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Formulation of the governing nonlinear equations of motion for the coupled rotor/tower dynamics of a large
two-bladed horizontal axis wind turbine (HAWT) is presented. Each blade has elastic flap and lead-lag bending
deflections and the supporting tower has bending-bending-torsion deflections. Rotor/tower coupling is ac-
complished by enforcing dynamic equilibrium between the rotor and the top of the tower. The nonlinear
periodic coefficient equations of motion are used to study aeroelastic stability and response of the NASA/DOE
100 kW Mod-O wind turbine. The influence of the flexible tower and nonlinear terms on rotor stability is
examined. Isolated rotor blade behavior is compared to the complete coupled rotor/tower system and the basic
differences are identified. It is concluded that for high tower stiffness, the aeroelastic response is primarily
dependent on isolated rotor forcing, yaw mechanism flexibility, and tower shadow effect. It is also shown that
rotor stability can be improved by "tuning" the support system stiffness.

Nomenclature
a — two-dimensional blade airfoil lift-curve

slope
B(\[/k) = tower shadow blockage factor, < 1
cdo = blade airfoil profile drag coefficient
e = offset between axis of rotation and

cantilevered end of blade, e = e/l
g = gravitational constant
h = distance from pylon support to hub
H = height of tower
KT = factor multiplying both uniform tower

bending stiffness and torsional rigidity
distributions; for Mod-O, KT = 1.0

,KY = rotational spring stiffness of pylon yaw
mechanism

/ = length of blade capable of elastic
deformation, l = R-e

MB, MP, MT =mass of blade, pylon, and tower,
respectively

R = radius of blade
ug, vg, wg = wind gust velocity components
uk> vk> ™k = blade elastic bending deflections in axial,

lead-lag, and flap directions, respectively
v T, WT = tower elastic bending deflections
VGk — magnitude of incoming mean gradient

wind velocity
VQ = mean wind velocity at top of tower
xk =Ath blade radial coordinate along elastic

axis
XT = tower heightwise coordinate
( y ) = state variable column vector
( y ] = linear steady-state response vector
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= constant exponent in gradient wind profile
expression

= blade precone angle with respect to hub
plane

= real part of yth characteristic exponent of
homogeneous system

= blade lag and flap critical damping factors
VSTZ = tower critical damping factors

= yaw median*' i critical damping factor
= collective pitch setting
=yth characteristic multiplier
= yaw mechanism elastic rotation
= tower elastic torsion deformation
= transition matrix of linear homogeneous

set of equations
= Ath blade azimuth angle
= azimuth angles specif '*\g region of tower

shadow
= fundamental rotating flap, lag, and

torsion frequencies of rotor blade
= fundamental tower bending and torsion

frequencies
= constant rotor speed of rotation

Superscripts

( * )

= d/df(
' ) = ( * )Q

I. Introduction

LARGE horizontal axis wind turbines (HAWT) used for
generating electricity from the wind are sophisticated

dynamic systems in which structural dynamic and aeroelastic
problems can be frequently encountered. These problems
appear due to a combination of factors involving the large
rotating structures, their flexibility, and the turbulent at-
mospheric wind environment in which they operate. Proper
analytical modeling of the dynamics of large wind turbines
requires the incorporation of a number of system parameters
and operating conditions into the mathematical model. The
most important of these are the effects of the tower and yaw
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mechanism flexibility (the yaw mechanism is used to align the
rotor disk normal to the oncoming mean wind), gradient wind
velocity and direction of approach, wind gusts, gravitational
loads, and the tower interference effect on air flow through
the rotor disk (tower shadow effect) for configurations where
the rotor operates behind the tower (downwind rotors).

Recent research on isolated large horizontal axis wind
turbine bladesl has indicated that nonlinear terms, associated
with finite blade slopes, can significantly affect the aeroelastic
stability of such blades. Consequently, the treatment of this
aeroelastic problem requires a careful and relatively con-
sistent derivation of the dynamic equations of equilibrium
such that moderate deflections based upon the assumption of
small strains and finite slopes are properly incorporated in the
mathematical model.

