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1 Structural equations of motion

This chapter contains the derivations of the nonlinear equations of motion based on the kinematic formulation
of articulated substructures to form the entire turbine structure.

1.1 Lagrange equations of articulated substructures

The Lagrangian of a structure L = T — V is given by its total kinetic energy T' and the total potential energy V'
of the conservative forces acting on the structure, e.g. gravity and elastic forces. Using Lagrange’s equations,
the nonlinear equations of motion can be derived as

d (9LY oL oD
0¢; 0¢; 04

=Q,; fori=1,...,Np (1.1)

where D is the Rayleigh dissipation function used to model the internal energy dissipation, and @, is the gen-
eralized force for the generalized coordinate ¢; due to non-conservative forces handled in the next sections.

The Lagrangian is a function of the displacements, velocities, and time

L:T(t,q,q)—V(t,Q) (12)

where the potential energy of the conservative forces are independent of velocities. Using (1.2) and the chain
rule, the first term of (1.1) can be expanded as

& o (0T or oD OV
] — =Q; 1.3
Zaq 94, Zaq 9g, 1 " (aqz-) o0 T 05 T og O (1.3)
fori =1,2,..., Np. Here, the first term constitutes the acceleration dependent forces, whereas the other terms

are only dependent on the time ¢ and the state-variables, the displacements q and velocities q. We will now
take a closer look at the first four inertia force terms given by the kinetic energy.

The total kinetic energy is the integral of the kinetic energy of each particle over the entire volume V of the
structure:

T:/%pl‘Ti'dV (1.4)
%

where ()T denotes to the transpose of a matrix or a vector (single columned matrix), and f is the velocity vector
of the particle given as the time derivative of its position vector r = r(¢, q) that may be explicit time-dependent
e.g. for sub-structures that are rotating with a prescribed average speed. The velocity vector can be expanded
to

Z 50 g + (1.5)
from which these properties of the position and veIOC|ty vectors can be shown
or or o%r or o%r
—=—-— and ——— = = . 1.6
9q; g 9¢;0q;  0q;0q;  9q;04; (16)

Substituting (1.4) into (1.3) and using the properties of (1.5) and (1.6), the nonlinear equations of motion can

be written as
ND ND

ZmZJQj+Zg7]q] JrFerZthkqjthJr V‘i’giqD*Qy (17)

j=1k=1
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where the summation coefficients and the acceleration force F, ; can be derived solely from the partial time
and displacement derivatives of the position vector as

orT or
= ax 1.
Mij / p <0qi 3qj) ay (1.8a)
orl 9%r
- 1.
Gij / (8q2 8t8q]) (1.8b)
ot 9%r
P 1.
g / (8% 8qﬂ9qk> (1:80)

ol 9%r

These coefficients and the generalized force are only functions of time ¢ and the displacements q(¢). The
first term of (1.7) describes the fundamental inertia force due to accelerations q with a symmetric mass matrix
m;; = mj;. 1he second term describes the gyroscopic forces from substructures where the position vector has
a explicit dependency of time dr/dt # 0, for example if the kinematic formulation is based on a drivetrain that
rotates at a given average speed and the drivetrain dynamics is described by variations around this speed. The
third term describes the centrifugal forces on substructures rotating with a prescribed speed, or the forces due
to other explicitly defined accelerations such as earthquakes or the moving base when this structural model is
modular coupled to another dynamic model of a foundation or floater. The fourth term can describe the similar
Coriolis and acceleration forces as the second and third terms. For example let the generalized coordinate gy,
be the absolute rotation angle of the drivetrain then this kinematic formulation can be changed to one with a
prescribed averaged rotational speed by the substitution g, = Qt + dqi, where Q2 is the prescribed average
speed and dg;, is the new generalized coordinate. The part term h;;.¢;, = h; ;€2 will have a component equal to
the coefficient g;; in case of a prescribed constant speed bearing for j # k, and the entire term h;;1.4;4, = hiijQ
for j = k will have a component equal to the acceleration force F ;.

In case of a prescribed rotation of the rotor, the acceleration forces F, ; given by (1.8d) are centrifugal forces that
stiffen the blades. To include this centrifugal stiffness in the calculation of frequencies or in the iteration steps
of a time integration, we can compute the centrifugal stiffness matrix as the Jacobian of this vector function as

o%rT 9%r ot Pir
ko = or d 1.9
i /Vp (aqiaqj 2 og 8t28qj) v (1.9)

which is not a symmetric matrix due to the second term.

The fifth term of (1.7) describes the conservative forces such as gravity and elastic forces which can be defined
by the potential energy V. The force function given by the derivative of the scalar potential energy function
depends on the kinematic formulation and the applied theory for elasticity. The sixth term of (1.7) describes
the purely dissipative forces from structural damping mechanisms (e.g. material and friction), which we will
model using a modal damping method described in Section... . The last term of (1.7) describes generalized
non-conservative forces acting on the structure which are discussed in Chapter... .

1.1.1 Generic topology of structure

The turbine structure is divided into a number of articulated substructures where one substructure may be
connected to one or more substructures through its connection points. Let b be the index of a substructure
then we herein assume that it is connected to substructure b — 1 which is connected to substructure b — 2 and
so on until substructure 0. In practice, this numbering will not be continuous (e.g. the blades will each have
their own number but connected to the same hub which can have one number), but we can always create an
intermediate index list for each substructure in which the numbering is continuous.

The position vector r;, of a particle on substructure number b is written as
1, (£, 432, y, 2) =SoBo (ro + RoS{ $1B1 (r1 + R ST S2B; (1>
+ stgTssBs (r3 + 4+ RbflsgllsbBb r (Qo; 2,9, 2) (1.10)

where t is time, z, y and z are the coordinates of the particle in the moving substructure frame and q is the DOF
vector. Note that q; is a vector containing the subset of q with the DOFs of the substructure b. The matrices S,
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are the constant rotation matrix for the coordinate systems of the substructure b described in the ground fixed
inertia frame, By, are the rotation matrix for a possible bearing in the base' of substructure b, and R, are the
rotation matrix at the connection point on substructure b to which the next substructure b + 1 is connected. The
vectors r, describe the positions of these connection points in the coordinates of substructure b, and the vector
ri, is internal deformation vector function describing the position of all particles in the entire substructure b in
its local frame of reference. This internal deformation is given by the DOFs q,. The vector r, and the matrices
B, and R, are functions of the DOFs q,. For prescribed bearings, e.g. constant rotation speed, the matrix B,
may also an explicit function of time ¢. Without prescribed bearings, there are no explicit functions of time in the
position vectors for any substructure, whereby the gyroscopic matrix and centrifugal force vector vanish. For
a free bearing with a DOF describing the rotation of the drivetrain, the gyroscopic and centrifugal inertia forces
are included in the nonlinear Coriolis term of (1.7) given by the coefficients in (1.8c).

The position vector (1.10) can be rewritten in condensed form as

b—1 [k—1 b—1
r (G ,y,2) = ) (H 01) SiByri, + <H 01) SiBe r1p (Qv; 7,9, 2) (1.11)

k=0 \Il=0 =0

where O, = §,B,R;S! is the rotation matrix of substructure [ described in the ground-fixed frame, including both
the deformations of the substructure and the rotations of the bearing at its base. For the following derivations,
the position vector (1.11) is written in the further condensed form as

ry (ta q:z,y, Z) = rO,b (t7 q) + RO,b (t7q) rl,b (qba x,Y, Z) (112)

where the translations and rotations of the substructure base are described by

b—1 b—1
fop = » Roxfk =Fop1+Rop 11 and Roy = (H ol> StBy = Rop-1R,1S]_18,B,  (1.13)

k=0 =0

where ry, is the local position vector in the frame of substructure k to which substructure k + 1 is connected;
this vector is independent of time because there are no bearings involved. We use the index “1” for the local
substructure deformation given by r, ;, and “0” for the deformation and orientation of its base given by r, ; and
Ry ;. Note that these position vector and orientation matrix are functions of DOFs of substructures supporting
the substructure b, but not of DOFs of other substructures or substructure b itself.

In the subsequent derivations, we will need the time derivatives:

b—1
i'O,b = Z R()?kl'k (1148)
k=0
_ b—1 [k—1 . b—1 b—1 _
RO,b :Z <H Ol> SkBkRkS£ ( H Ol> SbBb + <H 0[) SbBb (114b)
k=0 \1=0 I=k+1 =0
b1
fo, =Y _ Roxf (1.14c)
k=0
. b—1 k—1 m—1 . k—1 ) b—1
Ros —Z( ( ol> S,.B..R,,ST, ( 11 ol>> S.B.R.SY ( 11 ol> S:B;
k=0 \m=0 =0 l=m+1 I=k+1
b—1 /k—1 . b—1 m—1 . b—1
+ < 01) S.B;R;.S} < Z < H 01) S..B..R,,S%, ( H 01)) S;B;,
k=0 =0 m=k+1 \l=k+1 l=m+1
b—1 [k—1 ) b—1
+> <H 0, | SiBR;S} < 1T ol> SiB, (1.14d)
k=0 \1=0 I=k+1
b—1 (k-1 . b—1 . b—1 )
+) 2 ( ol> S;B.R.ST ( 11 ol) S,B;, + (H ol> S,B,
k=0 =0 I=k+1 =0

"The base is the point on the substructure where it is connected to another substructure, which not necessarily is the first node of e.g.
a beam-like substructure.
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where we have used that the bearing matrices B, represent the only explicit time dependency. Note that
some bearings have a constant angle or are function of a free bearing DOF, whereby B, = B, = 0. In most
applications, there will only be a single bearing with an explicit time dependency in terms of a constant speed
of ). Let this single bearing be for substructure number k then the time derivatives (1.14) reduce to

b—1
Fo =Y Rour (1.15a)
=k
k—1 b—1
Ro, =0 <H ol> S.BiNR, ST ( 1T ol> S,B; = QR :N;R? Ry, (1.15b)
=0 I=k+1
b—1
Fo.b =ZRo,m (1.15c¢)
=k
k—1 b—1
Ry, =0 (H ol> S:.BiN7R,ST ( 11 ol> 8,B, = Q°Ro xNiRT (Ro (1.15d)
=0 I=k+1

where N is the skew symmetric matrix (E.3) defined by the unit-vectors of the bearing axis. In this case, the
following products that occur in the subsequent derivations can be written as

r(j;’bl"(]’b = (1163)
b—1 T
Rabfo,b = QRabR07kaRak Z R07ll'l =0 (RakR07b) Nkng (I’o}b — ro}k) (116b)
=k
' T
Rgﬂ,bR(]’b = (RgikRO,b) Nk jo,kR(]yb (1 16C)
roT,b.fo,b = (1.16d)
b—1 T
job.lzo_’b = QQRngRO,kN%Rgik Z Ro_rlrl = QQ (RakRO,b) N%Rg,k (royb — rovk) (1166)
=k
.. T
ROT,bROJ, =02 (RoT,kRo,b) Nﬁ ROT,kROJ, (1.16f)

which are time independent scalers, vectors and matrices because

0 b—1 b—1 b—1
RY.Ro;, = B{S] ( 11 of) (H ol> S;B, = B!'S} (H o,) S;B, = RS} < 11 ol> S;B, (1.17)
l=k—1

=0 1=k I=k+1
ifb>k

We also need the DOF derivatives:

b—1
robg = ) (Rokg M+ Roxfrg,) (1.18a)
k=0
Rob,q. = (1.18b)
F0,b,gi,0; = (1.18c)
Rob.g:0, = (1.18d)

1.1.2 Inertia forces on and from a substructure

The inertia forces from a substructure is “felt” by all substructures supporting it, i.e., there may only be entries
in rows and columns of the mass, gyroscopic, and centrifugal stiffness matrices for DOFs of the supporting
substructures that appear in the vector and matrix functions ry ; and Ry ;. We subdivide the mass, gyroscopic,
and centrifugal stiffness matrices into 2x2 block matrices, e.g. the mass matrix as

MOO MOl
w—| Mo o | (1.19)
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where the diagonal matrices M°° and M'! are the mass matrix contributions for the DOFs of the supporting sub-
structures and the DOFs of the substructure, respectively, and M'® and M°! are the mass matrix contributions
that coupled these DOFs. Remember that M'° = M°'” because the mass matrix is symmetric; the gyroscopic
and centrifugal stiffness matrices are not symmetric.

