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PyWake

» Open source python package from DTU

« Static wind farm simulator
« Computes:

— Effective wind speed (including wakes)

— Power, AEP
— Flow maps

— Analytical gradients via
automatic differentiation

» Very fast
» Suitable for optimization
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PyWake overview

PyWake
Wsref; WDref: Tl ref Site
WT positions, type
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PyWake overview
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PyWake overview
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PyWake engineering models
Engineering models
WS, G, distances, etc j¥akeBeticioae!
Do’wn'stream de;"icit » NOJ, GCL, Fuga, Bastankhah,
Zong, Turbo Gaussian etc.
) BlockageDeficitModel
WS, Gy, distan ces, elgy,  selfSimilarity, VortexCylinder,
Upstream deficit RankineHalfBody, etc.
Engineering Wind Farm models WS, Rotor-avg dE'ﬁCIt> SUperpOSiﬁonMOdel
WSt LinearSum, SquareSum, etc.
Propagate- | | A jAlliterative
Downwind deficit RotorAverageModel
Rotor-avg deficit RotorCenter, Grid RotorAvg
Distances, etc > DeflectionMod el
Deflected distances Jimenez, Fuga, GCLHillvortex
Gy, Tl, distances, etc »

TurbulenceModel

Tt STF2005, STF2017. GCL, etc.
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PyWake wake deficit models

Engineering Wind Farm models

Propagate-
Downwind
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Al2Alllterative

Engineering models

WakeDeficitModel
» NOJ, GCL, Fuga, Bastankhah,
Zong, Turbo Gaussian etc.

WS, Cy, distances, etc
Downstream d eficit

4 BlockageDeficitModel
WS, Cr, distan Ciljc"_et“} SelfSimilarity, VortexCylind er,
Upstream deficit RankineHalfBody, etc.

WS, Rotor-avg defici
WSest t>

SuperpositionModel
LinearSum, SquareSum, etc.

deficit

RotorAverageModel
—p
Rotor-avg deficit

RotorCenter, Grid RotorAvg

Distances, etc
Deflected distances

DeflectionMod el
Jimenez, Fuga, GCLHillvortex

>

Gy, Tl, distances, etc »!

TurbulenceModel
Tlest

STF2005, STF2017. GCL, etc.
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PyWake wake deficit models

Engineering models

WS, G, distances, etc WakeDeficitModel

» NOJ, GCL, Fuga, Bastankhah,
Zong, Turbo Gaussian etc.

Downstream d eficit

4 BlockageDeficitModel
WS, G, distan ces, etq,, “gaifgjmilarity, VortexCylinder;

Engineering Wind Farm models

Upstream deficit RankineHalfBody, etc.
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Propagate-

Downwind All2Alllterative

WS, Rotor-avg deﬁcit>

WSt G—) <

LinearSum, SquareSum, etc.

deficit RotorAverageModel

Rotor-avg deficit RotorCenter, Grid RotorAvg

Distances, etc DeflectionMod el

Deflected distances > Jimenez, Fuga, GCLHillvortex
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PyWake wake deficit models Rotorcanteravgideicki2smis
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PyWake wake deficit models

Engineering models

WS, G, distances, etc WakeDeficitModel

Downstream deficit » NOJ, GCL,Fuga,Bas.tankhah,
Zong, Turbo Gaussian etc.

4 BlockageDeficitModel

WS, Cr, distan ces, etc} SelfSimilarity, VortexCylind er,

Engineering Wind Farm models

Upstream deficit RankineHalfBody, etc.

SuperpositionModel

Propagate-

Downwind All2Alllterative

WS, Rotor-avg deﬁcit>

WSt LinearSum, SquareSum, etc.

deficit RotorAverageModel

Rotor-avg deficit RotorCenter, Grid RotorAvg

Distances, etc DeflectionMod el

>

Deflected distances Jimenez, Fuga, GCLHillvortex

Gy, Tl, distances, etc »!
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Case study