The present paper has a number of objectives: first, to
extend the isolated blade analysis, presented in Ref. 1, to the
complete coupled rotor/tower dynamic system; second, to
present a derivation of the nonlinear equations of motion for
coupled rotor/tower dynamics of large horizontal axis wind
turbines with an emphasis on the methodology required for
the coupling of the rotor to the tower; and third, to illustrate
the relative importance of support motion and the operating
environment by using the results obtained from a digital
computer simulation.

Although the literature on the aeroelastic behavior of large
horizontal axis wind turbines is relatively new, a considerable
amount of research in this field has recently become available
and is reviewed in a recent survey paper.2 The topic of
coupled rotor/tower dynamics has received only limited
attention due to its complexity. Since the coupled rotor/tower
dynamics of large HAWT's are somewhat similar to
helicopter coupled rotor/fuselage systems and tilt prop/rotor
systems,3"9 the methodology established in these studies can
be adapted to the HAWT problem provided that some
fundamental differences2'10'11 are carefully incorporated in
the analysis.

The aeroelasticity of helicopter rotors in hover and forward
flight has been extensively reviewed in Ref. 3. Coupled
rotor/support dynamic problems are commonly referred to as
aeromechanical problems in rotary wing aeroelasticity.
Ground and air resonance of rotors mounted on flexible
supports have been investigated, for particular rotor con-
figurations, in Refs. 4-6. Large general purpose computer
programs,7'8 analyze coupled system dynamics and per-
formance of helicopters. Furthermore, the mathematical
model of a large prop/rotor mounted on a flexible wing9 is
somewhat similar to the model required to analyze coupled
rotor/tower systems.

Recent efforts have been aimed towards adapting this
existing technology to the analysis of large HAWT's. Surveys
of several aspects of this problem can be found in Refs. 2, 10,
and 11. Recent studies have considered the dynamics of
isolated HAWT blades using a simple hinged offset rigid
blade model,12 and a fully elastic blade model with flap, lead-
lag, and torsional deflections.l The flap-lag stability of a
simplified three-bladed wind turbine rotor, with the hub fixed
in space, was analyzed in Ref. 13. A modified version of the
REXOR computer program,7 capable of analyzing the loads
and performance of large wind turbines exists14; however, the
documentation of this program is incomplete. A computer
program15 with the capability of analyzing the coupled
rotor/tower dynamic problems of horizontal axis wind
turbines, including the rotor, tower, nacelle, power train,
control system, and electrical generating system is also
available. In a recent paper, Kaza et al.16 evaluated the
capability of this program. It was found that the code is
capable of predicting dynamic loads of two-bladed wind
turbines; however, the capability of the program to predict
aeroelastic boundaries is questionable. A good summary of
recent research done at M.I.T. on the dynamics of horizontal
axis wind turbines can be found in Ref. 17.

A brief review of the literature presented above indicates
that coupled rotor/tower analyses for HAWT's having the
ability to deal with both the aeroelastic response and the
aeroelastic stability problem in a completely statisfactory
manner are not available. The present paper summarizes
such an analysis. First, a relatively consistent derivation of the
nonlinear equations of motion governing the dynamics of a
large two-bladed HAWT is outlined. Each blade has elastic
flap and lead-lag deflections; the tower has two bending
deflections, in-plane and out-of-plane of rotor rotation, and
torsion. The analysis includes many important effects that
characterize a wind turbine configuration (as opposed to
helicopter rotors): gradient mean wind velocity due to at-
mospheric boundary layer, gusts, nonalignment between wind
and rotor axis, high inflow aerodynamics, gravitational ef-
fects, tower shadow effect, and yaw mechanism flexibility.
The model takes advantage of the fact that wind turbine
blades are structurally much stiffer than helicopter rotor
blades. Results are presented to illustrate the importance of
these effects on both the aeroelastic stability and aeroelastic
response characteristics of the NASA/DOE 100 kW Mod-C
experimental wind turbine.18>19

