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Abstract

In order to design wind turbines which possess long life
and at the same time use a minimum quantity of low-cost
materials, it is essential that dynamic, in addition to static,
structural analyses be performed to eliminate unnecessary
margins of safety resulting from undetermined dynamic
amplifications. The VAWTDYN package provides a tool for
assessing these amplifications in two-bladed vertical axis wind
turbines. The dynamic model on which the package is based
contains turbine motions most commonly observed in existing
research systems. Gyroscopic effects, structural damping,
aerodynamic wind loading, and power generation through either
an induction or synchronous generator are also included in the
model. In addition to a comprehensive description of the
model, this report documents the efforts that have gone into
the verification, qualification, and demonstration of the
package.



Acknowledgement

The authors gratefully acknowledge the efforts of
T. M. Leonard (UNM/New Mexico Engineering Research Institute)
in assisting in the preparation of this package. 1In addition
- to general computer programming assistance, Mr. Leonard is
solely responsible for the powerful plotting package which has

proven to be invaluable in post-processing VAWTDYN output.



VAWTDYN - A NUMERICAL PACKAGE FOR
THE DYNAMIC ANALYSIS OF
VERTICAL AXIS WIND TURBINES

T Lroduction

The Darrieus vertical axis wind turbine (VAWT) has been inves-
tigated for the past several years as a potentially valuable
alternate energy producer. The future utility of the VAWT (and
of virtually all other wind-powered energy-producing schemes)
depends to a large degree on developing the ability to design
rotors with long structural life using the minimum quantity of
low-cost materials. In the structural design of a VAWT rotor,
dynamic effects are important because they govern the fatigue
life of the rotor. The major source of dynamic effects is

1 which varies substantially and period-

aerodynamic loading
ically as the rotor turns relative to the ambient wind

direction.

The design of early generation operational VAWT rotors (Fig. 1)
has relied primarily on quasi-static finite element analyses
for rotor designz. In this technique, peak values of the
time-varying aerodynamic loads are applied to the rotor
statically. The resulting stress predictions can be

accurate3

if the resonant frequencies of the rotor are well
above the dominant excitation frequencies in the aerodynamic
load functions. However, because this is not necessarily the
case for all load conditions, early VAWT rotors were designed

with substantial factors of safety to account for possible

dynamic stress amplification in the rotor.



Figure 1: The DOE/Sandia 17 Meter Vertical Axis
- Wind Turbine

In the interest of reducing costs and increasing reliability of

future generation rotors, more complete and reliable approaches

to dynamic modeling need to be incorporated in the design

process. This is the motivation for the development of the

VAWTDYN package.

Prior to the development of VAWTDYN, consideration was given to
adapting previously developed rotating wind dynamics packages
to analyze the VAWT. Although many of these packages are of a
proprietary nature, some are available for purchase. For
example, MOSTAB—HFW4, an adaptation of MOSTAS developed for

helicopter rotor analysis, has been used with some success in



the analysis of DOE/NASA's horizontal axis wind turbine (HAWT)
rotors. After discussions with appropriate NASA personnel as
to the possibility of adopting HAWT-developed software for the
dynamic analysis of VAWT's, it was determined that the
necessary modifications to MOSTAS or a similar helicopter-type
software package would be more extensive than developing a new
package expressly for the VAWT. Consideration was also given

to adapting packagess’6

developed for studying VAWT dynamic
stability to address the general problem of dynamic response.
However, this was not pursued because of the relative

inaccessibility and complexity of these methods.

An attempt was made in the development of VAWTDYN to begin with
a relatively simple representation of the rotor to permit devel-
opment of intuition in identifying the important dynamic
effects. As a result, in its current form, VAWTDYN is usable
only for two-bladed rotors with motions limited to those most
commonly observed in research systems. The model can conceiv-
ably be expanded, at the expense of complexity, if experimental
data indicate that more complete representation is appropri-
ate. Since a capability to analyze forced vibrations was de-
sired, VAWTDYN includes aercdynamic wind loadings. Provisions
were also made for the inclusion of structural damping and for
the connection of the turbine to either a synchronous or an
induction generator. Of course, the model contains all

appropriate gyroscopic effects.



This report is intended primarily to serve as a description of
the model from which the software was developed. There have
been limited comparisons of VAWTDYN predictions to certain
measured data on the DOE/Sandia 17-m research turbine (Fig. 1.)
These comparisons have been very encouraging and, conseqguently,
it is felt that the package can potentially be used in the
design process. However, further refinement and confirmation
are advisable prior to using the program on a production basis,
Follow-up reports are planned as data and experience with the

package accumulate,

The remainder of the report contains results of computations
performed for the verification and qualification of the
software package, and presents examples which demonstrate the

usefulness of the package.

