
NASA Conference Publication 2034 
DOE Publication CONF-771148 

Wind Turbine 
Structural Dynamics 

A workshop held at 
Lewis Research Center 
Cleveland, Ohio 
November 15-17, 1977 

J 



NOTICE 

This r eport was prepared to document work sponsored by 

the united States Government . Neither the United St.t.~ 

nor its agent, the United States Energy Resear ch a nd 

Development Administration (now Department of Ene rgy) , 

nor any Federal employees, nor any of their contractorg, 

subcontractors or their employees, makes any warranty, 

express or implied , or assumes any legal liability or 

responsibility for the accuracy, completeness, or use

fulness of any information, apparatus , product or process 

disclosed , or represents that its use would not infringe 

privately owned rights. 



NASA Conference Publication 2034 
DOE Publication CONF-771148 

Wind Turbine 
Structural Dynamics 

A workshop held at 
Lewis Research Center 
Cleveland, Ohio 
November 15-17, 1977 

1978 



~-- -



,---------------

FOREWORD 

A workshop on wind turbine structural dynamics was held at the NASA Lewis 
Research Center in Cleveland, Ohio, on November 15-17, 1977. The workshop was 
sponsored by the Department of Energy. It was attended by DOE and NASA per
sonnel, their contractors and university grantees, and other invited speakers. 
Information was exchanged on the following topics: 

• Methods for calculating dynamic loads 
• Aeroelastic stability 
• Wind loads, both steady and transient 
• Critical design conditions 
• Drive train dynamics 
• Systems dynamics 
• Behavior of operating wind turbines 
The workshop had two purposes: First, to review and document current 

United States work on the dynamic behavior of large wind turbines, primarily of 
the horizontal-axis type; second, to identify and discuss other wind turbine 
configurations that may have lower cost and weight. Current work was reviewed 
during two days of technical presentations. Questions from the audience were 
answered after each presentation. Future large wind turbines were discussed 
at three panels: Analysis Methods, Structural Configurations, and Power Train 
Configurations. Questions and comments from the audience followed each panel. 
The discussion leader and the session chairman then summarized the main points 
made by both the panel and the audience. These proceedings present the papers, 
the panel summaries, and all questions and answers. 

The success of this workshop was the result of the cooperative efforts of 
many people, among whom were Prof. Holt Ashley of Stanford University, the 
panel discussion leader, and the session chairmen. 

Workshop Committee: 

David A. Spera, Chairman 
Joseph M. Savino, Co-Chairman 
Dean R. Miller, Proceedings Editor 
Karen J. Wester, Administrative Assistant 
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COMPARISON OF COMPUTER CODES FOR CALCULATING DYNAMIC 

LOADS IN WIND TURBINES 

Davi d A. Spera 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

INTRODUCTION 

The development of computer codes for calculating dynamic loads in horizontal
axis wind turbines has been part of the Federal Wind Energy Program for almost 
four years. 

During this period of time the Energy Research and Development Administration 
(ERDA) has sponsored the development of at least seven codes by NASA and its 
contractors. As might be expected in an area of new technology, these codes 
differ considerably in approach and technique. Because of the generally com
plicated nature of any structural dynamics analysis, a detailed comparison of 
seven computer codes is extremely difficult. Therefore, the objectives of 
this study have been limited to the following: (1) To present a brief over
view of each code and identify sources for further detailed information, and 
(2) to compare the performance of each code against two sets of test data 
measured on the 100 kW Mod-O wind turbine, an experimental machine in operation 
at NASA's Plum Brook Station near Sandusky, Ohio. Comparison on the basis of 
cyclic loads, peak loads, and harmonic contents was selected. The results of 
this study are given in detail in Reference 1. 

DESCRIPTION OF CODES 

The seven computer codes compared in this study are listed in Table 1. All 
codes are aeroelastic (i.e ., air loads and blade deformations are coupled) and 
include loads which are gravitational, inertial, and aerodynamic in origin. 
Three of the codes (MOSTAB-WT, -WTE, and -HFW) analyze only rotor loads, while 
the remaining four codes (REXOR-WT, GETSS, F-762, and MOSTAS) are complete 
system codes which include rotor-tower interaction. 

MOD-O DATA CASES 

For purposes of establishing reference test data, two sets of blade load data 
have been defined , which were measured on the Mod-O wind turbine (Ref. 1). 
These data sets have been designated as Mod-O Data Cases I and IV. The data 
sets contain time histories and harmonic analyses of bending moment loads 
measured in the Mod-O blades by means of strain-gage load cells. Moment loads 
in the flatwise and edgewise directions at Station 40 (shank area, 5% span) 
and Station 370 (midblade area, 49% span) were measured. Additional data are 
also available for these two cases, including shaft bending and torque loads, 
nace l le accelerations, and tower deflections. However, for purposes of 



comparing computer codes, blade moment loads were judged to be critical, so 
other measured data were not used in this study. 

Operating Conditions 

Data Case I, with single yaw drive and stairs in the tower, presents a high 
level of rotor-tower interaction. These data were measured on December 18, 
1975. On the other hand, Data Case IV with the yaw drive locked (relatively 
rigid nacelle-to-tower connection) were measured on September 11, 1976, after 
the tower stairs were removed and therefore exhibit little rotor-tower inter
action. Thus, these two cases represent relatively high and low levels of 
blade loading sustained by the Mod-O wind turbine operating at nominal wind 
speeds between 25 and 28 mph. 

Typical Time-History Curves 

A typical cycle of flatwise bending load during one rotor revolution is shown 
in Figure 1. A positive flatwise moment bends the blade toward the tower 
causing tensile stresses on the low-pressure (downwind) surface. In Figure 1, 
flatwise moment My is plotted versus the blade azimuth ~ b, which is zero and 
3600 when the blade points downward. As shown in the figure, the flatwise 
time history for a rotor located downwind of the tower is dominated by the 
impulse applied to the blade each time it passes through the tower's wake or 
"shadow." For purposes of stress and fati gue analysis it is convenient to 
define cyclic load oM and steady load N, as shown in Figure 1. 

Figure 2 illustrates a typical time history of edgewise load, Mz, measured 
during one revolution. A positive edgewise load on the blade tends to stop 
the rotor, causing tensile stresses on the blade's l eading edge . An edgewise 
moment time history is usually composed of three components, as shown in Fig
ure 2: (1) A relatively steady bending moment which produces shaft torque and 
power, (2) a sinusoidal moment caused by the blade's own weight plus a small 
wind shear effect (900 out of phase) and (3) high frequency dynamic loads 
attributable to motions of the nacelle and tower. 

RESULTS AND DISCUSSION 

Cyclic Moment Load Comparisons 

Figures 3(a) and (b) illustrate how cyclic moments calculated using the seven 
codes compare not only with the specific data cases defined but also with the 
trend of data measured over a period of time on the Mod-O wind turbi ne. This 
trend is represented by a nominal variation of load with wind speed plus a 
band of variation which is est imated to be ± la in width, thereby containing 
loads for about 70% of the machine's revolutions. This band is approximately 
equal to ± 20% of the nominal loads with the exception of Case IV edgewise 
loads. Variations are caused by changes in wind direction and velocity, 
control changes, and unsteady factors not yet identified. 

The empirical constants used in the MOSTAB-WTE code were selected to place its 
results at the top of the variation band, as shown in Figures 3(a) and (b) . 
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Data Cases I and IV do not necessa ri ly represent the nominal loads. Other gen
eral observations concerning the results shown in Figures 3 are as follows: 

1. Loads calculated by all codes fall within the data variation band, with the 
exception of edgewise loads for Case I which were calculated using the 
MOSTAB-WT and MOSTAB-HFW codes. MOSTAB codes are able to predict only the 
gravity comronent of cyclic edgewise load because shaft motion is absent in 
these codes. 

2. REXOR-WT results generally coincide with nominal loads. 

3. Results for the remaining codes tend to be mixed, falling both above and 
below nominal load values. 

Table 2 presents data for a more complete comparison of measured and calculated 
cyclic loads. 

Peak Momen t Load Comparisons 

A second comparison of calculated and measured moment loads will be made on the 
basis of their peak values, defined as the maximum absolute value occurring 
during one revolution. Measured and calculated peak moment loads are listed in 
Table 3. Inspection of the normalized results shows a wide range of values, 
from 0.57 to 1.30. With the exception of the empirical code MOSTAB-WTE, all 
the codes exhibit load ratios both larger and smaller than unity, without any 
significant trends being apparent . 

Summary of Load Ratios 

All the load rati os listed in Tables 2 and 3 for cyclic and peak loads, respec
tively , were averaged and appear in Table 4. These average ratios signify the 
general level of loading calculated using the various codes in comparison wi th 
a blend of high and low nominal loads. MOSTAB-WTE, with its empirical con
stants selected to place calculated loads well above nominal, was found to have 
an average load ratio of 1.15, slightly lower than expected. Of the remai ning 
codes, all produced average load ratios within 97% ± 3% of nominal. Load 
ratios obtained with the REXOR-WT code showed significantly less deviation than 
ratios for all the other codes. 

Load Predictions 

The MOSTAB-WTE and REXOR-WT were used to predict the effect on blade loads of a 
new dual yaw drive system for the Mod-O wind turbine (Ref. 2). The results are 
shown in Fi gures 4(a) and (b). The MOSTAB-WTE code provided an estimate of 
nominal + 10 cyclic flatwise moment (Fig. 4(a)) in good agreement with data 
obtained later. Prediction of edgewise loading using MOSTAB-WTE (Fig. 4(b )) 
appears to be somewhat conservative, at least in comparison with load bank 
data . Additional synchronized operation data are required before the level of 
conservation can be judged. 
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SUMMARY OF RESULTS 

1. Six of the seven codes studied (MOSTAB-WT and -HFW, MOSTAS, REXOR-WT, 
GETSS, and F-762) calculated loads which on the average were within 4% of 
nominal loads measured on the Mod-O wind turbine. 

2. Loads calculated using an empirical code (MOSTAB-WTE) were 18% above nomi
nal levels, in accordance with the objective of this code to provide load 
margin. 

3. Among the four system codes evaluated (MOSTAS, REXOR-WT, GETSS, and F-762), 
the REXOR-WT code appeared to be the most consistent in producing calcu
lated loads close to nominal loads. 

4. All codes except MOSTAB-WT and -HFW satisfactorily calculated the general 
pattern of both f1atwise and edgewise loads for the two cases studied. 
These two codes contain the assumption of rigid rotor support which elimi
nates some edgewise load harmonics. 

5. The empirical code MOSTAB-WTE was verified on the basis of comparisons with 
the results of the system codes and test data obtained from the Mod-O wind 
turbine with dual yaw drive. 

CONCLUSIONS 

1. WTG load prediction codes are in an advanced state of development. 

2. Present system codes tend to predict nominal loads, so load margins must be 
explicitly introduced into input or output data. 

3. System codes have been validated for "stiff" WTG systems, but are not yet 
validated for "flexible" systems. 

REFERENCES 

1. Spera, D. A.: Comparison of Computer Codes for Calculating Dynamic Loads 
in Wind Turbines. NASA TM (to be published). 

2. Spera, D. A.; Janetzke, D. C.; and Richards, T. R.: 
in the ERDA-NASA 100 kW and 200 kW Wind Turbines. 

DISCUSSION 

Dynamic Blade Loading 
NASA TM-737ll, 1977. 

Q. How broadly applicable are the empirical corrections in MOSTAB-WTE? 

A. The empirical equations apply to two-bladed hingeless rotors. However, 
the two empirical constants have been evaluated only for stiff or semi
stiff towers, to date. 

Q. What accuracy is associated with the experimental bending moment data? 
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A. About 5% accuracy for cyclic bending moments. However, zero errors can be 
significant (see Ref. 1, Table 7). 

Q. Has the yaw brake dramatically improved rotor/tower coupling effects in the 
Mod-O WTG? 

A. Yes. Blade loads are definitely lower when the yaw brake is on. 

Q. What causes the significant variation in blade loads for the same nominal 
wind speed? 

A. Variations in wind direction, control changes, yaw maneuvers, and other 
factors we don't understand. 

Q. What is the frequency distribution of load variations? 

A. Both normal and log normal distributions have been observed. More data 
are definitely needed. 

Q. Have these codes been used to calculate stress levels? 

A. No. The output of these codes is loads. Auxiliary stress codes are used 
subsequent to these codes. 

Q. Please comment on costs per case and input/output format for the various 
codes. 

A. I don't have specific information for all the codes but the contact per
sons listed in Table 1 do. For MOSTAB-WT and -WTE, typical input would 
consist of about 50 cards, running time would be two minutes (IBM 1110 
computer) and typical output would be tabular listings of three moments 
and three shear forces at up to a dozen blade stations at each of 24 azi
muthal blade positions . Parametric studies are conveniently and economi
cally performed by non-specialists. My general comments about the 
remaining codes are that personnel must be well trained, running times 
of 30 to 60 minutes (or more) are to be expected, and your organization 
must be ready to provide dedicated support. 

Q. During preliminary design, predicting load frequencies may be more impor
tant than predicting amplitudes. Do you plan to compare these programs on 
the basis of predicted frequencies? 

A. Yes. The harmonic contents of the predicted loads are compared in 
Reference 1. 

Q. Your experience has shown that softness in the Mod-O yaw drive induced 
undesirable cyclic loads. How then can flexibility in future systems 
reduce costs? 

A. Flexibility can lead to lighter, less costly structu r es only if resonances 
can be avoided. Unfortunately, softness in the Mod-O yaw drive placed it 
at a resonance, leading to the undesired cyclic loads. 
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TABLE 1. - COMPUTER CODES PRESENTLY USED FOR AERO-ELASTIC ANALYSIS OF DYNAMIC 

LOADS AND DEFORMATIONS IN HORIZONTAL-AXIS WIND TURBINES 

Code Type (domain) 

MOSTAB-WT 

MOSTAB-WTE 

MOSTAB-HFW 

REXOR-WT 

GETSS 

F-762 

MOSTAS 

aDegrees of freedom 

Single 
blade; 
1 DOF a 
(time) 

Same, 
plus emp irical 
constants 

Rotor; 
4 DOF plus 
gimballing 
(time) 

System; 
multi-OOF 
(time) 

System; 
multi -DOF 
(freq. ) 

System; 
mult i -DOF • 
(time) 

System; 
mult i-DOF, 
(time/freq.) 
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TABLE 2. - COMPARISON OF RELATIVE CYCLIC MOMENT LOADS, 

NORMALIZED WITH RESPECT TO NOMINAL CYCLIC LOADS 

Source Relative cyclic moment loads 

Fl a tw; sea Edgew;seb 

Sta 40 Sta 370 Sta 40 Sta 370 

(a) Data Case I 

Test Nominal 1.00 1.00 1.00 1.00 

data Actual 1.02 0.97 0.87 0.95 

MOSTAB -hiT 1.00 1.00 0.60 0.50 

rotor -hlTE 1. 20 1.20 1. 20 1. 20 
codes -HFhI 1.00 0.99 0.66 0.58 

REXOR-WT 0.96 1.00 0.94 0.87 

GETSS 1. 19 1.16 0.80 1.05 
-

F-762 1.08 1.03 0.78 0.77 

MOSTAS 0.92 0.97 0.82 0.78 

(b) Data Case IV 

Test Nominal 1.00 1.00 1.00 1.00 

data Actual 0.83 0.96 1. 05 0.93 

MOSTAB -WT 1. 20 1. 20 0.94 0.93 

rotor -WTE 1. 20 1.20 1.04 1.07 
codes -HFW 1. 1 7 1. 1 7 1.00 1.04 

REXOR-WT 0.97 0.92 0.98 0.96 

GETSS 0.92 0.86 0.98 1. 01 

F-762 0.87 0.91 1.05 1.11 

MOSTAS 1.22 , .23 0.97 1.01 
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TABLE 3. - RELATIVE PEAK MOMENT LOADS, NORMALIZED WITH 

RESPECT TO NOMINAL PEAK LOADS 

Source Relative peak moment loads 

Flatwisea 

Sta 40 

(a) Data Case I 

Test Nominal 1. 00 

da ta !Actual 1. 01 

MOSTAB -'WT 1. 01 

rotor -'WTE 1. 12 
codes -HF'W 1. 02 

REXOR-'WT 0.96 

GETSS 0.98 

F-762 1.11 
MOSTAS 0.88 

(b) Data Case IV 

Test Nominal 1. 00 

data Actua 1 0.76 

MOSTAB -'WT 1.23 

rotor -'WTE 1. 23 
codes -HF'W 1. 22 

REXOR-'WT 1.02 
GETSS 0.76 

F-762 0.92 

MOSTAS 1.03 

a IMy I max / IMy,noml max 

b I Mz I max / IMz •nom I max 

Sta 370 

1.00 
0.98 

1.12 
1. 25 

1.13 
1. 05 

0.96 

1. 19 

0.98 

1. 00 

0.97 
1. 30 

1 .30 

1. 30 

0.99 

0.67 
0.92 

l. 05 

8 

Edgewiseb 

Sta 40 Sta 370 

1.00 1.00 
0.89 0.96 

0.66 0.57 
1.13 1.17 
0.78 0.73 

0.89 0.85 

0.72 1.11 

0.84 0.95 

0.86 0.94 

1.00 1.00 

1.03 0.94 
0.94 0.96 

0.94 0.96 

1.06 1.13 .-
0.96 0.93 
0.77 1.17 
1.01 1.27 

·0.99 1.07 



TABLE 4. - SUMMARY OF LOAD RATIOS OBTAINED USING VARIOUS COMPUTER CODES AND MOD-O 

WIND TURBINE TEST DATA 

Code Type and Name 

MOSTAB-WTE 
Rotor 

MOSTAB-HFVI 
Codes 

MOSTAB-WT 

F-762 

System MOSTAS 

Codes REXOR-WT 

GETSS 

Goal 
of 

Calc. 
Load 

Nom. + 10' 

Nom. 

" 

" 

" 

" 

" 

Blade Load Ratio a 

Average 

1. 15 

1.00 

0.95 

0.99 

0. 98 

0.95 

0.94 

RMS b 
Dev. 

± 0.10 

± 0.20 

± 0.24 

± 0.14 

± 0.12 

± 0.05 

± 0.16 

a Calculated to nominal measured; based on 16 ratios combining 2 data cases, 
2 blade stations, flatwise and edgewise directions, and cyclic and peak 
bending moments. 

b Root-mean-square deviation; includes approximately 11 of 16 ratios. 
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40 
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-40~ __ -L ____ ~ __ ~ ____ ~ 

o 90 180 no 360 
BLADE AZIMUTH, I/Ib' OOg 

Figure 1. - Typical cycle of blade f1atwise moment meas
ured on ERDA-NASA 100-ki1owatt Mod-O wind turbine. 
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-80~----~----~------~----~ o 90 180 lTO 
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Figure 2. - Typical cycle of blade edgewise 
moment measured on Mod-O wind turbine. 
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Figure 3. - Comparison of measured and calculated 
blade moment loads for Mod-O wind turbine at 
various wind speeds with stairs and single yaw 
drive. Station 40; 5-percent span. 
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Figure 4. - Comparison of measured and calculated 
cyclic blade moment loads for Mod-O wind turbine 
at various wind speeds with stairs removed and 
dual yaw drive installed. Station 40; 5-percent 
span. 
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~t}D-l WTG DYNAJv1I C ANALYS IS 

Clyde V. Stahle, Jr. 

General Electric Company 
Valley Forge, Pennsylvania 

ABSTRACT 

This paper discusses the dynamic analysis of the MOD-l 2000 KW horizontal
axis wind turbine. After briefly describing the ~"OD-l design, the dynamic 
analysis used to evaluate the dynamic loads and structual interactions is 
discussed. The resonant frequency placement, the treatment of unsteady wind 
loading and the dynamic load sensitivity to frequency shifts are reviewed 
for the design. 

MOD-l DESCRIPTION 

As shown in Figure 1, the MOD-l WTG incorporates a two-bladed, dO\-Jnwind rotor 
driving an AC generator through a speed increaser atop a steel, truss-type 
tower. The major characteristics of the MOD-l WTG are summarized in Figure 2; 
its major elem?nts are briefly described as follows: 

a. Rotor: Two variable-pitch, steel blades are attached to the hub 
barrel via three-row roller bearings which permit about 105 deg. 
pitch excursion from full feather to max. power. Blade pitch is 
controlled by hydraulic actuators which provide a maximum pitch 
rate of 14 deg/sec. 

The hub tailshaft provides the connection to the low-speed shaft 
and to the dual-tapered-rol ler main bearing, which supports the 
rotor and one end of the low-speed shaft. 

b. Drive Train: Comprising the drive train are the low-speed shaft 
and couplings, the gearbox, and the high-speed shaft/slip-clutch 
which drives the generator. (Refer to Figure 3.) The slip-clutch 
precludes excessive torques from developing in the entire drive 
train due to extreme wind gusts and/or faulty synchronization. 

c. Power Generation/Control: A General Electric synchronous AC genera
tor is driven at 1800 RPM through the high-speed shaft. A shaft
mounted, brushless exciter controlled by a solid-state regulator 
and power stabilizer inputs provides voltage control. 
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d. Nacelle Structure: The core of the nacelle structure is the welde d 
steel bedplate. All nacelle equipments and the rotor are suppo r ted 
by the bedplate, which provides the load path from the rotor t o the 
yaw structure. Other equipments supported by the bedplate are t he 
pitch cont ro 1 and yaw dri ve hydrau1 i c packages, wa 1 kways, oi 1 cool ers, 
heaters, hydraulic plumbing, electronics boxes, cabling and the 
fairing. Redundan't instrumentation booms, with wind speed, tempe ra 
ture and direction sensors are mounted on the upwind end of the fa i r 
i ng. 

e. Yaw Drive: Unlimited yaw rotation is provided by the yaw drive 
system, comprising the upper and lower yaw structures, the two
rootor hydraulic drive, the hydraulic yaw brake, and the large cross
roller yaw bearing. The yaw drive is capable of yawing the rotor/ 
nacelle at 0.25 deg/sec. To provide adequate yaw drive s tiffne ss , 
the yaw brake is fully activiated when not in a yaw maneuver an d 
partially activated during the maneuver to avoid backlash in t he yaw 
drive gear train. 

f. Tower: The truss tower, as shown in Figure 4, is made up of seven 
vertical bays, including the base and top (pintle) sections. Tub
ular steel columns are used at the four corners to carry the ma in 
loads. Back -to-back channels serve as cross -membe rs where l oads 
permit. However, in most bays, tube-section cross-members are 
still required because of high loads and to reduce "tower shadow." 
Access to the yaw drive and nacelle area is provided via a cab1e
guided, gondola-type elevator. 

g. WTG Weight: The final system weight (rotor, nacelle and tower) is 
expected to be about 650,000 1bs. This weight breaks down as shown 
in Fi gure 5. 

GETSS COMPUTER CODE 

The GETSS (GE lurbine ~stem Synthesis) code was used to evaluate the dynamic 
l oa ds of the complex MOD-1 WTG. Key objectives considered in the deve lopment 
of the code were: (1) t.o evaluate resonant frequency placements so that 
dynamic loads would be minimized, (2) to accurately determine the loads t hrough
out the system so that adequate but not excessive design margins are provided , 
and (3) to determine the sensitivity to stiffness variations so that cri tical 
parameters can be caref11y controlled. By minimizing dynamic interactions, 
dynamic loading can be alleviated assuring a long life design. 

The analytical approach used in GETSS is to rrodal synthesize the system at 
various rotor positions and to analyze the system in a piecewise linear manner. 
The WTG system is analyzed as six major substructures, Figure 6, using NASTRAN 
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finite element models except for the blades which use a turbine blade code. 
These models serve the dual purpose of stress and dynamic analysis. The 
system is then synthesized from the substructure modes using a stiffness 
coupling synthesis code that includes the dynamic transformation. The 
stiffness matrices coupling the substructures together represent the bearing 
s ti ffnesses. The system is then anal yzed at 45 degree rotor increments and 
the modal coordinates switched from model to model as the rotor turns. Using 
this approach the modal characteristi cs can readi ly be traced to the sub
structures and the modes contributing to the loads identified. The loads at 
various blade stations, the hub, the main rotor bearing, the yaw bearing 
and the tONer base are determined for subsequent structural analysis. Accel
erations and deflections at selected critical locations are also evaluated. 

The code uses quasi-steady aerodynamics to evaluate the loads due to wind 
shear, tower shadow and gusts. The flow field includes a wind shear follow
ing the power law, Figure 7, and a three dimensional tower shadow that follows 
the tower geometry. The three dimens ion a 1 tower shadow repres entati on pe r
mits the sequential entering and exiting of the various blade stations into 
the retarded flow region. 

GETSS CODE VERIFICATION 

Prior to analyzing the MOD-l, the GETSS computer code was verified by analyzing 
the MOD-O WTG for two operating conditions and comparing the analysis results 
with actual measurements, Reference 1. The comparisons included flatwise 
and chordwise bending moments at two blade stations, main shaft bending 
moments and torque, and tower accelerations and deflections. The comparison 
included waveform, harmonic content, peak and cyclic amplitudes. NASTRAN 
models of the tower and bedplate, similar to those used for MOD-l, were 
developed including the stairway and elevator rails, Figures 8 and 9. Excel
lent agreement of the predicted modes and resonant frequencies with modal 
test results verified the adequacy of the modeling of most of the structure. 
A typical comparison of the flatwise bending moment at the blade root is shown 
in Figure 10. More than 90 percent of the loads, accelerations and deflections 
were within 20 percent of the range of measured values. In general, the tower 
deflections and accel erations tended to be conservative. The waveform and 
harmonic content were reproduced and, in one condition, captured a lOP tower 
response caused by a tower stai rway coupled mode. The tOl'ier shadow for each 
condition was based on NASA-LeRC wind tunnel duplicating the wind and rotor 
orientation relative to the tower. The good correlation of the analytical 
predictions with tVD-O measurements permitted the use of minimum design margins 
for MOD-l. 
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MOD-l RESONANT FREQUEN CY PLACEMENT 

The analysis of the MOD-l used the same procedures described above. The 
NASTRAN tower and bedplate models are shown in Figures 11 and 12. The re
sulting resonant frequencies are shown in Figure 13. The lowest resonance 
res ul ts primari ly from the effecti ve s ti ffness of the el ectri cal generati on 
system. Blade flatwise bending is placed at approximately 2.6P and is below 
the tower lateral bending modes at approximately 3.0P. The first edgewise 
bending mode of the blade occurs at approximately 4.5P while tower torsion 
is above 8P. Blade torsion is at approximately l4.7P. 

The sensitivity of the dynamic loads to variations in selected system para
meters was investigated, Figure 14. Large variations in the soil stiffness, 
yaw bearing stiffness and shaft bearing stiffness were not found to sig
nificantly affect the loads. The position of the bedplate C.G. did not have 
a significant influence on the dynamic loads but, because of the weight, does 
have a significant effect on the tower loading. Variations on the order of 
50 percent in the main rotor bearing and the blade retention bearing stiffness 
were, however, found to significantly influence the dyanmic loads. Critical 
to the dynamic loading are the yaw drive stiffness and twoer to blade frequency 
placements which can result in large load amplifications. 

DESIGN LOAD DEFINITION 

Design loads are determined considering the peak and cyclic loading that 
occurs for all operational environments throughout the life of the machine, 
Figure 15. Of major significance is the variation in the loads at a "constant" 
wind speed. Using a wind turbulance model and the WTG dynamic model, the dis
persed loads are evaluated considering gust effects . Peak and cyclic load 
distributions are determined for nominal operating conditions by calculating 
the loads due to turbulence using a discrete gust analysis. MOD-O load measure
ments were used to evaluate the adequacy of the load dispersions and correlate 
closely for flap bending moments on the blades. Significant load reductions 
are achieved by limiting the maximum operating wind velocity to a nominal 
35 mph and an instantaneous value of 50 mph. Both positive and negative gusts 
are cons i dered. 

Additional design conditions incl ude hurricane force winds and overspeed con
ditions due to desynchronism of the generator. Torsional loading of the system 
is dependent on pitch control system cha racteristics and is discussed in 
Reference 2. 

CON CLUS IONS 

Dynamic analysis of large horizontal-axis WTG systems involves complex structural 
interactions which can significantly affect dynamic loading and the resulting 
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design requirements. For the MOD-l WTG design a comprehensive analytical treat
ment of the loads throughout the operating regime was used to assure adequate 
but realistic design margins and to enable interactions and sensitivities to be 
examined. Because of the early state of development of WTG technology, MOD-O 
load measurements were essential to the evaluation of the analytical code and 
provide needed guidance to the determination of MOD-l design loads and conditions. 
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DISCUSSION 
, 

Q. Did you connect the analyses for the four rotor positions? 

A. The analysis is performed using piecewise linear models for four rotor 
positions using a total of eight models during each revolution. Continuity 
of deflection and velocity is maintained at the model switching points. 

Q. Did you compare results with more than four rotor positions? 

A. Because of the good comparison with experimental results using the four 
rotor position models, a finer analysis using additional rotor positions 
was not performed. 

Q. Why did you calculate frequencies at different blade azimuths and what 
significance does it have? 

A. The analysis was performed using a piecewise linear modal analysis com
bining the solutions for a series of blade positions, i.e., the modes at 
eight rotor positions per revolution were combined to obtain the loads 
during a revolution. Because the system dynamic characteristics change 
with rotor azimuth, a system modal analysis is required for each range 
of rotor azimuth angles. By using this type of analysis, the dynamic 
loads are readily traced to the modal characteristics of the system and 
corrective action to reduce dynamic load magnification can be determined. 

Q. How are the maximum loads determined? 

A. The max~mum loads are determined by evaluating the steady state loads at 
prescribed wind conditions during a complete revolut ion of the rotor. A 
continuous load time history for all rotor positions is determined. This . 
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is then used with solutions for other wind conditions to determine the 
dispersed cyclic loads and the peak loads. 

Q. Please elaborate on your turbulence model and i ts effect on loads. 

A. The turbulence model was used to determine an equivalent gust velocity 
to use in calculating loads. The bandwidth considered spherical eddies 
having a size equivalent to one third the rotor radius or larger with 
pitch change to maintain constant torque. Analysis of partial rotor im
mersion with gusts of one third the rotor radius showed a negligible 
change in loading. The final loads analysis considered complete rotor 
immersion by a gust obtained by integrating the turbulence spectrum. 

Q. What factors were used to set the cut out velocity of the MOD-l at 35 mph 
(30 foot reference height)? 

A. The cut out velocity was established from analysis of the peak and cyclic 
load variations with wind velocity and its effect on cost. Fatigue was a 
governing consideration. As the cut-out wind velocity increases the loads 
increase dramatically. The cut-out velocity of 35 mph was selected on the 
basis of cost and energy capture trade-offs which indicated a high cost 
for designing to higher wind velocities with little gain in yearly energy 
capture. 

Q. Since you assessed frequencies and loads parametrically, did you take the 
opportunity to look at the effect of teetering or articulating the rotor? 

A. Early in the design cycle, a preliminary evaluation of the effects of 
teetering the rotor was performed using the F762 code. The results did 
not indicate maj or reductions in blade loads in the most critical regions 
of the rotor, i.e., at the 50 percent span. The reduction in the loads 
on the bedplate and towers were not evaluated in depth in that the F762 
code is primarily for rotor analysis and dis not determine loads through
out the system. 

Q. How much time does a typical load analysis of the MOD-l WTG require? 

A. As the design evolves, changes are mde to the dynamic characteristics 
of all portions of the system. This includes the blades, bedplate, drive 
train, yaw drive and tower. Dynamic models of all these components are 
continually revised during the design process. Having established the 
dynamic characteristics of the various structural components, a set of ten 
design loads at critical interfaces throughout the system can be deter
mined in approximately two weeks. 
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Fi gu re 1. - MOD-1 wind turbine generator. 

RATED POWE R ( SY STEM) 

RATED WIND SPEED 
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30 YEARS WITH MA INTENANCE 

Fi gure 2. - Major characteristics of MOD-1 wind turbine generator. 
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Figure 4. - Schematic drawing of MOD-l wind turbine generator. 
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ROTOR ASS'Y. 103,000 LBS. 

HUB 15,000 LBS. 
BLADES 36,000 LBS. 
BEARINGS/STRUCTU RE 29,000 LBS. 
PITCH CONTROL MECH. 11,000 LBS. 
PITCH CONTROL HYDR. 12,000 LBS. 

NACELLE Assry. 171,000 LBS, 

BEDPLATE 68,000 LBS. 
FAIRING 5,000 LBS. 
GENERA TOR/EXCITER 14,000 LBS. 
POWER GEN. EQUIP. 1,000 LBS. 
SHAFTS/COUPLINGS/CLUTCH 18,000 LBS. 
GEARBOX 58,000 LBS. 
LUBE/HYD. SYSTEMS 4,000 LBS. 
DATA ACQUISITION 1,000 LBS. 
CABLES/LIGHTS/ETC. 2,000 LBS. 

Y AW Assry 56,000 LBS. 

BEARING SUPPORTS 47,000 LBS. 
YAW BRAKE 1,000 LBS. 
YAW DRIVE 8,000 LBS. 

TOWER Assry 320,000 LBS. 

STRUCTURE 313,000 LBS. 
ELEVA TOR/MISC. 1,000 LBS. 
CABLING/CONDUIT 6,000 LBS. 

TOTAL (EXCL. GROUND EQUIP,) 650,000 LBS. 

Figure 5. - Weight breakdown for MOD-l wind turbine generator. 
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Figure 6. - Wind turbine generator 
synthesized from substructures. 
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Figure 7. - Wind shear and tower shadow representation. 
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Figure 8. - NASTRAN model of ~10D-O tower. 

Figure 9. - NASTRAN model of MOD-O bedplate. 
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Figure 10. - Case 4 blade load comparison, flap moment at station 40. 

Figure 11. - Fin i te element 
model of MOD-O tower. 
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Figure 12. - Finite element model of MOD-O bedplat e. 

MODE FREQ FREQ NO. DESC R I PTI ON (Hz) Il /REV) 

1 ROTOR ROTATION D.39 0.67 2 1ST ROTOR FLA TW I SE -CYC lIC 1.42 2.44 3 1ST ROTOR FLATWISE-COLLECTIVE 1.52 2.60 4 TOWER BENDING-Y AX IS 1. 81 3.10 5 TOWER BENDING-Z AXIS 1. 91 3. 28 
6 1ST ROTOR EDGEW ISE-CYCLIC 2.43 4. 16 7 2ND ROTOR FLATWISE-CYCLIC 3. 28 5.63 8 2ND ROTOR FLATWISE-COLLECTIVE 3. 64 6.25 9 SHAFT TORS ION 4.00 6.86 10 TOWER TOR S ION 4.18 7. 16 

11 3RD ROTOR FLATWISE-CYCLIC 6.41 10.99 12 3RD ROTOR FLATWISE-COLLECTIVE 6.62 11. 35 13 BLADE TORS ION-ANTlSYMMETR IC 6.76 11. 60 14 BLADE TOR S ION-SYMMETR IC 6.78 11. 63 15 2ND ROTOR EDGEWISE COLLECTIVE 7. 54 12. 92 
16 TOWER 2ND BENDING - Z AXIS 8.37 14.35 17 TOWER 2ND BENDING - Y AX IS 8.70 14. 91 
18 2ND ROTOR EDGEWISE - CYCLIC 9.10 15.59 

Figure 13 . - Summary of resonant frequency (b1 ade vertical 
pas iti on). 
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Figure 14. - Summary of parametric variations. 

WIND 
OPERATING 

REGIME 

DISPERSED 
LOADING 

"CONSTANT" 
VELOCITY 

MATERIAL 
FATIGUE 

CHARACTERISTICS 

CYCLIC 
LOAD 

DISTRIBUTION 

FATIGUE 
LOADING 

CONDITION 

FATIGUE LOADING CONDITIONS 

CONSIDERS ALL OPERATIONAL 

ENVIRONMENTS FOR 

30 YEAR LIFE 

Figure 15. - Determination of design loads. 
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SIMPLIFIED MODELING FOR WIND TURBINE 

MODAL ANALYSIS USING NASTRAN 

Timothy L. Sullivan 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

A simplified finite element model of the Mod-O wind turbine tower is 
described. Use of this model greatly reduces the computer time required 
for modal analysis. The model provides good accuracy in predicting tower 
frequencies and mode shapes as long as the tower bending mode shape resembles 
the first bending mode shape of a cantilever beam. Several applications where 
the simplified model was used for modal analysis are described. 

INTRODUCTION 

To reduce computing time and cost and, more importantly for us, to reduce turn
around time from overnight to daytime runs, a detailed finite element model of 
the Mod-O wind turbine tower was reduced to six beam elements (stick model). 
This paper explains the method used to calculate the properties of the beam 
elements in the stick model, examines the accuracy of the stick model in 
predicting natural frequencies and mode shapes, compares computer times, and 
describes several applications where the stick model was used. 

TOWER MODELS 

Detailed Model 

A detailed NASTRAN model of the Mod-O tower was constructed for structural 
and modal analysis. A side view of this model is shown in figure l(a). This 
view shows rails for an elevator that have since been removed from the tower. 
This model, which includes the conical transition section at the top of the 
tower, consisted of 143 nodes and 309 elements. Of these elements, 197 were 
bar elements (CBAR), 88 were rod elements (CROD), and 24 were plate elements 
(CQUAD2 and CTRIA2). 