II. Formulation of the Problem

A. General
The two-bladed HAWT rotor/pylon/tower model is shown

in Fig. 1. The rotor has two blades with distributed mass and
stiffness properties. Each blade can have out-of-plane wk and
inplane bending vk. The blades are assumed to be torsionally
rigid. This assumption is justified because typical HAWT
blades are very stiff in torsion, cZ>r=10a>F. Results presented
in the paper and in Ref. 1 show that for the Mod-O machine
this assumption is not restrictive. The supporting tower has
distributed mass and stiffness properties and can deform in
bending-bending-torsion. The pylon is rigidly attached to the
supporting tower except for the flexible yaw mechanism (Fig.
1). The yaw mechanism is modeled as a linear torsional spring
and viscous damper.

B. Mathematical Model
The rotor mathematical model used in this analysis is

identical to the isolated blade model of Ref. 1 except that the
blades are assumed to be torsionally rigid. This assumption is
shown to be nonrestrictive for the rotor analyzed herein.

The tower is modeled as a tapered cantilever beam. The
pylon is assumed to be rigidly attached to the supporting
tower except for the flexible yaw mechanism. No electrical
generator dynamics are modeled. For further detail the in-
terested reader is directed to Refs. 21 and 22.

GUST
COMPONENTS YAW MECHANISM

GRADIENT MEAN
WIND PROFILE

DIRECTION OF
IN-PLANE OF ROTOR
ROTATION TOWER
BENDING, VT

DIRECTION OF
OUT-OF-PLANE OF
ROTOR ROTATION
TOWER BENDING, WT

Fig. 1 Wind turbine model.
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C. Ordering Scheme
In the process of deriving governing nonlinear differential

equations, a considerable number of terms that may be small
and negligible are encountered. To neglect higher order terms
in a systematic manner, an ordering scheme is used. All
quantities are assigned an order of magnitude in terms of a
nondimensional quantity e which represents typical elastic
blade slopes. The ordering scheme is then used with the
assumption that terms of O(e2) are negligible when compared
to terms of order one, i.e., 1 + O(e 2 ) = 1. The assigned orders
of magnitude of the more important quantities used in this
study are:

QR'

Ug Vg Wg

QR' QR' VR

I ' a

The assignment of support deflections and rotations as
O(e3/2) implies a stiff supporting tower. The systematic
application of this ordering scheme in the derivation
procedure will yield a relatively accurate set of nonlinear
equations of motion.

III. Blade Equations of Motion
The governing equations of motion for the kth blade,

k= 1,2, with lead-lag and flap deflections are taken from Ref.
20 and also appear as Eqs. (1-3) of Ref. 1.

The distributed loading terms in these equations include
inertia, aerodynamic, gravitational, and viscous structural
damping effects. To determine the aerodynamic loads, the
inclusion of the atmospheric gradient wind, the tower shadow
effect, and the high inflow effect (required for the calculation
of the airfoil hub plane force) are handled in a manner
identical to Ref. 1.

The Ath blade equations of motion for the lead-lag and flap
deflections are algebraically very long and are not presented
here. The equations do appear in Ref. 21. The complete rotor
is presented by a system of four second-order nonlinear
partial differential equations with periodic coefficients.

It is important to note that this set of equations is written in
the rotating, undeformed blade coordinate directions. No
transformation to nonrotating hub-fixed (multiblade)
coordinates is made. For a two-bladed rotor experiencing
azimuth-dependent aerodynamic and inertia loads,
multiblade coordinates would not remove the periodic
coefficients from the governing equations. Consequently, the
rotor blade deflections remain defined in the rotating blade-
fixed reference system.

IV. Tower Equations of Motion and
Matching Conditions

In the previous section the derivation of the governing lead-
lag and flap equations of motion for the kth blade, £=1,2,
was briefly discussed. The inertia, aerodynamic,
gravitational, and damping loads are functions of blade and
support deformations. The rotor equations are coupled to the
tower through the forcing terms in the loading expressions.

