Testing Solutions
» Improving Reliability through Mechanical Testing

» Blade Static Test Solution

Linear Actuator Hydraubc Winch
Assembly Assembly

IREX System (Elade Fatigue)
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» Improving Reliability through Mechanical Testing
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Future NWTC Substation

L —

g1 Dynamometer

B 27~ B Fdh &t dhad ok SApe B )

13.2 kV Simulated Grid Bus
7 MVA Controllable Grid Interface

40 MVA for 2 sec

NWTC 1 MW/1 MWh Li-ion BESS

Regular grid

B 28~ i i 7 2 ki 4 2]
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TECHNOLOGY TESTING CENTER
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WTTC - Outline

- Purpose and Objective
- Facility

- Accomplishments

- Typical Test Program
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WTTC - Purpose and Objective

- Improve Wind Turbine Reliability
- Reduce the cost of Energy
- Commercialize new technologies in favor of renewable jobs and the
following supporting wind industry
GE, Gamesa, LM, Siemens, Vestas, TPI, MFG, Energetx
Blade Dynamics, Sandia National Labs, and Clipper

‘" The Wind Technology Testing Center will not

only strengthen the status of Boston and the

E’annunmeg Commonwealth as a world Iea.der in wind

ESTING development, but as a leader in clean tech
innovation.
~ Former Mayor of Boston Thomas M. Menino

7)

:/H\’;—C'*‘ MASSACHUSETTS WI N D
CLEAN ENERGY 3
o

= CENTER TECHNOLOGY TESTING CENTER

WTTC - Facility
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CLEAN ENERGY 4
o

= CENTER TECHNOLOGY TESTING CENTER




WTTC - Accomplishments

Accomplishments since opening in 2011

Testing

- 25+ programs completed

- Multiple blades tested ultimately
-Received first blade by barge in 2014

Accreditation

- A2LA accreditation

- Inter-laboratory comparison with labs
across the globe

New Technologies

- GREX (ground based exciter system)

- Researching Fiber optics strain and
Digital Image Correlation techniques

& MASSACHUSETTS
> CLEAN ENERGY 5

'w CENTER TECHNOLOGY TESTING CENTER

WTTC - Typical Test Program

T

Communication with the customer consists of: , o
- 1SO 17025 Standard TN -an

- [EC 61400-23 - Full scale structural testing of rotor blades [+ ‘ Sal
- IEC, GL, DNV certification bodies

Static Fatigue

- Instrumentation - Design Loads

- Design Loads/ Bending Moment - Saddles

- Saddles - Cycles

- Adapter Plate/ Pitch Bearing - Calibration Intervals
- Lift Plan - etc.

- etc.

1t MONTH 2" MONTH 3" MONTH 4* MONTH 5% MONTH 6% MONTH

TEST PLANNING

RECEIVE, INSPECT, WEIGHT/BALANCE
INSTRUMENT, NATURAL FREQUENCY
STATIC

FATIGUE — EDGE

FATIGUE — FLAP

STATIC — POST FATIGUE

STATIC — ULTIMATE, DISPOSAL

& MASSACHUSETTS
s CcLEAN ENERGY 6

'W CENTER TECHNOLOGY TESTING CENTER




MTS ENERGY SOLUTIONS

Wind Turbine Testing Solutions

be certain.

—
MTS
I -

MTS ENERGY SOLUTIONS

MTS Systems Corporation

is a leading global supplier of mechanical testing systems and high-performance
industrial position sensors. MTS has two business segments, Test and Sensors.
Test and Sensors currently represent approximately 80% and 20% of total revenue,
respectively.

*Worldwide headquarters, Eden Prairie, Minnesota, 400,000 square feet
Incorporated under Minnesota law in 1967

*NASDAQ listing since 1969, MTSC

+2.147 employees, about half outside USA

2012 orders: $565 million USD; 2012 revenue: $542 million USD

MTS: People committed to building confidence in product performance.

