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Project Overview

M9: Understanding the Role of Short-Term Energy Storage and Large Motor Loads for Active
Power Controls by Wind Power

Project Summary Project Attributes

 This project is aimed to develop and validate coordinated el
active power controls (APC) by wind generation, short- Vahan Gevorgian, NREL
term energy storage, and large industrial motor drives for
providing various types of ancillary services to the grid.

DOE Lead
) ) ) Charlton Clark
Project Objective & Impact
. . Project P
* |t was demonstrated that the symbiosis of frequency responsive roject Partners/Subs
technologies can notably improve the frequency performance of Rob Hovsapian, former INL
Jesse Leonard, Clemson University
power systems. Nick Miller, GE
* Wind generation, energy storage, and pumping stations can David Gao, University of Denver
provide a significant amount of synthetic frequency response to
power systems. These technologies have been furnished with
control loops that respond in proportion to the rate of change of Project Duration
frequency (ROCOF). April 2016 - April 2018

* These assets can reliably emulate the inertial response of
synchronous machines to frequency events.




Project Roles

NREL INL

. Development of Geographically Distributed Real-Time

. Development of Power-hardware-in-the-loop (PHIL) . : . ) . .
system using NREL Controllable Grid Interface (CGl) for ET:E;'T:S :;rz:tlztlon (GD RTS) technique using remote

testing and demonstrating of active power controls (APC)

by wind power . Real-time co-simulations, integrated testing using NREL-INL

. Conduct testing and analysis to understand impacts of link

short-term energy storage and loads on enhancing the
APC services by wind power
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Technical Merit and Relevance

U.S. DEPARTMENT OF ENERGY

The ability of wind power to provide active power
control services has been recognized as an important
contributor to the grid in many studies. The
coordination among the ancillary service providers
(wind, PV, storage, etc.) within a balancing area is an
important aspect of the investigation to ensure that
the response will not be overly aggressive as to cause
overshoot, nor too slow nor too small to make a
significant impact in restoring to normal condition
within an allowable time.

INREL

Research

NERC'’s Integration of Variable Generation Task Force
recommendations on requirements for variable
generation to provide their share of essential
reliability services, including active power control
(APC) capabilities

The project focused on a broad problem of active
power control by wind using enhancing technologies
at NWTC that have been developed based on
previous DOE investments.

This work uses state-of-the-art capabilities that have
been developed at NREL during the past several
years
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Approach and Methodology

R = The project:
— Is based on a cohesive and realistic
strategy including research plan,

Sienigus 25MW dynamomieters. B RN critical path items, risk mitigation, and
oty N ST 5 MW dynamometat: fimeline fo achieving desired
~- P\ Array. s AN EAMWh BESS ot _ ]
MW . SN 7 ; SR R N e e — Is based on sound technical
N T — principles, with a credible pathway to
&*‘ - i == | technical success and/or meeting the

other stated goals of the project
—  Demonstrates a high degree of
scientific rigor in research, testing and
Research Turbines  GE/Alstom GE 1.5 MW other key tasks
2 x 600 kW 3ImMmw —  Where feasible, includes collaboration
with other commercial or research
organizations to increase the available
Regular grid, resources and/or knowledge base
Xcel Bus applied to meeting the project goals

NWTC Wind Turbines
Alstom 3 MW

GE 1.5 MW
Gamesa 2 MW
Siemens 2.3 MW

Controlled grid, o
CGI Bus 13.2 kV tie-line

Switchgear
Building

SunEdison
1 MW PV Array

Xcel

First Solar

430 kW PV arraw

GE 1.25 MW / 1.25 MWh BESS
Sy

13.2 kv

DC

1 MW /1 MWh BESS

-

Controllable Grid Interface (CGI)
for Grid and Fault Simulation
(7 MVA continuous / 40 MVA s.c.)
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Approach and Meteorology: Validation Platform

Multi-technology / Multi-MW / PHIL Experiment Setup

First Solar PV amray 15.2kv .
with string inverters controlled grid CGI
""""""" 7 MVA Grid Simulator
_ ! Program mable (40 MVA 5.C. capacity)
1 MWL vavh batten,r E fine impedance

D

GELEMWurdtLrhr*
i« Hybrid Plant Y

= ,..' Controller

WindCOMTROL

Forecasts =======-

and Device
........ Optimization
(RoDEQ)

Market
Signals

Runs every 5 min
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Development of PHIL Interface

Yfiesssssss?

