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Motivation

» Fast response methods are developed using Hill's method: two Fourier-based
approaches and a single one is Laplace-based.

« Floating wind turbine model includes floater pitch motion, blade deflection, and
dynamic stall consideration.

» Forcing exerted on the structure is influenced by the coherent turbulence velocity
and sheared inflow velocity, as well as by a stochastic or harmonic floater pitch
moment excitation representing the hydrodynamic moment.

« We determine the response contribution in accuracy with higher order harmonics
consideration and investigate the CPU reduction benefit of fast response methods.
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Model implementation

(V{)+ AVoturb + ﬂl“"r{).l,she.alr)CUS(ES)

i

Period: T =2m/Q
Blade azimuthlal angle: ¥(t) = % (I-1)+ .
Blade deformation: ur(ryt) = o1 (r)a(t)

Moment arm distance: D;(d,t) = H + dcosW¥;(t)
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Complete EOM assembly for the Time Domain Model (TDM) DTU Wind Energy

W

EOMfortheTDM: M 2+C &+ K o=y
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_ 0 000 9 61,(r) 0 0 wisir(r)

, 52 2Dy, t) Dy (1) 0 0 0 | e Ke. 0 0 0
oo “m(r) 2Dy (rt)p1s(r)  paywis(61s(r))° 0 0 P B U
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Airfoil velocity triangle :
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Ly cos(p)

Geometric identities:

o =ao;+ 51
¢ =tan" ! (=Va,/Viy)
Vou =Wz = H) + AVy,

2 _ 12 2
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Aerodynamic load characterization : DTU Wind Energy

. 1 ;
Lift force:  L; = §P{ECL,E Vi tr=d

E‘_é’ﬁ Inflow 0 (VU(H) (E)V)

--------------------- velocity: Vo, =Vo(H) +

rotor plane : 92
z=H
() + Valt) (15 ) 48V
) AVo shear

Normal velocity

component: Vig = (1 —a) | Voy — & (H + dcos ‘I'E),_?lﬁbi[(d),

-~
%5 9’! Va£

Tangential velocity

. Vrot = —Qd
Component.
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DTU Dynamic Stall model linearization Airfoil FFA-W3-241 : DTU Wind Energy
o T T T i 1
*= Dynamic lift for Stig @ye model : e
10.8
CL (th f&) - fs()L}inv (ﬂ'!.) + (1 - fs)CL,staH (ﬂft)
10.6
Separation function ODE linearization for Stig @ye model : -
10.4
r fs,
is Llin - __I_I_
3ty T | DE
afs Sstatic,l 6(331 :
f s,static| 4 + (:)Oig y P 5'5 ) 65—'_ 0
— ; .
<
af s,static,l 6¢I . af s,static,l a@g
A s AV,
T W B DTN .
s o
o
Aerodynamic load linearization for Linear Model (LM): E
O (Lagin cOS Qrpin) 1 oCry, é -
( 5 ) = 5PC ( 8-” ) cosqﬁstVT,QeLSt =
0 COS Oy tin 0 I/'rgel,l , , ,
+CL,3t %ﬁﬁu Mig)st + CL,st COS Py (()) 20 30 40 50
st y o [deg]
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DIU  State-Space formulation for Linear Model (LM): TV Wind Enerey
o
> .- . -
EOM for the LM: £5£+(gg+gﬂ)£+§3£:£l,
- OMacro,tin_ OMacrotin OMaero,iin _ OMyin T
OGFay lin OGFa, lin
T e o 0 0
C,=
=  0GFay tin 0  0GFay tin 0
d&s Oas
OGFay 1in OGFq, 1in
-_Tiz 0 0 — e st
State-Space general form: q=Aq+Fp
_gclxd_ iixd} I:QIXE]
Y e a1 r—1lap /s LT T
O | ey o 5 (e L | e V70 Y IR P AU 00 O P
L =3x4 I:dis,i/dijilgxd {diﬂ/ isﬂl:}x:} 4 st
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DTU Fourier Transform based Fast Response methodology DTU Wind Energy
o
- Windowing function:
. X ' 1 1 1 1 1 1
State-Space ODE general form: ¢(1) = Aq +|Fg(t) " ., ( \
—06F
Forcing input is expressed Fp(w) = FFT (Eg(t)) c%o
in the frequency domain: “
0.2
e —
0 500 1000 1500 2000 2500 3000
Time [s]
The State-Space ODE is written S piwst _ st
Wg Wq = Wq —+ F Wy ;
in the frequency domain: S;ml d SZOO( sl )) e
Solve response in frequency domain given (W) = (1 i 4) - £ (w)
the transfer function and forcing input: 9\ R == B -
H(w)
Solve response in time domain through the -

inverse Fast Fourier Transform algorithm: i(t) = R{FFT (ﬂ (W))}
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Fourier double sided truncated series (Hill's decomposition) :