20 June 2011 Page 2
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MTS ENERGY SOLUTIONS

Geographic Sales Distribution

MTS Approximate Revenue
by Customer Location

¥ <5
A i 38%
mericas Asia
o (20% China)
g ea. '

20 June 2011 Page 3

I
MTS has two business segments: Test and Sensors. .
»Test (80%): »Sensors (20%):
»http://www.mts.com/ »http://www.mtssensors.com/

PRODUCTS
High-performance, rugged magneto-
strictive position sensors

PRODUCTS & SERVICES

Physical testing solutions including hardware,
software, and aftermarket support
Infrastructure 50% custom, 50% standard & service

20 June 2011

Page 4
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Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing&

» Advanced MTS testing technologies are simulating the
complex and extreme loading environments of wind turbine =
drivetrains, blades, bearing systems, towers and materials. =

MTS ENERGY S0LU

Blade Static Metals & Composites

Blade Fatigue

Pitch, Yaw & Main Bearing

Systems 4

8/31/2017 5 Page 5
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Wind Turbine Testing Solutions

S MTS ENERGY SOLUTIONS

» |Improving Reliability through Mechanical Testing

» MTS supports leading wind turbine manufacturers, suppliers and
research facilities with state-of-the-art technology and testing
solutions, facilities planning, test consulting, complex
systems integration, and system life-cycle management.

» Centro Nacional de Energias Renovables (CENER), Spain
» Fraunhofer-Gesellschaft (IWES), Germany

» Gamesa Corporacidn Tecnoldgica, Spain

» National Renewable Energy Lab (NREL), USA
» Wind Technology Testing Center (WTTC) — USA
» National Renewable Energy Centre (narec), UK
» SGS, China & Germany

» SKF- multiple locations

» Siemens Energy- USA, Denmark

» Vestas- Denmark

» Danish Technical University (DTU), Denmark

»  WUXI Wind Power Institute, China

» Timken- USA

SGS Blade Testing Facility - China

8/31/2017 Page 6




Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Blade Static Test Solution

8/31/2017

Linear Actuator
Assembly

Reaction Block

Hydraulic Winch
Assembly

- |
MTS
——F

WITS ENERGY SOLUTIONS

Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Blade Static Test Solution

»

»
»

»

8/31/2017

Applies tightly controlled static loading to blades
for performing stiffness and strength tests
required for FEM model validation and/or
certification to International Electrotechnical
Commission (IEC) Technical Specification
61400-23

Vertical and horizontal pull configurations

Integrates robust hydraulic winch and/or linear
actuation technologies to achieve coordinated
loading at multiple pull points on blade

Features tightly integrated control and data
acquisition solution

r—
MTS
-

B WITS ENERGY SOLUTIONS

Page 8




Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Blade Static Test Solution (Actuator Only)

»

»

»

»

»

»

»

8/31/2017

Applies tightly controlled static loading to blades
for performing stiffness and strength tests
required for FEM model validation and/or
certification to International Electrotechnical
Commission (IEC) Technical Specification
61400-23

Vertical and horizontal pull configurations
possible

Integrates robust hydraulic linear actuation
technologies to achieve coordinated loading at
multiple pull points on blade.

Integrates pulley systems with a force-
displacement ratio of 2-1, 1-1, 1-2, 1-3.

All actuator solution can test blades up to
approximately 60 meters.

Hydraulic actuators provide better control and
controlled relief of force if required.

Features tightly integrated control and data
acquisition solution

—
MTS
I

MTS ENERGY SOLUTIONS

Page 9

Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Blade Fatigue Test Solution

8/31/2017

Reaction Block

UREX Loading
Devices

Hose Stands

WIS ENERGY SOLUTIONS

Page 10
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing

» Blade Fatigue Test Solutions - Inertial Resonance Excitation (IREX) System

» Applies automated cyclic loading to blades at resonant frequency for meeting the fatigue
testing demands of International Electrotechnical Commission (IEC) Technical Specification
61400-23

» Flexible, energy-efficient blade-mounted load application system, developed through a
Cooperative Research and Development Agreement (CRADA) between the U.S. DOE'’s
National Renewable Energy Laboratory (NREL) and MTS Systems Corporation

» Well suited for shorter, stiffer blade specimens
» Integrates MTS 244 Actuators, linear bearings and adjustable masses

» Performs both flap-wise and edge-wise fatigue testing; does not require change in blade
orientation on reaction mass

