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This manual describes new functionality in FAST 8 that simulates the addition of tuned mass
dampers (TMDs) in the nacelle for structural control. For application studies of these systems,
refer to [1-6]. The TMDs are two independent, 1 DOF, linear mass spring damping elements that
act in the fore-aft (z) and side-side (y) directions. We first present the theoretical background and
then describe the code changes.

1 Theoretical Background
1.1 Definitions

O: origin point of global inertial reference frame

P: origin point of non-inertial reference frame fixed to nacelle where TMDs are at rest
TMD: origin point of a TMD

G axis orientation of global reference frame

N: axis orientation of nacelle reference frame with unit vectors 7, 7, k

T

=|uy : position of a TMD with respect to (w.r.t.) O with orientation G

z
- - TMD/Og

—

7
TMD/Og
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=1|y : position of a TMD w.r.t. Py

T
TMD/Py

L 4 rmMD/PyN

: position vector for TM D x

T
TMD x



v : position vector for T'M Dy
TMDy
x
Trrog = | Y : position vector of nacelle w.r.t. O¢
z

P/O¢g

R, . 3 x 3 rotation matrix transforming orientation G to N

R, v = Ri/cz transformation from N to G
0
Gy Joy = 10} : angular velocity of nacelle in orientation IV; defined likewise for G
¥ N/ON
@, Jony = @0, angular acceleration of nacelle
0
G0 = 0 : gravitational acceleration in global coordinates
-9 /Oc
Ao
dgjoy = Ry,clcr06 = | Goy : gravity w.r.t. Opn
aGZ /ON

1.2 Equations of motion

The position vectors of the TMDs in the two reference frames O and P are related by

= = =
Truprog = Trjog + Tryvpypg
Expressed in orientation N,
FTMD/ON = FP/ON + FTMD/PN
= FTMD/PN = FTZ\/ID/ON - FP/()N
Differentiating,! . .
FT}WD/PN = FT}MD/ON - FP/ON - ‘DN/ON x FTMD/PN

differentiating again gives the acceleration of the TMD w.r.t. P (the nacelle position), oriented
with N:

- = R o o o
Yrvupypy = Trupjoy ~ Trioy ~ YWajoy X (wN/ON X TTMD/PN)
: (1)
- . - 5
“Qnjon x Trup/py — 2wN/ON x Trvpypy

The right-hand side contains the following terms:

INote that (Ra) x (Rb) = R(a x b).



—

7 : acceleration of the TMD in the inertial frame Oy

TMD/ON
Toron = RN/GTP/OGI acceleration of the Nacelle origin P w.r.t. Oy
G0y = RN/GwN/OG : angular velocity of nacelle w.r.t. Oy
G0y X @0, % TT}WD/PN) : Centrifugal force
Onjon X Trap,pyt Louler force
2wN/ON X T by Coriolis force
The acceleration in the inertial frame 7., oy Can be replaced with a force balance
Z S Fx
= .. 1 I 1 -
Trmpjoy = y ~m E Y = i TMD/ON
> Fz
TMD/Op TMD/ON

Substituting the force balance into Equation 1 gives the general equation of motion for a TMD:

. — .
— — —

1 - -
Trup/py = mt'rupron ~ Trrion T Wijoy x (wN/ON x TTMD/PN)
. (2)
oy X Truprey 2wN/()N X Trmp/py

We will now solve the equations of motion for TM Dx and T M Dy .