Description of the Model

The basic model consists of a number of rigid bodies inter-
connected by a network of springs, dashpots, and joints. The
point on the tower at the lower blade attachment is fixed in
space. Although the structure can rotate about this point, no
translations are permitted. The origin of a yrotating co-
ordinate system (the xyz system) employed in the model is
placed at this point. With the z axis always passing through

the blade upper attachment point on the tower, the rotating



system is constrained to rotate with the tower. Referrcing to

Fig. 2, the rotating coordinate system has three degrees of
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Figure 2: Description of the Rotating Coordinate
System Employed by the Model

freedom, ﬂx, Qy and Qz’ associated with its angular

velocity relative to the stationary XYZ system.

Within this rotating frame, tower motions are allowed which
represent deformation patterns of the tower in a first-mode
response. As shown in Fig. 3, the model of the tower is
composed of two rigid links of equal length, joined together
with a "U" joint. Thus, the joint is capable of transmitting
lateral and axial forces as well as a moment in the z
direction. Note again that the z axis always passes through
the lowest and uppermost points of the tower. The midpoint of

the tower can experience u and v displacements, as shown.



"U" JOINT

Figure 3. Tower Motions Within the Rotating Frame
Permitted by the Model
Through kinematics the w displacement can be determined in terms
of u and v, To represent the tower stiffness and damping,
torsional springs and dashpots, which develop restoring moments
in the x and y directions, are attached in parallel at the "UY
joint. The associated spring and damping constants, Kx'

K CX, and C_, for restoring moments about the x and y

Yy’ Y
axes, respectively, are input quantities. The x and y
quantities are not necessarily equal if one wishes to consider

the effect of the bending stiffness ¢of the blades in the tower

motions.

The tower is connected to the transmission via a torsional
spring, KB' and parallel dashpot, CB' through which the
turbine drives the generator. The generator can be either

synchrenous, in which case the angular velocity higtory of the



rotor is prescribed, or induction, where the torgue on the rotor

is given as a function of rotor RPM.

The guy cables at the top of the tower are represented by a

spring, K associated with the stiffness perpendicular to

G’
the z axis of the rotating system, and a vertical force, Gz’
down the z axis. At present, the guy cables are assumed to
behave linearly but can be made nonlinear to take into account
such effects as cable droop. A dashpot, CG' is connected in

parallel with the spring to account for the damping in the

cables,

Fach of the two turbine blades is modeled as a rigid body
attached to the tower through two ball joints which can

transmit force in the x and y directions. As shown in Fig. 4,

BALL JOINT

X

Figure 4: Blade Motions Within the Rotating Frame
Permitted by the Model
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the blades can move independently of each other about the =z
axis, in aﬁd out of the yz plane, through angles of o« and g,
respectively. The lead-lag stiffness and damping of each blade
is modeled with a torsional spring, KT, and dashpot, CT'

which develop moments about the z axis at each ball ijoint,
tending to restore the blade to its equilibrium position in the
vz plane. Since the blade moves as a rigid body, no motion
perpendicular to the chord of the blade in the rotating co-

ordinate system is permitted.

The motions described above for this discrete model are clearly
a subset of those possible for the wind turbine. However, this
subset includes all the predominant motions that have been ob-
served in Sandia's VAWT's. Future efforts may involve expand-

ing the subset.

Although a number of approaches are available Eor the develop~
ment of the equations of motion, the more direct approach

of simply using Newton's 2nd Law of motion was selected. The
equations of motion for each rigid segment of the turbine
(i.e., the blades, tower segments, etc) were derived, carefully
including the unknown interconnecting forces. In cases where a
segment of the model is attached to the point on the tower at
the lower blade connection, which is fixed in space, it is

necessary to consider only the rate of change of the moment of



momentum in developing the equations of motion., Otherwise, the
rates of change of both the moment of momentum and linear

momentum must be taken into account.

As an example of the method used, the equations of motion for

one of the blades are developed below. In this case, only the
rate of change of the moment of momentum about the blade-tower
lower attachment point need be considered. 1If this point is
denoted as point A then HA is the angular momentum vector of
the blade about point A. The time rate of change of the
angular momehtum, which is of course equal to the sum of the

applied moments about point A, is given by

daH dH, (1)
—— = -—t- + Q X ’I:IA -
dt XYZ d

Xy%

Here the subscripts XYZ and xyz denote the time derivative

relative to the fixed XYZ and rotating xyz coordinate systems,

respectively. The vector, Ed,is the unknown angular velocity

vector of the rotating system. Referring to the right hand

blade in Fig. 4, the angular velocity vector of the blade, ¥

~ r

is given by

2]

11
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In the case where o = 0, the inertia tensor of the blade is

given by

T 0 O
XX
= - 0 T -1
L(a=0) v -
0 _Iyz Izz

Using the transformation,

cos @ sin q 0
a = -3in « cos q 0
0 0 1 ’

the expression for I{gy ) given below is obtained:

2
g
H|
A
2
]
A
i

The angular momentum vector then is given by

(3

(4)



With this expression, Eg. (1) becomes

al, dZ{a) dw
at = | Tat w Ll
FXY7 XyZ Xyz

+0x [Ila)w] .