Similar, we subdivide the nonlinear three-dimensional gyroscopic matrix into two 2x2 block matrices:

HO |: HOOO HOOl HlOO H101 :|

i HO10  Ho1t ] and H% = { H10 Rt (1.20)

where HY contains the nonlinear gyroscopic matrix elements for DOF ¢; on a supporting substructure, and H}
contains the elements for DOF ¢; on the substructure itself. Thus, the element 17 describe the coefficient of
the gyroscopic force from velocities ¢; and ¢;, of one or two different supporting substructures on the DOF ¢; of
the same or different supporting substructure.

In the following, the substructure-index b are omitted for brevity.
Mass matrix

Inserting (1.12) into (1.8a), expanding and sorting the terms into the 2x2 block matrix form yield the mass matrix
elements

my; :/p (rgqu_rmqj + (rOT’qiR()}qj +rg, R07qi) r+rRY, Ro,qul) dy (1.21a)
%

mdl = ml? :/ p (rgq,iRorl,qj +15.,,Ror g, + 1 RG , Ror1 g, + 1 RG . ROqui) A% (1.21b)
%

myj = / p(rfgrg)dv (1.21¢)
%

where we have used the notation () ,, = 9/0q; for the first derivatives with respect to DOF ¢;. It is possible to
isolate the integration over the entire substructure volume to the local deformation vector and its derivatives by
using the formula (E.7) for the matrix dot product = A : B. The mass matrix elements can thereby be written
as

m?JQ :rOT,qirOﬁqj/vpdV + (rg—:lZiRO’qj + rOT,q] RO,qz') /Vp rdy + (R%—;QiROxQJ) : /V,OI'1I'1TdV (1.22a)
md =m}? :raqiRo/pr1,qjdV + T, Ro/pquidV (1.22b)
% %
+ (Raqi RO) 2/pr1,qj ridy + (Rg:‘h RO) : /pquzrr{dV
% %
mij = / p (Mg fig;)dV (1.22¢)
%

where the blue colored integrals of these expressions can computed in the code object of the substructure,
independent of its base motion. Some of these integrals over the volume of the substructure have physical
meanings as

/pdV =M
v
Teg

/ pridV =M { yo, » = Mr,, (1.23)
v

Zeg

T . . .
//)"1 rdV =1 iey iyy iyz | = loase
v

lez  lyz lzz

where M is the total mass of the substructure, r.; = {xcg, Ycg, zcg}T is the center of gravity of the substructure
measured from its base in the ground-fixed inertia frame, and I, .. is @ matrix related to the rotational inertia of
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the substructure about its base given by the integrals defined as

lag = /prl,arlwng (1.24)
)

where the subscripts («, 5) € {«,y, 2} denote the coordinate component of the position vector. These integrals
can be used to compute the moments and products of inertia [1] for the substructure about its base defined in
the ground-fixed frame as

Ipw = Zyy + iz 3 Iyy =lgg + iz ’ I. =1z + Zyy ’
Loy = Iys = —iny s low = Lo = —igs ,and I, = L, = —iy. (1.25)

The remaining integrals over the substructure volume of (1.22) involve the derivatives of the local position vector
with respect to the DOFs of the substructure. One is the derivative of the center of gravity position:

/pquidV = Mregq (1.26)
v
Another volume integral is the “asymmetric half’ of the derivative of the symmetric inertia matrix
T
lase.q = / Py g ridV + / prir{ , dV = / prigIrdV + < / pryg Ty dv) =Avasei + Alpses  (1.27)
% v % %

where the notation Aygsei = fvp g r’’dy is introduced for this volume integral. Finally, the last integral in
(1.22c) defined the entries of the local mass matrix of the substructure M'! independent of the base motion.

Gyroscopic matrix

Inserting (1.12) into (1.8b), expanding and sorting the terms into the 2x2 block matrix form yield the gyroscopic
matrix elements

g% =2 / p (rOT,qi Fo.q, + 10,4, Ro0.0,71 + 0. Ro.g,11 + {R{, Rog, rl) dy (1.28a)
\%

9?]-1 :2/P (I"g:qj ROrl,qi + raqiRoquj + V{RaqiRorl,qj + V?joqj ROrl,qi) dy (1.28b)
v

gl =2 / pr1 g, RO Ror1g,dV (1.28c)
\Z

and g, is simply given by switching the indices i and j in the expression (1.28b) for ¢)'. We isolate the

integration over the entire substructure volume to the local deformation vector and its derivatives by using
(E.7), whereby the gyroscopic matrix elements are written as

689 =20 foq, +2 (1, Ro., + Hy R, ) My +2 (RE, Rog, )  hase (1.29a)
90} =24, RoMg,g, + 208, RoMEey g, +2 (RE,R0) + A +2 (RE, Ry ) Avaces (1.29b)
gl =2 (ROTR0>  Avase s (1.29¢)

where Ayase,1,ij = [,pT1q,T1,,dV is introduced for the volume integral over the substructure of the matrix
defined by the first derivatives of the local deformation vector with respect to the local DOFs.
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Nonlinear gyroscopic matrix

Inserting (1.12) into (1.8c), expanding and sorting the terms into the two 2x2 block matrix forms (1.20) yield the
nonlinear gyroscopic matrix elements

higr = /V 0 (78 00,000+ TR0y Tt + ¥ gy RoguF1 + T RE Rog 1) dV (1.30a)
hige = /V p (1. R0.q,Frg, + T RY , Rog,F1g,) AV (1.30b)
hije = /v p (184 RogFrg, +FIRE Rog,F1g,) dV (1.30¢)
hok = /v p (1.4, Ror1 4., + 1RG4, RoF1 g, 4, ) AV (1.30d)
hijk /vﬂ (18 gy RoF1q, + TTRE, , Rorig, ) dV (1.30e)
= /vprlq RIRo.q,F1,q.dV (1.30f)
B = /V (7 RTRy 411y, dV (1.300)
hijy = /v pr Mg, .q.dV (1.30h)

where we have used the notation () ,, ., = 9?/9q;0q; for the second derivatives with respect to DOFs ¢; and
¢;. Again, the integration over the entire substructure volume is isolated to the local deformation vector and its
derivatives by using (E.7), whereby the nonlinear gyroscopic matrix elements are written as

h?JO’? 7]\“0?% Fo,q;,ax T (rOTqRO ai.ar T rOT,qJ,qk ROM) Mreg + (ROT,qf, ROs‘Ij»‘Ik) base (1.31a)
h{5e =164, R0, Meg.q + (RS, R0.g,) : Aaser (1.31b)
W10 =133 R0 Mg g, + (RT , Rog,) t Anase (1.31c)
hijk =10.0,RoMTeg,q,.0. + (RE4,R0) : Apase,2,jn (1.31d)
P =180y 0 RoM e+ (RE 4, Ro) + Avuses (131e)
hidh = (RERo,g,) : Avase.1,ik (1.31f)

hijk = (RGRog,) : Apase1,ij (1.31g)
hije */ﬂrf,qifl,q_qudV (1.31h)

where Apgse2,ij = fvp .94 rI'dV is introduced for the volume integral over the substructure of the matrix
defined by the local deformation vector and its second derivatives with respect to the local DOFs.

Centrifugal force vector

Inserting (1.12) into (1.8d) and expanding lead to these acceleration (centrifugal) forces on the supporting DOFs
and the local substructure DOFs:

F, = /v p (roT,qﬁo + 1§ Rog, 11+ 1. Rory + rlTRg,qiliorl) v (1.32a)

F= /V p (fEfRorl,% +r{l§0TRor1,qi) dy (1.32b)
which can be rewritten as

O, =M o+ (¥ Ro.q, + 184, Ro ) Mrey + (R, Ro ) : lase (1.33a)

FLy =FERoMTey g, + (RTRy ) : Apase (1.33b)

using (E.7) and the volume integral notations introduced above.

10
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Centrifugal stiffness matrix

Inserting (1.12) into (1.9), expanding and sorting the terms into the 2x2 block matrix form (1.19) yield the
centrifugal stiffness matrix elements

kD, = /vp (rg’qiqj Fo + 10 4.F0.0; + 10410, Rori + Fe Ro,g,q,11 + f6.4,R0.4:11 + 13, Ro.q,F1+
+ rTRE, Rog,r + 1TRE,  Ror ) av (1.34a)
k2% /vp (fOTRquj Mg, + 0.4, Rl g + 104, Rori,q, + fa Rog,F1.q,
+ I RIRo.4, 71, + 1T RE, Ror1 g, + T RERo .11y, + FTRE, Rory g, ) dV (1.34b)
kL = /v p (FROMg1.0, + 11 RERF1 g, + FTRIROR 4., ) 4V (1.34c)
which can be rewritten as

Feaj =M (r0’471=qj To +Toq rO’q-") * (rOsz‘,qj Ro + 15 Rog,.q; + 0,4, Ro.q; + 0,4, RO,q_v’) Mreg

+ (RE,Ro., + R, 4 Ro) s (1.35a)
k0L = (1., Ro + FT R0, ) Mg, + (15, Ro+ FT R0, ) Mrey,

+ (RTRo, + R, R0) : Avasei + (RTRo +RE, Ro) + Avses (1.35b)
kb =tERoM g g g0 + (Rgﬁo) $Apase,ij + (§5R0> $Apase,2,i (1.35¢)

using (E.7) and the volume integral notations introduced above.

