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Wake models Turbine models Wind data Design tools

Thrust coef.

SN

Flow velocity deficit Actuator disks with Vectorized input wind Optimization tools to
models power, thrust conditions help in the design and
coefficient curves control of wind farms
Jensen Wind rose
Gauss-Curl Hybrid Yaw misaligned Time series * Yaw optimization
Cumulative Curl Derating Flow heterogeneity * Layout
TurbOPark Peak shaving Data readers optimization

Empirical Gaussian Active wake mixing
Shut off

Wind speed
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FLORIS has many use cases
* Originally developed to simulate wake steering
* Controller development for experimental campaigns
* Tools added to perform layout design
* Integration into hybrid plant simulation and design tools

* Analysis techniques developed into standalone
repositories (FLASC)
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What is wake steering?

Gebraad, P. M. O., etal. Wind plant power optimization through yaw control using a parametric model
for wake effects—a CFD simulation study. Wind Energy, 2016. NREL | 6
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Wake steering is now out in the wild
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FLORIS software




FLORIS is available on github.com

&« G @ O & https://github.com/NREL/floris B % @ search y B 8O =

= O NREL / floris

<> code (O Issues 64 {1 Pull requests 19 ) piscussions () Actions [ Projects 10 w Security [~ Insights i Settings

Q Type(/] to search 8 + - O &8 'u'j@:

"% floris Public £ EditPins ~ | ®uUnwatch 25 ~ | % Fork 155 ~ ¥y Star 208  ~

Your main branch isn't protected About @

Protect this branch from force pushing or deletion, or require status checks before Protect this branch X
merging. View documentation.

¥ main ~ ¥ 8 Branches © 49 Tags Q Gotofile t Add file ~

A controls-oriented engineering wake
model.

¢’ nrel.github.ioffloris

[ Readme
5B BSD-3-Clause license
¥ misi9170 Merge pull request #945 from NREL/develop @ 2c3be8f - 3months ago <L) 2,108 Commits A Activity
.github Build out v4 documentation (#860) 6 months ago B Custom properties
¢ 208 stars
docs Update names of WindRose resampling methods (#933) 4 months ago ® 25 watching
examples [BUGFIX] Circular upsampling across wind directions (#9... 3 months ago % 155 forks
Report repository
floris Wind direction resampling 2 (#946) 3 months ago
profiling Rename floris.simulation, floris.tools to floris.core, floris {... 7 months ago Releases 40
. . . . . ] A
tests [BUGFIX] Circular upsampling across wind directions (#9... 3 months ago © v4.11 (Latest)

on Jul 18



... and can be readily cloned

> git clone https://github.com/NREL/floris

> plp 1nstall —-e floris

or installed directly from PyPI

> plp 1install floris




FLORIS documentation




Documentation at nrel.github.io/floris/

= (, i= Contents

light/dark  Quick Start

FLORIS Wake Modeling & Wind Farm Fraeeing on G
Controls

FLORIS is a controls-focused wind farm simulation software incorporating steady-state
Q, Search engineering wake models into a performance-focused Python framework. The software is in
active development and engagement with the development team is highly encouraged. If you
FLORIS Wake Modeling & Wind are interested in using FLORIS to conduct studies of a wind farm or extending FLORIS to include
Farm Controls your own wake model, please join the conversation in GitHub Discussions!

Getting Started
Installation QU i C k Sta rt

Stz iho Pl A T D FLORIS is a Python package run on the command line typically by providing an input file with an

o initial configuration. It can be installed with | pip install floris (see Installation). The typical
ser Reference
entry point is | FLorisModel which accepts the path to the input file as an argument. From

Introductory Concepts there, changes can be made to the initial configuration through the [ FlorisModel.set()
Wind Data Objects routine, and the simulation is executed with | FLorisModel. run() .

FLORIS Models

from floris import FlorisModel
fmodel = FlorisModel("path/to/input.yaml")
Heterogeneous Map fmodel.set(

wind_directions=[i for i in range(1@)],
Floating Wind Turbine Modeling wind_speeds=[8.0]*10,
turbulence_intensities=[0.06]%10

Advanced Concepts

Turbine Library Interface )

; ) fmodel. run()
Turbine QOperation Models




Theory and Background
a0

——

Developer Reference.

