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Background: Aero-Hydro-Servo-Elastic Modeling

Precone
(negative as shown)

« Structural dynamics,
aerodynamics, B
hydrodynamics, e, o | 4;7
controls / r
Apexof Core //
Yca:‘}-\m/’
Wind
—
[Jonkman2005,
FAST user guide]
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Background: Aero-Hydro-Servo-Elastic Modeling

Precone
(negative as shown)

Structural dynamics,
aerodynamics,

Fitch Avis +— Nolusn—+]

HubCM

hydrodynamics, 2, 4:2123“:
controls - / r

NelMUzn

Rotor Axis
MacCMzn

'Tnlﬁs //
‘:::ma/’
Wind
—-
 Nonlinear time-
domain
* Linearization
[Jonkman2005,

FAST user guide]
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Background: Aero-Hydro-Servo-Elastic Modeling

Structural dynamics,
aerodynamics,

hydrodynamics,
controls

Nonlinear time-
domain
Linearization

[+ NolMUxn——»|

= NacCMxr -

Nacelle C.M.
/[’ Nacelle IMU

Hub C.M.

Rotor Axis

/e

NelMUzn

MacCMzn l
L]

Wind

[Jonkman2005,

FAST user guide]
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beams

5/28/2021 4



Background: Aero-Hydro-Servo-Elastic Modeling

Structural dynamics, X o ,Engineering“ model
aerodynamics, Blade-element
hydrodynamics, i I 7 - momentum theory
controls ,Modal“ reduction of

/e

NelMUzn

beams

Rofor Axis

Twr2Shit Nac%llzn l

e
Wind
——-
* Nonlinear time- Twol/three bladed
domain Upwind/downwind
* Linearization Onshore/Offshore
[Jonkman2005,

FAST user guide]
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Motivation: User-Defined Multibody System Topology

User-defined fidelity
level

Automated Equations
of Motion

Innovative designs

University of Stuttgart, Stuttgart Wind Energy (SWE) @ Institute of Aircraft Design 5/28/2021



Motivation: User-Defined Multibody System Topology

User-defined fidelity
level

Automated Equations
of Motion

Innovative designs

University of Stuttgart, Stuttgart Wind Energy (SWE) @ Institute of Aircraft Design 5/28/2021



Motivation: User-Defined Multibody System Topology

User-defined fidelity
level

Automated Equations
of Motion

Innovative designs

University of Stuttgart, Stuttgart Wind Energy (SWE) @ Institute of Aircraft Design 5/28/2021



Methodology: Newton-Euler Formalism

/1 Topology definition: e \
Reference frame
position, angular
velocity

* Distributed mass, ¢ ; R
elasticity

Automated Equations
of Motion

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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Methodology: Newton-Euler Formalism

/1 Topology definition: . \
Reference frame
position, angular
velocity

* Distributed mass, ¢ ; R
elasticity

Automated Equations
of Motion

:
==

1: Asis of motion:

S

S S

4 u-Vector Siement sdd(t S5 HUB.SUE ACT_PIT_8L02 dnd_deriv
 Constant offset: o
& Sealing factor fors/sdfsd 1

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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Methodology: Newton-Euler Formalism

Reference frame
position, angular
velocity
* Distributed mass, ¢ ; R
elasticity

/1 Topology definition: e \

k * Shape functions /

Automated Equations

of Motion

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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8
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r/R [m/m]
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Methodology: Newton-Euler Formalism

/1 Topology definition: e \
Reference frame
position, angular
velocity

* Distributed mass, ¢ ; R
elasticity

k * Shape functions NS / \/1

Automated Equations
of Motion

/2. Newton-Euler Formalism
MZ +hw:hg+hd+he+h?"

m sym. Raq
M2 z‘ mS(e) 1 Ro

t CT‘ Me

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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Methodology: Newton-Euler Forma

lism

/1 Topology definition:

Qe
Reference frame
position, angular
velocity
* Distributed mass, ¢ ; R
elasticity

Shape functions

Automated Equations

of Motion

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.
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€

. Newton-Euler Formalism

M%"‘hw:hg"‘hd"‘he_‘_hﬂ"

m sym.
Mz | mSe) I
Ct CT‘ Me q

R
R

a
(8

U

_[Jrh-}rlsj:’]:

Transformation
J = . \ M ER er:erm-Iep]T
3. Minimal coordinates

M(q)§ +h.(q.q)=h,(q)+hilq,§) +h.q,)

). https://doi.org/10.1007/978-3-319-07335-4
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€

. Newton-Euler Formalism

M%"‘hw:hg"‘hd"‘he_‘_hﬂ"

m sym. Raq
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A,

Transformation
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Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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Methodology: Newton-Euler Formalism

/1 Topology definition: .
Reference frame
position, angular
velocity

* Distributed mass,

elasticity

Shape functions

I R

Automated Equations
of Motion

Result:

» Ordinary differential equation

> No constraint equations

» Combination of rigid + elastic
bodies

~

€

. Newton-Euler Formalism

MZ +hw:hg+hd+he+h'r
m sym. Ra
M2 z‘ mS(e) 1 Ro
Ct C'r' Me ée

Transformation
P J[,p: Jr‘,p': J{.’,P]T

J=[Jf,|1 J!’,])JE,I‘!