Generic implementation of inertia forces from a substructure

For the implementation of the above inertia force components, each substructure object must provide a function
computing all scalers, vectors and matrices marked in blue in Equations (1.22), (1.29), (1.31), (1.33) and (1.35).
Some have physical meaning, e.g. the total mass of the substructure A/, the current center of gravity r., and its
DOF derivatives to the first and second order (r., ,, and r., 4.4, ), and the current matrix of rotational moments of
inertia components I, . as given by (1.23). The remaining scalars can be reduced to these two unique volume
integrals over the substructure that are the entries of the local mass and nonlinear gyroscopic matrices:

m}jl = /vp rfqirl_yq].dv and h}}kl — /vp r{qlrl,qjqkdv (1.36)

for all 7,5,k € d, where d, is the DOF index vector for the substructure b. The remaining matrices can be
reduced to these three unique volume integrals over the substructure:

Abase,i E/prl,qirfd]/, Abase,l,ij = /pqujrf,qidV and Abase,?,ij = /prl,q,hqufd]/ (137)
% % %

for all 4, j € d,. Note that the following symmetry rules apply: Apase,2,ji = Apase,2,i; aNd Apase1,5i = Az;sm,ij.

All scalars, vectors, and matrices for each substructure must be computed in every time step for all combinations
of substructure DOFs. The combinations leads to a large number of computations, e.g. the nonlinear gyroscopic
elements combines over three DOF indices, with symmetry for two of them, resulting in (N? + N?) /2 scalar
values (where N, is the number of DOFs in structure b) to be computed for the nonlinear gyroscopic matrix.
The computations of (1.23), (1.36), (1.37), and the derivatives of r., in the object function of the substructure
must therefore be optimized for speed.

Each substructure object must also provide a function computing its contributions to the positions and orienta-
tions of any connection points to subsequent substructures.

11
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1.1.3 Gravitational forces on and from a substructure

1.1.4 Linear elastic forces inside a substructure

The flexible substructures will have internal forces that can be modeled as linear elastic forces. These forces
can be included in the Lagrange equation through their potential energy V. , = V. ;(ds) which is only a function
of the substructure DOFs. Thus, the internal forces and the associated tangent stiffness matrix do not lead to
coupling to the other substructures as the inertia forces.

1.1.5 Linear purely dissipative forces inside a substructure

The dissipation of vibrational energy in a substructure ...

1.1.6 Generalized forces from external forces and moments

... aerodynamic forces ...

1.2 Substructure models

The following model types can be used to model substructures:

* Rigid body
+ Flexible co-rotational finite beam element body

+ Flexible linear Craig-Bampton super-element body

The following sections contain

1.2.1 Rigid body substructure

The position vector of particles on the rigid body is purely a function of the local spacial coordinates

X
rl,b:{ y } (1.38)
z

1.2.2 Co-rotational beam substructure

where (z,y,2) €V

The nonlinear co-rotational finite beam element methodology used for this type of substructures is described
in details in Appendix A. The methodology is similar to Crisfield [2] and Krenk [3] except that the nonlinear
geometric formulation is explicit, i.e., the element coordinate systems and the local small rotations of the nodes
are given as explicit nonlinear functions of the global nodal DOFs. The elastic deformation and compliance of
the element is adapted from the equilibrium element proposed by Krenk and Couturier [4].

A co-rotational beam substructure consists of finite beam elements with two end-nodes having six DOFs: three
translations and three rotations (using Rodrigues parameters) in the substructure coordinate system. The DOF
vector of the substructure

12
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Inertia forces

The volume integral over a co-rotational beam substructure can be computed as the sum of integrals over the
volume V,, of element n, here generically written as

/V()dvzji:/vn()dvn=§<l;/_11[4()dAdc) (1.39)

where each volume integral over the element of initial length [,, are split into an area integral over each cross-
section and a line integral over the non-dimensional element coordinate ¢ from the mid-point to the end nodes
at ( = +1.

The position vector of particles on element number n is
rl,b,n = I"mid,b,n (qb,n) + Eb,n (qb,n) Vb,n (qb,n; z,Y, g) (1 40)

where a5, iS @ vector from the substructure base to the mid-point of the element linearly dependent on the
displacement DOFs of element nodes, E, , is the element coordinate system dependent on all twelve nodal
DOFs q3,, of element n, and the cross-sectional displacement vector is given by

x uwn(C) 0 _92711(() Qy,n(C) €
Von = Yy + uy,n(o + HZJL(C) 0 _Gw,n(o Yy (1.41)
%Z"C UZJL(C) 793/,71,(0 ern(C) 0 0

where z,y are the coordinates of the cross-section and the cross-sectional translations and (small) rotations
are given by the shape function polynomials

Ug.n

Uy,n Pi3 P43 B

Uz n o o Nn,p

D SLIMLICISED { N, } 9 (abn) ¢ (1.42)
p=0 p=0 >

91/7"

az,n

where N,, , are the 6x7 coefficient matrices of the local shape functions, P is the polynomial order of the element
properties (e.g. for prismatic elements P = 0), and g is the nonlinear 7x1 vector function of the twelve nodal
DOFs. In the following, we split the local shape function coefficient matrix into two, one 3x7 matrix for the
displacements Nn,p and another 3x7 matrix for the rotations N,, ,.

This form of the cross-sectional displacement vector is inconvenient for the isolation of the spacial variables
x,y, (. We therefore rewrite it as

T P43 | Ugnp P+3 0 —02np
Vin =3 ¥ o+ D S Uynp 0P Oimp o2+ 0 y|¢P (1.43)
%lng p=0 Uz,n,p p=0 _Qy,n,p ez,n,p
where the polynomial coefficients of the cross-sectional displacements and rotations are given by
Ug,n,p N eﬂﬁynap N
Uynp ¢ =Npp9(dp,) and Oynp ¢ =Nnpd(Qsn) (1.44)
Uz, n,p zZ,n,p
that depend on the nodal DOFs of the element.
Using (1.43) with (1.42), the position vector for element n on substructure b (1.40) can be rewritten as
P+3
rl,b,n - Z (ro,b,n,p +x rm,b,n,p + Yy ry,b,n,p) Cp (1 45)
p=0
where the sub-vectors are
_ .
ro,b,n,p (qb,n) :Eb,n (qb,n) Nn,p g (qb,n) + 501) r'mid,b,n (qu) + 61p 593717,71 (qu) (1 463)
rm,b,n,p (qb,n) :Eb,n (qb,n) P’I‘ Nn,p g (qb,n) + 60]3 el,b,n (qb,n) (1 46b)
ry,b,n,p (qb,n,) :Eb,n (qb,n) Py Nn,p g (qb,n,) + 501) eQ,b,n (qb,n,) (1 460)
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where §;; is Kronecker’s delta which is 1 for ¢ = j, and otherwise 0. Matrices P, and P, are constant permutation
matrices:

0 0 0 00 -1
P,.=|0 0 1| and P,=|0 0 0 (1.47)
0 -1 0 10 0

Note that P, and P, are equal to the matrix N in Eq. (E.3) related to the angular derivative of a rotation matrix
with a constant unit-vectors in the z- and y-directions, respectively.

In the following, the element-index n and the substructure-index b are omitted for brevity.

Integration over the cross-sectional area spanned by = and y of the element coordinate system are defined by
the mass per unit-length m, the center of gravity coordinates =, and y.,, and the moments of inertia about the
z- and y-axes and their cross-coupling. These cross-sectional properties are given by polynomials to the order
of P along the element lengthwise coordinate ¢ € [-1,1] as

/pdA Zamrc 5 /pdi Zamxwﬂ‘c ) / ydA Zamch’TC ’

r=0 r=0 r=0

/prd‘A:Zalwmwch /pyszZZafwa} /pxydv‘l Zath' (1.48)
A r=0 A r=0

r=0

where the polynomial coefficients are generated from the model input in a pre-simulation processing step. The
coefficients az,, » @nd ap,y,, - represent a polynomial fit to the product of the mass per unit-length m and the
individual center of gravity coordinates z., and y.4 in the element coordinate system.

Integration over an element with the local position vector (1.45) and using (1.48), the mass of the element can

be computed as
P

_ é S e(r)ams (1.49)

r=0
where the coefficient function is given by
c(r)=

(1) +1 { 2/(1+r) r even (1.50)

1+7r 0 r odd

The element center of gravity position times the element mass and the nodal derivatives can be computed as

P+3 P
l
Mrg, =3 Z (Z ce(p+r) (am’r Fop + Qmaey,r Fup + Qmy, v ry}p)> (1.51a)
p=0 \r=0
I P+3 P
Mreg g D) Z (Z c(p+r) (am,r Fop.a; T Omaey,r Vop,qi T Omy,,,r rygmth)) (1.51b)
p=0 \r=0

P

j P13
Mregq,.q0;, =5 Z
T

clp+r (am,r Fop.gi,q; + Omacgr Ve,p,gi,q; T Gmy, .7 rUvPinan)) (1.51c)

where ¢(p + r) is given by (1.49). The scalars and matrices of (1.36) and (1.37) have the generic form

| Pt3 P43
55 (z (z @t ip) g{www}))

r=0 \¢=0

where the generic operator is defined as

T T T T T
G {a, U, Uy, Uy, Wo, Wy, Wy } =0y, UL Wo + Gz, (UL W, +ULW,) + my,, (ugwy +u,w,)

+ ai,, UL W, +a;,, (Ulwy, +ulw,) +a;,, ul'w, (1.52)

where @ = [am, Gmz,, s Amy, , » Gi,.,, G, Qi) IS @ list with the polynomial coefficients of the material properties
(such that a, contains the r’'th order coefficients), and the vectors u,, u,, u,, w,, w,, and w, are 3x1 column

14
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vectors or 1x3 row vectors for scalar or matrix evaluations, respectively. The local mass matrix contribution
from an element (the entries of the element mass matrix) is

| B3 (P P43
mzljl =3 Z (Z <Z clg+r+p) g {ara Fo.q,qi5 Yo,q,0:0 Vy,q.0i9 Yo.pays Topas s Typogy }> ) (1.53)
p=0 \r=0 \¢=0
and its contribution to the local nonlinear gyroscopic matrix (the nonlinear element gyroscopic matrix) is
I P+3 P P+3
hiji = 3 Z (Z (Z c(g+7+p) Glar,Tog,0::Te.0.0: Tyaais Fopsasaans Vopasans Fyop.asan })) (1.54)
p=0 \r=0 \q=0
The contribution of an element to the matrix related to the rotational inertia of the substructure about its base is
| PA3 /P /P43
_ T T T T T T
lase = 9 1;) (TZ:O <qz_:0 clg+r+p) G {aﬁ Yoo Yo Ty Yopr Yo p Typ >> (1.59)

Finally, the matrices needed for the computation of the remaining inertia forces from an element are

| PE3 (P P3
T T T T T T

Abase,i D) Z <Z (Z clg+r+p)g {a“ Fop.air Yo,p,0 Yy,p,qio Yo,a0 Toyq0 Tyq )) (1.56a)
p=0 \r=0 \¢g=0
| PE3 (PP

T T T T T T

Abase,1,ij :§ Z Z Z clg+r+pg {a“ Fop.a; Yopa; Yypa; Yo.q.a0 Ve,g,0:0 ry,qm} (1.56b)
p=0 \r=0 \g=0
| B3 (P (P43

