®

Check for
updates

Eigenvalues of the Free Rotation Mode
of the Multi-bladed Rotor

Chao Peng®™)® and Alessandro Tasora

Department of Engineering and Architecture,
University of Parma, 43124 Parma, Italy
{chao.peng,alessandro.tasora}@unipr.it

Abstract. The eigenvalues of the free rotation mode of multi-bladed
rotor systems are of crucial importance when designing controllers. An
unstable free rotation mode of the rotor is unfavorable. In this paper,
the Differential Algebraic Equations (DAEs) of the multi-flexible-body
system are linearized after having introduced a corotational formula-
tion with respect to the floating frame of reference of the rotating cen-
ter. The Multi-Blade Coordinate (MBC) transformation is performed to
obtain the time-invariant system. The proposed formulations are verified
through the numerical experiments carried out on the rotors of increasing
complexity: a single rigid body, a rigid rotor, and a flexible rotor. Results
reveal that the geometric stiffness matrix and the tangent stiffness matrix
of constraints exhibit a centrifugal stiffening effect, moving the eigenval-
ues toward pure imaginary numbers; in contrast, the inertial stiffness
matrix introduces a centrifugal softening effect, pushing the eigenvalues
toward real numbers. Generally one has to discard the geometric stiffness
matrix, the inertial stiffness matrix, and the tangent stiffness matrix of
constraints in the linearized DAEs to obtain the zero eigenvalues for the
free rotation mode, whereas the inertial damping matrix can be involved.

Keywords: free rotation mode *+ multibody linearization - stiffening
effect - softening effect

1 Introduction

A multi-bladed rotor system always involves a free degree of freedom (DOF)
corresponding to the rotation around its axis. For instance, wind turbines and
helicopter rotors can rotate freely to exchange kinetic energy between the rotor
structure and the surrounding airflow. This rotational DOF introduces the rigid
body mode, also called free-free mode, which is commonly considered to have zero
eigenvalues [4]. However, the eigenvalues are unnecessary to be zero; hence we
prefer to call it free rotation mode.

El-Absy [3] investigated the stability of the rigid body mode of a rotat-
ing rotor. Using time-marching simulation, the stability of simple rotors built
through three different models with or without the consideration of the effect
of the longitudinal displacement due to bending in the inertia and elastic forces
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are studied. The numerical results demonstrated that the geometric centrifugal
stiffening term in the inertia forces is unnecessary to be included to obtain a
stable solution. However, only the time series of the beam displacements were
plotted to indicate the stability, the eigenvalues were not discussed.

Many researches investigated the stability of multi-bladed rotor systems,
however most of them [2,4,5,7,17] focused on the higher order modes, typi-
cally the bending modes of the rotor, which are relevant for the design of rotor
systems to avoid potential resonances and instabilities. The centrifugal stiffening
effect in the rotating beams was realized and its influence on the modal dynam-
ics of rotor systems was well inspected [8,9]. The centrifugal softening effect was
also explored [5,20,21].

In the controller design phase, the linearized equations of motion are required
to represent the linear controlled systems. The accuracy of the linearization of
the original highly nonlinear dynamics system could affect the controller’s per-
formance and robustness. Taking the example of a wind turbine, the near-zero
frequency bandwidth, which corresponds to the overall rotational characteris-
tics of the rotor system, is the most important range for the controller design
to stabilize the rotor speed and maximize the power capture [6]. The transfer
functions within the near-zero frequency bandwidth exhibit a direct correlation
with the eigenvalues of the free rotation mode in the rotor dynamics system.

In this paper, the analytical linearization of the three-bladed rotor system is
derived. The time-invariant system is obtained through Multi-Blade Coordinate
(MBC) transformation. The eigenvalues of the free rotation mode of rigid and
flexible three-bladed rotors are investigated to verify the proposed linearized
model. The influences of the geometric stiffness matrix, the inertial stiffness
matrix, and the tangent stiffness matrix of constraints on the eigenvalues of the
free rotation mode are examined.

2 Methodology

We express the equations for the motion of rigid bodies and finite elements
using the Newton-Euler formulation [15]. In this context, we adopt a mized basis
approach for the states of rigid bodies and beam nodes: translational DOF's
are expressed in the inertial frame whereas, in contrast, rotational DOFs are
expressed in the local frame. The coordinates of beam nodes in the mixed basis
are denoted as

sa,, = [or.0]"]" (1)

where 7, is the position vector in the inertial frame, 0? is the virtual rotation
vector in the local frame.