Simplified Model 

The simplified or stick model of the tower consisted of just six NASTRAN bar 
elements. This model is shown in figure l(b). In order to calculate the bar 
element properties, the detailed model was divided into six sections or bays. 
A gravity vector was applied to determine the weight of each bay. This weight 
determined the area used in each bar element of the stick model. The bending 
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and torsional stiffnesses of each bar were selected so that a bend ing load 
or torque produced the same deflection or rotation, respectively, in the bar 
as it did in the bay that the bar represented. 

The remainder of the wind turbine (bedplate, drive train and blades) was also 
modeled with bar elements. The complete model with the stick tower is shown 
in figure 2. Details of the bedplate and blade models are given in ref. 1. 
The drive train model details are given in ref. 2. 

RESULTS AND DISCUSSIO~ 

Comparison of Natural Frequencies and 
Mode Shapes 

Table I compares the measured natural frequencies for the tower alone with 
those predicted by both the detailed and stick models. The agreement is 
very good for the first bending modes. For the second bending mode, the stick 
model predicts a much higher frequency. 

Figure 3 compares mode shapes predicted by the detailed and stick models. For 
the first bending mode (figure 3(a)) the agreement is good. However, for the 
second bending mode (figure 3(b)) the agreement is poor. Because of the 
poor agreement for the second bending frequency and mode shape, it is concluded 
that the stick model will not provide accurate results when the tower mode 
shape resembles a cantilever beam second bending mode shape like that shown in 
figure 3(b). 

In table II results are presented for the complete wind turbin e model with 
rigid blades. The natural frequencies predicted using the stick tower model 
are in reasonably good agreement with those predicted using the detailed tower 
model. The fourth mode is one of combined tower and bedplate bending. Figure 
4 shows the mode shapes for the three bending modes given in table II. For 
the first two modes (figure 4(a) and 4(b)) the agreement is good. There is 
some difference for the combined tower/pod bending mode (figure 4(c)) . All 
three mode shapes were normalized with respect to the deflection at the hub. 

From the results of table II and figure 4 it is concluded that the stick 
model will provide accurate results in modal analysis for tower torsi onal 
modes and tower bending modes when the tower mode shape resembles a cantilever 
beam first bending mode shape. 

Comparison of Computer Times 

Some representative computing times are given in table III for modal analysis 
of the complete wind turbine using both the detailed and stick tower models. 
The NASTRAN code gives an estimate of symmetric real decomposition time. 
When the stick tower model is used, this time is very small. Of greater 
concern are CPU and total time. For this representative case,the model with 
the detailed tower requires 17 times as much CPU time and about 8 times as 
much total computer time. 
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APPLICATIONS 

The wind turbine model with a stick tower was first used to determine the 
effect of the yaw drive stiffness on system natural frequencies. The yaw 
dri ve was modeled as a bar element at the top of the tower. The analysis 
showed that a pod yaw mode frequency, that was initially close to two per 
revolution, could be significantly increased by using a double yaw drive. 
The Mod-O wind turbine was subsequently modified to include a double yaw 
drive. 

Other applications of this simplified model include studies to determine the 
ef fect of blade weight on system natural frequencies, and the effect of 
the tower/bedplate attachment location on frequencies and mode shapes. In 
addition, the natural frequencies, mode shapes, and generalized masses 
obtained from the simplified model with rigid blades were used as input to 
Lockheed's REXOR program for determining blade loads. 

CONCLUSIONS 

From the results obtained using a simplified model of the Mod-O tower, it 
is concluded that a tower of this type can be modeled as a simple cantilever 
beam for modal analysis. However, this model should be limited to tower 
torsional modes and tower bending modes where the mode shape resembles a 
cantilever beam first bending mode shape. 
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DISCUSSION 

Q. Why not use a Guyan reduction to simplify your NASTRAN model? 

A. A Guyan reduction is a satisfactory means of reducing degrees of freedom for 
modal analysis. However, the stick model has even fewer degrees of fre edom 
t han you would obtain by a Guyan reduction. In addition, while the stick 
model discussed in the paper was based on a detailed finite element model 
of the tower, a stick model can also be constructed from an engineering 
drawing of a tower. 
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Q. Did you consider shear deformations in your model? Perhaps this would ac
count for the discrepancy in the higher tower bending modes. 

A. No , the model did not consider shear deformations. We are presently in
vestigating the effect of shear deformation. 

Q. What is the pre paration time required to perform a stick model analysis? 

A. The time requ i red to prepare a stick model of a tower from a detailed tower 
model should be less than 8 manhours. 

Q. Are you looking at towers with guy wires, pinned joints or damping? 

A. No, but the modeling method described is amenable to structures with guy 
wires, pinned joints and damping. 
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TABLE I. - MOD-O TOWER NATURAL FREQUENCIES, Hz 

Predicted 
Mode Measured 

Detailed ~1ode 1 Stick Model 

1st bendi ng-l 4.7 4.8 4.9 

1st bendi ng-2 5. 1 5.2 5.0 

2nd bendi ng-2 9.4 9.2 20.1 

TABLE II. - COMPLETE MOD-O PREDICTED NATURAL FREQUENCIES, Hz 

Mode Detailed Model 

Tower torsion 1.3 

Tower 1st bendinga 2.0 

Tower 1st bending b 2.2 

Tower/pod bending 3.8 

aMotion at top of tower parallel to drive shaft 

bMotion at top of tower normal to dr i ve shaft 

St i ck ~1ode 1 

1.3 

2.1 

2 . 4 

3.9 

TABLE III. - COMPUTER TIME COMPARISONS 

Computer Ti me Detailed Model Stick Model 

Symmetri c real decompos it ion 67 1 
time estimate, sec. 

CPU time - 4 modes a , ~in. 12.0 0.7 

Tota 1 computer time - 4 modes a , 24.4 3.2 
min. 

aFor the detailed model, . 5 eigenvalues were extracted . One was a local 
mode. 
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* USE OF ASYMPTOTIC METHODS IN VIBRATION ANALYSIS 

Holt Ashley 

Department of Aeronautics & Astronautics 
Stanford University 
Stanford, Ca. 94305 

ABSTRACT 

Two subjects are discussed, which are believed relevant to the structural 
analysis of vertical-axis wind turbines. The first involves the derivation 
of dynamic differential equations, suitable for studying the vibrations of 
rotating, curved, slender structures. The Hamiltonian procedure is advocated 
for this purpose. Various reductions of the full system are displayed, which 
govern the vibrating Troposkien when various order-of-magnitude restrictions 
are placed on important parameters. 

The final section discusses the possible advantages of the WKB asymptotic 
method for solving these classes of problems. A special case of this method 
is used illustratively to calculate eigenvalues and eigenfunctions for a 
"flat" turbine blade with small flexural stiffness. 

k 
Q, 

m 
s 
t 

t 1 , t2 

x = x + ~ o 
y = y + n o 
z = Z;; 

x (s), y (s) 
o 0 

x 
m 

* 

PRINCIPAL SYMBOLS 

Argument of elliptic integrals & functions 
Length of blade 
(Constant) mass per unit length of blade 
Coordinate measuring distance along blade 
Time 
Limits in Hamiltonian integral 

Instantaneous coordinates of point on vibrating blade 

Coordinates of blade in rotational equilibrium 

Coordinate of blade end 

Maximum value of y 
o 

Flexural rigidity for bending in x-y-plane 

This research was supported by the Air Force Office of Scientific Research 
under Grant No. AFOSR 74-2712. 
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EI 
z 

H 
o 

K, K 
o 

L 
T = T + T 

o 
T (s) 

o 
U (s) 
<5 ( ••• ) 

A 
]l 

w 
n 

Flexural rigidity for bending normal to x-y-plane 

(Constant) x-component of equilibrium tensile force 

Curvatures defined by Eqs. (4) 

Kinetic minus potential energy 
Instantaneous tensile force in blade 

Equilibrium value of T 

Vector of unknowns in WKB method 
Variation of a quantity 
Eigenvalue in WKB method 
Parameter defined by Eq. (9) 
Circular frequency of simple harmonic motion 
Angular velocity about support axis of blade 

Superscripts, Etc. 

() 
( )' 

Partial derivative with respect to time. 
Total derivative with respect to s 

INTRODUCTION 

The title of this paper is somewhat misleading, since it actually addresses 
two subjects relevant to the structural analysis of vertical- axis wind turbines. 
The first involves the derivation of differential equations needed fo r the 
vibration and aeroelastic analysis of a rotating, curved, slender structure 
like a beam i n the Troposkien shape. It is emphasized that a systematic 
procedure, such as that furnished by Hamilton's principle, can be useful bo th 
for ensuring that the results are correct and for developing a hierarchy of 
simplifications when various approximations are made. 

The second subject concerns the possible advantages of wha t Steele (Ref. 1) 
chooses to call the WKB (Wentzel-Kramers-Brillouin) method for solving certain 
of these problems. An elementary illustrative example is offered. 

Admit t edly, detailed structural design studies of Darrieus-type wind 
turbines are best carried out by means of finite-element approximations. This 
approach is unavoidable when the designer is faced with such complications 
as interactions with the support structure, reinforcing struts, or variable 
properties along the blades. Calculations of operating stresses, vibration 
modes, etc . by finite elements appear in sever al published papers . Examples 
are Weingarten and Nickell (Ref. 2); Weingarten and Lobitz (Ref. 3); and 
Biffle (Ref. 4). Many other related citations are given in the survey paper 
by Blackwell et al. (Ref. 5). 

Parametric studies and the goal of fundamental understanding are not so 
well served, on the other hand, by the purely numerical investigations of point 
designs. It is believed that Troposkien vibrations offer some interesting 
problems in applied mechanics, and the discovery of analytical or serni- analytical 
s olutions to appropriate differential equations can certainly not be ruled out. 
The aim of this paper is to encourage that search. 
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Figure 1 depicts a Darrieus machine, with a typical blade both in its 
unperturbed equilibrium shape of Yo(xo ) and slightly deformed. The instan
taneous time-dependent position of mass element m ds is specified by coordinates 
X,y,z, measured in a frame rotating with the constant angular velocity n . 
Various simplifications are here adopted from the outset. Thus, attention is 
focused on a single, uniform blade by assuming its ends to be fully restrained 
at the points (±~, 0,0). Gravitational force is neglec ted (~. comparative 
studies cited by Weingarten and Lobitz Ref. 3). 

The current experimental Darrieus configurations deviate somewhat from 
the true Troposkien shape (Blackwell and Reis, Ref. 6), and it is known that 
these deviations can produce substantial equilibrium bending stresses (Ref. 3). 
Here Yo(xo) is chosen, however, to be the perfect "skiprope." This is a 
restriction that is easy to remove, as are the prescribed limitations to 
essentially infinite torsional and elongational rigidity of the blade. In fact, 
during free vibration, torsion is often nearly uncoupled from the other degrees 
of freedom when the blade elastic axis and line of C.G. 's coincide -- a design 
feature that would seem desirable in practice. 

* VIBRATION EQUATIONS FOR SEVERAL IDEALIZED TROPOSKIENS 

It is well known (e.g., Ref. 6) that the zero bending moment shape is 
governed by 

+ o (1) 

With support conditions as in Fig. 1, the solution of (1) is conveniently 
expressed as 

Here sn 
integral 

k 

sn [ K (k) ( 1 + ::); k ] 

is Jacobi's elliptic function , whereas 
of the secona kind with argument 

mn y 
m 

(2) 

K is the complete elliptic 

(3) [1 + _ 4:0 2 J -~ 
Equation (3) introduces a dimensionless group m n2Ym2/ Ho which, with various 

slight modifications, is perhaps the key parameter for vibration and stability 
studies. 

* Pr incipal symbols are defined in Fig. 1 and the list at the beginning. 
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As suggested by Mallett in his work on the catenary (Ref. 7), distance s 
along the blade seems to be an efficient choice for the spatial independent 
variable. In terms of s, the instantaneous curvatures of the undeformed and 
deformed shapes can be written, respectively, 

K 
o 

K 

[(d::~ r + (d:) n~ 
[( ::~ Y + (~rr 

(4a) 

(4b) 

For the inextensible b1ade with flexural stiffnesses EI and EI , an appro-
s z 

priate Hamiltonian is 

£
t2 

H [ L + (Length constraint) ] 

tl 

dt 

• • 2 2 2 2] + 2 ~yz - 2 ~zy + ~ y + ~ z -
(5) 

It is easily seen that the Lagrange multiplier on the constant-length constraint 
is simply the tension T(s,t). 

The principle 0 H = 0 is enforced by taking variations of (5) on x,y , z 
and T. Suitable integrations by parts with respect to s or t then lead to the 
general nonlinear dynamical system: 

d 
dS 

o 
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(6a) 

o (6b) 

(6c) 

(6d) 



Small perturbations ~ , n, s and T are introduced on the dependent 
variables, product s of small quantities are neglected, and the equilibrium 
relations corresponding to (1) are subtracted out. There results the most 
general system, governing the free dynamics of a uniform, inextensible 
Troposkien: 

EI 
s 

a
2 [~( X II 

as2 K 2 0 
o 

II ~ [T (s) 1l + 
dS 0 dS :))] - o 

EI 
s 

_0_ x" 
[ 

y II ( 

2 

d t; + 
dS

2 y " b )] -~ [T (s) 
dn J r· 2 1 as- + Yo' J + ill Ln - 2 5"2 ~ - 5"2 ~= 0 

EI 
z 

x ' 
o 

1l + 
dS 

K 2 0 
o 

dn y , 
o dS 

o dS2 dS 0 

(7b) 

o (7c) 

o (7d) 

In principle, the assumption of simple harmonic time dependence at frequency w 
converts Eqs. (7) into an ordinary system, whose eigenvalues and 8igenfunctions 
describe the free vibration. It is also not difficult to add forcing terms, 
such as aerodynamic loads. 

Equations (7), as written, offer little attraction to the analyst. Accord
ingly, several simpler versions will be discussed, along with the approximations 
that lead to them. For reasons of space, little attention is paid to boundary 
conditions, but their formulation is not a difficult matter. 

1. The Rotating Rope or Chain 
When EI = EI = 0, a catenary-like structure is left. Its linearized s z 

differential equations are 

m ~ d [T d~ 
dS 0 dS + xo ' TJ= 0 (8a) 

[n - 2 5"2 ~- 5"2
2
nJ 

d 
[T ~ +YO'TJ 0 m 

dS o dS 
(8b) 

; [~ • 2 ] d 
[To ~ J = + 25"2n - 5"2 r; -

dS dS o , (8c) 

with (7d) unchanged. 
reason for displaying 
four variables remain 

Equations (8) are not relevant to wind turbines . The 
them is to make the point that, even in this case, the 
coupled. In addition to the familiar centrifugal term 
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- Q 2 n , Corio lis effects couple the in- and out-of-plane degrees of freedom . 
These latter gain in importance relative to the centrifugal as the vibration 
frequency increases. 

When (8) are made dimensionless, a two-parameter system is found, involving 
2 2 

11 -

mw x 
m 

H 
o 

(9) 

and the frequency ratio Q/w. It appears that 11 Q2/w
2 

is of 0(1) for all 
interesting designs. Q/w is less than unity, but it remains 0(1) for the 
lower vibration modes. 

2. Small In-Plane and Large Out-of-Plane Bending Stiffnesses 

It is obvious ·that Darrieus turbine blades with typical airfoil shapes will 
have 

EI 
z 

EI 
s 

» 1 (10) 

Indeed, Ref. 3 quotes a value over 40 for this ratio on the SANDIA 17-meter 
design. An interesting reduction of system (7) is found when both inequality 
( 10) is satisfied and when 

EI s 

H x 2 
o m 

« 1 

(this ratio is estimated to be 0.015 for the 17-meter). It can then be 

(11) 

reasoned that s « n , so that the Coriolis term in (7b) is negligible, and 
that the flexural terms may be dropped from (7a,b). The resulting equations are 

d 
[ To ~ + x' L] 0 

m ~ dS dS 0 
(12a) 

m [~ ~ln ] - d 
[ To ~ + y , 

T ] = 0 dS dS 0 
(12b) 

~ 
dy 

~ + 0 0 
dS dx dS 

(12c) 
0 
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Three coupled dependent variables are involved i n (12). Nevertheless, 
they constitute a considerable simplification and might f orm the basis for 
useful parametric studies. At considerable labor, one can eliminate s (s,t) 
among (12 a,b,c). The result does not seem of great va l ue, however, and 
efforts to achieve a single equation in one unknown where unsuccessful. 

3 . The "Flat" Blade with Small Bending Stiffness 

If in addition to the other assumptions behind system (1 2) the approximation 
is made that 

dy 
o 

dx 
o 

« 1 (13) 

then dropping the T term in (12b) is justified. A further replacement of 
T (s) by H Ix " where H is its large, constant x- component leads to 
000 0 

m ds 
H dx 

o 0 
[ ~ o (14) 

This is essentially the in- plane-deformation equation employed by Ham (Ref. 8), 
in his investigations on free vibration and flutter of the rotating blade. 
In view of the apparent limitations on its validity, further study would seem 
justified into the parameter ranges within which it can 'be used in practice. 

DISCUSSION OF ASYMPTOTIC METHODS AND AN APPLICATION 

The excellent review by Steele (Ref . 1) removes the need for any recapit
ulation here of how these methods are applied to ordinary differential equations 
arising in solid mechanics. The particular form useful in vibration problems 
with spatially-varying coefficients is known by such names as "phase integral," 
WKB and WKBJ. In the form most broadly applicable here, i t starts with a 
homogeneous problem formulation in terms of a "state vector" U(s): 

dUes) 
ds 

A(s ;).. ) u(s) (15) 

Here A(s, ).. ) is a prescribed coefficient matrix, containing an eigenvalue ).. 
which, in some sense, is a large quantity. A is expanded according to 

A (s;)..) (16) 

The series in (16) may be conver~nt or asymptotic. In either event, clever 
changes of variable are employed to construct a corresponding succession of 
approximate solutions. 
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After the assumption of simple harmonic motion, it is worth noting that all 
the systems presented in the preceding section can be recast in state vector 
form. The same is true of equations fo r flutter stability or forced sinusoidal 
response. The principal recommendation of this paper is that the WKB theory 
should be put to work in order to determine what contribution it may make to 
the subject at hand. 

All that can be offered at present is a simple example to illustrate the 
possibilities. For harmonic oscillations at frequency w , with mode shape 
n(x ), it is an easy matter to recast the "flat - Troposkien" eq. (14) as follows: 

o 

2-
~ + 
dx 2 

o 

where 

II + 
2 

w 

r2 2 2 
m Ym 

H 
o 

2 y (x) 
o 0 

2 
Ym 

)J n o 

In view of (2), the quantity in brackets of (17) may be rewritten 

[ ... ] 1 + 

- 2 2 
m r2 y 

m 
H 

o 

(17) 

(18) 

(19) 

~ow (17), with the associated boundary conditions n C± x ) = 0 , is a 
m 

special case of the problem solved by Steele (Ref. 1, Sect. 2), using the 
Green-Liouville transformation. In more general terms, Steele transforms 
the differential equation 

o 

by introducing 

r;; = r;; (x) , y = 1jJ (x) nC r;; ) 

With the following optimal choice of these functions: 

( 1;; , ) 2 p/q 

and 1jJ = [ ]-~ pq , 

(20) is reduced to 

d
2

n + [ ,, 2 _ ~] o , 
ds

2 n 
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(21a,b) 

(21c) 

(21d) 
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where 

\! ( x ) r - (23) 

When A is large, the limiting form of the solution can be re-transformed to 

y(x) 1jJ(x) exp [ ±iA S (x) J ' (24) 

where f x [!t s (x) dx 

xb 

(25) 

has the name "phase integral." ~ is a point associated with one of the 
boundary conditions. Eigenvalues are readily estimated by combining (24), 
(25) and the second B.C. 

In the present example, one associates Steele's x variable with 
and y with n. Here also 

p(x) 1 

- 2 2 

(K(k) (1 k) 
m ~ y 2 x 

) q(x) 1 + m +-.2. 
H 

cn 
x 

0 m 

r (x) 0 

- 2 2 

A2 
m 1\ x 

m 

H 
0 

x Ix o m 

(26a) 

(26b) 

(26c) 

(26d) 

After specialization of the general solution, it is found that a first approxi
mation to the free-vibration eigenvalues is 

(n = 1,2, ... ) , (27a) 

where (cf. (26b)] 

~r~+ 
- 2 2 

(:: ) mQ y 
2 m d sL H 

cn 

-1 0 
(27b) 

--The mode shape corresponding to A is 
n 

,.. .sin [l'n ' ( ::)] n n (28a) 
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where 

- 2 2 
mQ y 

m 
H 

o 

(2Sb) 

It is even possible, by one additional integration, to obtain a second 
approximation to the eigenvalues:r in accordance with a scheme developed 
in Sect. 3.3, Ref. 1. Details are Rot given here, since corrections are 
generally less than 5%. 

In view of (IS), (26d) and other knowledge of the properties of typical 
Darrieus turbines , one can conclude that A is quite a large parameter, except 
possibly for the fundamenta l solution of (17). Accordingly, the WKB method 
was applied for values of the parameter k [eq. (3)] ranging from 0.2 to O.S. 
(k = 0.57 characterlzes a turbine with diameter equal to its height.) 
Table I furnishes some numerica l results* for the f irst five eigenvalues and 
the corresponding dimensionless natural frequencies. 

Figure 2 plots some representative vibration mode shapes for k = 0.2 . 
This parameter was chosen because the condition (13), implied in (17), is most 
likely to be satisfied accurately in this rather "flat" case. The mode 
corresponding to n = 1 is not shown, because it involves a low-frequency, 
symmetrical stretching motion. Although not ruled out by (17), it obviously 
violates the condition (6d) of inextensibility and is regarded as a physical 
impossibility. For the same reason, n = 1 eigenvalues are enclosed by 
parentheses in Table I . 

Time has not permitted extensive comparisons between the foregoing results 
and those of previous finite-element analyses. One possibility is furnished, 
however, by the data in Fig. 5 of Ref. 3. These relate to a blade like those 
of the SANDIA 17-me~er turbine, but with the stiffening struts removed; the 
rotation rate is 75 RPM. From the modal symmetries, it is clear that their 
numbers are equivalent to (w2/ Q) = 1.55 and (w3/ Q) = 2.95 at k = 0.57. 
From the data in Table I, the corresponding numbers by t he WKB approximation 
are 1.75 and 2.97, respec tively. 

The present computations were carried out on the digital computer only 
for convenience. Nothing more i s involved than subroutines giving elliptic 
functions and the numerical evaluation of well-behaved integrals. It is 
believed unlikely that any much more efficient scheme exists for dealing with 
equations like (17). Further Troposkien dynamics investigations by means 
of the WKB method will hopefully be stimulated by this very elementary first 
attempt. 

* The author is indepted to Messrs. James Nathman and Larry Lehman for 
carrying out these calculations. 
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DISCUSSION 

Question: 

Since torsion is structurally coupled with out-of-plane bending in a curved 
beam, isn't it true that whenever such bending occurs, torsion must occur? 

Comment 1: Since corio lis forces dominate the coupling between in-plane and 
out-of-plane bending, blade chordwise elastic axis and center of gravity loca
tions need not coincide, and blade design effort and manufacturing cost are 
greatly reduced. 

Comment 2: In certain experimental cases of Darrieus blade flutter, in-plane 
and out-of-plane bending displacement perturbations are the same order of mag
nitude. 
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Answer: Agree with Comment 2. Feel we mus t gain more experience with various 
sizes of rotor and other structural details before Comment 1 can be accepted 
as a design principle for all Darrieus machines. Helicopter rotors also have 
important Corio lis couplings, yet practice with them is to massbalance so that 
the C.G . and quarter- chord axes coincide. 

With regard t o the ques t ion, author believes that the theory of his paper 
requires, as a strict condition, that the torsional rigidity GJ just be 
ext remely large. He has found other possible circumstances, however, in which 
coupling with torsion may be negligible. This occurs when the C.G. is at the 
quarter chord and when a dimensionless parameter (involving GJ divided by the 
mass moment of inertia in torsion) is large compare to unity. 

n 

1 

2 

3 

4 

5 

TABL E I . - SECOND-APPROXIMATE EIGENVALUES An AND DIMENSIONLESS NATURAL 

FREQUENCIES wn/ n FOR TROPOSKIEN BLADES OF SEVEN 

DI FFERENT ASPECT RATI OS 

k 0. 2 0.3 0.4 0.5 0.6 0.7 0.8 

y Ix 0.2625 0.4100 0.5807 0.7908 1.071 1.486 2.226 
m m 

.-
Al ( 1.511) (1.525) (1. 489) (1. 440) (1. 376) (1.057) (1.181) 

w1/n (0. 7395) (0. 719) (0.689) (0.648) (0.593) (0.517) (0.406) 
,.., 

A2 3.061 2.957 2.805 2.599 2.325 1. 964 1. 479 

w2/ n 2.242 2.168 2.058 1. 904 1. 691 1.388 0.909 - 4.593 A3 4.444 4.235 3.966 3.638 3.251 2.801 

w3/n 3.545 3.446 3.306 3.126 2.907 2.649 2.356 
,.., 

6.124 5.924 5.642 A4 5.271 4.797 4.187 3.360 

w4/ n 4.808 4.677 4.492 4.247 3.928 3.507 2.903 
/V 

A5 7.655 7.405 7.053 6.593 6.016 5.304 4.433 

w5/n 6.057 5.895 5.665 5.364 4.983 4.510 3.926 
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z (-1. page) 

Equilibrium 
Perturbed 

'" " / Equ ili brium shape 
~ xo(s), Yo(s) 

\ 

y(s,t) 
-------------1-.... m ds (coordinates x,y,z) 

x = xo(s) + ~(s,t) 
y = YQ(s) + n(s,t) 
z = r,;~s,t) 

Figure 1. - Equilibrium and perturbed positions of a Troposkien shape 
whi ch is vibrating while rotating about xo-axis with constant 
angular velocity Q. 
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Figure 2. - First three physically possible natural modes of vibration 
for the Troposkien with (iiix~n2/Ho)' = 1.555, corresponding to k = 0.2. 
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AEROELASTIC ANALYSIS OF WIND ENERGY CONVERSION SYSTEMS 

John Dugundji 

Department of Aeronautics and Astronautics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

ABSTRACT 

An aeroelastic investigation of horizontal axis wind turbines 
is described. The study is divided into two simpler areas, namely, 
the aeroelastic stability of a single blade on a rigid tower, and 
the mechanical vibrations of the rotor system on a flexible tower. 
Some resulting instabilities and forced vibration behavior are 
described. 

INTRODUCTION 

The aeroelastic analysis of horizontal axis wind turbines may 
be divided into two convenient areas, namely, (a) the investigation 
6f the aeroelastic stability and response of a single blade on a 
rigid tower, and (b) the investigation of the mechanical stability 
and vibrations of the rotor system on a flexible tower. with a 
reasonable understanding of the behavior in these two areas, the 
more complex problem involving a completely coupled blade-tower 
aeroelastic system can be better understood. 

The present report deals with some work performed for ERDA in 
the two areas cited above. The aim has been to investigate the 
basic mechanisms and to reduce these analyses to forms in which 
they can be readily used for trade- off analyses. 

AEROELASTIC STABILITY OF SINGLE BLADE 

Using the equivalent hinge concept, the nonlinear equations of 
motion were written for large deflections of a rigid blade, with 
elastic hinges at the root, rotating about a rigid tower. The blade 
was assumed to have a flapping (6), lagging (¢), and feathering (8) 
degree of freedom, and the effects of preconing of the blade rela
tive to the feathering hinge (0), and of the feathering hinge rela
tive to the plane of rotation (SH)' were included. Quasi-steady 
aerodynamic forces were assumed. The equations were first solved 
to obtain the static, steady state displacement in flap (SO) and 
lag (¢o). Then the equations of motion were linearized by assuming 
small perturbations about the steady state flap and lag displace- 
ments found above. The resulting linear equations take the form 

[A) {x} + [D]{X} + [K]{x} = 0 (1) 
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where {x} represents the perturbation displacements in S, ¢ , e and 
[A], [D], [K] represent the 3x3 mass, damping, a nd stiffness matrices 
respectively. These equations were investigated for stability by 
recasting them as standard first order equations, and extracting 
the eigenvalues Pn = an + i b n using standard procedures. The 
resulting an's indicate the damping characteristics, and the bn's 
the frequencies of the resulting oscillations. 

A wide range of parametric variations are being investigated. 
Figure 1 shows some typical results from this analysis showing 
effects of preconing on the stability margins. The results are 
presented in the form of modal critical damping ratio s z - an/bn 
since it is believed this more clearly indicates the strength of the 
instability (or stability) than simple stability boundaries. It is 
seen here that positive droop angles (0 ) can particularly decrease 
the stability margin. 

The analyses described above have been based on equivalent 
hinges in order to provide a rapid and reasonably accurate tool for 
predicting stability characteristics. However, a more elaborate 
program is being developed which allows for distributed flexibility 
of all three hinges, and this program will be used to validate the 
results using equivalent hinges. 

The linear aeroelastic stability analyses have been supplement
ed by some nonlinear, large deflection analyses again using equiva
lent hinges, to determine the nonlinear limit cycle behavior of 
these instabilities. The harmonic balance method was applied and 
the resulting nonlinear equations were solved by the Newton-Raphson 
technique. Both the self-excited aeroelastic instabilities and the 
dynamic response to gravity and wind shear loads were investigated. 
Figure 2 shows the nonlinear limit cycle behavior of a predominantly 
flapping-torsion type instability as rotation speed n is increased. 
The nonlinearity tends to be of a softening type, i.e., steady limit 
cycles can occur somewhat below the l inear critical rotation speed 
if a large enough disturbance is given to the system. 

MECHANICAL VIBRATIONS OF ROTOR-TOWER SYSTEM 

The mechanical instabilities and vibrations that may result 
from the interaction of the flexible rotating blades with the base 
motions of the supporting tower were also investigated. The sim
plest of these interactions involves the coupling of the tower side 
motions (qL) with the blade lagging motions (¢ ), which can give 
rise to a strong mechanical instabil i t y (the "gound resonance" effect 
of helicopters), as well as significant forced vibration effects 
due to blade unbalance and gravity forces. Using the equivalent 
hinge concept, the equations of motion for small vibrations of such 
a rotor-tower system are 

i d2 1 

MLqL + cLqL + klql + L Sidt2( ¢i cos~i) = n2 
L Sisin ~ i 

Si cos~i qL + Ii~i + c¢~i + k ¢¢ i = 

i = 1,2, • • • N 
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1 1 111 

(2) 



where ~. = Qt + 2n(i-l)/N represents the angular position of the 
ith blaae, g is the acceleration of gravity, ML is the equivalent 
tower mass of the tower and rotor, and S· and I· represent the 
static moment and moment of inertia of tfie ith ~lade about the lag 
hinge. 

The mechanical stability of this rotor-tower system can be 
found by neglecting gravity and blade unbalance forces 
(g = 0, Si = const), and introducing the multiblade coordinate 
transformation 

¢. = aCt) sin~. + bet) cos~. 
111 

(3 ) 

This eliminates all the periodic coefficients in Eqs. (2) for N~3, 
and the stability of the resulting equations in qL' a, b, can be 
investigated in the standard manner. Figure 3 shows the results 
for a typical 3-bladed rotor with varying amounts of critical 
damping ratio ~i in the tower and in the blades. In general adding 
damping stabilizes the system, but under certain circumstances, the 
addition of unequal amounts of damping can destabilize the system 
from the no damping case. For a 2-bladed rotor, effects are simila r, 
but with additional small instability regions. 

Effects of small, static unbalance can be found by assuming 
that 8 1 = 8 + 68, 8 2 = 83 = ••• = 8. The right hand side of 
Eqs. (2) then reduces to the forcing function n 2 8 sin nt. By neg
lecting the small 6S variations in the periodic coe fficients, and 
introducing again the multiblade coordinate transformation, Eq. (3) , 
the basic equations reduce to the forced harmonic response of a 
conventional spring mass system involving the coordinates qL' a, b. 
The resulting tower and rotor responses become 

( 4) 
b +a b -a 
(s c) sin2nt + (c s) cos2nt 

2 2 

where as' a c ' b s ' b c are the sine and cosine responses of the coor
dinates, a, b. Figure 4 shows the amplitude of the blade lagging 
response ¢l for a typical case. It is seen that strong 2/rev 
resonance responses occur in the blade when the rotation speed n 
equals 1/2 the lagging natural frequency w¢ or when n equals the 
tower natural frequency wL . Adding damping to the blade or to the 
tower reduces the respectlve amplitude accordingly. 

The effects of gravity loading can similarly be investigated 
by examining Eqs. (2). Generally, gravity acts directly on each 
blade without much tower interaction. Strong l/rev res onances may 
occur when n equals the lagging frequency w¢ and weak .5/rev para
metric resonances may possibly occur when n equals twice w¢. 

More comprehensive rotor-tower interactions were investigated 
by including the tower yawing motions (8 ) and the blade flapping 
motions (S) in the previous analyses. TSe mechanical instability 
regions occurred at slightly lower rotation speeds n 
than before, but the general mechanisms were not changed signifi
cantly. These additional degrees of freedom 
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also affected somewhat the static unbalance loads . Of more signi
ficance was the direct effect of wind shear and tower shadow on the 
blade flapping loads when these additional motions were introduced. 
The investigation of these mechanical vibrations are continuing. 
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DISCUSSION 

Q. Comment: It is the flywheel resonance and mechanical insta
bility prob l ems that have p rimarily dictated natural fre
quencies of the tower well above the operating range of the 
rotor. 

A. Yes. These factors play important roles, together with the 
forced vibrations due to rotor static unbalance, grav ity 
loads, and air loads. Generally, I believe, to avoid signi
ficant "ground resonance" type mechanical instabi l ity , the 
blade l agging frequency (in-plane vibrations) would need to 
be above t h e rotation speed of the rotor. Low natural 
frequencies of the tower usually give rise to large f orced 
vibrati on as the rotor speed passes through the tower natural 
frequency (and also through one half the tower natural 
frequency for two bladed rotors). 
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Figure 1 - Effect of precone and droop on aeroelastic stability of lag mode. 
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AEROELASTIC STABILITY OF WIND TURBINE BLADES 

Krishna Rao V. Kaza 
The University of Toledo 

Toledo, Ohio 43606 

ABSTRACT 

The second-degree nonlinear aeroelastic equations for a flexible, twisted, non
uniform wind turbine blade are developed using Hamilton's pri nciple. The 
derivation of these equations has its basis in the geometric nonlinear theory 
of elasticity. These equations with periodic coefficients are suitable for 
determining the aeroelastic stability and response of large wind turbine 
blades. Methods for solving these equations are discussed . 

INTRODUCTION 

The recent renewed efforts in wind power machines is due to their prospec
tive use as an alternate energy source. As a result of these efforts several 
wind turbine projects have been initiated by NASA Lewis Research Center as a 
part of ERDA's overall wind energy program. To make the wind energy cost 
effective, progressively larger wind turbines ranging from 100 kW with a rotor 
diameter of 125 feet to 2000 kW with a rotor diameter of 200 to 300 feet are 
being considered, and these wind turbines are now in conceptual design. 
However, as the blade flexibility increases, susceptibility to aeroelastic in
stability increases. Also, the efficient construction and opera tion of wind 
turbines require that the vibratory loads and stresses on the rotor as well 
as on the combined rotor-tower system be reduced to the lowes t possible 
levels. Thus, the aeroelastic and structural dynamic cons iderations have a 
direct bearing on the manufacture, life, and operation of these large wind 
turbine systems. Although the structural dynamic and aeroelastic technol ogy 
used to develop rotory wing aircraft appears to be adequate for the develop
ment of wind power machines, this technology has to be transformed from 
aircraft applications to wind power applications, and additiona l studies have 
to be conducted to determine the effects of the parameters peculiar to wind 
power machines on the aeroe1astic and structural dynamic behaviour. 

The aeroelastic considerations that are common to both the wind turbine blade 
and the helicopter blade are flap-lag-torsion , flap-torsion , flap-lag 
instabilities and torsional divergence. The wind velocity gradients due to 
earth's boundary layer and the gravity loads in the case of wind turbine rotor 
and the forward velocity in the case of helicopter rotor l ea d to timewise 
periodic coefficients in the equations of motion. Several previous studies 
have considered the helicopter blade and deve lo ped the nonlinear aeroelastic 
equations of motion. More recently reference 1 derived a set of nonlinear 
aeroelastic equations and compared them to some of the recent equations available 
in the literature. These comparisons indicated several descrepancies with 
the results of reference 1, particularly in the nonlinear terms. The reasons 
for these descrepancies were explained in reference 1. For wind turbine 
blades reference 2 presented a set of nonlinear aeroe1as tic equations. An 
examination of these equations reveals that the reference 2 fails to recover 
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several nonlinear elastic and aerodynamic terms which are of the same order 
as those retained. The reasons for this failure are the use of an incorrect 
torsional curvature and the linearization of the resultant transformation 
matrix between the undeformed and deformed blade coordinates while developing 
nonlinear equations of motion. In view of this, it is felt that a compre
hensive development of the nonlinear aeroelastic equations of motion of wind 
turbine elastic blade is required. The purpose of this paper is to derive 
such a set of equations. 