T T T T T

Abvase,2,ij 9 Z Z Z clg+r+p)g {a“ 0.0.1,45 Y2.p.g1.0;> Ty.p.ai.050 To.q0 Va0 Ty, q} (1.56¢)

p=0 \r=0 \qg=0

The generic form of these contributions to the inertia forces from a single element can be implemented in a
single object function that only need the polynomial coefficient sub-vectors (1.46) and their first nodal derivatives

_ _ L,
Fo,b,n,p,q: :Eb,n,qi Nn,p g+ Eb,n Nn,p g + 501) Fmid,b,n,q; + 511) EeS,b,n,qi (1.57a)
Fobn,p.q :Ebm,qi P, Nn,p g+ Eb,n P, N’n,p 9q + 501) €1,b,n,q; (1.57Db)
Fy.bn,p,q :Ebm,qi Py Nn,p g+ Eb,n Py Nn,p 9 + 6017 €2,b,n,q; (1.57¢)

and second nodal derivatives

Fob,n.p.05,0; = Ebngi,q; Nnp 9+ Ep g, Nn,p 9.4

+Epng Nnp 9., + Epn Nip 9,000, + 01p l2 €3.6.m.0:.4; (1.58a)
Febnp.aig; = Ebnaig, Pa Nn 29+ Ebng Pa Nmp 9.4

+Epngi PeNnp g, +Epn PeNpp90:.0 + 60p €1,0.0,00,0; (1.58b)
Fyb.np.qiq; = E, 5405 Py N np 9+ Ep n,qj Nip 9.4

+Ebn,q; PyNnp9g, + Eon P‘ np 9,qi.0; + 00p €2,b,m,0; .4 (1.58c)

where the element-index n and substructure-index b are included again. Note that the coefficient sub-vectors
(1.46) and its first and second derivatives (1.57) and (1.58) must be evaluated at the current nodal DOFs q; ,,
of the element. The 3x3 element coordinate system E; ,,, the 7x1 vector function g, and their derivatives are
derived as explicit functions of the nodal DOFs in Appendix A. The mid-element position vector is simply a
linear function of the 2x3 displacements of the end-nodes (A.2).

The substructure object must return the following scalar, vectors, and matrices:
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Gravity forces

Elastic stiffness forces

Structural damping forces

Theory manual for CASEStab

Total mass of the substructure which is constant.

The 3x1 position vector for the center of gravity of the substructure where the
contributions from each element are given by (1.51a).

The first nodal derivatives of the 3x1 position vector for the center of gravity
of the substructure where the contributions from each element are given by
(1.51b). Maximum two elements will contribute to each DOF derivative.

The second nodal derivatives of the 3x1 position vector for the center of gravity
of the substructure where the contributions from each element are given by
(1.51c). Maximum two elements will contribute to each DOF derivative.

The local mass matrix of the co-rotational substructure built up by collecting all
12x12 element mass matrices (1.53) on its diagonal.

The local nonlinear gyroscopic matrix of the co-rotational substructure built up
by collecting all 12x12x12 element nonlinear gyroscopic matrices (1.54) on
its diagonal. This local matrix is three-dimensional where the twelve nodal
velocities at the ends of each element cause gyroscopic forces on the twelve
DOF equations of the same element.

The 3x3 rotational inertia matrix where the contributions from each element
are given by (1.55).

1.2.3 Linear super-element substructure
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2 Rotor aerodynamics

First in this chapter, a generic formulation is derived for the generalized aerodynamic forces from a blade onto
the DOFs of the individual substructures of the structural model. It is important to note that the aerodynamic
blade can consist of several substructures, e.g. if the blade has a pitch bearing half way down the blade,
also called partial pitch. Second, the aerodynamic forces in a blade cross-section are derived from a generic
formulation of the local relative flow in the velocity triangles and the explicit reformulation of the unsteady airfoil
aerodynamic model developed in [5]. Finally, the aerodynamic sub-model of the far wake induction used in
CASEStab is described based on the dynamic inflow model with localized induction developed for HAWC?2 [6].

2.1 Generalized aerodynamic forces on and from a blade

The contribution to the non-conservative generalized force on coordinate ¢; from the aerodynamic pressure P
on the surface S of blade number g (not to be confused with the substructure index b) can be written as

orl
Qi,B :/S 8q1* Pg ) (21)

where r, 3 is a position vector of the partial force vector PzdS in the inertial frame. The aerodynamic surface
pressure vector Pg depend on time ¢, the displacements q and velocities q of the turbine structure (added
mass effects are neglected in CASEStab), and the deterministic and stochastic input w(¢) from the wind field.
In the unsteady Blade Element Momentum (BEM) formulation, the aerodynamic forces in the cross-section are
described by the predefined curve integrations of the surface pressure around the cross-section along each
blade, and the unsteady aerodynamic effects of shed and trailed vorticity, dynamic stall effects, and far wake
effects on the induced velocities are handled by different engineering models with aerodynamic state-variables
collected in the vector x,, (cf. Sections 2.2.2 and 2.4).

With reference to Figure 2.1, let v. = {z, v, O}T be the local position vector of the surface of the cross-section
described in the chord coordinate system (CCS), where the first axis has the direction of the chord (positive to-
wards leading edge), the second axis is perpendicular to the chord (positive towards suction side), and the third
axis is the normal to the plane of the airfoil for which the surface pressure (later the aerodynamic coefficients)
is defined. The integration over the entire blade (2.1) can then be rewritten as

L t,q)" .
Q= [ § P It b 1y 0.0, 60 W) dr dy ds 2.2)
0o JC 7

where C is the curve around the cross-section, L is the total curve-length of the blade, and s is the spanwise
curve coordinate. The position vector of the (non-deformable) cross-section can then be written as

r;l),ﬁ (I7y7 S7ta q) = rac,ﬁ (53t7 q) + EC,ﬂ (57t7 q) Ve (23)

where r, 5 is the position vector of the aerodynamic center and E, s is the orientation matrix of the CCS in the
inertia frame, which are both functions of the spanwise coordinate, time and structural displacements q. The
orientation of the CCS is defined such that the blade surface normal vector lies in the plane spanned by e; . g
and e . 3. Thus, the aerodynamic surface pressure vector can be written as

P[f = Pﬂ(%ya Sat7 q, qaxavw) Ec,ﬁ’ (Svta q) n. (S,I, y) (24)

where pg is the scalar value of the surface pressure around the cross-section, and n. = {nmvc,nyvc,O}T is
the surface normal vector described in the CCS where the third coordinate is zero. Using (2.3) and (2.4), the
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Ps = psn = pgE; pn.

Figure 2.1: Schematics of a blade cross-section with the CCS E_ g with its origin at the aerodynamic center
in the quarter chord point. The orientation of this coordinate system is defined such that the surface normal
vector lies in the plane spanned by first two unit-vectors e, . g and e; . s.

generalized aerodynamic force (2.2) can be written as

GT aE B
ngf/ 7{})5 : p5n0+v a4, E.sn. | dxdyds (2.5)

’L

where the first term relates to the translation of the aerodynamic center and the second term relates to the
rotation of the CCS due to the generalized structural coordinate ¢;.

Looking at the inner curve integral for the first term, we note that it can be rewritten as

Macso g doay= Peerg 178 2.6
= c n. = : c .
90 57{ pifc dvdy = =5 “Eeps f%ﬁ (2.6)
where the local aerodynamic forces in the CCS are defined as
fop = ﬁpgnw,c dedy and f, 3= j{cp[gny}c dx dy (2.7)

which are functions of lift and drag forces and the geometric angle of attack, as described in Section 2.2.

Looking at the inner curve integral for the second term of (2.5), we note that the product of the transposed
derivative of the orientation matrix with the orientation matrix itself is a skew-symmetric matrix

aETﬁ 0 W38 W28,

C

3 Ecp= | —wsp, 0 w18, (2.8)
4 w28, —W18 0

where w; 5; (j = 1,2, 3) are the components of the pseudo vector that describes the local rotation of the CCS
due to the generalized coordinate ¢;. Using this property, the inner curve integral for the second term of (2.5)
can be written as

OET
j{ pﬂvf aqiﬂ E.sn. drdy = ]{ Paws gi (T Ny e — Yng.) dedy = ws g, Mg (2.9)
c i c
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where Mg is recognized as the aerodynamic moment about e, s 5 in the aerodynamic center defined as

Mg = % pa (X Ny,c —Yng) drdy (2.10)
C

Note that only the third component of the pseudo rotation vector wg ; 3 = 97, ;/9q; €2 . s from variation of the
structural coordinate ¢; is needed, as it describes the rotation of the cross-section about the same axis as the
aerodynamic moment.

Hence, the generalized force on the structural coordinate ¢; due to aerodynamic forces and moment distribu-
tions on the blade number g can be computed from integration along its span as

(e g g, 4 DL Mg | d 2.11
Qi,ﬁ—/o 9q P st 4 €3 Mp | ds (2.11)

where the local aerodynamic force vector f. 3 = {f. 3, f,.5.0}7 and moment in the blade cross-section are
derived from velocity triangles described in the following section.

211 Generalized aerodynamic forces on and from a substructure of the blade

The aerodynamic blade number 8 may consist of N substructures with the numbers b = bg,...,bg + Bg —
1, where bg is the number of the first substructure of the blade. The total contribution from blade 3 to the
generalized forces is therefore computed as the sum

b/g—‘ng—l

Qip = Z QiBp (2.12)

b=bg

where Q; 3, is the generalized aerodynamic force on and from the substructure b of the blade 5. To derive
generic expressions for this force, we will write the position of aerodynamic center in a form similar to the
structural kinematics Eq. (1.12):

racﬁ (t? q;z,y, 5) = r.O,b (tv q) + RO,b (t7 q) rac71,,8,b (qb7 z,Y, S) (213)

where the translations r, ;, and rotations R, ; of the base of the substructure b are given by (1.13), and r,. 1 55
is the local position vector of the aerodynamic center of blade 5 in the frame of substructure b. Similar, the CCS
orientation matrix can be written as

E.s=Roy(t,q) Ec1.65 (qs) (2.14)

where E.1 55 = [€1,c1,8b €218, €3.¢,1,8,) IS the CCS matrix in the frame of substructure b. Using (2.13)
and (2.14) and isolating integrals defined in the substructure frame (marked in blue similar to the substructure
components in Section 1.1) using the matrix dot product (E.7), the generalized force (2.11) on and from the
aerodynamic force distribution over the substructure b can be written as

-Lb 'Lb

fipbds + (RGp4R0b) : / (Frpolici sy +€2.01.5681 01,55Mp)ds
0

Qi,8,6 =T0,b,q; Ro,b/

0
Ly
+ / (ch,l,B,b,qifl,ﬁyb + e’{,c,l,ﬁ,b,qiezcalﬁab ‘]\Jﬂ) ds (215)
0

where L, is the curve-length of blade part on substructure b, the notation 0/9¢; = (), denotes the DOF
derivatives, and we have introduced the cross-sectional force vector described in the substructure frame as

fis0 =Ec1pfes (2.16)