» Capable of dual-axis resonant blade testing — with one or multiple IREX systems, or in
combination with GREX system

» Features automated control of test end-levels and test frequency

» Combines state-of-the-art FlexTest digital controls, 793.86 Blade Resonance Search &
Tracking software, advanced AeroPro software, and data acquisition hardware to provide a
tightly integrated control and data acquisition solution

8/31/2017 Page 11

—
MTS
-

Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS
» Improving Reliability through Mechanical Testing

» GREX Blade Fatigue Test Solution i ) ) K A

Load Reaction Frame
and Insert

Extension Tube

Swivel + Load Base
~___— Hardline Connection

Page 12




—
MTS
—

Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing
» GREX Blade Fatigue Test Solution Benefits

» Energy) produced by GREX is highest at low frequencies (longer
blades

» Flexible
» Can easily add multiple units to 1 blade

» GREX can be placed at location of blade to optimize the test
setup (force vs. HPU oil flow?)

» Mechanical Force limiter on manifold

» Extension tube built per test to match actuator mid-stroke for a
specific test setup.

» Actuator designed to support load control with large displacements
» 50 or 100 KN Hydraulic Actuator with hydrostatic bearings
» 1.75 meters of stroke

Page 13
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Wind Turbine Testing Solutions

TS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing

» Blade Fatigue Test Solutions - Ground Resonance Excitation (GREX) System

» Applies automated cyclic loading to blades at resonant frequency for meeting the fatigue testing
demands of International Electrotechnical Commission (IEC) Technical Specification 61400-23

» Easy-to-implement, floor-coupled load application system features versatile base and swivel design to
accommodate wide variety of loading fixtures and blade angles

» Well suited for large (40+ meter) blades, including low stiffness blades where inertial based devices
have reduced effectiveness

» Lower equipment mass added to blade affords faster testing
» Multiple GREX units can be deployed in a single test without slowing test frequency
» Integrates MTS 244 Actuator and Model 249 swivels

» Performs both flap-wise and edge-wise fatigue testing; requires change in blade orientation on
reaction mass

» Capable of dual-axis resonant blade testing — in combination with IREX system or additional actuator
inputs
» Features automated control of test end-levels and test frequency

» Combines state-of-the-art FlexTest digital controls, 793.86 Blade Resonance Search & Tracking
software, advanced AeroPro software, and data acquisition hardware to provide a tightly integrated
control and data acquisition solution

8/31/2017 Page 14
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing

d ; ; NTL:F, F, F,, M,, M
» Drive Train Test Solutions Drive Coupling Non-torqueylnput Loaés

Main Shaft
and Bearing

Gearbox

Generator

Prime Mover: Rotation
input with torque, M,

Nacelle
8/31/2017 under test Page 15
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing

» Drive Train Test Solutions

» Applies real-world rotational and off-axis loading for optimizing
the reliability of complete nacelle assemblies, complete drive train
systems, and components such as gear boxes and bearings.

» High performance
» Low cost of ownership (COQ), high uptime and long life
» Applications include:

» System simulation and verification

» Performance and durability testing

» Employs innovative 5DOF MTS Non-Torque Loading (NTL)
System

» Off-axis loads (3 forces, 2 moments) via MTS NTL System
» Features low-friction hydrostatic bearing
» Rotation/moment input via prime mover

8/31/2017 Page 16
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Drivetrain Test Solution - The “spinning disc” approach

MTS ENERGY SOLUTIONS

»Spinning components in yellow, orange and red

Hydrostatic FAS

Self-aligning Bearing Coupling Motor

Compression Surfaces Coupling _thh_

Actuators hydrostatic slip
| coupling

Connection to
Input Motor
(Input Flange)

Connection to
Nacelle
(Output flange)

Spinning
Disk

This is called the MTS NTL System

31 August 2017
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MTS ENERGY SOLUTIONS

»NTL Systems in Europe

» Denmark So ety B4

» NTL 10 (installed) Ty

» NTL 10+ (installation to be
completed 2012)

» UK
» NTL 10 (installation to be

completed 2012) A
» NTL 20 (installation start endNnm Rmert oS
201 2) ireland gdom — L Benapyce