2.1 Corotational Formulation

To simplify the problem, a three-dimensional Euler— Bernoulli beam element is
utilized in this study. The material stiffness matrix K,, and the geometric stiff-
ness matrix K, expressed in the local reference frame of the beam element can
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be found in a finite element textbook, such as in [14]. The structural damping
matrix generally stabilizes rotor dynamic systems. However, this paper focuses
on the linearization and the influences of different terms in the linearized mod-
els, so the structural damping matrix is omitted to prevent its impact on the
eigenvalues of the free rotation mode of the rotor systems.

A simplified corotational formulation is used to deal with the large deflection
of beam elements. A rotation transformation matrix R¢ € R'2*!? is intro-
duced [19]:

R, = diag [Rr, R, Rr, Ry, R, Rr| (2)

where R4, Rp € R3*3 are the rotation tensors of two nodes A, B of the beam
element, Ry € R3*3 is the rotation tensor of the corotated frame F' located in
the middle of the centerline.

The tangent stiffness matrix of the Euler— Bernoulli beam element K} €
R'2*%12 {5 obtained via

K} =Ry (Km + K,) R}, (3)

Transformation to the Floating Frame of Rotation Center. The con-
figuration of the rotating rotor is periodically dependent on time, which can
be dealt with by the Lyapunov-Floquet (L-F) transformation. If the rotor is
isotropic, MBC transformation is a special case of the L-F transformation [16],
can be employed to obtain a time-invariant system. Thanks to its simplicity and
computational efficiency, MBC transformation is preferred where possible. Since
the mixed basis dq,, is chosen, the position vectors of beam nodes at the same
spanwise of the blades are not equal; thus, the current formulation does not
satisfy the prerequisite of MBC transformation. To address this limitation, the
coordinates of blade nodes should be transformed with respect to the rotating
center.

The scheme of a three-bladed rotor is shown in Fig. 1. Three auxiliary refer-
ence frames Hi, Ho, H3 are introduced for three blades, respectively, which are
rotated by the corresponding azimuth angles v;,7 = 1,2,3 about the rotation
axis X from the stationary hub center frame H. The transformation relations
are Ry, = RyRy,,i = 1,2,3, where Ry, Ry, are the rotation tensors of the
reference frames H, H;, and Ry, is the transformation matrix of the rotation
about X axis by the azimuth angle ;.

The coordinate of blade nodes g,,, can be transformed to the floating reference
frame H; as the variation relation [13]

0q,, = Bpiq,, + Byiq, (4)

where g, represents the coordinate of the floating reference frame H;, g, is
the relative coordinate of blade nodes with respect to its corresponding floating
reference frame H;. Moreover, By, By, € R6%% are two auxiliary transformation
matrices

o R, (5)

_ Ry, 0
B[y |

Bb_{o I
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0 X

Fig. 1. The scheme of a three-bladed rotor system. The three auxiliary reference frames
Hi, Ha, H3 are located at the same position as H, but shown separately to avoid mess.
The three blades are rotated by the corresponding azimuth angles 11, 12, 3. The angles
g, 13 are not shown.

where rx is the position vector of the blade node N with respect to its corre-
sponding floating reference frame H;.
Extending the coordinate transformation relation Eq. (4) to two nodes A, B
of the beam element, a larger transformation matrix By, € R2*!8 is introduced
| Bp, By, O
ch - |:BhB 0 BbB (6)

Using the principle of virtual work, the tangent stiffness matrix K ? in the
original mixed basis dq,, can be transformed into the auxiliary mixed basis

[6q£, 6qu]T as

K} = BIK!B; (7)

where K % € R'8*18 "in which the top-left block is the term projected onto the
hub center, the bottom-right block is the term of the blade beam element, the
off-diagonal blocks are the coupling terms between blade and hub.
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The hub block in K % is respect to the floating reference frame H; which is
different for three blades. One needs to rotate K back to the consistent reference
frame H, as

K? = Ry KIRE, 0

where Ry, = diag [I5x3, Ry, T12x12) € R™®*!® is a block diagonal matrix.
The tangent stiffness matrix K f is finally assembled in the system stiffness
matrix according to its corresponding coordinate index.