Similar, we also introduce a “force vector” in the substructure frame for the subsequent derivations as
miysp = €2.c1,65Mp (2.17)
whereby the virtual work of the aerodynamic moment on a DOF ¢; on the substructure e{cﬁlﬂvbﬁqiezc,lﬁ’b Mg

can be written as e{ ., 5, . My g, similar to the virtual work of a force.
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The first line of (2.15) are the generalized forces on DOFs translating or rotating the base of the substructure b,
and the second line are generalized forces on the DOFs of the substructure itself. Using the superscript “0” for
forces on DOFs moving the substructure base and “1” for forces on substructure DOFs, we split the generalized
aerodynamic force into these two categories and rewrite them in the following form:

Qs =Tob.0,Rofa + (RE ;4 Rop) : May (2.18a)
Lb
Qi g :/ (Fac1.0.0fL80 + €11 50.0M50) ds (2.18b)
0

where we have introduced the total aerodynamic forces on the blade fz ;, and a 3x3 matrix containing the total
aerodynamic moments Mg ;, defined as

Ly

Ly
f50 = fippds and Mg, = / (FLpolact o+ Migsl .1 5p)ds (2.19)
0 0

To show the physical meaning of this total aerodynamic moment matrix, we note that Rabm Ry in(2.18a)is a
skew-symmetric matrix with the generic form:

T 0 86, —d6,
R R:[Mz 0 46, ]

i 80, —80, 0

describing the variational rotations ¢6,,, 46,,, and 46, of the substructure base about the three axes in the off-
diagonal elements (follows from Equations (E.1) and (E.5)). If we letr = {x,y,2}* and f = {f., f,, f-}* be
some position and force vectors and derive the moment matrix about the origin of the position vector as

rfe Yfe 2fz
M=fr" xfy yfy 2fy
xf. yf. zf.

The matrix dot product part of the generalized force on a rotational DOF ¢; has therefore the generic form

ORT

which shows the physical meaning of the second term in (2.18a) as virtual work of the six moment components
of the moment matrix (note that its diagonal are not representing moments and therefore obsolete).

2.2 Aerodynamic forces and moment at a cross-section

This section contains the derivation of the velocity triangles used to compute the aerodynamic forces and
moment at an airfoil cross-section along the blade. The local aerodynamic forces defined in the CCS of the
cross-section can be computed from the lift and drag forces as

fz,3 =Lgsinag —Dgcosag and f, 3= Lgcosag+ Dgsinag (2.20)

where Lz and Dg are the lift and drag forces, and ag = arctan (v, /(—v,)) is the geometrical angle of attack

given by the 2D relative flow vector {v,, vy}T in the (x, y)-plane of the CCS along blade 5. The aerodynamic
forces and moment about the aerodynamic center are defined as

1

Lg = ipcﬁU[%C’g%l (2.21a)
1

Ds = ipC[gUgCg}{g (2.21b)
1 n

Mg = ipc%UgC’ﬁ f (2.21c)

where p is the air density, ¢z is the local chord length, Uz = | /v2 + vg is the local relative flow speed in the plane

of the airfoil, and the unsteady aerodynamic coefficients are denoted Cﬁf’g, C’ﬁg, and Cﬁ% of the unsteady
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aerodynamics model (cf. Section 2.2.2). Using these definitions of lift and drag and geometric angle of attack,
the aerodynamic forces in the (z, y)-plane of the CCS can be rewritten as

]‘ n n 1 n n
fos = 3pcaUs (vy cn g, cf;vjﬁ) and  f,.5 = 5peaUs (—Um cdm oy, C;_%;{B) (2.22)

where the projected 2D relative flow vector {/um,vy}T is derived in the next section on the velocity triangles.
Note that the lift and drag forces are perpendicular and parallel to the relative flow vector and do not rotate with
the airfoil; a rotation of the cross-section due to torsion will only change magnitude of the forces, which only
indirectly may change their direction through the dynamic inflow effect on the induced velocities.

2.2.1 Velocity triangles

The wind field and induced velocity vectors in the ground-fixed inertia frame at a point p on the blade are denoted
w and v;, and the total relative velocity vector in this frame can be written as

Vp,rel,,@ =W-+V;, — Vp,B (223)

where the wind field vector w = w (¢, r,, 3) depends on time and the position of the pointr, s =r, 5 (t,q; x,y, s)
and the induced velocity vector v; = v; (s,t,q, q,X,, W) depends on the spanwise position, time (in case of a
prescribed rotor speed), and all model state variables. The velocity vector v,, 3 = dr,, 3/dt is the velocity of the
point in the inertia frame due to the structural motion of the blade, which we will derive below. The wind field
models are described in Appendix D and the wake induction model is described in Section 2.4.

The relative velocity vector in the CCS can be derived as
Veprel,s = Ec g (W+V; — V) (2.24)

where E. s is the orientation matrix of the CCS in the ground-fixed frame. The z- and y-components of this
relative velocity vector are given by

Vgeprel,s =€1 o (WHV; —Vp3)  and  wvycprap=e5,5(W-+V;—Vp,5) (2.25)

where e; . 3 and e, . g are the z- and y-unit-vectors of the CCS in the ground-fixed frame.

Figure 2.2 illustrates the two velocity triangles at two different inplane locations of the CCS needed for the
computation of the aerodynamic forces and moment in CASEStab. The velocity triangle at the torsional point
(TP) is used to compute the magnitude Ug and direction relative to the chord « of the relative flow vector. The
TP is the point where the translations of the cross-section is defined in the kinematic model of the substructure
(the origin of the reference frame in case of the co-rotational beam model), i.e., a rotation of the cross-section will
not lead to any translations of this point. In contrast to as, the geometric angle of attack /4, 5 used to compute
the circulatory lift must be based on the velocity triangle set up for the collocation point at the three-quarter
chord point [7], which will include downwash due to rate of torsional blade deformation.

The relative flow speed and the two geometric angles of attack are computed as

Vy,c, TP,rel, Vy,c,CP,rel,B
— 2 2 _ y.c, 1 Firel, _ y,c,CPrel,
Up = \/“z,c,TP,rel,B Uy eTpres, 0p=arctan P and  ay/q5 = arctan Ve oCPrels (2.26)

where the relative flow velocities are defined at p = TP and p = CP using (2.25).

Relative flow vector on a substructure of the blade

The blade deformation may be described by the individual deformation and base motion of several substruc-
tures. We write the position of a blade point p in a form similar to the structural kinematics Eq. (1.12):

rp,ﬂ,b (t7 q;x,y, 5) = rO,b (t7 q) + RO,b (ty q) rp,l.ﬂ,b (qb7 €,Y, S) (227)

where the translations r ;, and rotations Ry ; of the substructure number b are given by (1.13) and they may
depend explicit on time ¢ in case of prescribed rotor speeds. The local position vector in the substructure
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—v
Vy,c,TP,rel,B z,c,CP,rel,

—Vg,e, T Prel, Vy,c,CPyrel,B

Figure 2.2: Velocity triangle at the torsional point (TP) used for computing the relative flow speed Uz and
the geometric angle of attack o that defines the orientations of the lift Lg and drag Dg forces acting at the
aerodynamic center (AC). Another velocity triangle is defined at the collocation point (CP) to compute the
geometric angle of attack c,4 5 including downwash from torsional rate in the circulatory lift modeling.

frame r,, 1 5 is a function of the DOFs on the blade qy, the cross-sectional coordinates «z,y, and the spanwise
coordinate s on the substructure. We assume, as in the structural kinematics, that the deflection of the blade
has no explicit dependency of time. The velocity vector can be derived in the ground-fixed inertia frame as

dr Np Np Np
Vp,Bb = 725 =rop+ Z r0,b,4:Gi + Roplp1,86 + (Z RO,b,qiqi> rp1,66+Rop (Z r ,1,,8,b,qi%> (2.28)

i=1 i=1 i=1
and we write the CCS orientation matrix in ground-fixed frame as
E.s =Roy (t,9) Ec1,5,6 (Ab) (2.29)

where Ec1 54 = [€1,¢1,8, ©€2,c1,8b €318, IS the CCS matrix in the substructure frame. Thus, the z- and
y-components of the relative velocity vector in the CCS can be computed as

Np
T T T T T T T T .
Vzeprel,Bb = €1 0155 Rops W€ 1 5,Ro,Vi—€1 1 5,RopT00—€1 180 (Z R0, T0,b,4: ’h) (2.30a)
=1
ND ND
T g . T T . T T .
- (Ro,b Ro,b) S (Mp15081 e1,6,0) — (Z RO Rob,q:di |+ (Fp1,5.087 c1,50) — 11,80 (Z r ,1-,[7’~,b7qzqi)
=1 i=1
Np
T T T T T T . T T .
Vyeprel,f.b = €301 3, RopW+€ .1 5,Ro,Vi—€5,.15,Ry,Tob—€0155 (Z Ro.5 T0,b,: qi> (2.30b)
=1

ND ND
T g . T T - T T .
- (Ro,b Ro7b> D (rp1,6,€3.01,80) — (Z Ro.b Roﬁb,qiqz) F(Fp1,6,683,01,6,0) — ©3.6,1,6,0 (Z fp,lﬁﬁ,b,qzqz)

i=1 i=1

where we have blue marked the vectors that are defined in the substructure frame and used the matrix dot
product (E.7) to isolate these components of the local 2D flow vector. Note that only the last term in these local
velocity components describe the contribution from the deformation velocities of the substructure b on blade g.

2.2.2 Unsteady aerodynamic model

The dynamic model of the unsteady airfoil aerodynamics is very similar to the Beddoes-Leishman type model
described in [5], except that the attached flow lift curve is not presumed to be linear but follows the user-defined
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lift curve until the angles of attack where flow separation initiates, and except that the part of the unsteadiness
on the moment coefficient is omitted.

Stationary steady-state airfoil aerodynamics

For computation of the aerodynamic power and the stationary steady-state deflection of the blades in a uniform
wind field and no gravity or tower shadow, the aerodynamic coefficients can be obtained from the user-defined
airfoil polar (denoted by superscript st) as

CHs = Ci's (ap) (2.31a)
Chls = C3 s (ap) (2.31b)
Col'y = Cit g (ap) (2.31c)

where a4 is the geometric angle of attack given by Equation (2.26). Note that in the stationary steady-state the
two geometric angles of attack in (2.26) is identical.

Unsteady airfoil aerodynamics

The unsteady aerodynamic model can be written as [5]

2.3 Aerodynamic discretization of a blade

In CASEStab, the aerodynamic forces and moment are computed at N, aerodynamic calculation points (ACPs)
along the blade curve length and linear interpolation is applied between these sections. This aerodynamic
discretization is defined by the user independent of the structural discretization to ensure that the variations
of aerodynamic forces in the root sections and at the blade tip, as well as variations caused by aerodynamic
devices (e.g. vortex generators) are captured with sufficient accuracy.