The derivation of the nonlinear elastic and dynamic forces follows essentially 
along the lines of reference 1. In this reference the pretwist of the blades 
was combined with the elastic twist, following the common practice in the 
helicopter blade literature. In the present paper, however, the pretwist 
together with the control inputs will be introduced before the elastic deforma
tions, and a brief summary of the development will be presented. A formal NASA 
report which is under preparation will provide the details of the development. 
Methods for solving these equations will be discussed. 

MATHEMATICAL MODEL AND COORDINATE SYSTEMS 

The mathematical model chosen to represent the wind turbine blade consists of 
a strai-ght, slender, variable twisted, nonuniform elastic blade. The elastic 
axis, the mass axis, and the tension axis are taken to be noncoincident; the 
elastic axis and the feathering axis are assumed coincident with the quarter
chord of the blade. The generalized aerodynamic forces are calculated from 
strip theory based on a quasi-steady approximation. 

Several orthogonal coordinate systems will be employed in the derivation of 
equations of motion; those which are common to both the dynamic and aerodynamic 
aspects of the derivation are shown in figures 1 to 3. The axis system 
XIYIZI is fixed in an inertial frame with the origin at the centerline of the 
hob. The axis system XYZ is obtained by rotating about Zfaxis by the angle 
~ = nt and then about the negative ~~ axis by an ang e S the angle of 

~G pc, 
built-in coning. All the deformations of the blade are referenced to the XYZ 
system. The nand s axes with the origin at the elastic axis of the cross 
section are principal axes and are inclined to the Y and Z axes by an amount equal 
to the geometric pitch angle. The geometric pitch angle is given by 8 = 8pt + 8c 
where 8pt is the built-in twist angle (pretwist) and 8c is the collective 

pitch angle. 

The generalized coordinates defining the configuration of the deformed blade 
are shown in figure 3. The deformations u, v, w, and ~ both displace and 
rotate the xns coordinate system to xsY3z3 where x3 axis is tangent to 
the deformed elastic axis. 
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DEVELOPMENT OF EQUATIONS OF MOTION 

The equations of motion are derived using Hamilton's principle 

where 

(1) 

(2) 

In equation (1). T is the kinetic energy, V is the strain energy, and oW 
is the virtual work done by all the nonconservative damping and aerodynamic 
forces. These are given by 

v = Lf Ii; (3) 

T = 1 fR hr 
2 0 ~ 

dr;- d"Fl 
p dt . ~ dn d~ dx (4) 

_ f R 
oW = E* 

D 0 

oWA = ~R (A oU + A oV + A oW + M~otf!)dx (6) o U v w ~ 

For the strain energy, the stresses are proportional to strains a = Ey x; 
a = Gy ,and a = Gy . In the kinetic energy, drl/dt is theX~elocity Xn Xn x~ x~ 
vector of an arbitrary point in the blade. The coefficients E* and G* ac-
count _ for internal damping of the material in tension and shear. The loads 
Au' Av' Aw' and Mtf! are of aerodynamic origin. To develop the explicit ex-
pressions for strains and the aerodynamic loads, the expressions for curva
tures w , w , and wand the transformation matrix, [TJ, between co-

x3 Y3 z3 
ordinate axes systems Xn~ and x3Y3z3 are needed. Imposing the geometric 
pitch rotation before the elastic deformation and following the procedures of 
reference 1, the second-degree expressions for curvatures and transformation 
matrix are given by 
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[T]= 

v,2 12 
III = <p I + e I (1 - -2- - W

2 
) - (v I cos e + 'If 'si n e)( -v 'si n e + w I cos e) 

X3 pt 

Wy =-w" (cos 6 - ~ sin 6) + v"(sin 6 + ~ cos 6) 
3 

W = v"(cos 6 - ~ sin 6) + w"(sin 6 + ~ cos 6) 
Z3 

(7) 

V,2 w,2 
1 --2---2- v'cos 6 + w'sin 6 - v'sin 6 + wlcos 6 

-v' (cos e - q, sin 6) 
-Wi (sin 6 + q, cos 6) 

v'(sin 6 + ~ cos 6) 
-Wi (cos 6 - ~)sin 6 

(vlcos a + w'sin a)2 _ ~2 
1 - 2 - ~ q, - (vlcos e + w'sin 8) 

- q, 

(-v'sin 6 + WICOS e) 

1 _(-v'sin 6+ w'cos 6)2 
2 

USing equations (7) and (8) and following the procedure of reference 1, the following 
strain displacement relations can be derived. 

""xx = ul + d-w"(cos 6 - <p sin 6) + v"(sin 6 + q, cos e)] 

-n[v"(cos 6 - q, sin e) + w"(sin e + ~ cos e)] 

2 2 12 
+ (n + ~ ) (~+ ~' e~t) 

= _~[n.1 + (v'v" - W'W")COS 6 si n e - v'w"cos2e ""xn 'I' 

2 12 W,2 
+Wl vOIsin 6 + 6~t (T cos26 +. V IWI sin2e - -2- cos2e )] 

""x~ = n[~1 + (V'V" - W'W")COS e sin 6 - v 'w"cos2e + w' v"sin2e 

12 12 
+ 6~t(T COS26 + v'w' sin26 - ~ cos26)] (9) 

The position vector of a general point in the cross section of the deformed blade 
is given by 

1 

x + u - UF l 0 

: : + [T]T ; (10) 
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where the axial foreshortening of the elastic axis due to bending is given by 

(11 ) 

The angular velocity of the triad Xn~ is obtained by projecting n and it 
is given by 

(12) 

The remaining details of the derivation of the equations of motion follow from 
reference 1. An essential feature of the derivation is the introduction of a 
mathematical ordering scheme which is compatible with the assumption of a slender 
beam. This scheme was discussed in reference 1. Adapting the same scheme, the 
higher terms in the generalized elastic and inertia forces are dropped. The 
aerodynamic forces derived in reference 1 are modified so as to ~ake them suitable 

for wind turbine blades. In this modification both the velocity gradients due to 
the earth's boundary layer and wind gusts are considered. The aerodynamic forces 
are retained in a general second-degree form because the ordering scheme which 
is imposed would depend on the order assigned to the inflow ratio, pretwist, 
collective pitch and other aerodynamic parameters. The final equations of motion 
of the blade are as follows: 

s - QO - I = A + FGu u u u u 
S - Qo - I = A + FGv ( 13) v v v v 
S - Qow - I = A w w w 
S -ep Q -

0ep Iep = Aep 

In the above equations the generalized elastic forces ~ , Sv ' S , and Sep , 
the inertia forces Iu , Iv ' Iw ' and I~ , the aerodynamic forceswAu ' Av ' Aw ' 
and A ep are nonlinear coupled partial dlfferentia1 operators in u , v , w , and 

ep , and the generalized damping forces are linear uncoupled partial differential 
operators in u, v, w, and $. The parameters FG and FG account for gravi
tational effects. Because of space limitations, theUdetai1s ~f the development 
of the equations of motions and the explicit expressions for all the generalized 
forces are not presented herein. However, these details will be given in a 
formal NASA report which is under preparation. 

METHODS OF SOLUTION 

There are three methods to ~olve the equations of motion derived above. These 
are: (1) Ga1erkin's method and F10quet-Liapunov theory4; (2) lntegrating Matrix 
methodS and F10quet-liapunov theory; and (3) Approximate method in conjunction 
with multiblade coordinates. Anyone of these methods can be used to solve the 
above equations of motion· However, the choice depends on the system parameters. 
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The first two methods are independent of the number of blades whereas the third 
method is dependent upon the number of blades on the rotor since the multi blade 
coordi nate transformations are functions of the number of blades. These multi
blade coordinate transformations have been developed and applied to rotors with 
polar symmetry. i.e .• rotors with three or more blades. More recently. a similar 
transformation has been developed for rotors with only two blades in reference 7. 

The first two methods involve a numerical integration of the equations of notion 
whereas the third method does not . But the validity of the third method depends 
on the parameters of the system in addition to the number of blades. Several 
studies have been conducted in the literature to determine the validity of the 
third method for rotors with three or more blades. Based on the results of these 
studies and the experience of the writer. it appears that the third method can be 
applied to wind turbine rotors with three or more blades in the preliminary analyses. 
However, for rotors with two blades the applicability of the transformation given 
in reference 7, and the validity of the third method which uses this transformation 
need further research. 

CONCLUSIONS 

A set of nonlinear second-degree coupled axial-flap-lag-torsional equations of 
motion for a single, flexible, twisted, nonuniform wind turbine blade were pre
sented. Methods for solving these equations were discussed. 
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DISCUSSION 

Q. Can you identify any reasons why earlier publications have not included 
your underlined terms especially if you contend that some are of the 
order of magnitude as the usually accepted terms? 

A. Most of the earlier publications were unable to include these under
lined terms because of a partial linearization of the resultant 
rotational transformation matrix between the coordinates of the deformed 
and the undeformed blade or the use of an incorrect expression for the 
torsional curvature. 

Q. Hodges and Friedmann had a long controversy on omitted terms. They 
finally agreed. How is your system different? 

A. Examining the latest references of both Hodges and Friedmann, it is 
clear that they are not in complete agreement. Hodges partially 
linearized the transformation matrix between the coordinates of the 
deformed and the undeformed blade in his dissertation and hence obtained 
an incorrect expression for the torsional curvature. He tried to 
correct this in subsequent publications. In so doing, the torsional 
curvature was improperly identified. Friedmann also partially linear
ized the resultant transformation matrix while developing the nonlinear 
equations of motion in most of his publications. More discussion on 
these terms was presented in the cited reference 1. 

Both Hodges and Friedmann in their publications combined the pretwist 
with the elastic twist of the blades. In the present development since 
the derivation of the nonlinear equations of motion involves finite 
rotations, the sequence of which is important, the pretw;st together 
with the control inputs are introduced before the elastic deformations. 

C. It is believed that prior researchers in rotory wing aeroelasticity, 
e.g., Daughaday, DuWaldt, Piz;all; and others have ;n fact developed 
nonlinear terms you refer to. 

A. I am aware of some of the earlier publications by Daughaday, DuWaldt, 
and Pizialli . In these publications, they have not addressed the 
nonlinear terms reported ;n the subject paper. 
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Figure 1. - Coordinate systems of undeformed 

blade. (Section pitch angle, e, . not shown.) 

.~ 

Figure 2. - Coordinate systems of blade cross 
section. 
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Figure 3. - Schematic representation of undeformed 
and deformed blade. (Section pitch angle, 0, 
not shown.) 
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FLOW FIELD ANALYSIS 

William C. Cliff 
and 

M. Gary Verholek 

Battelle Pacific Northwest Laboratories 
Richland, Washington 99352 

ABSTRACT 

The average mean wind speed integrated over a disk is shown to be extremely close 
to the mean value of wind speed which would be measured at the center of a disk 
for most geometries in which a WECS (Wind Energy Conversion System) would oper
ate. Field test results are presented which compare instantaneous records of -
wind speed integrated over a disk with the wind speed measured at the center of 
the disk. The wind field that a rotating element would experience is presented 
which has been synthesized from the outputs of an array of anemometers. 

I NTRODUCTI ON 

At the present time, the Battelle PNL (Pacific Northwest Laboratories) are en
gaged in attempting to statistically characterize the nominal and extreme wind 
fields associated with flow over the disk of rotation of WECS systems. This 
area is presently being addressed experimentally through a field test program 
as well as by theoretical computations. 

In many cases, the only measure of wind speed near a wind turbine may be a sin
gle anemometer located at hub height. Questions, with regard to how well wind 
speed measurements from this single anemometer represent the flow field over 
the disk of rotation of the wind turbine and how the measurements relate to the 
wind field a ij1ade element would experience as it rotates, need to be resolved. 
It is the intent of this paper to examine these questions theoretically and 
through the use of field data collected from a set of anemometers arranged to 
describe the swept area of a wind turbine. (See Figure 1.) 

MEAN WIND SPEED 

In general, the mean wind profile in which a wind turbine operates (neutral at
mospheric boundary layer) may be described as follows: 

where Uz = the mean wind 

u* = surface shear 
T = w surface shear 

k = 0.4 

speed at height z 

velocity = 1Tw/p 

stress 
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P = fluid density 

z = height above grade level 

Zo = surface roughness length 

( 1 ) 



The ratio of the mean wind speed averaged of a disk of rotation of radius R 
and hub height zh' Uz R' to the mean wind speed at hub height, Uz ' could be ex-
pressed as: h h 

IIR ln z/zo 
[R
2 2 
-zh 

ln x dx (2) = 

Table 1 gives some example results using Equation (2) to solve for the ratio cf 
the mean velocity averaged ove~ the disk of rotation to the mean velocity mea
sured at hub height for various blade radii, hub heights and surface roughness. 

To estimate the ratio of the mean velocity averaged over the disk of rotation 
to the mean wind at hub height, the following formula may be used in lieu of 
Equation (2). 

(3) 

The results obtained from Equation (2) indicate that the average wind speed from 
a single anemometer at hub he i ght will be representative of the average wind 
speed over the disk of rotation in almost al l cases. However, the instantaneous 
wind speed measured at the hub will not represent the instantaneous average over 
the disk of rotation. Averag i ng over the disk of rotation will act as a low 
pass filter cutting off much of the high frequency content. The results of a 
field test program performed at Battelle PNL show the effect of spacial averaging 
over a disk. A schematic of the f i eld test program is shown in Figure 1. 

The field array consists of eight anemometer sets located on the circumference of 
a circle of radius 12.2 m (40 ft) and an anemometer set at the center of the cir
cle and at a height of 24.4 m (80 ft). The instantaneous array average (simu
lating the average over a di sk of rotation) was computed by arithmetically aver
aging the instantaneous output from the nine anemometer sets. A l5-second record 
showing both the array average and hub anemometer output is shown in Figure 2. 
The array average is much smoother than the single anemometer trace, as is expec
ted. Spectral comparisons of the two traces also show the filtering effect of 
averaging over an area. That is, the spectral amplitude drops off at a quicker 
rate for the disk average than for the single anemometer record. 
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Using the anemometer array depicted in Figure 1, a wind record (simulating the 
wind field experienced at 12.2 m from the hub by a rotating blade) was synthe
sized by incrementally sampling the wind records from the anemometers around the 
circumference of the circle. Each 0.1 second, the wind record was sampled from 
the next anemometer output. 

Thus, each 0.8 second, one complete revolution around the array had occurred. 
This simulates a rotation rate of 75 rpm. A l5-second synthesized wind record 
is shown in Figure 3 along with the wind trace taken from the hub anemometer at 
the same time. The synthesized wind trace shows principally the vertical pro
file of the wind (temperature measurements indicated neutral conditions). 

DISCUSSION 

Q. If wind data are available only from a hub-height anemometer, how can the 
full-disk wind flow field be estimated? 

A. In general, the average value of the wind speed over the disk wind flow 
field is extremely close to the average value at the hub, as shown in 
Table 1. However, instantaneously, the two will be different. The aver
age over the disk could be simulated by filtering the hub anemometer out
put with a first-order filter down 3 dB at a frequency of U/D, where U is 
the mean velocity and D is the diameter of the system. Unfortunately, 
filtering processes are inherently time-averaging processes which, if 
used lion line ll in a decision loop, have some negative features. 

Q. How do the half-power frequency and turbulence factor change 
single anemometer and the total average of all anemometers? 
energy in the 0.1- to l-Hz range change by using the average 
mometers rather than a single anemometer? 

between a 
How does the 
of a 11 ane-

A. In most cases, the spacial averaging over the disk of rotation does not 
significantly decrease the total amount of energy in the spectrum; thus, 
the half-power point would not change significantly. The changes of the 
half-power frequency would have to be computed on a case-by-case basis. 
Obviously, a small disk does not have as large an averaging effect as a 
large disk. 

The region of the spectra greatly affected by spacial averaging is the 
high-frequency region. For the atmosphere, this would include the range 
of 0.1 to 1 Hz, the region where most of the energy is lost. Thus, the 
region from 0.1 to 1 Hz would have significantly less energy when area
averaged over a disk commensurate with a large ~ECS. Again, the effect 
would be a function of disk size and height above ground level. 
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Batt elle welcomes all comments and concerns which identify or assis t in identi
fying important wind characteristics associated with WECS design. 

1. Formal requests for assistance: Dr. Charles E. Elderkin, Program Manager 
(509) 946-2335 

2. Informal discussion of wind characteristics for WECS design: 
Dr. William C. Cliff (509) 942-5066 

Battelle, PNL 
Department of Atmospheric Sci ences 
Richland, WA 99352 

TABLE I. - RATIO OF MEAN VELOCITY AVERAGED OVER A DISK 

OF ROTATION TO MEAN VELOCITY MEASURED 

Zh,R 
(meters) 

70:50 
50:30 
15: 10 

AT HUB HEIGHT 

0.005 
0.99 
0.99 
0.99 

Z (meters)(a) 
o 
0.05 0.5 -- --
0.99 0.98 
0.99 0.99 
0.99 0.98 

5.0 
0.97 
0.98 
0.97 

(a) The terrain features associated with various 
surface roughnesses: 0.005 m = smooth 

0.05 m = moderate 
0.5 m = rough 
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INSTRUMENT ARRAY FOR 
VERTICAL PLANE FIELD PROGRAM 

GILL ANEMOMETERS NO. 1-9 
TEMPERATURE PROBES NO. 10-12 

2 

i 

120' 

I 
108.28' 

I 
80' 

I I 12 

51.72' 

I 
40' 

8 

Figure 1. - Field test setup for vertical plane test. 
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Figure 3. - Synthesized wind speed versus wind speed at hub. 
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FLUTTER OF DARRIEUS WIND TURBINE BLADES 

Norman D. Ham 
Department of Aeronautics and Astronautics 

Massachusetts Institute of Technology 
Cambridge, Mass. 02139 

ABSTRACT 

The testing of Darrieus wind turbines has indicated that under certain 
conditions, serious vibrations of the blades can occur, involving flatwise 
bending, torsion, and chordwise bending. It is the purpose of this paper 
to develop a theorf:ical method of predicting the aeroelastic stability of 
the coupled bending and torsional motion of such blades with a view to 
determining the cause of these vibrations and a means of suppressing them. 

1. Introduction 

The troposkien type of vertical-axis wind turbine, Reference 1, embodies 
flexible curved blades connected at each end to the top and bottom of a verti
cal shaft which permits the blades to rotate about the vertical axis under the 
action of the wind. The curve of each blade is ideally that of a troposkien; 
i.e., the shape taken by a flexible cable of uniform density and cross section 
whose ends are attached to two points on a vertical axis, when it is spun at 
a constant angular velocity abou t the vertical axis . In this manner the bend
ing s t r esses i n the blades are eliminated . 

The testing of such devices has indicated that under certain conditions, 
serious vibrations of the blades can occur, involving flatwise bending, torsion, 
and chordwise bending. It is the purpose of this report to develop a theoret
ical method of predicting t he aeroelastic stability of the coupled bending and 
torsional motion of such blades with a view to determining the cause of these 
vibrations and a means of suppressing them. The present analysis is an exten
sion of that of Reference 2 . 

2. Flatwise Bending Vibration of the Ideal Troposkien 

Consider the rotating troposkien-type rotor blade shown in Figure 1. 
The b ending moment at x is given by 

M{x) = ~ {[Yo+y(~)]n2 - y(~)} m(~) (x-~) d~ - H(y(o) - y(x)] 

where 
n rotor rotational speed 

m(~) rotor blade mass at ~ per unit of x-distance 

H blade tension force at mid-point between blade ends 

Differentiating the bending moment equation twice with respect to x, 

2 a2 
[yo+y(x) ] n m(x) - y(x) m(x) + H--Y 

ax2 

This work was sponsored by Sa~dia Laboratories, Albuquerque, New Mexico, for 
the U.S. Energy Research and Development Administration. 
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From the theory of elasticity for the bending of slender beams, 

M(x) 

Therefore 

Then the blade bending equation of motion is 

a2 
2 

H -X. - n m (x) (y +y) + m(x)y 
aX2 0 

o (1) 

Note that m(x) dx = m(s) ds, where s arc length along the blade, and 

m(s) = m, a constant. Then 

m(x) 
ds 

= m - = m 
dx 

Equation (1) is the equation of the vibrating blade: the steady-state 

case is described and solved in Reference 1. For present purposes, consider 

the equation which results when it is assumed that y = y(6): 

a
2 iY 2 2 

a
2

y 
2 

[EI (~) 1 (~) (~) 2 
[Yo+Y (e) 1 + m(e)y(e) -H -- - n m(e) = 0 

ae
2 

ae
2 ax ax 

ae
2 ax 

(2) 

00 

Lety L y (e) g (t) 
n=l n n 

Substituting into Equation (2), there results 

a
2 a

2 
2 2 

00 Yn (~) (~) rEI L: -- g 1 
ae

2 n=l ae2 ax n ax 

a
2 

2 
00 Yn (~) _ n2m 

00 00 

-H L: [Yo + L: Yn gn1 + m L: Yn gn n=l ae 2 ax gn n=l n=l 
o (3) 
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Assume free vibration of the blade in the nth flatwise mode in a vacuum: 

iw t 
n 

iw t 
n 

Substituting into the nth term of Equation (3), i.e., the equation for 

free vibrations in the nth mode, 

- H 

(4) 

Then including all modes, substitute Equation (4) into Equation (3) to obtain 

m I Yn gn + m I w2 
Yn gn n=l n=l n 

o (5) 

This is the equation for flatwise free vibration in a vacuum of the rotating 

ideal troposkien blade. 

3. Flatwise Bending Vibration of the Approximate Troposkien 

Reference 3 describes an approximation to the troposkien shape consisting 

of straight and circular-arc segments. In this instance, the origin of the axis 

system shown in Figure I is located at the center of the circular-arc segment, 

and the distance Yo of the origin to the axis of rotation is determined by the 

geometry of the straight segments. 

Reference 4 suggests the following approximate mode shapes for the flatwise 

vibration of non-rotating circular arcs of radius R with pinned ends: 

R sin (nlT)6 
0. (6) 

This expression was shown in Reference 2 to be an approximate solution to 

the eigenvalue equation describing the vibration of rotating circular arcs, for 

the case 0. = IT and Yo = O. 
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The vibration frequencies are given by the expression 

2 w 
n 

2 w 
n 

o 
+ K 

n 
(7) 

where w 
n o 

and Kn must be determined experimentally, or numerically by finite-

element analysis. 
2 

For the special case of Reference 2 , Kn = n - 1. 

Then Equations (5), (6), (7) describe approximately the flatwise free 

bending vibration in a vacuum of the circular-arc segment of the rotating 

approximate troposkien blade. 

4. Torsion/Chordwise Bending Vibration of the Approximate Troposki e n 

Reference 5 considers the torsion/chordwise bending vibration of non-rotating 

circular arcs. The forces due to rotation are shown in Figure 2 . Adding these 

forces to the equations of Reference 5 , in the nomenclature of the present analysis, 

the torsion/chordwise bending equations become, for the circular-arc segme nt of 

the approximate troposkien blade, 

z 'v _ Rt3. I - k (z' I + R8") (8) 

z" - Re + k(Re" + z' ') o (9) 

where e (~) blade torsional displacement 

z(8) blade chordwise bending displacement 

R radius of circular arc 

k GK/EI
2 

GK torsional stiffness of blade section 

EI2 chordwise bending stiffness of blade section 

m rotor blade mass per unit length of blade 

Note that flatwise and torsion/chordwise bending are coup led dynamically 

only by the Coriolis forces 2Qym and 2Qzm . 
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Substituting into Equation (8), and neglecting the Coriolis coupling term 

at present, there results 

ex> ,v
f 

00 ex> co 
L z - R L f3' , f - k (nh 

z' , f + R L f3' , f ) 
n=l n n n=l n n n n n=l n n 

4 
mR ex> 

f I"l ex> H co 
=-- (nh z - L z f - - L z' , f ) (10) 

El2 n n n=l n n mR2 n=l n n 

Assume free vibration of the blade in the nth torsion/chordwise bending mode in 

a vacuum: 

iw t 
f f n 

e 
n n 

.. 2 
iw t 

-2 f n 
f -w e -w f 

n n n n n 

Substituting into the nth term of Equation (10), i.e., the equation for free 

vibrations in the nth mode, 

El2 2 H 
[z • v f - RS" f - k (z" f + RS" f ) 1 + n m z f " f 

mR4 " n n n n n n n n n n + R2 zn n 

-m z 
n 

(11) 

Then including all modes, substitute Equation (11) into Equation (10) to obtain 

m El z f + m ! w2 
z f 

n= n n n=l n n n 
o (12) 

This is the equation for torsion/chordwise free vibration in a vacuum of the 

rotating approximate troposkien blade, not including Coriolis coupling with 

flatwise vibration of the blade. 
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Reference 2 suggests the following approximate mode shapes for the 

torsion/chordwise bending vibration of non-rotating circular arcs for the 

case a = TI and Yo = 0: 

z R sin n8 
n 

Sn sin n8 

e", 
These expressions were shown in Reference 2 to be approximate solutions to the 

eigenvalue equation describing the vibration of rotating circular arcs. Note 

that they satisfy only the pinned-end boundary condition, and are therefore 

even more approximate for other end conditions, such as the elastic restraint 

of the curved segment by the straight segments of the approximate troposkien 

blade. 

For the case a f TI, the following approximate mode shapes will be used, 

as for the flatwise modes: 

z 
n 

R sin (nTI)8 
a 

sin (nTI)8 
a 

The vibration frequencies are given by the expression 

-2 
W 

n 
-2 
W 

n 
o 

(13) 

(14) 

(15) 

where w 
n 

o 
and Kn must be determined experimentally, or numerically by finite-

element analysis. For the special case of Reference 2, K 
n 

Then Equations (12), (13), and (14) describe approximately the tors ion/ 

chordwise b ending free vibration in a vacuum of the circular-arc segment of the 

rotating approximate troposkien blade. 
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Note that Equation (9) expresses the structural coupling between torsion 

and chordwise bending of the circular arc. Substitution of Equations (13) and 

(14) into Equation (9) yields the nth mode structural coupling coefficient f or 

circular arcs having pinned ends, 

C 
n 

RS 
n 

-- =-
z 

n 

l+k 
(16) 

This approximate relation was investigated experimental~y in Reference 6 and 

found to be valid for the troposkien blade with pinned ends for the case n = 2 , 

if an effective value a
eff 

= 2.S is used to account for the flexibility of the 

straight segments of the blade. 

For the case of clamped ends, the approximate nth mode structural coupl~ng 

coefficient for circular arcs with clamped ends is shown in Reference 6 to be 

C 
n 

where the effective value a
eff 

= 2.S again applies. 

Equation (16) is believed to be a reasonable approximation for the structural 

coupling coefficient of practical blade configurations in the absence of a more 

precise determination by fini te element analysis of the blade . 

5. Blade Flutter Equations 

Adding the Coriolis forces due to blade bending, and the blade aerodynamic 

lift force, as shown in Figures 2 and 3, Equations (5) and (12) become 

E 00 2 00 1 dL 
m Yn gn + L m w Yn gn + L 2m.Q z f R de 

sino 
n=1 n=1 n n=l n n 

(17 ) 

- E 00 ! -2 2m.Q Yn gn + L m z f + m W z f 0 
n=l n=l n n n=1 n n n 

(IS) 
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where chordwise aerodynamic forces are neglected. 

Using Equations (6) and (13), multiplying Equations (17) and (18) by 

R sin (nTI)S, and integrating from 0 to a , the coupled equations of motion in a 

the nth mode are obtained: 

I I 
2 

2I n f f1' sino sin(n1T) e dL de 
g n + w gn + 

n n n n n 0 a de 
(19) 

- 2 I n 9n 
f 

- 2 
f 0 + I + I w 

n n n n n n 
(20) 

where I f1' m R2 sin2(nTr)9 de 
n 0 a 

and no ting that o. 

Following Reference 7 and Figure 3, the aerodynamic lift for the wind 

turb ine rotating in still air at constant rotational speed Q is 

where 

1 dL 
R de = 

p air density 

a = blade section lift curve slope 

c = blade chord 

e blade twist angle (postive nose down) (see Fig. 2) 

o u ter blade undisturbed shape = y + R sino 
o 

Theodorsen's lift deficiency function 

distance from section aerodynamic center to blade elastic 

axis, positive when A.C. is forward. 

Neg l ecting the 8 terms since c « R, multiplying by R sin(nTr)e and dividing by 
a 

I Q2 there results 
n ' 
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1 iTT sino sin (n'rT) S 
I n2 0 a 

n 

RS 
where C ---.!l as before. 

n z 
n 

Then 

rn. = r C(k) 
9 2 

where y = pacR 
m 

fl(y /R + 
o 0 

dL dS - m.g - m C f 
dS g n S n n 

'r)2 'r , 2(n'rT)S dS S1nu S1nu S1n --a 

C(k) = typical value of C(k) evaluated at Yl = Yo + R sin8 (see Appendix) , 

and the contributions of modes other than the nth are neglected . 

terms, 

where 

Dividing Equations (23) and (24) by I n2 
and including the aerodynamic 

n 

gn g 
2 -+ rn. -.!!.+ V gn n2 , g n n 

.. 
g f 

-2 
2 

n n 
f - 0- + n~ + V 

n 

w 2 
W n 

\! 
n [ (--2.) =0-= n n 

f 
+ 2 -.!!.+ n 

0 
n 

1/2 

+ K 1 
n 

1/2 

+ K 1 
n 

rnSCn f 0 
n 

(21) 

(22) 

These are the flutte r equations for the wind turbine rotating in still air. 
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5. Calculation of Flutter Boundaries 

Assume t he following solutions to Equations (21) and (22): 

h a + l' W were \I = n n' 

f 
n 

f 
n 

\lilt 
e 

Assume at present that C(k) 1. 

Subs titution of Equations (23) and (24) in Equations (21) and (22) 

(23) 

(24) 

resul ts in t wo coupl ed homogeneous algebraic equations. For a solution to 

exi st, the determinant of coefficients mus t vanish; i.e., 

2 \12) (\I + tn . \I + 
g n 

o 

- 2\1 

Expanding the determinant yields the characteristic equation of the system : 

where the coefficients are combinations of the system parameters. Then by 

Routh I S c r,i teria for system stability 

A, B, C, D, E > 0 (25) 

a nd (26) 

I t is now possible to determine the values of 02 
required to satisfy conditions 

n 

(25) and (26) for a given blade configuration. Since 

W 2 
n 
(~) +K 

Il n 
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and 
-2 
\i 

n 

w 2 
n 

(~) +K n n 

the values of rotational speed at which flutter or divergence will occur (nF ) 

are then specified for given non-rotating flatwise and torsional frequencies 

W and W 
n n 

o 0 

In the present case, the characteristic equation is 

Then conditions (25) and (26) determine the rotational speed at flutter, nF · 

Applying condition (25), flutter occurs when 

-2 mS 
C \i 2 - (27) 

n m. n 
g 

Applying condition (26) , flutter occurs when 

2m
2 

C
2 

4mS 
2 - m. C - mS m. C \i 

-2 S n g n g n n 
\i 

n 2m~ - mS m. C 
g g n 

(28) 

6. Application to an Existing Blade 

The theory developed above is now applied to the pre liminary p r ediction 

of the flutter of the blades of the Sandia seventeen-meter wind turbine. For 

this turbine the parameters for the geometry of the circular arc portion of the 

blade are 

9.10 ft. 

R 18.33 ft. 

Cl 2 rad. 

For this case it can be shown that mS ~ 1.575 mg 

Equation (16) for n = 2, k = .0512, Cl
eff 

= 2.8 (Ref. 6): 

c = - 4.2 
n 
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Applying Equation (27), flutter occurs when 

~l 13.2 
n 

From Reference (8), for the seventeen-meter blade, 

-2 
Equating and solving the two expressions for V

2
' 

'\- = 138 rpm 

Applying Equation (28) flutter occurs when 

-2 2 
V

2 
13 . 2 + 0.768 V

2 

From Reference (8), for the seventeen-meter blade, 

Then 

-2 
Equating and solving the two expressions for V

2
' 

~ = 80 .4 rpm 

Here Equation (28) is evidently the critical case. 

Final prediction of the flutter speed requires accurate determination of 

the structural coupling coefficient C
n 

by finite element analysis. 

7. Conclusions 

(1) Coriolis forces provide the dominant coupling between flatwise bending 

and torsion/chordwise bending of the blade. (Also see Reference 2). 

(2) Blade flatwise bending velocity and blade torsional displacement 

contribute the dominant aerodynamic forces acting on the blade. 
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(3) Accurate determination of the structural coupling between blade 

torsion and blade chordwise bending is essential to blade flutter 

prediction. 

(4) The following p arameters determine the rotational speed at flutter 

for troposkien-type blades: 

(a) blade geometry Yo' R, a (see Figure l). 

(b) blade torsion/chordwise bending structural coupling coefficient 

C
2 

for the second mode. 

(c) blade rotating and non-rotating flatwise bending frequencies 

W
2 

and w
2 

for the second mode. 
o 

(d) blade rotating and non-rotating torsion/chordwise bending 

frequencies w
2 

and w
2 

for the second mode. 
o 
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DISCUSSION 

Comment: I would like to reemphasize the significance of Professor Ham's 

conclusions that a) quarter-chord mass balancing of the turbine blades 

is unimportant with regard to flutter speed location, and b) increasing 

torsional stiffness is an effective method of increasing flutter speed. 

The impact of the first conclusion on design and fabrication of low cost 

blades is very favorable, and knowledge of the second conclusion is 

valuable to the designer. At the same time, I would like to de-emphasize 

the threat of encounteri ng flutter in any parti cular blade design. Based 

on Professor Ham's analysis, blade property evaluation, field experience, 

and consultation with fa bricators, it is relatively easy to design a 

blade that will no t flutter. 

Q: Do you agree with R. Reuter that it is relatively easy to design 

Darrieus blades which do not flutter in their operating regime? 

A: Yes. 
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Q: Am I correct in presuming that the forced response to periodic stalling 

should also be independent of the chordwise c.g. of the blade sections, 

and also of the chordwise shear center? 

A: Yes. 

Q: What were your assumptions relative to the aerodynamics; was the 

free stream velocity zero? If not what of the resultant periodic 

coefficient? 

A: In the analysis the free stream velocity was assumed to be zero. If 

this were not so, harmonic airloads would be generated and would 

cause a forced blade response at various integral multiples of rotor 

speed. However, in a linear analysis, this forced response is uncoupled 

with any self-excited motion such as flutter. Experimentally, model 

blade flutter occurred at the same rotor rotational speed whether or 

not there was an incident wind. 
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Figure 1. - Blade geometry. 
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Figure 2. - Blade dynamics. 
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ANALYTICAL TESTING TECHNIQUES 

Robert Jones 

Kaman Aerospace Corporation 
Bloomfield, Connecticut 06002 

ABSTRACT 

- -- ---~l 

Structural Dynamic Analytical Testing Techniques can be a tool to determine 
the source of structural dynamic problems and the solution to these problems. 
Analytical testing techniques are based upon new and unique dynamic testing 
methods and analysis of test results. Thus, these methods apply primarily 
to constructed wind turbine systems. This paper gives a summary of these 
methods. 

INTRODUCTION 

Kaman Aerospace Corporation, for the past several years, has been doing 
research on structural dynamic analytical testing techniques. This research 
has been sponsored by the Army, NASA, and in-house, and has consisted of 
computer experiments, laboratory testing of a beam, laboratory testing of 
a helicopter dynamic model and full scale testing of an AH-1G helicopter. 
This research has led to new testing techniques that for helicopters, which 
can be applied to wind turbine systems, can eliminate moment shaking of the 
hub, allows for on-site checking of the test data, allows for the use of 
small shakers since near resonant testing is done, and allows for ease 
of shaker location. This research has also led to new methods of data 
analysis which can be used to predict system response from component testing, 
obtain equation of motion from test data, determine the best location of 
a structural change to improve the operating condition response, and deter
mine the force and moment from the rotor. Although this research has 
been done primarily for helicopter testing, these techniques can be 
used in the development of wind turbine systems. 

ANALYTICAL TESTING TECHNIQUES 

Single Point Shaking 

Single point shaking is a test technique that requires shaking the structure 
at a point of high response. For a helicopter, this could be at the nose 
or tail location as shown in Figure 1. For wind turbine systems, this 
would be near the top of the tower. However, it does not necessarily have 
to be at the point of force and moment input such as at the hub of the wind 
turbine system. As shown in Figure 1, the accelerometers and force must be 
recorded and analyzed to obtain the real and imaginary acceleration mobility. 
This data, then, can be analyzed to obtain the undamped natural frequencies, 
structural damping, and modal acceleration parameters. With these parameters 
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a complete mobility matrix can be obtained and response of the system 
determined as if shaken at any pick up location of the structure. 

Figure 2a illustrates this, in that testing was done on a beam in which the 
t ransfer mobility at Stat ion 25 was obtained by shaking at Station 72.5. 
Identification of the structure was ma de from data obtained with the force 
at Station 72.5. Figure 2b shows the transfer mobility at Station 25 for 
shaking at Station 72.5 and the identification of the structure was made 
from data obtained with the force at Station 0.5. It is seen from this 
figure that excellent correlation was obtained from the identification pro 
cedure, in that the system response was predicted from data obtained at 
another shake point. A complete mobility matrix was obtained by shaking at 
only one point. 