(5)

Due to algebraic complexity, the expansion of the above

equation is presented in Appendix A,

A number of terms in this equation can be eliminated by
considering the motions of the turbine, aside from the general
rotation, to be small. 1In fact, if the ratio of the maximum
deflection, §, at the top of the tower to the tower length, 2y,
is limited to .01 (this corresponds tc a deflection of
approximately 6 in. on Sandia's 17 meter turbine),ﬂX and

Qy can be shown to be small compared to Q- Using the fact
that the highest excitation frequencies are generally less than
10 times the operating frequency, the following approximations

can be made:

- By _
Q. Qy = 0(100Z 21) = o(.1QZ)
: o 2.2 8N _ nref |
0. s Qy = 0(10 o éZ) = o(oz) .

Additionally, if the ratio of the lead-lag deflection at the
outermost extremity of the blade, to the turbine radius is

limited to .01 (this corresponds to a deflection of



14

approximately 3 in. on Sandia's 17 meter turbine), g must also
be limited to this value, and the approximations singzxa and

cosoxl can be made, Using a rationale similar to that for

2, and ﬂy, it can be shown that for 2,01, a = 0(.1e,) and

a = O(Qz). Finally, it is assumed that e, = 0(x) = 0692).

Using the above order of magnitude estimates to eliminate

higher order terms, Egq. (5), which has been expanded in

Appendix A, reduces to

I g +I.0 + (I -I )YnQ0O +1I o
yz© zZ XX X ZZ 'S y z ¥z Z

an : : (6)
2 I 0 T (Q+g)+ (I -1)an ;
A VY Y VZ' 7 XX zz’” "X @

T 0 +T (c'z +8) -T 00
\ vz ¥ 77z yz X Z

Now that the time-rate of change of angular momentum has been
established, the external moments about the lower blade-tower
attachment point need to be determined and cast in terms of
the rotating coordinate system. Moments due to the wind
loading of the blade, the interconnecting forces,and the
torsional springs and dashpots mounted between the tower and
the blades need to be considered. Referring to Fig. 5, the
total moment, %A , acting on the bhlade about point A is given

by



Figure 5: Blade Loadings Which Produce Moments
About the Lower Attachment Point, "A"

M - 2fp
WX N

= 7
M, Mﬁy~k2£Px . (7)

MWZ- QKﬁx- 2 qfa

Here, % is one-half the length of the tower. The gquantities,

M ,M , and M_, are the moments due to aerodynamic
Wy wy W,

loads and will be discussed in greater detail below. Note that
the moment due to gravity has been neglected. Setting Eq. (6)

equal to Eg. (7) yields the equations of motion for the blade.
Before doing this, howe?er, one final modification is

desirable. To illuminate the "propeller" (blade motion in

phase) and "butterfly" (blade motion out of phase) behavior of

15
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the composite blade motion, the variables, g and B, have been

replaced by n and p, defined as shown:

n=oa*B s p=a-8

Then, in terms of n and g,

With this change, the final equations of motion for the hlade

are given by

. . 2
At+e -1 )00 + IO
"Iyz 2 Qz - IxXQx * (Izz yy) ¥ Z VZ Z

) w o )
I Qy - Iyz(ﬂz - 1'1——-9) + (IXx IZZ) QXQZ

vy 2
: S~ +HAE Bl o1 oan
_Iyzﬂy + IZZ (QZ + 5 vz %z
(8)
M - 2fP
WX Y
= (M glPX
v
nte _ h+te
Mw —2KT 2 2CT

In developing the equations of motion for the remaining

components of the turbine, the angular position as a function of



time of the tower relative to the ground is required to

determine the magnitude and direction of the forces developed
by the tiedown cables. This angular position is obtained in

in terms of the Euler angles defined in Fig. 6. The relation-

Figure 6: Description of the Euler Angles
Employed by the Model

ship between these angles and @ is given below:

(Y sind + ¥6 cos@ - Bop) simp + (é + ﬁi sin@) cosep

Q={ (-6 - Y8 sind) singp + (¥ sinf + Y9 cosd - éé) costp (9)
w+ VY cosB - V8 sinf .

17
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Normally with Euler angles, the vertical configuration
[+

corresponds to 6 = 0 However, in the case of wind turbine,
this choice leads to ill conditioning in the numerical
integration procedure because, even though the motion of the
turbine remains well behaved, ¢y and ¢ mathematically go through
relatively large changes in small time intervals as g nears 0°
(i.e., a vertical position of the tower). This difficulty can
be avoided by choosing 6 = 90° to correspond +o the vertical
position. In this way, both ¢ and & - =/2 remain small, and ¢
essentially equal to the angular rotation of the turbine.
Experience has shown the latter choice to be far superior for
speed and accuracy in the numerical integration of the
equations of motion. For this choice, the forces, G, exerted

by the guy wires on the tower, cast in the rotating coordinate

system, are given by

G_ = EﬂKG[(S - n/2) simp - ¥ cosep]
+ 2£CG[G singp -~ ‘i’ cosyp] ,
, (10)
Gy = EEKG[(G - 7/2) cosp + ¥ sinep]
+ EfCGEG cosep + Y singp] ,
G_ = const.