Suomi ,-"
MNorge {Finland)

| Polska | (Belarus)_r

L Qgigtscll;lnlawﬂ {Frolsnalyl 2 SRR
> - il T ,-: Yrpaina
» Germany A B Whrane)
H H L {Austriay— e -
» NTL 5 (planned installation Bay Bk France /.5 2 Romania®
Biscay i 0 % “(Romania}-
2013) BB S
~-Espafia _ e
h L= H B ]
e ) EAAGg Tirkiye L.
F'ortuﬁal (Gresce l'n.lrhe.:,,-? L

)
Y

August 2 and 3, 2012 Page 18
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing

» Multi-Purpose Bearing Test Solutions

5 DOF Non-
Torque Loading '

(NTL) Fixture l P

Bearing
Specimen

Reaction Frame

Prime Mover

8/31/2017 Page 19
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS
» Improving Reliability through Mechanical Testing

» Multi-Purpose Bearing Test Solutions

» Accurately replicates rotor hub and blade loading for performing mechanical tests on a wide
array of wind turbine bearings, including pitch, yaw and main bearing systems.

» Highly flexible

» Low COO, high uptime and long life

» Applications include:
» Performance under load
» Static deflection and stiffness measurements
» Durability/fatigue

» Employs innovative MTS Non-Torque Loading (NTL) System (5 DOF)
» Rotation/moment input via actuator or motor
» Off-axis loads (3 forces, 2 moments) via MTS NTL System
» Features changeable specimen adapters

8/31/2017 Page 20
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS

» Multi-Purpose Single Non Rotating or Rotating back to back Bearing Test Solutions

» Accurately replicates rotor hub and blade loading for performing mechanical tests on a wide array of wind
turbine bearings, including pitch and yaw systems.

» Highly flexible, high uptime and long life
» Self reacting, therefore no special foundation required
L . . Shaft to motor for
» Applications include: — rotation (if required)
» Performance under load SRR LN P

attachesto adaptor
» Static deflection and
stiffness measurements [prateif rotation required

» Durability/fatigue {8 i -atadsato

bearing(s) inner race
» Rotation/moment input
via actuator or motor
for back to back setup only

» Off-axis loads

e

Adaptorattachesto | MITS
: [ ——0

|| reaction frame

e

Upper and Lower
Reaction frames

(3 forces, 2 moments)

» Features changeable
specimen adapters

» Bearingsize 3to5m
(other sizes possible)

8/31/2017
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Wind Turbine Testing Solutions

MTS ENERGY SOLUTIONS
» Improving Reliability through Mechanical Testing

» Blade Pitch Drive/Bearing Test Solutions

Reaction Block Changeable Blgde '_DitCh . .
Specimen Adapter earing Loading Fixture

Multiple DOF
Loading
Assembly

Rotation Input
Device

8/31/2017




Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Yaw Drive/Bearing Test Solutions

Accurately replicate blade loading (Fx, Fy, Fz and Mz) for
performing mechanical tests on blade pitch bearings and
blade pitch drive systems.

Available in multiple configurations

Applications include:
» Performance under load
» Static deflection and stiffness measurements
» Durability/fatigue

Features changeable specimen adapters

Precision control achieved with state-of-the-art FlexTest ©
digital controls and Multipurpose TestWare ® software
Axial Loading Concept
aeagns

f Pressure balance actuator fixed on the left side
(. andoil bearing on the right side allowi
st rotation e

p

>

p

x>

p

>

p

>

p

4

.~ HubAdapter
Test Bearing

- &. -
Facility Design
by MTSand -
Customer to
Manufacture

==

gt

Ly
Loading Fixtures allowing
actuatorto inputtension force
to bearing

“ ActuatorReaction

~ Blade Adaptor

—
MTS
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MTS ENERGY SOLUTIONS

Torqueisolation Flexure
and Torque Cell

Stanchion

Blade Arm Fixture

Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing
» Blade Pitch Drive/Bearing Test Solutions

» Accurately replicate blade loading (Fx, Fy, Fz and Mz) for performing mechanical tests on
blade pitch bearings and blade pitch drive systems.