2.2 Constraints

The method of Lagrange multipliers is used to formulate the equations of motion
for dynamics systems involving multiple constraints, which represent the joint
connections among rigid bodies and beam nodes. The change of the orienta-

tion of the reaction forceTs and torques in joints would generate the geometric
stiffness term K. = a;; [1], where Cy is the Jacobian matrix of the con-
straint, v is the Lagrange multipliers which are associated with the reaction
forces and torques. The Jacobian matrix Cg4 and the tangent stiffness matrix of
holonomic constraints K. can be evaluated in closed-form analytical expressions
in the original mixed basis dg,,,, which have been implemented in the open-source
multibody library CHRONO [18]. Similar transformations in Eqs. (7) and (8) are
performed for Cy and K. to achieve a consistent basis. These two matrices are

used in the DAE of the rotor system.

2.3 Inertial Forces and Torques

In this work, the lumped mass model is assumed for the beam elements. The
inertial forces F';, and the inertial torques M, when expressed in the original
mixed basis dq,,, are:

F; =vi, + vRE' & + vRGwic

M, =veR 7, + Jw + @1 Jw; (9)

l

where v is the lumped mass at the node, ¢ is the vector of the mass center offset
in the local frame of the node, J is the tensor of the moments of inertia in the
local frame of the node, #, is the translational acceleration in the inertial frame,
w; is the angular velocity in the local frame, R is the rotation tensor of the local
frame of the node.

Using the coordinate transformation in Eq. (4) and its derivatives, after long
algebraic manipulations, the inertial forces F';, and the inertial torques M,

can be transformed to the auxiliary mixed basis [5q£, 5qu]T, then linearized
through variation techniques, leading to the inertial mass matrix M, the inertial
damping matrix R;, and the inertial stiffness matrix K; [13]. These three inertial
matrices are rotated back to the consistent reference frame H with a similar
transformation as in Eq. (8), then scattered into the system matrices.
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2.4 MBC Transformation

After transforming all the mass, damping, and stiffness matrices to the consistent
auxiliary mixed basis [5q£,5qu]T, the MBC transformation is performed on
both the structural generalized coordinates dq and the Lagrange multipliers d+,
leading to the linearized time-invariant DAE [13]:

M .62+ R0+ K.0z + Cy 6y, =0 (10)
Cy62 =0 (11)

where R, consists of only the inertial damping matrix R;, which includes the

gyroscopic damping term; K. is composed of the structural material stiffness
matrix of beam elements K,,, the geometric stiffness matrix of beam elements
K 4, the inertial stiffness matrix K;, and the tangent stiffness matrix of con-
straints K.

2.5 Eigenvalue Analysis

The generalized descriptor form E, 6y = A, dy of the linearized DAE Egs. (10)

and (11) is built by introducing the state vector dy = [§2T 527 5VZ]T and two
system matrices

I 0O 0 I 0
E,=|0M.0|, Ay=|-K. -R. -C,’ (12)
0 00O —Cyr O 0

The corresponding eigenvalues can be evaluated using different numerical
methods, among these we endorse a recent embodiment of the Krylov-Schur
iteration [11] because of its robustness when dealing with clustered and near-
zero eigenvalues.

Using this generalized descriptor, one obtains twice the number of eigenvalues
as the number of degrees of freedom, plus spurious eigenvalues corresponding to
the rows of the constraint jacobian Cyr, if any. For instance, a rigid body freely
rotating in 3D space will generate six eigenvalues relative to the three rotations.

The eigenvalues of the free rotation mode always have the smallest magni-
tude, therefore they can be extracted easily.

3 Numerical Experiments

The proposed approach is verified through a series of numerical experiments on
rotors with different complexities.

In all the numerical experiments discussed in these pages, gravity is not
considered.
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3.1 Single Rigid Body

The first model we investigated is a single rotating rigid body.

The intermediate axis theorem, also called as tennis racket theorem, deals with
a freely rotating rigid body with three distinct principal moments of inertia: the
rotation of the rigid body around its minor and major principal axes is stable,
while the rotation around its intermediate principal axis is unstable [10]. The
intermediate axis theorem provides a reference result for the eigenvalue analysis
of a rotor.

For a single rotating rigid body, the mass matrix is

M = diag [m,m,m, Jyq, Jyy, J2z) (13)

where m is the mass, Jq, Jyy, J.. are the moments of inertia about its three
principal axes, respectively. Supposing the rotating center is located at the mass
center, the cross term J,, = 0.