TMD_X : The external forces F. are given by

TMDy /ON

_CIiTAIDX/PN - kwaMDX/PN + Malg oy + Feat, + FstopFrex

— F mgza
TMDyx /ONn Yrupy/on M Gy /On

FZTMDX/ON + Malc, 0y

TMDyx is fixed to frame N in the y and z directions so that

Trmpy /Py
TTMDX/PN =
0
The other components of Eqn. 2 are:
T e Y
((by/()N + 1/}N/<)N)

wN/()N X (wN/()N x TTMDX/PN) = ITMDX/PN 6.‘N/oN ¢€N/ON
L N/ON 1/}N/<)N
[ 0

2WN/ON X TT}WDX/PN = xTMDX/PN 21/){\’/01\1

L _2¢N/ON



Unson X Trvpy/py = Trmpy /ey ¢!Y/ON
T ¥N/on
Therefore Z,.,, by/py 18 governed by the equations
& _ 2 /2 _ ke (cCx )\ o
:ETMDX/PN - ( N/ONn N/ON My )Q:TMDX/PN (mz )‘ITMDX/PN :EP/ON + an/ON (3)
1
+m_z(Fewtx + FStopFrcx)
The forces FYTMDX/ON and FZTMDX/oN are solved noting Yrainy py = Zraipy ey = 0
FYTMDX/ON Mz (_aGy/ON + yP/ON + (wN/ON + oN/ON ¢N/ON ):ETMDX/PN + 21/)N/ON ‘TTMDX/PN)(4)
My (_aGZ/oN + ZpjoN (¢N/()N - 6‘N/<)N ¢N/()N )xTMDX/PN - 2¢N/ON xTMDX/PN)(5)

FZTMDX/ON

TMD_Y: The external forces F

“CyYrmpypy T knyMDY/PN + Mylg oy + Fewty + FstopFrey

0

iy /Py OLL T M Dy are given by
FXTMDy/()N + Myl oy

+ Myle, 0y

FTMDY/PN =
ZTMDY/ON

0

TTIWDYX/PN - yTMDY/PN

T M Dy is fixed to frame N in the 2 and z directions so that

The other components of Eqn. 2 are:
.HN/ON ¢N/.ON
- - . o (D2 2
WN/ON (WN/ON x TTMDy/PN) - yTMDy/PN (ey/c)N + ¢N/()N)
¢N/ON wN/ON
. _21/)N/ON
2C'LJN/O]\] X TTMDy/PN = yTMDy/PN . O
L 29N/ON
_wN/ON
aN/ON X TT}WDy/PN = yTMDy/PN .
L 0N/ON

Therefore §j,.,,,, ., p, 1s governed by the equations

- _(p2 2 _ky —(Lw

yTMDy/PN (eN/ON + ¢N/ON my )yTMDY/PN (my
1

+_my (Femty + FS

)yTMDY/PN “Yrion + Gay 0N

topFrcy )

(6)



The forces FXTMDY/ON and FZTMDy/ON are solved noting #,.,,, ,» = Z;0p, py = O

XTMDy/oN =my (_acx/oN + ‘/'.I:.P/ON - (wzv/oN - eN/ON ¢N/ON )yTMDy/PN - 2wN/ONyT1WDy/PN> (7)

oo =y (=0 o0 + Eoron + aron + Onsor Buson Wesioy o + 2ssonTanion 1o ) (8)

1.3 State Equations

Inputs: The inputs are the nacelle linear acceleration and angular position, velocity and acceler-
ation:

T . — -
P/Og s
ﬁ Tpron }EN/GTP/()G
L NG - -
U= SN = Wi/on RN/G N/OG
(N & ia
o N/ON N/GP/Og
P/OG

States: The states are the position and velocity of the TMDs along their respective DOF'S in the
Nacelle reference frame:

x

X TMDyx /Py

R’ _ x _ Lrmpy/ry
TMD/Pyn Yy - Yy

/ TMDy /Py

y TMD/Py yTMDY /PN

The equations of motion can be re-written as a system of non-linear first-order equations of the
form

—

éTMD = ARTMD + B

where
0 1 0 0
(02, +v2 ) =) 0 0
— /O P/O My Mz
Ad) N N 0 0 1
2 12 k cy
0 0 (eP/o + Q/JP/ON N m_yy) (my)
and
0
B(i) = _jip/oN tag, on T mLx(Feztx + FstopFrex)
0

.. 1
_yP/ON + aGy/ON + m_y(Fewty + FStOpF’rcy)

The inputs are coupled to the state variables, resulting in A and B as f ().