—2x2 DTU 10 MW wind turbines

600 PyWake 10.00 P ( 6 )
7 ® Fower = power| CoS WS
4 DTULOMW p yaw
SO0 SR EEERCe Y 589 e CT = ct(cosb - ws) cos? 6
e Lower row: 9.3MW 78 ( yaw ) yaw
200 - _ —10m/s, 6% turbulence intensity
0 1 -6.67 w . . .
0 / }'—— s £ T Zong gaussian wake deficit
— - J. i)
£ 00 +.a & —Linear superposition
2 .
400 333 B 7 points rotor average
} . 3_ . — Jimenez wake deflection(B = 0.0268 ~ 6% TI)
—600 - :
1.11
—800 A
T 0.00

0 250 500 750 1000 1250 1500
x [m]
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PyWake to Dynamiks

PyWake
600
A  DTUlOMW
400 - e Upper row: 9.7MW
e Lower row: 9.3MW
200 4
0 1
o / | —
—200 A
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2 3
00 { f { —
—800 A
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Technical University of Denmark
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PyWake to Dynamiks

PyWake, 0.02s Dynamiks, 6.75s

600 — 10.00 600 — 10.00
4 DTUlOMW | s 89 e Upper row: 9.9MW
400 - e Upper row: 9.8MW - 400 - e Lower row: 9.3MW [ 8.89
e Lower row: 9.3MW
-7.78 -7.78
200 A 200 A .
0 1 -6.67 © 0 1 - 6.67
o1 f }- E _ e —
- -5.56 © — 0 L 5.56
E 9 E '
—200 - o —
> 444 & —200 A
- > 4.44
—400 - 333 = —400 3.33
2 3 - .
—600 1 } - _ 2.22 —600 - } - 2.22
1.11
—800 - 800 - 1.11
. . . . . T - 0.00 0.00
0 250 500 750 1000 1250 1500 i :

0 250 500 750 1000 1250 1500
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PyWake to Dynamiks

PyWake, 0.02s 2.0
600 —r 10.00 600 10.00
A DTU1OMW e Upper row: 12.8MW
400 e Upper row: 9.8MW 8.89 400 - e Lower row: 13.7MW - 8.89
e Lower row: 9.3MW L 778 L7 78
200 - 200
0 1 -6.67 © 0 1 - 6.67
o f | — E o / }
E >0 g = [ 5.56
<. —200 =3 = 00
444 5 . —200 4.44
c
—400 - 333 =
; g -400 3.33
2 3
Ssoo ] f o |
-600 2.22
1.11
—800 - 111
; ; : : ; : ; 0.00 —800 7
0 250 500 750 1000 1250 1500 , . ; : ; . : 0.00
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Dynamiks

Dynamiks: Dynamic wind system simulator
\ v )\ y J \ y J

Time series Single blade to Inflow, wind turbines,
multiple wind farms wakes

» Open source python framework from DTU

— Interfaces HAWC2, EllipSys3D (commercial software, requires licenses)
» User friendly and easy to install
« Modular, flexible and multi fidelity

04 12 2024 ] From PyWake to Dynamiks
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Dynamiks

Dynamiks: Dynamic wind system simulator
\ v )\ y J \ y J

Time series Single blade to Inflow, wind turbines,
multiple wind farms wakes

» Simulate
— Extreme and fatigue loads of wind farms
— Changing inflow (wind speed and direction)
— Turbine control (start-up/shut-down, etc)

— Wind farm control (derating, yaw to optimize total farm production)
« Validation of low-fidelity models against high-fidelity models

04 12 2024 Technical University of Denmark
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Dynamiks, modular, flexible and multifidelity

PowerShear, Hipersim,
LogShear HAWC?2
MeanWind Shear TurbulenceField
[ | |
|
Site
Actuator Disc
(p/ctcurve)
Power, loads WindFarm- ' .
Flowmaps | FlowModel WindTurbines
| | Parallel
runner
DWM EllipSys-LES
MultiProcess MPI
| | | runner runner
ParticleMotion WakeDeficit Superposition Turb ulence
Model Model Model Model
ParticleMotion, || Ainslie, Fuga, Linear, Square, P nic
HillVortex Gaussian, ... Max, ... P
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Dynamiks, modular, flexible and multifidelity

2.0
600 — 10.00
PowerShear, Hipersim, e Upper row: 12.8MW
LogShear HAWC?2 400 - e Lower row: 13.7MW - 8.89
-7.78
200 1
0 1 -6.67
MeanWind Shear TurbulenceField 0- / }
— -5.56
I | £ ool
> —200 L 4.44
—400 1 3.33
2 3
A(ct/uca:tor DIS)C —600 - } } 2.22
curve
° 1.11
—800 1
0.00