This single point shaking simplifies the shaking procedure , in that small 
shakers can be used because data near resonance is required and a point 
of high response is required. Shaker location can be selected for con
venience rather than the point of force input to the structure. 

Force Determination 

Data obtained from the shake test can be analyzed to predict system response 
from component testing, to determine the best location on a structure for an 
impedance change, to determine the equation of motion of the structure, and 
to determine the magnitudes of excitation forces and moments. All of these 
methods of analyzing the test data can be applied to wind turbine systems. 
However, this paper will concentrate on force determination. 

One of the major probl em s in helicopter development and field maint~inability 
is high level low frequency vibration. The source of these vibration prob
lems is usually the force and moment i nput from the main rotor. However, the 
magnitude of these forces and moments are usually unknown. Therefore, 
research on force determination has been sponsored primarily by Applied 
Technology Laboratory, U. S. Army Research and Technology Laboratories 
(AVRADCOM). This research is presently being conducted on an Army furnished 
AH-1G helicopter. 

The magnitudes of the forces and moments inputs to any structure can be 
calculated from the following relationship: 

.. 
{y} = [YJ If} 
Nxl Nx6 6xl 

where {y} is the matrix of accelerations in the fuselage or structure which 
are measured with the system operating, [Y J is the acceleration mobility 
matrix which is obtained in the shake test of the fuselage or tower, and 
If } is the three force and three moment hub excitation matrix. N is the 
number of locations of accelerometers in this fuselage or structure. 
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The procedure for force determination would then be to shake the structure 
and obtain the mobility matrix of the structure at the points of force 
input. Then obtain the acceleration response of the system under actual 
operating conditions. With these two results, the rotor forces and moments 
can be obtained. 

For example, for the wind turbine system, the tower without the rotor as 
shown in Figure 3 should be shaken. 

The tower can be shaken directly at the hub in the direction of the three 
forces and three moments and the required mobility matrix obtained directly 
or the tower can be shaken at a point of high response (single point 
shaking) and the mobility matrix constructed. The tower should be shaken 
without the rotor. since the forces and moments to be determined are 
those that would be acting at the rotor shaft and will include the inertia 
effects of the rotor. 

The rotor of the wind turbine system should be shaken as a free-free system 
and the driving point acceleration mobility versus frequency obtained. as 
shown in Figure 4. From this data, the natural frequencies of the blade 
as a cantilever and as a free-free system can be obtained. The anti resonant 
frequencies of the real acceleration mobility are the cantilever modes and 
the natural frequencies of the acceleration mobility are the free-free 
natural frequencies of the system. For large wind turbine systems, in 
which rotor rpm is very low, the frequencies obtained in test will be 
essentially the frequencies of the rotor since centrifugal stiffening 
is negligible. Therefore, when installed on the system, the natural 
frequency of the rotor will be between the cantilever frequency and the 
free-free system since that cantilever frequency is for infinite hub 
impedance and the free-free frequency is for a zero hub impedance. 

It must be remembered that the rotor mobility data is effectively in the 
rotating system. By converting this test data to fixed system test data and 
combining with the tower shake test data, complete system response can be 
obtained. 

Therefore, by shaking the blade and tower in this manner, the forces and 
moments of the rotor can be obtained. Knowing these forces and moments 
will permit better correlation with rotor loads programs, as well as 
determine the problem areas in the rotor that are the source of large 
vibration in the tower structure. 

Further, by shaking the tower and rotor by this procedure, the complete 
response versus frequency of the system can be determined and the magnitude 
and location of an impedance change on the structure to improve the response 
can be determined . 

Also, if required, equations of motion of the system can be determined from 
the test results and correlated with the finite element model. 
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DISCUSS ION 

Q. When coupling rotor and tower, did you use two blades? 

A. This is a suggested procedure for shake testing a wind turbine system. 
I have not combined test rotor test results with hub test results . 

Q. Do you have a way of determining the collective edgewise mode including 
the on-line generator? 

A. I have no way of determining that mode from test results. However, 
calculating the impedance of the on-line generator and combining with 
the test results of the rotor could give a good estimate of that mode. 

Q. Would you not get (determine) the power coming from the rotor, to the 
nace lle independently of the characteristics of the rotor, i.e., 
independent of the number of blades, the periodic coefficients effects, 
etc.? 

A. Force determination does not depend on the type of rotor system or number 
of blades. Therefore, the vibratory forces and moments would be obtained 
for any rotor system. Thinking of power as a steady term, the theory 
could be extended to include steady forces. 

Q. Briefly explain how we would proceed if we wished to apply this technique 
to the Mod-O WTG, for example? 

A. I would remove the rotor and shake the tower using additional accelerom
eters, approximately thirty, and obtain mobility versus frequency for 
all these pickups and analyze this data to determine damping and 
natural frequencies and obtain hub mobility data to use for force 
determination. 

I would shake the rotor as a free-free system and obtain driving point 
mobility versus frequency of the rotor and determine cantilever and 
free-free natural frequencies. 

This data is now useful for either an upwind or downwind system. Re
assemble the system, and obtaining acceleration data under actual opera
tion, rotor force s and moments can be obtained. 
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INFLUENCE OF WIND TURBINE FOUNDATION 

Suey T. Yee 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

The 200 kw Mod-OA wind turbine was modeled using a 3 lumped mass
spring system for the superstructure and a rotational spring for the 
foundation and supporting soil. Natural frequencies were calculated 
using soil elastic moduli varying from 3000 to 22,400 p.s.i. The 
reduction in natural frequencies f rom the rigid foundation case 
ranged up to 20 percent. 

INTRODUCTION 

The foundation of the Mod-O wind turbine was designed for the static 
loads only (including wind). Caissons reaching down to hard shale 
support the tower. This allowed us to assume infinite rigidity of 
the system at the tower base in any natural frequency calculations. 
Subsequent field measurements taken on the tower verified the validity 
of this assumption. 

When it was decided to upgrade the Mod-O to 200 kw and duplicate it 
at other sites, we were concerned about the design of the founda tion 
for two reasons: 

o 

o 

The sites for the Mod-OA were unknown and thus the soil con
ditions were unknown. 

A computer program for a vibration systems analysis would not 
be ready for use in time for design. 

MOD-OA FOUNDATIONS 

We decided to make a parametric study of the Mod-OA foundation vibra
tions using the soil modulus as a variable. Dr. Paul Chang , et al . 
of Akron University made this study. Figures 1 to 5 summarize the 
significant features of this study, including the geometry of the 
structure, the mathematical model, and the primary results. 
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A square mat foundation for the tower was chosen for several reasons: 

o 

o 

o 

o 

The rocking mode is probably the dominant mode of tower
foundation vibration and large dimensions in plan view are 
optimum for resisting this type of vibration. 

Excavation and forming for the foundation are relatively simple. 
This is an important factor in remote areas. 

For a given cost you can probably get the largest concrete 
mass in a mat foundation which is of course advantageous for 
the vibration as well as the static loads. 

Since the foundation thickness is small and the plan dimen
sions are only slightly larger than the tower footprint, the 
use of the foundation could be universal; that is, wherever 
the tower could fit dimensionally, the foundation should also 
fit. 

For the parametric study, the mathematic model consisted simply of a 
3 lumped mass-spring system for the superstructure and a rotational 
spring for the soil. Calculation of the spring constant for the soil
springs was based on the theory for dynamic interaction between a rigid 
slab and an elastic half space. The fundamental rocking frequency 
was calculated for various soil moduli and the change in frequency 
from the base line frequency (i.e., completely rigid soil) was plotted 
against soil elastic modulus (Fig. 5). The mass-spring model was 
subsequently verified by finite analysis of the mat. 

o 

o 

o 

o 

CONCLUSIONS 

For rigid soils (E > 20,000 p.s.i . ), the effect of the soil 
on natural frequency is insignificant. 

For soft soils (E < 5,000 p.s.i.) the reduction of natural 
frequency can be 20% or more. 

The spring-mass model was accurate within 5 percent as compared 
to the finite element model. 

A systems analysis, which includes the foundation-soil, is 
required for Mod-OA towers with mat foundations placed on soft 
soils. 
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o 

o 

o 

o 

o 

POTENTIAL AREAS OF FUTURE STUDY 

Foundation rocking coupled with vertical, sliding or twisting 
modes. 

Optimization of foundation types for various classes of wind 
turbines. 

Automatic design of foundations such that a mlnlmum amount of 
soil information and design effort is required . 

Instrumentation of foundations to verify assumptions and math 
models. 

Effect of foundation- soil in earthquake analysis of wind 
turbines. 

DISCUSSION 

Are there any building codes which apply to your foundation design? 

The only applicable code is the ACI code which gives allowable stresses for 
reinforced concrete design. I am not aware of any code that spells out how 
to analyze the structure for fo rces and stresses. 
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Figure 1. - Mod-OA wind turbine. 
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SUMMARY OF STATI C LOAD TEST OF THE MOD-O BLADE 

Dean R. Miller 

Nati onal Aerona utics and Space Administration 
Lewis Research Center 
Cl evel and, Ohio 44135 

ABSTRACT 

A static load tes t wa s performed on the spare Mod-O windturbine blade to define 
loa d transfer at the roo t end of t he blade, and to validate stress analysis of 
this particular type of bl ade construction (frame and stringer). 

Analysis of the load t ransfer from the airfoil skin to the shank tube predicted 
a step change i n spanwis e stress in the airfoil skin at station 81.5 inches 
(STA 81.5). For flatwi se ben ding a 40% reduction in spanwise stress was pre
dicted, and for edgewise bending a 6% reduction. Experimental results verified 
the 40% reductio n fo r flatwise bending, but indicated about a 30% reduction for 
edgewi se bending . 

The agreement between experimental and predicted results was quite good. For 
flatwise bending , the predictions were about 11% low between STA 81.5 and 
STA 120. Res ults fo r edgewise bending fell between predictions for the trail
ing edge skins cross-s ecti onal area being 100% effective and 0% effective in 
carrying bending moment . The trailing edge skins appeared to be about 50% 
effecti ve . 

INTRODUCTION 

A static load test wa s performed on the spare Mod-O windturbine blade. The 
purpose of the test was two fold: (1) to evaluate load transfer at the root 
end of the blade between the ai rfoi l skin and shank tube, and (2) to validate 
the stress anal ysis of th is frame and stringer metal blade. 

ANALYSIS OF LOAD TRANSFER 

At the root end of the blade, bending moment is transferred to the shank tube 
by the ac t ion of a "shear couple" between two D-SPAR ribs (at stations 48 and 
81 . 5 inches) , an d by means of 24 bolts connecting the shank tube to the D-SPAR 
rib at STA 81 . 5. Fi gure l-A shows a cutaway view of the D-SPAR between STA 48 
and STA 81. 5. Th e rib at STA 81.5 has 24 bolts oriented radially around the 
shank tube . 

A freebody diagr am of the idealized airfcil is shown in Figure l-B. The loads 
on the airfoil crea te a bending moment Mo. To maintain static equilibrium, 
the shank t ube provides a reaction to this moment by applying a shear force 
"V" at each structural rib, thereby creating a "shear couple." The bolts in 
the rib at STA 81. 5 als o resist "Mo'" by applying a redundant moment "M," to 
t he ai r foil. The term redundant is used because these bolts were primarily 
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intended to resist centrifugal loads on the airfoil, while the "shear couple" 
was assumed to transfer all the bending moment. However, a review of the above 
assumption, led to the suggestion that the bolts might actually be transferring 
a s i gni fi cant porti on of the moment "Mo." As such, the redundant moment "Ml" 
was predicted to cause a step change in spanwise airfoil stress at STA 81.5. 
A maximum reduction in stress of 39% was predicted for flatwise bending, and a 
maximum of 6% for edgewise bending. 

TEST APPARATUS 

Figure 2 is a photo of the overall test set up. The blade was bolted to a test 
support stand. Loads were applied vertically (up and down) for four 900 orien
tations of the blade. These four orientations provided data for tension and 
compression of both the high pressure surface and the leading edge. 

The blade was instrumented with strain gages to sense only spanwise strain. As 
shown in Figure 3, the gages were clustered about station 81.5 inches (STA 
81.5) on the high pressure surface and on the leading edge. 

TEST RESULTS 

The results of the test are shown in Figures 4 and 5. In both figures, the 
ratio "a/M" is plotted as a function of spanwise blade station. The ratio 
"aiM" is the ratio of measured spanwise stress to the total bending moment (be 
that flatwise or edgewise). It is used because it provides a means of compar
ing stress levels at various spanwise locations al ong the blade, but still 
accounting for the different local cross-sectional properties. 

Stress in the high pressure surface of the blade due to flatwise bending is 
shown in Figure 4. The solid dark line indicates the prediction, while the 
dashed line represents the experimental results. Locations of the O-SPAR ribs 
are shown by the IIspeckled ll regions centered about STA 48 and STA 81.5. 

As predicted there was about a 40% drop in airfoil stress across the rib at 
STA 81.5. Between STA 48 and STA 81 . 5, the experimental results agreed quite 
closely with the predicted behavior. Outboard of STA 81.5, the results were 
about 11 % higher than the predictions. The little peak at STA 85.5 was attrib
uted to some local bending effects of the airfoil skin over the O-SPAR rib at 
STA 81.5. 

The leading edge stress due to edgewise bending are shown in Figure 5. Again, 
the solid dark lines indicate predicted results, while the dashed lines repre
sent experimental results. There are two predicted lines: one which assumes 
none of the cross-sectional area of the trailing edge skin is effective in 
carrying bending moment (0%), and one which assumes all of the cross-sectional 
area is effective (100%). 

The experimental data indicated about a 30% reduction in airfoil stress across 
the rib at STA 81.5. This was significantly more (24%) than predicted. For 
edgewise bending then, the shank tube bolts are actually carrying approximately 
1/3 of the total bending moment. 
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In general, the data fell between the two predicted lines for 0% and 100% 
effective trailing edge skins. Attributing the peak at STA 87.5 to local 
bending of the airfoil over the D-SPAR rib, the data seem to indicate about a 
50% effective trailing edge. Information from a previous static load test 
seemed to suggest that 50% was a good value for trailing edge effectiveness. 

CONCLUSIONS 

With regard to evaluating load transfer at the root end of the blade: 

1. 40% of the flatwise bending moment in the airfoil was transferred to the 
shank tube thru the shank tube bolts. 

2. 30% of the edgewise bending moment in the airfoil was transferred to the 
shank tube thru the shank tube bolts. 

In general, the experimental results validated our predictions. The results 
indicated: 

1. Spanwise stress in the airfoil due to flatwise bending moment was 11 % above 
the predictions for stations beyond 81.5. 

2. The cross-sectional area of the trailing edge skins was 50% effective in 
carrying edgewise bending moment. 
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1. Timoshenko, S.; and Goodier, J. N.: Theory of Elasticity, 2nd Edition, 
McGraw Hi 11, 1951. 

2. Cherritt, A. W.; and Gaidelis, J. A.: 100-kW Metal Windturbine Blade 
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California Company, 6-17-75. 

3. Spera, D. A.: Structural Analysis of Wind Turbine Rotors for NSF-NASA 
Mod-O Wind Power System, NASA TMX-3198, March 1975. 

DISCUSSION 

Q. The outboard rib which was not designed to carry diaphragming type loads 
was found to be carrying 40% of the blade bending load as a diaphragming 
load. Doesn't this present a static or fatique stress problem? 

A. Fortunately, no. The rib was conservatively designed to carry a very 
high shear load and as a result, rib stresses remained below skin stresses 
even with the additional diaphragm load. 

Q. Did you make any shear flow calculations? 

A. Shear flow calculations were performed by the blade manufacturer and 
are contained in reference 2. 
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Q. Did you assess the strain at the trai l ing edge (roughly 50% span) to 
check for buckling? 

A. Buckling was of the local panel type, rather th an overall buckling of the 
trailing edge itself, and was observed both visually and through strain 
gage data. 

COMMENT: 
With regard to the effectivenss of trailin g edge s ki ns, an exact analysis 
of skin load transfer for airfoil shapes at sk in endings is available. 
It was performed by Dr. Biot. 
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(a) Cutaway view of idealized blade. 
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(b) Free-body diagram of airfoil. 

Figure 1. - Root end of Mod-O wind turbine blade. 
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Figure 2. - Test setup for static load test of Mod-O blade. 
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DOE/NASA MOD-O 100KW WIND TURBINE 

TEST RESULTS 

John C. Glasgow 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

The ~·1od-0 100kH Hi nd Turbi ne was des i gned and fabri cated by t he NASA under the 
direction of the U.S. Department of Energy to assess technology requirements 
and engineering problems of large wind turbines. The machine became opera
tional in October 1975 and has demonstrated successful operation at 40 rpm 
while producing power on resistive load bank and while synchronized with power 
grids. The Wind Turbine has also demonstrated the capability of automatic 
unattended operation, including startup, achieving synchronism, and shutdown 
as dictated by wind conditions. During the course of these operations, a 
wealth of engineering data has been generated. This paper presents some of 
this data which is associated with rotor and machine dynamics problems en
countered and the machine modifications incorporated as a solution. These 
include high blade loads due to tower shadow, excessive nacelle yawing motion, 
and power oscillations. The results of efforts to correlate measured wind 
velocity with power output and wind turbine loads are also discussed. 

INTRODUCTION 

The Mod-O 100 kW Experimental Wind Turbine is a part of the National Wind 
Energy Program under the direction of the U.S. Department of Energy. The 
NASA Lewis Research Center has designed, built and erected this machine near 
Sandusky, Ohio and is currently testing it to obtain engineering data on large 
horizontal axis wind turbines. 

The wind turbine described in reference 1 has a 125 foot diameter two bladed 
rotor which drives a 100 kW capacity synchronous generator through a step up 
gear box. The rotor is positioned downwind of a lOa-foot steel truss tower as 
pictured in figure 1. The rotor is designed to operate at a constant speed of 
40 rpm and it drives a 480 volt 60 Hz three phase generator at 1800 rpm. 
Rotor speed or output power level is maintained by controlling rotor blade 
pitch angle with an active feedback control system. The rotor, generator, 
transmission and associated equipment are mounted in a nacelle, figure 2, 
which can be yawed to align the rotor with the wind. Power, instrumentation 
and control connections to the ground are made through slip rings. 

The turbine was designed to begin generating power in winds of 10 mph (at 100 
ft) and produce 100 kW at a wind velocity of 18 mph. In winds above 18 mph, 
the generator continues to operate at 100 kW output by adjusting the pitch of 
the rotor to spill excess wind energy. When the wind velocity exceeds 30 mph 
the generator is taken out of synchronism with the power network, the blades 
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are feathered to bring the rotor to a halt and the machine is shut down to 
await the return of lower velocity winds. 

Final assembly of the machine was completed in September 1975 and since that 
time successful operation of the wind turbine has been demonstrated for each 
of its design operating modes at 40 rpm; Manual operation on a resistive load 
and while synchronized to a large power grid and a simulated small power grid, 
and unattended automatic synchronization and operation on a large power grid. 

In keeping with the primary objective of the Mod-O program, a considerable 
amount of engineering data has been generated for use in the ongoing U.S. Wind 
Energy Program. On the Mod-O project as with any research project, useful 
information is generated both from demonstrations of successful designs and 
operations and from designs which create engineering problems or unsuccessful 
operation. This paper discusses some of the engineering problems which per
tain to rotor and machine dynamics and the design changes which have been 
incorporated to eliminate or reduce their undesirable effects. Also included 
is a short discussion on techniques which are being used to correlate wind 
turbine power output and loads with measured wind velocity. 

Instrumentation 

The Mod-O research data system provides approximately 100 channels of infor
mation. This data is recorded on magnetic tape at the request of an operator 
or at specific time intervals. The data is processed off-line for analysis. 
Selected instruments are displayed on Brush recorders for real time monitoring 
and review. Most of the data presented in this paper is from the Brush 
recorders and the transducers which produced the data are listed below. 

1. Nacelle wind velocity and yaw angle of nacelle relative to the wind. 

2. Nacelle accelerations ~, y, and ~ at the rotor shaft bearing support 
nearest the rotor. 

3. Rotor blade pitch angle. 

4. Rotor blade bending moments, indicating flatwise (Mm) and inplane (Mn) 
bending at two stations along the blade span. 

5. Rotor shaft torque (Mz) and bending moments (Mx) and (My). 

6. Rotor speed and position. 

7. Alternator output in kW. 

8. Yaw drive shaft torque. 

Figures 3 and 4 give a schematic representation of these measurements, their 
location on the wind turbine, and the sign convention of each. 
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TOWER SHADOW 

Initial operations of the Mod-O wind turbine at 40 rpm resulted in blade and 
low speed shaft loads which exceeded design loads by a considerable margin. 
These results were presented in reference 2. Review of the data indicated two 
factors to be the primary cause of the high loads (a) tower shadow or low 
velocity air flow immediately downwind of the tower which affected the down
wind Mod-O rotor, and (b) excessive nacelle yawing motion. Nacelle yawing 
motion is discussed in a later section; tower shadow is discussed below. 

The flapwise bending load experienced by a Mod-O rotor blade near the root is 
presented in figure 5. The moment increases negatively as the blade moves 
from behind the tower and reaches a maximum value at approximately 350 from 
the vertical down position indicating deflection toward the tower in response 
to the reduced air load in the tower shadow region. Also indicated in the 
figure are design values for this moment and a calculated value using a tower 
shadow value which would reproduce the measured loads. 

After the initial Mod-O 40 rpm operation, wind tunnel tests were conducted to 
define the tower shadow for the Mod-O tower in its original configuration and 
to evaluate various tower configurations designed to reduce tower shadow. The 
results of this investigation are reported in reference 3 and figures 6 and 7 
show measured tower shadow values for the original Mod-O with stairs and rails 
and for the tower with stairs and rails removed. 

Based on the wind tunnel results the stairs were removed and Mod-O operation 
at 40 rpm showed a marked reduction in flapwise bending loads as reported in 
reference 4 and shown in table 1. As indicated in the table, the flapwise 
bending moment for steady-state operation was reduced from 130,000 ft.lbs. 
to 70,000 ft.lbs. when the stairs were removed. While the load reduction 
attributable to reduced tower shadow was significant with respect to flapwise 
bending moment, very little improvement was seen in inplane moment and both 
flatwise and inplane moments remained high with respect to blade design load. 
Inplane bending moments have been observed to be affected more directly by 
lateral motion of the rotor which can be produced by lateral motion of the 
tower or by yawing of the nacelle. The major source of lateral motion at the 
rotor has been attributed to nacelle yawing which is discussed below. 

Nacelle Yawing Motion 

Data taken during early operation of the Mod-O wind turbine at 40 rpm indicated 
high oscillatory torque loads on the low speed rotor shaft as the rotor speed 
varied between 37 and 40 rpm and the wind velocity indicated on the nacelle 
varied between 22 and 32 miles per hour. This data was presented and dis
cussed in reference 2 and is shown in figure 8. When the data was first 
presented high drive train response indicated by the oscillatory load on the 
low speed shaft was attributed to a blade inplane mode being excited as the 
rotor speed varied between 38 and 42 rpm . Since that time it has been 
demonstrated that the primary cause of the conditions encountered in figure 8 
was nacelle yawing motions which produces an oscillatory lateral motion at the 
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rotor. Tests were run in 1976 after the stairway was removed with a locked 
yaw mechanism. This locked the nacelle to the tower and increased the resonant 
frequency in yaw from approximately twice the rotor speed, 2P, to over 5 times 
the rotor speed as indicated in table 2. Comparison of data taken with and 
without the yaw drive locked indicated a reduced tendency for low speed shaft 
bending response with the yaw drive locked and reduced moments on the rotor 
blades and low speed drive shaft, which indicated a definite connection be
tween nacelle yawing motion and the low speed shaft response. 

Reducing tower shadow also had an effect in reducing the low speed shaft 
torque response at 4P as was indicated by the inability to reproduce the drive 
train torque response shown in figure 8b after the tower was modified to 
reduce tower shadow. Repeated attempts to reproduce the condition in winds 
of similar magnitude failed to excite the condition to the amplitudes 
originally encountered. This was true for both single yaw drive and locked 
yaw tests. Also, the rotor vertical motion as indicated in figure 8c, 
bearing "B" acceleration, Y, was reduced by an order of magnitude after the 
stairway was removed indicating a strong connection between vertical motion 
of the rotor or nacelle "nodding" and tower shadow. 

After the test results for locked yaw were obtained a dual yaw drive and yaw 
brake were installed on the Mod-O wind turbine. It was predicted that the 
dual yaw drive with a preload to remove free play would eliminate the prob
lems associated with nacelle yawing motion. The single yaw drive permitted 
some free play and the drive system stiffness resulted in a nacelle yawing 
natural frequency approximately equal to twice the rotor speed. The dual 
yaw drive was designed to raise this frequency to 2.5 times the rotor speed, 
2.5P, and decouple the machine in yaw. The yaw brake was added as a backup 
system which would provide capability for additional yaw restrai nt if this 
was required. The revised system is depicted in figure 2. 

Tests with the dual yaw drive at 40 rpm indicated that more restraint was 
needed to prevent excessive nacelle yawing motions which resulted in high 
blade flapwise and inplane bending loads, low speed shaft bending loads and 
loads on the yaw drive mechanism. The yaw brake was used on subsequent op
erations and with the nacelle locked to the tower with a brake clamping 
pressure of 1500 psi, the frequency of occurrence of the high blade and shaft 
bending moments was greatly reduced. 

The results of tests with the dual yaw drive and the yaw brake demonstrated 
the need for the yaw brake to keep machine loads within acceptable limits and 
the brake was incorporated as a part of the yaw control system . The yaw 
system was designed to provide a clamping pressure of 1500 psi on the yaw 
brake when the yaw drive motors were off and a drag pressure of 100 psi when 
the yaw motors were on to change nacelle azimuth. 

Operations with this system proved to be unsatisfactory. High blade and shaft 
loads occurred frequently as the yaw brake clamping pressure was relieved to 
permit a nacelle azimuth change. This effect is depicted in figu re 9 showing 
a rapid buildup in low speed shaft bending as the yaw brake is released. Yaw 
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brake release is indicated by activity on the yaw drive torque trace. Raising 
the yaw brake drag pressure from 100 psi to 300 psi reduced the undesirable 
effects resulting from brake release. 

As stated above, locking the nacelle to the tower with the yaw brake reduced 
the frequency of occurrence of high blade and shaft loads. The yaw brake did 
not eliminate these high loads and a typical occurrence is indicated in 
figure 10 for load bank operation. In this figure the wind turbine is op
erating on the resistive load bank and electrical load has been removed and 
replaced in a period of approximately 30 seconds. Rotor motion has been re
duced as indicated by the rotor bearing accelerations in figure lOa. However, 
as the wind velocity measured on the nacelle increases, rotor blade and low 
speed shaft loads increase above desirable levels (fig. lOb). A comparison 
of the rotor bearing accelerations with those of figure 8c clearly indicates 
that rotor motion has been greatly reduced, however, high blade and shaft 
loads continue to occur as wind velocity varies. The condition has been ob
served to be a transient response to variable wind speed rather than a con
dition which occurs at a particular wind velocity, and little correlation 
exists between low speed shaft bending and instantaneous nacelle wind velocity. 

Future operations of the Mod-O wind turbine will evaluate the potential of yaw 
brake as a yaw damper. In these tests, the preload will be removed from the 
dual yaw drive to permit some free play in yaw and a constant pressure will be 
applied to the yaw brake providing a constant restraint in yaw throughout the 
operation, yaw motors on or off. The yaw damping force can be varied by 
changing the yaw brake pressure and the effect of this variable on wind turbine 
response can be evaluated. 

Power Oscillations During Synchronous Operation 

Initial tests of the Mod-O for synchronous operation were conducted at a 20 
rpm rotor speed. This rotor speed was chosen because of the high loads en
countered at 40 rpm with the single yaw drive, mentioned above. The blade 
loads and nacelle yawing response were reduced at 20 rpm and it permitted the 
operations to continue while the dual yaw drive and brake were being 
fabricated. 

Obtaining synchronism with a large power grid or with a small diesel generator 
set presented no difficulty, the normal deviations from rotor speed set point 
being sufficient to provide enough variation in generator speed to permit 
synchronism with the aid of a commercially available synchronizer. Synchroni
zation of the Mod-O is discussed in detail in reference 5. However, once 
synchronous operation was obtained the rotor, drive train and generator ex
perienced a high amplitude resonant response at 40 CPM or 2P, as indicated in 
fi gure 11. 

The resonant response was identified as a first mode vibration of the drive 
train and rotor as described in reference 6 which predicts this mode to occur 
between 0.27 Hz and 0.62 Hz, or .8P to 1.86p (for 20 rp~ 9peratio~) as the 
generator load is varied between 0 and 100 kW. The driving force for the 
mode is the tower shadow which creates a defect in rotor torque as each blade 
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passes behind the tower. The analytic value for this forcing function for 
40 rpm operation is shown in figure 11. Synchronous operations were conducted 
at 26.3 rpm and 40 rpm and representative samples of the results are shown in 
figures 12 and 13. As shown by the figures, operation at 26.3 rpm did not 
relieve the resonant response observed at 20 rpm but the 40 rpm rotor speed 
improved the situation significantly. However, operation at 40 rpm still left 
a ±15 to ±20 kW power oscillation at 80 CPM or 2P. 

To reduce the power oscillations, a fluid coupling was installed on the high 
speed shaft and was run at 20 and 40 rpm as shown in figure 2. The results 
are shown in figures 15 and 16 . As indicated, a large reduction in power 
oscillations was achieved by the fluid coupling at 20 rpm and a somewhat less 
significant improvement is shown at 40 rpm. The 20 rpm test was run with a 
4% slip at a 60 kW load and the 40 rpm test was run with a 2% slip at 100 kW 
load. The oscillations can be reduced still further by increasing the slip 
in the coupling. 

The use of a fluid coupling in the drive train provided an additional benefit 
in permitting the use of larger amounts of proportional gain in the power con
trol system. The power control system was highly unstable when proportional 
gain was used with a rigid drive train, but the fluid coupling removed the 
instability and proportional gain considerably improved control system 
response. 

Correlation of Wind Turbine Response with Measured Wind Velocity 

Since the beginning of Mod-O operations, efforts have been under way to 
develop methods which can be used to describe wind turbine performance and 
load response as a function of wind velocity. As a result of these invest i
gations, methods have been developed which permit the desired correlations of 
power versus wind speed and loads versus wind speed to be made. A report 
describing Mod-O performance will be available in the near future and the 
method used to obtain this correlation is described briefly below. A method 
for describing loads versus wind speed is also presented along with some 
preliminary results using these methods. 

Wind measurements for the Mod-O wind turbine are taken at two locations, on 
the wind turbine nacelle and on a 195 foot meteorological tower located 650 
southwest of the wind turbine as depicted in figure 17. Wind turbine response 
is measured in terms of alternator power output and load measuring instrumen
tation descri bed previously. 

The process of correlating wind turbine performance with measured wind speed 
is complicated somewhat by the method of wind measurement. Measurements made 
on the nacelle correlate well with wind turbine response but are subject to 
inaccuracies due to flow disturbances created by the rotor and the nacelle. 
Measurements taken on the meteorological tower are relatively free of flow 
disturbances but are hampered by the distance between the wind turbine and 
the tower. To account for these complications it was necessary to first ob
tain a relationship between nacell e wind speed and alternator power and then 
correct nacelle wind speed to an undisturbed value based on meteorological 
tower data taken over the same time period. 
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To obtain the relationship between alternator power output and nacelle wind 
speed, simultaneous measurements of power output and nacelle wind speed are 
taken over a broad speed range. A typical set of simultaneous data is shown 
in figure 18. These data are then sorted into 1 mph speed increments and a 
region averaged value is obtained for each speed range. The average values 
are then used to produce a power versus nacelle wind speed plot as shown in 
figure 19. 

Wind speed measurements taken on the meteorological tower are curve fitted to 
obtain a wind speed at the nacelle height. Two minute averages of the nacelle 
wind speed and the derived meteorological tower wind speed are taken to smooth 
the data and the simultaneous averages are cross plotted to obtain a relation
ship between nacelle wind speed and free stream wind speed as shown in figure 
20 . The relationship thus derived permits the correction from nacelle wind 
speed to free stream wind speed to be made. 

Analysis to describe Mod-O performance using this method is presently under
way and results will be published as they become available. 

The method used in describing wind turbine loads is similar to that employed 
in describing performance. Fatigue is a primary concern in the design of wind 
turbines and cyclic loads are the major source of fatigue. Loads measured on 
Mod-O are therefore described in terms of mean and cyclic values. 

Loads data is fi rst broken down into mean and cyclic values and the component 
parts along with the simultaneous wind speed are stored and sorted into wind 
speed ranges. The loads data contained in each wind speed range is then 
averaged and a standard deviation of the set is obtained. The results of 
limited samples of data processed in this manner is shown in figure 21 for 
rotor blade f1atwise bending at station 40, near the blade root. The data 
indicates a trend increasing with increasing wind speed and provides a means 
of quantifying a highly variable set of data. A relatively small sample of 
data has been processed in this manner at this time but the results obtained 
thus far indicate that this approach is a good one for describing wind turbine 
loads and vibratory response. 
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DISCUSSION 

Q. In view of the blade flapwise bending response and low speed shaft bending 
phasing, it would appear a teetered rotor would reduce 2P yawing motion. 
Why did NASA drop teetered hub? 

A. Early in the Mod-O program a teetered rotor was considered to relieve 
tower shadow problems. The idea was not pursued when Mod-l studies indi
cated that teetering was not worth the added cost and complexity. 

Q. Could you elaborate on the interesting observation made that damping the 
yaw drive tends to eliminate the 4P torsional oscillations of the low 
speed shaft? 

A. Increasing yaw stiffness did not remove the 4P torsional drive train os
cillations. They can be seen on figure lOb with the yaw brake applied. 
However, after the stairs were removed to reduce tower shadow the con
dition depicted in figure 8b could not be reproduced at any significant 
magnitude. Yaw stiffness did not seem to have as much effect on the 
condition as reduced tower shadow. 

Q. Where should you measure the wind speed on which you base your performance? 

A. As a first choice, I would prefer a point 1 rotor diameter upwind of the 
rotor at hub height. 

Q. Do you use an average of the wind velocity cubed? 

A. Harold Neustadter: No, at constant rotor speed power is linear with wind 
speed and averaging is performed on velocity to the first power. 

Q. Don1t you think that the yaw drive stiffness has been worked to the point 
that the tower has now been made the critical tuning problem? 

A. I would have to agree with your statement insofar as we have tested a 
flexible, 2P yaw drive, a 2.5P yaw drive and a locked yaw mechanism at 
5P in yaw. The locked yaw was the best of the three in terms of rotor 
loads but I do not feel that additional yaw stiffness will improve matters. 
We feel that damping may offer the best solution and plan tests for the 
near future using the yaw brake as a damping device. 
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Q. What was the magnitude of the actual tower shadow before and after the 
stairs were taken out of the Mod-O tower? 

A. Tower shadow was never measured on the wind turbine. Wind tunnel test 
results indicate velocity reductions near 100% for certain conditions with 
stairs in place. Maximum velocity reductions were reduced to about 40% 
with the stairs removed. 

Q. Would a three bladed rotor help the lIyaw" motion problem? 

A. Yes, I feel that it would. 

Q. Have you made a comparison of power output solely with an upwind 
anemometer? 

A. Yes, these correlations are currently being investigated and will be 
reported in the near futu re. 

Q. Do you impose a time delay between the anemometer data from the upwind 
meteorological tower and the power output? Time delay to correspond 
to transit time of wind and transfer through WECS to produce power. 

A. We have seen some improvement in the meteorological tower-vs-nacelle 
wind speed correlation when the data from the two sites are time-shifted and 
a correlation calculated. The correlation coefficient increases from 
.4 to .7. However, this has negligible effect on the 2-minute averaged 
results. 

Q. Rather than comparing instantaneous power output vs. instantaneous point 
wind data with the results of steady-state theory, shouldn't an effort be 
used to derive a dynamic system transfer function from data measured over 
time? 

A. I think a system of the type you describe will develop as wind energy 
develops further. There are some shortcomings with the technique we have 
developed at Lewis but it appears to be satisfactory for our purposes at 
this point in time. 
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TABLE 1. - COMPARI SON OF BLADE LOADS WITH AND WITHOUT 

STA IRWAY FOR STEADY STATE OPERATION 

BLADE BENDING MOMENT AT STA 40 (FT-LBS) 

CONFIGURATION FLAPWISE INPLANE 
PEAK TO PEAK PEAK TO PEAK 

WITH STAIRS 130,000 108,000 

WITHOUT STAIRS 70,000 103,000 

DESIGN 58,000 75,000 

TABLE 2. - MOD-O WI ND TURBINE NACELLE YAWING RESO NANT FREQUENCIES 

SINGLE YAW DRIVE 1 .2 - 1.4 Hz 2P 

DUAL YAW DRIVE 1 .7 Hz 2.5P 

LO CKED YAW 2. 2 Hz 3.3P 
(PR EDOMINANT LAT ERAL MOTION ) 

LOC KED YAW 3.4 Hz 5.1 P 
(TORSION) 
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Fi~ure 1. - Mod-O 100-kW wind turbine. 
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Figure 2. - Cutaway drawing of Mod-O wind tu r bine nacel l e interior . 
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Figure 3. - Instrumentation sign convention. 
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Figure 4. - Instrumentation sign convention. 
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Figure 5. - Bl ade root flapwise bending with stairs - 40-rpm operation. 
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Figure 6. - Mod-O tower wind velocity reduction - with stairs and rails. 
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Figure 8. - Gus t response with shaft oscillation. 
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Figure 8. - Con t inued. 
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Figure 14. - Mod-O rotor torque versus blade azimuth at 40 rpm. 
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POWER OSCILLATION OF THE 

MOD-O WIND TURBINE 

Robert C. Seidel 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

The Mod-O power has noise components with varying frequency patterns. 
Magnitudes reach more than forty percent power at the frequency of 
twice per rotor. revolution. Analysis of a simple torsional model of 
the power train predicts less than half the observed magnitude and 
does not explain the shifting frequencies of the noise patterns. 