The linear interpolation of forces and moment and the integrations over the blade are defined for the blade
curve-coordinate s; however, this curve-coordinate is not well-defined for the ACPs because they will depend
on the blade data resolution defined by the user. Eventually, the integrations over the blade must be sub-divided
into integrations over each substructure b = bg,...,bs + Bs — 1 of the blade, and possibly further sub-divided
into integrations over each element of each substructure (e.g. for the co-rotational beam formulation). As this
structural resolution is independent of the aerodynamic resolution, the definition of a curve-coordinate could be
inconsistent. Thus, to link the spanwise positions of the IV, ACPs on the blade to positions on the substructure,
we define them by the coordinates z, ; (j = 1,2, ..., N,) along the axis perpendicular to the flange of the blade,
which is the same of the pitch axis for a conventional blade mounted on a pitch bearing. Note that z, ; = 0 and
the coordinate of the blade tip is smaller than the blade curve-length z, n, < L due to blade pre-bend.

The position vectors, force (2.16) and moment (2.17) vectors, and the first CCS unit-vectors in the integral
kernels of the generalized aerodynamic forces (2.18) and (2.19) are all defined in the substructure frame. We
therefore also compute the force and moment vectors at each ACP in the frame of the substructure to which the
ACP belongs. The computed force and moment vectors are thereby denoted f, 5, ; and m, g, ;, where the first
subscript “1” refers to the fact that the vector is defined in the local substructure frame, the second script is the
blade number 3, the third subscript is the substructure number b for the frame of reference, and the fourth and
last subscript is the ACP number j on the blade. Both force or moment vectors used for a linear interpolation
between two ACPs must be described in the same substructure frame. At the edges of a substructure this
interpolation may span over two different frame of references. Thus, the force and moment vectors at such an
edge ACP placed on substructure b — 1 “below” or b + 1 “above” substructure b must be transformed by the
matrix product RabRo,b,l or R Ry 141, respectively.

Note that a linear interpolation of the moment vector m; g, (2.17) between the ACPs implies an assumption
to the variation of the orientation of the second unit-vector of the CCS between the ACPs. This assumption
may conflict with the a higher order variation of the elastic deformation of some substructure type, e.g. the
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co-rotational beam formulation. However, the error will decrease with the increase of ACPs and the higher
resolution of the distributions, and it can therefore be quantified in a convergence study.

2.4 Wake induction model

We use the Blade Element Momentum (BEM) model of the far wake and dynamic inflow effects developed by
DTU [6]. The fundamental concept of the model is localized induction where the induced velocities and their
state-variables are computed in a stationary polar grid. This polar grid lies in a plane defined by the initial
direction vector of the rotor shaft and the position of the rotor center, see Figure ??.

Relationship between local thrust coefficient and axial induction factor

k3C3 + koC2 4 ki COr —25<C0r <25 (2.32)

—k32.5°% + k2.5 — k12.5 + (3k32.5% — 5ka + k1) (O +2.5) Cr < —2.5
a(CT) =
k32.5% + ko2.5% + k12.5 4 (3k32.52 + 5ko + k1) (Cr — 2.5)  Cr > 2.5

241 Stationary steady-state rotor aerodynamics

In case of uniform wind field (without shears, yaw, upflow, or turbulence), exclusion of tower shadow effects,
and no periodic forcing of the blades (no gravity or control actions), the rotor

2.4.2 Periodic steady-state rotor aerodynamics

24



Theory manual for CASEStab

3 Aeroelastic equations of motion

The structural motion and the aerodynamic forces described in the previous two chapters are now coupled in
a closed set of aeroelastic equations of motion. The generalized aerodynamic forces on the structural DOFs
are given on a generic form in Equation (2.18) for the integration of the aerodynamic forces and moment
distribution over a single substructure. The relative flow at the airfoil section of a blade depend on the structural
motion as described on generic form in Section 2.2. The aerodynamic forces and moment at the airfoil section
depend on this relative flow, the wind field, the induced velocities, and local dynamic effects of shed vorticity
and dynamic stall. The aerodynamic discretization of the blade into aerodynamic calculation points (ACPs)
and the piecewise linear functions used to describe the distributions of forces and moment are introduced in
Section 2.3. The unsteady airfoil aerodynamic model is described in Section 2.2.2. The wake model of dynamic
inflow (the unsteadiness of the induced velocities) depend on the local thrust and torque coefficients and the
yaw and upflow angles as described in Section 2.4.

The chapter is structured as follows: Section 3.1

3.1 Generalized aerodynamic forces for different substructure types

The total generalized aerodynamic force from a blade on each structural DOF is given in (2.12) by the sum of the
contributions from aerodynamic forces and moment distributions on each substructure b = bg, ... ,bg+ Bg — 1
of the Bg substructures comprising blade number 3. These contributions are given by the integrals over each
substructure in Equations (2.18) and (2.19). In this section, we derive expressions for these integrals for the
different types of substructures in CASEStab using piecewise linear functions of the aerodynamic forces and
moment distributions over the substructure. The sectional force and moment vectors at the ACPs are denoted
fi54,; and my g, ;, where the first subscript “1” refers to the fact that the vector has been computed in or
transformed to the frame of the substructure number b being the third subscript, the second subscript 3 is the
blade number, and the fourth and last subscript is the ACP number j =1,..., N, on the blade.

We define an index vector j, , for k = 1,..., N, containing the indices of the N, ;, ACPs which sectional forces
and moments define the forces and moment distributions over the substructure b. We collect these forces and
moments needed for the linear interpolation over substructure number b in the following vectors:

T T

Ro.,Rop-1F1,86-1,5, 1 Ro,,Rop—1M1 g6-1,5, .
f1,5,b7jb,2 m1~ﬂ7b,jb,2
f1.6,6,0.5 M1 55,55

fui1,80 = : and Myy186 = . (3.1)
f1757b7jb,Na'bfl mlﬁbdb,zva,bfl
T T
RosRob+1fi 801150 w, , RosRob+1M1 8415, v,

where the first and last vectors defined on adjacent substructures must be transformed into the frame of sub-
structure b by the orientation matrices Ry ;,—1, Ro 5, and Ry ;.1 for each involved substructure (1.13). If the blade
is described by a single substructure then j, = 1 and N, ;, = N,, and the above vectors reduce to

f1.6,6,501 M1 5bj,,

flaﬂvb;jb,Z M1 56,52

fa1,80 = and My 185 = (3.2)

flﬁﬁﬁba.jb,Na M1 565, v,

as one special case of (3.1). The other two special cases are when b is the first or last of several substructures
on the blade.
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The outcome of this section are matrices that transform the N, forces and N, moments of the ACPs on the
blade to the total aerodynamic force and moment, as well as the

Note that we omit the subscript 5 for the blade number in the following sections because we are referring to a
single blade.

3.1.1 Rigid body substructure

To be derived ...

3.1.2 Co-rotational beam substructure

Figure 3.1 shows a 2D illustration of the aerodynamic force distribution over a blade and an element of a
co-rotational beam element substructure of the blade. The blade consists of two substructures b — 1 and b
described by several beam elements with their end nodes are marked by e. The force distribution over the
blade is a piecewise linear function with the N, ACPs (marked by o) as break-points. The piecewise linear
function over the element n of substructure b is here defined by four ACPs, written as N,;, = 4, i.e., the
force (and moment) distribution over this element is described by two internal break-points and two end-break-
points on the adjacent elements. We define a vector ¢;, ,, , for k = 1,..., N, ,, containing the non-dimensional
element coordinate of these break-points for each element n. Note that the end-break-points will always lie at
the element nodes (¢ = +1) or outside the element, i.e., (.1 < —1 and (3, n,,, > 1. In case that these
points lie on the adjacent elements, their element coordinates can be computed as

Ly In
o =—1—— S (1= Con-1Neps—1) @A Gnn,,, =1+ l+1 (1 + Cont1,2) (3.3)
n n
where [,, is the initial lengths of elements n = 1,..., N.,. Note that special rules apply to the first and last

elements of a substructure, where the adjacent element may lie on an adjacent substructure.

A curve integral over the co-rotational beam substructure b is the sum of integrals over each element n as

L New, o New o (Nogon =l by
[ ow=35% [ ow=35( 3 [0 (3.4

n=1 n=1 ap,n,m

where each curve integral over the element length is a line integral over the non-dimensional element coordinate
¢ between element its nodes at ( = +1. To ensure that the integral kernels will be single polynomials (not
piecewise), the line integral over each element is further sub-divided into line integrals between the nodes and
the N, ;,» — 2 internal break-points on the element. The limits of these sub-divided integrals are

(ab,n,lvbb,n,l) = (_17<b,n,2)
(apn,2:bbn2) = (Coni2:Coon,3)
. (3.5)
(@b, No =106, Ny yn—1) = (CoNuyn—151)

Note that in case there are no ACPs on an element, when N, ; , = 2, only a single integration over the element
is needed (apn,1,bpn,1) = (—1,1). The piecewise linear distributions of the aerodynamic force and moment
vectors over the element can be written on generic forms as

1
ZT:() fl,b,n,O,r CT Ap,n,1 <(< bb,n,l

S o fipnas (T apn2 < C<bppo2
fiion (C) = " : (3.6)

1 : :
Yoo Nepnr €7 NGy, < C<bbnN,

and .
Zr:O ml,bm,O,T CT Gp,n,1 S C < bb,n,l

1
ZT:() ml,b,n,l,r CT ap,n,2 < C < bb,n,Q

misn (C) = (37)

1 .
Ym0 M Ny 7 b Ng o < C <N,
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Cb,n+1,2

Element n
on subst. b

J=Na

j = jb,n,Z

J=Jbm1 Jj= jb;n:Na,b,n

Rt
e /

Figure 3.1: lllustration in 2D of the aerodynamic force distribution over an element of a substructure of a blade.
The blade consists of two substructures b — 1 and b described by co-rotational beam elements with end nodes
(). The force distribution over the blade is a piecewise linear function with the N, aerodynamic calculation
points (o) as break points. The force distribution over element number n of substructure b has two internal
break points (N, 5, = 4) and its end break points on the adjacent elements.

\

where the coefficient vectors f; 4 ,, p,.» @and my 4 ,, . » for each integration interval m = 1,..., Ny, — 1 and
order r = 0, 1 of the linear function can be computed as

flvbajb,n,7n<b7"1m+1 - f17b7jb,n,'m+1vananl f17bajb,n,7n+1 - flvbyjb,n,'m (3 8)

Cb,n,m+l - Cb,mm

and fl,b,n,m,l =

im0 =
e Cb,n,erl - Cb;n,m

and

M1 b, Conym+1 — Mg, o Conm Mib iy mir — MLbG,

and ml,b,n,m,l = (39)

ml,b,n,m,O =

Co,nm41 — Conm Co,nm+1 — Conm

where f, ;, ; and my ;, ; are the force and moment vectors at j'th ACP described in the frame of substructure b,
and the index vector j, , , With k = 1,..., N, 4, contains the indices j of the ACPs involved in the piecewise
linear function over element n on substructure b, cf. Figure 3.1. We rewrite these coefficients as

flvbvnﬂan = wbv”vmvrflabvjb.n,nL + wb,nﬂn"l‘177"f1~,b1jb,n,'m+l (310a)
My bnm,r = Won,mrMb gy m T Whnm+1,rMLb gy (3.10b)
(3.10c)
where r = 0, 1 and the scalar weights are given by the break points
Cb,n,erl _Cb,nﬂn
Wh,n,m,0 = y Whn,m+1,0 = )
Cb,n,m+1 - Cb,mm Cbm,m-l—l - Cb,n,m

-1 1

Wo,n,m,1 = ) and Wh,n,m+1,1 = (311)

Cb,’n,m-‘rl - Cb,n,m Cb,n,m-‘rl - Cb,n,’rn
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which are pre-computed in the initialization of the coupling of the substructure with the aerodynamic blade.