0 250 500 750 1000 1250 1500
x [m]

Power, loads WindFamm-
Flow maps FlowModel

site = UniformSite(ws=10, ti=.06)
wts = PyWakeWindTurbines(x=wt_x, y=wt_y,

- windTurbine=DTU1@MW())
wts.yaw = [-18, ©, 0, O]

EllipSys-LES

| MultiProcess MPI
LSy Ly fs = DWMFlowSimulation(
ParticleMotion WakeDeficit Superposition Turb ulence ite=sit
Model Model Model Model site=site,
| | | l windTurbines=wts,
ParticleMotion, || Ainslie, Fuga, Linear, Square, . ) ) ) .
& g Isotopic fs.animate(250, view=...)

HillVortex Gaussian, ... Max, ...

From PyWake to Dynamiks
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Dynamic Wake Meandering model (DWM)

2.0
400 13.00
300 - L 11.56
— L 10.11
L 8.67
100 A 0
—_ L 7.22
E 0
= - 5.78
—-100 -
4.33
—200 -
2.89
=300 ~ 1.44
—-400 . . . . . . . 0.00
—-200 0 200 400 600 800 1000 1200 1400
x [m]
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Dynamiks, modular, flexible and multifidelity

2.0
600 — 10.00
PowerShear, Hipersim, e Upper row: 12.8MW
LogShear HAWC?2 400 - e Lower row: 13.7MW - 8.89
-7.78
200 1
0 1 -6.67
MeanWind Shear TurbulenceField 0- / }
— -5.56
I | £ ool
> —200 L 4.44
—400 1 3.33
2 3
A(ct/uca:tor DIS)C —600 - } } 2.22
curve
° 1.11
—800 1
0.00

0 250 500 750 1000 1250 1500
x [m]

Power, loads WindFamm-
Flow maps FlowModel

site = UniformSite(ws=10, ti=.06)
wts = PyWakeWindTurbines(x=wt_x, y=wt_y,

- windTurbine=DTU1@MW())
wts.yaw = [-18, ©, 0, O]

EllipSys-LES

| MultiProcess MPI
LSy Ly fs = DWMFlowSimulation(
ParticleMotion WakeDeficit Superposition Turb ulence ite=sit
Model Model Model Model site=site,
| | | l windTurbines=wts,
ParticleMotion, || Ainslie, Fuga, Linear, Square, . ) ) ) .
& g Isotopic fs.animate(250, view=...)

HillVortex Gaussian, ... Max, ...

From PyWake to Dynamiks
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Dynamiks, modular, flexible and multifidelity

2.0
600 — 10.00
PowerShear, Hipersim, e Upper row: 12.8MW
LogShear HAWC?2 400 - e Lower row: 13.7MW - 8.89
-7.78
200 1
0 1 -6.67
MeanWind TurbulenceField 0- / }
— -5.56
E
> —200 7 4.44
—400 1 3.33
2 3
A(ct/ucz:tor Dls;c —600 - } } 2.22
curve
° 1.11
—800 1
0.00

0 250 500 750 1000 1250 1500
x [m]

site = UniformSite(ws=10, ti=.06)

wts = PyWakeWindTurbines(x=wt_x, y=wt_y,
windTurbine=DTU1@MW())

Power, loads WindFamm-
Flow maps FlowModel

Parallel
runner

EllipSys-LES
wts.yaw = [-18, ©, 0, O]
| MultiProcess MPI
LSy Ly fs = DWMFlowSimulation(
ParticleMotion WakeDeficit Superposition Turb ulence ite=sit
Model Model Model Model site=site,
| | | l windTurbines=wts,
ParticleMotion, || Ainslie, Fuga, Linear, Square, . ) ) ) .
HillVortex Gaussian, ... Max, ... LiopiC fs. anlmate(zse, View=... )