In the above’the gquantities 6-7/2 and ¥ are assumed to be small,

consistent with the prior approximation that 6§/2% <.01.



The equations of moticon for the complete modél, coupled to a
synchronocus generator, are given in matrix form in Table 1.

The first three equations are for the rotational motion of the
lower rigid tower link about the base of the turbine. The next

six describe the rotational motion and the translational

motion of the center of mass of the upper riaid tower link,
respectively, three equations for each. The next set of six
define the rotational motion of each of the blades about the

base of the turbine. And the final three give the relationship

between the three angular accelerations, Qgr S and g
2

yl
and the Euler angles ¥ (angle of precession), © (angle of
nutation), and ¢ {angle of spin). The nomenclature in these
equations is defined as follows:

Fx' F F M

v’ "z, Tz Interconnecting forces and
moments between the upper and
lower rigid tower links.

Gx’ Gy, Gz Forces exerted by the guy wires
on the tower.
M, (9)y M (¢+m) Resultant moments on the blades
X X

due to wind lecading as a
M (4), M (¢+m) J

Y Y function of the angular

M_ {(¢), M (¢+m)
Ya YWy rotation of the turbine.

19
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Por Pus 0,0

m, £, R

xx' “yy' “zz' “yz

C C

Ryr Ryr Cyr Cy

yf

Interconnecting forces between
each blade and the top of the

tower,

The mass, length and radius of

each rigid tower link.

The moments and products of
inertia of the blade lying in
its undeformed state in the

first quadrant of the "yz" plane.

The angular position and
velocity of the low speed
transmission shaft below the
tower torsional spring (KB)

and dashpot (CB)-

Torsional spring and damping
constants which develop

rastoring moments to the "U"
joint between the two rigid

tower links.

The spring and damping
constants of the torsional
spring and dash pot connecting

the transmission to the tower,



KG' CG The spring and damping
constants associated with the
guy wires,

KT, CT The torsional spring and

damping constants which
represent the lead-lag
stiffness and damping of each

blade (twoc springs/blade),
Again, note that these equations do not include gravitational

effects. Also, in simplifying the first nine equations, the

following approximations have been made:

< .01;2‘5,%=o(.1nz);and

=
-
i

b

o
= o(QZ)

Tl
b | <3

These are consistent with the approximations that have

previously been made.

As stated above, the equations in Table 1 refer to a rotor
which is connected to a synchronous generator. In this case,
the angle, ¢O, is assumed to be proportional to time (constant
angular velocity) corresponding to the synchronous speed of the
generator. This assumption implies that the synchronous
generator has small inertia and large electrical stiffness
relative to the turbine polar inertia and torsional stiffness,

respectively,

23
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The rotor may also be connected to an induction generator, in
which case the angle, ¢O, is unknown, but is governed by the
equation

2_ . . . .

=X (¢ = - + .

RI B, = Kylo - o)) + ¢p(d - ) + RI{Rp ] (11)
In this equation, Im is the moment of inertia of the high-
speed drive~train components (including the generator
armature), R is the speed-increase ratio of the transmission,
and T}R¢O} is the motor torque-speed function. For the
generator used on the DOE/Sandia 17 m rotor, the torque-speed

function is displayed graphically in Fig. 7. To implement the

6000 F
4000

2000 +—

MOTOR TORQUE (iN-LBS)

Q ; I | |
500 1000 1500 2000

MOTOR RPM

Figure 7: Torque~Speed Curve for the Generator
Used on the DOE/Sandia 17 Meter Turbilne

induction generator in the VAWTDYN model, Eg. (l1) must be

added to the set of equations given in Table 1.



w (¢+m) , etc, developed
X
by the aerodynamic wind loading on the blades are computed by

The resultant moments, M, (), M
X

integrating the moment per unit length about the lower
attachment point, over the blade length. The load distribution
from which the moments are derived is determined for a
specified mean wind velocity and rotor RPM using a single
streamtube aerodynamic model7'8. This model is strictly
applicable only to steady conditions, where both the RPM and
the wind velocity are constant. It should be noted that
virtually any aerodynamic model which supplies the load

resultants as functions of the angular position of the rotor

may be readily incorporated into VAWTDYN.

The VAWTDYN package utilizes a "canned" integrator called
YODE," which was designed for the integration of coupled sets
of nonlinear ordinary differential equations (initial value
problems only). This routine employs a variable step-size
scheme wherein the time step is altered from step to step to
keep the local error per step within some prescribed

tolerance. It is based on a variable-order Adams method, which
adapts the order of integration to the problem dynamically.9
Basically, ODE requires thé user to provide both the initial
conditions and the second derivatives of each degree of freedom
as functions of the zeroth and first derivatives available at

the completion of the previous time step. The latter

regquirement is accomplished by inserting the values of the

25
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lower-order derivatives into the equations of Table 1 and
numerically solving for the appropriate second-order

derivatives.