1.4 Outputs

The output vector Y is

> ‘ZiPG
M,
The output includes reaction forces corresponding to Fy , Fy , Fx , and
TMDx /0N TMDx/ON TMDy /Opn
Fy from Eqns. 4, 5, 7, and 8. The resulting forces F, and moments M, acting on the
TMDy /ON el (€]
nacelle are
kwaZ\/ID/PN + Calryp/py — FStOPFTCX - Lext, — FXTMDy/ON
& T ; _ _ _
FPG = RN/G knyMD/pN + CyYrmp) Py EsiopFrey Fezty FYTMDX/ON
_FZTMDX/ON - FZTMDy/ON
and
Mx _(FZTMDY/ON )yTMD/PN
SR o7
MPG - RN/G M, - RN/G (FZTMDX/ON )xTMD/PN
M _
Z 4NN ( FYTZ\/IDX/ON Lrump) Py +( Xrmpy jon )yTMD/PN

Stop Forces The extra forces Fsioprrey and Fsioprre, are added to output forces in the case that
the movement of TMD_X or TMD_Y exceeds the maximum track length for the mass. Otherwise,
they equal zero. The track length has limits on the upwind (UW) and downwind (DW) ends in the
x direction (X_-UWSP and X_DWSP), and the positive and negative lateral ends in the y direction
(Y_PLSP and Y_NLSP). If we define a general maximum and minimum displacements as 4, and
Tmin, respectively, the stop forces have the form

ksAx (x> Tae NE <= 0) V(2 < Typin AT >=0)
Fsioppre = — 4 ksAx 4 csi (2> Tnax AT > 0) V(2 < Zypin A& < 0)
0 :otherwise

where Ax is the distance the mass has traveled beyond the stop position and kg and cg are large
stiffness and damping constants.

2 Code Modifications

The TMD function is submodule called in ServoDyn. In addition to references in ServoDyn.f90 and
ServoDyn.txt, new files that contain the TMD module are listed below.
2.1 New Files

e TMD.f90 : TMD module

e TMD.txt : registry file

include files, inputs, states, parameters, and outputs shown in Tables 1 and 2

e TMD_Types.fo0 : automatically generated



InitInput Input u Parameter p State x  Output y

InputFile 7, My tmd, Mesh
Gravity EN/OG Cq
FN/OG ojN/OG kg
&P/()G My
Cy
ky

Ks = [ksx Fksy]

Cs =[csx csy]

Psp = [Xpwsp Yprsp)
Psp = [Xuwsp YnrLsP]
Fext

Gravity

TMDX_DOF
TMDY_DOF

Xpsp

Ypsp

Table 1: Summary of field definitions in the TMD registry. Note that state vector tmd, corresponds
to R and that the outputs F,  and M, _ are contained in the MeshType object (y.Mesh).

TMD/Ppy’
Xpsp and Ypgp are initial displacements of the TMDs.

2.2 Variables

The input, parameter, state and output definitions are summarized in Table 1. The inputs from
file are listed in Table 2.
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Field Name Field Type Description

TMD_CMODE int Control Mode (1:passive, 2:active)

TMD_X_DOF logical DOF on or off

TMD_Y_DOF logical DOF on or off

TMD_X_DSP real TMD_X initial displacement

TMD_Y_DSP real TMD_Y initial displacement

TMD_X_M real TMD mass

TMD_X_K real TMD stiffness

TMD_X_C real TMD damping

TMD_.Y_-M real TMD mass

TMD_Y K real TMD stiffness

TMD_Y_C real TMD damping

TMD_X_DWSP real DW stop position (maximum X mass displacement)
TMD_X_UWSP real UW stop position (minimum X mass displacement)
TMD_X_K_SX real stop spring stiffness

TMD_X_C_SX real stop spring damping
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TMD_P_Z real z origin of P in nacelle coordinate system

Table 2: Data read in from TMDInputFile.
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