INTRODUCTION 

The 60 cycle electrical power generated by the Mod-O wind turbine 
generator has been relatively noisy. For perfect power the large 
blades must rotate uniformly despite local wind patterns and power 
train resonances. An error of only 0.1 degree in rotor,position can 
vary the power by about 20 percent. In the following, a model of the 
power train is analyzed in the frequency and time domains to under
stand its behavior, and results are compared with Mod-O data. 

MODEL DESCRIPTION 

A block diagram of the power train as represented by torsional springs, 
dampers, and inertial masses is shown in figure 1. Each blade is a 
single inertia with one dimension of freedom, (cordwise) lag. There 
are no multi-dimensional degrees of freedom which have importance in 
helicopter rotor studies. To admit such interactions here would 
greatly complicate the simple analysis performed. 

A typical torque pattern expected from the blades was known from a 
separate aerodynamic computer code. This torque pattern served as an 
input to the power train model for a time response analysis. The 
aerodynamic program assumed a rigid but rotating hub and no blade lag 
dynamics. To a first approximation the power train model supplies the 
missing dynamics to the aerodynamics code. 
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RESULTS 

Analytical 

The rotor torque from the aerodynamic code is plotted in figure 2. As 
each blade swings behind the tower, more than 60 percent of the rotor 
torque is momentarily lost. Also plotted in figure 2 are the genera
tor electrical torque responses to the rotor torque input. Data are 
shown for three high speed shaft configurations - a steel shaft, an 
elastomeric shaft, and a 2.3 percent slip coupling . The three 
responses have a similar oscillation pattern. The basic two per 
revolution oscillation (2P) is about 14 percent and there is a notice
able 4P component. 

The system frequency responses are plotted in figure 3 for the three 
high speed shaft configurations. The responses at the even harmonics 
of rotor frequency, 2P, 4P, etc., are of special interest because at 
these frequencies the rotor torque input (of figure 2) has content. 
At these harmonics, the responses are similar,which is why the time 
responses of figure 2 are similar. The harmonic with the most spread 
is the 2P harmonic for which the slip coupling response is about half 
the steel shaft response. 

Experimental 

A sample trace of Mod-O power and wind speed data is shown in figure 
4. Two power variation examples are circled - a (general low fre
quency) control problem and a 2P oscillation. The control system 
contains a wind speed input which can directly command pitch changes . 
The peak to near 150 percent in power occurred when the measured wind 
speed dropped (but apparently not the true rotor average wind) and the 
blade pitched for more power. The 2P oscillation, the other variation 
circled, has a maximum amplitude of about 40 percent. It differs f r om 
the model analysis in two basic respects. First, the response can 
hold a 4P or a 2P pattern for periods of time of about 10 seconds. 
Second, the 40 percent maximum 2P oscillation is more than twice that 
predicted by the analysis. Evidently a significant 2P input is missing 
from the model analysis. To further our understanding, we plan to 
frequency response test the Mod-O using the rotor pitch angle as the 
input and are also following results from a more complicated aero
dynamics computer code from a contract effort. 
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DISCUSSION 

Q. Please explain the idea you ha.ve for testing the dynamics by com
manding harmonic collective pitch, in the field. 

A. We plan to oscillate the pitch about a degree with a sinusoidal 
sweep frequency signal. The input would be on top of the control 
signal required to keep the synchronous power about constant and 
on line. Data reduction is to be off line from signals recorded 
on tape. The analyzer is expected to lock on to the signal and not 
the tower shadow. 

Q. What frequency response capabilities can you get with Mod-O actu
ator to induce torque variations for running experimental fre
quency response of the drive train? This data ca n also be used 
to optimize control transfer function. 

A. Experimental frequency response data is most desired to better 
validate the model dynamics. The pitch servo has about a 1.5 cps 
bandwidth. Care will be taken to avoid extended running at large 
amplitude to not deplete the hydraulic pressure in the pitch servo 
accumulator. 

Q. Where would you add more inertia in the drive train to avoid the 
2P bloom? 

A. The power tra.in is supposedly not near a 2P resonance. The bloom, 
however, does look like the response of a low damped resonance. 
The planned experimental frequency response test should help separ
ate effects here. The most effective place for adding inertia, if 
deemed advisable for moving the first mode, is probably on any 
shaft rotating at (or above) the generator speed. 

Q. Where does the second resonance come from? 

A. A normal modes analysis (with no blade degree of freedom) has shown 
the second mode to be primarily across the effective generator 
spring. The model frequency is quite sensitive to the blade degree 
of freedom, however . For example, the second mode natural fre
quency is nominally 3.50 cps for a blade natural frequency of 2.~7 
cps. If the blade spring constant is halved, the second mode fre
quency drops about 30 percent to 2.51 cps. 

Q. What was the generator model? 

A. It was a third order "voltage behind subtransient reactance" 
dynamic synchronous machine model connected to an infinite bus. 
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Q. 

A. 

Q. 

A. 

What kind of excitation control was used for the alternator? 

The Mod-O has a slow VARS control which was simply modelled as a 
constant set to obtain the desired .8 power factor. 

How were numerical values for stiffness and damping properties 
obtained for the shafts, pulleys, and speed changers between the 
rotor and the generator? 

The generator model is effectively the weakest stiffness element 
and the maximum damping element. Mechanical shaft stiffness 
values were calculated from geometry and material properties. The 
manufacturerTs values for the Falk coupling were used. The exter
nal damping parameters were estimates based on a 75 percent 
efficiency and internal damping parameters were estimates to 
achieve at least about .05 damping ratios for the higher order 
modes. 
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DRIVE TRAIN DYNAMIC ANALYSIS 

Nicholas Giansante 

Kaman Aerospace Corporation 
Bloomfield, Connecticut 06002 

ABSTRACT 

A method for parametric variations in drive train dynamic analysis is 
described. The method models the individual components of a drive system, 
forms the appropriate system interface coordinates and calculates the system 
dynamic response at particular frequencies. Application of the method for 
prediction of the dynamic response characteristics of a helicopter trans
mission and a comparison of results with test data is also included. 

INTRODUCTION 

Substructure methods using impedance techniques are a convenient and economical 
means for dynamic analysis of wind turbine drive trains. Response character
istics of a complex structure, such as a wind turbine drive system, may be 
effectively evaluated using the technique described herein. The method models 
the individual components comprising a complex system, forms the appropriate 
interface coordinates and predicts the total system dynamic response at par
ticular frequencies of interest. 

The method has two important features. The first of these relates to reduction 
in degrees of freedom. Analysis of each basic component is performed with as 
many degrees of freedom required to accurately predict the motion at the co
ordinates and frequencies of interest. When the resulting analytical model is 
used, however, the number of degrees of freedom may be drastically reduced and 
must include only the following: (1) those which interface other components 
such as gear mesh line of action coordinates, coupling coordinates and bearing 
support coordinates, (2) coordinates at which structural modifications are to 
be included, (3) coordinates at which a force is applied, and (4) coordinates 
at which dynamic response is desired. 

This reduction in the number of coordinates is performed only once at each 
frequency of interest with no loss in the validity of the analytical model, 
regardless of the extent of the reduction. 

The second important feature relates to the ease with which structural changes 
may be implemented. Structural modifications such as local mass or stiffness 
changes, the addition of springs or dampers between components, addition of 
vibration absorbers and changes in boundary conditions may be cost effec tively 
modeled. 
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THEORETICAL BASIS 

A linear structure may be represented in the frequency domain as a finite 
element model using an impedance formulation in terms of the mass, stiffness 
and damping matrices. 

The relationship between the applied force and the structural response is 

Zy = f (2 ) 

where y is a vector representing the response, either displacements or rota
tions, Z i s the impedance matrix, and f is a vector denoting the excitation, 
either force or moment. Except for an undamped system at resonance or for W 
= 0, Z will not be a singular matrix . Thus 

y = Z-lf = Yf (3) 

where Y is referred to as the mobility matrix and may be determined by inver
sion of the impedanc e matrix. Elements of the mobility matrix are not amenable 
to analytical modeli ng, however, they have physical significance and are 
measurable quan tities r epresenting the deflection at a coordinate due to a unit 
force appli ed at that or some other point. Since each element may be directly 
measured on the actual structure, they are independent of the number and loca
tion of the other degrees of freedom. 

The criterion for a valid impedance matrix is that the elements of its in
verse correctly represent the true response characteristics of the structure . 
Thus, a direct method of obtaining a valid reduced impedance matrix is as 
follows: (1) perform a structural analysis using conventional methods to obtain 
a valid, full size, impedance matrix, Z(w), at each frequency of interest, 
(2) invert Z(w) to obtain a valid full size mobility matrix Y( w), (3) select 
elements from Y(w) corresponding to the coordinates to be retained, which form 
a new reduced mobility matrix, YR( w), (4) finally, the reduced impedance matrix 

is formed by inversion of YR(w): 

(4) 

The reduced impedance matrix ZR( w) is valid only at the frequency at which it 

was formed. There is no special interpretation of ZR( w) in terms of mass 
stiffness and damping matrices. The physical system represented by ZR( W)' 
at the frequency w, behaves precisely as the system under study (Ref 1). 

The reason for spec ifically obtaining the impedance matrix of the red uced 
system is t hat the impedance matrix of a complex structure may be obtained 
by adding the impedance matrices of the separate components at coor
dina t es where the deflections are common. If Za' Zb ' Zs are partit i oned 

impedance matrices of subsystem a, b and the complete system, respectively, 
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.
I 

and ( ~) refers to interface coordinates, ( "') refers to noninterface coo rdi
nates and (- ) refers to coupling between interface and nonin t erface coordi
nates, then 

'" '" 
Za Ia 0 

A 

(5a) Zs = I I + Ib Ib a a 

0 ~ b Zb 

and Y = Z s s 
-1 (5b) 

There are several considerations involved in the practical applica tion of 
this analysis technique as follows: (1) the substructures must be modeled 
as if they were unrestrained at the interface coordinates , (2) it i s not 
important how the reduced mobilities are computed as l ong as t hey are valid, 
(3) the number of reduced coordinates must not be so large that mat ri x inver 
sions are prohibitive, (4) local impedance changes due to addit ion of 
spring-mass systems or boundary condition changes are simply add ed to the 
reduced component impedances, (5) addition of impedance matrices must be 
performed at corresponding elements representing deflections or rotations 
in the same direction, (6) the impedance of spring-damper dev i ces separating 
system components must be added to one of the substructures pri or t o 
synthesis. 

SYSTEM OVERVIEW 

A computer program was developed to implement the analytical techn i que . The 
computer program automatically and conveniently performs the coo rdi nate re
ductions, coordinate transformations, addition of impedance changes, impedance 
matrix addition for subsystems and determination of the mobility ma t ri x of the 
combined system. The program has the ability to accommodate structural mod 
ifications including local mass, stiffness or damping changes, addi tion of 
springs and/or dampers between components, addition of vibration absor bers 
and changes in boundary conditions without performing new and cos tl y analyses 
for each change. Figure 1 presents a schematic of the computer program . 
Impedance matrices of the various components comprising the struct ure are 
formed at the frequencies of interest and stored, with appropr iat e identifi
ca t ion, in the common data bank. Component modifications are performed as 
desired and the modified impedance matrices with appropriate identi f ication 
are optionally stored in the data bank or used in the current analysi s. The 
original component impedance matrices are retained in the data bank. 

The methodology and associated computer program has the capability to modify 
the character i stics of any dynamic component as follows: 
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1. Add Structural Damping 

Structural damping may be added in the form igK, where K is simply the 
component impedance matrix at zero frequency which is stored in the data 
bank. Thus, the component impedance matrix with the addition of structural 
damping at a particular frequency of interest, w, is 

ZMod ( w) = Zo . ( w) + i g Zo . (w = 0) rlg rlg 

where g is the structural damping coefficient. 

2. Addition of Vibration Absorber or Lumped Mass 

The modification of the component impedance matrix due to vibration 
absorbers attached at particular coordinates involves a change in both 
the real and imaginary components of the impedance matrix yielding 

222 2 3 2 
{[ ( 1 ~ ) ] + 4 ( ~ ) } w m 2 (TI) I;w m 

2 2 
[1 - ( ~) ] + 41;2 

+ i 

For the addition of a lumped mass the impedance change becomes 

2 
w m + Zo . (i, i ) ng 

(6 ) 

(7) 

(8) 

In the above equations, w is the frequency of excitation and n, m and I; are 
the undamped natural frequency, the mass and the damping ratio, respectively, 
of the vibration absorber. This change is made in the original impedance 
matrix to the diagonal element corresponding to the point at which the 
vibration or lumped mass is attached. 

• 
3. Addition of Spring-Damper in Series 

Since the addition of a parallel spring-damper system at a coordinate generates 
a coordinate at the free end of the system, an additional row and column are 
included in the modified impedance matrix. If k is the spring rate and 
c the damping rate of the system, the modifi ed impedance matrix becomes 
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Attachment 
Coordinate 

. .. ( ZO. + k + i c) ng 

Additional 
Column 

J 0 
I . 
I ... ,(k+ic) 
I 
I 
I 

-------------------------t------------
••. O •• (k + i c) ..... O .•.• I(k + i c) 

Add it i ona 1 Row 

4. Addition of Spring-Damper to Ground 

In this situation the modified impedance matrix is simply the original 
impedance matrix with each diagonal element altered by the spring-damper 
system impedance: 

5. Coordinate Transformation 

(9) 

(10) 

Any linear transformation of coordinates may be effected. Rotations, sign 
changes and combinations of rotation and translation are common applications. 
Transformation of local coordinates into the global system for component 
synthesis is a typical application. Additionally, transformation of coor
dinates on interfacing components to conform to the direction of the line of 
action of a gear mesh may be implemented. If the transformation matrix is 
defined as T, the impedance matrix for the transformed coordinates 
becomes 

6. Coordinate Reduction 

T = T Zo . ng 

Coordinate reduction must be performed on the mobility matrix since the 
elements of this matrix have individual physical significance. Thus, to 
accomplish a coordinate reduction the impedance matrix for a component 
must be retrieved from the data bank and inverted to yield the mobility 
matrix. The coordinates to be eliminated are removed from the mobility 
matrix and the resulting matrix inverted to form the desired reduced 
impedance matrix. 

1 
YOrig :: ZOrig YMod = (YOrig ) ; 

Reduced 
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APPLICATION 

The method was successfully applied in a vibration study of a helicopter 
tran smission shown schematically in Figure 2 (Ref 2). The configuration 
was appropriate to a substructure type analysis satisfying the requirements 
of a small number of components and a small number of excitation freq uencies. 
The transmiss ion case and each of the shafts were treated as substructures 
with interfaces at the bearings and gear meshes and which cou ld be reduced 
to an analytical model with a small number of coordinates. The study in
cluded such effects as bearing stiffness, mass and stiffness changes in the 
shafts, case damping, case vibration absorbers and mounting characteristics. 

To validate the dynamic substructure analysis method, analytically derived 
vibration characteristics were compared to simulated operational test data 
for a Kaman SH-2D helicopter main transmission. Acceleration response of 
the transmission case, measured normal to the surface, at fourteen selected 
points was compared to the respective analytically obtained response. 
Figure 3 presents a comparison of measured and predicted case surface 
accelerations in peak g's for excitation applied at the planetary system 
fundamental frequency of 348 Hz at 80% rotor rpm and a torque loading of 
9120 in-lb. 

WIND TURBINE APPLICATION 

The method may be cost effectively applied in wind turbine drive train dynamic 
analyses. A typical wind turbine power system, including a torsional isolation 
system is presented i n Figure 4. Using the rotor, torsional isolation system, 
gearbox and generator impedance matrices the torque response at the generator 
may be determined. Thus, parametric studies may be easily conducted to 
evaluate the effect of torsional isolation system, gearbox modifi cations and 
generator structural characteristics on the generator output. 

CONCLUSIONS 

1. An analytical method and associated computer program have been developed 
which have application in the dynamic analysis of a linear complex struc
ture and modifications of it at a small number of discrete frequencies. 

2. The method has been successfully demonstrated in the dynamic analysis of 
a helicopter main transmission where the components consisted of a gearbox 
case, the shafts and gears and a planetary system. 

3. The method has application in the dynamic analyses of wind turbine drive 
systems. 
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DISCUSSION 

Q. Are there problems with inversions if experimental data are used? 

A. Information loss can be significant when developing an analytical model 
from experimental data. Information loss in inversion can be minimized 
if the ratio of extreme eigenvalues which characterize the structure is 
minimized. One approach is to form several models, each valid over a 
limited frequency band, within the complete frequency spectrum. An 
alternate technique is to use the method of incomplete models of dynamic 
structures (Ref 3) which combines analytical and test data to yield a 
model which is valid for the points of interest over a limited frequency 
range. 

Q. Does provision exist in planetary gearing for torsional damping? 

A. Torsional damping can be introduced in the planetary gear mesh by 
adding structural damping at gear mesh coordinates. 
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MOO-l WIND TURBINE GENERATOR ANALYSIS 

Robert S. Barton 

General Electric Company 
Valley Forge Space Center 
Philadelphia, Pa. 19101 

ABSTRACT 

A general summary of the MOD-l Wind Turbine Generator control system and 
simulation is presented. Mechanical and speed stabilizati on control 
means to add drive train damping are mentioned and MOO-l simulation results 
showing the effects of speed stabilization are displayed. 

INTRODUCTI ON 

This is an overview of the MOD-l Wind Turbine Generator dynamic simulation 
performance characteristics and control. The MOO-l, designed by the 
General Electric Company, Space Division, Advanced Energy Programs, will be 
installed at a site near Boone, North Carolina. Under NASA Lewis Research 
Center direction, the design is a horizontal axis, constant speed system for 
a mean wind regime of 8 meters per second (18 mph) and rated at 2000 KW 
electrical at 11 meters per second (24.5 mph) at sea level. 

Figure 1 shows the system which has a two-bladed, 200 foot downwind rotor. 
A step-up gearbox transfers rotor power to a synchronous generator housed 
i~ a nacelle which .is supported by a truss type tower. Generation is at 4160 
volts and the design provided for connection to the utility grid at a nominal 
12-47 KV distributton level. The overall design is similar to the MOD-OA 
system but an order of magnitude larger in rating. 

DRIVE TRAIN 

Power flow in the drive train shown in Figures 2 and 4, is from the blades, 
into the rotor hub. through a low-speed shaft with gear coupling ends into 
the gearbox, then through a torque limiting coupling and high-speed shaft to 
the generator . System inertia at the rotor is just above 2 million lb.-ft.
second squared. 

Drive train frequencies, exclusive of blade responses, can be represented with 
a three-inertia system for phenomenon in the wind frequency range. The rotor, 
gearbox, and generator are the reference inertias with stiffness and damping 
elements between the rotor and gearbox representing the low-speed shaft and 
similar elements between the gearbox and generator representing the gearbox 
a nd high-speed shaft flexibilities . 
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Generator air gap torque appl i ed to the generator inertia when on-line has 
s ti f fness and damping characteristics relative to the electrical grid syn
ch ronous r eference, as well as an active torque contribution due t o excitati on 
system influence. The design range of operating power and effective i mpedance 
to the utility grid reference make the apparent stiffness of the air gap vary 
over a three to one range which resuits in drive train frequency mig ration. 

MOD-l on-line fundamenta l drive train frequency is less than 1 per rev over 
the entire range and the second drive train torsional frequency is abo ve 4 per 
rev. This places them outside the dominant 1 to 4 per rev excitation and bl ade 
response from wind shear and tower shadow. Shaft speed is 35 rpm. 

DYNAMIC CONTROL 

The dynamic control system on MOD-l has two effective means of control. One 
i nput controls blade power gain by full span pitch control. The second input 
contro l s excitation or rotating magnetic field strength on the salient pol e 
synchronous generator. Figure 3 shows the basic control loops of the sys t em. 

Inputs to the control system are wind speed via multiple sensors, rotor speed , 
gener ator speed, generator voltage, real power, and reactive power. 

Durin g start up and off-line rated speed operation hlade power gain is clos ed 
loop controlled from generator speed. During on-line operation, blade power 
ga in is cl osed loop controlled from generator power with wind speed fe ed forw ard 
augmentation. The excitation system on-line is closed loop controlled from 
voltage, speed, and reactive power. By modulating excitation with a s peed 
de rived stabilization signal, increased damping is provided at the drive train 
fu ndamental frequency. 

Start up and shut down sequencing, yaw control, alarm monitoring, operator 
interface and general signal and command information are provided by means of 
a distributed processor system. System control and monitoring may be performe d 
on site or remotely. 

MECHANICAL STABILIZATION 

The MOD-O systems are utilizing fluid couplings in the drive train to obtai n 
near critical damping at the drive train fundamental with a few percent speed 
difference, or slip. Implementation of a similar device on an order of ma gn itude 
larger MOD-l system, while analytically sound, is a cost, size, and loss dis 
sipation problem when the major benefit, more damping, can be provided via an 
active excitation control in a more cost effective manner. 

In the same vein, a squirrel cage induction generator in the megawatt clas s has 
the slip mechanical characteristic to provide damping but is less efficient an d 
removes the control opportunity of an excitation system. Torque control must 
be upgraded to provide the same electr';c al system perfo rmance as a synchronous 
machine or a loss in voltage excursion control must be accepted. 
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SPEED STABILIZATION 

Inputs to synchronous generator excitation systems to improve power transfer 
stability margins have been used on large power systems for some time. 
Reference 1 is one of the early papers on the technique. Signals derived from 
shaft speed and output power have been used to modulate the excitation system 
to improve the apparent damping of the generator mechanical system. 

limitations exist in the frequency response of an excitation system that 
determine whether stabilization techniques will be effective at the desired 
frequency. For example, an attempt, reported in Reference 2, was made to 
decrease the 2 per rev response on MOD-O with less than encouraging results. 
A careful analysis of each system a~d suitable compensation of th~ control 
signal must be provided for optimum effect. 

On the MOD-l system, a shaft speed signal, suitably compensated, is utilized 
to vary excitation and improve the effective damping of the fundamental on-line 
drive train torsional frequency. This frequency is relatively stable over 
the power range of operation because the mechanical stiffness elements are 
relatively "soft" and the variable generator stiffness thus has less influence 
on the fundamental. 

The unstabi1ized fundamental is around 2.4 radians per second 
with an unstabi1ized damping of around 5 percent of critical. 
vary slightly with the voltage regulator gain settings, power 
electrical system effective impedance and voltage. The speed 
system improves the MOD-l damping to a respectable 25 percent 
followi ng. 

SIMULATION MODEL 

or 0.7 per rev 
These numbers 

level, and 
stabilization 
in the results 

Since the MOD-l system is not yet built, the characteristics presented are 
based on analytical frequency and time domain studies using the general model 
shown in Figure 3. In addition to the drive train previously noted, blade 
and electrical dynamics are carried as well as detail modelling of the torque 
and excitatior. control systems. Figure 4 shows the basic drive train mechanical 
model. 

Simulation for time domain results on the MOD-1 system is implemented on a 
hybrid computer system. The mix of small time constants in the controls and 
low frequency mechanical ··responses plus the d~sire to examine long time response 
to filtered random noise "wind" make this analytical tool superior to the con
ventional di~ital numerical integration approach. Digital techniques are 
utilized for frequency domain analysis. Hybrid output is on 24 channels of 
pen recorder with 16 channels on fixed variables. Table 1 shows the fixed 
output variables used. 

169 



STABILIZER SIMULATION RESULTS 

In the limited scope of this presentation, only the dampin g augmentation 
performance provided by the MOD-r speed stabilizer will be shown. 

First, the system response to a step initial deflection condition will be 
shown with the excitation system closed loop but without wind input or 
torque control. Figure 5a shows the case without the s~abi lizer. Time 
scale is one second per division ana ampl ituae scales are indicated. The 
nigh frequency osci 11ation superimposed on the fundamental is a gearbox 
inertia mode. The fundamental is 2.4 radians per second at 5% damping ratio. 

Figure 5b illustrates the excitation system response to a 1.5% step change 
in on-line voltage reference. The MOD-l solid state voltage regulator is 
capable of negative field forcing and is set for about 15% damping ratio 
oscillatory behavior. 

In Figure 6a, the same initial condition as in 5a is applied but with the 
stabilizer circuit closed loop. The damping has increased to a respectable 
25 percent of critical at the fundamental. No improvement is observed or 
expected at higher frequencies of oscillation as the stabilizer loop is keyed 
to a single frequency. Figure 6b illustrates the response to a step change 
in on-line voltage reference with the stabilizer. Note that there is a 
penalty to pay for the stabilizer, a slight increase in excitation system 
oscillation which will contribute to increased voltage variation. 

Figure 7 shows the effect of steady wind forcing the system, with response 
to tower shadow and wind shear continuous excitation clearly showing up in 
mechanical and electrical system response. System response to two steps, 
down and up; in voltage reference are shown. The steady state peak to peak 
terminal voltage excursion is less than 1.0 percent, will be reducec with 
suitable compensation and will be less at a critical load bus. This mag
nitude is within acceptable utility standards at the frequency of occurance. 

CONCLUSIONS 

The technique of stabilization by utilizing the excitation system capabilities 
of synchronous generators is shown to be an effective means of increasing the 
damping of the fundamental torsional frequency of megawatt class horizontal 
axis wind turbines and is being applied for that purpose on the MOO-1 system. 
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DISCUSSION 

Q. Were systems with and without wind feed forward tried? MOD-O test data 
shows both good and bad results . 

A. MOD-l simulation has used wind feed forward in an idealized manner with 
good results. The idealization incorporates sensor and mechanism time 
constants but assumes that the wind sensed for control purposes is the 
same as the wind producing rotor torque with suitable time shift to accom
modate upwind sensor mounting . 

MOD-l has hardware to sense the wind field with more than one sensor where 
MOD-O uses a single sensor. If the sensed wind for control is not repre
sentative of the wind field producing rotor torque, ambivalent results can 
be expected. Further work is indicated in the implementation of an inex
pensive means of large area wind sensing for wind turbine control. 

Q. What was the technical tradeoff concerning selection of a synchronous 
generator with active excitation control versus an induction generator? 

A. Basically, an induction generator was rejected for MOD-l because of exces
sive voltage dips due to wind gusts when connected by reasonable distribu
tion system connection impedances. Performance simulation runs had twice 
the voltage dip with induction than with synchronous for the same effective 
pitch control gain and wind disturbance. Also, the MOD-l specification 
called for a synchronous machine . 

The MOD-l synchronous with speed stabilizer provjdes comparable on-line 
drivetrain torsional frequency damping with that resulting from an induc
tion generator without the loss in efficiency. This type of machine 
decision tends to be site oriented and such factors as very small connec
tion impedance, faster response blade power gain control, and smaller 
machine rating may contribute to a different conclusion for a different 
application. 

Q. Is the blade pitch control l oop inactive in damping the system as you 
have modeled it? 

No, closed loop pitch control increases system stability and improves 
drivetrain damping. The res ults showi ng speed stabilizer and excitation 
system performance to step i nput s were run with open loop pitch control 
and no wind disturbance in order to bette r i llustrate the main topic. 
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TABLE 1. - MOD-1 HYBRID SIMULATION FIXED OUTPUT VARIABLES 

VwBl 

61131 

L~Bl 

~~LS 

~~HS 

!:::.'Tt 
4 
EFD 

Vr 

.6ET 

Cos ~ 

.6Wg 

6Wr 

Pe 

Qe 

Wind at Nacelle Centerline 

Wind on Blade 1 including shear an d tower 
shadow affects 

Aerodynamic torque on Blade 1 - Variational 

Blade degree of freedom response - Variational 

Rotor to gearbox response - Varia tional 

Gearbox to generator response - Variational 

Air gap torque - Variational 

Pitch angle at .75 blade radius 

Generator field voltage 

Voltage regulator output voltage 

Generator terminal voltage - Varia t i onal 

Generator power angle to infinite bus vo ltage 

Generator speed - Variational 

Rotor speed - Variational 

Real Power 

Reactive Power 
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METHODS OF ATTENUATING WIND TURBINE AC GENERATOR 

OUTPUT VARIATIONS 

Harold Gold 

National Aeronautics and Spac e Administration 
Lewis Research Center 
Cleveland, Ohio ~~135 

ABSTRACT 

Wind speed variation, tower blockage and structural and inertial fac
tors produce unsteady torque in wind turbines. Methods for modi f ying 
the turbine torque so that steady torque is delivered to the coupled 
AC generator are discussed. The method that may evolve will be 
influenced by the power use that develops and the trade-offs of cost, 
weight and complexity. 

INTRODUCTION 

The production of AC power at substantially constant level by a wind 
turbine driven synchronous generator has not yet been achieved. 
Improvements in blade angle response and torsional damping appear to 
be steps that will lead to significantly reduced power distortion 
from wind velocity variation; but the as yet unexplained and prob
ably characteris t ic persistance of the 2P tower shadow effect 
observed on Mod 0 may be more difficult to attenuate. A number of 
methods of attenuating the tower shadow effect have been tried or 
have been proposed. A review and discussion of a number of these 
methods will be given herein. The methods included are listed in 
Table I. 

WIND DISTURBANCE 

Direct wind disturbance was analyzed in reference 1, where a damped 
compliant shaft was found to be effective for attenuating gust di stur
bances . The effect of a finite capacity network was not evaluated 
and the shadow effect was not considered. 

Some experience with the feed-forward concept has been obtained on 
Mod 0, where it has been found to be partially effective. The Mod 0 
system could very likely be improved by faster pitch operation and 
wind velocity signal averaging. 
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TOWER SHADOW/ STRUCTURAL DISTURBANCE 

The compliant shaft with a combination of mechanical and generator 
induced damping as the means of attenuating the 2P tower shadow 
effect is being planned for Mod 1 and Mod 2. There is an uncertainty 
about the effectiveness of this approach because Mod 0 data show a 
considerably greater 2P disturbance than is predicted by the present 
spring-mass models. The feasibility of obtaining adequate damping 
through generator damping windings and exciter manipulation remains 
to be demonstrated, and much the same can be said for a satisfactory 
mechanical-torsional damper. 

The slip coupling was used on the Smith-Putnam wind turbine, but 
definitive data is not available. Operation on Mod 0 has shown that 
a two percent slip furnishes sufficient damping to completely sup
press the first generator-torsion resonant peak. However, the coup
ling does not suppress the power dip at 2P because the coupling is 
neither an energy storage or active device. Power loss in steady 
state is an added disadvantage of the slip coupling. 

Two torsion dampers that do not cause a power loss in steady state 
are shown in Figure 1. The elastomeric shaft is made up of coaxial, 
tubular segments that are bonded together by an elastomeric compound. 
A model has been built and is awaiting test on Mod O. Bench tests of 
this model show very high compliance and substantial damping. 

The second configuration shown in Figure 1 is currently in use on 
engine mounted aircraft generators. The compliance is provided by 
the spring steel quill,and the clutch type flanges provide the damp
ing. 

If a wind turbine generator that produces substantial power variation 
is coupled to a large power facility, it looks to the line as a noisy 
consuming device, but the line impedance may be so low that the ef
fect is not seen. However, oscillatory stresses on the wind turbine 
structure, which are principally the result of line synchronization, 
are not attenuated. 

A small parallel generator can provide an effectively low parallel im
pedance, provided the governing of the prime mover is sufficiently 
responsive. This result was reported in reference 2. 

Direct mechanical power insertion or extraction can be accomplished 
through the planetary differential. A system of this type has been in 
use on aircraft gas turbine driven generators for over a decade. A 
schematic drawing of this gearing is shown in Figure 2. In this con
figuration, the wind turbine drives the planet carrier, the ring gear 
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drives the generator and the sun gear is held or driven by the auxil
iary motor. At design conditions the motor speed is zero, and the 
motor runs in either direction, the direction depending on the exis
tence of either a power excess or deficiency. The power capacity of 
the motor can therefore be set at the maximum expected wind turbine 
power variation or about 20 percent of the generator power. 

On the aircraft system the motor is hydraulic and is supplied by a 
variable displacement, engine driven pump. The engine also drives 
the planet carrier. The motor compensates for a steady state speed 
variation of approximately ~ 25 percent. In the wind turbine case 
there is no steady state power requi rement. For this reason and be
cause efficiency is less important, the motor could be supplied by a 
servovalve instead of a variable displacement pump. The aircraft 
system parallels AC generators through a phase-lock loop. Phase lock 
could be applied to the wind turbine mechanical power insertion 
system. 

The planetary transmissi on can also be used to provide a very low 
compliance and damped shaft. For this function, the sun gear is held 
from rotating by a lever arm that is restrained by a spring and a 
dashpot, or by a torsion spring and a rotary dashpot. The spring and 
dashpot do not rotate and therefore a very wide range of spring con
stants and damping coeffi cients can be incorporated. 

The system employed on aircraft utilizes the planetary because it 
provides a system of considerably higher efficiency than a full hydrau
lic drive system. Efficiency is not as important in the wind turbine 
case, and therefore a full hydraulic drive can be considered. A full 
hydrostatic drive system was reviewed by a proposer on Mod 2. It was 
not proposed mainly because the variable displacement pump of suffi
cient size was not in production, but its development was considered 
to be technically feasible. 

The power level presently being considered for low cost, fixed pitch 
wind turbines is well within the range of available hydraulic pumps 
and motors. A hydrostatic drive comprising a turbine driven vari
able displacement pump operating in a constant pressure control mode 
and driving a fixed displacement generator drive motor has many 
important technical capabilities for this application. AC power of 
very constant level could be produced even in the presence of the 
large torque variations that will accompany fixed pitch, synchronous 
operation. 

There is a multiplicity of possible pump, motor and gear configura
tion, and therefore the optimum cost, weight, complexity and perfor
mance trade-offs will require a detailed study. 
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Complete decoupling of the power line from the wind turbine can be 
accomplished through the use of a D.C. generator and a D.C. to AC 
converter. The conversion could be accomplished through a motor
genera.tor set or through a solid state device. The wind turbine has 
certain desirable characteristics with this system, but motor
generator set is costly, and the solid state converter i s susceptable 
to noise generation. 

CONCLUSIONS 

It is currently feasible to consider direct hydrostatic drives, 
connected to the turbine through a gear box, for power levels up to 
200 kw, and hydrostatic-planetary drives up to 1000 kw. AC power of 
high quality could be produced by wind turbines through the develop
ment of these systems. The broad use of wind turbine AC power may 
depend on the quality of the power. The configuration of direct or 
augmented drive that evolv es will be shaped by the power use that 
develops and the trade-offs of cost, weight and complexity. 
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DISCUSSION 

Q. Why the need for damping when in the complia.nt drive system the 
effect is to decouple the oscillating rotor loads from the gener
ator, particularly at power conditions below rated? 

A. Damping in the compliant shaft attenuates ringing during gusts and 
provides a stabilizing factor under closed loop power control 
through pitch variation. The correct amount of damping in the 
compliant shaft will moderate power oscillation at all power levels. 

Q. Would not a tuned passive restraint of the planetary sun gear system 
be satisfactory? 
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A. The practicality of a tuned passive restraint should be experiment
ally evaluated. It can be expected to smooth out the 2 P power 
oscillation; however, the benefits under rapid changing wind speeds 
would be much less than that of an active restraint. 

Q. Is the approximately 10% power loss associated with a direct hydrau
lic drive an acceptable price to pay for Itclean" power? 

A. In combination with a planetary drive, the maximwn hydrostatic 
transmission load will be less than 2~1o of the generator power, and 
the average load will be approximately 5%, giving a power loss of 
approximately 1/ 2%. 
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TABLE I. - ATTENUATION METHO DS 

I Wind Disturbance 

Damped compliant shaft 

Wind feed forward 

II Tower shadow/ structural disturbance 

Compliant shaft + 

Slip coupling 

Mechanical damping 

Generator damping 
1-

Low impedance line 

Auxiliary power insertion Constant speed - parallel genera.tor 

Differential gearing 

Hydraulic power generation + AC drive 

D C generation + AC conversion 
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Figure 1. - Dynamic torsion dampers. 
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DYNAMICS OF DRIVE SYSTEMS FOR WIND ENERGY CONVERSION 

Manuel Martinez-Sanchez 

Massachusetts Institute of Technology 
Cambridge, MA 02139 

ABSTRACT 

Calculations are performed to determine the dynamic effects of mech
anical power transmission from the nacelle of a horizontal axis wind machine 
to the ground or to an intermediate level. It is found that resonances 
a re l ikely at 2 or 4/REV, but they occur at low power only, and seem easily 
correctable. Large reductions are found in the harmonic torque inputs t o 
the generator at powers near rated. 