RTDS
DUt
Model PHIL Interface
Pou ipu
i i'man 1 Qo | pg - " =]
Il abc T, [ iu D
POI
PLL
Upags
Sl
; U cal & B
U paal —_— —
. I
U,
Grid ) P e cos a(x V=
Model _| i2p Miar
Controllable Grid Interface (CGI)
PONPRN-hp r L§ - by LAY
Y / GRS
: [ L] &/} syneronized
: 7 v : HREL MV
: 7 MVA e . Instrumantation
! (39 MVA for 2 : s essssssssssssssseseeeeeeeee.
] ne Programm akile / \ _:' GE 1.5 MW Field Turbine
Grid : i lm:‘-r:::u: / \ ' 13.2kvfesov DFIG
13.2 kV H AC -L AC 13273300 I eees, " nl:.i i: _; EL .
0 e | T | o ki YYD 3k v W
: 2 naw A : H H i [] ofvg
. ac ; : ! ; I ﬂ"
- » e AP B BN .
H . iaBLrund shision : Cesssssssssssssss Tubine = ===
" o : i
N 7 vt — ] h o
' '
: ac . : o
' ' i
0 i H K
* ceeeeeemeesmmeame? T
B ¥
§ ememmSeTniRTIRL PO satpoints _ GE e <
i -~ FlantData, l VST

U.S. DEPARTMENT OF ENERGY

OFFICE OF ENERGY EFFICIENCY & RENEWABLE ENERGY

Most advanced PHIL system in the
world for WTG testing

Accurate, low-latency, instantaneous
voltage tracking

Accurate tracking of positive, negative,
and zero sequence components of
modelled voltage

Accurate tracking of actual WTG active
and reactive power




Accomplishments and Progress: Wind Inertia

Emulated Inertial Responses Individual Wind Turbines in a 150 MW wind power plant

Results of 65 inertial response testby G 1.5 MW wind turbine generator

Frequency event
emulated by CGI —
1Hz/sec ROCOF

POWER [MW)

04
: 1
1] !
0 r 10 15 20 5 30
TIME (sec)
18 turbunes operating at nominal power
165
16
= L55
S
= 1
]
= 145
14
1.35
a 5 10 15 20 %5 30 as 40 45
TIME {sec)
Total inetial response of 18 turbines at max power

2.5 MW (8 8%) responsein 2 seconds

Pre-fault power —26 MW
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Wind Inertia and Mechanical Loading
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*  WTG exposed to high ROCOFs
. Measured turbine active power, high-speed shaft torque and speed
. Did not observe any significant impacts of inertial control on the gearbox loading

. In fact, any high-speed shaft torque changes during inertial response do not seem to be any more
“severe” than torque variations caused by wind speed turbulence conditions at the NWTC
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Wind + VFD Inertial Response

VFD Enhancing Inertial Response by Wind Power

VFD Inertia Enhanced Inertial Response by Wind Power

_-Inertial response by wind power

/, Total response (Wind + VFD)

/

’/ _~ Energy provided by VFD
7
7

=
Beginning of

frequency event Wind only response

Extracting Inertial Power from 2.5 MW VFD

TIME (sec)

Power [MW) RPM command ——RPM atual

Response by 2.5 MW VFD

VFD inertial power injected
. \ into the grid
VD commanded to
decelerate in ~5 sec after N
the beginning of \
frequency event

POWER (MW)
=1 (=1

MOTOR RPM)

Axis Title >
TIME( sec)
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Development of Battery Energy Storage Systems (BESS) Controls

BESS Control Diagram

Response
j}C P.U.

Conversion
o P.U.
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5o e« BESS controller deployed on SEL RTAC

E i e  This portion of work was combined with CA EPIC
e funded project with PG&E
e Collaboration with SMA

o  Achieved 20 ms response by BESS

T e e
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PHIL Testing of Frequency Responsive Services by Wind
and BESS

30% case

Rate of Change of Frequency (ROCOF) similar to Western
Interconnection

Various penetration cases tested - 20-60%
Different wind and BESS control strategies tested:
—  Windlnertia only
—  Windlnertia + wind droop
— BESS Inertia and droop
— Wind + BESS combined services
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Development of Hybrid Plant Controls

Dispatchabfe Power Plant Control Loon P‘led'.u!l. w00 ) | conuel 1oopp siapsed time tsac) 1505~ | = sor | . ° Dispatcha ble renewa ble pla nt
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T R cloud-impact mitigation
=
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JE_ B i g T g Averaging Period (sec)  Psmoate (ew)
0 i | B a0 an || . PFR (programmable droop control)
] 158 z 1 BESS AN
Time = L ——  — Tote! [ FFR
ik o nt 5@ | POD Contral o
::::M ? 3 - S5 IDD-é i pesih “:-J:l Ampltde 9 o Decay fsec) P POD (e}
o | A Ime ! 22 < B I . Inertial response:
AESS POQ Freguaingy (F2) poD) frase angle (deg]
8- -186 {2 | .. .
- [ - [ | [ 2 - programmable synthetic inertia for a
z ::_,i ..U..kl h[l“l. | ”:]l:? & | Tigoer PO corral - Actute PO ot i
ém{“ WW”H‘”“".” —— | o0 ) wide range of H constants emulated
::. _t:: ‘.-1395!_-1_1- | BESS Manual Control ! | 50C Managment | by BESS
] 158 Manua: Maevial KW setpnint for battery|  |SOC mansgement  Torget BESSOSC (%) BESSPILimit (W) BESSPIKp  BESSPLK
T Battery SOC (%) BESS Max bW Lt 3y 11 = T= g 3 ey 1 =T : 7l 2 i .
R ' — <k ! | - S LR i | . Reactive power/voltage control
. = L
. Advanced controls: ability of the
plant to modulate its output for
provision of power system
oscillations damping services was
] tested
Primary
Dispatch Synthetic frequency AGC participation . Stacked services (ability to provide
setpoint inertia response several services at the same time)
Af . Battery SOC management controls