» Available in multiple configurations

» Applications include:
» Performance under load
» Static deflection and stiffness measurements
» Durability/fatigue

» Features changeable specimen adapters

» Precision control achieved with state-of-the-art FlexTest ® digital controls and Multipurpose
TestWare © software

8/31/2017
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Wind Turbine Testing Solutions
» Improving Reliability through Mechanical Testing
» Seismic Simulators (Shake Tables)

» Subject full wind turbine structures, towers and
substructures to forces and motions in up to six
degrees of freedom to simulate real-world
earthquake conditions and perform modal
testing.

» Available in multiple configurations

» Six degree-of-freedom systems for
subjecting full structures to real
earthquake conditions

» Special-purpose configurations for
evaluating extremely large specimens that
require fewer degrees of freedom

8/31/2017

6 DOF
Seismic/Modal
Vibration Table
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Wind Turbine Testing Solutions
» Improving Reliability through Mechanical Testing
» Seismic Simulators (Shake Tables)

» Subject substructures to forces and motions in
up to six degrees of freedom to simulate
vibration conditions and perform modal testing.

» Available in multiple configurations

» Affordable standard uniaxial and bi-axial
seismic simulators for testing
substructures and components in more
compact laboratory environments

8/31/2017

MTS 3.0m and 1.5m
Uniaxial Seismic Simulators
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Wind Turbine Testing Solutions

TS ENERGY SOLUTIONS

» Improving Reliability through Mechanical Testing
» Materials Test Systems

» Accurately apply uniaxial static and dynamic loading to determine the mechanical properties of
a wide variety of advanced materials, including:

» Glass fiber reinforced polymer matrix composites

» Composite materials that will be used in self-feathering blades (anisotropic properties)
» Carbon fiber composites under consideration for longer (100+ meter) turbine blades

» Advanced alloys and ceramics

» Combine high-performance load frames, high-resolution controls, versatile application software
and a full complement of grips, fixtures, extensometers and environmental simulation systems.

8/31/2017 Page 27
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MTS TestLine™ Components
MTS TestLine™ Components are:
» Modular
» Scalable & Expandable
» Durable & Flexible
» Easy to use & Economical




Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing

» Facilities Planning Expertise

—
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I

MTS ENERGY SOLUTIONS

» MTS can help ensure that your test laboratory is properly configured at the
outset to readily accommodate all your foreseeable wind turbine testing
activities. This planning spans a wide range of considerations, including:

» Hydraulic power supply and distribution

» Foundation and strong floor design

» Floor plan efficiency

» Hose and cabling schemes

» Electrical power requirements

» Materials and equipment handling capabilities

8/31/2017
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Wind Turbine Testing Solutions

» Improving Reliability through Mechanical Testing
» Unrivaled Test Equipment Life-Cycle Support

» Upon facility completion, MTS will coordinate the installation and
integration of test systems and train your laboratory personnel to
operate them safely and efficiently.

» During the installation phase, MTS personnel can work with you to
determine the best Routine Maintenance and Fluid Care Program
plan to match the expected operation of your test equipment

» Once your laboratory is fully operational, MTS lifecycle
management programs can serve to maximize system uptime and
productivity to help you complete test programs as quickly as
possible.

» Calibrations; Certification, Alignment
» Preventative Maintenance; Repairs

» Product Exchange &
Upgrades

8/31/2017
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NREL — ABB — Taiwan delegation
meeting

Discussion on NREL testing capabilities

V. Gevorgian, P. Koralewicz, R. Wallen
Aug 18, 2017

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, operated by the Alliance for Sustainable Energy, LLC.