Installation

FLORIS can be installed by
Pip.. The following sections detail how

Requirements

FLORIS is intended to be used with Python 3.8 and up, and It is highly recommended that users.
weork within 2 virtual envirenment for both warking with and working on FLORIS, to maintain a
loan and sandbaxed environment. The simplest way to got startod with virtual environments
through

ntains 8 previous version of FLORIS may cau
with FLORIS, its ded to install that

© Note

1t upgrading, tis highly recommendad to install FLORIS 4 into a new virtual
enviranment

Pip
The simplest method is with (pip by using this

pip nstall flors:

Source Code Installation

Develapers and anyone who intends to inspeet the source code r wants to run examples can
all FLORIS by downloading the git repository from GitHub with it and use pip to lcally
all i, The following commands in a terminal or shell will down stall FLORIS,

# Download the source code from the “main
git clone -b main https://github. con/NREL/flor

# 1f using conda, be sure to activate your environment prior to installing
# conda activate <eny name>

# 3¢ veing proptspare, mstall is first
co 811 ¢ conda-forge pyeptsparse

# Install FLORIS
Bip install -e floris

Developer Reference

- Layout optimization

Wake Models

A wake model in FLORIS is made up of four components that together constitute a wake. At
minimum, the velocity deficit profile behind a wind turbine s required. For most models, an
additional wake defiection model is included to model the effect of yaw misalignment
Turbulence models are also avalable to couple with the deficit and deflection components.
Finally, methods for combining wakes with the rest of the flow field are available.

Computationally, the solver aigorithm and grid-type supported by each wake model can aiso be
considered as part of the model itself. As shown in the diagram below, the mathematical
formulations can be considered as the main components of the model. These are typically
associated directly to each other and in some cases they are bundled together into a single
mathematical formulation. The solver algorithm and grid type are associated to the math

Turbulence Velocity | —— Slver

Turbopark
The models in FLORIS are typically developed as a combination of velocity deficit and wake

deflection models, and some also have custom turbulence and combination models. The

descriptions below use the typical combinations except where indicated. The specific settings

can be seen in the corresponding input fles found in the source code dropdowns.

inport. nuspy
inport matplotiibpyplot as pit

from floris import Florishodel

inport flors. flow_visualization as flowv

import flords. Layoat visustization as tayoutviz

NRELSHW_D = 126,

def model_plot(inputfile, include_vake_deflectionsTrue)
7 figsizes(10, 10))

ayout_y=np.array(
yaw_angles=yaw_angles,
horizontal_plane = fmodel.calculate_horizontal_plane(he

i VESAtios I pikae b Iaoatat Tl e e v yee)
Tayoutviz.plot_turbine_rotors(faodel, ax=axes, yaw_angles=yaw_angles)

Example: Visualize y cut plane

“Example: Visualize y cut plane

Demonstrate visualizing a plane cut vertically

isport matplotlib.pyplot as pit

ris iaport Florish

hrough the flow field along the y

todel
Trom Tlarl. flow visuat ization port visualize_cut_plane

faodel = FlorisModel(*../inputs/geh.yaal")

# Set a3 turbine Layout with wind direction along the rov
et(

frodeL.sa

)

# Collect the yplane

fmodel. calculate_y_plane(x_resolutions200, z_resolution<10d, crossstre

# Plot the flov fiel
Tig, wx - plt-subpots figsize=(10, 4))
Vislalize_cot_plane

_9lane, axeax, min_speede3, max_speed=D,

pit.showl)

i rings
“arnings. filtervarnings(*ignore')

label_contourse’

e, title="y cut |

NREL
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Open-source software community




We support and encourage interaction on github

Issues

= Q NREL | floris a 8 ©

Discussion forum Pull requests

= 0 NREL / floris a a8 o n e

Wake model <> code (© Issues 64 Il Pullrequests 18 D Discussions (® Actions fE Projects 10 @ security " <> Code (D Issues 64 Il Pulirequests 18 ¥ Discussions @ Actions [0 Projects 10 @ security