The damping matrix is

0 0
R= {05 7] -

where J = diag[Jyz, Jyy, J.-] is the tensor of the moments of inertia, w; =
[wx,wy,wz]T is the angular velocity vector expressed in the local frame of the
rigid body.

The stiffness matrix is K = 0.

The eigenvalues of two cases are investigated: free rotation about three axes,
and constrained body with free rotation about the X axis.

Free Rotation About Three Axes. The rigid body rotates about three axes
freely. The eigenvalues are listed in Table 1.

In case the three moments of inertia are distinct as Jy, > Jyy > J.., the
eigenvalues for rotation around X (which is the minor principal axis) and Z
(which is the major principal axis) are a pair of pure imaginary numbers, imply-
ing a constant-amplitude oscillation, whereas the eigenvalues for rotation around
Y (which is the intermediate principal axis) are a pair of real numbers, indicating
an unstable movement. This result is identical to the intermediate axis theorem.

In case the three moments of inertia hold a relation J,, = 2J,,, = 2J,, which
mimics an isotropic three-bladed rigid rotor, the eigenvalues for rotation around
X (which is the major principal axis, also is the rotation axis of the rigid rotor)
are a pair of pure imaginary numbers, and the natural frequency is equal to the
angular velocity m. The eigenvalues for rotation around Y and Z axes are zero.
There is no unstable mode.

Constrained Body with Free Rotation About the X Axis. The rigid
body is allowed to rotate freely about the X axis only. The rotational DOF's
about Y and Z axes are constrained by a revolute joint. The eigenvalues are
zero, as listed in Table 2.
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Table 1. Eigenvalues of a single rigid body in free rotation about three axes. Only two
eigenvalues are listed since the other four eigenvalues are zero.

Subcase m | Jez ‘ Jyy ‘ J.r | we ‘wy ‘wz A
[kg] | [kg m?] [rad s™']

Joz > Jyy > Jzz 1.3 [5.7133 |19 |7 |0 |0 |£3.79
0 |m |0 |£1.75
0 |0 7w |£1.67i

Joz =2Jyy =2J,. 1.3 |57 285285 |7 (0 |0 |+£mi
0 |= 0 |0,0
0 |0 w |0,0

Table 2. Eigenvalues of a single rigid body in free rotation about X axis.

A

wz‘wy‘wz

Subcase m | Jix ‘ Jyy ‘ Sz
[kg] | [kg m?] [rad s7']

Jzz > Jyy > Jzz 1.3 |57 (33 |19 |x |0 |0 |0,0
Joz =2Jyy =2J,. /1.3 |57 /2852857 |0 |0 |0,0

3.2 Rigid Rotor

An ideal isotropic rigid rotor is investigated as the second model. As shown in
Fig. 2, the rigid rotor consists of four rigid bodies: the hub H located at the
rotating center, and three bearings P;, P», P3 located at the same radius but
equally distributed azimuth positions. The three bearings are linked to the hub
by three fixed joints Cy, Cy, C3, respectively. The hub is linked to the ground by
the joint Cg, of which the rotational DOFs can be adjusted to free the rotation
about three axes or only the X axis.

Fig. 2. The scheme of the three-bladed rigid rotor.
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The moments of inertia of the hub and bearings are set as zero to facilitate
the comparison with the single rigid body model. The masses of the hub and
the bearing are 629 kg and 2222 kg, respectively. The radii between the hub and
bearings are 0.2 m.

Since the rigid rotor has no flexible finite element, the material stiffness
matrix Ky, and the geometric stiffness matrix K, are absent. The influence of
the inertial stiffness matrix K, the inertial damping matrix R;, and the tangent
stiffness matrix of constraints K. on the eigenvalues are investigated through
including or excluding them in Eq. (10).

Similarly, two cases with different rotational constraints are investigated.

Table 3. Eigenvalues of a three-bladed rigid rotor. The ” x” symbol means the corre-
sponding matrix is included. For the case of free rotation about three axes, the other
four eigenvalues are zero, thus not listed.

Subcase K, R; K. |lw;|A\
Free rotation about three axes X 0 0,0
T |
X |x |x |0 ]0,0
T | £
Free rotation about X axis X 0 0,0
7w 10,0
X |x |0 0,0
T | £mi
X | X 0 0,0
T | £
X |x |x |0 ]0,0
T 0,0

Since the ideal rigid rotor can be lumped to a single rigid body with the
relation J;, = 2Jyy = 2J,,, its eigenvalues should be identical with the results
in Tables1 and 2.