Perturbation theory

DTU Wind Energy

N N N
1702 . .. . 1152 l-ﬂ
- Z q,(t)e” OE Z ((139)25;@)4‘%@))6} oand A ()= Z 4,¢ g
j=——N j=—N j=—N
— aF A — — A"
=—j gy’ =L,—j =L.j

Perturbation method applied q(t) = 8°q,(t)

to variables:

g(t) = 8°q,(t

N N
A) =04, + ) SMA ()" = A + ) A (1),
n=1

Z 5'"'(] (mQt - 50(10

_+_Z(5n

n=-—N n=1
+ Z (S|n| l'NQ einQ (10 + Z (S"
n=—N n=1

n=

N
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System of equations:

m=0 [=0

ﬂn(t) 121 Q}, FHJ'()
q,()=A4, 4 +A

- Zé?f,g 4, ,= é A
=0
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Double Perturbation method

ZZ—HQ 0 4 Fpy 1 (1)

Harmonics to solve:
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Single Perturbation DTU Wind Energy
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Difference in perturbation applied to A;(t) : 4 (t)=A (t)+cA
— ) =L.,0 =L

N
Same as Double Perturbation:  ¢(t) = g (t) + Zengn(t), q(t) = Qo(t) + Z Enén(t)
n=1

System of equations: ~ €" : go(t) = éL’UQO + Fp (1)

< ql(t) - éL,Ogl + 4,4,

n . o 't ~ 1 ~
< gfn(t) o éL,Ogn T éL gn—l
Additional derivations are not covered in
this presentation.
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DTU
= Laplace Transform and Single Perturbation approach combined

The inverse of the Laplace Transform of the equation defined in the s-domain
determines the solution in time domain:

(si - ém) - (%EB,L(ti) + go(ti—l)) }

L1 {@1(5)} = L1 (‘?z — éb,{]) o (1 (EB,L (ti))mod + Q1(tf—1)> } (EB,L (tZ)) — (22;1 é[,n) go(ti)

4

L.

o {go(s)} — !

mod

\

Additional derivations are not covered in
this presentation.
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Variable Symbol Value

Mooring lines horizontal stiffness K psoor 66700 N/m
Mooring lines anchoring location 7.0 60 m

Floater spar bottom location T Bot —120 m

Floater spar diameter Dgpar 11.2 m

Floater mass MFEioater 1.0897 - 107 kg
Floater center of mass ToM Floater —105.95 m
Floater inertia at center of mass  Iown pioater 1.1627 - 10'° kg m?
Tower mass Mrower 5.4692 - 10° kg
Tower center of mass oM Tower  96.40 m

Tower inertia at center of mass  IomTower  4.2168 - 10° kg m?
Rotor hub height H 119 m

Rotor mass M Rotor 227962 kg
Nacelle mass M acelle 446036 kg
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Stochastic hydrodynamic moment computed for the
floater pitch moment characterization

Hydrodynamic
—_—
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- Stochastic hydrodynamic moment:
x10”
Simulated Hydro*0.2
3 Harmonic Load cases analysed:
= 2 Load Aero: Inflow velocity Hydro: Floater pitching moment
EL‘I_ 1 ( " Wbadh Al “ , ' i ‘ | Case Constant Sheared Turbulent Harmonic Stochastic
I il AR o | | o R R
= (UARRRARCELARLE R TR Y — v y
o 0 | D v v
g ‘ | | | I‘ ‘ I ‘| | | E / / /
= [LAAStA h}'||. A A (i \‘
o -1 | il - , _
5 | | il | |
>
T 2

-3

_4 1 1 ] ] ] ] ] 1 1

0 200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Harmonic hydrodynamic moment:

Mp = Ay cos (1)
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Load Case C:

Fourier Zeroth harmonic
Fourier Single Pert. up to &'
Fourier Single Pert. up to &
Fourier Double Pert. up to 4
Fourier Double Pert. up to 42
Laplace Single Pert. up to &'
TDM