Discussions

prith-gs asked on Dec 8, 2022 in Q&A - Answered

Filters - Q isissue is:open ©lLabels 16 ¢ Milestones 4 ©labels 16 o Milestones 4

How to get the velocity of points at rotor
plane but not within the swept area?
Darry6682 asked 4 days ago in Q&A - Unanswered

CubatureGrid design and validation
rafmudaf started on Apr 18 in v4 Design Discussion

Layout optimization in FLORIS

Marcodep23 started on Apr 30 in General

Crespo-Hernandez turbulence model
cheoljoon asked last week in Q&A - Unanswered

V3 Simulation Boundary Condition
Influence
nrz22 asked 3 weeks 2go in Q&A - Unanswered

Yaw control under AWC operating model
clown391 started 2 weeks ago in General

flow_field_grid Solver

Jlewis17 asked on May 1in Q&A : Unanswered

Turbine Turbulence Intensity values
prith-gs started on May 10 in General

No module named 'floris.tools"
zkdtxby asked on May 16 in Q&A - Closed - Unanswered

Incorrect Wake Visuzlization
Nellytado asked on May 8 in Q&A - Unanswered

(© 6a0pen .~ 176 Closed
Author=  Labsl~  Projects~  Milestones - Assignee~  Sort~

© Ishihara Qian turbulence model

#1001 opened 10 hours ago by maapasan

© Complete multi-dim code (@8aimenanen) CITIIL) (ExEmaes

#9689 opened 2 weeks ago by paulf [} 6 tasks

© Allow "unsetting" itical keyword to Floris! -set(}

#974 opened on Aug 30 by misi9170

© ParallelFlorisModel updated to match FlorisModel API
#971 opened on Aug 22 by paulf81 O 5 tasks done

© Bug report: Cumulative Curl does not work with the turbine_cubature_grid
solver () v

#970 opened on Aug 22 by Bartdoekemeijer

© Bug report: shape mismatch error when evaluating yaw angles with zero-
frequency entries in the wind rose (CT) wa
#963 opened an Aug 18 by Baridoekemeijer

© Hetergenous map is sticking when expected behavior would be to remove €T

#959 opened on Aug 7 by pauls
(© Bug: Setting the turbine type with a list causes power setpoints to be ignored
#958 opened an Aug 7 by paulfs1

@ Issues when running FLORIS 4.1.1
#951 opened on Jul 26 by misig70

© i imizati ipy and Yawoptimizati optimize
methods across wind speedsidirections

#944 opened an Jul 12 by achenry

© Allow users to specify whether to use mirror wakes in EmG mode| RIS

#935 opened on Jul 2 by misig170

© Memary Deallocation in FlorisModel.run method

#926 opaned an Jun 19 by achenry

© Precise power calculation when running with WindRose objects (IR

#918 opened on Jun 6 by misigT70

(© GPU Usage

11 180pen 474 Closed

[m]

[m]

Author=  Label~

Projects - Milestones = Reviews~  Assignee~  Sort~

i [BUGFIX] Improve handling of multidimensional turbine conditions -

#996 opened last week by MisigT70 - Draft 1 0f 3 tasks

FLORIS v4.2 v

#994 opened last wesk by misia170 ) 3 of 4 tasks

Add automatic benchmarking to FLORIS < (IR

#992 opened 2 weeks ago by paulfB! [ 3 tasks

i Add op_rose class v (Il

#964 opened on Aug 19 by pauls1 - Draft. £ 10 tasks

Improve examples

#956 0pened on Aug § by

c

i Wind direction heterogeneity * (IR

#954 opened on Aug 1 by misi170 - Draft 3 6 of 16 tasks

i Add back in explicit windows and mac testing *

#953 opened on Jul 30 by pault81 « Draft

Add MIT yaw correction model (3rd pass)