Pyess(t) = Po — 2H L — + Kp -ACE

droop
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Dispatchable Operation with Inertial Response

Dispatchable Wind Power plant

Plant power

Example of stacked serivces: dispatchable plant + AGC

.g 3000
g 2500
: — - . A Mt
200 | | ! | | —GE turbine - 1500 I WL ——Total Wind
| ! ! U— ! | ! + | T Siemens Turkine H ﬂ,_l \q## ——BESS 5P
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4 £ ——BESS Power
o 200 400 / 600 800 1000 1200 | cSchadule 5
TIME (sec) — Plant pawer & 500 rv ——s5chedule
o ‘m _a e ———Plant power
v v L
BESS5 Power 100 0 ‘v\# 400 500 600 o 800
) ) -500 |
1000
TIME (sec)
=
4 SCALED ACE
5]
& 100
= 50
2
TIME (sec vy o
=]
£ -50 o 1 300 600 00 800

BESS 50C 100

1] 200 A00 600 800 1000 1200 1400
TIME (sec
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BESS Providing Inertial Response, Primary Frequency Response (PFR) and
participating in Automatic Generation Control (AGC)

60.1 0.15
60.05 i
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. PSCO historic ACE time series (updated every 4 sec)
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Reactive Power Capabilities

Q[MVAR] ) Synchronous generator
. Field current limit
Lagging Quax- Synchronous condenser
Lagging
power Armature heating
factor constraints
STATCOM
Synchronous
Generator
P[MW]

T

Leading
power

factor Leading Quay

PV Inverter and
Type 4 wind turbine

Winding end region heating limit

Under excitation limit Type 3 wind turbine

(prime mover limit) BESS Inverter

Measured BESS only P-Q characteristic - strong grid

1500

-1500 1500

REACTIVE POWER (kYAR)

-1500
ACTIVE POWER (KW)
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REACTIVE POWER (M VAR)

Combined P-Q characteristic:
1.5 MW PV + 1.5 MW wind + 1 MW BESS
Strong gird conditions

3
[=—— Battery
= PV
—-.....‘\— Wind
z [=—— Total
l ’ L8
0
-1 e —
-2
-3
-1 0 1 2 3 4

ACTIVE POWER (MW)




Island Power System Model in RTDS (IEEE - 9 bus)

9-bus island test
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Development of Impedance-based Characterization Methods for Wind-
BESS Systems

* Transfer Function from Active Power to Frequency at PCC

Ratings of conventional generators

Wind Wind . . .
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INL task: Distributed Real-Time Simulations Setup

Geographically Distributed RTS between NREL and INL to characterize the APC

with large-scale power systems

NREL Proposed Controller Architecture
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Geographically Distributed RTS setup for performing the integrated testing to enable wind turbine testing and characterization of the APC
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INL task: Global Real-Time Super Lab

A Global
Real-Time Superlab

Enabling high penetration of CHIL and. i
power electronics in the electric grid Communication Network
Emulation

by Antonello Monti, Marija Stevic, Steffen Vogel, Rik W. De Doncker,
Ettore Bompard, Abouzar Fstebsari, Francesco Profume, Rob Hovsapian,
Manish Mohanpurkar, Jack David Flicker, Vahan Gevorgian,

t ¥ . Anurag K. Sri . and Andrea Benigni

e Giobul Beal-Time Superiaboratory (Giobal HT Supeeriah) ropresents a ven
dor-neutral distribed psaform based on the virtual intercanmecton of dgital
real-timse simdators ([HTSs) and hardwase i the doop (HIL) setape hosted a8
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Milestones and Achievements

All milestones were completed

Quarter One Controller Design - develop controller architecture Conduct demonstration of NREL-INL PHIL/RTDS
with multi-area power system model

Quarter Two Controller in Simulink: develop controller in Matlab  Demonstrate controllable power plant on a real-
Simulink environment for concept testing time platform
Quarter Three Implement controller in real-time platform Conduct test scenarios with controllable power

plant providing essential reliability services

Quarter Four Conduct testing and demonstration of the Operate controllable power plant real-time as PHIL
controller for a balancing area or islanded power system
modeled with RTDS and provide report
summarizing project

Additional achievements:

» 12 publications and conference presentations

» This work led to 5 new strategic industry collaborations (First Solar, PG&E, GE,
RES, TEPCO-Japan)

* Results of this work are used in DOE grid modernization efforts for Puerto Rico
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