As shown in Table 3, if the rotational velocity around the rotation axis X is
zero, the centrifugal forces and gyroscopic torques are zero, thus the matrices
K; R;, K. = 0, leading to zero eigenvalues for the two different constraint
conditions.

When the rotational velocity is 7, in case of free rotation about three axes,
if the inertial damping matrix R; is included, the eigenvalues are +mi, thus the
natural frequency is equal to the rotational velocity, which is identical with the
result in Table 1. In this case, the matrices K;, K. must be absent or present at
the same time, otherwise the eigenvalues deviate from +7i, leading to erroneous
results which are not listed in Table 3 for the sake of conciseness.
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When the rotational velocity is 7, in case of free rotation about X axis, if R;
is included and if K;, K. are absent or present at the same time, the eigenvalues
are zero, which is identical with the result in Table 2. If only K. is involved on
the basis of R;, the eigenvalues change to +mi; if only K; is involved on the
basis of R;, the eigenvalues change to +.

The tangent stiffness matrix of constraints K. moves the eigenvalues away
from zero along the imaginary axis, implying a stiffening effect; in contrast, the
inertial stiffness matrix K; moves the eigenvalues away from zero along the real
axis, implying a softening effect. For the rigid rotor, the stiffening effect of K
and the softening effect of K; can counteract completely.

The identical results between Table3 and Table1, 2 indicate that the lin-
earized DAEs established using the proposed corotational formulation with
respect to the floating frame of reference of the rotating center and the MBC
transformation are applicable on the eigenvalue analysis of three-bladed rotors.

3.3 Flexible Rotor

Three flexible blades are linked to the three bearings of the rigid rotor model
via fixed joints to make the system closer to the wind turbine rotor. The blades
are straight with constant rectangle cross section in 0.6 mx0.2 m. The blade
length is 6.0 m. The blade material is assumed as steel with elastic modulus
E = 2.1 x 10''Pa, Poisson’s ratio p = 0.3, and density p = 7800 kg m~ .

The scheme of the flexible rotor is shown in Fig. 3.

Fig. 3. The scheme of the three-bladed flexible rotor.

Every blade is discretized to 10 Euler— Bernoulli beam elements. The eigen-
values of the flexible rotor are solved using the proposed method. Only the
eigenvalues of the free rotation mode of the rotor are listed in this study.
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No External Forces. When no external forces act on the blades, the eigenval-
ues of the two different constraint conditions are reported in Table4.

Table 4. Eigenvalues of a three-bladed flexible rotor without external forces. The ” x”
symbol means the corresponding matrix is included. The material stiffness matrix Ky,
is included in all cases.

Subcase K, K; R; K. |ws|A
Free rotation X 0 /0,0 /0,0 0,0
about three axes
7 | £mwi| +£0.0063 | £0.0139:
X X |x |x |0 0,0 0,0 0,0
m | £mi| £0.0108 | £0.0141:
Free rotation X 0 10,0
about X axis
7 | £0.0081
X X 0 (0,0
m | +£3.0598:¢
X | X 0 10,0
7 | £3.1380
X |x |0 ]0,0
m | £0.696414
X X | x |x |0 ]0,0
m | +£0.0072¢

When the rotational velocity is 7, in case of free rotation about three axes,
the eigenvalues +7¢ appear as expected, but the other four eigenvalues deviate to
two pairs of real numbers and pure imaginary numbers with small magnitudes,
which tend to be due to numerical errors.

When the rotational velocity is m, in case of free rotation about X axis,
if only R; is included, the eigenvalues change to a pair of small real numbers
+0.0081; in contrast, if the four matrices K4, K;, R;, K. are all included, the
eigenvalues change to a pair of small pure imaginary numbers £0.0072¢. This
result is considered to be due to numerical errors.

If K, or K. are involved based on R; individually, the eigenvalues change to
a pair of imaginary numbers, which implies that K, and K. contribute a stiff-
ening effect; in contrast, if K; is involved based on R;, the eigenvalues become
to a pair of real numbers, which implies that K; contributes a softening effect.
For the flexible rotor without external forces, the stiffening effect of K4, K. and
the softening effect of K; can counteract completely.