For the integrations of generalized aerodynamic forces in (2.18) and (2.19), we also need the position vector
of the aerodynamic center (AC) in the substructure frame r,. 1, and its first DOF derivative rq. 1 5 4,. Using the
position vector formulation (1.45), we can write it as functions of the element coordinate of each element n:

P+3
rac,l,b,n = Z (ro,b,n,p + xn,c,b,n(C) rm,b,n,p + yac,b,n(g) ry,b,n,p) Cp (312)

p=0

where 450, fz0np, @and r,,, are the coefficient vectors given by (1.46), and functions z,.,(¢) and
Yac,b,n (¢) describe the varying position of the aerodynamic center in the element coordinate system. In CAS-
EStab, we assume that this variation can be approximated by the piecewise linear function:

1
> r=0 Cac,z,b,n,1,rC" a1 < C<bpn
1
27-:0 Cac,m,b,n,Q,rCr Qap,n,2 < C < bb,nﬂ
xac,b,n(() = . .
1
2 r—0 Caca,bn,Nayn—1,rC" Qb Ny =1 < C < Obp N, -1
1
Zr:O Cac,y,b,n,0,rC" apn,1 < C<bpni
Er:O Cac,y,b,n,l,rgr ap,n,2 S C < bbﬁn,2
yac,b,n(C) = . . (313)
1 .
2 r=0 Cacy b Napn -1, Qo Ny =1 < C < bbp N, -1
where the two coefficients of each linear functions cuc 4 6.n,m,r @Nd cacybnm,r fOrm =1,... . Ngp,, — 1 are

constants computed during the initial model assembly as described in Appendix B. Combining (3.12) and
(3.13), the position vector of the aerodynamic center over the element is given by the piecewise polynomial
function

P+4
E%:O Fac,1,b,n,1,p Cp apn,1 < C < bb,n,l
+4
ZP:O rn,c,l,b,n,Z,p Cp ap,n,2 < C < bb,n,Q
Fac,1,b,n = : . (3.14)

P44
szo racvlvbvnyNa,b,n_lvp Cp abynaNa,b.n_l S C S bbynvNa,b.n_l

where the coefficient vectors ryc 1 pn,m,p form=1,..., Ny, — 1 are derived from (1.46) as
Fobn,p + Cacyz,bn,m,0Vz.bnp + Cac,y,bn,m,0lybn,p p=0
r +c r +c r
Factbmmp = 0,b,n,p T Cac,z,bn,m,0Vz.bn,p T Cac,y,b,n,m,0ly,b,n,p (3.15)

+Cac,z,b,n,m,1Fw,b,n,p—1 + Cacy,bn,m 1Py bnp—1 VP E[1: P+ 3]

Cac,w,b,n,m,lraz,b,n,p—l + Cac,y,b,n,m,lry,b,n,p—l b= P+4

where P is the order of the structural element. Note that the coefficient vectors in (1.46) are functions of the
substructure DOFs and their first and second DOF derivatives are given by (1.57) and (1.58). The first DOF
derivatives of r,. 11, are therefore

P+4
Zp:O Fac,1,b,n,1,p,q; ¢P ab,n,1 <¢< bb.,n,l

P+4
> p—o0 Tac,1,6,n,2,p,0: CP abno < C < bpno
FacLbm.g, = . _ (3.16)

P+4
Zp:O Fac,1,b,n,Nq p,n—1,p,q: ¢P Ab,n,Na bp,n—1 <¢< bb,n,N,,,_,b‘,,,fl

where the first derivatives of the coefficient vectors roc 1 5 nm.pg fOrm=1,...,Ngp,, — 1 are
royb,nypyqi + Cacwxabvnamﬁorx7b1n7paqi + Cac,y,b,n,m,oryyb,nm,qi b= 0
— r07b;n7P7Qi + Cac,z,b,n,m,OrLb,n,p,qi + Cac,y,b,n,m,oryﬁ,n,p,qi 3 17
Fac,1,b,n,m,p,q; = A% 1:P+3 (3.17)
+Cacvw7b7’n’7ma1rzﬁban7p_17qi + Cac,y,b,n,m,lry,b,n,p—l,qi p € [ . + ]
Cac,z,bn,m, 1 zb,n,p—1,q; T Cac,y,bn,m, 1 ybn,p—1,q; p=P+4
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where the coefficient vectors are given by (1.57). Although the second DOF derivatives are not needed for the
integrations of generalized aerodynamic forces in (2.18) and (2.19), we will need them later for a linearization
of these generalized forces. The second DOF derivatives of rq. 15, are

P+4
Z%:04 Fac,1,b,n,1,p,q5,05 C7 apn,1 < C<bpp1
+
szo Fac,1,b,n,2,p,q5,q; ¢ ap,n,2 <(¢< bb,n,Q
Fac,1,b,n,qi,05 = . . (3.18)

P44
Zp:() ra0717b7"»Na,b,n—17[17(11‘,!1_7’ Cp ab’nyNa‘b,n_l S C S bban-,Na,b,n_l

where the coefficient vectors ruc1,b.nm.p,qg;,q; Orm=1,..., Nopn — 1 are
ro,b,n,p,qi,qj + Cac,w,b,n,m,or;v,b,n,p,qi,qjv + cac,y,b,n,m,Ory,b,n,p,qi,qj p= 0
rac,17b,n7m7p7qi7qj _ I"o,b,n,p,qﬂq‘7 + Cac,z,b,n,m,Orm,b,n,p,q,,qj + Cac,y,b,n,m,ory7b,n,p,q,;.,qj . (319)
+Cac,x,b,n,m,1rm,b,n,pfl,qi,q_j + Cac,y,b,n,m,lry,b,n,pfl,qi,qj Vp € []. P + 3]
cac,wq,b,n,rmlrm,b7n,p717qi7qj + cac,yﬁ,n,m,lry,b7n,p717qi,qj p=P+14

where the second derivatives of the coefficient vectors are given by (1.58).

For the integrations of generalized aerodynamic forces in (2.18) and (2.19), we also need function of the vari-
ation of the first unit-vector e; . 1 ; ,, of the chord coordinate system (CCS) over the element number n, and its
DOF derivatives. The variation has two components: a constant component due to the geometrical variation
of the blade shape and a dynamic component due to the small rotational elastic deformations of the element:

Eb,n(qb) Rl,b,n(qbv C) el,c,e,b,n,l(() ap.n,1 S C < bb,n,l

Eyn(q45) Rip,n (A, C) €1.c.0,6,m,2(C) pn2 < C < bppo

€110 C) = (3.20)

Eb.n(90) Ripn (b, Q) €1 ciebnNay—1(0) @bnN,y,—1 << bbnN,, . —1

where E,, ,, is the element coordinate system (ECS) matrix defined in the substructure frame, R, ; ,, is the rotation
matrix function for the elastic deformation, and the unit-vector functions i ¢ ¢ p n.m(¢) Withm =1,... Ny p,, —1
describe the geometrical variation of the CCS matrix over the interval ¢ € [ap n m,bbn.m] in the frame of the
ECS. Assuming small rotations inside the elements, the elastic rotation matrix can be approximated as

1 _ezm (C) ey,n(g) P+3
Ribn(@:¢) = | 0:(C) L —0ua(Q) | =14 ) 8{0,) ¢ (3.21)
_eyﬂl(C) em,n(C) 1 p=0
where the skew symmetric parts (cf. (E.1)) are
0 —0.mp  Oymyp
S${npt =1 bznp 0 —Ounp (3.22)
—Oynp  Oznp 0

using the coefficients for the angles 6, , = {0..n.p; Oy nps 02.np )T = N p9 (Qs..) @s defined in (1.44).

The geometrical variation of the first unit-vector of the CCS matrix over the interval ¢ € [ap.n.m,bbn.m] IN the
frame of the ECS is approximated by a linear interpolation function:

el,c,eA,b,n,m(C) - (el,c,e,b,mm,a(bm,n - C) + el,c,e,b,n,m,b(c - am,n)) /(bm,n - am,n) (323)

where €1 c.c.b.nm,a aNd €1 ccpnmp are the first unit-vectors of the CCS in the ECS frame on the lower and
upper limits of the integration range, respectively. We rewrite this approximation as

1
el cebnm(() = eieebnmr(" (3.24)
r=0

where coefficient vectors are

el,c,e7b,n,m7a bbm,m - eLc,e,b,n,m,b ap,n,m

el,c,e,b,n,m70 = b a
bn,m — Ubnm

el,c,eA,b,n,m,b - el,c,e,b,n,m,a (3 25)

€1.cebnm,l =
bb,n,m — Abn,m
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Note that the approximation (3.23) does not ensure that the length of the first axis vector of CCS in the ECS
frame is unity, but the error will decrease with increased number of ACPs and can therefore be quantified as
part of the aerodynamic discretization error in a convergence study.