VAWTDYN is equipped with the capability to "lock out" one or
more degrees.of freedom, i.e., to replace movable joints with
rigid ones. This capability is important in effecting
diagnostic tests and establishing which rotor motions in the
response are dominant. A "lock out" is accomplished by first
zeroing the appropriate degree of freedom along with all of its
derivatives in the equations of Table 1. Then, terms which
involve the degree of freedom multiplied by a spring constant
are interpreted as the unknown force or moment necessary to

restrain the motion and are transferred to the left-hand side of

the equations. With these alterations to the equations, the
"lock out" will be achieved. This method of "locking out"
certain motions in the turbine is superior to the method of
making specific spring constants arbitrarily large, since, as
spring constants increase, so do frequencies, attended by
numerical integration problems associated with automatic time-
step selection based on the smallest period present in the

motion.

For output processing, a general purpose plotting package has
been incorporated in VAWTDYN. Variable versus variable plots,

including time history plots, can be quickly and easily



generated. In addition, an option is available by which the
freqguency content of any of the time series can be obhtained.
Since this option involves the use of the Fast Fourier
Transform, care must be taken to make the sampling rate
sufficiently high to avoid aliasing of significant response

frequencies which are above the Nyquist frequency.

The various input and output capabilities of VAWTDYN wil. be

covered in greater detail in a future report devoted to

software descriptions. This document will contain a listing of

the program as well as instructions on its use.

Verification and Qualification of VAWTDYN

In order to develop confidence in any complex structural
software package, two checkout activities are imperative. The
first, termed verification, involves confirming that the
software does what it is designed to do. One excellent way of
accomplishing this is by comparing the software predictions
with closed-form solutions, if available. The other checkout
activity, called qualification, demonstrates that the software
predicts with adeguate accuracy the behavior of actual
hardware. Good experimental data is crucial to this endeavor.
Thus, the verification activity attempts to demonstrate
coherence between %he mathematical model and the software,

whereas qualification demonstrates the coherence between the

27
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mathematical model represented by the software and the actual

hardware.

Two types of problems were used to verify VAWTDYN. The first
involves investigating a form of the rotating turbine, wherein
the turbine is transformed into a symmetrical spinning top by
(1) decoupling it from the transmission, (2) converting the
action of the tiedown cables to the action of gravity, and (3)
setting Ixx = Iyy and Iyz = 0, In addition, to produce a
rigid turbine, the motions u, v, n, and p are "locked out".
Due to the availability of closed-form solutions, spinning-top

problems serve to verify the gyroscopic behavior as represented

by the software.

In the first problem, the top is given a set of initial
conditions such that the ensuing motion consists of

precession without nutation. The equation which relates ¥ to ¢

and ¢ for this motion is given by

hME

oI

. Wid cos8(T -T )
¥ = 2 -1 % [1 = — X (12)
o cose(IZZ - IXX) (o IZZ)

where the overbar on the moment-of-inertia terms denotes total

values for the top,and W is the total weight of the top. For

- _ 5 2 = _ 4
Ixx = 5,357 x 107 slug-£ft~, Izz = 3,921 x 10
2

slug-ft®, W = 1.50 x 104 slugs, é = 10m rad/sec and



6 = 30°, Eq. 12 vields @ = .394 rad/sec. With these

initial conditions, VAWTDYN predicts only minor variations
from the initial values, as expected. In fact, after the
precession angle, ¥, had reached 564°, the variability in the

nutation angle, £, is bracketed by 29.99988° and 30.00293°,

The next spinning-top verification problem involves combined
precession and nutation. First, the top is set spinning with
the initial angles of nutation and precession fixed, and
subsequently released. For nonzero initial nutational angles,
it can be shown from energy considerations that the top will
precess and nutate in a scalloped pattern always returning at
the end of each scallop to the initial nutational angle. With
initial conditions of 6 = 10° and é = 300 rpm, the scalloped
pattern predicted by VAWTDYN is shown in Fig. 8 where 0 is
plotted versus ¥. Note that the nutational angle varies
between 10 and approximately 15 degrees, returning to 10° at the
end of each scallop, as anticipated. The corresponding
variation in ¢ is shown in Fig. 9. For the same initial
conditions, but reducing Izz by almost a factor of two, the
nutational angle ranges from 10 to nearly 80 degrees (i.e., the
top almost lays down), as shown in Fig. 10, with the

’
corresponding variation in ¢, shown in Figure 11.