NWTC Test Site

* Total of 11 MW variable renewable generation currently at NWTC test site
* There are many small wind turbines (under 100 kW) installed as well

* 2.5MW and 5 MW dynamometers

* 7 MVA Controllable Grid Interface (CGI) for grid compliance testing

* Multi-MW energy storage test facility

e ad

Siemens 2.5MW dynamoimeter

23 MW 5 MW dynamometer,
- PViArray Energy storage
1 MW j sopads N

-y T =

.
N

Research Turbines GE

Alstom
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NWTC 7-MVA Controllable Grid Interface

Controllable Grid Interface (CGl)

Power rating Contro.l_!_a_l_:_ile Gric!
e 7 MVA continuous i
e 39 MVA short circuit capacity (for 2 sec) 7 MVA
e 4-wire, 13.2 kV

Interface (CGI)

Grid

Possible test articles [
e Types 1, 2, 3 and 4 wind turbines 132KV }—@—
e Capable of fault testing of largest Type 3 wind turbines |

e PV inverters, energy storage systems
e Conventional generators
e Combinations of technologies

EEUEET

(-

132KV gt
Article

Voltage control (no load THD <3%)

e Balanced and un-balanced voltage fault conditions (ZVRT and 130%
HVRT) — independent voltage control for each phase on 13.2 kV
terminals Eapabilities

e Response time — 1 millisecond (from full voltage to zero, or from zero
back to full voltage)

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

e Programmable impedance (strong and weak grids) Continuous operation under unbalanced

* Programmable distortions (lower harmonics 3, 5, 7) /oltage conditions

and under

wdition sir tion (stron id weak)
Frequency control
* Fast output frequency control (3 Hz/sec) within 45-65 Hz range
* 50/60 Hz operation
* Can simulate frequency conditions for any type of power system
* PHIL capable (coupled with RTDS, Opal-RT, etc.)

Islandi

Sub-sync

50 Hz tesls
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What can be tested using CGI?

All controls that response directly to grid conditions on plant terminals*
“Nasty” and “Clean Room” grid conditions
— Inertial Response (synthetic synchronous inertia)
— Fast Frequency Response (FFR)
— Primary frequency response controls (governor droop-like control)
— Direct frequency control (for islands or microgrids)
— Black-start capability

— Voltage fault ride-through (LVRT, ZVRT, HVRT -1, 2, 3 — phase) in accordance
to any existing or future grid codes or standard

— Harmonic injections

— Reactive power controls (full reactive power range tests without impacting
NTWC grid)
= Weak and strong grid conditions
— Other advanced controls testing:
= |nter-area oscillation damping controls
= Sub-synchronous resonance (SSR) damping controls
= Qther plant-level controls using RTDS/PHIL for larger plant simulation
= Microgrid controls testing

*All above tests for a single technology (energy storage, wind, PV), or for combination of
technologies

NWTC Test Site — Applied Energy.Science “Living Lab”

% 2.5 MW Dynamometer " "
NWTC Wind Turbines S MW Dynamometer Xcel Bus 10 MW line capacity
Alstom 3 MW (upgrade to 20 MW by 2018 with new 115
Siemens 2.3 MW e . &
GE 1.5 MW CGI Bus kV transmission line, NWTC on-site
Gamesa 2 MW : substation and 35.4 kV collector system)
CART2 and CART3
Existing SunEdison Switchgear )
1 MW PV Array Building ? /) f
a 13.2kv * UKV /¥
E cel
:;o""'(x':,s""' Substation
ey 32k (Eldorado Canyon)

500 kw kWh BESS
w—

Link with ESIF grid simulator, HPC,
visualization and PHIL capabilities

! g Controllable Grid Interface (CGI)
1MW /1 MWh BESS for Grid and Fault Simulation
(7 MVA continuous / 40 MVA s.c.)

Future load for
microgrid testing

> S
{ .—«-ﬁ. { ¢ -
Research Electrical
Distribution Bus (REDB)
ACand DC
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Example test result: Single-phase fault emulated on MV
terminals of 2.75 MW wind turbine

20+

.4
v S

VOLTAGE (kV)
=)

_2D_I 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1
14 1425 145 1475 15 1525 155 1575 16 1625 165 1675 17 1725 175 1775 18

A Time (sec)
Line Currents

-600-

14 1425 145 1475 15 1525 155 1575 16 1625 165 1675 17 1725 175 1775 18
6 Active and Reactive Power Time (sec)
PMW) [N

g QMVAR) [
£
£
g 04—

2

Time (sec)

Three-Phase Fault Test Result

VOLTAGE (kV)

CURRENT (A)