With External Forces. The out-of-plane forces F', = 725630.0 N and the
inplane forces ¥, = 439010.0 N are equally distributed at blade nodes to mimic
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the aerodynamic loadings on the rotor. The forces follow the orientation of blade
nodes when the rotor deflects, which are called follower forces.

The hub is locked firstly in the quasi-static equilibrium analysis, then the
rotational DOF about X axis is freed to perform the eigenvalue analysis.

Since the wind turbine rotor has only one rigid motion DOF: the rotation
about X axis, the case of free rotation about three axes is not discussed here.

The out-of-plane and inplane deflections of the blade tip in case of rotational
velocity 0 rad s™! are 0.24 m and 0.016 m, respectively. The ratio of deflections to
the blade length is less than 5 %, thus it is still in the range of small deflections.

The eigenvalues of the free rotation mode of the flexible rotor with external
follower forces are listed in Table 5.

Table 5. Eigenvalues of a three-bladed flexible rotor with external follower forces. The
” x” symbol means the corresponding matrix is included. The material stiffness matrix
K, is included in all cases.

Subcase K, K; R; K. |wy |\

Free rotation about X axis X 0 |0,—-0.0002

m | £0.0002

X X 0 |40.7034

T | £2.9768:¢

X | x 0 |=£0.0001

m | £3.1379

X | x |0 |20.2800

m | £0.6388:¢

X | x |x | x |0 |£0.7570

m | £0.7598

If only R; is included, the eigenvalues are near zero. The deviation away from
zero is due to numerical errors.

If K, is involved based on R;, in case of w, = 0, the eigenvalues change from
near zero to a pair of real numbers +0.7034, which implies that the geometric
stiffness term due to transverse external follower forces F, F'y has a softening
effect; in case of w, = 7, the eigenvalues change to a pair of pure imaginary
numbers £2.9768:. The increase of the rotational velocity moves the eigenvalues
from the real axis to the imaginary axis, which implies that the geometric stiffness
term due to the centrifugal forces has a stiffening effect.

If K; is involved based on R;, in case of w, = 0, the eigenvalues are still
near zero, that is because the quadratic velocity terms of the inertial forces are
zero, leading to K; = 0; in case of w, = m, the eigenvalues change to a pair of
real numbers +3.1379, which confirms the softening effect of K.

If K. is involved based on R;, in case of w, = 0, the eigenvalues change from
near zero to a pair of real numbers +0.2800, which implies that the tangent
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stiffness term of constraints due to transverse external follower forces F,, F
has a softening effect; in case of w, = 7, the eigenvalues change to a pair of pure
imaginary numbers +0.6388i. The increase of the rotational velocity moves the
eigenvalues from the real axis to the imaginary axis, which confirms that the
tangent stiffness term of constraints due to the centrifugal forces has a stiffening
effect.

If the four matrices K4, K;, R;, K. are all included, the eigenvalues change
from near zero to a pair of real numbers, which means the rotor cannot rotate
stably.

The eigenvalues of the free rotation mode of the rotor, which are the poles of
the system matrix in the state-space representation of the linearized dynamics
system, should be zero or at least near zero, otherwise it is impractical to design
the controller. In view of a proper controller design, one has to discard the
geometric stiffness matrix K4, the inertial stiffness matrix K;, and the tangent
stiffness matrix of constraints K., whereas the inertial damping matrix R; can
be included.

Interpretation of the Stiffening and Softening Effects. The stiffening
and softening effects of the geometric stiffness matrix K, the tangent stiffness
matrix of constraints K., and the inertial stiffness matrix K; are interpreted,
respectively.

Geometric Stiffness Matriz. The geometric stiffness matrix K, derived based on
the linear assumption of the finite beam element [14], is proportional to the
internal axial forces of the beam elements. If the internal axial forces tend
to stretch the beams, like the guitar string, K, exhibits the stiffening effect
to increase the natural frequencies. In contrast, if the internal axial forces
tend to compress the beams, like the cabled tower of a wind turbine, K|,
contributes the softening effect to decrease the natural frequencies, leading
to the buckling instability in extreme cases.

If the transverse external forces follow the orientation of the nodes when
the beam is deflected, which are follower forces, as shown in Fig.4a, the
force F'; acting on the node N; results in an axial compression force F,, =
F;sin (6; — 6;) within the inner node N;. In this case, the geometric stiffness
matrix K, contributes the softening effect.