The governing equations of motion for tower bending-
bending-torsion are taken from Euler-Bernoulli beam theory.
The distributed tower loads include inertia effects and profile
drag forces. At the b^se of the tower the boundary conditions
are those of a built-in beam. The boundary conditions at the
tower/pylon junction are a statement of moment and force

equilibrium between tower elastic deformations, taken from
elementary beam theory, and the forces and moments induced
by the rotor and pylon.

The rotor-induced forces and moments are calculated by
first considering the individual blade distributed force and
moment expressions. The net effect of these loads is to trans-
fer to the hub three resultant forces and three resultant
moments in a reference system rotating with the blade. Trans-
forming these loads into a hub-fixed nonrotating system and
summing the individual components of both blades yield the
net rotor hub forces and moments. Likewise, the pylon in-
duces inertial forces and moments at the top of the tower.
Complete expressions for the loads can be found in Ref. 21.
To restrict the tremendous number of terms and yet retain a
valid analytical model, rotor aerodynamic terms of O(e3/2)
and higher in the rotor-induced forces and moments were
neglected. This is a restrictive assumption on the coupled
system analysis and should be kept in mind when interpreting
results presented herein.

V. System Equations of Motion
The final system of equations includes elastic flap and lead-

lag motion for each blade, the three tower equations of
motion, the yaw mechanism equation, and the five natural
boundary conditions at the top of the tower.

To solve this set of equations the extended Galerkin
method23 is applied. In doing so, the tower natural boundary
conditions are incorporated into the tower equations of
motion by combining the boundary-condition residuals with
the appropriate differential-equation residual. A trans-
formation to first-order state variable form is then made. This
finally yields a set of ordinary first-order nonlinear dif-
ferential equations with periodic coefficients. These equations
are given in Ref. 21.

VI. Method of Solution
The final system of equations may be written in the form

[H(y, y, ifr) d)

Linear aeroelastic stability is studied by considering the linear
homogeneous system of periodic coefficient equations.

(2)

Linear system stability is studied by applying Floquet Theory
and determining the associated transition matrix at the end of
one period, [$L(2ir)]. Evaluating its characteristic multi-
pliers Ay and determining whether IXy I < 1, for ally, indicates
system stability. Nonlinear effects on aeroelastic stability are
determined approximately by linearizing the complete
nonlinear set of equations about an appropriate time-
dependent equilibrium position and again evaluating the
eigenvalues of the corresponding transition matrix at the end
of one period.

The time-dependent equilibrium position, [ y ( t ) ] > is
calculated from the linear system by determining the initial
conditions, (j>(0)), for time-history integration to yield a
periodic response.J

ly(0) } = {

(3)

Numerical integration of the linear system over one period
using (y(0)} yields [y(\fr)} which is assumed to be an
adequate approximation for the periodic solution to the
nonlinear equations. This assumption is valid considering the
very minor differences between the linear and complete
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nonlinear response presented in Fig. 6. Further justification is
given in Ref. 1 (pp. 1386-1388). This periodic steady-state
response is then used as the time-dependent equilibrium
position about which the nonlinear set of equations is
linearized to determine linearized aeroelastic stability.
Aeroelastic response is determined by numerically integrating
the nonlinear set of equations using the initial conditions of
the linear periodic response calculation.

VII. Results and Discussion
Numerical results illustrating the effects of rotor support

flexibility on rotor aeroelastic stability and response are
presented. The baseline configuration of the blade and tower
is the Mod-O 100 kW horizontal axis wind turbine.18'19

Uniform tower mass and stiffness distributions were selected
to yield the experimentally measured fundamental tower
bending and torsion frequencies.19 One uncoupled rotating
mode was used to represent each blade flap and lead-lag
deflection and tower bending-bending-torsion deflection. For
the results presented, the blade rotating frequencies were
calculated to be o)F = 2.90 and o)L=4.36. The tower
frequencies were calculated to be &TX = 11.63 and &TY = &TZ
= 3.96. The following quantities were used to model the Mod-
O configuration: /= 17.8 m, R = 19.0 m, H= 30.5 m, h = 3.3
m, e = 0.0684, Q = 40 rpm, J3p = 1 deg, tfy = 3.31 x 107 N-
m/rad, Mp = 13,600 kg, MB = 900 kg, MT = 25,400 kg, a = 2irf
cdo =0.010,^ = 0.15, t?SL=i?SF = 0.0, ijS7Jr = 7fsyM = 0.00025
and rjSTY