Introduction 

Due to the large weight of the gear-up and generation equipment in 
horizontal-axis wind turbines, there have been suggestions that it migh t be 
desirable to transmit the power mechanically to the base of the tower, where 
electrical conversion would then take place. Although hydraulic transmission 
involving a controllable pump-motor pair is a possibility, considerations of 
pump mass and efficiency at low rpm, as well as long term reliability, i n
di cated that mechanical transmissions are to be preferred . Of these, onl y 
the concepts involving a long vertical shaft will be considered here (chain 
belt drives might be lighter, but would require more servicing). 

A decision on the most desirable location for the conversion equipmen t 
ca n only be based on a design and cost study which accounts for the accomp
anying modifications of nacelle and tower design. We are presently conduct ing 
such a study, and this paper will focus on the drive train dynamic implicat i ons 
of the choice of configuration. 

Cas es Studied 

Figure 1 gives in schematic form the three configurations selected as 
r epresentative of the range of possible arrangements. Case I is the standard 
(al l aloft) configuration. Case 2 involves transmiision of low speed, high 
t orque power through a 90 0 bevel gear all the way down to the speed increaser 
and generator on the ground. In Case 3 the gearbox is aloft, and only h igh 
s peed, low torque power is transmitted to the generator on the ground . I nter
media te cases , with the equipment mounted halfway down the tower were also 
cons i dered for cases 2 and 3. 

Model Description 

For purposes of dynamic analysis, a three-mass system was assumed. The 
iner tias are those of the rotor blades plus hub, the gearbox and the generator 
ro t or respectively (shaft inertias are neglected). The stiffnesses are t hose 
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of the connecting shafts, modified in the case of the blades and the generator 
as described below. 

The physical parameters (sizes, masses, stiffnesses) corresponding to a 
given configuration, rated power and mean wind speed were determined using a 
combination of ab-initio calculations and judicious extrapolations from the 
more detailed designs reported in Refs. 1, 2, and 3. The low speed shaft was 
assumed hollow, with internal-to-external diameter ratio of 0.54, and it was 
dimensioned for both torsion and bending. The high speed shafts were taken to 
be solid. In all cases, allowance was made for extended fatigue life. 

The generator was assumed to be a 4-pole synchronous alternator, con
trolled for constant power anp,le, and hence its equivalent torsional stiffness 
was varied in proportion to V3 c (V/nR), where c is the power coefficient. 
No other non-linear elements we~e assumed. p 

The rotor blades were represented by its polar moment of inertia relative 
to the shaft, (taken to scale like R5'V~I ) and by an equivalent stiffness 
due to their "S-mode" lag bending. This m?iffness was obtained from estimated 
in-plane natural frequencies, together with the blade inertias. The two blade 
stiffnesses were added together, and the inverse of this sum was added to the 
input shaft stiffness. 

For calculational purposes all angular deflections, stiffnesses and 
intertias were reduced to the high speed side of the speed changer. 

Discussion of Results 

Most of the work centered on the sizes of 500 and 1500 KW, very similar 
in characteristics to those described in Ref. 2. Figures 2 and 3 show the 
variation of the drive train natural frequencies with generated power. Five 
cases are included for each size, namely, conventional nacelle (Case 1), long 
slow shaft (C2, sh = 1), intermediate slow shaft (C2, sh = 0.5), long fast 
shaft (C3, sh = 1), and intermediate fast shaft (C3, sh = 0.5). Only the 
two lowest modes are included, since the third mode has very high natural 
frequencies. The mode shapes for some of the cases are depicted in Fig. 4, 
where the deflections are normalized by the one with maximum value, and are 
reduced to the high speed side. Therefore, the actual deflection of the 
rotor disc can be obtained by dividing the amount shown by the gear ratio 
(of the order of 60). Mode I, with the lowest frequency, is a collective 
oscillation of all inertias (but mostly the rotor) resisted by the generator 
field and the low speed shaft. In Mode II the rotor is nearly fixed, and the 
other inertias oscillate against generator and slow shaft again. As discussed 
for instance in Ref. 4, rotational excitations arising from stationary dis
turbance sources can only have frequencies at even multiples of the rotation 
frequency. From Figs. 2 and 3 we can see that, from this point of view the 
standard designs (CI) are safe, since neither 2/REV nor 4/REV or even 6/REV 
disturbances will excite modes I or II at any power. The lowest frequency 
(Mode I) is below 2/REV, while the next frequency (Mode II) is at about I 
6/REV. The longer shafts of cases C2 and C3 have the effect of depressing I 
both natural frequencies, with the result that mode II now becomes resonant , 
at some intermediate power level (at 4/REV for case C3, and both at 4/REV and I 
2/REV for case C2). Notice that even for the full length high torque shaft, 
a very large stiffness reduction would still be needed to bring all of Mode II I 
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below 2/ REV. This can be artificially provided by a flexible coupling, but 
the point is tha t s haf t lengthening by itself is not an effective way to 
achieve dynamic decoupling . 

This point is f ur ther emphasized in Figs . 5 and 6, which show (for the 
500 KW case) t orque t ransmi ssivities from the rotor disc to the generator 
input shaft, namely, t he ratio of torque amplitudes for harmonic excitations 
at 2/REV (Fig. 5) and 4 / REV (Fig . 6) . At relatively high powers, near rated, 
the long shaf ts do a chieve large reductions in the torque transmissivity, 
especially at 2/REV. However, this is achieved at the cost of resonances in 
the range below 200 KW of power. The sharpness of these resonances suggests 
however that with modest amounts of damping, combined with del iberate avoid
ance of pro longed synchronous operation at those low power levels, these 
resonances may not pos e a fundamental obstacle . 

Conclusions 

(1) Long transmission shaf ts to ground can lead to 2 or 4 / REV drive train 
resonances at low power levels. 

(2) They do reduce gr ea tly the harmonic torque inputs to the generator at 
near rated power. 
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DISCUSSION 

Q. Would you comment on the accuracy of your results if you include long shaft 
bending modes and pos s ible feeding of energy for torsional DOF's to bending 
ones (as in classical Den Hartog or Ker Wilson)? 

A. The accuracy of t he torsional vibration calculations is not affected by 
bending, provided whirling resonances are avoided . In principle, this can 
be done by providing intermediate bearings so that the critical shaft 
frequencies are r aised above the shaft turning frequency. For Case 2 
(long low speed shaft), a single intermediate bearing accomplishes this 
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(especially i f t he shaf t i s made hollow). For Case 3 ( long high speed 
shaft) operation bel ow the fir s t cri t ical speed would require one bearing 
every 1.6 ill of shaft roughl y; but since lateral loads are not involved, it 
should be f easib l e to operate, say, between the second and third criticals, 
which implies s pacings of about 4 m between bearings (or about 10 of them). 

Q. Physically how woul d you propose a damper for the long shaft? 

A. What is of inte r est i s to damp out the generator shaft oscillati ons. 
Notice that the pos sib le resonant conditions at 2P, 4P , etc . all affec t t he 
second mode of t he drive, which involves largely generator osciallations, 
with little partici pat ion of the massive rotor blades. Therefore any 
method of int roducing damping at or near the alternator should prove 
effective . As an example, one can estimate that for our Case 2 (long slow 
shaft), genera t or damping to the tune of 0 . 2 of critical (based on the 
isolated a l terna t or) is sufficient to reduce the peak response at the 2P 
resonance t o less t han ±3 electrical degrees for rotor torque inputs equal 
to rated torque. 
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SOME ALTERN ATIVE DYNAMIC DESIGN CONFIGURATIONS 

FOR LARGE HORIZONTAL AXIS WECS 

Kurt H. Ho henemser 

Washin g ton Uni v ersity, St. Lo ui s , Missouri 63 1 30 

Abs tract 

The present US develo p me nt e f fort t oward large hori 
zontal axis WECS c o ncentrate s on th e con figuration with 
two rigid blades wit h collect i v e pitch variation and a 
y aw gear drive. Alternative configu rations without yaw 
gear drive are c o n s idered where the rotor is either self
centering or where the y a w a n g l e i s co nt rolled by b l ade 
cyclic pitch inputs. A preliminary evaluat i on of the 
dynamic characteristic s for t h e se a lternative design con
figurations is p re s ented. 

List of Symbols 

a 

c 

lift slope 

blade chord at .7 R st a tion 

= M /p~ R3 ( nR ) 2 a a yaw moment coefficient 

- . 
= oC M/oX partial de ri vative with respect to X 

= a CM /a~ partial der ivative with respect to ~ 

nacelle mo men t of i ner ti a about yaw axis 

b lade moment of iner t ia about rot o r center 

average rotor mome nt of in ertia about yaw axi~ 2 
b l ades: I R = I b , 3 blades IR = (3/2)Ib 

Acknowle d gments: The autho r i s indebted to Dr . S. T. Crews of 
AVRADCOM , St. Louis for sett ing u p and conducting the wind
tunnel tests rep o r t e d here . The author is also indebted to 
his colleague Dr. D. A. P e t e rs fo r performing some of the 
analy tical work for wh ich re su lts are given here. 
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List of Symbols (cont') 

M 

N 

p 

R 

T 

t 

v 

'( 

o o 

o c 

)1 

p 

C1 

X 

yawing moment 

number of blades per rotor 

non-dimensional blade natural flap frequency when 
rotating, frequency unit Q 

rotor radius 

= QR/V tip · speed ratio 

non-dimensional time, unit I/Q 

wind velocity 

4 = peaR lIb blade Lock number 

collective pitch 

cyclic pitch 

= VX/QR non-dimensional velocity in rotor plane 
from yaw angle X (small X assumed) 

air density 

= Nc/nR rotor solidity ratio 

yaw angle, defined in Fig. 8 

angular rotor speed 
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Introduction 

The MOD-O wind turbine has initially experienced dynam i c 
difficulties with the yaw gear drive that had to be consid 
erably stiffened by adopting a dual drive system (referenc e 
1). The yaw gear system stiffness requirements will be even 
harder to satisfy for larger WECS. It thus seems appropr iate 
to look into some alternative dynamic design config u ration s 
that are less demanding of the yaw gear drive or that can 
possibly do without this drive. A very cursory examination 
of the economic potential of wind electric power shows that 
even relatively small first cost or maintenance cost savings 
may mushroom into billions of dollars. If wind power capt u r e s 
10% of the future yearly US investments in electric power 
plants we will have investments in WECS in the order of 2 
billion dollars per year or 20 billion dollars per decade . 
Before embarking on such a large capital program we better 
make sure that we have not overlooked alternative WECS designs 
with possibly lower initial and/or life cycle costs. A very 
rough outline of some such alternatives will be given here . 

Eight Pairs of Alternatives 

Table 1 shows 8 pairs of alternatives for horizontal 
axis WECS configurations. The first five are conventional 
classifications and are listed for example in reference 2. 
Another important alternative - two or more blades per rotor -
is not included in Table 1 since we will mainly discuss here 
two-bladed wind turbines. Mast and nacelle dynamic loads and 
vibrations can be reduced by adopting more than 2 blades and , 
in the long run, the selection of a 3 or 4 bladed wind turbine 
may payoff despite the greater first cost. In rotor craft, 
2-bladed rotors are limited to smaller sizes and all large 
helicopters are 3 or more bladed. There are, however reasons 
for this preference that may not apply to wind turbines. 

The alternatives 6 to 8 are unconventional. Cyclic pitch 
is today a standard requirement for rotorcraft and in the 
following we will discuss its potential application to wind 
turbines. Gearless yawing is of course a feature of most s mall 
WECS that have an upwind rotor and a vane downwind of the mast . 
For large systems the vane size would become rather awkward 
and vanes have been replaced by yaw gears. What is meant here 
in Table 1 is vaneless and gearless yawing. This can be 
achieved either by a downwind turbine that has self-centering 
characteristics, called here rotor self~awing, or by cyc l ic 
pitch controlled yawing. The first feature was tested by 
Saab-Scania on their 75 KW wind turbine, see reference 3 . It 
was also suggested by Boeing-Vertol, see reference 4. 
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A recent interesting study is concerned with the first 
3 pairs of alternatives in Table 1, see reference 2. For 
the case of 2 rigid blades with variable collective pitch 
3 combinations of the alternatives 1 to 3 were looked at: 

1. rotor downwind, rotor axis tilted 12°, blades radial 

2. rotor downwind, rotor axis level, blades coned 12° 

3. rotor upwind, rotor axis tilted 12°, blades radial 

Loads for blade root bending , hub bending and hub torque in 
selected load cases have been determined for a 200 ft diameter 
wind turbine. The first two configurations have about the 
same hub bending moments and torques, while the third con
figuration shows largely reduced hub loads, particularly in 
the hub torque. The reason is the mast wind shadow for the 
downwind configuration assumed to reduce the inflow velocity 
by 22% over 30° azimuth angle, see reference 1 for a sub
stantiation of these assumptions. 

The alternative 4, hinged or rigid blades, is treated 
for a 2 bladed wind turbine in reference 5, A teetering 
hinge entirely relieves the nacelle of gyroscopic and aero
dynamic hub moments, though the effects on the blades are 
less pronounced, since they receive a large portion of their 
bending moments both flapwise and chordwise from gravity, 
the more so, the larger the turbine. Thus the main effect 
of a teetering hinge is to alleviate nacelle and mast loads 
and vibrations. In particular) the yaw gear drive is relieved 
of loads when a teetering hinge is adopted. Thus the overall 
weight and cost of the system may well be smaller with 
teetering hinge than without. The rather successful Allgaier
Hutter wind turbine that operated between 1958 and 1967 in 
Stotten, F.R. Germany, had a teetering hinge that allowed 
+ 7° teetering,limited by elastic stops. The unconventional 
pairs of alternatives 6 to 8 are the main topic of this paper. 

Five Alternative Configurations 

Table 2 shows for the 8 alternatives of Table 1 the 
columns 1 or 2 applicable to 3 actual large WECS and to 2 
configurations without yaw gear drive. The 3 actual large 
WECS began to operate in 1940, 1958 and 1975 and they have 
in most respects the same features. Differences exist only 
with respect to alternatives 2 and 4; level or tilted rotor 
axis, hinged or rigid blades. Actually there is a difference 
not shown in Table 2, since the Smith-Putnam wind turbine had 
a hinge for each blade, while the Allgaier-Hutter turbine had 
only one teetering hinge. 
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The two rigid blade configurations without yaw gear 
drive in the 4th and 5th row of Table 2 are first; a s elf
yawing rotor, located downwind of the mast , with variable 
collective pitch and fixed or possibly variable cyclic pitch, 
second; a rotor that is yawed by cyclic pitch inputs , 
located either downwind or upwind of the mast with fixed 
or possibly variable collective pitch. The selection of 
rigid blades is believed to be necessary for wind turbines 
without yaw gear drive, otherwise the centeri ng capability 
for the first con fi guration or the cyclic pitch effectiveness 
for the second configuration would be inadequate . One 
principle reason for having a teetering hinge - load 
alleviation for the yaw gear drive - does not apply any way to 
self-yawing turbines. An auxiliary yaw gear drive for the 
initial start-up period may be used as in the Saab - Scania 
75 KW wind turbine, reference 3, though proper yawing by 
natural rotor moments appears to be possible and may be 
preferable. 

Self-Yawing 

Before knowing that Saab-Scania had built and begun 
testing a self-yawing wind turbine, a preliminary study was 
made at Washington University to determine both analytically 
and with a small wind tunnel model the self-yawing charac
teristics of a wind milling rotor. The analysis was made with 
the method of reference 6 , which assumes the blades to be 
rigid in bending and flexibly hinged at the rotor center . 
This assumption usually gives good a pproximations for the 
aerodynamic blade root bending moments. The blades were 
assumed to be of constant chord and untwisted, as were those 
of the wind tunnel model. The analysis is of the linear type, 
omitting blade stall or large angle effects and omitting 
effects of non-uniform or dynamic inflow. The nacelle inertia 
moment is negligible as c ompared to gyroscopic or aerodynamic 
rotor moments. Also the forces in the plane of the rotor 
have a moment about the yaw axis that is negligible as 
compared to the rotor hub moments. These assumptions made 
for the analysis are valid for the MOD-O turbine (see for 
example reference 7) and also for the wind tunnel model. 

Under the foregoing assumptions the pitching and hub 
moment coefficients depend only on two rotor parameters; the 
non-dimensional blade Lock number y = apcR4 /I b (which 
relates the airloads to the blade inertia), and the non
dimensional flapping frequency P. The moment coefficients 
depend further on two operational parameters; the blade pitch 
setting 0 and the non-dimensional velocity in the rotor plane 
when yawed by the angle X assumed to be small 

(1) 
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One can show that rotor self-yawing is governed by the fir s t 
order differential e quation 

X e M- + ( XV/QR)C
M 

= 0 ( 2 ) ·x ~ 

If we h ave in itially a yaw angle Xo ' this equat i on gives an 
exponenti al decay to X = 0 with a time constant 

= ( 3 ) 

The der i vat ive C - is independent of blade setting , whi l e 
C increases wi~~ the a v erage angle of attack of the b la d e . 
F ~ ¥ t y pi c al operating cond i tions the time cons t ant is 1 0 to 
30 turbine revo l ution periods. During start-up at l ow QR !V 
the time c onst a n t is much shorter . 

The the ory briefly outlined here was used to determine 
for a g iven yaw angle the reduction of the hub moment at th e 
in s tant whe n the yaw restraint is released . The y awing 
moment th en goes to zero , b ut the pitching moment is not 
zer o . Th e total hub moment reduction factor depends on l y on 
y a nd P as shown in Fig. 1 . It is seen that in the reg i o n 
of P = 2 . 5 t ypical of a configuration like MOD-O ( r efe r e n ce 7) 
t h e hub mome n t r eduction factor is about .6. When P is 
reduc e d to a va l ue of about l.~ the hub moment reduct i o n 
fact o r is below . 2. 

Th e re duction i n hub moment or blade root b ending f rom 
s elf- y a wing is e v e n more impressive for a s y stem described 
in re f ere nce 4 from which Fig . 2 is taken. The much la r ge r 
hub mo men t reduction despite very stiff blades with P > 2 . 5 
i s obt a ined by feeding the hub pitching moment into a cyc lic 
pitch control sys t em, apparently in a way related to th at 
devel op ed by Lockheed for their Advanced Mechanica l Cont r o l 
Sy ste m (A MCS) , see refe r ence 8. Such feedback system i s 
effec t ive i n cance ling hub-moments for rigid blades , and its 
applic at i o n looks promisin g for large self-yawing wi n d 
turb ine s wi th 2 r i gid blades. As stated in refere nce 4, t he 
feed b a ck system not only reduces blade root moments to almos t 
zero b ut al so removes a yaw position instab ility that wa s 
enc o untere d beyond the ope r ating condition characterized in 
Fig. 2 by the trough of the cantilever system curve a t 
37 mp h wind v e l ocity. On e must keep in mind , howeve r , t h at 
the nacelle angula r a cceleratio n moment must give rise in a 
two bla d e d r o t or to a vibratory hub moment with an amp litude 
equal to t he angular acceleration moment. This is the r e a s on 
why the v ib r atory blade root moment for self-yawing is n ot 
quite zero, e xcept whe r e the cantilever system produces z e ro 
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restoring moment, see Fig. 2 at V = 37 mph. Fig . 2 is the 
result of a computation. The system has not as yet been 
tried even in a wind tunnel model. 

When discussing reference 4 with its author the following 
facts were learned that are not evident from the reference: 
First, the curves shown in Fig. 2 are vibration amplitudes, 
consisting mainly of the first harmonics . If these first 
harmonics were plotted instead, the curves beyond 37 mph 
would cross the horizontal axis and be negative at higher 
wind speed. The explanation is that with decreasing 
collective pitch angle to keep the rotor speed constant at 
increasing wind speed, a reverse inflow pattern develops in 
the blade tip region that is responsible for the yaw position 
instability. Second, the blade coning angle was assumed to 
be zero when computing the conditions of Fig. 2 . With 
increasing coning angle the trough in the cantilever system 
curve and the associated onset of instability will move to 
higher wind speeds. 

At Washington University a small two bladed auto-rotating 
self-yawing wind tunnel model has been tested as shown in 
Fig. 3. The rotor diameter is 400 mm , the test section is 
square with 610 mm sides. The rigid blades are attached by 
flexures to the hub. The blades are untwisted and have a 
constant chord of 25 mm. The blade flap frequency without 
rotation is 13 cps, the blade Lock number is 4.5. The rotor 
has a high blade solidity ratio of .08 . The "nacelle", 
consisting of a massive shaft of 20 mm diameter and a pulley 
at the bottom, has in relation to the blades more yaw inertia 
than the MOD-O nacelle. 

The "nacelle" could be deflected in yaw by hand using 
the pulley below the lower wall of the wind tunnel test 
section. When yawed about 20 to 30 degrees , the pulley was 
released and the nacelle moved to its equilibrium position 
that in all cases except one was close to the alignment 
position of rotor and tunnel axis . The time to c e nter 
agreed roughly with Eq . (2). The rotor speed was measured 
with a stroboscope, the tunnel speed with a pitot static 
probe. The blade pitch angle 00 could only be varied in 
between runs. 00 = 90° corresponds to the feathered position 
of the blades, 00 = 0 to their in - plane position . As 00 is 
lowered the rotor speed at a given tunnel speed picks up and 
the non-dimensional flap frequency P becomes lower. 

Fig. 4 shows the test results as plots of 00 and nR/v 
vs. P. Two tunnel speeds are shown; 4.6 and 8.2 m/s. The 
unstable condition, where the rotor would not center but 
rather go to a 40° yawed position, occurred for the higher 
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tunnel speed , however not at t he highest nR/V . Above the 
critical nR/V the rotor centered again. The unstable 
condition probably OCCUrS in a range of coll ect ive pitch 
angles rather than for a specific angle which was mis sed 
because only rather large steps i n co llective pitch were made. 

The instability occurred only at the higher tunnel 
speed, not at the lower tunn e l speed with equal Go and 
nR/V. The likely explanation of this phenomenon i s the 
difference in coning angle be t ween aerody namically similar 
conditions. As the tunnel speed is lowere d together with 
the rotor speed, the blades become relatively stiffer as 
indicated by the higher non-dimensional flap fre q uency P. 
The negative increment of con in g angle in the reversed tip 
flow region is now smal ler and the ' r o tor centers at exact l y 
the same 8 0 and nR/V that lead to non - centering at the h igher 
tunnel speed. If this explanat ion is correct, a h igher 
P-value and or pre - coning should el i minate the non centering 
region for 8.2 m/s t unnel speed . It appear s that Saab-Scania 
have as yet not en countere d a non-centering region despite 
operation up to 35 mph wi nd veloci t y . 

Tests were also conducted with the stopped rotor. When 
the feathered blades were horizont al the nacelle did not show 
a centering tendency beyond + 70° fr om t he center position . 
However, when the feathered blades wer e inclined by about 
20° from horizontal, centering occ urred from every y awed 
position except for a small dead range at 18 0 ° yaw angle. 
Thus it may not be necessary to have an auxiliary yaw gear 
drive for start-up of the wind tur b ine, if the blades are 
parked in a position that is inclin e d somewhat fr om horizontal . 

In summary, it can be said of the self- yaw in g configura 
tion that it looks promising from the point of view of 
avoiding for rigid blad es a heavy yaw gea r drive together 
with its control system . Without cy clic pi tch inputs the 
vibratory hub moments are reduced somewhat but are sti ll 
quite high for a 2 bladed rotor of the MOD -O type. Cy clic 
pitch inputs can be used to reduce the vibratory hub moments 
to near zero. The question th en is , whether or not a teetering 
hinge in combination with a l ight yaw gea r drive is not a 
simpler and cheaper solution to the problem of alleviating 
the vibratory hub moments of the rigid blades. The regions 
of centering instability can probab ly b e removed by b lade 
preconing , they can also be removed by c yc lic pitch feedback . 
The development of such a f eedback system can be a demanding 
and time consuming task jUdging from the experience at 
Lockheed. The ultimate success is , however, beyond a doubt . 
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Yawing by Cyclic Pitch Control 

While in the previous section cyclic pitch was considered 
as an auxiliary input from a feedback system , we will now 
discuss the possibility of cyclic pitch as the main yaw 
control mechanism for a large wind turbine . Al l previously 
discussed configurations are based on propeller technology 
and require a variation of the collective pitch angle over a 
ran ge of approximately 90°. In contrast , cyclic pitch contro l 
for yawing is based on helicopter rotor technology . Cyclic 
pitch application allows the rotor to be rapidly positioned 
at any desired yaw angle without encountering large hub 
moments . 

One may question the wisdom of utilizing helicopter 
technology for wind turbines with their much longer expected 
life times. Actually the number of lifetime load cycles for 
a large wind turbine is not much different from that f or a 
helicopter. For example, a 4-bladed helicopter rotor with 
300 rpm rotor speed and 10,000 hours operational life has the 
same number of main load cycles as a large 2-bladed wind 
turbine with 30 rpm and 200 , 000 hours operational life, 
namely 720 million. Thus the dynamic design considerations 
for rotorcraft an d for large wind turbines should not be 
different, and much of the dynamic design experience gained 
in 40 years of rotorcraft design should be applicable to 
large win d turbines. 

Hel icopter type blade pitch controls require no gears 
as found in propeller hubs but merely blade pitch arms, 
rotating axial links and a mechanism to transmit the rotating 
control loads to non-rotating actuators . This mechanism 
avoids the rotating hydraulic seals which have a tendency to 
leak. In helicopters collective and cyclic pitch ranges are 
usually about 12°, which is more than enough to operate a 
wind turbine. 

Fig . 5 shows the collective pitch 00 versus tip speed 
ratio T = QR/V at rated rotor speed of the MOD - O wind turbine 
for the entire power range from zero to rated power. These 
curves have been transcribed as well as possible from data 
in references 9 and 10. The range of collective pitch 
required between syndronization wind speed and cut-off wind 
speed is from zero to less than 10°. The remaining range up 
to 90° is me rely used for parking the turbine in the feathered 
position. A cyclic pitch controlled turbine would be parked 
edgewi se to the wind as is done for most small WECS . A 
position close to edgewise could also be used for start-up 
and shut down similar to the autogiros of the twenties that 
used to taxi around the airport to start the wind milling 
rotor . Since the large WECS are to deliver power into a net , 
start-up with net power is also convenient same as for the 
non-self starting vertical axis large WECS. 
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A particularly simple cyclic control system is possible 
if the wind turbine is designed for fixed collective pitch 
operation. Fig. 6 shows one of many examples for such a 
system as a schematic planview of the shaft S, the power 
take-off P and the cyclic pitch control system, when the 
blades B are in a horizontal position. A rotating flexure 
F allows sideways motions parallel to the blade axes but it 
is stiff in the plane perpendicular to these axes. At the 
aft end of the flexure and connected to it by a bearing is 
a non-rotating lug L that can be horizontally displaced by 
a rod R with the help of an also non-rotating linear actuator 
A that can respond to signals representing errors in either 
yaw angle, rpm, or torque or power. The sideways displacement 
of the rod R causes a cyclic pitch change of the blades. The 
mechanism is very simple and rugged both compared to the 
conventional helicopter pitch controls and to the pitch 
controls employed in the first three WECS listed in Table 2. 
There are no gears in the hub and no bearings that are axially 
loaded, since the centrifugal force of the 2 blades B is 
balanced, so that the bearings which connect the blades with 
the shaft experience 'mainly radial forces. The cyclic blade 
rotations are quite s~all, at most about + 6°, so that 
bearings can be of the elastomeric type wIthout any gliding 
or rolling surfaces. The control actuator is non-rotating 
thus avoiding the difficulties of rotating hydraulic seals. 

In some large WECS an emergency feathering system is 
employed in case of failure of the primary pitch change system . 
One can question the wisdom of such an added complication. In 
rotorcraft it is customary to use for the blade pitch variation 
single hydraulic actuators with dual pistons driven by two 
independent hydraulic circuits. The same arrangement would 
seem to be appropriate also for WECS. If the oil pressure 
is one system drops below a critical point the WECS would be 
shut down with the help of the second hydraulic system. 
Fig. 6 shows only one cyclic pitch control for yaw. For 
rotor pitching a second cyclic pitch control could be used 
in order to keep the hub moment in rotor pitch small. It 
is also possible that a second cyclic pitch control may be 
unnecessary if the yaw control is properly phased. 

For a fixed collective pitch rotor the question is how 
to protect one self against over speeding or over torquing. 
When cyclic pitch is used for yawing this can readily be 
achieved by turning the rotor out of the wind. Fig. 7 shows 
a computed yaw rate response to a unit cyclic pitch input 
assuming a blade Lock number of y = 8, a blade flap frequency 
of P = 1.5, and a ratio of nacelle over rotor inertia of 
IN/IR = 1.7 which applies to the MOD-a, except that y and P 
are actually higher, leading to even faster rates of yaw and 
lower time constants. The first curve from the left represents 
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the time la g from nacelle inertia, if the rotor were to 
respond instantaneously t o a cyclic pitch input. The 
second curve includes the del a y from rotor dynamics. The 
curves were computed with the method of reference 11. 

The asymptotic yaw rate is .7 3°/time unit per degree of 
cyclic pitch input. The time constant is about 1.7 time 
units. For the MOD-O with 40 rpm the time unit is 1.5/2n = 
. 24 seconds. Assuming 6° cyc lic pitch range, one would 
obtain for the MOD-O case an asymptotic yaw rate of 
. 73 · 6/.24 = 1 8° per second , with a time lag of about . 4 
seconds . This must be compared to the one or two degrees 
per second yaw rate usually assumed for the gear drive of 
large WECS. The high rate of yaw from cyclic pitch does 
not cause high hub moment s since the gyroscopic moments are 
balanced by aerodynamic moments. A hub mome nt is required 
in order to accelerate the nacelle, and in a two-bladed 
rotor it will cause 2 per rev. vibratory amplitudes of the 
same magnitude. One can easily compute that these hub 
moments will be moderate . 

At 18° per second a complete turning out of the wind of 
the rotor by 90° would take 5 seconds, which is even shorter 
than the 8 seconds for emergency feathering of the MOD-O. 
The preceding estimates ignore the centering moment expressed 
by the second term of the left hand side of Eq. 2. This 
centering moment is, however , small as compared to the power 
of a cyclic pitch control system with 6° cyclic pitch amplitude . 

Fig. 8 shows in the same form as Fig . 6 the relations 
between tip speed ratio T (or MPH for MOD -O) and yaw an g le X 
for rated rot6r speed and a range of power between zero and 
rated power. The definition of X is given in the graph. The 
rotor plane is perpendicular to the wind direction for X = 0 , 
and edgewise to the wind direction for X = 90° . The graphs 
have been estimated from reference 12. One should realize 
how similar the curves of Fig. 8 are to those of Fig. 5. 

In reference 13, Fig. 8d a condition of the MOD-O system 
is described where the nacelle wind velocity varied from a 
mean of 25 mph by + 5 mph and where the nacelle yaw angle 
varied by + 1 0° , both with a period of about 8 seconds. This 
condition caused for the then MOD - O configuration substantial 
over - loading of various components. From Fig. 8 it is s een 
that at most + 20° yaw angle variation would compensate for 
the variable wind velocity and wind direction if rated power 
were to be kept constant. With 18° per second of maximum yaw 
rate, such a compensation should be achievable with only a 
small variation in power or torque. 
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Fo r operation of the WECS as part of a large electric 
net wo r k o n e might select a procedure indicated in Fig . 8 
b y t he heavy lines with the arrows . After start-u~ the 
c y cl i c pitch co n trol would be operated by the rotor speed 
e rro r . Synchronizat i on wo u ld occur at near zero power and 
a bo ut 40° yaw angle . After synchronization the cyclic pitch 
co n tro l woul d be operated by the yaw angle , which could 
b e eit h e r ze r o or more than zero as shown in Fig . 8 . The 
l a tt e r se t ting has the advantage of obtaining a less s t eep 
s lo p e o f the yaw angle vs . wind speed curve for rated powe r. 

Afte r the wind speed for rated power is reached , cyclic 
pitch c ont ro l would be operated by the signal representing 
th e t o r q ue e rror from rated torque . At cut - off wind speed 
t h e l o a d wo ul d be disconnected and the cyclic pi t ch control 
wo ul d r ever t again to operation by the sign al representing 
rot o r sp ee d error , possibly from less than r ated roto r speed . 
Th e rot or could be kept t urning up to the highest wind speeds 
an d turb ul ence without encountering dangerou s l oads. 

Ro tor speed contro l by cyclic pitch has been used in the 
Mc Do n ne l l - Army XV-l convertaplane and tested on the ground 
an d in t he air d u ring hundreds of hours down to tip speed 
ratio s of one , see reference 14 . The system was simple , 
ru gged and very well behaved. The speed governor was a fifty 
d o lla r commercia l product. The rotor speed error wa s very 
s mall eve n in gusty weather and during maneuvers of the 
rot o r c r aft . There is no doubt that automatic rotor speed 
an d to r que control by cyclic pi t ch is feasible for WECS and 
s ho ul d r ep r esent no more than the usual development problems 
fo r a n ew application of a tested system. 

Though both upwind and downwind rotor location could be 
u s e d with cyclic pitch control for yaw, it is likely that the 
do wnw ind location would prove more attracti v e b ecause of its 
mo re compact design. The mast wind shadow problem will be 
larg e ly alleviated since first harmonic blade moments are 
can cel l ed by the cyclic pitch inputs, though higher harmonics 
fr om ma s t wind shado w will pers i st . For parking , start - up , 
an d s hu t - down , provisions must be made to allow positioning 
o f t he wind turbine at a yaw angle of 90° or less when non 
r o tat i n g . Preferably this sho ul d be achieved by p r oper 
aero dy n amic shaping of the nacelle , possibly using a small 
dra g p lat e opp o s ite to the rotor to balance the rotor d r ag . 
Th e b lades themselves for all but horizonta l positio n i n g 
pro duc e a weather-vaning effect that tends to keep the rotor 
at 90° yaw ang l e. The rotor brake would probably be designed 
t o s t op t he b l ades in an azimuth position favorable for 
s tart-up . If positioning of the rotor for start-up by 
natur a l wind effects should prove to be too cumbersome , an 
aux iliary low torque yaw drive and/or start-up with net or 
storage power could be used. 
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A major advantage of the WECS previously described is 
that the blades are never exposed to flatwise gravitation al 
bending moments. These moments lead even for non-rotating 
helicopter blades to critical stresses. For the much larger 
diameters of wind turbines, these flatwise gravitational 
moments are even more significant and have led to blade 
designs with very thick root sections and very high flapwise 
natural blade frequencies. With non-feathering wind turbine 
blades, whether they are fixed in collective pitch or have a 
small collective pitch range of about 10° for speed and 
torque control (Fig. 5) , gravitational loads are essentially 
edgewise to the blades, which thus can be built with much 
thinner root sections. Substantial reductions in blade weigh t 
and cost and improvements in aerodynamic performance can be 
expected when adopting a non-feathering system . 

In summary, the use of cyclic pitch control for yawing 
large WECS with rigid blades looks promising. Collective 
pitch variation could either be completely eliminated or 
limited to a small range of about 10°. In either case the 
blades will be much lighter and aerodynamically better , since 
flatwise gravitational loads remain small. The rotor need 
not be stopped at winds above cut-off velocity but could be 
kept in autorotation at constant rotor speed without high 
blade loads. The principle of rpm or torque control by 
cyclic pitch has been successfully tested on a rotorcraft, 
so that the transfer of this technology to WECS will involve 
no major probl~ms or uncertainties. 

Conclusion 

The rigid propeller technology presently pursued for the 
large WECS program appears to the writer as a step in the 
wrong direction. Lifting rotor technology appears to promise 
superior, simpler and cheaper solutions probably by a wide 
margin. Published arguments like those in reference 15 in 
favor of the rigid propeller solution are quite unconvincing 
and also contain errors of fact . The gist of these argumen ts 
are that by adopting systems that were designed 20 and 40 
years ago by very small groups of engineers, a low risk of 
failure is achieved. This is a P90r argument for laying the 
technical foundations of a possible multi billion dollar 
industry. We should try to find the best solution on the 
basis of present know-how and present related technologies. 
This takes careful comparative studies and a fresh look at 
the overall problem before making quantum jumps in WECS 
size. It is hoped that the preceding comments will lead 
to such a fresh look. The best solution may not be among 
the alternatives discussed here. 
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Notes to paper by Kurt H. Hohenemser 

1. Since writing the preceding paper the author learned from 
Professor D. E. Cromack that the University of Massachusetts 
25 KW self-yawing wind turbine has been tested up to about 
40 mph wind velocity without encountering the instability 
reported here for the wind tunnel model. The turbine has 
3 blades with substantial built-in coning angle, which is 
probably the reason why it is self-centering up to at least 
40 mph. The Grumman Windstream II turbine is also self
yawing, has 2 blades, but according to Mr. Stoddard has 
not been fully tested at high wind velocity. 

2. As Mr. Doman p o in te d out to the author, the description 
07 Fig. 2 contains an error. The vibratory blade root 
bending moment shown for the floating nacelle does not 
include the nacelle angular acceleration. Rather, the 
moment shown in Fig. 2 occurs when the nacelle is yawed 
by 20 de~rees with the help of a cyclic pitch control 
system that trims first harmonic flatwise blade moments 
to zero. The moment contains only higher harmonics. When 
accelerating the nacelle first harmonic blade bending 
moments will occur. 
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DISCUSSION 

Q. Your slide showed instability a function of blade pitch . Do you know if 
you experienced blade stall at this condition? 