Using (3.21) and (3.25), the variation of the first unit-vector e; . ; , of the CCS over the element number n
(3.20) can be written as
25:04 el,c,l,b,n,l,p Cp ap,n,1 < C < bb,n,l
X:P:-"_O4 el,c,l,b,n,27 C;D Ap,n,2 < C < bb,n,2
@1c10m (0, () = e e . (3.26)

P+4
D p0 €Le b Ny u—1,0C"  AbnNeyn—1 < C < bonN, .1

where
Eb,n (I +S {Nn,Og}> €1 c.e,b,n,m,0 b= 0
el,c,l,b,n,m,p - Eb,n (S {Nn,pg} el,c,e,b,n,m,O + S {Nn,pflg} el,c,e,b,n,m,l) Vp S []- : P + 3} (327)
Eb,ns {Nn,pflg} el,c,e,b,n,mJ p= P + 4
The first derivative of this uni-vector with respect to a DOF ¢; on the substructure becomes
>0 €116 pa: G b1 < ¢ < bon,
> €1e1bm,2.p,0: G abn,2 < ¢ < bpno
€1c1bmg (A, ¢) = ? _ _ (3.28)
Zfio4 €1.¢,1,6,0,Naspn—1,0,0: & Wb, Ny =1 < 6 < bon, N,y -1
where
(Eb,n,qi (I + S {Nn,09}> + Eb,ns {Nn,og,qi }) el,c,e,b,n,m,o D= 0
(B S (M) 1S (s }) 1 520
€l.c,1,b,n,m,p,q; = N - :
+ (Ebﬁ’ﬂﬁhs {Nnap—lg} + Eb,ns {Nn,p—lg,qi}> €1,c,e,b,n,m,1 Vp S [1 P+ 3]
(Eb,n,q,;s {Nn,p—lg} + Eb,ns {Nn,p—lg,q,; }) el,c,e,b,n,rn,l p= P + 4
The second derivative of this uni-vector with respect to DOFs ¢; and g; on the substructure becomes
Y0 €11 bin1pgig CF abn,1 < C<bpn
ZP:+04 €1.c,1,6,,2,p,q1,q; 6" Apn2 < C<bpn2
€1.c,1,b,n,9:,9; (qb, C) = P . ! (330)

P+4
>0 €116, Na b n—1,0,0120; ¥ Wb, Nayu—1 < C < Db, N, -1
where
(Eb,n,qq,7qj (I + 8 {Nn,09}> +Epng,S {Nn,OQ,qj}
+ Epn,q; S {Nn,og,qi} + EpnS {Nn,og,qi,qj }) €icebnmo  P=0

(Eb,mqqu's {Nn,pg} + Eb,n,qis {Nn,pg,q]}
+ Epng; S {ng,qi} +E; .S {N",pg%q] }) €1.c.e,b,n,m.0
+ (Eb,nyqlwq]’s {Nn-,pflg} + EbngS {Nn-,pflg,qj}

+ Ebm,qjs {Nn,pflg,qi} + Ebms {Nnﬁpflg,quq] }) el,c,e7b,n,m,1 Vp S [1 : P + 3]

€1.c,1,b,n,m,p,qi,0; —

(Ebyn,qmqjs {N717p—19} + Eb g, S {Nn,p—lqu;‘ }

+ Eb,n,q]-s {Nn,pflg,qi} + Eb,ns {Nn,pflgyih'#]j }) el,c,e,b,n,m,l b= P + 4

(3.31)
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which is needed for the linearization of the generalized aerodynamic forces.

Using the piecewise linear force and moment functions (3.6) and (3.7) with their coefficients (3.35), the variations
of the AC position (3.14), and the chordwise unit-vector of the CCS (3.26), we can compute contribution from
element n to the total aerodynamic force vector and moment matrix (2.19) for the substructure b as

l Na,b,n_l 1 b’l‘Jrl _ aT+1
n b,n,m b,n,m
fon =3 ) ) S E— (W, F10,50, .+ Wonmt 1,0 FL0, 51 1) (3.32)
m=1 r=0
and
Napn—=1 /P44 / 1 bp+r+1 _ptr+l
M ln Z Z Z bnm — Ybnm
bn = o I E—
2 m=1 p=0 \r=0 p +r+l

T
((wb7n7mxrfl7bij,n,m + wbyn:m+177‘f1;b7jb,n,m+l) Foc,1,b,n,m,p (333)

T
+ (wb,n,mmml,b,jb,n,m + Wo,n,mA 1ML by i) e1,c,1,b,n,m,p> ) ) )

Similar, the contribution from element n to the generalized aerodynamic force on DOF ¢; of the substructure b
(2.18b) can be written as

I Napn—=1 /P44 / 1 b§+7-+1_ ai)—&-r-&-l
_n E § § : 1M ,n,m
Qi,b,n - 2 ( < ( 7]) Tr+1

m=1 p=0 \r=0

T
(rac,l,b,n,m,p,q, (wb,n,m,rfl,b,jb‘nmL + wb,n,m+11Tf1,b=jb,n,,m,+1) (334)

T
+ eLC’be”’m,P,qz‘ (wb7n7mxrm17b:jb,n,m + wb,n,m+17Tm1,b,jb,n,m+1)> ) ))

We now define the element transformation matrices T ,, for the total force, Tar¢ , and Tasp, b, for the total
moment, and Ty, and Tg., . for the generalized force as

forn=Tsronfar16n (3.35a)
My = Tarponfaiom + Tarmp,nMaii1,,m (3.35b)
Quiton = Toronfar1.0m + TOmb.nMait 1,60 (3.35¢)

where f,;; 14, and mgy 1 4 ,, are vectors of length 3V, ;, ,, containing all forces and moments affecting the aero-
dynamic force and moment distributions over element n on substructure b, and Q,; 1, is a vector of length 12
containing the generalized forces on the 12 DOFs that describe the deformation of element n.
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A Co-rotational beam element method

This appendix contains the description and derivations of the co-rotational finite beam element method im-
plemented in CASEStab. The methodology is similar to Crisfield [2] and Krenk [3] except that the nonlinear
geometric formulation is explicit, i.e., the element coordinate systems and the local small rotations of the nodes
are given as explicit nonlinear functions of the global nodal DOFs.

A.1 Nonlinear kinematic formulation

The element has two end-nodes with each six DOFs, three translations and three rotations. We can denote
the 12 DOFs of an element as

qn,1
qn,2
dn,3
qn.,4
qn.,5
An = b (A1)
qn,7
qn,8
qn.,9
dn,10
dn,11
dn,12

1 qn,1 qn,7
r‘mid,n = rmid,O,n + 5 qn,2 + Adn,8 (A2)
qn,3 dn,9

where Iniq 0., iS the initial position of the element mid-point.

where

A.1.1 Element coordinate system

A.1.2 Elastic stiffness matrix

A.2 Model input for co-rotational beam structures

A.3 Structural HAWC2 input translator

This section contains a description of the HAWC2 translator that enables the loading of the structural data from
HAWC2 models.

In HAWC2, the cross-sectional properties of the st-file are given in the coordinate system
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Deformed element state Q,

¢ =+1

Eon  Initial element state

Mmid,n
¢=-1

rmid,O,n

Figure A.1:

A.4 Cross-sectional transformation
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Reference system:

1

2

3

4

z [m]
Lref [m]
Yref [m]

Orer [deg]

Distance to section from base of substructure (blade root flange) along the third (pitch)
axis of the substructure (blade) frame.

Primary (edge) axis distance from third substructure (pitch) axis to the origin (the
reference point) of the cross-sectional reference frame.

Secondary (flap) axis distance from third substructure (pitch) axis to the origin (the
reference point) of the cross-sectional reference frame.

Angle of inplane rotation of the cross-sectional two-dimensional reference frame.
Each element coordinate system is rotated the element-average of this angle from
an initial orientation where its secondary (flap) axis has a zero primary (edge) axis
component in the substructure (blade) frame.

Mass properties:

5
6

7
8

9
10

m [kg/m]
Lcg [m]

Yeg [M]
Tz [m]

Ty [m]
0. [deg]

Mass per unit-length of the substructure.

Distance on primary axis of the reference frame from reference point to mass center
(CG).

Distance on secondary axis of the reference frame from reference point to mass
center (CG).

Radius gyration for rotation about the primary inertia axis with CG as origin.

Radius gyration for rotation about the secondary inertia axis with CG as origin.
Angular offset of the primary inertia axis from the primary axis of the reference frame.

Stiffness properties (isotropic section = 13 columns or full 6x6 compliance matrix = 21 columns)

Isotropic section:

11 Zeq [M] Distance on primary axis of the reference frame from reference point to the centroid
of bending (elastic axis).

12 Yea [M] Distance on secondary axis of the reference frame from reference point to the centroid
of bending (elastic axis).

13 Tse [M] Distance on primary axis of the reference frame from reference point to the shear
center.

14 Yse [M] Distance on secondary axis of the reference frame from reference point to the shear
center.

15  0Opena [deg]  Angular offset of the primary bending axis from the primary axis of the reference frame
(structural twist).

16 FE [Pa] Average elastic Young’s modulus of the cross-section.

17 G [Pa] Average shear modulus of the cross-section.

18 A [m?] Area of cross-section.

19 I, [m4] Moment of inertia for bending about the primary bending axis.

20 I, [m%] Moment of inertia for bending about the secondary bending axis.

21 K [m4 Moment of inertia for torsion.

22 ks [] Shear correction factor in the direction of the primary reference axis.

23 ky [-] Shear correction factor in the direction of the secondary reference axis.

Full 6x6 compliance matrix:

11-31

C[SI]

Upper triangle 21 elements of the symmetric 6x6 compliance matrix row by row
[C11,Ch2, ..., C16,Caa, . . ., Cgg] given in the reference frame.
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B Aerodynamic data input and process-
ing

B.1 Input files

1 z[m] Distance to section from base of substructure (blade root flange) along the third (pitch)
axis of the substructure (blade) frame.
2 Zpes [M] Primary (edge) axis distance from third substructure (pitch) axis to the reference point
of the cross-sectional reference frame.
3 Yrer [M] Secondary (flap) axis distance from third substructure (pitch) axis to the reference
point of the cross-sectional reference frame.
4-6  ¢,, ¢y, 9. Pseudo vector of finite rotation of Chord Coordinate System (CCS) from the substruc-
[deq] ture (blade) frame. If ¢, = ¢, = 0, then the normal to the airfoil plane is defined by
the tangent of the reference point curve and the inplane axes of the CCS are defined
such that its secondary axis has zero primary axis component in the blade frame
before rotating them about the tangent by ¢..

7 c[m] Chord length of airfoil or diameter of circle.
8  tre [%] Relative thickness of airfoil (100% = circle).
9 x4 [M] Distance on primary axis of the reference frame from reference point to the aerody-
namic center (AC).
10 yae [M] Distance on secondary axis of the reference frame from reference point to the aero-
dynamic center (AC).
11 age [7] Non-dimensional chordwise position of the AC for visualization of the blade.
12 dpe [ Number of the airfoil set in HAWC2 type polar data files.
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C Dynamic stall model data

This appendix contains description of the pre-processing of the data for the dynamic stall model based on the
user-defined airfoil polars.
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D Wind field
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E Mathematics

This appendix contains different mathematical formulas and derivations that are used in the theory manual.

E.1 Definitions

Let S{} be a skew-symmetric operator converting a vector to a skew-symmetric matrix defined as

0 —Ws W2
S{w} = { ws 0 —w ] (E.1)

—Ww2 —W1 0

where w = {w1,wq, w3}t is any vector. If S is a skew-symmetric matrix and A is a arbitrary square matrix of the
same size then ATSA is also a skew-symmetric matrix.

E.2 Finite Rotations

Any finite rotation can be described by a unit-vector n = {n,,n,,n.}* and an angle ¢ the rotation matrix:

R =1+ Nsin¢+ N? (1 — cos ¢) (E.2)
where
0 —n. Ny
N=| n, 0 —-n; | =8{n} (E.3)
Ny Ny 0

is a skew-symmetric matrix. Using the unity of the rotation vector length ||n|| = 1, it can be shown that
N®=-N (E.4)

and using this property, the derivative of the rotation matrix with respect to the angle for a fixed rotation vector
becomes

R _ Ncosd+N?sing = RN (E.5)
¢
and therefore 2R
on _ 2
5oz = RN (E.6)
E.3 Miscellaneous formulas
u"UTVv = Tr ((UTV) (vu”)) = (UTV) : (vu”) (E.7)
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