 = fnsrz = 0-02. Wind gusts were assumed to be zero.
Aeroelastic stability is studied by plotting the real part of

the characteristic exponents f,- of the system degrees-of-
freedom vs the gradient mean wind velocity, .V0/QR. The
system is stable if fy < 0 for all j. Figure 2 shows the effect of
varying the mean wind velocity when the collective pitch
setting 00 is zero and the flexibility of the yaw mechanism is
locked out. The Mod-O machine is designed to produce 100
kW electrical power at V0/QR = 0.l with 00 = 0. For wind
velocities other than design speed, B0 is changed so that the
rotor still produces the required torque to give a constant
electrical power output of 100 kW. Since 00 = 0 in Fig. 2, all
the operating states other than F0/Q/? = 0.1 are off-design
operating conditions. Figure 2 shows the rotor flapping
modes to be very stable. Tower bending in-the-plane and out-
of-the-plane of rotor rotation are both less stable than the
tower torsion degree-of-freedom. The characteristic ex-
ponents of each of these degrees-of-freedom are insensitive to
variation of the mean wind velocity V0. Nonlinear effects on
the stability values of these degrees-of-freedom are negligible
and only linear values are plotted. The rotor lag modes are
less stable and are shown in Fig. 2b for the same operating
conditions as Fig. 2a. In this plot, both linear and linearized
stability values are shown . The linearized system is con-
siderably less stable than the linear system. For K0/!)/?> 0.1,
nonlinear effects increase in importance. Also shown in Fig.
2b is the real part of the characteristic exponent in lag for an
isolated wind turbine with flap-lag deflections. This is a
special restricted case of the present coupled rotor/tower
analysis. Note that the isolated blade is less stable than either
rotor lag mode of the complete HAWT system. Hence, in this
case, support flexibility is stabilizing. The trends of the
isolated blade stability are the same as the coupled system.
Again nonlinear effects are destabilizing. Additionally, as
V0/toR increases, the destabilizing influence of support
motion on lag mode stability increases relative to the isolated
blade case. It is also important to note that the decoupled
isolated flap-lag stability of the Mod-O blade in the present
analysis gives excellent agreement with the isolated flap-lag-
torsion blade analysis of Ref. 1. This justifies neglecting blade
torsion for stability calculations of the Mod-O machine.

Figure 3 shows the linear and linearized first rotor lag mode
stability values when the rotor is trimmed to produce a
constant power output. Details of the trim calculation
required to achieve the constant power operating state can be

OPERATION RANGE MOD-0

TOWER

-Q— TORSION

-/V—IN-PLANE
OUT-OF-PLANE

STABLE

a)

<
°- .02

LINEAR LINEARIZED

LAG 1 D •

LAG 2 A A

LAG * O •

ISOLATED SINGLE BLADE
WITH FLAP-LAG

STABLE

Jj_
b)

Fig. 2 Nontrimmed operating state (B0 = 0 deg); a) system stability
and b) rotor lag mode stability.

found in the detailed version of Ref. 1. The yaw mechanism
flexibility is again locked out. The linearized system stability
is seen to be less stable than the linear system with the dif-
ference being greatest for small values of V0. Also plotted in
Fig. 3 are again the linear and linearized lag stability values
for a single decoupled isolated trimmed blade with flap-lag
degrees-of-freedom. Although one lag mode is more stable
than the isolated blade, the other lag mode is less stable for
most values of V0. This difference increases as V0/QR in-
creases above 0.15. Hence, in this case for the first rotor lag
mode, support flexibility is generally destabilizing. It is
important to note that at K0/Q/? = 0.05, the linearized lag
stability is only 25% of the corresponding linear stability
value for the first rotor lag mode.

