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National Wind Technology Center

NWTC Wind Turbi 2.5 MW Dynamometer
TR Wing Turbines 5 MW Dynamometer
~

N

Xcel Bus 10 MW line capacity
Alstom-3-MW
Siemens 2.3 MW

(upgrade to 20 MW by 2018 with new 115
GE 1.5 MW CGI Bus kV transmission line, NWTC on-site
Gamesa 2 MW
CART2 and CART3

substation and 35.4 kV collector system)

New: 430-kW PV array

Existing SunEdison
1 MW PV Array

Switchgear
Building

132kv ] 15
- cel
First Solar AC Substation
430 kW PV array [
""" Eldor: nyon
i n " (Eldorado Canyon)
DC coupled oc| T |oc
250kW PV . o -
1.4MW/250kWh BESS - Link with ESIF grid simulator, HPC,
visualization and PHIL capabilities
ot AC
Source: NREL / Dennis Schroeder (40806) i Cones / Controllable Grid Interface (CGl)
1 ¥MWh BESS for Grid and Fault Simulation
New: 1-MW/1-MWh battery

Future load for (7 MVA continuous / 40 MVA s.c.)
microgrid testing

= &
-_w..'“-"-—ﬁ‘ .
Research Electrical
Distribution Bus (REDB)
AC and DC

Source: NREL
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NWTC Dynamometers

Specifications

Source: NREL/Mark McDade (27249)

Source: NREL/Robb Wallen (17400)

2.5-MW Dyno
2.5 MW

(on the low-speed shaft)
17-31 rpm (at full power)

1.64 MNm (1.2 M ft-Ib)
max torque

Non-torque loads,
3 degrees of freedom

50-t crane,
30-ft (9-m) hook height
12.2 x 15.2-m test bay

0—6-degree adjustable-
drive table tilt.

5-MW Dyno
5.8 MW

(on the low-speed shaft)
12-24 rpm (at full power)

4.6 MNm (3.4 M ft-Ib)
max torque

Non-torque loads,
5 degrees of freedom

Dual 75-t cranes,
45-ft (14-m) hook height

20 x 12-m test bay

5-degree fixed-drive
table tilt.

Source: NREL/Dennis Schroeder (25887)



2.5-MW Dynamometer Projects

Multiple projects in 2017-2018 for validating wind turbine power train
low-voltage ride-through (LVRT) response to foreign grid codes (50 Hz using
controllable grid interface [CGI])

Preinstallation verification of Gearbox Reliability Collaborative 1.5 data
acquisition system. The gearbox was installed in the U.S. Department of
Energy-owned (DOE-owned) GE 1.5-MW turbine and is subjected to grid
events using the CGl. . T o g

Year 2019 projects include
validation of two different

wave energy devices.

GE 1.5-MW high-speed shaft
instrumentation checkout at
2.5-MW dynamometer.

Source: NREL/Mark McDade (49050)

Source: NREL / Jonathan Keller (49498)

Installation of instrumented
gearbox at NWTC.
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5-MW Dynamometer Projects

2016-2018: Validation of the Columbia Power Technologies (C-Power) utility-scale wave energy device. The device was tested
using realistic, oscillating, bidirectional speed and torque profiles. Testing was complete as of Nov. 2018.

2018: Validation of multimegawatt, medium-voltage, doubly-fed induction generator power train via direct coupling with 5-MW
motor

2019: Projects include upgrading non-torque loading system to achieve 10-MNm moment capacity and potential wind turbine

power train tests
2019: The 2.5- MW and 5-MW facmtles will be upgraded with additional 13.2-kV medium-voltage feeds selectable between CGI

or Xcel N % & \k

utility. F

Wave Direction ——»

The floats and spar independently react to the shape of the passing ocean wave.
Each float is directly coupled by a drive shaft to its own rotary generator.
The two generators are located inside the nacelle near the top of the vertical spars.
As each float rotates, so does its generator, which creates electricity.
The electricity from each device in the wave farm is collected and transmitted
ashore for connection into the grid.