From PyWake to Dynamiks
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tf = MannTurbulenceField.generate(Nxyz, dxyz)
tf.scale TI(TI=.06, U=10)

site = UniformSite(ws=10, ti=.06) site = TurbulenceFieldSite(ws=10, turbulenceField=tf)
2.0 2.0
— 10.00 — 13.00
500 - | 8.89 = L 11.56
250 - -7.78 250 -10.11
0 1 L 6.67 0 1 - 8.67
= 0] / + - 5.56 = 97 / + - 7.22
= —250 - | 4.44 = —250 - Lt 5.78
SHER 4.33
=008 } 2 } ’ 2.22 gl } ‘ } ’ 2.89
—750 - 1.11 —750 - 1.44
T T T T 0.00 , - - : 0.00
0 500 1000 1500 0 500 1000 1500
x [m] x [m]
% 12.5 + —— Upstream % — Upstream
= 10.0 —— Downstream — 101 —— Downstream
q;; 7.5 - — Sum row 0;; —— — - — Sum row
e . T T T T T Upper row a 514 . o T . Upper row
10 12 14 16 18 2.0 ___ jowerrow 10 12 14 16 18 20 ___ jowerrow
Time [s] Time [s]
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Dynamiks, modular, flexible and multifidelity

Hipersim,
HAWC2

PowerShear,
LogShear

TurbulenceField

MeanWind

l

Actuator Disc

(p/ctcurve)

Power, loads WindFarm-
Flow maps FlowModel

oy

indTurbines

Parallel

runner '

MultiProcess
runner

EllipSys-LES

ParticleMotion WakeDeficit Superposition Turb ulence
Model Model Model Model
ParticleMotion, || Ainslie, Fuga, Linear, Square, .
Isotopic

HillVortex Gaussian, ... Max, ...

From PyWake to Dynamiks
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wts

= PyWakeWindTurbines(
x=wt_Xx, y=wt vy,

windTurbine=DTU10MW())

wts.yaw = [-18,0,0,0]
2.0
— 13.00
500 1 L 11.56
250 - L 10.11
0 1 - 8.67
- O 7
g / * L 7.22
> —250 - 5.78
4.33
. i 2 3
500 * * 2.89
—750 - 1.44
T T T T 0-00
0 500 1000 1500
x [m]
T [ee———================
=
w 10 1 T
s 10 o
g " - -
(@] )
& 5 1 1 T 1 1 1
10 12 14 16 18 2.0 ___

Upstream
Downstream
Sum row
Upper row
lower row

wts = HAWC2WindTurbines(
x=wt_x, y=wt vy,

htc_filename_lst=[ "htc/DTU_10MW RWT yaw-18.htc’,
"htc/DTU_10MW _RWT.htc'],

types=[@)1)1:1])

2.0
—13.00
500 1 L 11.56
250 4 L 10.11
L 8.67
= 0] J ) L 7.22
= —250 - I-5.78
4.33
—007 ) ) 2.89
—750 - 1.44
T T T T 0-00
0 500 1000 1500
x [m]
T 0051
=
~  0.00 -
[}
3
Q- -0'05 1 1 1 1 T 1 1
10 12 14 16 18 20 __._

Time [s]

Upstream
Downstream
Sum row
Upper row
lower row
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DTU ‘} . Mann Turbulence
“I : " — generator
>
w A . Aero BEM/NearWake ‘ Aero External / DWM
HAWC2 g - — | \‘! MIRAS / EllipSys
General non-linear time domain b«@ \ » s - T

response

DTU WE Controller (DLLSs)
External Systems (ESYS)
3D Visualisation

Pre- and post-processing

Generator, pitch,

Aero Flaps
break servos |

{_ Controller

6x6 coupled
stiffness matrix

Wave kinematics:
User defined
Linear wave theory

Hydro Morison

ESYS mooring lines ,
and power cables
ey Added stiffness due to mud \ 4
. ‘ : Earth quakes Soil: k-y springs

lllustration by }qsrhfm Bauer, NREL = | " i : REDWIN (external DLL)

Linear super element
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HAWC2:
Examples and applications