Figure 4 shows how system stability varies when the rotor is
trimmed and the yaw mechanism flexibility is included. The
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Fig. 3 Trimmed operating state; first rotor lag mode stability.

TOWER
A INPLANE

O OUT-OF-PLANE

FIRST LAG MODE
D LINEAR
• LINEARIZED

SECOND LAG MODE
A LINEAR
A LINEARIZED

YAW MECHANISM
O LINEAR

LINEARIZED
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Fig. 4 Trimmed operating state; system stability.

rotor flap and tower torsion modes remain unchanged from
Fig. 2a and are not shown. The tower out-of-plane of rotor
rotation bending now shows a decrease in stability as V0
increases. The nonlinear effects on tower bending stability are
negligible and are not shown. From the figure it is apparent
the rotor lag modes have become more stable than for the
trimmed case when the yaw mechanism is locked out. The
instability of the yaw mechanism for V0/QR = 0.15 occurs
within the operating range of the Mod-O machine. However,
if the damping associated with the yaw mechanism spring
VSYM were to be increased to 0.0004 this instability is removed
from the Mod-O operating range. This very weak instability
reflects the importance of the yaw mechanism flexibility on
overall system aeroelastic behavior.

The influence of support flexibility on rotor stability is
studied in Fig. 5. The linearized stability values for the least
stable rotor lag mode are plotted vs mean wind V0 while

o
u. .02
O

. TOWER STIFFNESS
" DESIGN STIFFNESS

STABLE

Fig. 5 Influence of support flexibility on linearized stability of first
rotor lag mode (trimmed state).

varying tower flexibility. The yaw mechanism is locked out
and the rotor is trimmed. Several cases are considered where
both the tower uniform bending stiffness and torsional
rigidity are varied by a factor KT. Cases considered include
A"r = 1.25, 0.75, and 0.5Q. The calculated tower natural
frequencies for these values of KT are given in Table 1. In Fig.
5, an increase in the supporting system stiffness, KT = 1.25, is
dramatically destabilizing for the first lag mode. This is
probably due to the tower inplane bending frequency,
d)ry = 4.43, being very close to the blade inplane bending
frequency, ojL=4.36. Increasing the , tower flexibility,
KT = 0.15, stabilizes the rotor for all values of V0. A further
increase in tower flexibility, Ar = 0.50, destabilizes the rotor
lag mode with respect to the actual configuration. This may in
part be attributed to the tower bending frequencies,
o)rr = corz = 2.80, being very close to the blade flap frequency,
o>F = 2.90. It is apparent that support flexibility is very im-
portant in determining rotor stability. Individual components
of the system should be carefully selected to avoid resonances.
Most important, even when component frequencies seem well
separated, i.e., KT= 1.0, support system "tuning'* may result
in significant improvements in rotor stability.

Response of the system operating at design conditions with
no tower shadow effect is shown in Fig. 6. The generalized
coordinate values are plotted for mode shapes normalized to
unit deflections at the free ends. Blade 1 bending, yaw
mechanism rotation, and tower bending out-of-plane of rotor
rotation are shown. Blade 1 is initially located vertically down
behind the tower, \^ = 0, and rotates to be vertically up at
\l/= 180 deg. The response of the second blade is the same as
shown in Fig. 6 for blade 1 except there exists a phase dif-
ference of 180 deg. The flap response reflects the gradient
wind variation. There is also a slight phase lag between the
minimum wind velocity and the minimum flap response. The
lag response shows the influence of both the inplane gravity
load as the blade rotates around the azimuth and the inplane
aerodynamic force which causes the blade to rotate. The high
frequency motion in the rotor response is due to coupling with
the yaw mechanism. When the yaw mechanism is locked out,

Table 1 Variations in tower frequencies with KT; WL = 4.36
and WF = 2.90

Tower stiffness
coefficient, KT

1.25
1.00
(Design)
0.75
0.50

Nondimensional ,
tower frequencies

Torsion , <D Tx Bending , & TY = o> TZ

13.00
11.63

10.07
8.22

4.43
3.96

3.43
2.80
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Fig. 6 System response at design conditions
deg).