G. Minimal coordinates

M(q)§ +h.(q.q)=h,(q)+hilq,§) +h.q,)

T
q = [ xp-p Zp} /Bp} (105 'T:t y sas ]

\_ J

Schiehlen, W., & Eberhard, P. (2014). Applied Dynamics (1st ed.). https://doi.org/10.1007/978-3-319-07335-4
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Methodology: Newton-Euler Formalism

Pre-existing in-house model SLOW:

* Purpose:
» Low-order model (~5-10 DOFs)
* Quick design load assessment (3600x real time)
* Nonlinear & linear state-space

* Symbolic programming

* Matlab-based
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Pre-existing in-house model SLOW:

* Purpose:
» Low-order model (~5-10 DOFs)
» Quick design load assessment (3600x real time)

* Nonlinear & linear state-space
* Symbolic programming

* Matlab-based

stow_ || stow_ .| S,'\'/gg— sgg:z_ i;a‘i’;’a stow_ || stow_
ClacPosVellner Kinematics ) VelVector BeamEorces NEQ FilAugMat
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Use-Case: Blades with Torsion-DOF

Steps:

« User inputs:
» Reference frame position, angular velocity

» Distributed mass, elasticity

Flex

_ "
stow_  [,| stow_ I| S,\L/E}S’Z— Sg‘a;’g- i'[;a‘i’;’a stow_ || stow_
ClacPosVellner Kinematics ) VelVector BeamEorces NEQ FilAugMat
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Use-Case: Blades with Torsion-DOF

Extraction Mode Shapes

Steps: BModes
. (FEM Code)

* User inputs:

- Reference frame position, angular velocity Modal Analysis

» Distributed mass, elasticity

. Flapwise Torsion
« Shape functions Shape ¢ Shape
¥ v
p(x) = agx® + asx5 + - p(x) = agx® + asx5 + -

Flex

_ "
stow_  [,| stow_ I| S,\L/E}S’Z— SSSZZ‘ i'[;a‘i’;’a stow_ || stow_
ClacPosVellner Kinematics ) VelVector BeamEorces NEQ FilAugMat
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Use-Case: Blades with Torsion-DOF

Extraction Mode Shapes

BModes
(FEM Code)

Verification: FEM vs. Modal reduction

Model Flapwise Error [%]
Frequency [ Hz ]

Modal Analysis

BModes 0.656 0.0
ElastoDyn 0.629 4.1 Flapwise Torsion
Shape ¢ Shape
FlexDyn 0.620 55 v v
p(x) = agx® + agx® + - p(x) = agx® + agx® + -

Flex

_ "
stow_  [,| stow_ I| S,\L/S}S’Z— Sgg;’x- i;a‘i’;’a stow_ || stow_
ClacPosVellner Kinematics ) VelVector BeamEorces NEQ FilAugMat
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Use-Case: Blades with Torsion-DOF

Steps:

« User inputs:

» Reference frame position, angular velocity

» Distributed mass, elasticity

« Shape functions

AeroDyn: Generalized forces, kinematics

SLOW_

SLOW_

SLowW_ SLOW_ S,\LAOW— e e sLow_ SLOW._
ClacPosVellner Kinematics ass pplie NEQ FilAugMat
VelVector BeamForces
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Verification ElastoDyn vs. FlexDyn

* Extreme Operating Gust:

Extreme Operational Gust - 13.9 m/s
I I I

| I

ElastoDyn B
17 = FlexDyn ||

Wind speed [m/s]

15 T T T T T T T T

%

o
|

| |
25 50
Simulation Time [s]

Flapwise DOF [-]

[=]
o

» Good agreement of new FlexDyn with existing ElastoDyn
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Comparison Blade Torsion FlexDyn

» Extreme Operating Gust:

Extreme Operational Gust - 13.9 m/s
I I I

-
(o]

T
FlexDyn
FlexDyn - Torsion

N
o
|

L

Wind speed
[m/s]

%

Flapwise
DOF []
|

%10

c
S —
9'—0'-;2 |
O 1
= Q

o | | | | |

0 25 50
Simulation Time [s]

» Successful implementation of blade torsion.
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Summary & Conclusions

1. Newton-Euler formalism for Multibody Systems successfully implemented in
OpenFAST framework

2. First verifications show good agreement with existing ElastoDyn
3. Added torsional degree of freedom with plausible results

* Next steps:

» Verification

OpenFAST Modularization framework

%=
Investigate potential to add FlexDyn into OpenFAST ; :‘ N R E L
Evaluate options for 3D shape functions fansienming SHERe

Incorporate Finite Element bodies into Multibody Equations
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Thank you!

University of Stuttgart

Dr.-Ing. Frank Lemmer

e-mail lemmer@ifb.uni-stuttgart.de
phone +49 (0) 711 685-68332
fax +49 (0) 711 685-

University of Stuttgart

EMKSWind funding is
greatly acknowledged:

Supported by:

% Federal Ministry
for Economic Affairs
and Energy / ZI M

Zentrales
Innovationsprogramm
Mittelstand

on the basis of a decision
by the German Bundestag

University of Stuttgart

VAMOS funding is greatly

acknowledged :

FKZ: 03EE2004A
Supported by:

% Federal Ministry
for Economic Affairs
and Energy

on the basis of a decision

by the German Bundestag