The two problems above verify that the gyreoscopic effects have

been correctly incorporated in VAWTDYN.
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Figure 8: VAWTDYN Predictions of Nutational Angle, 0,
Versus Precessional Angle, ¥, for a Symmetrical
Top Spinning Initially at 300 rpm Released From
an Initial Nutational Angle of 10° (I,, = 3.921 x
104 slug-ft2)
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To verify vibrational motion for the case of the parked
turbine, VAWTDYN is exercised by displacing and then releasing
the top of the non-rotating turbine such that all modes except
the torsional ones are excited. This includes three modes with
motion transverse to the blades (butterfly), and two with
motion in the plane of the blades (in-plane). The spectrum of
the predicted time series for U, the transverse motion of the

midpoint of the tower, is shown in Fig. 12. The frequencies

Psl = . 103000E+00 {DEB)
FREE VIB Q RPM  THEIR = . 100000£+00 itac)}
PHI = . {00G0ODE+O0 {DES)
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Figure 12: Spectrum of the Free Undamped Transverse
Motion, U, for the Midpoint of the Tower as
Predicted by VAWTDYN for the Parked Configura-

tion



associated with the three well-defined spikes agree closely
with those obtained from hand calculations using an analogous
simplified spring-mass model of the transverse motion. The
gspectrum for V, the in-plane motion of the tower midpoint,

shown in Fig. 13, contains two well-defined spikes as expected,

PSi = L 100009E+10 {DEB)
FREE VIB O RPM  THETA = . 100002E+0 {DEGY
PHI =, 10000GE-00 (DEGY
83/01/30. VAWT-OYNAMICS TORGLE = =, 577704E+03 (FT-LBS)
Q.
[
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2
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=
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Figure 13: Spectrum of the Free Undamped In-Plane Motion,
V, for the Midpoint of the Tower as Predlcted
by VAWTDYN for the Parked Configuration

which are also consistent with frequencies obtained from a

simple spring-mass model. Similar correlation has been
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obtained for the frequencies associated with the rotational
degrees of freedom, ¢ and n, which are excited by releasing the

parked rotor from a torsionally displaced position.

In addition to the above verification exercises, two
Preliminary qualification exercises have been performed using
experimental data generated from the DOE/Sandia 17 meter
turbine. Of course stiffness, damping, and mass properties in

the model are chosen to correspond with available estimates of

those in the experimental configuration. Although mass

properties are easily calculable, stiffness properties are
not. Therefore, in this case, the spring constants are
adjusted so that the natural frequencies of the modes in the
model match frequencies of corresponding modes determined by
other methods. These other methods can range from simple
"back-of-the-envelope" calculations to elaborate finite element
computations. Frequencies obtained experimentally can also be
used. Here, frequencies are determined through finite element
calculations. Having established the spring constants in this
manner, the damping is adjusted using the log-decrement
technique until damping corresponding to 5% of critical is

obtained.



In the first qualification exercise, low-speed-shaft torque
data gathered while starting the 17 m rotor in low wind by
applving full voltage to the induction motor/generator is
compared to predictions by VAWTDYN. This test problem involves
only the torsional modes of the model, which include the
following degrees of freedom: the rotor spin angle, ¢; blade
propeller motion, n = at+B ; and the low-speed-shaft angle, bge
The model predictions and actual start-up data are shown in

Figs. 14 and 15, respectively. The agreement is very
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Figure 14: VAWTDYN Predictions of Low-Speed Shaft Torque
Versus Time for Turbine Start-Up
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Figure 15: Experimental Low-Speed Shaft Torque Data for
Start-Up
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encouraging, though there are some notable differences. The
start-up time is somewhat longer on the actual system, probably
because of aerodynamic and/or frictional losses not included in
the VAWTDYN model. The frequency of the oscillation following
initial engagement of the motor is slightly lower than
predicted. This is most likely due to inaccuracy in the
selection of the spring constant, KB. Even considering these
differences, it is apparent that the model accurately
identifies the major system-response features during rotor
start—-up.

)
In the second qualification exercise, vibratory stress
amplitudes measured at the trailing edge of the blade near the
root are compared to predictions by VAWTDYN. Since VAWTDYN
does not normally compute stresses, the stresses are determined
from the lead-lag moment at the root of the blade (which is

equal to a) and a knowledge of the blade section

Ko
properties. Although data was collected at-a variety of wind
speeds, the rotation of the rotor was fixed at 50.6 rpm for all
cases. As shown in Fig. 16, the data contains a large amount
of scatter, However, the VAWTDYN predictions, depicted by the
solid curve, are in reasonable agreement with the data and, in
general, are in much better agreement than the static
predictions. Fine-tuning the model for a more accurate
representation of the physical configuration may lead to better

agreement,
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Figure 16: Comparison of VAWTDYN Predictions with Data

for the Vibratory Stress Amplitudes at the
Tralling Edge of the Blade Near the Root

This comparison is more significant than the start-up
comparison discussed above because this test case involves
virtually all the degrees of freedom in VAWTDYN, as well as the
aerodynamic load model. While the agreement on stress
amplitudes is very encouraging, more detailed comparisons are
necessary to qualify the model. Specifically, comparisons
should be made at other rotor RPM's and spectral details of the
predicted and measured strain time series should be examined.
These activities are being pursued and will be discussed in

follow-up reports.