.020 r~

.012 -

Fig. 7 Blade response with tower shadow; a) flap and b) lag.

this high frequency motion does not appear. Consequently,
tower motion does not dramatically influence rotor response
due to the large Mod-O tower stiffness. Also shown in Fig. 6
is the linear response of blade 1. It is apparent that although
nonlinear effects on rotor stability are important, as seen in

Figs. 2b and 3, the influence of nonlinear terms on rotor
response is very small for this configuration.

In Ref. 22, the response of an isolated blade with flap-lag
deflections, using a restricted set of equations from this
analysis, is shown to be almost identical to coupled
rotor/tower blade response when the yaw mechanism is
locked out. Therefore blade response is due to isolated rotor
forcing and yaw mechanism flexibility for the Mod-O con-
figuration. In addition, the isolated flap-lag blade response is
very similar to the aeroelastic response of a similar isolated
blade with flap-lag-torsion deflections given in Ref. 1. Hence
the assumption of a torsionally rigid blade for this con-
figuration is valid for aeroelastic response calculations as
well.

The influence of the tower shadow on blade 1 response is
shown in Fig. 7 for the design operating condition. The tower
blockage was modeled by

VGk=B(tk)\VGk\ (4)

where

75 deg < i/'* <-W cleg
(5)

Figure 7 shows plots for Bf = Q (no tower shadow), 0.3, and
0.5. The tower shadow is seen to dramatically influence both
flap, Fig. 7a, and lag, Fig. 7b, deflections. The large high
frequency motion for \//> 180 deg is due to the rotor coupling
with the yaw mechanism and is not obtainable from isolated
blade analyses. Despite the large influence of the tower
shadow on rotor response, it was found to have little influence
on rotor stability.

VIII. Conclusions
This paper discusses the formulation of the governing

equations of motion of a coupled rotor/pylon/tower system.
From the numerical results presented in this paper it is
concluded for the two-bladed NASA/DOE Mod-O 100 kW
wind turbine, under the restrictions imposed by the analysis,
that

1) Support degrees-of-freedom do influence rotor stability
and can be stabilizing or destabilizing, depending on
operating conditions.

2) Nonlinear effects are important in determining rotor lag
stability.

3) The overall system is aeroelastically stable if the yaw
mechanism damping is sufficient.

4) Assuming the rotor blades to be torsionally rigid is valid
for the configuration studied.

5) Due to the high tower stiffness, the aeroelastic response
of the system is primarily dependent on isolated rotor forcing,
yaw mechanism flexibility, and tower shadow effect.

6) Although nonlinear terms are important in determining
rotor stability, these terms are of lesser importance in
evaluating aeroelastic response.

7) Rotor stability can be improved by tuning the support
system stiffness. Future designs of large HAWT's should take
advantage of this feature to improve aeroelastic behavior.
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The technology of remote sensing of Earth from orbiting spacecraft has advanced rapidly from the time two decades ago
when the first Earth satellites returned simple radio transmissions and simple photographic information to Earth receivers.
The advance has been largely the result of greatly improved detection sensitivity, signal discrimination, and response time of
the sensors, as well as the introduction of new and diverse sensors for different physical and chemical functions. But the
systems for such remote sensing have until now remained essentially unaltered: raw signals are radioed to ground receivers
where the electrical quantities are recorded, converted, zero-adjusted, computed, and tabulated by specially designed
electronic apparatus and large main-frame computers. The rec*ent emergence of efficient detector arrays, microprocessors,
integrated electronics, and specialized computer circuitry has sparked a revolution in sensor system technology, the so-called
smart sensor. By incorporating many or all of the processing functions within the sensor device itself, a smart sensor can,
with greater versatility, extract much more useful information from the received physical signals than a simple sensor, and it
can handle a much larger volume of data. Smart sensor systems are expected to find application for remote data collection
not only in spacecraft but in terrestrial systems as well, in order to circumvent the cumbersome methods associated with
limited on-site sensing.
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