on Jun 18 by jaimeliew! - Draft

i Eddy viscosity wake model - (EiSimenaon (@ampies) (XL CETED

ft O8ofo

i Add example testing Tl in emg *

#841 cpened on Mar 13 by pault81 - Draft [l 4 taske

¢ Tum misalignment model

#832 opened on Mar 6 by sTamaroTum - Draft

Enhancement: Add a Dimension Validator for 5-D and 3-D Array Structures

#763 opened on Dec 12, 2023 by RHammand? + Approved 2 v36

Add infrastructure for vertical-axis wind turbines [ new-teature J

#701 opened on Aug 18, 2023 by vallbog

Add super-Gaussian velocity model for vertical-axis wind turbines

foris simulation

#700 opened on Aug 18, 2023 by valibog




Basic FLORIS usage




1 import numpy as np
2 from floris import FlorisModel, TimeSeries

‘ # Load the Floris model . :
' ¥ Loodl the F Input file contains wake model parameters and

specifies turbine to use

7 # Set up inflow wind conditions

time_series = TimeSeries( Wind data objects (TimeSeries, WindRose,
g wind_directions=27@ + 3@ * np.random.randn(1@@), WindTIRose, etc) conveniently package inflow
18 wind_speeds=8 + 2 * np.random.randn(10@), conditions

11 turbulence_intensities=0.86 + 0.82 % np. random. randn(100],

12 )

13

14 # Set the wind conditions for the model

15 fmodel.set(wind_data=time_series) Setinflow conditions, farm layout, control

6 setpoints, etc. (replaces reinitialize ())
17 # Run the calculations

18 fmodel.run() Execute solve, takes no inputs (replaces

19 calculate wake())

208 # Extract turbine and farm powers

21 turbine powers = fmodel.get_turbine_powers() / 1000.0

Extract outputs after solve

22 farm_power = fmodel.get_farm_power() / 1000.0

2 print{turbine_powers.shape)
25 print{farm_power.shape)




wake_deflection_parameters:

2 name: GCH gauss

3 description: Three turbines using Gauss Curl Hybrid model ad: 0.9

4 Tloris_version: vd4 alpha: @.58
5 bd: 0.0

6 - logging: . i beta: @.877
7 ~| console: Logging Deflection dn: 1.0

8 enable: true para meters ka: .38

9 level: WARNING kb: 0.004
18 ~ |- -file: et

jimenez:

11 enable: false .
12 level: WARNING e
13 0.0
= i i : 0.05
14 - solver: Gr|d p0|nts
15 type: turbine_grid N .
16 turbine_grid_points: 3 wake_veloclty parameters:
17 cct
18 ~ farmz a 8.179367259
layout_x: b, 8.0118889215
- 8.8 G : 9.8563691592
- §30.0 . €_s
tayout_y: Farm details af: 3.11
- 0.8 2 8 b_f: -@.68
oo Deficit o
turbine_type: pa ra mete rs alpha_mod: 1.0
- nrel SMW gauss:
= iea_ 10MW alpha: @.58

beta: @.877

~ flow_field: ka: 8.38
air_density: 1.225 kb: 9.004
reference_wind_height: 98.8 # Since multiple defined turbines, must s jensen:
turbulence_intensities: we: 0.85
- 0.086 .
wind_directions: InﬂOW deta|lS wake_turbulence_parameters:
- 270.9

crespo_hernandez:
l: 8.1
8.5

wind_shear: 8.12
wind_speeds:

- B.0

39 wind_veer: 0.8

Turbulence
parameters

constantz
ai: 0.8
downstream: -8.32

41 ~ wake:

42 ~ | model_strings:
combination_model:
deflection_model: g
turbulence_model: cre

(LI L U CETES Wake model selection
le_secondary_steerin

aw_added_recover
sverse_veloci

Anything can be set dynamically, too!

enal
enal

enable_active wake mixing: false

a



onent_tilt: 1.88

i 4.828e-03
i 4.017e-11

0.000000
0.000000
42.733312
292.585981
607.966543
981.0897693
1401.98084
1858.67086
2337.575997
2824.097302
3303.86456
3759.432328
4178.637714
4547.19121
4855.342682
5091.537139
5248.453137
5320.793207
5335.345498
5437.98563
5631.253825
5920.980626
6315.115682
6824.4700867
7462.846389
8238.359448
9167.96783