The qualification exercises outlined above, coupled with the

prior verification problems, serve to generate some confidence
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that VAWTDYN solves correctly those problems for which it was
developed, and furthermore, that the model is capable of
predicting with reasonable accuracy, the dynamic behavior of
real VAWT systems. The qualification activities will bhe
ongoing, expecially as additional experimental data becomes

available.

Capabillities of the Model

Having developed some confidence in the model, it is appro-

priate to discuss some of its capabilifies and conseguences.

The model can be used to determine resonant frequencies for
the primary system vibrational modes as a function of rota-
tional speed. This is accomplished by exciting the model
through initial conditions and obtaining spectral analysis

of the resulting displacement variable time series.

For the non-rotating case, the seven mode shapes along with
thelr appropriate frequencies and identificatlion labels, are
indicated graphically in Fig. 17. These modes are quite
representative of the lowest modes of vibration in the DOE/
Sandia 17-m two-bladed Dafrieus rotor, with the exception of
in-plane blade modes which are not represented in the model.
The spring and mass values in VAWIDYN are selected to provide
similar frequencies and mode shapes as predicted by finite

element analysis of the 17-m rotor.
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The effect of rotor rotation on the frequencies of vibration

is shown in Fig. 18. This plot 1s determined from free, un-

damped vibration spectra of the u, v, o, and B degree of free-
dom. Thus, these frequencies represent those which would be
measured by an observer fixed to the xyz coordinates, i.e., an
obgerver fixed to the rotating tower. There are substantial
upward or downward changes in frequency of certain rotor
modesg. These frequency changes are roughly proporticnal to
rotor rpm and are the order of 1 per rev 1n magnitude. This
result 1s caused by the coriolis and centrifugal terms in

VAWTDYN and 1s similar to classical shaft whirl effects.
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Figure 18: TFan Plot for the VAWTDYN Model

Apparently, the modes dominated by tower motion (e.g., the
first butterfly and first in-plane mode) are most affected

by this phenomenon.

Also shown in Pig. 18 are fan lines corresponding to odd per
revolution harmonics of the aercdynamic forcing functions.
Even per rev harmonics are not shown because the aerodynamic
force components capable of exciting the modes in Fig. 18
have only odd harmonics relatlve to the xyz system. This
may be deduced from the fact that lcad resultants measured

relative to the fixed XYZ system have only even harmonics due

to the symmetry of the two-bladed rotor.



Critical rotor speeds corresponding to crossings of the fan
lines with rotor hatural frequencies will produce resonances,

the significance of which depends on the harmonic magnitudes

of the forecing functions. It is noteworthy that identification

of critical rotor speeds can be in substantial error if the

frequency shifts due to coriolis or centrifugal effects are

neglected.

Rotor rotation also affects the system mode shapes. Figures 12

and 13 display the u (out-of-plane) and v (in-plane) spec-

tra for free vibrations of a parked rotor. The spectral
spikes for each mode of vibration involve either u or v mo-
tions, but not both, indicating independence of the in-plane
and out-~of-plane motions. Figures 19 and 20 are a similér
comparison of spectra for a turbine rotating at normal operat-
ing speed. In thils case, spectral spikes in the u variable
also appear in the v variable, indicating that each vibra-
tional mode on the turning rotor generally involves both in-

plane and out-of-plane motions. Recognition of this coupling

i1s Important in establishing when a system will resonate.
For example, a purely in-plane mode on a stationary rotor can
be exclted by out-of-plane forces when the system is operat-

ing due to coupling of the u and v motions.

VAWTDYN can be used to determine steady state foreced vibra-

tion response such as that shown in Fig. 17. These solutions
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by VAWTDYN for the Turbine Rotating at 50 rpm

OMEBA-Z = ,B33333E+00 (CY/SEC)

FREE VI8 50 Rf8 PHI-DOT = . SCO000E+02 {RPM}

PS1 - 100000E+00 I1DEB)

i ma-omanics fEm lsese
e ANGLE-00T = ,50C000E+02 {RPH)
TORGLE = =.577704E+03 (FT-LBS)

SPECTRAL DENSITY

Go

W \

1] { T A ¥ \J U ¥ 1 i T T ¥ 1
0.0 1.0 1.0 30 4.0 5.0 a0 7.0 8.0 8.0 10,0 31L,0 R0 130 40 130 &
FREQUENCY (HERTZ)

Figure 20: Spectrum of the Free Undamped In-Plane Motilon,
V, for the Midpoint of the Tower as Predicted
by VAWIDYN for the Turbine Rotating at 50 rpm



are obtained by suddenly applying the aerodynamlc loads with
the system initially rotating at synchronous speed. The
system reaches steady state affer the transients decay (gener-
ally within several rotor revolutions for 5% of critical
structural damping). From the steady state solution, all

the VAWTDYN variable amplitudes and spectral characteristics
may be determined. The effects of rotor speed, windspeed,

and rotor component stiffness or mass on any aspect of system
regponse modeled by VAWIDYN may be readily estimated. Torgue
ripplelo ef'fects may also be determined within the accuracy

of the drive train model included in VAWTDYN.