LM

[ ]
oo Load Aero: Inflow velocity Hydro: Floater pitching moment N
Case Constant Sheared Turbulent Harmonic Stochastic
C v v
—TDM
e A

55 [rad]

log PSD [rad® Hz"]

Fourier Zeroth harmonic
s Fourier Single Pert. ¢!
Fourier Single Pert. &2
- = =Fourier Double Pert §'
- = —Fourier Double Per §2
Laplace Single Pert. &'
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0.02 0.025 0.03

Signal abs. peak value [-]
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DTU DTU Wind Energy
o> LO ad C ase D : o Fourier Zeroth harmonic

Load Aero: Inflow velocity Hydro: Floater pitching moment * Fourier Single Pert. up to ¢’
Case - - Fourier Single Pert. up to &
Constant Sheared Turbulent Harmonic Stochastic e Fourier Double Pert. up to &'
Fourier Double Pert. up to 42
D v v Laplace Single Pert. up to &'
o TDM
e LM

Fourier Single Pert. £
- = =Fourier Double Pert §!
- - =Fourier Double Per 47
Laplace Single Pert. =

—TDM
- T - T T
= 1S e [V
o ! Fourier Zeroth harmonic
! s Fourier Single Pert. gl

{5 [rad]
&5l

log PSD [rad® Hz "]

4
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03 1 1 1 1 ! 1 L L 1
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i
8 T T T T T T T T T

log PSD [Hz"]

K
1700 1702 1704 1706 1708 1710 1712 1714 1716 1718 1720 025 03 0.35 1 2 3 4 5 6 7 8 9 10
Time [s] Frequency [Hz] Signal abs. peak value [-] <107
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o Fourier Zeroth harmonic
> o Fourier Single Pert. up to &'
Loa ase E Load Aero: Inflow velocity Hydro: Floater pitching moment Fourier Single Pert. up to ¢
C Fourier Double Pert. up to 4
a5€  Constant Sheared Turbulent Harmonic Stochastic * Fourier Double Pert. up to ¢”
Laplace Single Pert. up to &'
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Standard Deviation Relative Error (STDRE): DTU Wind Energy

W

g (a?l,method(t) — (j?;,LM (t))
o (G, (t))

€STD (Q’i,method (t)) —

0.04 Ltiad Qase C 0.04 Load Qase D oa3s . 0.37
T
a 0.02 :
0
3 a, fs 1 {s a, f1
0.04 Load Qase E o0.06 . 0.05

[ JFourier Zeroth harmonic

" [ ]Laplace Single Pert. up to &'
S 002t ] [ Fourier Single Pert. up to &'

» [ JFourier Single Pert. up to &

[l Fourier Double Pert. up to §°
Il Fourier Double Pert. up to 6
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Fast Response methods
CPU time analysis:

Seed 1

ﬂorcing time series computation with inverted Mass matrix stor(h

Zeroth harmonic : Compute A, , through Hill’s decomposition.

Single Pert. : Compute average A, ; and higher harmonics matrix
A (t) =A.(t) — AL, for time series of period T length.

Double Pert.: Compute A, and higher harmonics A; ; from Hill

decomposition, followed by ELJ (t) for time.

Laplace Single Pert. : Simplify s-domain equation symbolically
compute inverse Laplace for time solution.

= =

DTU Wind Energy

~/
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A4
Seed 2

Forcing time series computation for new Seed 2 using stored
inverted Mass matrix from previous Seed 1

Zeroth harmonic : Use stored 4

Single Pert. : Use stored matrices A, and A (t)

Double Pert. : Use stored matrices_ém and_ELJ(t)
\ Laplace Single Pert. : Use stored time domain solution

~

J
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Concluding remarks

» Single and Double Perturbation methods with the Fourier Transform both give the
same accuracy when going to up to the same harmonic order consideration. The
Laplace based Single Perturbation method gives a different accuracy compared to
the Fourier based methods.

» For a simulation run time of 4096 seconds, the Single Perturbation method requires
only 5 seconds execution time and outperforms the linear model which takes
iInstead 40 seconds as well as the time domain model which needs 90 seconds.
The Single Perturbation method usually is faster than the Double Perturbation
method. The Laplace Transform based Single Perturbation approach is slower than
the other methods by requiring roughly a similar execution time as the Linear
Model.

« The overhead computational costs have been reduced, and time loops have been
avoided where possible to improve execution time efficiency of Fast Response
methods.
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