A. I doubt it that blade stall was involved. The instabilit y did not occur 
with the same blade pitch and the same tip speed ratio at lower wind 
speed, when t he blade angle of attack was the same. 
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TABLE 1. - EIGHT PAIRS OF ALTER NATIVES 

1 2 

1 ROTOR UPWIND DOWNWIND 

2 ROTOR AXIS LEVEL TILTED 

3 BLADE AXES CONED RADIAL 

4 BLADES HINGED RIGID 

5 COLLECTIVE PITCH VARIABLE FIXED 

6 CYCLIC PITCH VARIABLE FIXED 

7 YAWING GEAR GEARLESS 

8 GEARLESS YAWING BY SELF-YAWING CYCLIC PITCH 

TABLE 2. - FIVE CONFIGURATIONS 

1 2 3 4 5 6 7 8 

SMITH-PUTNAM 1940 2 2 1 1 1 2 1 -

ALLGAIER-HUTTER 1958 2 2 1 1 1 2 1 -

NASA 1975 2 1 1 2 1 2 1 -

SELF-YAWING 2 - - 2 1 1 or 2 2 1 

CYCLIC PITCH YAWING 1 or 2 - - 2 1 or 2 1 2 2 
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Figure 1. - Hub moment reduction facto r from gearless yaw control 
versus nondimensional flap frequency P. 
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Figure 6. - Schematic of a possible cyclic pitch control 
system for fixed collective-pitch rotors . 
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FATIGUE LOAD SPECTRA FOR UPWIND 

AND DOWNWIND ROTORS 

John S. Andrews 
Chief Technical Staff - MOD-2 WTS 

Boeing Engineering and Construction 
Seattle, Washington 98124 

ABSTRACT 

Effect of both alternating and mean load on the fatigue life of an upwind and 
downwind MOD-2 wind turbine system is presented. It was shown that the fatigue 
damage varies as the product of the stress range cubed and the maximum stress. 
Hence, the alternating flapwise load caused by tower shadow and wind gradient 
is an important factor in determining rotor blade life. 

INTRODUCTION 

The baseline MOD-2 wind turbine system is a downwind, cantilevered, zero 
precone rotor approximately 300 feet in diameter which will generate approxi
mately 2500 KW. Boeing is presently in the configuration concept design phase 
of the program. The aim of this paper is to show the effect of both the 
alternating and mean load parameters on the fatigue life of an upwind and 
downwind MOD-2 rotor. 

LOAD AND FATIGUE ANALYSIS DISCUSSION 

The fatigue design goal is to operate thirty years in a given wind/gust 
spectrum with a safe life design concept, and yet meet minimum energy cost 
goal. Safe life design means that the maximum operating loads will be below 
the endurance limit. However, allowance for .5 percent of the total applied 
cyclic loads can be above this limit. These loads are the infrequent occurring 
cyclic loads (approximately 5,000 - 10,000 cycles). 

The fatigue environment is composed of a wind spectrum, Figure 1, for any 
site which is independent of rotor orientation with respect to tower and some 
gust spectrum shown in Figure 2. This gust spectrum defines the load distribu
tion relative to a nominal load, Mo, for a specific wind speed and is applied 
to the alternating load only. Figures 1 and 2 can be combined into a load 
exceedance curve of the form shown in Figure 3. There will be a number of 
these spectra for each given wind speed such that the total of the accumulative 
cycles will equal 2.11 x 108 cycles equivalent to 30 years of life. An upwind 
and downwind rotor will have different load exceedance plots. 

The load time history of the flapwise bending moment at a spanwise blade 
station of r/R= .385 and at 52 mph for an upwind and a downwind rotor is shown 
in Figure 4. These are preliminary loads for MOD-2 due to a 30 degree tower 
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shadow notch, wind gradient, and a 20 degree yav wind. The C-6O cuter pro-
g was used to establish these loads which MJu1d only allow input of the 
velocity reduction due to r shadow in 15 egree azi increments vhich is 
quite conservative for the 0-2 toNer. For reference, the rotor blade is 
straight down at 180 degree azi • These flapwise alternating loads change 
vith vind speed as shollm in Figure 5. It can be seen that the tower shadov as 
represented has a large effect on the downwind rotor. The upwind and downwind 
steady state flapwise bending nt does not change IIICh vith wind speed as 
slmm in Figure 6. 

the question bec~s, how do these loads relate to fatigue damage? Fatigue 
d ge vari es as the product of the stress range cubed and the i stress. 
The i rtance of this relationship with cut off wind speed is slmm in Figure 
7. An initial allowable stress for 1110-2 was establis ed to be equal to the 
tlID-1 vhich was predicated on allowing .5 percent stress cycles to exceed the 
crack propagation threshold. The non-di nsional ge for the 1110-1 is 
shown in Figure 7 for ~arison. A daIIilge curve for the 2 downwind rotor 
shown in Figure 7 indicates 4 percent exceedance of the crack propagation 
threshold. The reason for this is that the JIl0-2 has a greater operating wind 
speed range bet:'Neen rated win speed and cut off wind speed i.e., alternating 
loads are hig er with a lower n. Therefore, to t the s fatigue 
criteria, the K1D-2 allovable MJuld have to be reduced as shown in Figure 7 
and spectrum testing MJu1d be required to establish the allowable since stress 
levels exceed the crack propagation hresho1d. Also noted in Figure 7 is the 
weight reduction available in an upwind rotor blade at this station based on 
the loads derived with this specified tower shadow and fatigue criteria. 

COIIClUSIO 

The following conclusions were drawn f this study: 

1. No direct linear relationship between alternating load and life. 

2. ge varies as the cube of alternating stress vhile it varies as 
stress to the fi rst power. 

3. ge will vary linearly with coning (max stress effect only). 

4. Upwind rotor can produce draJlliltic reduction in d ge depending on tower 
configuration. 

5. Spectru. ;ype fatigue tes mndatory to establish allowables. 

6. Fracture hanies theory is to be an integral part of the fatigue test 
pro to -nillize n of speci ns tested and to correlate with exist-
ing data. 



ISCUSS 

Q. hy do yo concl e tha a temating oads have no direc effect on i e? 

A. O-rect means linear and d ge va ies as the cube of the alte a ing loads. 

Q. Have you looked at stresses at blade radii other than .385 radius? 

A. Yes. 
one of 

ss dis io s been ex -ned a 
s selected or t is presentatio . 

s s 

Q. Is the repeated loads design going to be carried out pri rily by the 
fracture-lmeChanics thodology now bei 9 sed for USAF aircraft? 

Yes, as this is our standard prac ice at Boeing l:OmpanlY. 
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Figure 4. - Alt. flap bending moment at 52 mph 
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EFFECTS OF ROTOR LOCATION, CONING, AND TILT ON CRITICAL 

LOADS IN LARGE WIND TURBINES 

D. A. Spera and D. C. Janetzke 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland , Ohio 44135 

ABSTRACT 

Three large (1500 kW) horizontal rotor configurations were analyzed to deter
mine the effects on dynamic loads of upwind and downwind rotor locations, coned 
and radial blade positions , and tilted and horizontal rotor axis positions. 
Loads were calculated for a range of wind velocities at three locations in the 
structure: the blade shank, the hub shaft, and the yaw drive. Blade axis con
ing and rotor axis tilt were found to have minor effects on loads. However, 
locating the rotor upwind of the tower significantly reduced loads at all loca
tions analyzed. Details of this study are presented in Reference 1. 

INTRODUCTION 

Many different rotor configurations have been proposed for large, horizontal
axis wind turbines, and several have been tested for varying periods of time. 
Generally, these configurations can be classified according to the following 
si x factors: 

1. Rotor location with respect to the tower -- upwind/downwind 
2. Rotor axis inclination -- level/tilted 
3. Blade axis inclination -- coned/radial 
4. Number of blades -- two/three or more 
5. Blade root attachment -- cantilevered/hinged 
6. Blade pitch angle -- variable/fixed 

No consensus now exists as to the rotor configuration preferred for generating 
electricity at low cost with high reliability. A systematic evaluation of all 
rotor configuration factors is required before such a consensus becomes 
possible. 

The purpose of this study is to evaluate the effect on critical wind turbine 
loads of the first three factors listed above: rotor location , rotor axis 
inclination, and blade axis inclination. The remaining factors were fixed as 
follows: two blades, cantilevered root attachments, and variable pitch angles . 
An earlier study of this type ~Ref. 1) investigated the effects which hinged 
and cantilevered blade root attachments could have on rotor loads. These 
studies are based on the assumption that factors wh i ch reduce critical loads 
can also reduce plant costs and increase reliability. In this study as in 
Reference 2, dynamic blade loads were calculated using t he MOSTAB-WT computer 
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co e. e accuracy of the load analysis methods used in this study has been 
erified using actual ~ d turbine test data (Ref. 3). 

ROTO CO FIGURATIONS YZED 

Rotor in Fi gore 1 is the baseline configuration to which the other rotors are 
c red. In Rotor 8, blade coning is relmved, the blade axes are radial, and 
t e rotor axis is ti te 12'1 to provide the sa tower clearance as Rotor A. 
The downwind location of the rotor is intained for Rotor 8. Rotor C is the 
s as Rotor B except that its location is upwind of the tower. In this study 
cri ica1 loads were calculated at the following three locations which are shown 
i Figure 1: e blade shank, the hub shaft, an the yaw drive. 

8LADE S LOADS 

The effect of rotor configuration on flatwise., nts in the blade shank region 
is sh in Figure 2. In this figure the cyclic co nent of flatwise nt 
is plotte vers the steady co nent, for various wind speeds. looking first 
at the results for Rotor (the baseline configuration), it can be _s een that a 
si ificant steady bending IIOlIent is present at all wind speeds. Large cyclic 
and large steady load occur si Ita eously at cut-out wind speed in Rotor 

Tumi ng no to Rotor B, t e absence of coni ng causes the steady nt load to 
change sign. ts are alEst unchanged coopared to Rotor A because 
t e rotor is sti 11 . nd of the er. Sma 11 increases in cycl i c aerody-
n ·c 10 d ca sed by tilting the rotor are offset by decreases in cyclic 
gra ·ty load obtaine by r vin coning. In Rotor 8, large cyclic ments at 
cut-out occur si n usly wit s 11 steady IIIHIIents, unlike Rotor A. Thus, 

ile flatwise nts i Rotor reach a lllaxi of l,74O,000 1b-ft at cut- out 
(cyclic plus steady), t e xi nt in Rotor 8 is only 816,000 Ib- ft at 
the sa wind speed. 

For tor C, steady loads are approximately the salillle as for Rotor 8, because 
both have radi 1 blades. However, cyclic flatwise nts are significantly 
1 er in otor C bacause of the .-ini 1 s adow effect upwind of the tower. 

o rt er si lify the oad co..,arison, the steady nt load can be eli.i-
nate by ass . g a ·constant fatigue life· line as s own in Figure 2. The 
slope of this line is taken as 0.2. At the cut- out wind speed the equivalent 
cyc 1 i c bti se Rnts for otors , B, a d C are - 850, , ± 670,000, and 
± 60,000 po nd-feet, respectively. Therefore, changes in rotor configuration 
can significantly 1 er flatwise cyclic blade oads. 

able I s es i tes of the edgewi se bendi ng nts in the blade shanks for 
ree rotors st died. Host of the oad reduction i tors 8 and C results 

the ass reductions in bla e weig t. In general, Rotor 8 edgeMise 
nts ere not significantly 1 er than those in Rotor A, whereas Rotor C 
nts were reduced 20 to 27 percent. 
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HUBS YE 

Hub shaft ben ing loads are largest about an axis perpendicular to e rotor 
an blade axes. no nts abo this axis are the s 0 the flatwise be ding 

nts at t e roots of both lades. Figure 3 s ows cycles of hub e ding 
nts "y,h calculated for the three rotor co fi rations at the cut-out wind 

speed of 52 h. The nts for d ·nd rotors, A. and B, exhibit sharp pea s 
at blade axi s of 40 and 220 degrees. This is a result of the tower shadow 
response of each blade. These sharp peaks are absent in the upwind rotor, c. 
Cyclic nts or Rotors , B, and C are ± 1, 20,000, ± 1,297,000, and 
± 805,000 1b-ft, respectively. This, ving coning a d tilting ten 
rotors has li tle effect on hub shaft bending. ever, location 0 

pwind red ces e b shaft bending loads by ~. 

figure illustrates the variabilit If ich can be prese t in the 
of rotors in large wind turbines. The shaft torques produced by Rotors A and B 
s ow characteristic troughs whic occur eac time a lade enters the er1s 
s adow an loses aerodynamic lift. is produces cyclic torques 0 ± 1 ,000 
and ± 125,000 b- for Rotors A and B, respectively, at a wind speed of 52 

Rotor C pro ces a ch s ther torq e, eryi 9 only ± 28,80 lb- , 
"hic is ess than ± 101 of the shaft working torque. 

Ya dri ve to"lues for the tree rotor co fi ra i 0 s are s own i Fi 5 for 
a wind speed of 52 h. Rotors A and B exhibit si ·lar xi torques, ic 
are 811,000 and 7 7,000 1 b- , respecti ve ly . e to e for otor Cis red ced 
considerably bel these values, to a xi albsolu e val e of 420, lb-ft . 

.>UoI'W'V1In.Y Of RESUl TS 

ry of e results of is ble II. loads for Rotor 8 
differ S1 ificantly f tor excep in flatvise be ding 

in the blade s a The xi flatwise ding load w ich occurs i otor B 
a a wi nd speed 0 29 his 1 t ercen 1 ess the xi r Rotor 

wind speed of 52 This i dica es that the 12'1 cone 

to acco 
eq 1 for 

excessive, since it increases rat er than decreases t e 
nt present in Rotor B wit radial (unconed) blades. 

fta ise 
is is pri 

for steady 

nt in Rotor 8 is pproxi te1 201 less tha t an 
rily t e result of adjusting e actual cyclic 

ot5. The act 1 cyclic DDllEnts are approxi 
e rotors. 

s in Table II, al loads in otor C ere si ifica tly less a eq iy-
alent loads in Rotor A. is can be a ri bu ed pri ri 1 to the rotor 
1 cation for 0 r c. Blade shank e in loads ere reduced by 25 1 st 
50 perce t. s aft bendi g nts were re ced a 5t perce Of 

rtic ar i rtance is the red ction in cyc ic torq e. Cyc ic torq es in 
ore ere only one-fourth ose i Rotor t a ·n speed of 52 re-

over, at t e rate ·nd spee of 29 t is ~ tio \Ill S 0 ly Dne-eig t. J 
dri ve rq es for Rotor C ere 301 to '1 ess t an ose or Rotor . 
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CONCLUSIONS 

1. Coning and tilt have little effect on critical loads in either the blades, 
the hub, or the yaw drive, provided the angles are not excessive. 

2. Coning of blades to reduce loads is unnecessary, though coning might be 
Jsed to provide tower clearance for a downwind rotor. 

3. Rotor location (upwind or downwind of the tower) has a significant effect 
on blade, hub, and yaw drive loads for rotors with cantilever blade 
attachments. 

4. Locating the rotor upwind of the tower can reduce cyclic shaft torques by 
75% to 90% and other critical moment loads by 25% to almost 50 %, compared 
with a downwind rotor location. Thus, an upwind rotor location is poten
tially very advantageous in terms of both reliab ility and cost. 
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DISCUSSION 

Q. What confidence do you place in these results, considering the fact that 
they were obtained with MOSTAB-WT which has only one degree of freedom? 

A. We consider MOSTAB-WT and -WTE to be excellent tools for "back-to-back" 
comparisons in which parameters are varied but the general system remains 
constant. Thi s .i s the case here. 

Q. Have you looked at blade loads near eight-tenths span? 

A. Yes. Loads outboard follow the same trend as the shank loads reported 
here. 

Q. Was a spring constant used in your calculations to represent the drive 
train? 

A. No. MOSTAB-WT enforces a constant shaft speed, which is equivalent to a 
drive train with infinite impedance. 
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r Q. Was a tower shadow effect used for the upwind rotor? 

A. Yes. A truss tower was assumed in which the upwind shadow was 10% of the 
downwind shadow. 

Q. If you could take out the first harmonic of the tower shadow effect, how 
would the upwind versus downwind comparison look? 

A. The load most directly affected would be cyclic flatwise bending of the 
blades . The difference in this load between the upwind and the downwind 
configurations would be reduced about 50 %. 
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TABLE I. - ESTI TES OF EDGEWISE BENDI G LOADS I BLADE S KS 

speed, 52 ; poIIIe, 500 . ] 

Shank edgewise t, ".z,b' l b- t 
Blade 

Rotor eight, Cyclic, dS tIz,b Steady, Max 
lb 

Coupled(a } 
Nt, 

Gravi :y Total 

12,000 260,000 158,000 418,000 175,000 593,000 

B 0,700 232,000 156,000 388,000 175,000 563, 

C 9,300 201,000 96,000 297,000 175,000 72,000 

(a ) 25 0 eyc1 ie f1 ise l!DDll~nt. 
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LOADS I ROTORS B D C TO LOADS I ROTOR A 

[Nominal wind speed, 52 h; power, 1500 1dI.] 

Moment l oad, "BIMA INA 
M 

Max Cyc1ic(a} Max 

Blade { R atwise 0.73(b} 0.79 0.75(b} 
shank 
bending Edgewise 0.95 0.93 0.80 

Hub { Bending 0.91 0.91 0.57 

s haft Torque 1.14 1.10 0.97 

Yaw drive torque 1.13 1.00 0.58 

(a ) Adjusted to zero steady load, except hub torque 

(b) Max at Yo = h for rotors B and C 

(e) 0.12 for Yo = 29 h 
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Cyclic(a} 

0.54 

0.73 

0.57 

0.2S(c} 

0.71 



+ It> CONING 

T ,r- HUB BEA RING 
I 

A CONED , DOWNWIND POSITION 
B nLTED, DOWNWIND POSITION 
C TILTED , UPWIND POSITION 

C 200 ft 

'~ ~~ Q 
' -YAW WIND 

BLADE SHANK-./ DRIVE DIRECTION 

150 It 

CS-77- 1035 

Figure 1. - Rotor configurations analyzed, which 
are desi gned to produce 1500 kW at a nominal 
wi nd speed of 29 mph. 
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Figure 2. - Calculated varia t ion of flatwise 
blade shank loads with wind speed and 
rotor configuration (blades pi tched for 
rated power , V > 29 mph) . 
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Figure 3. - Calculated variation of hub 
bending moment with blade azimuth and 
rotor configuration (wind speed, 
52 mph; power, 1500 kW). 
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Figure 4. - Calcula ted variation of hub 
torque with blade ' azimuth and rotor 
configuration (wind speed, 52 mph; 
power, 1500 kW). 
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Figure 5. - Calculated variation of yaw 
dr ive torque with blade azimuth and 
rotor configuration (wi nd speed, 
52 mph; power, 1500 kW). 
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COMPARISON OF BLADE LOADS OF FIXED 

AND FREE YAWING WIND TURBINES 

Marvin C. Cheney and Richard L. Bielawa 

United Technologies Research Center 
East Hartford, CT 06108 

ABSTRACT 

The UTRC Self Regulating Composite Bearingless Wind Turbine utilizes an 
automatic pitch control concept and a completely unrestrained yawing degree 
of freedom . Aerodynamic moments caused by skewed flow provide the control 
to align t he wind turbine with the wind . Model tests have demonstrated 
the feasibility of the concept and analytical studies have shown the free 
system to experi ence lower blade ~oads compared to the fixed system. 

INTRODUCTION 

Many of the early windmills were free in yaw and were controlled through an 
aerodynamic vane or "rudder". These rudders not only directed the rotor 
into the wind but also served to shut the system down when they were posi
tioned in the same plane as the rotor. The concept was simple and it worked . 
Modern wind turbines, many times more efficient than their ancestors, have 
often been designed to be fixed in yaw and mechanically controlled when 
realignment is required . The purpose of this paper is to make a brief 
comparison of the blade loads in free and fixed modes of operation for the 
wind turbine developed by the United Technologies Research Center (UTRC). 
This wind energy system has been developed under two ERDA contracts, Refs. 1 
and 2, and will continue under a recently awarded contract from Rockwell 
International. 

Analytical Results 

The moments experienced by a wind turbine, in addition to those related to 
gravity, are primarily aerodynamic and gyroscopic. Ignoring the effects of 
wind shear and coning, aerodynami c moments can only originate from nonaxial 
wind velocities. Under such conditions there exist advancing and retreat ing 
blades which produce different lifts resulting in a steady rotor moment. 
Figure 1 is a schematic of a wind turbine showing the moments experienced 
when the wind velocity is skewed by an angle, W, and the turbine is yawing 
at a rate,~. U~ing the right hand rule, the moments are depicted by the 
vectors MA and Me, where the subscripts denote aerodynamic and gyroscopic. 
When a yaw rate is imposed by an external agent, such as a yaw motor, it 
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produces the following gyroscopic moment: 

where I is the moment of inertia of the rotor and n is the rotational speed. 
The aerodynamic moment can be approximated by t he following equation: 

where K is a constant containing blade area, radius, and air density. The 
t otal rotor moment is then: 

Under conditions when Vw is small and the system is being mechanically 
yawed, the moment reduces to: 

For the free system, the initial rotor moment resulting from the skewed 
flow is only the aerodynamic moment. 

The system responds to this moment and yaws at a rate proportional to this 
moment , 

however t he gyroscopic moment produced by this yaw rate is, as before: 

Thus, 

The resulting rotor moment is therefore always eliminated under steady yawing 
conditions for the free yawing system. The system requiring imposed yaw 
would always experience moments except at the one time during the maneuver 
when the gyroscopic moment equals the aerodynamic moment. 

The UTRC F762 computer program was used to compare blade stresses under 
vari ous yaw conditions at a wind speed of 22 mph. The F762 program is a 
multiblade, movable hub aeroelastic analysis which models general wind turbine 
configurations and in particular the UTRC wind turbine concept. Three con
ditions were investigated at a wind speed of 22 mph with an initial wind 
direction of 30 deg off axis. The cases were: a fixed system without a yaw 
degree of freedom, a free yaw system, and finally the case where a prescribed 
yaw rate is imposed externally. The results of these computer runs are 
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presented in Figs. 2 to 4. Figures 2 and 3 show the flatwise and edgewise 
stresses for the fixed and free yawing systems. The stresses are shown to be 
generally lower by a factor of 1/2 for the free system. The vibratory stres 
ses in the free yaw case would eventually go to zero as the system aligns 
with the wind. This would occur in this case in approximately 5 seconds. 

The stress characteristics for the condition where a prescribed yaw rate is 
imposed on the rotor are shown in Fig. 4. The large IP stress is attributed 
primarily to the gyroscopic moment which exists as long as the yaw rate is 
maintained. 

Experimental Results 

Tests conducted under an ERDA contract, Ref. 1, included conditions where a 
model wind turbine was allowed to yaw freely under the influence of a skewed 
wind velocity. The model had blades with relatively low flatwise stiffness 
in comparison to other blades, such as the Mod 0 blades. Sample results of 
these experiments are shown in Fig. 5 where the yaw angle and blade stress 
time histories are presented following the release of a wind tunnel model 
from a preset angle of -30 deg. Initial vibratory stresses are high due to 
the aerodynamic moment created by the skewed flow, however the stresses are 
quickly reduced as the rotor responds. The final yaw angle and resulting 
stresses are due to the tower shadow. 

CONCLUSIONS 

1. A free yawing wind turbine does not generate large unbalanced gyroscopic 
and/or aerodynamic moments as compared to a wind turbine fixed in yaw 
or having a fixed yaw rate. 

2. A free yawing wind turbine having relatively low flatwise stiffness 
blades inherently adjusts to wind direction changes. 
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DISCUSSSION 

Q. How would a free-yaw system respond to a wind direction changing + 20 
degrees, as has been observed at Plum Brook? 

A. A free yawing system will continue to try to correct for wind direction 
changes, however the rate of correction is inversely proportional to 
the rotor inertia and rotational speed which would result in a lag . 
If the wind direction is continuously changing from + 20 deg to - 20 deg 
then the turbine would oscillate at some lower angle however I wouldn ' t 
expect the power output to be very much affected . 

Q. In the rotor start up mode, when the nacelle was at lar ge yaw angle 
did you notice any i n stabilities such as those mentioned by K. Hohenemser 
- i . e . any tendency to yaw toward the upwind direction? 

A. We noticed no such instability when starting from zero rpm at any 
yaw angle . We did see a tendency for the 4- bladed fixed pitch system to 
oscillate about a yaw angle of about 45 deg if the turbine was manually 
positioned at that angle while rotating . However , recent tests wi th a 
2- bladed rotor, using the UTRC pendulum control concept , showed no 
tendency for the rotor to experienoe this type of yaw instability . 

Q. Si nce your wind tun~el model was operated at nearly zero torque (i . e . 
freewheeling) your induced velocity profile may not be representative of 
a loaded wind generator (i . e. way down into windmill brake) . Do you 
have plans to extract power and to assess the effect of a distribution 
when loaded? 

A. Our model was not operated at zero torque at all condi t i ons . We extracted 
power for a limited number of runs but the purpose of the test was to 
explore the dynamic characteristics of the pendulum control system and 
this could be done most cost effectively by eliminating the power aspect . 
Also, friction losses were relatively high since the a l ternator was ex
cessively large for this size model. 

Induced velocity i s not directly dependent on power extraction . The 
induced velocity is only a function of the circulation of the bound vor
ticity on the blade and the shed vorticity in the wake . The vorti city 
in t urn is a function of the blade geometry , tip speed , airfo i l 
characteristics, and wi nd speed. 

We are not planning additional model tests for the purpose of measuring 
performance, however our performance analysis which we use to predict 
power characteristics simUlates the vorticity and the resulting induced 
velocity to a high degree of accuracy under all loadjng conditions . 
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Figure 1. - Schematic of wind turbine yaw moments. 
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Figure 2. - Blade f1atwise stress comparison. 
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FIXED PITCH WIND TURBINES 

David B. Fenn and Larry A. Viterna 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

Wind turbines designed for fixed pitch operation offer potential reductions in 
the cost of the machine by eliminating many costly components. Our studies 
have shown that a rotor can be designed which produces the same energy annually 
as Mod-O but which regulates its power automatically by progressively stalling 
the blades as wind speed increases. Effects of blade twist, taper, root cut
out, and airfoil shape on performance are discussed. 

Unfortunately, fixed pitch rotors are not self-starting when the pitch is set 
to maximize energy production per year. Various starting techniques are 
discussed. 

INTRODUCTION 

Fixed pitch wind turbines are being studied in an effort to produce machines 
which are less costly than the present variable pitch machines. These machines 
are intended for uses where load following is not required. The concept is not 
new. The Danes built a fixed pitch machine in the town of Gedser which oper
ated successfully for many years. Our activity started with a study of the 
Gedser machine. 

In principle the fixed pitch machine is relatively simple. The rotor is 
designed to stall progressively as the wind speed increases and thereby auto
matically limit the peak power. With the generator sized to accept the peak 
power that the rotor can produce, the machine can operate in any wind with no 
power control. Speed control is provided by synchronizing the generator to a 
large network--(just as it is in present wind turbines). Thus the fixed pitch 
machine appeared to have potential for lower cost; the larger generator 
required is inexpensive compared to the pitch change mechanisms, hydraulic 
systems and electronic controls required for the variable pitch machine. 

It was recognized early that fixed pitch rotors would probably not be self
starting and that some special systems would be needed for synchronization. 
The objective of this paper is to describe our studies to date which have 
defined the type of blades needed for optimum performance and some alternative 
systems for starting and stopp ~ ng the final pitch wind turbine. 

OPTIMUM BLADE SHAPE 

Our study of blade shapes was conducted using the computer code developed by 
Wilson. So far we have studied the effects of twist, airfoil section, taper, 
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and root cutout on performance. To achieve the same annual energy production 
with the smallest generator , the performance of the fixed pitch machine should 
approximate the characteristic of a fully pitchabl e wind turbine. Figure 1 is 
a comparison of the performance of a fixed pitch wind turbine and Mod-O for 
the same annual energy production. In low winds the two are nearly alike. At 
18 mph Mod-O spills wind to hold constant power while the fixed pitch rotor 
increases its power output and starts to stall. At higher wind speeds more 
and more of the blades stall until at 35 mph no power is obtained at all. 

Effect of Twist 

Figure 2 is a plot of rotor power versus wind speed for three (3) rotors 
having different profiles. The untwisted blade appears superior because 
it produced a significantly lower peak power (lower installed capacity), more 
power in very high winds, and about the same power in low winds. In addition 
it is probably less costly to manufacture an untwisted blade. 

Airfoil Section 

Unlike a fully pitchable machine, the performance of a fixed pitch machine is 
dependent both upon the stall and the lift characteris tic of the airfoil. The 
prediction of performance must be based on the best data available over the 
full range of angles of attack including post stall. Thick airfoils are pre
ferable from a structural standpoint. The 23024 is the thickest 23000 series 
airfoil for which we have data. In figure 3 the performance of three candi
date airfoils is presented. The GAW 1 and the 4424 are clearly inferior to 
the 23024 which produces more power in both the high and low wind regimes. 

Effect of Taper 

Figure 4 shows the performance of 3 blades with different taper profiles. The 
step tapered blade approximated the taper of the Mod-O blade in 3 steps. It 
can be seen that the performance of the three blades is not very different. 
Thus it is possible to maintain the same airfoil section (23024 in this case) 
throughout the length of the blade. As the thickness varies for structural 
reasons the chord can be allowed to vary to maintain the same thickness to 
chord ratio (24%). 

Effect of Root Cutout 

Figure 5 shows the performance of 3 blades with different lengths of the blade 
root inoperative. The data show that almost no loss in power is incurred by 
root cutouts as high as 25%. With greater values power at the lower winds 
would be lost. 

Performance of the Selected Blade 

From the above data an untwisted, 23024, linearly tapered blade was selected 
for the fixed pitch machine. Its performance is compared to that of Mod-O on 
figure 7. Both rotors produce the same energy annually and the peak power of 
the fixed pitch machine is only about 30 kW higher than Mod-D. 
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STARTING 

Figure 7 shows the trade-off between annual power production and starting 
ability for a 3-bladed fixed pitch rotor. With a pitch angle of -20 the rotor 
produces 666,000 kWhr but requires 16 kW to motor start. With a pitch angle 
of -80 the rotor is self-starting but produces only 546,000 kWhr and requires 
a much larger generator. These data led to the conclusion that fixed pitch 
rotors are not self-starting. 

Alternative starting systems are listed in figure 8. These systems are cur
rently under investigation and it is too early to draw any conclusions. 

Synchronous generators are best for power production but are difficult to 
motor and synchronize. The induction generator has a poorer power factor but 
good motoring torque and no synchronization problems. 

It is theoretically possible to yaw the machine out of the wind to unstall the 
blades for starting. Once rotation starts we would yaw slowly back to the 
power position. The generator would be synchronized automatically when the 
speed reached synchronous. 

A 2-position pitch system might be designed such that the outboard section of 
the blade is pitched for starting and then returned slowly to the power posi
tion without feedback control. Calculations show that at least 30% of the 
blade length would be required for the pitchable part. 

Two methods of stopping the machine in the event that the load is lost are 
being considered: a deam-man brake and a small flap on the blade tip. 
Calculations show that a 31 flap is sufficient to stop a 125 1 diameter rotor. 

CONCLUSIONS 

We believe the fixed pitch rotor concept offers a potential reduction in wind 
turbine cost. Many costly and sometimes troublesome components can be 
eliminated. 

There are starting problems which need to be solved and these are being 
investigated. 

DISCUSSION 

Q. Would you expect power from the grid to motor the rotor through and out of 
stall due to a high velocity gust? 

A. That depends upon the design of the drive train: if torque can be trans
mitted from the generator to the rotor, the machine would motor through a 
period of high wind--otherwise the rotor would stop. 
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Q. How did not determine a start angle on the blade of only 80 ? 

A. We used Wilson's "prop" program to predict the speed vs. torque character
istics of a rotor with various pitch angles. Positive torque was found at 
all speeds with a pitch angle of 80 . 

Q. What about 160 mph when stopped? 

A. Actually, we design for a 120 mph wind striking the blade at 900 

line. This is a onetime load which allows the stress to be 5 or 6 times 
greater than a fatigue stress would be. Consequently, the high wind 
requirement does not appear to adversly affect the design. 

Q. What are the high wind (greater than cutout) and gusty air effects on blade 
limit loads and fatigue loads? Also what are the effects on drive system 
requirements to handle the cyclic drive torques? 

A. So far we have only looked at operations in steady winds. The effect of 
gusts will be investigated later. We have not yet identified any changes 
in the drive train necessitated by changing from variable to fixed pitch 
rotors. 

Q. With the loss of flatwise damping during the proposed stall operation, do 
you think upwind locating and guying, as with the Gedser machine, would be 
necessary? 

A. No, but we need to and will examine stability. 
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COMPOSITE BLADE FABRICATION 

C. M. Minke 

Hercules/Allegany Ballistics Laboratory 
P. O. Box 210 

Cumberland, MD 21502 

ABSTRACT 

A ten minute film presents the filament winding of the MOD 0 WTG Composite 
Blade. Various steps in the fabrication of tooling assembly, winding of spar 
and shell, and preparation for shipment are shown. Materials of fabrication 
are E glass roving and an epoxy resin. 

DISCUSSION 

Q. How does the winding angle (hence, longitudinal modulus) of the spar 
compare with the skin angle? 

A. The winding angle ranged from about 30 to 40 degrees on both the spar 
and shell. 

Q. How did you handle the problem of sag? Did you consider winding 
vertically rather than horizontally? 

A. The unit was supported by a steady rest on all windings except the 
final windings to the tip. After winding and during cure, the blade 
was propped up. 

Vertical winding would require a very expensive facility, which was 
not available . 
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RESEARCH OF LOW COST WIND GENERA TOR ROTORS 

Demeter G. Fertis 
University of Akron 
Akron, Ohio 44325 

and 

Robert S. Ross 
Concept Development Institute, Inc. 

1790 Stoney Hill Drive 
Hudson, Ohio 44236 

ABSTRACT 

This feasibility progralTI deterlTIined that it would be possible to signifi
cantly reduce the cost of lTIanufacturing wind generator rotors by lTIaking 
thelTI of cast urethane. Goodyear developed several high lTIodulus 
urethanes which were structurally tested at the University of Akron. 
A section of rotor was also cast and tested showing the excellent aero
dynalTIic surface which results. A design analysis indicated that a cost 
reduction of allTIost ten to one can be achieved with a slTIall weight in
crease to achieve the SOlTIe structural integrity as expected of current 
rotor systelTIs. 

IN TRODUC TION 

Recently NASA has been given the task of trying to find SOlTIe way that 
wind energy could be harnessed at a large enough scale to becolTIe sig
nificant as a world energy source. In prelilTIinary investigation NASA 
has determined that large size windlTIills might be one solution to this 
problelTI. In their studies, however, they find that the cost of the initial 
installation is considerable and if the overall systelTI is to be econolTIically 
feasible, the initial cost of the equiplTIent lTIust be reduced. These first 
costs can be divided into three lTIajor cOlTIponents; 1) the rotor blades 
themselves, 2) the tower that supports the equipment, and 3) the elec
trical and electro-mechanical tie-ins. In this particular program CDI 
has proposed a solution for reducing the cost of the rotor blades. 

In the first NASA installations and systelTIs, rotor blades were based on 
either propeller or airfoil design and fabrication techniques. These 
provided workable blades, but at a relatively high cost. It appeared 
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that an entirely new approach would be required if a significant cost re
duction was to be expected. CDI, therefore, looke d to new materials 
and fabrication techniques as the solution to this problem. Since ure
thanes had a wide capability of structural properties, and they could be 
cast in low cost molds, where they generate their own internal heat, it 
appeared that these may be likely candidates for roto r components. 

Through CDr, therefore, NASA funded a program to examine the physical 
properties of the urethanes both experimentally and analytically and to de
termine if full scale rotor blades could be made using this technique. The 
program involved not only physical testing of specimens, but also the 
fabrication of a model airfoil and a preliminary study of a full scale blade 
design to determine the practicability of the approach. The majority of 
the work was performed at the University of Akron al).d the Goodyear Tire 
& Rubber Company Research Laboratories. 

MATERIAL EVALUATION 

Urethanes are relatively new materials and, therefore, very little is 
known regarding their physical properties and structural behavior as a 
construction material. Two specific types of urethanes, microcellular 
foam and rigid foam, were selected for evaluation on this program. The 
properties examined were: density, tensile strength, compressive 
strength, shear strength, bearing strength, impact strength, creep re
sistance, fatigue strength, temperature effects and Pois son l s ratio. 
Typical other behaviors examined were: hysteresis, modulus of elastici
ty, repeatability, experimental and analytical similarity, etc. 

Using specimens 3/411 x 3/4 11 X 30 11 and three and four point loading 
systems, a large number of tests were conducted and data collected 
on load-deflection properties. The data proved to be very linear and 
creep was not significant for the most interesting formulations. Table 
4 summarizes some of the properties obtained. Temperature effects 
were also briefly examined from 20 0 F to 1500 F and appear to be within 
practical limits. 