1.390e-03
5.084e-04

Documentation

Physical characteristics

Operation model

Power/thrust curve
metadata

Power/thrust curve
definition

NREL
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New in FLORIS v4




Updated procedure for setting up and running

> fmodel = FlorisModel (‘inputs/gch.yaml’)
> fmodel.set (wind data=time series)

> fmodel.run ()

set () replacesreinitialize ()

run () replacescalculate wake ()

NREL | 22



New underlying data structure

* Wind conditions collapsed into a single findex
dimension, ratherthan wind directions x
wind speeds

* Enables arbitrary changes per £index, for example, varying
turbulence intensity

* Similartorunningin time series=Trueinva3

NREL | 23



WindData objects

WindRose

For running over a grid of wind
speed, wind direction
combinations

Specify frequency of
occurrence of each
combination - o s

4-8 m/s
B 8-12m/s
3 12-16 m/s
[ 16-20 m/s

Useful for
AEP W

evaluations

TimeSeries

Forrunning a series of unique
wind conditions

Useful for playing through
observations

—— TO000 wind dir.

TOOO yaw pos.

—— T001 wind dir.
<+ T001 yaw pos.

T001 power
g
20 0 60 80

Time [s]

NREL | 24




Turbine operation models

Allows flexible definition of the turbine actuator disk and how it operates

Cosine loss Simple derating Active wake control

Default, loses powerto Approximate model for Models how turbines
yaw according to how turbines behave perform with Helix
cosine exponential in derated operation wake mixing

model

7 et
1750 1 TR, X U=7mj/s
] ' L T,

1700 1

1650 1

3
Amplitude [deg]
& 1600 1 5
= Relative thrust loss, OpenFAST v FLORIS

g g b 100 { b,
B T
1550 1 - e
g 0991 itz
g &
g —— Power setpoint (MW): 5.0 8
1500 . 3 008
Power setpoint (MW): 4.0
—— Power setpoint (MW): 3.0 1
; : ; ; : 4 — Power setpoint (MW): 2.0 )

1450 1 2 3
Amplitude (deg)

4] 5 10 20 25 30

Yaw angle [deg]
wind speed [mys]
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Symmetry between FlorisModels

: UncertainFloris :
FlorisModel - - ParFlorisModel
Model

Basic class for running
FLORIS calculations

Class for runnin Class for running
: calculations with

calculations under )
parallel computing

— uncertainty — —
<4 <4 <4

NREL | 26




New wind farm layout optimizers

Random Search Gridded

Randomly perturbs turbine Maximizes number of turbines
locations to look forimproved thatfitinto a boundaryina
layouts gridded pattern

Robust to initial condition, Useful for generating a
complex boundaries suboptimal gridded layout

= Initial locations . New locations

Genetic parallelization

8000 . @ ode - PR ———
LEJ . L /—
. . IS
6000 4 Y bl b B ] .. 5
\d . .
2 .e ey | . :
. see
. oo, © . L

7

4000 4

E 20004

0

AEP improvement [%]

—2000 4

T T T T T T T
0 5000 10000 15000 ) 20 40
X location [m] Generation |- 0 200 400 600 800 1000 1200

x (m)

https://iopscience.iop.org/article/10.1088/1742-6596/2767/3/032036
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SCADA filtering

Bias correction

e

Uplift analysis

&

Model fitting

NREL | 29



SCADA filtering
Filtering and outlier

detection for power
curves

e Abnormal conditions
* Abnormal operation
e Stuck sensors

Bias correction

M

27

Correction of
northing bias (yaw
encoder bias) via
wake position
comparison

Uplift analysis

Comparison of
power and energy
production between
two or more test
cases

* Energy ratio
* Totaluplift

Model fitting

Parameter fitting for
FLORIS turbine and
wake models to SCADA
records

* EmG parameters

* Wind dir. variability
* Yaw cosine exponent

NREL | 30




FLORIS examples




Thank you

www.nrel.gov

michael.sinner@nrel.gov

Thiswork was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the
U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028308. The views expressed in the article do not
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