Source: C-Power website / www.columbiapwr.com/how-it-works/

 Source: NREL / Mark Mcd (1I3
C-Power wave energy device installation at the C-Power wave energy device installation at the
NREL 5-MW dynamometer. NREL 5-MW dynamometer C-Power
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NWTC 7-MVA Controllable Grid Interface

Controllable Grid Interface (CGI)

Grid

EEREEI

132KV 1oet

(D : Article
Power rating Source: NREL Miark McDade e Long-term symmetrlcalvoltagevarlatlons (+/- 10%) and voltage
. magnitude modulations (0-10 Hz)—subsynchronous resonance
e 7-MW continuous conditions
* 39-MVA short-circuit capacity (for 2 s) e Programmable impedance (strong and weak grids).

e A-wire, 13.2 kV.
Frequency control

. ZEStGSOHUtPUt frequency control (3 Hz/s) within a range of Rea|_time d|g|ta| SimUIatOr (RTDS) — power-
— z . ope

«  50/60-Hz operation hardware-in-the-loop (PHIL) capability

* Cansimulate frequency conditions for any type of power system.

Voltage control (no load total harmonic distortion <2%)

e Balanced and unbalanced voltage fault conditions (zero-voltage ride-
through and 130% high-voltage ride-through [HVRT])—independent
voltage control for each phase on 13.2-kV terminals
e Response time: 1 ms (from full voltage to zero, or from zero back to full
voltage) NREL | 6



Open-Loop Single PCC: DER Validation

Testing of grid connected inverters and tightly
coupled generation mixes

* Testing of frequency responses

e Characterization of droop characteristics

* LVRT/HVRT testing

* Full 4Q operation testing i s

* Models validation P Gl
« Wide spectrum analysis (impedance). =

QMVARL o e D D TR

Beginning of Underfrequency Event
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Open-Loop Single PCC: DER Validation Examples
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U1 = 7688.7597 Vrms, Uosc = 49.6172 Vrms

Impedance Measurements

Source: NREL NREL l 9



Impedance Measurements
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Open-Loop Double PCC: DER Validation

Example device:

* Microgrid feeder breakers
* Power electronic tie controllers
e AC/AC converters

* Protective relays/synchronization check logic

Capabilities:
* Ability to generate any angle difference

* Ability to generate independent frequencies
* Fault testing at CGI side possible

* CGl side can run as voltage or current source inverter

* Transformers. (VSI or CSI).
PQM1 PQM2
bl g CGl
[ P 1132/33kV
MVS1 : MVS2  TMVA/5%
@ o ~e——-— DUT [—o Ciq
Xcel grid
13.2kV 7 MW / 40MVA

Source: NREL

HF filter
420kVA
50kW

- Voltage source mode
- RLC emulator mode
- Fault emulation
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Closed-Loop Testing: PHIL

. . . . llabl i f
Voltage from simulation is tracked by CGl in real Controllable Grid Interface (CG1)

time. p

Current measured is injected back to RTDS model. ¢4 ot e = 25 MW Fleld Turbine
Allows testing device under test under various e T L e[|l SO {2

grid conditions and events (e.g., microgrids) 123 WV o | T Joc e

Distances between RTDS point of interconnection * ro s

and CGI ca. 300 ft 4 e i

2 Gb/s RTDS optical link: Glass Optical Fiber il

Legend:

10 Mb/s CGI-ABB proprietary link: Plastic Optical Fi Controller
Data exchange every 25 us (40 kHz).

—————— Analogue measurement

el 2 Gb/s RTDS proprietary link
el 10 Mb/s CGI proorietary link

G2, 192 MVA G3, 128 MVA

I

oz}
N & of

N

™

e

£
\}/

DFIG

CGIPOI

G4, 50 MVA

61,247 Mva

Source: NREL
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RTDS 9-Bus Transmission Model
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Assumptions Used for PHIL Testing of 9-Bus System with BESS

_ Conventional Generators PV & Wind TotalH

Renewable
penetration

60%
40%
20%
15%
0%

I:>Gn MW

53.3
80
106.7
113.3
133.3

60.1

60
599
59.8

58.7

flHz]

59.8
59.5
59.4

58.3
Source: NREL

No BESS cases for all
penetration levels

H
HG, PGdlspatch Rn, Loads fot HG PGTL + HB PBn + HR PRn
sec GW GW Tot p—
4 40 60 100 o is H, =0
4 60 40 100 3.20
4 80 20 100 4.27
4 85 15 100 .
4.53 Generation loss = 3.8 GW/3.8%
4 100 0 100 5.33
Frequency at Bus No. 5
L i e I L -
e ———
| g _“"‘“--\_._____‘_.____,__—-"—'__'

B0%

A40%
20% )
15%
0%

-2
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Renewable Penetration 60%: Inertia

Battery scaling assuming 100-GW system:

Gl T T T T T T
. * 600 MW ->0.6%
0. ’l‘t 1200 MW ->1.2%
e . 1800 MW -> 1.8%
gsur \\.\-\l %:‘w""'_\ Py
50 - \:‘Q\ e -
s | N\ , - BESS controlled proportional to ROCOF using
Al N " LabView controller. H=50 s
59-3-2 1 o 1 2 3 & ) L} T B 9 10 1 12 13
Frequency response improves with increasing
g — poCos ATIRE ponet, R —— BESS installed capacity at 60% renewable
i mew " penetration.
. -
g z+ ‘p'/ -
u_;‘i i ||.l h |
2 - - — - . 40% 3.20 3.50 3.80 4.10
-2 -1 0 1 2 A [ ] & T i L] 10 14 12 13
sl 20% 4.27 4.57 4.87 5.17
15% 4.53 4.83 5.13 5.43

Source: NREL
0% 5.33 563 593 623
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Renewable Penetration: RTAC Inertia Controller

Implemented inertia controller based on Synchrophasors
commercial of-the-shelf devices

Found limitations on maximum inertia
depending on where frequency is measured |
Tested various frequency sources.

P&V set points

BESS Active power
T Ll T T

T T T
RTDSS (H=100)
RTDS11 (H=100)
SEL Smooth (H=60) ||
SEL Fast(H=20) |
SMA (H=60)

Source: NREL
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About RTDS Distribution
Model

Model based on data from PG&E

BESS can be added using PHIL to two
locations:

— Bus 640
— Bus 647.
Four fault locations used for fault emulation:
— Bus 630: Fault at transmission level
— Bus 650: Fault at load branch—unfused
— Bus 672: Fault at load branch—fused (F3)
— Bus 691: Fault at motor branch—unfused
Faults can be:
— 1xL-G,2xL-G,3xL-G,1xL-L, 2 xL-L, open phase
— Low impedance: 0.1 Ohm
— High impedance: 10 Ohm.

LL 1A B 1o b faull
LL 2-BC e 5 bt Faut
LL-4-AC e 30 e faut
LL7-ABC ine to ine fault

OFAA phase open Taull
]

T2
4 DATE-6 MW
9 54TE-T MVAr

Eal
0,000 W
0.000 MVAr

831

830
1.000 pu

!

09968 pu 09988 pu
CEl E O01Z03MW 001231 MW Ulol‘f_‘?‘:"};"“ Fé30
1 1A6EMVar 1170 MVar o

640
05317 pu

001327 MW
1162 MVar

09319 pu

09545 pu

0.01592 MW
1.155 MVar

662
09859 pu

09897 MWV
003731 MVar

05378 MW
0.7377 MVar

F&91_1

o—1

N

l 0.963 pu
R 3 ?fg m. 0.000 MVAr
g ar
646
09677 pu
ITEAMN g
B i e O
647 0 721 712
09568 pu

S ar

L

09499 pu
DE14 MV

=

cez [l
l:lﬂ

03607 MVar
=

L1

Source: NREL



CGI-RTDS PHIL Interface

* Instantaneous voltage measured in model and commanded to CGlI
* \Very fast tracking achieved thanks to instantaneous-to-phasor (I12P) algorithm
* Compensated phase delay.
* Positive-, negative-, and zero-sequence current injection into model
* Decoupled positive- and negative-sequence DQ current measurement
* Filtered with 10-ms filter for high-frequency stability.

RTDS
DUT
Model PHIL interface
|d:|::|d1':|dz: ool d L, iput
» Pue |abc /)t loo's g1, la2 1 | glelale | o o >
| dq LT abc‘}
POI
1 1
: By

Grid |—> s

Model i2p Moo

Y

Source: NREL NREL | 18



About RTDS Distribution

RTDS automated script

Model

Total number of fault cases executed
per script run (ca. 15 min): 53x

For each test case, data were captured
using RTDS:

100-us resolution

7 x 3 phase voltage measurements
(magenta dots)

12 x 3 phase current
measurements (blue arrows)

3-s data buffer
~ 1.5 GB of data per run.




FLT630 Line A to Ground
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FLT650 Line A to Line B
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Spectrum of LVRT Voltage During Faults

uai, uaz jpul

Voltage at BESS during fault [p.u.] Current at BESS during fault [p.u.]
0.3 15
e 02 o
01 | @ * 0.5
[ 0.2 0.4 0.6 0.3 1 | 0 0 05 1 5
5 :
0.1 : B85
g
3 -1.5
0.4 2
-0.5 -5
UD1, UD2 [P.U.] D0, 104, 1D2 [P.U.]
Upos @ Uneg Ipos @ Ineg & lzer
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Thank you
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