-600-, ! | ! ! ! | ! ! ! | ! ! | | ! !
18 1825 185 1875 19 1925 195 1975 2 2025 205 2075 21 2125 215 2175 22

Time (sec)

POWER (MW)
= TR S S I s T O T S« 11
=
o
=
o _
Ml
wl
=
=
wl
=
o _
-~
wl
[
>
[1¢]
m
[
=T
]
wl
[
3
i
[
[ =T
]
wi
[
N
e
- _
M
w
P
Ble =
z =
o |22
o=
-]
R
[
N




Example test result: Single-phase fault emulated on MV
terminals of 2.75 MW wind turbine
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PHIL for Multi-MW Testing

* Unique infrastructure for
Multi-MW grid integration
testing

E
TT 1 * Typically devices are tested
TT o Controllable Grid Interface (CGI) . .
T w1 wn against arbitrary V or F
P17 S

Xcel .
i patterns in open loop

* PHIL for Testing of device
operation in relatively weak
grids where DER’s does also
impact the grid

(can also simulate more wind, gas/
LNG turbines, hydro/PSH, MHK, etc.) 3




Testing PV/storage Controls

13.2 kV Simulated Grid Bus
7 MVA Controllable Grid Interface

P L E P P R R R R X

40 MVA for 2 sec

NWTC 1 MW/1 MWh Li-ion BESS

S oc /|

ABV/13. 2V

....................

Regular grid

H Programmable E

line impedance

1

'
bssssssssssan

First Solar PV
Plant Controller
{PPC)

@ NREL Medium Voltage High-speed DAS

r_ Y —-— s -. -
=
. G} 1gth
Real-time model of a power system
NATIONAL RENEWABLE ENERGY LABORATORY 11

Communication architecture

- Distances between RTDS-POI and CGI ca. 2Gb/s RTDS optical link - GOF
300ft - 10Mb/s CGI-ABB proprietary link — POF
- Preferred digital optical communication Up to 40x16bit variables exchanged
between RTDS and CGl every 25us (40kHz)

Controllable Grid Interface (CGl)

DC
e 1.5 MW Field Turbi
(39 MVA for 2 sec) . leld turbine
Grid DC
POI 13.2kV / 690V
AC _L AC 3.3kv/13.2kV .
13.2kV
Analogue
DC Interface
AC
SR Legend:
= Analogue measurement
IG:.F:GA <l 2 Gb/s RTDS proprietary link
nterface

> 10 Mb/s CGI proprietary link

NATIONAL RENEWABLE ENERGY LABORATORY 12




RTDS grid model

* RTDS 9-bus model
e 130kV transmission
* 4x synchronous generators with total

’ capacity of 617MW
EL@M_\,&@T _| O Gs_Cm wa ° AGCimplemented
i * Loads during test at 400MW
_ﬁé * Various test scenarios
s \ . Droppin.g of G4 -12.5%
H Oz I——. generation
¥ w * LG & LL faults emulation
* Cap bank switching
Cirton correl * PHIL Point of Interconnection (POI)
R | _ T « Configurable multiplier - “m” - allows
64, 50 MVA for multiplying the impact of real
devices connected to CGI to simulated
grid
G1, 247 MVA
NATIONAL RENEWABLE ENERGY LABORATORY 13

Value Proposition of Grid Simulators

* Cross-technology grid compliance and ancillary services testing at multi-MW level
under controlled grid conditions

¢ Tool to test for compliance with national and international electrical standards,
grid codes and interconnection requirements

e Tool for advanced controls testing and validation

* Real hardware testing combined with simulation (PHIL)

* Helps increasing reliability and reducing integration cost of renewables generation

SIF HPC, Visualization and

E
HIL Capabilities Dynamometer
5-MW e e—
Switch Gear ﬂ,__ i ———" e
|
"

~~

Ben

\Q\QQ\Q
N

Energy Storage

225.kW py Wind Turbines

-“ 2.5-MW WG
. lDynamomnqr \

CGl Bus




Questions?
Please contact:
Vahan.Gevorgian@nrel.gov

Przemyslaw.Koralewicz@nrel.gov
Robb.Wallen@nrel.gov

www.nrel.gov
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