HE

S |

SRR TENY eOCVCLe(‘

T e R g

b MINGYANG SMART ENERCY ry=s > \
& LR GOLD ~
BERm-ESDER aerodyn engineering Nezzy? ;
Scaled 1:10
/ ®
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wts = PyWakeWindTurbines( wts = HAWC2WindTurbines(
x=wt_x, y=wt vy, x=wt_x, y=wt vy,
windTurbine=DTU10MW()) htc_filename_lst=[ "htc/DTU_10MW RWT yaw-17.htc’,
wts.yaw = [-17,0,0,0] 'DTU_10 MW/htc/DTU_1OMW _RWT.htc'],
2.0
500 - 13.90 20 — 13.00
11.56 500 -11.56
250 + . - 10.11
0 1 Full aero elastic model e
3 - * - Structure model including forces, rotations -7.22
> —250 - deflection, etc. -5.78
. \ . . 4.33
-500 A * : * 3 - Medium fidelity aerodynamic model T
—750 - - Each blade sees the actual turbulence 1.44
. T 0.00
3 00 W - Advanced skew inflow model 1500
x [m] - Effects of variations over the rotor
- Load evaluation
e — =~ 0.05
% Upstream g —— Upstream
=104 —— Downstream ~  0.00 - Downstream
03) . am — Sum row g — Sum row
(@] [e]
& 5-5 ; l ; ; ; Upper row a —0.05 1, ; ; l . ; Upper row
10 12 14 16 18 2.0 ___ |owerrow 10 12 14 16 18 20 ___ |owerrow
Time [s] Time [s]
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Dynamiks, modular, flexible and multifidelity

Hipersim,
HAWC2

PowerShear,
LogShear

TurbulenceField

MeanWind

l

Actuator Disc

(p/ctcurve)

Power, loads WindEam® ] ' )
< Flowmaps ~— | FlowModel ﬂdeTurblnes (
. \ HAWC2
- I B
F | - , - Parallel
runner

EllipSys-LES J

DW
7/
MultiProcess MPI
| runner runner

ParticleMotion WakeDeficit Superposition Turb ulence

Model Model Model Model )
ParticleMotion, || Ainslie, Fuga, Linear, Square, P nic

HillVortex Gaussian, ... Max, ... P

From PyWake to Dynamiks
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fs = DWMFlowSimulation( fs = Ellipsys3D MPI FlowSimulation(
windTurbines=wts, windTurbines=wts,
site=site) input file="./input.dat")
2.0 2.0
— 13.00 — 13.00
500 - 11 56 Sty - 11.56
250 -10.11 250 - - 10.11
L 8.67 L 8.67
z O } ) 559 £ 9] J ) - 7.22
> =250 4 t5.78 = =250 - -5.78
4.33 4.33
-500 4 ) 285 —007 ) ) 2.89
~750 - 1.44 -750 4 1.44
1 1 1 1 0.00 L L 1 L O-OO
0 500 1000 1500 0 500 1000 1500
x [m] X [m]
T 0.05 T 0.5
s  — Upstream s — Upstream
'g 0.00 4 Downstream E‘ 0.00 - Downstream
g — Sum row g — Sum row
a —0.05 - T T T T T T Upper row a —0.05 - T T T T T T Upper row
10 12 14 16 18 20 ___ jouerrow 10 12 14 16 18 20 ___ jowerrow
Time [s] Time [s]
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fs = DWMFlowSimulation( fs = Ellipsys3D MPI FlowSimulation(
windTurbines=wts, windTurbines=wts,
site=site) input file="./input.dat")
2.0 2.0
— 13.00 — 13.00
ey - 11.56 el - 11.56
250 4 -10.11 250 4 -10.11
- 8.67 L 8.67
A J ) - 7.22 £ 9] J ) - 7.22
= —250 - H 5.78 = —250 - -5.78
. 4.33
~500 1 ) e ) 2.89
- High fidelity CFD LES flow model
—-750 4 1.44
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0 500 1000 o . 0 1000 1500
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- Implicit wake-added turbulence
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=  0.05 1
% —gpsueam :;_ —— Upstream
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g — Sum row g — Sum row
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1.0 12 14 16 18 20 ___ |owerrow 10 12 14 16 18 20 ___ |owerrow
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What if

What if:

— Wind direction changes

Then:

— Yaw controller estimates wind direction from the turbulent wind speed
— Yaw controller waits to ensure that the mean wind direction really has changed
— Yaw controller realize that the wind is aligned with the row

— Yaw controller gives a 18deg misalignment setpoint to the yaw actuator
— Yaw actuator starts to yaw

— Turbine reaches its misaligned angle

— Wake starts to deflect

— Deflected wake advects to the downstream turbine

— Downstream turbine starts to produce more power
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