If the transverse external forces maintain a consistent direction relative to the
inertial frame, irrespective of the beam deflection, which are called constant-
directional forces in this paper, as shown in Fig. 4b, the force F; acting on the
node N; results in an axial stretching force F', = F; sin (6;). In this case, the
geometric stiffness matrix K, exhibits the stiffening effect. Another numer-
ical experiment is conducted for the flexible rotor with external constant-
directional forces, in which only the out-of-plane forces F', = 725630.0 N are
applied and the inplane forces F'y, = 0 to reserve the isotropy of the rotor. As
listed in Table 6, the eigenvalues move from zero to pure imaginary numbers
after involving K4, thus the stiffening effect is confirmed.
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Since the centrifugal forces always tend to stretch the blades, the geometric
stiffness matrix K, from the centrifugal forces generates the stiffening effect
for the rotating blades.

Tangent Stiffness Matrixz of Constraints. The tangent stiffness matrix of con-
straints K. arises from the change of the orientation of the reaction forces
and torques in the joints. Minaker [12] derived the closed-form expressions
for several joints, and revealed its impact on the eigenvalues of the vehicle
suspension systems. K. is proportional to the reaction forces and torques.
A simple example to demonstrate the effects of K. is the pendulum. If K is
neglected, the eigenvalues of the pendulum under gravity are two zeros which
are incorrect.

(a) Follower forces. (b) Constant-directional forces.

Fig. 4. Two distinct external forces exert different effects on the deflected beam.
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Table 6. Eigenvalues of a three-bladed flexible rotor with external constant-directional
forces. The ”x” symbol means the corresponding matrix is included. The material
stiffness matrix K,, is included in all cases.

Subcase K, K; R; | K:|wz|A
Free rotation about X axis X 0 10,0.0001
m | £0.0001
X X 0 | £0.9740¢
m | £3.2068¢

For a normal pendulum shown in Fig. 5a, gravity generates a pulling force F',
at the root joint, which is similar to the axial stretching force in the beam. In
this case, the tangent stiffness matrix of constraints K . provides the stiffening
effect, moving the eigenvalues from zero to ++/g/Li.

For an inverted pendulum shown in Fig. 5b, gravity generates a pushing force
F. at the root joint, which is similar to the axial compression force in the
beam. In this case, the tangent stiffness matrix of constraints K. provides the
softening effect, changing the eigenvalues from zero to +4/¢/L which implies
an unstable motion.

When the transverse external follower forces are applied, similar to the axial
compression force F', shown in Fig. 4a, a pushing force F'. will be generated
at the root joint. Analogy to the inverted pendulum, the tangent stiffness
matrix of constraints K. provides the softening effect.

Ny
o .
YE
L L
4 l 8 F,
R :
(a) Normal pendulum. (b) Inverted pendulum.

Fig. 5. Two pendulum models. g is the gravity acceleration, L is the pendulum length.
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The centrifugal forces always generate a pulling force F'. at the root joint.
Analogy to the normal pendulum, the tangent stiffness matrix of constraints
K . provides the stiffening effect.

Inertial Stiffness Matriz. The inertial stiffness matrix K; involves an important
term koo = —7rn f,. in the hub block of the detailed expression [13], where
fo.=vw;,w, TN is the centrifugal forces of the nodes of the rotating beams.
v is the lumped mass at the node, and w;,, is the angular velocity of the
rotating center H in the local frame. Since the centrifugal forces consistently
point towards the tip of the rotating beams, and because of the presence of
the minus sign in koo, negative stiffness values accumulate at the hub block
of the system stiffness matrix. Ultimately, the inertial stiffness matrix K;
consistently contributes a softening effect.

The stiffening and softening effects of K4, K., K; are summarized in Table 7.
Table 7. The stiffening and softening effects of the geometric stiffness matrix K4, the

tangent stiffness matrix of constraints K., and the inertial stiffness matrix K; from
several different forces.

Matrix Force Effect
Geometric stiffness matrix Transverse external Softening
K, follower forces

Transverse external Stiffening

constant-directional forces

Centrifugal forces Stiffening
Tangent stiffness matrix Transverse external Softening
of constraints K. follower forces

Centrifugal forces Stiffening
Inertial stiffness matrix K, Centrifugal forces Softening

Parameter Sweeping Analysis. The parameter sweeping analysis is per-
formed to investigate the relationship of the eigenvalues of the free rotation
mode with respect to the rotor rotational speed and external forces.