As VAWTDYN is basically a transient model, transient
response, such as the startup problem discussed previously,
is within the capability of the model, Response of the sys-
tem to time varying gusts at operating speed is possible to
analyze with the qualification that the aerodynamic load
model 1s based on steady-state aerodynamics. On very large
systems where the gust rise time is short relative to the
rotor revolution period, unsteady aerodynamic effects may be
important and appropriate modifications tec the lcad model

should be considered.
Summary and Conclusions

In the preceding sections, the model from which VAWIDYN was

developed has been described, some efforts have been made to
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verify the software and qualify the model, and finally, dis-
cussion of the model's capabilities has been presented. The
gualification and verification activities have served to

generate confidence that VAWTDYN can reascnably predict the
dynamic behavior of VAWT's both qualitatively and quantita-
tively, and, along with the discussion of capabilities, the

utility of the VAWTDYN package has been demonstrated.

The model indicates that significant dynamic amplification of
rotor response can occur under certain conditions. The ability
of the model to predict these amplifications can substantially
impact future system designs by identifying areas of structural
over- or under-design. For over-design situations, alterna-
tives‘proposed to eliminate the excess (thereby reducing costs)
can be evaluated with VAWTDYN and, of course, in the case of

under-design, successful corrective measures can be identified.

It should be emphasized that VAWTDYN in its current form
contains many approximations which may preclude its use for
certain aspects of dynamic design. Potential users should be
familiar enough with the underlying theory in the model to
avoid misusing it. Efforts will continue in the future to
establish the strengths and limitations of VAWTDYN by making

more detailed compariscons with the 17 m rotor data.



Future development activities include extending the model to a

three-bladed rotor such that analyses can be carried out on
some three-bladed designs which are under current
consideration; incorporating flatwise-blade motions in the
model for the accurate analysis of turbines in which this
motion may be more predominant, e.g., turbines with larger
height-to-diameter ratios than the 17 m turbine; and making

necessary alterations for analyzing cantilevered VAWT designs.

Whether or not any or all of these activities will be pursued
will depend upon the continued success of the current package
and on the presence of a demand for the specific development

activity.

45



46

10.

References

W. N. Sullivan, "Structural Loads for the 17-m Darrieus
Turbine,” Vertical Axis Wind Turbine Technology Workshop,
May 17-20, 1976, Sandia Laboratories, SAND76-5586.

L. I. Weingarten, D, W. Lobitz, "Blade Structural Analysis,"
Vertical Axis Wind Turbine Technology Workshop, May 17-20,
1976, Sandia Laboratories, SAND76-5586.

W. N. Sullivan, "Operational Experience with VAWT Blades

at Sandia Laboratories," Proc. of the DOE/NASA Workshop

on Large Wind Turbine Design Characteristics and R & D
Requirements (to be published), Cleveland, April 24-26, 1979.

K. R. V. Kaza, D. C. Janetzke, and T. L. Sullivan, "Evaluation
of MOSTAS Computer Code for Predicting Dynamic Loads in
Two-Bladed Wind Turbines,” National Aeronautics and Space
Administration, DOE/NASA/1028-79%9/2, NASA TM-79101, April 1979,

H. H. Ottens and R. J. Zwaan, "Description of a Method to
Calculate the Aerocelastic Stability of a Vertical Axis
Wind Turbine," National Aerospace Laboratory NLR, The
Netherlands, NLR TR 78072 I, June 1978.

A. J. Vollan and R. J. Zwaan, "Contribution of NLR to the
First Phase of the National Research Program on Wind Energy,
Part II: Elastomechanical and Aercelastic Stability,"
National Aerospace Laboratory NLR, The Netherlands,

NLR TR 77030 U Part II, March 1977.

R. J. Templin, "Aerodynamic Performance Theory for the NRC
Vertical Axis Wind Turbine," National Research Council,
Canada, LTR-LA-160, June 1974.

J. H. Strickland, "The Darrieus Turbine: A Performance
Prediction Model Using Multiple Streamtubes," Sandia
Laboratories, SAND75-0431, October 1975,

L. F. Shampine and M. K. Gordon, Computer Solution of
Ordinary Differential Eguations: The Initial Value
Problem, W. H. Freeman and Co., San Francisco, 1975.

R. C. Reuter, Jr. and M. H. Worstell, "Torque Ripple in
a Vertical Axis Wind Turbine," Sandia Laboratories, SAND78-0577,
April, 1978.



Appendix A

Due to algebraic complexity, the expansion of Eq. (5) in
the model description section of this report is presented in
this appendix. The terms of this equation are expanded

individually below:
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Eg. (6) 1in the model definition section is obtained from the
above equations by eliminating the higher-order terms and
making certain other approximations as outlined in that

section of the report.
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