Fatigue tests were also conducted on tensile specimens at stress lev els 
of 2200 psi at 5 and 10 cycles per second and went 2,000, 000 cycles 
before being taken off the test machine. Strain gages tests were also 
conducted and they verified values of E of about 450, 000 psi were 
achieved. 
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The test program indicated that the urethanes were a good structural 
material which behaved in a predictable engineering fashion and could be 
expected to perform as analytically shown similar to standard materials. 

ROTOR DESIGN 

This portion of the program consisted of two major areas: 1) The design 
of a test section to permit the casting of a urethane blade component 
which would demonstrate the structural capabilities of the material in 
a typical rotor blade configuration; and 2) the preliminary design of a 
full scale rotor blade that would permit the determination of a reason
able weight estimate. 

For the purpose of this program a test section 7 1 long with a chord of 
30" was planned. With a thickness of 15%, this represented a section 
of the 125' Mod 0 system at 80% of the radius. The model was made 
in two halves and cemented together. Two models were made and 
tested, one all urethane, and the other containing some typical reinforc
ing bars. This was to illustrate how readily metal could be used to vary 
the structural properties as needed. 

The models were mounted in a cantilev er fashion and tested to destruction 
in bending. Before this, however, they were tested in torque and were 
equipped with an accelerometer to check the natural frequency. As 
expected, the unit with reinforcing rods increased the stiffness of the 
test specimens. The surface was extremely smooth and did not require 
additional machinery. 

The blade sections actually broke at stress concentration points at the 
root and indicated that the predicted structural properties were achieved. 
The blade was very stiff in torsion and was only tested up to 4 0 when 
20, 000 in-lbs was applied. 

FULL SCALE ROTOR DESIGN ES TIMA TES 

Using design goal structural properties supplied by NASA on full scale 
preliminary designs of a 125' radius blade was made, assuming that it 
were to be cast urethane with met al stiffeners. It turned out that t he 
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stiffeners criteria was the most criti~al and a blade using this technique 
would be slightly heavier than the present Mod 0 design to meet this 
structural goal. Since no attempt was made to optimize the designs, 
it is not known if the same weight could be achieved. 

For casting purposes, the blade mold and fabrication costs were esti
mated and it was determined that costs in the vicinity of $2 to $3 per 
pound were not out of line, depending, of course, on the number of 
blades to be built. Size was not a limit in the technique considered. 

It is now necessary to build and whirl test a set of blades as well as es
tablish more precisely all the design parameters. 

DISCUSSION 

Q. What would be the weight of a MOD 0 sized blade constructed from 
urethane? 

A. Preliminary estimates of blade weight vary from 2,750 to 3,300 pounds! 
which is slightly more than the present blade weight. Judicious design, 1 
however, could possibly bring it close to the same weight. 

Q. Do you have data and/or plans to obtain data on fatigue properties of 
your urethane foam samples? 

A. Samples of urethane were cycled at repeated tensile stress levels of 
2,200 psi at speeds of 5 and 10 cycles per second and reached 
2,000,000 cycles before being taken out of the machine. No visible 
signs of failure was present. 

Q. Are properhes you showed for an isotropic material or did they 
include the bigh density of the skin which would form at the mold 
interface? 

A. The properties we showed did not include the ability to create a skin 
density at the mold surface greater than the rest of the specimen. 
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PLANS FOR 

WIND ENERGY SYSTEM SIMULATION 

Mark E. Dreier 

Paragon Pacific, Inc. 
1601 E. El Segundo Blvd. 

El Segundo, California 90245 

ABSTRACT 

Two new analysis tools, one a digital computer code and the other a 
special purpose hybrid computer, are introduced. The digital computer 
program, the Root Perturbation Method or RPM, is a new implementation 
of the classic Floquet procedure which circumvents numerical problems 
associated with the extraction of Floquet roots. The hybrid computer, 
the Wind Energy System Time- domain simulator (WEST), yields real-time 
loads and deformation information essential to design and system 
stability investigations. 

INTRODUCTION 

In the realm of wind energy system simulation, the MOSTAB- HFW and WINDLASS 
digital computer programs have attained highly developed states for loads 
and deformation predictions . Except for empirical refinement of some data, 
and other minor adjustments, the ability to predict loads and deformations 
has been fUlly developed. The next task in the simulation problem is to 
determine the stability margins of the complex (coupled) aeroelastic
structural system present in the windmill designs, including the effects 
of periodic coefficients. Two methods for the solution of this problem 
are possible. 

A rigorous stability analysis using digital techniques can be performed . 
This analysis would yield characteristic roots which reveal the system 
stability characteristics directly . The classic Floquet procedure is 
essential in this regard since it treats linear operators that are periodic 
functions of time. 

An alternative method ties in real-time simulation of the system which 
would provide assessment of the system stability in the time domain, and 
an interactive ability to test different control algorithms. This paper 
introduces new concepts on these classic methods, both of which are 
planned for development in CY 1978. 
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PROPOSED DIGITAL STABILITY ANALYSIS PROGRAM 

Overview of Fl oQuet Method 

In the past, di gital verification of the stability of periodic systems 
has been treated using Fl oQuet procedures . However, the FloQuet 
procedures suffer from two very important drawbacks. 

Firstl y, in det ermini ng the stability of a system whose eigenvalues are, 
say, Al , A2 ... An' the eigenvalues computed by the Fl oQuet procedure 

are 1' 1' 1'2 ••• I'n' where 

1' . 
J 

TA . 
e J j 1, 2 ... n (1 ) 

and T is the period of the physical sy stem . EQuation (1 ) says that the 
FloQuet eigenvalues are exponentials of physical dynamic modes represented 
by TA . . Whil e the values of A . will be spaced in magnitude to reflect the 

J J 
natural freQuencies of the system, the I' . I S w:i.ll be spread out due to the 

J 
exponentiation . This r esults in considerabl e significant figure accuracy 
reQuirements in order to achieve even moderate accuracy in the cal culations 
of A. This effectivel y limits the number of dynamic modes that can be 
computed using practical computer implementation of the Fl oQuet procedures. 

The second diffi cul ty with Fl oQuet emer ges when one notes that if 

A. 
J 

a . + i b . 
J J 

(2 ) 

is a solution t o Equation (1 ), so is 

A. 
J 

a. + i (b . + n2n) 
J J 

Hence, the imaginary part cannot be uniquel y determined, but onl y within 
multiples of 2n . 
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The Root Perturbation Method 

A new method for estimating the characteristic roots of l inear systems with 
periodic coefficients has been proposed . The Root Perturbation Method, (RPM) 
is an al ternative impl ementat i on of the Fl oquet procedure , but circumvents 
the drawbacks of Floquet . The RPM begins by assuming a mean val ue of the 
constant coefficient matrix and determining the eigenval ues of that system. 
For example, if the system is modelled 

x - M(t) x N(t) u (1; ) 

then the eigenval ues and eigenvectors ~ and x are defined so that 

xu ( 5) 

where M is the mean val ue of M(t) and U is the diagonal matrix made of the o 
~ ' S. Defining the perturbation quantity 

M(t ) M(t) - M o 

and the vector (6) 

Z(A) 

which is then used in the Neumann Series 

( 7) 
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Some straightforward algebra will show that the sought characteristic 
roots, A., are given by 

J 

A. 
J 

1 
\J.. + - T .en (h . . + 1) 

J JJ 
j 1, 2 .. . n 

where h .. are the diagonal elements of H defined in Equation (7). 
JJ 

(8) 

The above equation is a perturbation result which should be much less 
susceptible to numerical difficulties. Also, since the log term is small, 
A. will be close to IJ. . such that the 2rt multiple associated with A. is 

J J J 
easily discerned . 

PROPOSED HYBRID SYSTEM FOR STABILITY AND CONTROL ANALYSIS 

As mentioned earlier, another viable method to examine stability, loads and 
deformations of a wind turbine system is to construct a hybrid simulation 
model. Special purpose hybrid computers are especially attractive here 
since they can simulate real-time aeroelastic phenomena. At this time, 
construction of such a simulator is planned for CY 1978. Dubbed WEST 
(Wind Energy System Time- domain simulator), the same aeroelastic math 
models incorporated in MOSTAB-HFW (not stability derivative models!) 
will be solved simultaneously with the tower, pod and drive train models, 
to create real-time loads and deformation information for the entire system. 
WEST will be equipped with external potentiometers and a patch panel which 
allow the user to easily reconfigure the control system algorithms. The 
unit will be supported by a Digital Support System (DSS) that aids the 
programmer in modelling any number of physical system geometry changes. 
WEST will produce accurate time domain results (time histories) of the 
operation of a given wind turbine pl ant. A wind spectral synthesizer 
will also be incorporated in WEST, which will enable calculation of loads 
and motions in a statistical wind environment . 

SUMMARY 

Two useful new tools have been outlined and are currently planned for 
next year; these will provide methods of determining the stability, loads 
and motions of an entire wind energy system. The Root Perturbation Method, 
a post-processor for the WINDLASS system, implements the classic Floquet 
method in a new way which is less susceptibl e to numerical difficulties. 
The WEST special purpose hybrid computer uses the best features of both 
digital and analog technology to model a wind energy system in real time . 
Both of these new tools promise to be major contributors to the future 
study and evolution of wind turbine systems. 
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THE UMASS WIND FURNACE BLADE DESIGN 

Duane E. Cromack 

Mechanical Engineering Department 
University of Massachusetts 

Amherst, Massachusetts 01003 

ABSTRACT 

A brief description of the UMass Wind Furnace concept is presented along with 
some preliminary performance data. Particular emphasis is placed on the design, 
construction, and manufactu ring procedure for the 32.5 foot diameter GRP blades. 

I NTRODUCTI ON 

Conceptually the wind furnace is a simple heating system consisting of a wind 
turbine, solar flat plate collectors, a storage system, and a heat deli very 
system and is shown schematical ly in Fig. 1. This system and its operation are 
described in detail in ref. 1. Briefly, water in the thermal storage tank is 
heated by the solar collectors and by the electricity generated by the wind 
turbine. In turn, this water is used to heat the house by conventional base
board hot water convectors. At the present time, a gas fired hot air furnace 
serves as the auxillary back-up heating system. 

The wind turbine, the major component of the wind furnace system, consists of a 
9.9 m (32.5 ft.) diameter, three-bladed downwind rotor atop an 18.3 m (60 ft.) 
steel stayed pole mast. Designed to operate at a tip-speed-ratio of 7.5, the 
machine should produce 25kW at 11.6 m/s (26 mph). The predicted and experimen
tally measured power output are shown in Fig. 2 as a function of wind speed. 
From cut-in speed of 2.7 m/s (6 mph) to rated speed of 11.6 m/s (26 mph) the 
rotor rpm continually increases and the 7.5 tip-speed-ratio is maintained. 
Above rated speed and up to 22.4 m/s (50 mph) the blades are automatically 
pitched towards feather thus maintaining a constant rated rpm of 167. At the 
cut-out speed of 22.4 m/s (50 mph), the blades are pitched to full feather and 
the machine stops. 

BLADE CONSTRUCTION 

Figure 3 is a sequence of photographs depicting the blade construction sequence. 
The skin is laid up over a male mold by applying epoxy resin to the cloth and 
smoothing it out with a squeege. After the skin is cured, the spar is laid-u p 
and tape wound over a three -piece spindle. Before the spar cures, it is placed 
inside the· skin which in turn is held in a female mold. After the spindle is 
removed and the shank mold put in place, pressure is applied inside with the 
pressure bag and the spar is cured while it bonds to the skin. The blade is 
completed by bonding the trailing edges of the skin together and attaching the 
steel sleeve over the shank portion. The pitch control sprocket attaches to the 
steel sleeve after the blade has been inserted into the rotor hub. 
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BLADE STRUCTURAL DESIGN 

The UMass blades are patterned after the Brace Institute design and uses a 
NASA 4415 airfoil section (ref. 2) with a chord varying from 18 to 4 inches 
with approximately 47 degrees of twist along its 16.25 foot length. The blades 
are made of glass reinforced plastic (GRP), chosen because of its strength, 
ease of molding over a complex shaped mold, high durability, moderate cost and 
for its usefulness in making a small number of items of premium quality and of 
optimum thickness distribution on relatively inexpensive tools. 

The blade was des igned for two loading conditions: (1) stationary and un
feathered in a 150 mile-per-hour wind and (2) for maximum power in a 30 mile
per-hour wind representing a 50 percent overload based on rated power. The 
latter condition proved to be the most severe. A laminate schedule was ob
tained based on the calculated stresses and deflections that would place the 
elastic and aerodynamic axes nearly coincident with the 25 percent chord axis. 
A factor of safety of four was applied to account for aeroelastic effects and 
to provide as much rigidity as possible without significantly increasing the 
construction difficulty or material cost. The spar is a heavy laminate of pre~ 
dominately unidirectional fabric tapering in thickness from the .5 radius to 
the tip. Several wraps of fiberglass tape reduce the likelihood of shear 
failure. The skin consists of several layers of balanced weave cloth tapering 
toward the tip . It is desirable to keep the skin no thicker than necessary 
for rigidity and impact damage to avoid shifting the elastic axis rearward. 
The cloth in the skin runs the length of the blade, thereby avoiding joints 
which could cause surface roughness. 

The UMass Windfurnace has been up since November 1976 and operating automati
cally since September 1977. The blades have been left unpainted so that any 
deterioration can be detected - non has been observed to date. 

REFERENCES 

1. Cromack, D.E., "Design and Operational Aspects of the UMass Wind Furnace," 
Proceedings of the AWEA Conference, Boulder, Colorado, May 12-14, 1977. 

2. Van Dusen, E.S., "Blade Structural Design; Wind Furnace Experiment," 
Energy Alternatives Program, University of Massachusetts, Amherst, Mass., 
01003, TR/76/2, January 1976. 

DISCUSSION 

Q. What percent of the chord dimension does the spar fill? 

A. The spar is 40 percent of the chord. 

Q. Could you describe your gear drive system and performance characteristics? 

A. The gear drive system consists of a truck differential and a silent chain 
and sprocket providing about an 11:1 speed up. The performance character
istics are shown in Figure 2 of this paper. 
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Figure 1. - Schematic of UMASS wind furnace. 
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Figure 2. - Power as a function of wind speed. 
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(a) (b) 

Figure 3. - UMASS wind furnace blade construction sequence. 
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PANEL DISCUSSION SUMMARIES 

DISCUSSION LEADER .. ... DR. HOLT ASHLEY 

SESSION CHAIRMAN 

PROFESSOR AERONAUTICS AND ASTRONAUTICS 
STANFORD UNIVERSITY 
STANFORD, CALIFORNIA 

RONALD L. THOMAS 
DEPUTY PROJECT MANAGER 
WIND ENERGY PROJECT OFFICE 
NASA-LEWIS RESEARCH CENTER 
CLEVELAND, OHIO 

INTRODUCTION 

One purpose of the Workshop on Wind Turbine Structural Dynamics was to discuss 
future plans for large windturbines. This was accomplished by means of three 
panel discussions on the foll owing subjects: (1) ANALYSIS METHODS, (2) STRUC
TURAL CONFIGURATIONS, and (3) POWER TRAIN CONFIGURATIONS. Following each 
panel discussion, the audience was given an opportunity to ask questions and 
make comments. The main points put forward by both the panel and audience 
were then summarized by Dr. Holt Ashley (discussion leader), and Ronald L. 
Thomas (session chairman). Their summaries of each panel discussion follow: 

SUBJECT: IIANALYSIS METHODS II 

PANEL MEMBERS: 

DR. DAVID SPERA (NASA-LeRC) 
DR. JOHN DUGUNDJI (M.I.T.) 

PANEL I 

MR. JAC K ANDREWS (BOEI NG ENGINEERING & CONSTRUCTION) 
MR. CLYDE STAHL E (GENERAL ELECTRIC) 
MR. MARK DREIER (PARAGON PACIFIC) 

SUMt~ARY : 
DR. HOLT ASHLEY: 

11m sure you all realize that it doesn't matter what I say in this wrap-up 
summary, 11m going to make somebody mad. So put yourself in my position and 
be a little tolerant. 1111 try to tell you what I think I heard. 

With regard to the tools of analysis, we now have available a rich assortment 
of computer codes for predicting the dynamic response and stability of things 
that look like wind turbines. They are in remarkably good shape, perhaps, 
compared to the design tools that are used in many other areas of structural 
design. Also, the devices on which they are being used are pretty complicated, 
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and we are anticipat i ng in the future quite a vari ety of confi gurations that 
differ from the ones whi ch we are now i n the process of ve r i fying. So, 
altho ugh the tools are good, this is no time to shut t he doo r on continued 
development of codes that are useful for analysis purposes. We' re all pretty 
sure that F = MA. I think we also believe that the re l at i ons between stress, 
strain, internal loads, and so forth, can be described pretty well . 

The aerodynamics i s a relat i ve, although not an absolute, weak spot. I would 
suggest that, in regard to the aerodynamic loads useful fo r forci ng and sta
bility, perhaps we're a little bit better off than the worse sorts of condi
tions that hel i copters get into. This is because the vort ex interactions are 
perhaps not as bad in these machines as they are in helicopte rs ; although, on 
the other hand, hel icopters tend to live in an environment that is not as 
dominated by the va riability of the wind as these mach i nes do. There is one 
clear need, and that i s to continue to improve the characteri zation of that 
wind environment, as a statistical phenomenon in space and t ime, and to put 
that characterization into the codes. But we could be in con siderably worse 
shape than, in fact , we are. 

I also heard it ag reed t hat design criteria are needed and have to be improved 
in an evolutionary way, as machines come along. It would be a mistake to 
freeze the criter ia t oo simplistically in such a way tha t t hey constrain inno
vation and imaginat ion in the future design of these mach i nes, because it is 
not necessarily true that the low cost that you all seek so ea rnestly is going 
to be found in t he type of IIstiffll designs, as they were call ed , that are 
represented by Mod-O and Mod-l. 

One other thing abo ut computer codes--there's a concept tha t I li ke, called an 
lIacceptability index'" that was mentioned by Mark Dreier. Let 's see if we can 
all define that t erm as well as he seems to know how to define it , and let's 
use it to avoid the thing I talked about in my opening remarks: t he misuse of 
computer codes . This involves the application of analytical t ools in places 
where they don 't belong. It's so easy to do, and it becomes easier as the 
codes become bigger, more complicated and more widely distribu t ed from their 
source. 

Wind tunnel t esting-- there were clear differences of oplnlon t here . I heard 
no one argue with Jack Andrews when he said that the Boe i ng Company felt that 
it was going t o need some wind tunnel testing in connection wi th the develop
ment of the Mod-2 machine, which we hope is going to represent a bi gger jump 
than, say, the Mod- l is relative to the Mod-O. But we also recognize that, as 
a design verification tool, the wind tunnel has its limitat ions. It's not 
impossible, but i t is difficult, to reproduce this wind environmen t . 

Perhaps an equally important role of wind tunnel testing i s as a way of veri
fying analyt ica l methods, a task which is not as easy in the real world, full
scale environment. When you are doing that, you can then make simpler models 
and make those models and the codes that analyze them conform to one another. 
Thus you verify codes, which can then be used on more complicated , f ul l -scale 
configurations , at least with a certain amount of luck and good judgment. We 
also heard a consensus plea fo r si mpl e methods of analysis at the prel im inary 
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design stage that would assist our understanding. They would also permit 
trade-off studies to be done in a simple way, without the enormous exercise 
of the computer. 

With respect to the Mod-O machine, it's seen by almost everyone as another 
useful way of verifying design tools. We heard several strong pleas that it 
be used as a test machine in various ways, following up, for example, on the 
current plan to reverse the direction of the rotor and thus essentially get 
two or three configurations for the price of one. 

MR. RONALD THOMAS: 

11m not going to second guess on that, Holt. My final comment is, that if we 
are to get the cost down on these machines, welre going to have to get to the 
less stiff or soft systems. Right now the codes welre using in the wind tur
bine business are only verified for the stiff systems, and welve got to verify 
these codes for the soft systems. This may be done by using the small models, 
using the Mod-O, or whatever, but welve got to verify these codes as we get 
into these areas before we can commit to large designs. Thank you. 

PANEL II 

SUBJECT: "STRUCTURAL CONFIGURATIONS" 

PANEL MEMBERS: 

DR. DAVID SPERA (NASA-LeRC) 
DR. KURT HOHENEMSER (WASHINGTON UNIVERSITY) 
MR. JACK ANDREWS (BOEING ENGINEERING & CONSTRUCTION) 
MR. CLYDE STAHLE (GENERAL ELECTRIC) 
MR. M. C. CHENEY, JR. (UNITED TECHNOLOGIES RESEARCH CENTER) 
MR. GLIDDEN DOMAN (HAMILTON STANDARD) 

SUMMARY: 
MR. RONALD THOMAS: 

11m going to try to summarize very briefly. First, the question of two versus 
three blades. I think the panel pretty much agrees that two is the prefierred 
route if we can handle the cyclic loads: don't go to three blades unless you 
really have to. If, however, the cost of the blades is very low, then there 
may be an overall advantage to three blades. It is not merely a blade ques
tion but a whole wind turbine design question. If you do go to three, can 
you take enough material out of the whole machine to really make it worth
whil e. 

There seems to be some controversy as to the upwind versus downwind rotor. 
The upwind appears to offer some reduction in loads; however, as Clyde Stahle 
mentioned, maybe not all the factors were taken into consideration. There 
probably would be a reduction in loads, but not maybe quite as much as has 
been predicted. This needs further analysis and verification with Mod-O tests. 
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On the question of stiffness versus softness, I think the panel very much 
believes that to really get the loads down, we probably are going to have to 
progress in the direction of softening up some of the areas. The analysis 
tools are here but this is an area where we're going to have to proceed in a 
slow and orderly fashion. We discussed the free yaw system quite a bit and I 
think that several of the panel members feel very strongly that this is some
thing that should be tested on the Mod-D. There may be instabilities there, 
and I think there may be differences of opinion, or perhaps some of us maybe 
don't know quite well enough the magnitude of these instabilities, but it's 
certainly something that would be good to test on Mod-D. Once we have the 
analysis well enough in hand, we will test free-yaw on the Mod-~. 

As far as the fixed pitch systems, I believe that the panel believes that 
there may be some advantages to going into the fixed pitch systems with the 
possibility of reducing costs. We possibly might wa nt to use some control, 
and we discussed the cyclic versus the collective, and maybe not throw both 
of them out at the same time, but that may have some merit. It was pointed 
out that the fixed pitch system offers some possibility of softening up the 
rotor by going to a teetering hub. That concludes my summary. 

DR. HOLT ASHLEY: 

May I follow up? I'm just tempted to say that you did a very good job of sum
marizing; in regards to the kind of machines that you love, I don't think 
there is anything useful that I would have to add. On the other hand, I'm 
glad that Mr. Reuter brought up the vertical axis machines, because I accepted 
the invitation to come here under the impression that this was going to be a 
workshop on wind turbine structural dynamics. Actually, it turned out to be a 
very interesting workshop, but it was a workshop on horizontal-axis turbines 
of the kind that NASA is interested in. I think, with regard to the vertical
axis machines, we really have to say that they have good promise for certain 
kinds of applications that have not been recognized nearly as fully as the 
horizontal-axis machines by a great number of people. In turns out that the 
first windmills in the history of the world were vertical axis machines, if 
you want to look at your history books. As for their structural dynamic prob
lems, I think I'm right in saying, from my study of the literature , that there 
may be a good deal more to learn as they are sca l ed up to the really large 
sizes which have potential for making contributions to the world's power 
problems. They're going to get into the same kind of "fun" that you people 
are already getting into, and they do present some extremely interesting oppor
tunities for the kind of basic studies that John Dugundji talked about. They 
also will demand the development of better analysis and test tools. So what I 
come out on is that, if we feel the exercise here the last few days has been 
successful, we might want to recommend to an organizati on like Sandia or NRC, 
Canada, that a dynamics workshop on vertical-axis wind turbines might prove 
useful for them some day. It would certainly be a very interesting thing to 
participate in. 
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PANEL II I 

SUBJECT: "POWER TRAIN CONFIGURATIONS" 

PANEL MEMBERS: 

DR. MANUEL MARTINEZ-SANCHEZ (M.I.T.) 
MR. ROBERT BARTON (GENERAL ELECTRIC) 
MR. HAROLD GOLD (NASA-LeRC) 
MR. ROBERT JONES (KAMAN AEROSPACE 

SUMMARY: 
MR. RONALD THOMAS: 

Concerning the power quality of the wind turbine, it obviously depends on the 
size of the wind turbine and the size of the system it's going on. We've 
looked at Mod-O with its power oscillations. If you put Mod-O on the Clayton 
power system, there appears to be no major power quality concerns, but obvi
ously if the wind turbine is a major part of the load, the people may not be 
happy with the power quality that the wind turbine is giving them. The better 
job we can do, the less problems we'll have. It all gets back down to doing 
the best we can with the least costs. So far as the technology goes in the 
drive train, I think the panel members believe that there are ways to reduce 
the cost and the weight of the drive train by possibly going to planetary sys
tems and by making the drive train more flexible. Some believe the softer 
drive systems would result in improved power quality. There are many ways to 
design the drive train, but there aren't any that are clear cut winners over 
the conventional systems that we have. They have to be studied in detail and 
the overall costs and quality of the power output need to be better understood. 
I believe that as far as the stiffness versus flexibility issue goes, most of 
the people who prefer flexibility agree that flexibility is good as long as 
you have adequate controls, you are going to need more sophisticated controls 
than you do with the stiff systems. That wraps up my summary comments. Holt, 
do you have anything? 

DR. HOLT ASHLEY: 

Just a quickie, and I'm not sure if it's a technical comment. I think it's 
dangerous, if true, to let yourself be too unilaterally fascinated by the 
issue of fitting these machines into an existing large power grid. You'll 
notice that even Mr. English in his talk last night equivocated when I tried 
to get him to open up on that subject. I recognize that when it comes to 
selling budgets for this kind of RD&D in Congress and to our masters in 
Washington, we have to talk about the contribution that this type of machines 
might make within the framework of the Continental United States. But, I 
don't think we should lose sight of all kinds of interesting things that wind 
energy conversion systems might accomplish in remote places, for the needs of 
underdeveloped countries, and so forth. The fact is that all of your work is 
going to have an incidental contribution to make there, too. When you remove 
this grid synchronization requirement and look at some of those many other 
applications, the problems are really quite different. So don't lose sight of 
those possibilities too. 
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CONCLUSION: 
MR . RONALD THOMAS : 

Before we finish I would like to thank Dave Spera, who organized and chaired 
this whole three-day session, and also Joe Savino , who was the co-chairman, 
and Karen Wester who saw to the many, many details of the log i stics. I think 
it's been a very interesting three days and it's been very helpful. 
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THE BRUSH WIND TURB INE GENERATOR AS DESCRIBED IN 

SCIENTIFIC AMERICAN OF DECEMB ER 20, 1890 

Davi d A. Spera 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 

ABSTRACT 

An historic wind turbine generator is described which operated in Cleveland, 
Ohio, from 1888 to 1908. The machine had a 144-blade rotor 56 feet in diame
ter, a pivoted tower 60 feet high, and a maximum output of 12 kW DC. The 
description is based on an 1890 article in Scientific American journal . 

INTRODUCTION 

In 1888 Charles F. Brush, a prominent Cleveland, Ohio, industrialist erected 
a large windmill on his estate for the purpose of generating electricity to 
light his home. Brush had recently made his fortune through the invention and 
manufacture of practical arc lights and DC generators ("dynamos"). A Brush arc 
lighting system illuminated Cleveland's Public Square in 1879, an event which 
is often described as the world's first electric street lighting. Although 
the Brush wind turbine generator operated successfully for 20 years, it seems 
to have been overlooked in contemporary accounts of the historical development 
of windmills (see ref. 1, for example). The purpose of this brief paper is 
to acquaint the wind energy community with a machine which may prove to be the 
world's first practical wind turbine generator. It seems appropriate to do 
this by means of the text and i llustrations of an 1890 article in Scientific 
American (ref. 2 and fig. 1), which is the most complete description available 
of the Brush windmill. This article, with minor editing to coordinate text 
and illustrations, is as follows: 

MR. BRUSH'S WINDMILL DYNAMO 

It is difficult to estimate the effect of an invention on existing practices 
and industries. Occasionally a new invention will appear which will greatly 
affect a whole range of allied inventions and industries in such a way as to 
entirely change time-honored customs, inaugurate new practices and establish 
new arts. The commercial development of electricity is a notable example of 
this. 

After Mr. Charles F. Brush of Cleveland, Ohio, successfully accomplished prac
tical electric illumination by means of arc lights, incandescent lighting was 
quickly brought forward and rapidly perfected. Gas lighting was also improved 
in various ways. Simul taneously with these, the electric distribution of 
power was carried forward, and important improvements were made in prime movers 
for driving dynamos. In this direction much has been done both in steam and 
water motors. Wind power has been repeatedly suggested for driving dynamos, 
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but the adaptation of the windmill to this use seems to have been a problem 
fraught with difficulties. Few have dared to grapple with it, for the ques
tion not only involved the motive power itself and the dynamo, but also the 
means of transmitting the power of the wheel to the dynamo, and apparatus for 
regulating, storing and utilizing the current. With the exception of the 
gigantic windmill and electric plant described herein, we do not know of a 
successful system of electric lighting operated by means of wind power. 

Brush Residence (Figure 2) 

Passing along Euclid Avenue in the beautiful city of Cleveland, one wil l notice 
the magnificent residence of Mr. Brush, behind which and some distance down the 
park may be seen, mounted high on a tower, the immense wheel which drives an 
electric lighting plant. 

The house is furnished with 350 incandescent lights, varying from 10 to 50 
candle power each. The lamps most commonly used are from 16 to 20 candle 
power, about 100 incandescent lights are in every day use. In addition to 
these lights there are two arc lights and three electric motors. 

Brush Windmill (Figure 3) 

The mill here shown, as well as all of the electrical apparatus used in connec
tion with it, and the very complete system by which the results are secured, 
have been designed and carried out according to the plans of Mr. Brush and 
under his own personal supervision. As an example of thoroughgoing engineering 
work it cannot be excelled. 

Every contingency is provided for, and the apparatus, from the huge wheel down 
to the current regulator, is entirely automatic. The wheel, which is 56 feet 
in diameter, is secured to the shaft and is provided with 144 blades, which are 
like those of screw propellers. The sail surface of the wheel is about 1,800 
square feet, the length of the tail which turns the wheel toward the wind is 
60 feet, and its width is 20 feet. The mill is made automatic by an auxiliary 
vane extending from one side, and serving to turn the wheel edgewise to the 
wind during a heavy gale. The tail may be folded against the tower parallel 
with the wheel, so as to present the edge of the wheel to the wind when the 
machinery is not in use. 

Section View of Windmill Tower (Figure 4) 

The tower is rectangular in form and about 60 feet high. It is mounted on a 
wrought iron gudgeon 14 inches in diameter and which extends 8 feet into the 
solid masonry below the ground level. The gudgeon projects 12 feet above the 
ground and enters boxes in the iron frame of the tower, the weight of the tower, 
which is 80,000 pounds, being borne by a step resting on the top of the gudgeon . 
The step is secured to a heavy spider fastened to the lower part of the frame 
of the tower. 

To guard against extraordinary wind pressure, the tower is provided at each of 
its corners with an arm projecting downwardly and outwardly, and carrying a 
caster wheel very near but not in contact with the circular rail concentric 
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with the gudgeon. Ordinarily, these caster wheels do not touch the rail, but 
when the wind is very high, they come into contact with the rail and relieve 
the gudgeon from further strain. 

In the upper part of the tower is journaled the main wheel shaft. This shaft 
is 20 feet long and 6~ inches in diameter . It is provided with self-oiling 
boxes 26 inches long, and carries the main pulley, which has a diameter of 
8 feet and a face of 32 inches. The countershaft arranged below the wheel 
shaft is ~ inches in diameter, it carries a pulley 16 inches in diameter, with 
a face of 32 inches, which receives the main belt from the 8 foot pulley on the 
wheel shaft. This is a double belt 32 inches wide. The countershaft is pro
vided with two driving pulleys each 6 feet in diameter, with a face of 6~ 
inches , and the dynamo is furnished on opposite ends of the arma ture shaft with 
pulleys which receive belts from the drive wheels on the countershaft. 

The dyna mo is mounted on a vertically sliding support and partially counter
balanced by a weighted lever. It will be seen that the countershaft is sus
pended from the main shaft by the main belt, and the dynamo is partly suspended 
from the countershaft by the driving belts. In this way the proper tension of 
the belts is always secured, the total load on the dynamo belts being 1,200 
pounds, and on the main belt 4,200 pounds. The ends of the countershaft are 
journaled in sliding boxes connected by equalizing levers which cause both ends 
of the shaft to move alike. 

The current passes from the dynamo to contact shoes of polished and hardened 
steel carried by a cross bar on the tower, which shoes slide on annular plates 
surrounding the gudgeon. Conductors extend underground from these plates to 
the dwelling house. 

Dynamo Room in Tower (Figure 5) 

The pulleys are so proportioned that the dynamo, which is one of Mr. Brush's 
own des ign, makes fifty revolutions to one of the wheel. The speed of the 
dynamo at full load is 500 revolutions per minute, and its normal capacity at 
full load is 12,000 watts. The automatic switching devices are arranged so 
that the dynamo goes into effective action at 330 revolutions a minute, and an 
automatic regulator is provided which does not permit the electromotive force 
to run about 90 volts at any speed. The workin q circuit is arranqed to auto
matically close at 75 volts and open at 70 volts. The brushes on the dynamo 
are rocked automatically as the load changes. The field of the dynamo is 
slightly compounded. 

Storage Batteries (Figure 6) 

In the basement of Mr. Brush's house there are 408 secondary battery cells 
arranged in twelve batteries of 34 cells each; these 12 batteries are charged 
and discharged in parallel; each cell has a ca pacity of 100 ampere hours. The 
jars which contain the elements of the battery are of glass, and each cell has 
its liquid covered with a layer of "mineral seal" oil, a quarter of an inch 
thick, which entirely prevents evaporation and spraying, and suppresses all 
odor . 
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Regul ating System (Figure 7) 

The automatic regulating devices are shown in one of the views of our engraving. 
At 1 are shown the voltmeters and ammeters employed in measuring the charging 
and discharging currents; at 2 is shown a series of i ndicators, one for each 
battery; 3 represents an electrically operated switch by means of which the 
current may be turned on or off the house mains by pressing push buttons in 
different portions of the house; 4 represents a ground detector, which is con
nected with the center of the battery and with the ground, so that should the 
conductor upon either end of the battery be grounded, the fact will be indi
cated by the movement of the index in one direction or the other from the zero 
point of the scale, thus showing not only that the battery is grounded, but 
indicating the grounded pole; 5 is a leakage detector connected up with the 
lamp circuits, and arranged to show any leakage from one conductor to the other; 
at 6 is shown a compound relay for operating the automatic resistance shown at 
7. This resistance is placed between the batteries and the house mains, and is 
arranged to keep the voltage on the lamps constant at all times. In this 
device the resistance is secured by means of powdered carbon placed under vary
ing pressure, the necessary movement being made by means of hydraulic pressure 
under the control of the relays. 

Summa ry 

It is found after continued use of this electric plant t hat the amount of 
attention required to keep it in working condition is practically nothing. It 
has been in constant operatio n more than two years, and has proved in every 
respect a complete success. 

The reader must not suppose that electric lighting by means of power supplied 
in this way is cheap because the wind costs nothing. On the contrary, the cost 
of the plant is so great as to more than offset the cheapness of the motive 
power. However, there is a great satisfaction in making use of one of nature's 
most unruly motive agents. 

CONCLUDING REMARKS 

Operation of the Brush wind turbine generator was discontinued in 1908, at 
which time the rotor was removed. Between 1900 and 1908 the batteries were 
used only to power apparatus in Brush's basement laboratory, and city power 
replaced the battery system for house lighting. After 1908 the condi ti on of 
the machine gradually deteri orated until it was dismantled in about 1931, 
shortly after Brush died. Efforts t o locate remnants of the windmill have so 
far been unsuccessful. However, research continues on the design, manufacture, 
and operation of this historic wind machine. 
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Figure 1. - Logo from cover of Scientific American. 

Figure 2. - The Brush resldence in Cleveland, Ohio , 
as it appeared in 1890. 
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Figure 3. - The Brush wind turbine generator, which 
operated from 1888 to 1908. Rotor diameter, 56 ft; 
tower height, 60 ft; rated power, 12 kW, DC; rotor 
area, 1800 ft2; tail area , 1200 ft2. 
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Figure 4. - Sectional view of tower. Pulley 
ratio, 50 to 1; weight on pivot, 80 000 lb. 
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Figure 5. - Dynamo room in tower. Generator rating, 12 kW 
at 500 rpm. 
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Figure 6. - Battery room in basement of Brush residence. 
Twelve batteries of 34 cells each; total capacity, 
40 800 Ah). 
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(a) Photograph. 
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(b) Etching. 

Figure 7. - Main control panel in residence. 

1 Voltmeter and ammeters 
2 Indicator switches for each battery 
3 Main on-off switch 
4 Battery ground detector 
5 Lamp circuit leak detector 
6 Voltage regulator relays 
7 Voltage regulator variable resistance 
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