Only the case of free rotation about X axis is studied. The four matrices
K, K;, R;, K, are all included in the parameter sweeping analysis.

Rotational Speed. The constant external follower forces F,= 725 630.0 N, F =
439 010.0 N are applied on blade nodes. The rotor rotational speed is swept
from 0 to 600 r min~!. As shown in Fig. 6, when the rotor speed increases, the
eigenvalues move from a pair of real numbers toward zero and reach zero at
approx. 290 r min~!, then deviate away from zero to a pair of pure imaginary
numbers. The stiffening effect of K4, K. due to the centrifugal forces and the
softening effect of K; compete with each other. In the low rotational speed
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range, the softening effect of K; dominates, leading to real eigenvalues. In the
high rotational speed range, the stiffening effect of K4, K. dominates, leading
to imaginary eigenvalues. At a certain rotational speed, zero eigenvalues are
obtained when they are canceled out.

Real

0 100 200 300 400 500 600

Imaginary

0 100 200 300 400 500 600
Rotor speed [r min'1]

Fig. 6. Eigenvalues of the free rotation mode of the rotor with respect to the rotor
rotational speed.

External Forces. The rotor rotational speed is set as mrad s™!. The external
follower forces distributed on the blade nodes are swept from 0 to F,= 725
630.0 N, Fy= 439 010.0 N. As depicted in Fig. 7, when the external follower
forces increase, the eigenvalues disperse away from zero along the real axis
proportionally to the force amplitude, which is because the softening effect
of K, induced by transverse external follower forces grows correspondingly.
The eigenvalues at zero forces are +0.0072¢, which is due to numerical errors
as explained in Table 4.
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1 T T T T T T T

Real

_1 1 1 1 1 1 L L
0 1 2 3 4 5 6 7 8

External forces [N] x10%

0.01 T T T T T T T

Imaginary

_001 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8

External forces [N] %10°

Fig. 7. Eigenvalues of the free rotation mode of the rotor with respect to the external
follower forces applied on the blade nodes.

4 Conclusions

Eigenvalues of the free rotation mode of three-bladed rotor systems are inves-
tigated. A corotational formulation with respect to the floating frame of refer-
ence of the rotating center is applied to the rotor dynamics system. An ana-
lytical linearization of the constrained multi-flexible-body DAE is performed,
including the geometrical stiffness matrix due to internal forces K g, the inertial
stiffness matrix K;, the inertial damping matrix R; and the tangent stiffness
matrix of constraints K.. The MBC transformation is implemented to obtain
the time-invariant system, followed by the eigenvalue analysis. Different numeri-
cal experiments are carried out on rotors of increasing complexity: a single rigid
body, a rigid rotor, and a flexible rotor. It is demonstrated that the linearized
DAE formulated using the proposed approach is applicable to the eigenvalue
analysis of three-bladed rotors. We discussed the influence of the four matri-
ces Ky, K;, R;, K. on the eigenvalues of the free rotation mode of the rotor.
The terms in the geometrical stiffness matrix K, due to transverse external
follower forces, the tangent stiffness matrix of constraints K. due to transverse
external follower forces and the inertial stiffness matrix K; due to centrifugal
forces exhibit a softening effect, moving the eigenvalues toward real numbers.
The terms of the geometrical stiffness matrix K, due to centrifugal forces, the
tangent stiffness matrix of constraints K. due to centrifugal forces, introduce
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a stiffening effect that pushes the eigenvalues toward pure imaginary numbers.
Aiming at a proper controller design, in order to obtain the zero eigenvalues
of the free rotation mode, generally one has to discard the geometric stiffness
matrix K g, the inertial stiffness matrix K;, and the tangent stiffness matrix of
constraints K. in the linearized DAE, whereas, the inertial damping matrix R;
can be used anyway. The parameter sweeping analysis demonstrates that the
zero eigenvalues could be probably reached at a certain rotational speed even
if the four matrices K4, K;, R;, K. are all considered. The blade external fol-
lower forces tend to move the eigenvalues toward real numbers, and thus are
unfavorable for the stability of the free rotation mode of the rotor.

Further research should consider a rigorous corotational formulation for the
beam finite elements, as well as a new finite element based on the Geometri-
cally Exact Beam (GEB) theory. It is interesting to find the conditions of zero
eigenvalues when all the geometric nonlinear terms K4, K;, K. are considered.
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